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ABSTRACT 

Solar energy harvesting technologies have sparked intense scientific attention because 

solar energy is cleaner, inexhaustible, and can be converted to electricity via the 

photovoltaic effect with appropriate material systems.  Photovoltaic solar cells, which 

convert solar energy to electricity, have emerged and shown great potential in accessing 

cheap and clean energy supply.  The development of solar cells has evolved into three 

generations, i.e., first-, second-, and third-generation solar cell devices.  Among these 

solar cell types, third-generation solar cells such as; organic solar cells (OSCs) and 

perovskites solar cells (PSCs) are under intense scientific analysis because they can 

provide a cost-effective means of solar energy conversion.  Nonetheless, the performance 

of OSC and PSC devices is limited by several factors, including poor stability, 

recombination of photogenerated charges, and poor solar harvesting abilities.  As a result, 

there is a need to develop sustainable and commercially viable high-performance OSC 

and PSC devices.  In essence, this research looked into graphitic carbon nitride (g-C3N4)-

based and related materials from an experimental and computational perspective, in the 

light of OSC and PSC devices. 

It was computationally revealed that heptazine-based g-C3N4 is slightly transparent since 

it allows 47.5% of light to pass through, thus, can facilitate solar harvesting in the active 

layer of a solar cell.  The calculated band gap was established to be 2.87 eV and was 

indirect, indicating that it can absorb visible light and exhibit a plasmonic effect.  The 

study demonstrated that the Tran–Blaha modified Becke-Johnson (mBJ) exchange-

correlation potential, as implemented in WIEN2K computational code, was accurate in 

calculations compared with the generalised gradient approximation (GGA) of the 

Perdew-Burke-Ernzerhof (PBE) potential since GGA-PBE underestimated the band gap.  

The 3-dimensional (3D) heptazine-based g-C3N4 model exhibited anisotropic behaviour 

in all the studied optoelectronic properties, thus, equating to a 2-dimensional (2D) 

material. 

The bulk g-C3N4 (B-g-C3N4) was exfoliated to nanosheets by two approaches, i.e., 

thermal etching and liquid exfoliation, and comparatively evaluated with respect to 

radiant energy harvesting abilities.  The thermally exfoliated material (CNNS-TE) 

exhibited a band gap of 1.89 eV, while liquid exfoliation (CNNS-LE) was 2.59 eV, and 
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the B-g-C3N4 material was 2.17 eV.  CNNS-TE showed better photocatalytic degradation 

of rhodamine B - a model pollutant (about 2.5 times that of B-g-C3N4 and CNNS-LE).  

The enhanced performance of CNNS-TE was attributed to better light harvesting ability 

due to a lower band gap than the other materials and better charge transfer characteristics 

due to introducing defects during the thermal etching process. 

Furthermore, the CNNS-TE were composited with cadmium sulfide (CdS) particles to 

form CdS/CNNS-TE composites.  The composites were employed as a third component 

in the active layer of the OSC at 1% wt. composition, together with poly-(3-

hexylthiophene) (P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) blends.  

The measured UV intensity of the fabricated devices was highest at the visible light region 

(about 400-650 nm range), implying that the devices had better light absorption properties 

in this region.  Additionally, with the addition of 5% CdS dopants to CNNS-TE, the 

device series resistance reduced from 827 Ωcm2 (for pristine device) to 458 Ωcm2, but 

the resistance was unfavourable when the dosage of CdS limit was exceeded further up 

to 20% concentration.  As a result, the best-fabricated device (with 5% CdS/CNNS-TE) 

exhibited a power conversion efficiency (PCE) of 2.21%, open circuit voltage (Voc) of 

0.53 V, short-circuit current density (Jsc) of 9.36 mAcm-2 and the fill factor (FF) of 

46.01%.  Therefore, the performance was enhanced by about 50% compared with the 

undoped device, which showed a PCE of 1.06% thanks to reduced recombination of 

photogenerated charges and improved electron transfer characteristics. 

Besides, the B-g-C3N4 was further exfoliated to nanosheets (CNNS-CB) by the chemical 

blowing approach.  The formed nanosheets, i.e., CNNS-CB, were combined with the CdS 

nanoparticles via a mechanochemical method to construct CdS/CNNS-CB 

heterostructures. Similarly, CdS/CNNS-CB nanocomposites were then incorporated into 

the active layer of the OSC device as a third component with the P3HT:PC61BM blend. 

Remarkably, the device with 10% CdS/CNNS-CB exhibited a PCE of 3.45%, about 183% 

power conversion enhancement.  The study demonstrated that the chemical blowing 

approach of exfoliation of B-g-C3N4 introduced other beneficial defects on the material, 

thus enhancing performance in a solar cell device compared with the one from thermal 

etching (CNNS-TE).  Nonetheless, the PCE enhancement was ascribed to better light 

absorption, suppressed fast recombination rates of photogenerated charges, and enhanced 

charge transfer mechanism. 
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This study also performed numerical simulations of PSC devices using the one-

dimensional Solar Cell Capacitance Simulator (SCAPS-1D).  A device with the 

configuration: glass/FTO/IGZO/CH3NH3PbI3/spiro-OMeTAD/Au was numerically 

simulated.  By optimisation of various parameters, such as the thickness of the layer, 

density of defects and doping densities, the device achieved a modest PCE of 19.95%.  In 

this device, the density of defects of the absorber was very impactful and was kept at 2.5 

× 1014 cm-3. 

In another investigation, the best electron transport layer (ETL) and hole transport layer 

(HTL) materials that could be applied in PSCs were evaluated from a lead-free device 

with a methylammonium tin iodide (CH3NH3SnI3) absorber layer.  Among the tested ETL 

materials, WS2 proved to be the best, probably due to its high electron mobility of about 

260 cm2 V-1 s-1.  For the HTL materials, 2,2',7,7'-tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD), copper(I) oxide (Cu2O), 

copper(I) thiocyanate (CuSCN), copper(I) iodide (CuI), and poly(2,5-bis(3-

tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene) (D-PBTTT-14) showed relatively 

higher performance.  Generally, the tested devices with the best ETL and HTL materials 

achieved a PCE of above 16% compared to the primary device with a PCE of 10.47%.  

Also, devices with formamidinium tin iodide (HC(NH2)2SnI3) absorber and WS2 were 

simulated to explore further the effects of using different HTL materials (Cu2O, CuSCN, 

P3HT and D-PBTTT-14) and improve thermal stability.  The device demonstrated 

exceptional performance of more than 20% at high temperatures ranging from 380 to 420 

K but decreased when this limit was exceeded.  It was shown that replacing the methyl 

ammonium component with formamidinium resulted in a more compact material that 

could withstand high temperatures.  The optimised devices with Cu2O, CuSCN, and D-

PBTTT-14 HTL materials achieved remarkable PCEs of more than 21%.  In addition, the 

effects of g-C3N4 dopants on ZnO on the performance of a lead-free PSC were evaluated.  

The study demonstrated that g-C3N4 dopants on ZnO ETL enhanced cell performance.  

This was attributed to better light harvesting properties brought about by g-C3N4 and 

reduced recombination of charges due to the passivation of defects.  Nonetheless, the 

ultimate device with g-C3N4/ZnO composites attained a PCE of 22%.  The study also 

showed that cheaper metal back contacts such as Ni, Pt, and Pb can be used in place of 

expensive Au since the tested devices with these alternative metals attained similar PCEs 
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compared to that of Au.  Moreover, it was elucidated in the study that the PCE of a device 

comparatively increases as a function of the increasing work function of the metal back 

contact. 

Accordingly, the study offers several strategies for improving the performance of OSC 

and PSC devices in order to achieve commercially viable and environmentally friendly 

high-performance solar cells. 
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CHAPTER ONE 

Introduction 

Rapid globalisation and industrialisation have globally augmented energy demands 

beyond the currently available supply.  The extensive use of fossil fuels has posed severe 

pressure on their availability and, thus, the risk of depletion.  Moreover, environmental 

pollution impacts due to the utilisation of fossil fuels have escalated and necessitated the 

exploration of clean, cheap, and sustainable energy sources [1].  Renewable energy 

sources that have been explored include wind, geothermal, solar, solar thermal, 

hydropower, hydrogen, and tidal energies [2].  Among these energy sources, solar energy 

is the most abundant, clean, and can offer unlimited use in the presence of sunlight [3].  

Photovoltaic devices, also called solar cells, convert photon energy to electricity by the 

photovoltaic effect, a phenomenon first demonstrated in 1839 by Alexandre-Edmond 

Becquerel [4].  This remarkable discovery has formed the basis for the historical 

development of solar cell devices.  The first single-crystal silicon solar cell device, with 

a power conversion efficiency (PCE) of 6%, was first fabricated in 1954 by Chapin et al. 

[5].  Over the years, the development of solar cells has progressively increased due to the 

high demand for clean and sustainable energy supplies.  Therefore, solar cells are 

categorised into three generations, i.e., first, second and third generations, based on the 

time, PCE and the nature of materials used to make them. 

The first-generation solar cells were made from monocrystalline or polycrystalline silicon 

wafers [1].  Monocrystalline silicon solar cells exhibit a high PCE of about 24% and are 

stable at elevated temperatures, while polycrystalline silicon devices show a 

comparatively lower PCE of about 14% [6] and cannot withstand high operation 

temperatures [7].  Practically, monocrystalline silicon solar cell devices are expensive 

since pure silicon is required; therefore, polycrystalline silicon devices are preferred due 

to ease of fabrication and low cost [6].  Nevertheless, silicon-based solar cells still 

dominate today’s market, contributing to about 86% of the world’s photovoltaic market 

[7] because they exhibit high PCE, long lifespan, are non-toxic, resistant to corrosion, are 

lightweight, and are stable at relatively high temperatures compared with other solar cells. 

The second-generation solar cells emerged with a focus on reducing the high cost of using 

pure silicon.  These are made by depositing a thin layer of amorphous silicon on a 
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substrate (glass or other layers) to fabricate thin-film solar cells [1].  Also referred to as 

non-crystalline/amorphous silicon solar cells, second-generation solar devices utilise less 

silicon semiconductor material, thus, saving on the cost of production.  Furthermore, other 

classes of second-generation solar cells used cadmium telluride (CdTe) [8], copper, and 

indium-based semiconductors as light-absorbing materials [9].  The devices with CdTe 

became attractive because of low fabrication cost, but it was not environmentally friendly 

due to the toxicity of cadmium.  Therefore, other better materials were explored to reduce 

the bottlenecks associated with the use of cadmium. 

On the other hand, copper-indium-gallium-selenide (CIGS) devices exhibit better 

performance and low levels of cadmium when compared with CdTe devices.  Generally, 

second-generation solar cells are cheaper than first-generation solar cells due to lower 

production costs but exhibit lower PCE.  Thus, the need to develop solar cell devices that 

are cheap, easy to fabricate, environmentally benign, and with high performance. 

New frontiers of solar harvesters have been advanced to replace silicon, indium, and 

cadmium-based solar cells.  These include organic solar cells (OSCs), dye-sensitised solar 

cells (DSSCs), tandem solar cells (TSCs), and perovskite solar cells (PSCs), which belong 

to the third-generation solar cell category [10, 11].  The new solar cell devices are flexible, 

cheap, and light and can be fabricated using solution preparation methods with low power 

consumption [12, 13].  These third-generation devices are under intensive investigation 

from experimental and theoretical approaches [14, 15] geared towards performance 

enhancement and commercialisation.  Presently, the third-generation solar cells are less 

commercialised, but promising strides to take them to the market are underway. 

1.1 Third-generation solar cells 

The third-generation solar cells have received much scientific attention because of ease 

of fabrication, low cost, and that they can incorporate environmentally friendly materials 

such as carbonaceous materials, organic dyes, conductive polymers, and perovskites.  The 

details of third-generation solar cells are discussed in the following sections. 

1.1.1 Organic solar cells 

Fundamentally, the organic solar cell is a type of photovoltaic cell which uses organic 

polymers.  These polymers have conductive properties and are, therefore, able to transfer 
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electrical currents [16].  Typical OSCs have the following parts: the anode, the 

photoactive layer, the hole transport layer (HTL), and the cathode (transparent substrate) 

[17, 18].  The photoactive layer can either be a bilayer junction (donor and acceptor 

components form layers) or a bulk hetero-junction (BHJ) (donor and acceptor 

components are mixed), as shown in Figure 1.1 [19, 20]. 

(a) 

 

(b) 

 

Figure 1.1:  A schematic diagram of a typical bilayer (a) and (b) BHJ OSC [20] 

In OSCs, light energy causes electron transfer from the donor component to the acceptor 

component, i.e., charge separation [21].  The main challenge is to prevent the 

recombination of charges and to transfer them to the respective electrodes (anode and 

cathode) [22-24].  In bilayer cells, the chances of charge recombination are low because 

electrons travel to the electrode layer of the n-type material, and holes travel to the 

electrode layer of the p-type material.  On the contrary, recombination for BHJ OSCs can 

be occur between the donor and the acceptor layers because of interfacial defects which 

entice charges, thus, causing recombination [25, 26]. 

The attractive attributes of OSCs include the use of materials that are lightweight, 

biodegradable and fabricated through solution preparation methods with low power 

consumption [27-29].  During the fabrication of OSCs, composites can be deposited in a 

single step but via many ways, for instance, spin-coating, inkjet printing, and roller 

casting [30].  Hence, the flexibility in making them.  However, OSCs suffer from low 

efficiency; therefore, there is a need to engineer devices with better performance.  For 

over 20 years, most OSCs contained fullerenes as acceptors, but this has changed, and 

OSCs without fullerene have been technologically advanced [31].  The PCE of non-

fullerene OSCs has reached over 13%, which is better than that for OSCs with fullerene 

[17].  The performance of any photovoltaic device is dependent on the short-circuit 

Glass substrate

Cathode

Acceptor

Donor

PEDOT:PSS

ITO anode
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current (Jsc), fill factor (FF), and open-circuit voltage (Voc).  When the values of these 

parameters are high at maximum power, the performance of a device is also high [32].  

Accordingly, organic solar cells with high PCE are continually fabricated.  Nevertheless, 

most organic solar cells suffer the problem of recombination of charges, hence, reducing 

the magnitude of the photogenerated current.  Therefore it is important to incorporate 

materials which are efficient in separation of charges. 

1.1.2 Perovskite solar cells 

The PSCs are potentially more efficient than silicon-based solar cells because of their 

robust charge transfer efficiency [33].  The PCE of PSCs has lately increased from 3.8% 

to above 23% [34, 35].  Semiconducting organic-inorganic hybrid perovskites have 

attractive optoelectronic properties such as a direct energy band gap, long carrier 

lifetimes, strong optical absorption, long charge diffusion length, and hole and electron 

transfer capabilities [35].  Recently, researchers have attempted to improve the PCE of 

PSCs cells through enhanced charge transfer at interfaces, selection of suitable PSC 

component materials, proper band alignment, defect engineering, and, more so, 

computational modelling of devices. 

Despite these strategies that have been put forward, there are serious challenges facing 

the commercialisation of PSCs, namely, the stability of devices when exposed to light, 

humidity, high temperature, and toxicity of lead [36].  In order to eliminate or reduce the 

effects of lead, other metals such as Pt, Sn, and Ge have been used to replace toxic lead 

in the cationic part of the perovskite absorber [37].  Among the group of lead alternatives, 

Sn has been chiefly tested because it has similar chemical properties as lead [38].  

Therefore, lead-free or lead-less PSCs have emerged, though their performance is still 

lower than their lead-based counterparts [39].  For instability issues, encapsulation and 

replacement of unstable components of perovskite materials have been carried out [40].  

For instance, the thermally unstable methylammonium part of the perovskite has been 

replaced with the formamidinium cation; thus, a more compact perovskite structure is 

formed [41]. 
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1.1.2.1 Interface engineering in PSCs 

The efficacy of charge transfer at interfaces is essential in any PSC cell because the 

photogenerated holes and electrons must be separated and selectively transported to the 

respective electrodes effectively to enable the flow of electric current.  Therefore, hole-

transporting materials (HTM) and electron-transporting materials (ETM) are essential 

components of solar cells.  The ETM/perovskite/HTM architecture is necessary for 

electron-hole separation in solar cells.  The electron transfer efficiency at the 

perovskite/ETM interface and hole transfer at the perovskite/HTM interface significantly 

contribute to the overall efficiency of PSCs [35, 42].  The influence of perovskite/ETM 

and HTM interfaces goes beyond efficient charge transfer.  Recent studies have shown 

that hysteresis in PSCs (decrease in cell performance when measurements are done in the 

increasing or decreasing electric bias regime) can significantly be reduced by adequately 

engineering interfacial materials [43].  Additionally, interfacial materials offer extra 

support for crystal growth and also act as moisture protection barriers [44].  Recently, Liu 

et al. [45] fabricated a PSC with graphitic carbon nitride quantum dots (g-C3N4QD) at the 

SnO2 electron transport layer and perovskite absorber, i.e., SnO2/perovskite interface.  

Incorporating g-C3N4QD facilitated effective crystal growth of the perovskite and 

reduced defects, thus, leading to less recombination of photogenerated charges because 

g-C3N4QD can cross-link and offer a smooth surface. 

1.1.3 Dye-sensitised solar cells 

As shown in Figure 1.2, a typical DSSC is a photoelectrochemical device that consists of 

the following: (i) a photoanode made up of an oxide layer (normally, TiO2 is deposited 

on a transparent conductive glass substrate, such as fluorine-doped tin oxide (FTO)) (ii) 

a monolayer of dye molecules on the surface of the TiO2 layer which absorbs optical 

photons and produces excited electrons; (iii) an electrolyte containing a redox couple 

(typically, I−/I3
−) in an organic solvent which receives electrons from the counter 

electrode and is reduced causing regeneration of the dye, and (iv) a platinised conductive 

glass substrate which serves as a counter electrode [46]. 
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Figure 1.2:  (a) A typical DSSC design and (b) an illustration of the working principle 

[46] 

Figure 2b shows the working mechanism of a DSSC.  When light energy falls on the cell, 

the dye molecules absorb the photons, and excited electrons are generated and injected 

into the conduction band of the TiO2, which are transferred to the cathode and flow 

through the external circuit to the platinised FTO counter electrode.  The redox couple 

electrolyte attracts electrons from the counter electrode and is itself reduced, and the 

reduced part of the electrolyte replenishes the photo-oxidised dye.  During the regular 

operation of DSSCs, the liquid electrolyte evaporates over time, limiting the performance 

of these cells because of increased operating temperatures [47].  To mitigate this 

challenge, scientists have attempted to address this issue by replacing the electrolyte with 

a solid hole transport material (HTM) and, therefore, giving rise to the current solid-state 

dye-sensitized solar cells (ssDSSCs) [48].  The working principle of the ssDSSCs is 

essentially similar to the OSCs, and PSCs already described; however, the unique feature 

is that the absorber is still a dye in this case.  Recently Jahantigh et al. [49] numerically 

simulated ssDSSCs, and the device achieved a PCE of 17.72%. 

1.1.4 Tandem solar cells 

In an effort to attain higher efficiency in photovoltaic cells, tandem-structured cells have 

been fabricated.  The cell is formed by stacking two or more sub-cells together, either the 

active layer or the hole transport layer [50-54].  The PCE can be significantly improved 

with tandem solar cells due to reduced thermal losses, enhanced optical absorption of 

broad-range light, and transmission loss [55]. 
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Dürr et al. [54] constructed a tandem DSSC with two dyes, i.e., a red dye in the upper 

compartment and a black dye in the lower section.  The device exhibited a PCE of 10.5% 

and a good Jsc of 21.1 mA cm-2.  Recently, Hosseinnezhad et al. [56] designed a 

perovskite/DSSC tandem solar cell.  In this design, the top was the perovskite section, 

and the bottom was the DSSC section.  When an organic dye was used in the DSSC (lower 

compartment), the device achieved a PCE of about 8.77%, and N719 dye achieved a 

relatively higher PCE of 10.54%. 

Cheng et al. [55] designed a tandem OSC with non-fullerene acceptors in the back sub-

cell (Figure 1.3).  They reported an attractive PCE value of 13.3% in the lab and a certified 

PCE value of 11.5% by the national renewable energy laboratory (NREL). 

 

Figure 1.3:  A typical tandem OSC device [55] 

Thermal losses are also very common in the devices; for instance, OSC has inherent 

defects of thermalisation losses and transmission losses due to under-utilisation of 

absorbed radiation [57, 58].  In the tandem design, the rear cell with a narrow band gap 

active layer can absorb low energy photons while the front cell with a wide band gap 

active layer can absorb a photon of high energy; therefore, low and high energy radiation 

is absorbed effectively and in turn results in high PCE values [58]. 
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In addition to incorporating the best active layers in the tandem solar cell, developing an 

interconnecting layer (ICL) is also essential in attaining high power conversion 

efficiencies [57, 59].  Typically, an ICL consists of a pair of hole transport layer (HTL) 

and electron transport layer (ETL) materials and forms an ohmic contact between the sub-

cells [60].  The ICL is responsible for charge extraction and, hence, less recombination 

[59, 61].  Zhang et al. [62] prepared through the solution process an ICL consisting of 

poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-5,5′-bis(2,2′-thiophene)-

2,6-naphthalene-1,4,5,8-tetracaboxylic-N,N′-di(2-ethylhexyl)imide] (PNDIT-F3N) 

merged with poly(ethyleneimine) (PEI) as the ETL.  At the same time, with poly(3,4-

ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) as the HTL, a remarkable 

PCE value of 12.6% was reported for the developed tandem organic cell because of 

incorporation of ICL. 

Another attractive plus point of tandem OSCs is their reduced photocurrent, and resulting 

low power losses.  Basically, the Voc is the sum of the Voc of the sub-cell in series, and 

the Jsc is restricted by the low Jsc of the sub-cells. Therefore, by ohms law, P = I2Rs, where 

P is the power, I is the current and Rs is the resistance; if the current is diminished, power 

losses will also reduce. 

1.2 Efficiency parameters of a photovoltaic cell 

The power conversion efficiency (PCE) of a photovoltaic cell is determined by three 

parameters, namely, Jsc, Voc, and FF [63-65].  For example, in an OSC, the maximum Voc 

is obtained by calculating the energy difference between the highest occupied molecular 

orbital (HOMO) for the donor component and the lowest unoccupied molecular orbital 

(LUMO) for the acceptor component [16, 63].  In practice, theoretically, the maximum 

Voc value obtained is larger than the experimental one due to energy losses occurring at 

the interfaces between photoactive layers and electrodes [63].  Moreover, Jsc depends 

mainly on the absorption spectrum of the photoactive layer [66].  For instance, poly(3-

hexylthiophene) (P3HT) exhibits a much higher efficiency than poly[2‐methoxy‐5‐(3,7‐

dimethyloctyloxy)‐1,4‐phenylen]‐alt‐(vinylene) (MDMO-PPV) because of their different 

absorption spectra.  For example, P3HT absorbs light from about 380 to 670 nm while 

MDMO-PPV absorbs from 350 to 570 nm [20].  Another important parameter is the FF, 

for which good transport characteristics of a material are important [65].  For example, 
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the mobility of very good charge carriers in polyconjugated polymers always ranges 

between 10-3 to 10-1 cm2 V-1 s-1 [20].  The overall efficiency parameters of the 

photovoltaic cell can be illustrated in Equation 1. 

𝜂 =
𝑝𝑚

𝑝𝑖𝑛
=

(𝐽𝑠𝑐 ×𝑉𝑜𝑐×𝐹𝐹)

𝑃𝑖𝑛
         Equation (1) 

Here, η is the efficiency, pm is the output power, and pin is the input power.  These 

parameters are crucial and depend on the properties of the material.  Therefore, 

simulations can help optimise what could otherwise have been difficult to achieve 

experimentally. 

1.3 Factors affecting the performance of solar cells 

The PCE of solar cells is decreased by a number of factors hence, limiting their practical 

application and commercialisation.  The main factors are; the recombination of charges 

[67], improper band alignment between the layers [68], chemical and physical 

degradation of cells [69], and thermal losses [70].  The recombination of photogenerated 

charges in solar cells can arise through the presence of amphoteric defects in the absorber 

material or interfacial defects.  These defects of the absorber act as Shockley-Read-Hall 

non-radiative centres, which trap charges and thus recombine [67].  Also, recombination 

can occur at the interfaces between the absorber and HTL or ETL [71], but it has been 

shown theoretically by Sobayel et al. [72] that amphoteric defects are worse than 

interfacial defects.  For instance, the electrons should be injected effectively into the 

conduction band of the ETL from the absorber; therefore, the excitons will not recombine 

[73].  The interfacial recombination has been shown to reduce by introducing a 

passivation layer at interfaces. When Peng et al. [74] used an ultrathin passivation layer 

comprising of poly(methyl methacrylate): [6,6]-phenyl-C61-butyric acid methyl ester 

(PMMA:PCBM); the device showed improved Voc and a high PCE of 20%.  With regard 

to OSCs, photogenerated charges can recombine at the BHJ and induce charges that can 

also recombine at the electrodes [75, 76].  Introducing a thin interfacial layer between the 

donor and acceptor material can lead to high PCE of BHJ-OSCs [77]. 

Similarly, improving the morphological characteristics of the active layer also reduces 

the recombination of photogenerated charges [78].  Chemical and physical degradation 

of materials used in solar cells is also a barrier to achieving high efficiency; for instance, 
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polymers degrade because of contact with water and oxygen [79-81].  Water vapour in 

the air can diffuse into the active layer causing chemical degradation, or water molecules 

could be present during fabrication and cause degradation in the process.  This explains 

why the humidity of the surroundings should be as low as possible during thin film solar 

cell fabrication.  Similarly, oxygen can react with polymer semiconductors with the aid 

of light [82].  For instance, PEDOT:PSS as the HTL is known to be hygroscopic, hence, 

can absorb water, causing degeneration of the HTL [69].  To mitigate this, encapsulation 

and choice of better materials reduce this setback [79].  Chang et al. [59] encapsulated a 

tandem PSC.  The device showed outstanding long-term stability (91% of its PCE for a 

period of 9300 hours in air. 

1.4 Computational modelling of solar cells 

Computational modelling has gained more scientific interest in the photovoltaic 

community in the recent past [83, 84].  This arises because computational studies aid in 

studying device aspects in detail that would otherwise be inaccessible from experimental 

perspectives.  The availability of state-of-the-art computational software/simulators, such 

as solar cell capacitance simulator (SCAPS) [85, 86], SILVACO ATLAS [87], general-

purpose photovoltaic device model (GPVDM) [88], and wx-analysis of microelectronic 

and photonic structures (wxAMPS) [89], facilitate these studies.  These computational 

aids have been utilised to model and study the physics of solar cell devices.  The basic 

photovoltaic parameters, i.e., PCE, FF, Jsc, Voc, and quantum efficiency (QE), are 

explored with respect to a particular device.  Various factors affecting the performance 

of the device can be elucidated from the simulation.  Azri et al. [90] simulated the 

performance of different electron and hole transport materials in a PSC device with the 

help of the SCAPS-1D simulator.  With the tested ETL materials, zinc oxide (ZnO) and 

titanium dioxide (TiO2) were found to be more suitable, while for the HTL, copper(I) 

thiocyanate (CuSCN) showed better performance.  Additionally, tungsten disulfide 

(WS2), with a high electron-transport mobility (about 260 cm2 V-1 s-1) and a band gap of 

1.36 eV, has proved to be a cheap and effective ETL material [91].  Sobayel et al. [72] 

simulated a PSC with a device configuration of FTO/WS2/CH3NH3PbI3−xClx/2,2′,7,7′-

tetrakis (N, N′-di-p-methoxyphenyl amine)-9,9-spirobifluorene (Spiro-OMeTAD)/Ni 

with SCAPS-1D in which WS2 as the ETL and the cell exhibited a remarkable PCE of 

25.70%.  By implementing the aforementioned strategies, the performance of OSC and 
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PSC devices has significantly improved.  However, the performance of the best-

performing devices has not yet reached the theoretical Shockley-Queisser limit efficiency 

of more than 31%.  As a result, more concerted efforts are required to improve the 

performance of solar cell devices and propel the anticipated commercialisation. 

1.5 Problem statement 

The conversion of solar energy to electricity via the photovoltaic effect is a critical step 

in the solar energy harvesting process.  Although solar energy is the world’s most 

abundant, clean energy source, harvesting and converting it to valuable forms remains a 

challenge due to the low performance of available materials and technologies, high costs, 

and environmental concerns.  Presently, OSC and PSC devices have been identified as 

better alternatives to expensive silicon-based devices because of their low production 

cost, use of cheap and environmentally friendly materials, and relatively promising high 

performance.  However, the efficacy of the OSC and PSC devices is still low compared 

to commercially available silicon-based devices.  Therefore, there is a need to enhance 

their performance from experimental and computational approaches, which can propel 

commercialisation.  This study focuses on improving the performance of OSC and PSC 

devices by selection and utilisation of effective materials, optimisation of various cell 

parameters (such as density of defects, doping densities, and materials), and testing of 

different device configurations, the introduction of dopants to various device layers, and 

enhancement the stability of devices. 

1.6 Aim and objectives 

The aim of the study was to develop and provide insights into graphitic carbon nitride-

based and other selected metal-based semiconductors for efficient solar harvesting in 

OSCs and PSCs, in addition, to theoretically studying the performance of PSCs so as to 

provide insights and directions for improvement of solar cell devices. 

The aim of the research was achieved by undertaking the following specific objectives: 

❖ To investigate the experimentally elusive optoelectronic properties of 

heptazine-based g-C3N4 by computational techniques. 

❖ To study the effect of the exfoliation method (thermal (CNNS-TE) and liquid 

(CNNS-LE)) on the solar harvesting properties of g-C3N4 nanosheets. 
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❖ To synthesize and characterise cadmium sulphide and g-C3N4 nanosheets 

(from thermal etching exfoliation method) composites (CdS/CNNS-TE) and 

incorporate as a third component in P3HT:PCBM photoactive layer blends of 

the bulk heterojunction organic solar cell (BHJ-OSC). 

❖ To introduce cadmium sulphide and g-C3N4 nanosheets (from chemical 

blowing exfoliation method) (CdS/CNNS-CB) composites into the 

photoactive layer of the BHJ-OSC and evaluate the device’s photovoltaic 

performance. 

❖ To optimise the performance of a lead-based PSC with the configurations: 

glass/FTO/IGZO/CH3NH3PbI3/spiro-OMETAD/Au and examine the effect of 

changing various cell parameters such as density of defects, doping densities, 

and external operating temperature. 

❖ To perform computational simulations on a lead-free PSC with the primary 

cell configuration: glass/FTO/WS2/CH3NH3SnI3/P3HT/Au and investigate 

the effect of using different ETL materials (TiO2, IGZO, SnO2, ZnO and 

PCBM) and HTL materials (spiro-OMeTAD, Cu2O, CuSCN, CuI, and D-

PBTTT-14) as well as different back contact metal (Ag, Cu, Ni, and Pt) on 

the device’s performance. 

❖ To perform numerical simulations of a lead-free PSC with the general 

configuration: glass/FTO/WS2/HC(NH2)2SnI3/HTL/Au and carry out 

performance optimisation for devices with different HTL materials (copper(I) 

oxide (Cu2O) and copper(I) thiocyanate (CuSCN), and organic poly(2,5-

bis(3-tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene) (D-PBTTT-14) and 

poly(3-hexylthiophene-2,5-diyl) (P3HT)) and explore the thermal stabilities. 

❖ To carry out computational modelling of a lead-free PSC with the 

configuration: glass/FTO/ETL/HC(NH2)2SnI3/CuSCN/Au with pure ZnO or 

doped with g-C3N4 ETL materials and investigate the effects of g-C3N4 

dopant on the overall device performance. 
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1.7 Thesis synopsis 

This thesis presents original research work from experimental and computational 

approaches undertaken to improve the performance of OSCs and PSCs.  The thesis is in 

two main parts, i.e., the OSC and PSC device sections.  Therefore, in the thesis, there are 

two literature reviews, one in chapter two and the other in chapter seven, covering the 

literature of the respective study sections.  The chapters are presented in manuscript/paper 

format with uniform style irrespective of the journal styles where it was published/or yet 

to be submitted to, except for chapters one and twelve.  The chapter outlines are presented 

as follows: 

Chapter 1 

This chapter provides a general background on OSCs, PSCs and DSSCs, the challenges 

and prospects of performance enhancement, and the numerical simulation of the physics 

of solar devices.  The motivation, general aim, and specific objectives of the study are 

also presented in this chapter and the thesis synopsis. 

Chapter 2 

This chapter presents a literature review of the current status of g-C3N4 and its composites 

(synthesis, morphologies, and characterisation) and its various applications, such as in 

photocatalysis, sensing, energy storage, and, in particular, solar cells, in which currently 

there very limited literature.  It also presents an overview of computational studies 

performed on g-C3N4 and its various composites.  Most of this chapter has been published 

in Critical Reviews in Solid State and Material Sciences.  46, 189-217. 

Chapter 3 

This chapter details the computational study undertaken on the g-C3N4 nanomaterial with 

the WIEN2K computational code.  The chapter describes the optoelectronic properties of 

g-C3N4, such as band gap, the density of states, optical absorption, reflectivity, dielectric 

constant, and absorption coefficient.  Moreover, the chapter discusses the anisotropic 

behaviour of heptazine-based g-C3N4 for the optical properties investigated.  The chapter 

illustrates the potential application of g-C3N4 in optoelectronic devices such as solar cells. 

Chapter 4 
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This chapter presents an experimental comparative study of exfoliation methods, i.e., 

thermal etching and liquid exfoliation, as applied to bulk g-C3N4.  The properties of the 

materials from the two exfoliation methods, in particular with regard to light-harvesting 

capabilities, are investigated.  The photocatalytic characteristics of the materials derived 

from the two approaches were tested on the degradation of a model pollutant (Rhodamine 

B).  In essence, the thermal etching approach resulted in a better photoactive material than 

liquid exfoliation.  The contents of this chapter were published in the Journal of Material 

Science: Materials Electronics.  32, 687–706. 

Chapter 5 

This chapter details the synthesis and characterisation of a cadmium sulfide-doped 

graphitic carbon nitride nanosheet composite (CdS/CNNS-TE).  The CNNS-TE materials 

were synthesised from the thermal etching method of exfoliation of bulk g-C3N4.  The 

composite was incorporated as a third component in the active (P3HT:PCBM) layer of 

the fabricated BHJ-OSCs, and the performance was evaluated.  The PCE of the devices 

was significantly improved relative to the pristine device (without the dopants). 

Chapter 6 

The synthesis and evaluation of cadmium sulfide-doped g-C3N4 nanosheet (from the 

chemical blowing exfoliation technique) (CdS/CNNS-CB) composite are covered in this 

chapter.  The advantages of employing CNNS-CB with the chemical blowing exfoliation 

technique are emphasised.  The chapter addresses how the performance of the 

manufactured BHJ-OSCs can be improved by introducing composites to the photoactive 

layer.  The enhanced performance of the doped devices was attributed to enhanced light 

harvesting, enhanced charge transfer, and reduced photogenerated charge recombination 

as a result of the inclusion of the dopant (third component). 

Chapter 7 

This chapter presents a literature review on PSCs and the numerical simulations of PSCs.  

In this review, various PSC configurations are highlighted, and the detailed operation of 

PSCs is presented.  Moreover, the challenges facing the commercialisation of PSCs and 

the different remedies investigated so far are pointed out.  Additionally, the section 

focuses on the detailed operation of numerical simulators (fundamental equations) and 
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the advantages and disadvantages of some selected simulators.  Finally, the prospects of 

enhancing PSC performance are highlighted. 

Chapter 8 

This chapter reports the numerical simulation of a lead-based PSC with a general 

architecture: glass/FTO/IGZO/CH3NH3PbI3/spiro-OMeTAD/Au.  The effect of changing 

various parameters and materials (density of defects, thicknesses of components, doping 

densities of absorber, HTL, and ETL) on the overall performance of the cell is elucidated 

and presented.  The effect of external working temperature conditions of the device and 

the use of different back contacts are detailed.  The device shown in this chapter gave a 

PCE of 19.97%, and most of this chapter was published in the journal of Optical and 

Quantum Electronics.  54, 317. 

Chapter 9 

This chapter reports on optimising the ETL and HTL materials in a lead-free perovskite 

solar cell with methylammonium tin iodide as the absorber.  The effect of using different 

ETL and HTL materials on the performance of the device is highlighted.  Other 

parameters that affect the performance of the device were also highlighted.  Overall, the 

best ETL (WS2) and HTL (CuSCN) were identified, and the best PCE achieved was 

22.25%.  Most of this chapter was published in the Journal of Computational Electronics:  

20, 993–1005. 

Chapter 10 

This chapter describes the computational study of a lead-free perovskite solar cell with 

WS2 material as the ETL.  Different HTL materials comprising inorganic copper(I) oxide 

(Cu2O) and copper(I) thiocyanate (CuSCN), and organic poly(2,5-bis(3-

tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene) (D-PBTTT-14) and poly(3-

hexylthiophene-2,5-diyl) (P3HT) were tested, and their performance was evaluated.  The 

best device yielded an appreciable PCE above 21% and showed better thermal stability 

due to the formamidinium part of the perovskite absorber.  The better performance for 

the devices was attributed to the high electron mobility of WS2, forming an ideal ETL in 

all the tested devices except for the device with the P3HT HTL.  The contents of this 

chapter are published in Energy Technology.  9, 2100859. 
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Chapter 11 

This chapter describes the computational modelling of lead-free PSCs.  The physics of 

the devices are discussed and presented.  The effect of using ZnO doped with g-C3N4 

(ZnO/g-C3N4) as an ETL is investigated.  As the concentration of g-C3N4 dopant in the 

devices increased, so did their performance.  The optimised lead-free device showed a 

PCE of 22.23%. 

Chapter 12 

This chapter provides an in-depth summary of the entire thesis.  The key findings of the 

current study are summarised, as well as suggestions and recommendations for future 

work are highlighted.  Furthermore, it emphasizes the importance of computational tools 

in studying materials and simulating solar cell devices, which leads to a better 

understanding and performance enhancement.  In general, it emphasises the importance 

of research in generating new knowledge in material science and solar harvesting 

applications such as solar cells. 
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Abstract 

Graphitic carbon nitride (g-C3N4) has become an important material because of its 

attractive optoelectronic properties.  It has been applied in various fields such as 

photovoltaics, biosensing, and photocatalysis.  As an analogue of graphene, it has layers 

which can be transformed into different morphologies including nanosheets, nanotubes 

and quantum dots.  Pristine g-C3N4 exhibits a low specific surface area and a high rate of 

recombination of photogenerated charges.  Therefore, modification is required in order to 

improve its properties, for instance, by doping it with other atoms and transforming it into 

another morphology.  In this review, the synthesis, modifications and applications of g-

C3N4 are evaluated.  The use of theoretical strategies to understand various properties of 

g-C3N4 and its composites is highlighted.  Moreover, the current status on the application 

of g-C3N4 is explored.  Ultimately, this review will shed more light on the uses and 

modifications of g-C3N4 for future applications. 

Keywords 

graphitic carbon nitride; morphologies; doping; composites; photocatalysis; 

photovoltaics; density functional theory 
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2.1 Introduction 

Globally, the demand for sustainable and clean energy, together with environmental 

degradation challenges, have caused mounting concern to the nanoscience community, 

environmentalists, policymakers, economists and many other parties [1, 2].  This has 

arisen from the exponential depletion of other sources of energy, such as fossil fuels, 

which are also not environmentally-friendly [3].  The combustion of fossil fuels to 

produce energy has caused environmental damage, global warming and climate change 

[4-6].  Similarly, the use of metal-based photocatalysts, such as titanium dioxide [7], 

cadmium sulfide [8] and platinum [9], are not environmentally benign.  Accordingly, 

solar energy conversion is promising in offering the best solution to these challenges [10-

12] and, therefore, solar technologies have attracted a great deal of scientific attention 

because they are believed to be sustainable, clean and offer unlimited use in the presence 

of solar energy [13].  There is therefore a quest for green and environmentally-friendly 

nanostructured materials that can harness solar energy and convert it into useful forms, 

such as electricity [11], as well as driving photo-initiated reactions for synthesis and 

environmental clean-up [14]. 

One such material that has attracted much attention is graphitic carbon nitride (g‐C3N4).  

Its favourable attributes include its tuneable optoelectronic properties and the fact that it 

is a metal-free semiconductor [15-17].  It has been applied in a number of fields, including 

photocatalysis [18], sensing [19, 20], and photovoltaics [21] because it exhibits better 

performance as well as being environmentally benign [22-24].  Photocatalytic g‐C3N4-

based materials synergistically remove pollutants from the environment, by means of 

adsorption as well as photocatalysis, and hence have wide application in pollutant 

degradation [25].  Similarly, in photovoltaics, this material has a relatively low band gap 

(approx. 2.7 eV), which allows for the absorption of more light leading to an increased 

rate of generation of photocharges, and as a result, more electrons will be available in the 

conduction band to drive photo-reactions [26].  As well-established sensors, g‐C3N4-

based materials have advantages such as high sensitivity and selectivity of analytes, high 

surface area and chemical stability [27]. 

Graphitic carbon nitride has been synthesised through various routes, but in essence bulk 

g‐C3N4 has been obtained by pyrolysis of any nitrogen-rich precursor, such as melamine 
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[28], thiourea [29], urea [30] and cyanamide [31].  Unfortunately, bulk g‐C3N4 exhibits 

poor electronic properties such as a high rate of recombination of photogenerated 

electrons and holes, small specific surface area and low quantum yield [25, 32].  This is 

because of its structural defects which arise due to stacking of the layers leading to a low 

specific surface area and a high recombination rate of photogenerated charges [33].  To 

circumvent these challenges, exfoliation has been utilised to achieve materials with large 

specific surface areas and thus increased surfaces for reactions, and low recombination 

rates of photogenerated charges due to reduced diffusion path lengths leading to improved 

electronic properties for various applications [34]. 

Bulk g‐C3N4 is analogous to graphene in that it consists of layers which are held together 

by weak van der Waals forces of attraction, thus it is possible to exfoliate these layers 

into nanosheets [35].  Exfoliation methods, such as liquid phase exfoliation [36, 37], 

thermal etching exfoliation [38, 39], ultrasonic-assisted exfoliation [40], chemical 

blowing [41] and chemical (utilising strong acids) exfoliation [42] have been utilised to 

achieve nanostructured materials with few sheets of g‐C3N4.  Although many efforts have 

been dedicated to effectively exfoliate bulk g‐C3N4 into sheets, there is still a challenge 

in achieving a good yield, controlled morphology and ultrathin nanosheets, thus the need 

for more research in this area [43, 44].  Once bulk g‐C3N4 (three dimensional) is 

transformed into nanosheets (two dimensional) [45] it can be transformed into different 

morphologies, such as nanorods/nanotubes (one-dimensional) [46] and quantum dots 

(zero-dimensional) [47, 48], which find application in industrial processes and energy 

harvesting.  Tubular g‐C3N4 has been achieved through hard, soft and self-templating 

methods [49], quantum dots have been obtained by hydrothermal etching means [25] and, 

recently, honeycomb-structured g‐C3N4 was prepared by a salt-template-assisted strategy 

via a one-step process [50]. 

In addition to exfoliation, other efforts to enhance the optoelectronic properties of g-C3N4 

have been tested; these include, construction of heterojunctions [51], coupling with 

carbonaceous materials [52, 53] and introduction of structural defects [54].  Two-

dimensional g-C3N4 has been utilised in constructing heterojunctions with other materials 

[55].  Hitherto, heterojunctions consisting of 0D/2D [44, 56], 1D/2D, and 2D/2D [41, 57] 

systems have emerged.  Huang et al.[44] proposed the current trends in merging 0D with 

2D g-C3N4 to form 0D/2D composites with enhanced photocatalytic performance.  
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Similarly, Ong [58] reviewed the 2D/2D interface of g-C3N4 with other 2D nanomaterials.  

Undoubtedly, construction of heterojunctions, such as type II [56, 59], Schottky [60], and 

Z-schemes [61, 62], enhance photo-driven reactions by reducing the diffusion path length 

of charges, lowering the recombination rate of photogenerated charges, and increasing 

the surface area of the photocatalyst.  Furthermore, to intrinsically modify g-C3N4, Niu et 

al. [54] introduced defects on g-C3N4, by subjecting it to heat and this enhances its 

photocatalytic activity.  To further improve the electronic properties of g‐C3N4, doping 

with other materials, including nitrogen [63], boron [64], bismuth [65], and phosphorus 

[66], has been performed. 

Most studies have been carried out on the use of g-C3N4 as a photocatalyst [15, 67-69].  

Wang et al. [70] were the first to report the use of graphitic carbon nitride as a visible 

light photocatalyst for splitting water and, since then, more studies have been conducted 

on the photocatalytic nature of this material.[71]  Chen et al. [72] reported the assimilation 

of g-C3N4 dots in the active layer of bulk heterojunction (BHJ) polymer solar cells (PSCs) 

and the power conversion efficiency (PCE) of the cell was significantly improved.  

However, it is worth noting that the use of g-C3N4 in polymer solar cells is very narrow 

in the literature [72].  This could be apparently attributed to the fact that, although g-C3N4 

has good light absorption capabilities due to its low band gap energy (2.7 eV), it has 

limited electronic conductivity [73, 74] as a result of the high recombination rate of 

photogenerated charges, which limits its application in organic solar cells.  Therefore, 

modifications to this material must be sustained to improve its properties.  Nevertheless, 

the material is low-cost, lightweight and easy to process and has a tuneable band gap 

structure; it is promising in a wide range of applications including photovoltaics, sensing 

and photocatalysis.  This review highlights current progress made on the synthesis and 

modifications of g-C3N4.  Furthermore, an application of a computational strategy for the 

study of g-C3N4 is presented. 

2.2 Structures of graphitic carbon nitride 

Graphitic carbon nitride is formed by polymerisation of cheap nitrogen-containing 

precursors, such as melamine.  A polymer of C3N4 was first reported in the 1830s and 

since then much work has been carried out to determine how different synthetic 

procedures affect the product formed in terms of its reactivity and morphology. 
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2.2.1. Geometrical structure 

The precise architecture of g-C3N4 consists of two main units, namely, tri-s-triazine 

(C6N7) and s-triazine (C3N3) rings, as presented in Figure 2.1 [75, 76].  Tri-s-triazine has 

been established to be more stable under ambient conditions [77].  Density functional 

theory (DFT) calculations on the two main units of g-C3N4 have also shown that tri-s-

triazine is the most stable thermodynamically [75, 78].  Theoretically, it has been reported 

that the ideal surface area of a monolayer sheet can be increased up to about 2500 m2 g-1 

[79]. 

 

Figure 2.1:  (a) s-Triazine and (b) tri-s-triazine-based structures of g-C3N4 [76] 

Graphene, which is similar to g-C3N4, is largely studied and popular [72].  Typically, it 

has a 2D sheet of sp2-hybridised carbons [80] while g-C3N4 has π-conjugated graphitic 

planes produced through sp2-hybridisation of carbon as well as nitrogen atoms [81].  Fina 

et al. [82] studied the three dimensional (3D) structure of g-C3N4 by using both powder 

X-ray diffraction (PXRD) and neutron diffraction strategies.  They showed that the as-

prepared g-C3N4 exhibits a 3D configuration with mis-alignment of tri-s-triazine based-

layers (A-B configuration and not A-A configuration).  The layers mis-align so as to avoid 

the repulsive forces of π-electrons in adjacent layers. 
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2.2.2. Electronic structure  

Graphitic carbon nitride has become a centre of discussion because of its unique 

electronic properties and potential applications [83].  It contains carbon and nitrogen 

which are sp2 hybridised forming a π-conjugated delocalized system.  The lone pair of 

electrons from nitrogen is responsible for the formation of the lone pair valence band and, 

hence, the band structure [84].  The combination of the lone pair state and π-bonding 

stabilises the lone pair position, thus it is worth noting that it is the lone pair of nitrogen 

which is pivotal in the electronic structure of g-C3N4 [85].  The material is an n-type 

semiconductor [29].  Theoretical strategies involving DFT calculations predicted that the 

valence band consists of nitrogen Pz orbitals while the conduction band consists of carbon 

Pz orbitals, thus carbon atoms acts as points where reduction takes place and nitrogen 

atoms as points where oxidation takes place [86].  As a photocatalyst, g-C3N4 has the 

ability to separate holes and electrons.  The band gap of 2.7 eV enables it to absorb 

sunlight and, thus, it can be used for purification of water, hydrogen generation and solar 

cell applications [84, 87].  Figure 2.2 shows a representation of the charge transfer in g-

C3N4. 

 

Figure 2.2:  A typical charge transfer scheme for g-C3N4 

2.3 Different morphologies of graphitic carbon nitride 

In this section, the different morphologies of g-C3N4 and their preparation methods will 

be discussed.  Graphitic carbon nitride can be transformed into various forms such as 

nanosheets, nanotubes, nanowires, quantum dots and 3D g-C3N4. 
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2.3.1 Bulk material  

Bulk g-C3N4 has a three-dimensional structure and is similar to graphite.  Typically, bulk 

g-C3N4 is synthesised by pyrolysis of nitrogen-rich precursors such as melamine, 

dicyandiamide, thiourea or urea [88].  Bulk g-C3N4, characterised by a band gap of 2.7 

eV, suffers from a low specific surface area due to stacking of layers during 

polycondensation, a poor quantum yield because of limited or no electronic transition, 

and a high rate of recombination of photogenerated holes and electrons [89-91].  To 

circumvent these drawbacks, many attempts have been made to improve its photocatalytic 

properties.  This includes exfoliation of bulk g-C3N4 into nanosheets, nanotubes and 

quantum dots; doping of g-C3N4 with other elements, or adding g-C3N4 to other materials 

to form nanocomposites [91-93]. 

2.3.2 Nanosheets 

As previously pointed out, bulk g-C3N4 consists of a layered and planar structure just like 

graphite [94].  Nitrogen and carbon atoms are held together by covalent bonds, but 

between the layers, weak van der Waals forces of attraction exist [95].  The layers can 

separate into 2D nanosheets when sufficient energy is provided to break the van der Waals 

forces of attraction between the layers of g-C3N4 in a suitable solvent [96].  Yang et al. 

[45] prepared g-C3N4 nanosheets by simple liquid-phase exfoliation of bulk g‐C3N4 and 

the resultant nanosheets exhibited a band gap energy of 2.65 eV. 

Niu et al. [97] prepared g-C3N4 nanosheets by thermal oxidation etching of bulk g-C3N4 

in air.  Interestingly, the resulting g-C3N4 nanosheets had a large band gap (approx. 2.9 

eV), high specific surface area (approx. 306 m2 g-1) and improved electron transport as 

compared with bulk g-C3N4 due to high quantum confinement [97, 98]. 

2.3.2.1 Exfoliation of bulk material into nanosheets 

Owing to the presence of strong covalent bonds between the carbon and nitrogen atoms 

and weak van der Waals forces of attraction between the layers of bulk g-C3N4, 

exfoliation of the layers is possible [24, 97, 99].  Various methods, such as chemical 

exfoliation (utilising strong acids), thermal exfoliation, liquid ultrasonic exfoliation and 

chemical blowing (utilising blowing agents) have been used in “peeling off” bulk g-C3N4.  

This section discusses these methods in detail.  However, some exfoliation processes, 
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such as ultrasonication-assisted solution and chemical etching processes, are time-

consuming and utilise corrosive reagents such as hydrochloric acid and sulfuric acid and, 

therefore, are not considered green [100, 101]. 

2.3.2.1.1 Chemical exfoliation 

During chemical exfoliation, reagents such as concentrated sulfuric, nitric and 

hydrochloric acids have been utilised.  Xu et al. [102] synthesized g-C3N4 nanosheets 

through a chemical exfoliation method.  Typically, they thermally decomposed 

dicyandiamide at a temperature of 500 °C and the resulting as-prepared bulk g-C3N4 was 

mixed with concentrated sulfuric acid.  Water was added to the mixture followed by 

sonication.  The final product was exfoliated g-C3N4 nanosheets.  Ideally, with the aid of 

the sonication process, concentrated sulfuric acid intercalates between the layers of bulk 

g-C3N4 and reacts with water to produce heat which then breaks the van der Waals forces 

of attraction between the layers, the sonic energy dismembers the broken bulk g-C3N4 

into monolayer nanosheet exfoliates.  The schematic process is illustrated in Figure 2.3.  

Moreover, Zhang et al. [103] used both concentrated nitric and hydrochloric acids to 

exfoliate bulk g-C3N4 and compared the yields and performance in the photo-reduction 

of Cr(VI).  Both acids produced very similar results.  The yield was 41 and 40% 

respectively with respect to the original melamine.  

 

Figure 2.3:  A representation of the chemical exfoliation of bulk g-C3N4 in which (a) 

bulk g-C3N4 is intercalated with sulfuric acid and (b) an exfoliated g-C3N4 nanosheet is 

formed [102] 

It was noted that the exfoliation process was dependent on the concentration of sulfuric 

acid.  At low acid concentration bulk g-C3N4 was only exfoliated to a small extent.  Ma 

and co-workers [104] exfoliated bulk g-C3N4 to a few nanosheets of g-C3N4 by using 

nitric acid.  Nitric acid was added to bulk g-C3N4, water was added, and thereafter the 

mixture was sonicated.  The product was a few layers of g-C3N4 which exhibited a 
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specific surface area of 179.5 m2 g−1 while bulk g-C3N4 had a specific surface area of 17.4 

m2 g−1.  The nanosheets showed better photocatalytic performance than bulk g-C3N4.  

Essentially, the two morphologies of g-C3N4 were compared for the photocatalytic 

degradation of methylene blue and hydrogen generation by splitting the water molecule.  

Figure 2.4 illustrates clearly that nanosheets of g-C3N4 were far better in photodegradation 

as well as in water splitting processes than bulk g-C3N4. 

Although this strategy of exfoliation of bulk g-C3N4 results in nanosheets with high 

surface areas, it presents significant disadvantages, such as low yield, poor controllability, 

long and tedious processes, and utilises corrosive acids or liquids, and hence is not 

considered a green process. 

 

Figure 2.4:  (a) Photodegradation of methylene blue (MB) and (b) hydrogen generation 

by photo-splitting of water by g-C3N4 as catalyst [104] 

2.3.2.1.2 Thermal exfoliation 

In general, thermal exfoliation is carried out by subjecting bulk g-C3N4 to heat which 

breaks the weak van der Waals forces of attraction between the layers resulting in 

exfoliation [23, 105].  Ideally, during the heating process, hydrogen attached to the tri-s-

triazine or s-triazine units reacts with oxygen, thus forming a gas, and as this gas escapes 

it forms pores in the bulk material and as sheets are also formed [106].  Consequently, the 

resulting g-C3N4 nanosheets will be associated with a high surface area and also pore 

volumes, thereby enhancing the porosity.  Challagulla and co-workers [105] used both 

thermal and chemical etching of bulk g-C3N4 to form nanosheets for the photocatalytic 

reduction of nitrobenzene.  Bulk g-C3N4 was thermally etched by subjecting it to a 

temperature of 500 °C for 2 hours in air.  The product had a Brunauer–Emmett–Teller 
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(BET) surface area of 216.3 m2 g-1.  Additionally, the chemical etching used was similar 

to the one adopted by Xu et al. [102] and the BET surface area for the obtained nanosheets 

was 95.5 m2 g-1.  Recently, Fu et al. [107] synthesised g-C3N4 nanosheets by thermal 

etching of melamine and used it to make a two dimensional (2D) composite containing 

WO3/g-C3N4 for improved photocatalysis of water to yield hydrogen. 

In summary, this method offers advantages such as low cost, absence of solvents, fast and 

time-efficient, high yield, and it introduces beneficial structural defects on the resulting 

nanosheets.  However, this method results in a material with low crystallinity and 

relatively low surface area. 

2.3.2.1.3 Liquid exfoliation 

In liquid exfoliation, an appropriate liquid is added to bulk g-C3N4 and the mixture is 

ultrasonicated so as to exfoliate g-C3N4 [34, 108, 109].  Yuan et al. [34] prepared g-C3N4 

via the liquid exfoliation method: bulk g-C3N4 was first obtained by thermal 

decomposition of urea, this was then dispersed in N-methylpyrrolidone, and thereafter 

ultrasonication was carried out to obtain g-C3N4.  The nanosheets were combined with 

MoS2 to form a composite for photocatalytic hydrogen generation. 

Similarly, Hatamie et al. [19] prepared thin nanosheets of g-C3N4 by the liquid exfoliation 

approach.  Initially, bulk g-C3N4 was prepared by thermal decomposition of melamine 

and the resulting material was exfoliated with deionised water and sonication.  Figure 2.5 

depicts the exfoliation process. 



36 

 

 

Figure 2.5:  A typical liquid exfoliation process of bulk g-C3N4 to nanosheets [19] 

Also, Huang et al. [110] synthesised g-C3N4 nanosheets with water as the exfoliating 

liquid during ultrasonication.  Bulk g-C3N4 was prepared by thermal etching of melamine, 

after which it was exfoliated by ultrasonication for 10 hours.  The bulk and nanosheets 

obtained had specific surface areas of 8.66 and 26.48 m2 g-1 respectively.  Remarkably, 

nanosheets showed better performance on photoreduction of carbon dioxide. 

In this regard, liquid exfoliation has inherent advantages: water as a green solvent can be 

used, and nanosheets with a high surface area and relatively high crystallinity can be 

formed, which are critical properties in photo-driven reactions.  However, the demerits of 

this method may include tedious operations such as sonication, long preparation cycles, 

and high cost and low yields. 

2.3.2.1.4 Chemical blowing 

In this approach, appropriate blowing agents, for example, ammonium chloride [111] and 

magnesium carbonate [112], are selected because they can release gases when subjected 

to heat.  The gases escape into the layered material, such as bulk g-C3N4, resulting in layer 
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separation [113].  Yan et al. [112] synthesised flake-like porous g-C3N4 with superior 

photocatalytic activity by a chemical blowing strategy.  Typically, a mixture of melamine 

and magnesium carbonate was heated in which magnesium carbonate decomposed to 

produce carbon dioxide gas that separated the nanosheet layers of bulk g-C3N4.  

Moreover, the CO2 gas formed prevented further polymerisation of tri-s-triazine units. 

Similarly, Ye et al. [113] heated a mixture of ammonium chloride (NH4Cl) and melamine 

at a temperature of 520 °C for 4 hours.  During the reaction, NH4Cl released ammonia 

gas, which blew off the layers of bulk g-C3N4 and at the same time prevented the 

polymerisation of CN frameworks.  The melamine acted as a precursor for the formation 

of bulk g-C3N4.  Accordingly, the nanosheets obtained from this strategy exhibited 

enhanced photocatalytic degradation of rhodamine B. 

More recently, Zhang et al. [41] constructed a Z-scheme heterojunction consisting of a 

2D/2D BiOBr/CDs/g-C3N4 nanocomposite.  The g-C3N4 nanosheets incorporated in this 

composite were judiciously prepared by heating a melamine/ammonium chloride 

mixture, a typical example of a chemical blowing method, where NH4Cl acted as a 

blowing agent and melamine was the g-C3N4 source. 

Generally, this strategy offers a single-step process which saves time, and agglomeration 

of nanosheets is significantly reduced.  Further, a more porous structure is formed which 

provides more sites for reactions to take place.  In contrast, the main challenge with regard 

to this approach is the selection of an appropriate blowing agent which will not affect the 

optoelectronic properties of the resulting nanosheets. 

2.3.3 Nanotubes 

Hollow/tubular g-C3N4-structured materials, conventionally known as graphitic carbon 

nitride nanotubes, [114] exhibit a one dimensional (1D) morphology with unique 

characteristics, such as enhanced visible light absorption, large specific surface area, fast 

electron transport and a lower rate of recombination of photogenerated electron-hole pairs 

[88, 108]. 

Generally, the major preparation methods for g-C3N4 nanotubes are hard-, soft- and self-

templating methods [83, 88].  During the hard-templating strategy, an appropriate 

template with the desired structure is utilised, the g-C3N4 precursor interacts with it as it 
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is pyrolysed and after removal of the template, the g-C3N4 gains an opposite replica 

morphology of the used template [115].  Silica has been widely used as a template because 

it is less toxic and usually removed afterwards by using hydrogen fluoride [116] or 

ammonium bifluoride (NH4HF2) [83].  However, the use of these solutions is not 

environmentally benign because they are corrosive and toxic.  Wang et al. [115] prepared 

mesoporous g-C3N4 by using calcium carbonate as a hard template which was later 

removed with hydrochloric acid.  The resulting mesoporous g-C3N4 nanotubes had a BET 

surface area of 38.6 m2 g−1 and an increased photocurrent of 4.2 times more than the bulk 

under a -0.2 V biasing. 

Similarly, in the soft-templating approach, surfactants (such as Triton X-100 and pluronic 

P123) are used as soft templates [117].  Graphitic carbon nitride precursors such as 

melamine and dicyandiamide are combined and polymerised together with the template 

so as to achieve a g-C3N4 material with the desired structure [118].  Fundamentally, the 

choice of the template is crucial, because in most cases, the template is thermally 

degraded before the formation of g-C3N4 [83].  Yan [119] prepared porous g-C3N4 via a 

soft-templating strategy by employing melamine as a g-C3N4 precursor and pluronic P123 

as the surfactant.  The mesoporous g-C3N4 obtained exhibited a BET surface area of 90 

m2 g−1 and enhanced photocatalytic hydrogen production. 

As an example of the self-templating approach, Mo and co-workers [88] reported for the 

first time the preparation of graphitic carbon nitride nanotubes by using melamine as the 

only precursor.  The process was acid-alkali free and used the slow in-situ conversion of 

a portion of melamine to cyanuric acid.  The unchanged portion of melamine and the 

converted part were then pyrolysed together to obtain g-C3N4 nanotubes with a high 

number of nitrogen defects.  Liu et al. [120] synthesised tubular graphitic carbon nitride 

(g-C3N4) from melamine and also bulk g-C3N4 for comparison and then used them to 

make composites with ZIF-8 nanoclusters for CO2 solar conversion to fuel. 

Wang et al. [121] reported a convenient method for synthesising graphitic carbon nitride 

in bulk, nanosheets, nanoribbons and quantum dots.  Bulk g-C3N4 was prepared by 

thermal etching of urea.  The as-obtained bulk g-C3N4 was subjected to heat to achieve 

g-C3N4 nanosheets, these were then treated with acid (acid etching) to access nanorods, 
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and the nanorods were hydrothermally cut to obtain quantum dots.  Figure 2.6 summarises 

the processes used to achieve g-C3N4 quantum dots from the bulk. 

 

Figure 2.6:  A scheme showing a systematic process of obtaining nanosheets, 

nanoribbons and quantum dots of g-C3N4 from the bulk [121] 

2.3.4 Nanowires 

Nanowires are one dimensional rod-like g-C3N4 which have lately gained a lot of 

scientific attention because of their high surface area to volume ratio and, hence, more 

sites for reactions [122].  In order to improve the surface area of mesoporous carbon 

spheres (MPCs), Oh et al. [122] fabricated a composite comprising of g-C3N4 nanowires 

and impregnated it with MPCs to form a 3D composite structure.  Due to its increased 

surface area, the composite was shown to portray better electrochemical properties than 

graphene, carbon nanotubes, and activated carbon materials used as electrical double 

layer capacitors. 

More recently, Tang et al. [123] constructed a composite consisting of g-C3N4 nanowires 

as the substrate for conducting poly(3,4-ethylenedioxythiophene):poly(4-

styrenesulfonate) (PEDOT:PSS).  The resultant 3D material showed good capacitive 

properties (202 F g−1), recyclability and flexibility.  Similarly, to further increase the 

surface area of g-C3N4, Xie et al. [124] prepared nanowires by polycondensation of a 

solvothermally pre-treated cyanuric acid-melamine mixture precursor at 500 °C for two 

hours.  The product formed nanowires which showed enhanced photocatalytic 
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degradation of methylene blue under visible light irradiation because of the increased 

number of sites for reactions to occur in the nanostructured material. 

2.3.5 Quantum dots 

Graphitic carbon nitride quantum dots (g-CNQDs) with zero-dimensional structure (0D) 

have gained more and more attention because of their attractive properties such as 

chemical stability, bright fluorescence, large specific surface area, biocompatibility and 

moderate band gap [125].  Quantum dots of g-C3N4 have been synthesised through 

different routes.  Lin and co-workers [126] first prepared bulk g-C3N4 by thermal heating 

of melamine to a temperature of 550 °C, and then the resultant bulk g-C3N4 was etched 

with a mixture of concentrated sulfuric and nitric acids.  Figure 2.7 shows typical 

transmission electron microscope (TEM) images of bulk g-C3N4 and g-CNQDs.  The g-

CNQDs have been applied as fluorescent probes for environmental and biological 

detection because of their ability to fluoresce, and the fact that they are thermally stable, 

nontoxic, water-soluble and biocompatible [67, 127]. 

 

Figure 2.7:  Typical TEM images of (a) bulk g-C3N4 and (b) g-C3N4 quantum dots [72] 

2.3.6 3-D g-C3N4 

Although graphitic carbon nitride has been applied in many fields such as photocatalysis, 

it still faces a number of drawbacks such as high recombination rates of charges, low 

surface area and poor light absorption capabilities.  In an attempt to increase the surface 

area of this material, Liang et al. [128] designed a macroporous 3D g-C3N4 by judiciously 
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using melamine sponge as a template and carried out a one-step polymerisation of 

melamine sponge soaked in urea.  The resultant product was directly cut into different 3D 

shapes containing g-C3N4.  Basically, melamine and urea are precursors of g-C3N4, hence 

this method resulted in a macroscopic 3D g-C3N4 with enhanced photocatalytic hydrogen 

production. 

Wang et al. [129] prepared a mesoporous 3D g-C3N4 by way of using silica as a template 

after optimising the self-polymerisation reaction conditions.  The subsequent 3D g-C3N4 

was 6.5 times superior to bulk g-C3N4 when utilised in photocatalytic hydrogen evolution.  

The 3D architecture offers more sites for the photoreaction to take place and better light 

absorption.  Similarly, Luo et al. [38] synthesised 3D g-C3N4 with tremendous 

photocatalytic hydrogen evolution, i.e. 29.5 times more than for pristine g-C3N4.  

Typically, bulk g-C3N4 was acid-treated while the other samples were untreated; both 

acid-treated and untreated samples were calcined.  Interestingly, the acid-treated material 

portrayed a porous 3D structure and, hence, an increased surface area, and improved light 

absorption characteristics. 

Fan et al. [130] designed a remarkable 3D nanoneedle g-C3N4 nano-enzyme.  With the 

basic law of electrostatics which infers that charges are concentrated at sharp points, the 

as-prepared nanoneedle allowed the concentration of charges at the tip, thus activating 

hydrogen peroxide to hydroxyl radicals (•OH).  Consequently, the •OH radicals caused 

effective peroxidase-like oxidation of 3,3′,5,5′-tetramethylbenzidine. 

2.4 Modifications to improve efficiency 

As a way of improving the photoelectronic properties of g-C3N4, doping, construction of 

heterojunctions, coupling with carbonaceous materials, and introduction of defects have 

been carried out to obtain different morphologies with improved properties. In this 

section, these modifications of g-C3N4, including the formation of composites, are 

discussed in detail.  
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2.4.1 Doping 

Graphitic carbon nitride has been doped to enhance its photo-electronic properties [131].  

The idea behind doping relies on the fact that g-C3N4 is layered and possesses cavities 

that can accommodate heteroatoms, hence causing changes in the electronic band 

structure (band gap) and, thus, the visible light absorption [84, 132].  Kamal et al. [133] 

doped g-C3N4 with boron and used it to make a composite with NiFe2O4; the resultant B-

CN/NiFe2O4 composite showed an improved photocatalytic effect for the degradation of 

methylene blue.  Wang et al. [134] doped g-C3N4 with cobalt and the resultant doped g-

C3N4 was used as a heterogeneous catalyst to trigger the photocatalytic effect of 

peroxymonosulfate for the degradation of organic pollutants. 

Graphitic carbon nitride can also be doped with sulfur which has a lower electronegativity 

than nitrogen [135, 136].  Liu et al. [84] doped g-C3N4 with sulfur and the doped material 

exhibited an attractive photoreactivity based on both theoretical and experimental 

characterisation.  Yan et al. [137] doped g-C3N4 with boron and compared the doped 

material with pristine g-C3N4.  The materials were used in the photodegradation of 

rhodamine B and methyl orange; strikingly, the doped g-C3N4 showed a better 

photodegradation effect than pristine g-C3N4.  Boron as the dopant increased the 

adsorption of rhodamine B, and, hence, there was better contact between the g-C3N4 

photocatalyst and the pollutant.  This enhanced the degradation rate.  Additionally, boron 

caused a slight decrease in the band gap thereby encouraging more light absorption. 

The photocatalytic efficacy of g-C3N4 has been enhanced by altering the structural texture, 

and electronic and optical properties.  Zhu et al. [138] doped g-C3N4 with phosphorus via 

thermolysis of both melamine and organophosphonic acid without a template involved.  

A flower-like nanostructured catalyst was formed and this was applied in the photolysis 

of water to produce hydrogen (Figure 2.8).  The integration of phosphorus into the g-C3N4 

skeleton changes the optoelectronic properties and improves the electronic properties.  

The phosphorous-doped flower-like g-C3N4 exhibited a large surface area with many 

active sites and improved optoelectronic properties.  More recently, Yang et al. [139] also 

prepared a similar (3D) phosphorus-doped mesoporous flower-like g-C3N4 catalyst and 

used it for the same photocatalytic splitting of water; their results corroborate those of 
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Zhu et al. [138]  The phosphorus atoms slow down the recombination rate of 

photogenerated holes and electrons and thus improve the efficiency of the photocatalyst. 

 

Figure 2.8:  A graphical representation of flower-like nanostructured phosphorus doped 

g-C3N4 used in the photolysis of water to yield hydrogen [138] 

2.4.2 Constructing heterojunctions 

As a way of minimising problems such as poor separation of photogenerated charges and 

low light absorption behaviour of g-C3N4, the construction of heterojunctions has become 

necessary.  With a heterojunction, the band gap energy can be significantly reduced and 

therefore light absorption as well as charge transfer will be increased.  So far, the 

following types of heterojunctions have been constructed: Z-scheme heterojunctions [61, 

140], type II heterojunctions [58, 59] and Schottky junctions [60] as presented in Figure 

2.9. 

More recently, Zhang et al. [41] constructed a Z-scheme heterojunction system made up 

of 2D/2D BiOBr/carbon dots (CDs)/g-C3N4.  The composite showed improved 

performance when used to photodegrade ciprofloxacin (CIP) and tetracycline (TC).  This 

was attributed to the fact that the surface area of the composite was greatly increased and, 

hence, there were more sites for the reaction; additionally, light absorption was extended 

to the visible region and also to the near infrared region. 
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Additionally, Zhang et al. [59] designed a type II heterojunction between sulfur mediated 

g-C3N4 (CNS) and pristine g-C3N4 (CN).  This system resulted in appropriate band 

alignment and facilitated charge transfer.  Ideally, the gradient established between the 

conduction band (CB) of CN and CNS can drive the movement of photogenerated 

electrons from CN to CNS. Similarly, photo-induced holes also migrate from CNS to CN.  

This process hinders recombination of photogenerated charges which is considered 

crucial in photoreactions.  Photocatalytic hydrogen production was greatly improved for 

the CN/CNS heterojunctions. 

Another exciting junction which can be constructed is the Schottky junction in which a 

noble metal and g-C3N4 are combined and the resulting interface allows for better charge 

transfer due to reduced recombination [51].  In most cases the metals used to construct 

such a junction are plasmonic metals such as Au, Ag, Pd, Pt, Rh and Ir.  Basically, 

plasmonic metals are added to 2D g-C3N4, where the metal will absorb electromagnetic 

radiation leading to excitation of electrons with sufficient energy to overcome the 

Schottky barrier.  The hot electrons will migrate to the conduction band (CB) of the 

semiconductor thus causing reduction of a nearby species.  For instance, Mo et al. [141] 

designed a nanocomposite containing plasmonic gold nanoparticles and g-C3N4 

nanosheets which showed improved performance in photocatalytic hydrogen generation 

(cf. Figure 2.9). 
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Figure 2.9:  (a) A typical photocatalytic mechanism of pure g-C3N4, (b) schematic 

photoinduced charge transfer in a type II heterojunction, (c) Z-scheme heterojunction, 

and (d) Schottky junction [51] 

2.4.3 Coupling with carbonaceous materials 

In order to improve its optoelectronic performance, g-C3N4 has been coupled with 

carbonaceous materials such as carbon nanotubes, graphene and fullerenes [142].  These 

materials have attractive properties such as high surface area, thermal and chemical 

stabilities, and are environmentally benign with high conductivity characteristics. 

Gong et al. [52] combined multi-walled carbon nanotubes and cyanamide precursors to 

form a g-C3N4/carbon nanotube (CN/CNT) composite after calcination.  The composite 

exhibited synergistic effects while the inherent electrical conductivity was due to the 

presence of highly conducting CNTs.  Meanwhile, composites with a high proportion of 
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g-C3N4 exhibited better optoelectronic activity while those with a greater proportion of 

CNTs were excellent in oxygen reduction. 

Moreover, Li et al. [142] prepared a porous carbon/carbon nitride composite with 

enhanced photocatalytic degradation of methylene blue (MB) because of the synergistic 

effects of both carbon and carbon nitride, such as better light absorption efficiency, 

enhanced adsorption and improved charge separation.  Fundamentally, porous carbon 

materials can serve as supports for catalysts and can at the same time perform as real 

catalysts by activating species like H2O2 to yield free radicals such as •OH [53]. 

2.4.4 Introduction of defects 

A while ago, the introduction of defects into g-C3N4 gained a lot of scientific attention 

because these defects tune the structure as well as the electronic band gap energy of this 

material.  Niu et al. [54] subjected bulk g-C3N4 to thermal treatment and this resulted in 

the formation of nanosheets with structural defects.  The nanosheets displayed extended 

light absorption capabilities and better photocatalytic performance during hydrogen 

evolution.  Fundamentally, heat breaks the van der Waals forces of attraction between the 

layers of g-C3N4 while at the same time pores are generated in it, resulting in the formation 

of porous nanosheets.  Furthermore, the electronic structure and charge transfer efficiency 

of the material was tuned accordingly.  Similarly, Zhang et al. [143] modified g-C3N4 by 

way of heating a mixture of dicyandiamide and ammonium chloride at 550 °C for 4 hours.  

The resultant nanosheets showed a remarkable photo-driven catalytic hydrogen evolution.  

Thermal treatment introduced numerous defects on the engineered electronic structure 

thus extending the light absorption efficiency of the material.  Moreover, the structural 

alterations on the surface, exposed more sites for reactions to take place.  Ultimately, the 

synergistic effects of both the modified electronic band structure and altered morphology 

resulted in a superior photocatalyst. 

Yang et al. [50] modified both the morphology and electronic band structure of g-C3N4 

by calcining a mixture of sodium chloride and dicyandiamide.  Sodium chloride acted as 

a salt template over which a honey-comb structure of g-C3N4 was formed.  Due to 

multiple internal reflections within this unique structure, red-shifted band edges were 

formed.  Therefore, the photocatalytic hydrogen evolution by as-prepared g-C3N4 was 

tremendously increased. 
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The remarkable advantages of the introduction of defects includes both morphological 

and electronic band structure modifications.  The synergistic effects of both modifications 

yield better charge separation, light absorption (red-shift) and high surface areas, which 

are fundamental in photo-driven reactions. 

2.5 Applications  

Due to the appealing properties of g-C3N4, such as biodegradability, sustainability, 

appropriate tuneable narrow band gap and electron-rich properties, it has been applied in 

a range of fields including photocatalysis, sensing, energy storage and solar cells.  In this 

section, the typical applications of g-C3N4 will be discussed. 

2.5.1 Photocatalysis 

The ability of g-C3N4 to harvest solar energy due to its band gap suitability has made 

possible its application as a photocatalyst [144, 145].  Although bulk g-C3N4 has 

restrictions of absorbing only blue light (450 nm), because of a relatively wide band gap 

(approx. 2.7 eV), low surface area, and fast rate of charge recombination, different 

modifications have been carried out to improve and optimise light absorption.  These 

include copolymerisation, doping and dye-sensitisation.  Graphitic carbon nitride 

photocatalysts have typically been applied in two main areas: for the degradation of 

pollutants and for splitting water to form H2 and O2. 

Jiang et al. [63] doped g-C3N4 nanosheets with nitrogen and used the resultant material in 

the degradation of tetracycline.  They compared it with undoped bulk g-C3N4.  The N-

doped g-C3N4 nanosheets showed improved photocatalytic properties for the degradation 

of tetracycline as well as improved stability.  Owing to nanosheet development, the 

surface area was increased and, hence, there were more active sites in addition to the 

reduction in the rate of recombination of charges.  Figure 2.10 shows the photocatalytic 

activity of bulk g-C3N4 (DCN), N-doped bulk g-C3N4 (NDCN-4), g-C3N4 nanosheets 

(DCN-S) and N-doped g-C3N4 nanosheets (NDCN-4S) on the degradation of tetracycline.  

It is clearly evident that NDCN-4S and DCN-S exhibited greater photocatalytic activity 

than DCN and NDCN-4 because of the increased surface area and low recombination rate 

of charges as a result of exfoliation of bulk g-C3N4 into nanosheets and also doping [94]. 
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Figure 2.10:  Effects of altering bulk g-C3N4 into nanosheets on the photocatalytic 

destruction of tetracycline where DCN is bulk g-C3N4, NDCN-4N is N-doped bulk g-

C3N4, DCN-S is g-C3N4 nanosheets and NDCN-4S is N-doped g-C3N4 nanosheets [63] 

Titanium dioxide (TiO2) based materials have been widely used as photocatalysts and for 

solar energy conversion because of their stability and excellent photocatalytic properties 

[146].  However, the use of TiO2 for degrading pollutants in the atmosphere is restricted 

by a number of factors.  For instance, TiO2 powders in air can pose serious health 

problems to humans and animals when inhaled and, also, they are non-recyclable [147, 

148].  Therefore, appropriate clean materials with excellent practical applications are 

necessary to remove pollutants from the atmosphere.  In addition, bismuth-based 

photocatalysts have also been utilised in photocatalysis.  For instance, Li et al. [61] 

constructed a Z-scheme heterojunction composite between Bi2Fe4O9 and Bi2WO6 which 

displayed an enhanced photocatalytic effect on the degradation of rhodamine B when 

compared with the individual photocatalyst components.  Similarly, Li et al. [140] 

designed a AgI/Bi24O31Cl10 composite and this yielded a remarkable photo-reduction of 

Cr(VI) and photo-oxidation of tetracycline (TC).  Interestingly, bismuth-based 

photocatalysts are also very effective and compete equally with pristine g-C3N4. 

Since its successful exfoliation some time in 2014, black phosphorus has gained scientific 

attention because of its attractive photocatalytic features [149].  Analogous, to g-C3N4, 

black phosphorus (BP) has a tuneable band gap, high surface area, better optoelectronic 

properties and is naturally metal free.  In contrast, black phosphorus has a band gap 
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between 0.3-1.5 eV thus enabling it to absorb more visible light than g-C3N4 with a band 

gap of 2.7 eV [56].  In order to capitalise on synergism, Lei et al. [56] engineered a 0D-

2D (BP quantum dot/g-C3N4) nanocomposite which exhibited remarkable photocatalytic 

hydrogen production because of the synergistic contribution of both BP quantum dots and 

2D g-C3N4 nanosheets. 

Huang et al. [150] prepared protonated ultrathin graphitic carbon nitride/titanium dioxide 

nanocomposites (pCN/TiO2) for NO photodegradation.  Pristine TiO2 was also prepared 

for comparison.  The films were placed on glass substrates and TiO2 acted as a chemical 

glue.  The pCN/TiO2 films exhibited a high separation of charges.  NO removal was 

monitored by means of electron spin resonance spectroscopy in which the spectra showed 

the presence of O2˙
ˉ and ˙OH radicals. 

Xu et al. [151] synthesised a C‐doped ZrO2/g‐C3N4/Ni2P (C‐ZrO2/g‐C3N4/Ni2P) 

composite based on the UiO‐66‐NH2 material for the evolution of hydrogen from splitting 

of water.  Hydrogen evolution when C‐ZrO2/g‐C3N4/20%Ni2P was used was 10.04 mmol 

g−1  h−1 and for C‐ZrO2/20%Ni2P the hydrogen evolved was 0.90 mmol g−1 h−1.  This 

clearly shows that the incorporation of g‐C3N4 was very effective in splitting water, i.e. 

ten times more.  This was associated with the improved charge separation by C‐ZrO2 and 

g‐C3N4.  The Ni2P-co-catalyst also accelerates the surface reaction. 

Cheng et al. [152] prepared a tungsten trioxide/graphitic carbon nitride composite 

(WO3/g-C3N4) and used it for the photocatalytic production of hydrogen.  The composite 

showed enhanced photocatalytic production of hydrogen at a rate of 400 μmol h−1 gcat
−1 

while pristine g-C3N4 only produced approximately 27 μmol h−1 gcat
−1.  Pristine Ag3PO4 

is known to be a photocatalyst, however, it suffers from low stability.[153]  Xu et al. [154] 

prepared a g-C3N4/Ag3PO4 nanocomposite via a precipitation method.  The composite 

showed enhanced photocatalytic splitting of water as well as degradation of pollutants 

and this is because of increased dispersion of nanomaterials, improved optical properties 

and low recombination rate of holes-electrons, which is due to the synergistic effect of 

both materials.  Similarly, Zhou et al. [155] synthesized a AgCl/Ag3PO4/g-C3N4 

composite with very high photocatalytic effect for the degradation of sulfamethoxazole.  

The reactive species were holes and chloride ions and, hence, the effectiveness could be 
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attributed to synergism.  Table 2.1 lists more photocatalytic applications of g-C3N4 

materials. 

Table 2.1:  Some selected photocatalytic applications of g-C3N4 

Form of g-C3N4 Specific photocatalytic 

application 

Specific surface 

area/m2 g-1 

Reference 

N-doped g-C3N4 Tetracycline degradation 74.79 [63] 

P-doped g-C3N4 Hydrogen evolution 235.85 [139] 

rGO/g-C3N4 Rhodamine B and methyl 

orange degradation 

 [144] 

g-C3N4 nanosheets Hydrogen generation 31.1 [100] 

TiO2/g-C3N4  Tetracycline degradation  51.87 [101] 

g-C3N4 Hydrogen generation   [79] 

WO3/g-C3N4 Hydrogen generation  [152] 

Au/g-C3N4 Degradation of bisphenol A  [18] 

 

2.5.1.1. Magnetic photocatalysts 

The assimilation of photocatalysts and magnetic materials has captivated a great deal of 

scientific interest [156, 157].  Magnetic photocatalysts are preferred because of their 

ability to be recovered and recycled [158, 159].  Additionally, and apart from their 

magnetic property, Fe3O4 materials have been utilised in composites with photocatalysts 

because they have other very attractive properties such as low toxicity, environmentally 

benign and compatibility with other materials [160, 161].  Hence, graphitic carbon nitride 

photocatalysts with magnetic materials have emerged and been applied in some areas, 

however, this is still limited in application.  Incorporation of magnetic materials began in 

2013 and since then the number of publications reported in this area have gradually risen 

[15].  Jia et al. [156] prepared a g-C3N4/Fe3O4 composite for the photodegradation of the 

dye rhodamine B and the composite showed an attractive efficiency in the destruction of 

the pollutant under visible light irradiation as well as being magnetically separable.  The 

specific surface area of the composite was increased, hence availing large facets for 
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reaction.  Figure 2.11 shows the nitrogen adsorption–desorption isotherms of Fe3O4, g-

C3N4 and Fe3O4/g-C3N4 indicating that the composite has a large BET surface area and, 

therefore, more reaction sites [156].  

 

Figure 2.11:  Nitrogen adsorption–desorption isotherms for Fe3O4/g-C3N4 

nanocomposites, g-C3N4 and Fe3O4 [156] 

2.5.2 Sensors 

Recently, Zhang and co-workers [162] developed a sensor based on a g-C3N4 nanosheet–

MnO2 composite (Figure 2.12).  The composite was fast and selective in the detection of 

glutathione in living cells and aqueous solutions.  The g-C3N4 nanosheets were applied 

here because of their high fluorescence quantum yield and high specific surface area.  

When glutathione is added to the composite, MnO2 is reduced to Mn2+, this leads to the 

removal of fluorescence resonance energy transfer (FRET) from the g-C3N4 nanosheets 

and, hence, the inherent fluorescence is regained.  Another additional advantage of this 

composite is its portrayed low cytotoxicity. 

 

Figure 2.12:  A representation of the g-C3N4−MnO2 nanocomposite for sensing of 

glutathione [162] 
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Chen et al. [163] used graphitic carbon nitride quantum dots (g-CNQDs) directly to detect 

hydroquinone in the environment (aquatic and air systems).  Typically, hydroquinone 

quenches the fluorescence of g-CNQDs indirectly.  On the other hand, quinone was 

formed by catalytic oxidation of hydroquinone by horseradish peroxidase in the presence 

of hydrogen peroxide.  The resultant quinone also quenches the g-CNQDs.  A remarkably 

low detection limit of 0.04 μM was recorded and the linear range was 0.5–11.6 μM.  On 

other hand, Lai et al. [164] fabricated an aptasensor for detection of mercury ions in which 

the electrochemical sensor is composed of a glassy carbon electrode modified with sulfur-

nitrogen and co-doped mesoporous carbon.  The lowest detection limit for this sensor was 

0.45 pM with a linear range between 0.001-1000 nM.  More applications of g-C3N4 as a 

sensor or as a detector are presented in Table 2.2. 

Table 2.2:  Use of g-C3N4 for sensing or detection applications 

Form of g-C3N4 Specific use of g-C3N4 Reference 

g-C3N4 nanosheets Detection of lead ions [19] 

g-C3N4 nanosheets Potentiometric sensor-silver ions carrier [20] 

g-C3N4 nanosheets Detection of Cu2+ ions and photocatalysis [24] 

P-doped g-C3N4 Photochemical aptasensing [66] 

g-C3N4 quantum dots Detection of mercury and iodide ions [47] 

Oxygen and sulphur-doped g-C3N4 

quantum dots  

Detection of mercury(II) ions and 

bioimaging 

[48] 

g-C3N4 quantum dots and Bi2MoO6 Photoelectrochemical detection of copper 

ions 

[89] 

g-C3N4 nanosheets Bioimaging [94] 

g-C3N4 nanosheets Fluorescence detection of ascorbic acid [109] 

g-C3N4 quantum dots Selective glucose sensor [125] 

Oxygen and sulphur doped g-C3N4 

quantum dots 

Fluorescence detection of copper and silver 

ions and biothiols 

[127] 

g-C3N4 nanosheet-MnO2 Fluorescence sensor for intracellular 

imaging of glutathione 

[162] 
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2.5.3 Energy storage 

Graphitic carbon nitride has the ability to be used as an energy store.  Wu et al. [165] 

reported theoretically that lithium with a high density can be intercalated into a triangular 

space between nitrogen in the triazine units of g-C3N4.  Through a first principles approach 

involving DFT calculations, it was shown that the interaction between lithium atoms and 

the spaces within nitrogen is very strong and can be utilised to store energy.  Lithium-

decorated graphitic carbon nitride can be used as both a cathode and an anode in lithium-

based batteries and can be used to store hydrogen [166] since the adsorption energy for 

hydrogen with lithium is ideal for hydrogen sorption.  Mahdizadeh et al. [166] recently 

also showed computationally that palladium intercalated g-C3N4 can effectively be used 

for hydrogen energy storage.  The theoretical volumetric hydrogen storage capacity 

(HSC), for instance, for g-C3N4 (with interlayer spacing d = 8 Å) went past the 

Department of Energy (DOE) target of 30 g H2 L
-1 at 177 K and 5.7 MPa. 

2.5.4 Photovoltaic cells 

Few studies have reported the incorporation of g-C3N4 in solar cells and, in particular, 

organic solar cells, though it has great potential in this field if applied.  Chen et al. [72] 

for the first time, incorporated g-CNQDs into an inverted bulk heterojunction-polymer 

solar cell (BHJ-PSC) (Figure 2.13 (a)).  The power conversion efficiency (PCE) was 

significantly enhanced.  For instance, when the poly(3‐hexylthiophene‐2,5‐diyl):[6,6]‐

phenyl‐C61‐butyric acid methyl ester (P3HT:PC61BM) active layer polymer cell was 

doped with g-CNQDs the PCE value was increased to ≈17.5% from 4.23%.  When 

poly(4,8‐bis‐alkyloxybenzo(l,2‐b:4,5‐b′)dithiophene-2,6-diylalt-(alkylthieno(3,4‐

b)thiophene-2-carboxylate)-2,6-diyl):[6,6]-phenyl C71-butyric acid methyl ester 

(PBDTTT-C:PC71BM) was doped with g-C3N4 QDs the efficiency improved from 6.36 

to 11.6%, and finally for poly [4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-

b′]dithiophene-co-3-fluorothieno[3,4-b]thiophene-2-carboxylate] (PTB7-Th):PC71BM 

doped with g-C3N4 QDs it improved from 9.18 to 11.8%.  The current density-voltage 

curves for the P3HT:PC61BM solar cell doped with either bulk g-C3N4 or g-C3N4 QDs are 

illustrated in Figures 2.13 (b), (c), and (d).  Fundamentally, g-CNQDs increased the short-

circuit current (Jsc) and improved the interfacial layer contact between the active layer 

and hole transport layer and, hence, enhanced the PCE values. 
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Figure 2.13:  (a) An inverted bulk heterojunction polymer solar cell consisting of 

ITO/ZnO/C3N4:active layer/PEDOT:PSS (or MoO3)/Ag.  (b), (c) and (d) are current 

density-voltage curves for undoped and bulk g-C3N4 or C3N4 QDs doped 

ITO/ZnO/C3N4:P3HT:PC61BM/PEDOT:PSS/Ag, undoped and bulk g-C3N4 or C3N4 QDs 

doped ITO/ZnO/C3N4:PBDTTT-C:PC71BM/MoO3/Ag and undoped and bulk g-C3N4 or 

C3N4 QDs doped ITO/ZnO/C3N4:PBT7-Th:PC71BM/MoO3/Ag respectively [72] 

Although this is the first report on the use of graphitic carbon nitride quantum dots in 

polymer cells, it shows that g‐C3N4 has great potential to be incorporated into more 

polymer cells.  Therefore, more future research should be conducted in this area. 

In summary, despite all the above highlighted applications, the following challenges still 

limit g-C3N4 applications in many areas: (i) high recombination rate of photogenerated 

charges due to low quantum confinement, (ii) low surface areas due to lack of an ideal 

method for the exfoliation of g-C3N4 to perfect monolayers, (iii) inappropriate light 

absorption due to difficulty in tuning the band gap energy, and (iv) inherent low electrical 

conductivity. 



55 

 

2.6 Computational studies  

Computational strategies are very important in studying the properties, mode of action, 

and synthetic routes of various nanomaterials including g-C3N4.  Nonetheless, 

computational simulation of g-C3N4 is scarce in literature and this opens a rich area for 

further research.  Theoretical calculations are conducted to mimic actual models in order 

to estimate and compliment experimental data.  Consequently, quantum mechanical 

computational methods, such as density functional theory (DFT), have become 

indispensable when studying electronic and atomistic properties such as band gap 

energies, electron transfer at interfaces and crystalline structures [167, 168].  Quantum 

mechanics simulations give a more detailed description of a system, however, it is used 

for small systems with limited degrees of freedom and not in solution phases [169].  

Previously, experimental spectroscopy and ab initio calculations on g-C3N4 systems have 

been explored and found that the band gap energy depends on the stacking configuration 

and more importantly on the lattice constant of the material [170].  Generally, the 

conduction band is comprised only of pz states and the band gap is governed by the 

position of these states, thus the band gap is susceptible to stress and the stacking 

configuration adopted by the system and may experiences large variations, while the 

valence band experiences only small shifts upon changes dictated by the geometry of the 

system [170, 171]. 

Moreover, DFT calculations have mainly been performed by using the Gaussian 09 

computational platform with the hybrid Becke three-parameter, Lee-Yang-Parr (B3LYP) 

exchange-correlation functional and the 6-31G* basis set [172-175].  An understanding 

of the energy gap between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) is essential in determining the efficiency of 

polymer solar cells for example [172].  Generally, optimised structures are used in 

calculations: to ensure that this is achieved the calculation is run and the phonon 

frequency obtained is checked to see if it is free from any imaginary frequencies [176, 

177].  The simulated data from DFT calculations on the values of HOMO and LUMO, 

and hence the band gap, are compared with the experimental values obtained from cyclic 

voltammetry (CV) or UV-visible spectroscopy [178]. 
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Zhu et al. [179] predicted the feasibility of using g-C3N4 for destruction of nitrogen 

monoxide through theoretical calculations before performing the experiments.  It was 

found from the calculations that the N-O bond can be broken suddenly if NO is adsorbed 

to the tri-s-triazine section and not onto the surface of carbon, as acclaimed before, as 

shown in Figure 2.14.  The computed adsorption energy between NO and g-C3N4 was 

−338.5 kJ mol-1 portraying a strong interaction.  After adsorption the NO bond length 

increases and, thus, is weakened and breaks as shown in Figure 2.14. 

 

Figure 2.14:  Theoretical decomposition process of NO with g-C3N4 as a catalyst [179] 

Algara-Siller et al. [180] deduced the structure and band gap of triazine-based g-C3N4, 

both from experiments and DFT calculations.  The results obtained are depicted in Figure 

2.15.  The actual structure of triazine-based g-C3N4 is corrugated and not planer.  The 

calculated and experimental (UV-Vis and XPS) band gap of triazine-based g-C3N4 ranged 

between 1.6-2.0 eV.  The DFT calculation corroborates the experimental values obtained. 
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Figure 2.15:  (a) Triazine-based g-C3N4 UV/Vis diffuse-reflectance spectrum and 

Kubelka–Munk plot.  (b) Mono-sheet calculated band structure of triazine-based g-C3N4.  

(c) Corrugated structure of triazine-based g-C3N4 obtained from DFT calculations, and 

(d) XPS spectrum of the triazine-based g-C3N4 valence band region (black) and 

theoretically calculated XPS graph for the equilibrium structure (red) [180] 

Similarly, Wang et al. [171] computed the band gap energy of the most stable phase of g-

C3N4 theoretically; the computed band gap was 2.87 eV.  This value was consistent with 

the experimentally determined optical band gap of as-prepared g-C3N4 samples.  

Theoretically, it was shown that during polycondensation at different temperatures, 

phases of g-C3N4, which are thermodynamically dissimilar, exist and the stable phase 

exhibits a direct band gap (2.87 eV) which is very close to the experimental value.  These 

results indicate that there is a correlation between temperature and band gap because an 

increase in temperature leads to an increase in the proportion of material undergoing 

phase changes. 

Zhu et al. [181] studied carbon dioxide adsorption on g-C3N4 by means of DFT 

calculations.  It was determined that the adsorption energies for the models used were 
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negative which implied that the reaction was exothermic.  Cui et al. [182] used DFT 

calculations to study the effect of doping g-C3N4 nanosheets with oxygen.  Oxygen-

doping resulted in the delocalisation of the HOMO-LUMO and, thus, increased the carrier 

mobility and also increased the number of facets for the reaction and, hence, the 

separation of charges. 

Wu et al. [183] used the state-of-the-art hybrid functional HSE06 for the calculation of 

band dispersions and the electronic density of state (DOS) of three nanoribbons with 

widths 1.61, 2.23 and 2.84 nm, and the corresponding band gap energies of 3.06, 2.73, 

and 2.71 eV, respectively, were estimated [183].  The results obtained show a 

predominant optical transition within the tri-s-triazine unit of the polymer, with a 

bathochromic shift originating from a progressively increasing degree of polymerisation 

[184].  Moreover, the band gap energy of crystallised g-C3N4 nanoribbons decreases with 

increasing degree of polymerisation of the molecular strand resulting in polymeric g-C3N4 

which is reported to exhibit a red-shift at higher polycondensation temperature [183, 184].  

Remarkably, quantum chemical calculations show that the width of the molecular strand 

has an important impact on the electronic structure of polymerised and crystallised g-

C3N4 nanoribbons, suggesting that the electronic structure depends on the structure of g-

C3N4 [183]. 

The optical properties and condensation degree (structure) of molecular polymeric g-

C3N4 has also been found to depend strongly on the process temperature [183].  Nano g-

C3N4 nanosheets [183, 185], nanoribbons [186] and quantum dots [187], exhibit large 

specific surface areas, hence shortening the diffusion distance of charge carriers 

(electrons and holes), and significantly enhancing the performance of g-C3N4 as a 

photocatalyst [187]. 

By means of density functional theory (DFT) computations, the catalytic performance of 

a series of single metal atoms supported on graphitic carbon nitride (g-C3N4) for nitrogen 

reduction reactions (NRR) has been evaluated by Zhang et al. [188]  Additionally, the use 

of g-C3N4 as a substrate to anchor metal catalysts offers several merits, such as 

maintaining metal atoms in their neutral state and accumulation of surface polarisation 

charges on metal atoms, thus providing more accurate evidence for the identification of 

catalytically active sites [189-191].  Generally, computational calculations assist 
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significantly in estimation of the band gap energies of semiconductors, and they can also 

be used for the calculation of the HOMO-LUMO band gap of polymers. 

2.6.1 Theoretical estimation of HOMO-LUMO band gap of carbon nitride 

oligomers and polymers 

In a typical computational calculation of the band gaps of polymers, such as g-C3N4, a 

sequence of oligomers (repeating units) is used to represent the entire polymer, and hence 

DFT computations are possible [177].  The characteristics of the oligomer are 

extrapolated to represent the entire polymer and this is the most widely accepted 

estimation [192].  Two main steps are important in the calculation of HOMO-LUMO 

band gap energies: first oligomer structures are optimised and, secondly, the band gaps 

of the optimised structure are obtained.  Notably, the energy gap is the difference between 

the HOMO value and the LUMO value [193].  Zade and Bendikov [192] reported how to 

predict the band gap of a conducting polymer from oligomers by extrapolation of the 

linear graph of the HOMO-LUMO band gap against the reciprocal of the number of 

monomers.  The band gaps of oligomers of oligothiophene, -pyrrole, -furan, -

paraphenylene and -3,4-ethylenedioxythiophene (EDOT) were studied by DFT [194, 

195].  It was noted that long oligomers (≥ 20 oligomers) should be used such that a 

significantly accurate prediction is obtained (Figure 2.16).  Remarkably, it has been 

shown that the existence of C≡N  and C=O can significantly narrow down the HOMO–

LUMO gap whereas the presence of O−H can slightly enhance the band gap energy [196].  

These differences can be attributed to the different electronic properties among the 

functional groups: O−H is electron-donating, while C≡N and C=O are electron-

withdrawing functional groups.  Thus, graphitic carbon nitride substituted with electron-

withdrawing groups could be an important milestone towards achieving scientific and 

industrial applications [196]. 
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Figure 2.16:  A typical linear extrapolation curve for polythiophene and polyselenophene 

HOMO-LUMO gaps with both theoretical and experimental values [192] 

Recently, Mestiri and co-workers [197] reported the modelling of copolymers for organic 

solar cell applications based on 2,2'-(1,4-phenylene)bis(quinazolin-4(3H)imine) (PBQI) 

using both DFT and time-dependent density functional theory (TD-DFT).  The 

optoelectronic properties of thiophene-alt-PBQI (TH-PBQI) and N-vinylcarbazole-alt-

PBQI (VK-PBQI) copolymers were first examined and later the copolymer 

polycyclopentadithiophene-alt-(2,2'-(1,4-phenylene)bis(quinazolin-4(3H)-imine)) 

(CPDT-PBQI), which was constructed by joining two successive 3-thiophene units by 

means of a carbon bridge, was assessed.  The electronic and optical properties were 

examined by both DFT and TD-DFT in order to understand the electronic properties of 

PBQI.  The HOMO-LUMO energies were computed and found to be −5.76  and −2.11 eV 

respectively, and the band gap was 3.64 eV as illustrated in Figure 2.17. 
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Figure 2.17:  Density of state (DOS) of geometrically optimised PBQI monomer [197] 

Time-dependent density functional theory (TD-DFT) is used to determine ground state 

energies and oscillator strengths [198].  The TD-DFT method provides an exact solution 

to the time-dependent Schrödinger equation [199].  The calculation is routinely performed 

on optimised structures.  Figure 2.18  shows the absorption spectrum achieved from TD-

DFT simulation of the CPDT-PBQI copolymer modelled by Mestiri et al. [197] with the 

6-31g (d) basis set.  Moreover, DFT in conjunction with Chemissian computational 

software, can be used to model electron density maps as well as HOMO-LUMO band gap 

energies of nanomaterial building blocks (oligomers) [193, 195]. 

 

Figure 2.18:  Optical absorption of CPDT-PBQI copolymer [197] 
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For comparison purposes, the HOMO-LUMO band gap should be estimated both 

experimentally and theoretically.  Experimentally HOMO-LUMO gaps can be measured 

by both cyclic voltammetry (CV) [200] and photoelectron spectroscopy in air (PES) [201, 

202].  PES measurement can be done on solid thin films, where the work function is 

determined, and this corresponds to the HOMO.  The LUMO is calculated by adding the 

HOMO values to the band gap energy obtained by UV-Vis absorbance spectroscopy 

[201].  Similarly, CV measurements can be performed to determine the HOMO energy 

and the values obtained are added to the band gap values obtained by UV-VIS absorbance 

spectroscopy to determine the LUMO energies as well [202]. 

2.7 Summary and outlook 

The trends in solar technology have shifted to the use of environmentally benign 

materials.  In this review, we have examined the current trends in the utilisation of g-C3N4 

in various applications such as biosensing, photocatalysis as well as photovoltaics.  

Moreover, the synthesis as well as enhancement of the photo-performance of g-C3N4 has 

been highlighted.  In essence, g-C3N4 is a metal-free semiconductor with a tuneable band 

gap, high thermal and chemical stability, and attractive electronic properties.  Graphitic 

carbon nitride has a band gap of ~ 2.7 eV and it is able to absorb UV radiation.  The 

exfoliation processes of g-C3N4, doping, and amalgamation with other materials to form 

composites, can result in better optoelectronic properties of the material and the 

composites portray synergistic properties. 

Pristine g-C3N4 exhibits a low specific surface area and high rate of recombination of the 

photogenerated holes and electrons.  Consequently, bulk g-C3N4 has been transformed to 

nanosheets, nanorods, and quantum dots, as a way of increasing the surface area and, thus, 

introducing more active sites for reactions and high quantum confinement.  Although 

considerable efforts have been made so far in this area, the challenge still lies in the 

recombination of photogenerated charges and, therefore, there is a need to incorporate 

theoretical and experimental perspectives.  Moreover, an understanding of the charge 

transfer process in composites is still lacking in the literature.  Similarly, little has been 

reported on the use of this material in organic solar cells and, hence, the need to expand 

this area in the existing body of knowledge so as to improve solar harvesting.  The 

application of computational tools in studying g-C3N4 is very important because it saves 
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on time and gives more insight into various properties and is also helpful in the proper 

tuning of the material. 

This review will be of great importance to material scientists and nanotechnologists 

interested in seeking materials for various photovoltaic and sensing applications, and 

environmentalists who require better materials for degradation of pollutants.  Finally, the 

authors believe that more research needs to be performed on g-C3N4 to expand its 

potential applications. 
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Abstract 

Graphitic carbon nitride (g-C3N4) is a promising metal-free semiconductor that has 

attracted extensive attention because of its attractive attributes, such as tunable band gap, 

as well as chemical and thermal stabilities.  Despite these attractive features, other 

properties, particularly optoelectronic properties, have not been exhaustively explored.  

Herein, we report the optoelectronic properties of a three-dimensional (3D) heptazine-

based graphitic carbon nitride (g-C3N4).  First-principle density functional theory (DFT) 

calculations were performed with a full-potential linearised augmented plane wave 

coupled to the local orbital (FP-LAPW+lo) method as implemented in the Wien2k 

computational code.  The generalised gradient approximation (GGA) of the Perdew-

Burke-Ernzerhof (PBE) and the modified Becke-Johnson (mBJ) exchange-correlation 

potentials were used, and the results were compared.  Optoelectronic properties, such as 

electronic band gap, dielectric constant (real and imaginary parts), reflectivity, optical 

conductivity, refractive index, and the absorption coefficient of heptazine-based g-C3N4, 

were investigated both in the perpendicular (⊥) and parallel (//) directions of the incident 

photons.  In essence, the model exhibited anisotropic behaviour since the examined 

properties were generally insensitive to the // incident photons compared to the ⊥ incident 
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photons.  The mBJ calculations gave a band gap energy of 2.87 eV, which was in good 

agreement with experimental values, although the GGA-PBE method underestimated this 

energy (1.16 eV).  The real part of the dielectric constant exhibited a maximum at 3.0 for 

the GGA-PBE and 4.04 eV for the mBJ potential for the ⊥ incident photons, whereas the 

// incident photons were inconsequential.  The GGA-PBE and mBJ methods determined 

that the reflectivity of the material was about 52.5%, implying that it is slightly opaque.  

Additionally, the optical conductivity for the ⊥ incident photons started in the visible light 

region, i.e. at 1.8 and 2.75 eV for the GGA-PBE and mBJ methods, respectively, whereas 

for the // incident photons, the conductivity started at higher energies.  Generally, the 

anisotropic behaviour was more pronounced when the mBJ potential was used.  These 

findings are important for the advancement of optoelectronic applications of heptazine-

based g-C3N4. 

Keywords:  Anisotropy; dielectric constant; optoelectronic; Wien2k; heptazine; graphitic 

carbon nitride 
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3.1 Introduction 

Graphitic carbon nitride (g-C3N4) is a promising metal-free semiconductor that has 

attracted immense attention due to its attractive attributes, such as tuneable band gap, and 

thermal and chemical stabilities [1].  The g-C3N4 material has been applied in several 

fields, such as tribological engineering [2], photocatalysis [3], sensors [4, 5], and 

photovoltaics [6, 7].  Bulk g-C3N4 is easily synthesised from thermal polycondensation of 

nitrogen-containing precursors, such as melamine, urea, and dicyandiamide [8, 9], via 

cheap and scalable processes.  In essence, g-C3N4 has two basic tectonic units, i.e. s-

triazine- and heptazine (tri-s-triazine)-based g-C3N4 [10].  Previously, it has been 

established from density functional theory (DFT) that heptazine-based g-C3N4 is more 

stable than triazine-based g-C3N4 [11].  For this reason, heptazine-based g-C3N4 has been 

extensively studied both theoretically and experimentally by many researchers [12, 13].  

Moreover, in photocatalysis, semiconductors with an indirect bandgap have been reported 

to be more effective than those with a direct band gap [14]; therefore, the heptazine form 

of g-C3N4 with an indirect band gap has become very useful in the field of optoelectronics 

compared with triazine-based g-C3N4 with a direct bandgap [15]. 

Studies have revealed that three-dimensional (3D) heptazine-based g-C3N4 can have 

several possible configurations, including graphite-like planar or buckled A-A and A-B 

stacking configurations [16, 17].  Tyborski et al. [17] combined computational and 

experimental X-ray diffraction (XRD) strategies to explore the proper structure of 3D g-

C3N4.  They concluded that g-C3N4 could comprise buckled or flat A-A polymeric g-

C3N4.  With regard to the most stable configuration of heptazine-based g-C3N4 

nanosheets, which is a two-dimensional (2D) material, Gao et al. [18] theoretically 

showed that corrugated forms of heptazine-based g-C3N4 are energetically and 

dynamically more stable than planar nanosheets due to the repulsion caused by 

neighbouring nitrogen atoms [11].  However, the main challenge is confirming which 

configuration of bulk g-C3N4 with a 3D structure is more favourable energetically 

because, experimentally, it is difficult to obtain pure g-C3N4 with a high degree of 

crystallinity [19, 20].  Nevertheless, two noticeable peaks at 2θ = 13.04° and 27.25° are 

observed in the diffractograms from experimental XRD results [1, 21].  The former peak 

is attributed to in-plane repeated units with an interplane distance of approximately 6.788 

Å, and the latter corresponds to the interlayer spacing of 3.25 Å between g-C3N4 layers 
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[9], therefore, providing insights that heptazine units are more predominant in the 

synthesised products.  Computationally, heptazine-based g-C3N4 has a hexagonal crystal 

structure with a lattice parameter “a” = 7.13 Å, which is close to an in-plane distance of 

the repeated units of 6.788 Å as deduced from experiments [19]. 

Even though heptazine-based g-C3N4 has been extensively studied both experimentally 

and computationally, most of its optical and electronic properties have not been fully 

elucidated, thus impeding its application in optoelectronic and nanotechnologies.  

Therefore, it is of interest to further investigate its optoelectronic properties to advance 

its applications in potential fields, such as photovoltaics, where it is scarcely applied.  In 

this study, the electronic and optical properties of heptazine-based g-C3N4 have been 

computationally investigated with the Wien2K computational platform.  Calculated 

properties, such as the dielectric constant (real and imaginary parts), absorption, refractive 

index, reflectivity, and conductivity, have been derived from two computational 

approaches: the generalised gradient approximation (GGA) of the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional and the modified Becke-Johnson (mBJ) 

exchange-correlation potential, and compared. 

3.2 Computational details 

In this study, the electronic and optical properties of heptazine-based graphitic carbon 

nitride were investigated.  Our first-principle calculations based on density functional 

theory (DFT), were carried out using the full potential linearised augmented plane wave 

plus the local orbital (FP-LAPW+lo) method [22], as implemented in the Wien2K 

package [23].  In this approach, the Khon-Sham (KS) equations are solved within two 

regions, i.e. sphere muffin tin (the region around the nucleus) and interstitial spaces 

(regions between the muffin tins) [24].  The structural properties were calculated with the 

generalised gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional (GGA-PBE) [25].  The electronic and optical properties 

were calculated using both the generalised gradient approximation (GGA-PBE) and the 

Tran–Blaha modified Becke-Johnson (mBJ) exchange-correlation potential [26, 27], and 

the results were compared.   
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Tran and Blaha introduced the latter potential, which is known to reproduce experimental 

band gap values for a range of semiconductors and insulators [24, 25]; thus, it was used 

in this work. 

  The mBJ exchange-correlation potential, νᵪ,σ
mBJ(r), is expressed, according to Equation 

1: 

νᵪ,σ
mBJ(r) = c νᵪ,σ

BR(r) + (3c − 2)
1

π
√

5

6
√

tσ(r)

ρσ(r)
     Equation (1) 

where  νᵪ,σ
BR is the Becke Roussel potential [27, 28], r is the coordinate vector of the 

reference electron, tσ(r) is the kinetic-energy density, ρσ(r) is the electron density, and 

the c parameter is given by Equation 2: 

c = α + β (
1

Vcell
∫

cell

|∇ρ(r)|

ρ(r)
d3(r))

1/2

      Equation (2) 

where α = −0.012, β = 1.023 bohr1/2 (as was obtained from fitting experimental results) 

[29], and Vcell is the unit cell volume. 

On the other hand, the GGA-PBE exchange-correlation potential reproduces the band gap 

of metallic materials well but underestimates by half the band gap of semiconductors from 

the experimental values [29]. 

The three-dimensional (3D) structure of heptazine-based g-C3N4 with the A-A stacking 

configuration of Tyborski et al. [16] was considered in this work.  The reasons for the 

choice of this model are as follows: (i) heptazine-based g-C3N4 has been identified as the 

most abundant product during the actual synthesis process and not triazine-based forms 

of g-C3N4 [30], (ii) theoretically, it has been well-established that heptazine units are 

energetically favoured over triazine building units of g-C3N4, and (iii) the XRD data of 

the A-A stacking configuration matches with our previous experimental two theta values 

[20].  In our experiment, two prominent peaks at about 2θ = 13.2° and 27.4°, 

corresponding to the (001) and (002) crystal planes, respectively, were observed.  In 

essence, the strong peak at 2θ = 13.2° with interlayer spacing d = 0.337 nm was attributed 

to the in-plane structural stacking motif of heptazine tectonic units (tri-s-triazine units), 

and the latter at 27.4° with an interplanar spacing d = 0.167 nm was attributed to the 

interlayer stacking of aromatic rings in the sample.  Therefore, this model was of 
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significance in our present study.  The supercell model under investigation was of 

dimension 1 × 1 × 1, with 14 atoms (6 C and 8 N), space group No. 174 p-6, and the 

lattice parameters: a = b = 6.950 Å, c = 3.2750 Å, α = β = 90°, γ = 120°.  In order to obtain 

a relaxed structure, energy minimisation optimisation based on c/a was carried out.  The 

Monkhorst-pack k-points mesh with 8 × 8 × 15 divisions of reciprocal lattice vectors in 

the irreducible part of the Brillouin zone was used [31].  All structural optimisation 

calculations were carried out on this mesh and were sufficient to give an accurate 

minimum energy, which was less than 10-4 Rydberg (Ry), where the self-consistent field 

cycles (SCF) calculation was considered to have converged.  The Fourier charge density 

Gmax was set to be 12 (Ry), while the atomic radii of the muffin-tin spheres (RMT) were 

1.29 and 1.23 a.u. for nitrogen (N) and carbon (C) atoms, respectively.  The optical and 

electronic properties were performed on a denser mesh with 5000 K-points.  Ideally, a 

denser k-point mesh is crucial because it reduces the parasitic effects in calculating 

various properties of the material [31-33]. 

The optical properties of the heptazine system were deduced using a complex dielectric 

function ε(ω) = ε1(ω) + ε2(ω), where ε1(ω)  is the real part, and ε2(ω) is the 

imaginary part.  The real part, ε1(ω), as determined by the Kramers–Kronig 

transformation, links the two parts of the dielectric constant [29, 34].  The imaginary part 

is directly associated with the material’s electronic band structure and is derived from the 

momentum matrix elements between the occupied and unoccupied electronic levels [35].  

The dielectric constant can be used to determine more optical properties such as the 

absorption coefficient α(ω), the refractive index n(ω), and the reflectivity R(ω).  The 

related equation for each property is expressed in Equations 3-5. 

The optical absorption can be calculated from the formula [36]: 

α(ω) = √2ω [√ε1
2(ω) + ε2

2(ω)   + ε1(ω)]
1/2

    Equation (3) 

while the refractive index of the material can be calculated from Equation 4, 

n(ω) = [
ε1(ω)

2
   +

√ε1
2(ω)+ε2

2(ω)

2
]

1/2

      Equation (4) 

and the reflectivity can be calculated directly from Fresnel’s formula (Equation 5) [36]: 
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R(ω) = |
1−n(ω)

1+n(ω)
|

2

      `  Equation (5) 

 

3.3 Results and discussion 

In this section, the structural optimisation and the optical properties of the model are 

presented. 

3.3.1 Structural optimisation and geometrical properties 

In order to obtain a relaxed structure with optimised lattice parameters, the optimisation 

process was carried out via the energy minimisation approach.  In principle, the total 

energy as a function of c/a of the unit cell was calculated.  Figure 3.1 shows a graph of 

energy as a function of the c/a ratio; the lowest point of the curve represents the lowest 

energy (ground state energy) (-18137.064 eV) and is related to optimised lattice 

parameters.  The optimised crystal lattice parameters were found to be: a = b = 7.062 Å, 

c = 3.172 Å, α = β = 90°, γ = 120°.  These constants are consistent with the experimental 

values obtained from XRD measurements [9, 20] and other theoretical reported values 

[17].  The different viewpoints of the A-A stacking configuration of heptazine-based g-

C3N4 are shown in Figure 3.2. 

 

Figure 3.1:  The energy versus c/a ratio optimisation curve for a heptazine-based g-C3N4 

supercell 
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(a) 

 

(b) 

 

Figure 3.2:  Geometrical structures of optimised bulk heptazine-based g-C3N4 supercells: 

(a) 2 × 2 top view, and (b) 1 × 1 × 1 side view  

3.3.2 Electronic properties 

The electronic band structure of heptazine-based g-C3N4 was calculated using both the 

GGA-PBE and mBJ exchange-correlation potentials, and the corresponding band 

structures are presented in Figure 3.3.  The dotted line represents the Fermi level, whose 

energy is 0 eV.  Essentially, the symmetry points were obtained directly from the 

WIEN2K graphical diagrams and used in labelling the plotted graphs. The band gap 

energy was found to be 1.16 eV from the GGA-PBE calculation (Figure 3.3a) and 2.87 

eV for the mBJ exchange-correlation potential (Figure 3.3b).  As pointed out earlier, the 

classical GGA-PBE method underestimates the band gap in semiconductor materials, and 

as confirmed here, the band gap obtained using GGA-PBE is lower than the one obtained 

from the newly developed mBJ exchange-correlation potential.  More precisely, the band 

gap energy (2.87 eV) for heptazine-based g-C3N4 calculated using the mBJ potential 

agrees with the experimental band gap value of about 2.7 eV [20]. 

Furthermore, Figures 3.3a and 3.3b show that both the valence band maximum (VBM) 

and the conduction band minimum (CBM) are not located at the same point, indicating 

that the semiconductor material has an indirect band gap, and phonon absorption effect 

can be experienced.  Thus, radiative recombination of holes and electrons is minimal [37].  
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Reducing the recombination of photogenerated charges is a significant property in 

photocatalysis and solar cell applications where a low recombination of photogenerated 

charges is required. 

(a) (b) 

 
 

Figure 3.3:  The band structure of heptazine-based g-C3N4 calculated from (a) GGA-PBE 

and (b) mBJ exchange-correlation potentials.  The dotted line at 0 eV shows the Fermi 

level 

The density of state (DOS) calculation was carried out to establish the elemental orbital 

contribution in forming the valence and conduction bands.  Figure 3.4 shows the total and 

partial density of states of bulk heptazine-based-g-C3N4 calculated using the GGA-PBE 

(Figure 3.4a) and mBJ approaches (Figure 3.4b).  It can be observed that the band gap 

obtained from GGA-PBE was small and is related to the band structure of the material 

(see Figure 3.3a).  In the case of the mBJ calculation (Figure 3.4b), the band gap is directly 

related to the band structure (see Figure 3.3b); and was relatively more significant than 

the GGA band gap.  Typically, from the two (mBJ and GGA-PBE) approaches, the 

conduction band minimum (CBM) is primarily dominated by nitrogen than the valence 

band minimum (VBM), but this phenomenon is more pronounced with the GGA-PBE 

approach.  
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(a) (b) 

  

Figure 3.4:  Total and partial density of states of bulk heptazine-based g-C3N4 calculated 

by using the (a) GGA-PBE and (b) mBJ potentials 

In order to study in detail the contribution of each atom on the DOS, the partial DOS of 

nitrogen and carbon obtained from the mBJ potential was evaluated (Figure 3.5).  Clearly, 

for carbon and nitrogen atoms, it can be seen that the CBM and VBM are mainly 

dominated by C-2p states (Figure 3.5a) and the N-2p states (Figure 3.5b), respectively, 

and these results are in agreement with findings reported elsewhere [38].  In essence, there 

is hybridisation between C-2p and N-2p states, which results in the formation of covalent 

bonds [39]. 

Figure 3.5:  Partial DOS of bulk heptazine-based g-C3N4 calculated from the mBJ 

potential for (a) carbon and (b) nitrogen atoms 

Figure 3.6 shows the electron charge density contour for heptazine-based g-C3N4.  As can 

be seen, the nitrogen atoms attract valence electrons relative to the carbon atoms because 
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nitrogen (3.04) is more electronegative than carbon (2.55).  At the centre of the ring, there 

is a region with a low charge density. 

 

Figure 3.6:  The 2D electron charge density for heptazine-based-g-C3N4 

3.3.3 Optical properties 

Graphitic carbon nitride is a material with good optoelectronic properties.  In this section, 

the optical properties, such as dielectric constant, reflectivity, refractive index, and optical 

conductivity, are investigated using the GGA-PBE and mBJ computational approaches, 

and the results are compared.  Heptazine-based g-C3N4 with hexagonal symmetry is 

expected to exhibit anisotropic behaviour in all the calculated linear optical properties.  

Therefore, the optical properties were calculated in both perpendicular (⊥), denoted as 

xx-direction, and parallel (//), denoted as zz-direction, directions of the electromagnetic 

radiation incident with respect to the z-axis. 

3.3.3.1 The real and the imaginary dielectric function 

Figure 3.7 shows the real and imaginary parts of the dielectric constant both from GGA-

PBE and mBJ calculations.  In general, the two approximations (GGA-PBE and mBJ) 

exhibited similar results for both real and imaginary parts of the dielectric constant in 

both the ⊥ (xx-direction) and // (zz-direction) directions of the incident photons.  

However, some distinct characteristics exist in the Figures (cf. Figures 3.7).  The static 

permittivity εo (ε1 = hυ = 0) for GGA-PBE was 6.87 (Figure 3.7a), and when mBJ was 

used, this value reduced to 4.27 (Figure 3.7c) for the ⊥ incident photon.  The maximum 

dielectric constant was observed at 3.0 eV (ε1 = 15.65) for GGA-PBE (Figure 3.7a), while 

for the mBJ calculation, it was observed at 4.04 eV (ε1 = 11.17) (Figure 3.7c) for the ⊥ 
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incident photons.  Figure 3.7 shows that the real and imaginary dielectric representation 

did not respond to the // incident photons.  The imaginary part of the dielectric constant 

(Figure 3.7b and Figure 3.7d) for both approximations shows that the dielectric constant 

was significant for only ⊥ incident light photons with energy below 12.0 eV.  It is 

important to note that the maximum dielectric function peak for GGA-PBE at 3.18 eV (ε2 

= 15.55) (Figure 3.7b) was greater than that of mBJ at 4.29 eV (ε2 = 13.47) (Figure 3.7d) 

in the ⊥ photon incident direction.  The anisotropic behaviour in the real and imaginary 

parts of the dielectric constant disappears at about 12.0 eV in both approximations.  The 

plasmon energies (i.e. energy at which the real part of the dielectric function becomes 

negative) [40] for heptazine-based g-C3N4 were observed at 3.48 and 4.73 eV for GGA-

PBE (Figure 3.7a), whereas for mBJ, they were observed at 4.55 and 5.5 eV (Figure 3.7c). 

(a) (b) 

  

(c) (d) 

  

Figure 3.7:  The variation of the real and imaginary parts of the dielectric function of 

heptazine-based g-C3N4 as a function of the energy of the incident electromagnetic 

radiations, calculated from the (a) and (b) GGA-PBE approximation and (c) and (d) mBJ 
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approach.  The letters xx and zz stand for the ⊥ and // directions of the incident 

electromagnetic radiation, respectively 

3.3.3.2 The optical absorption 

Figure 3.8 shows the absorption phenomena of our model heptazine-based g-C3N4 

supercell computed by using Equation 3.  Figure 3.8a (GGA-PBE calculation) shows that 

the material’s absorption behaviour begins at 2.05 eV (visible region) and 4.75 eV 

(ultraviolet region) for the ⊥ and // incident electromagnetic radiation, correspondingly.  

The maximum absorption was observed at 3.34 eV, which is in good agreement with 

experimental observation data [21], and 4.72 eV (α =  101.01 × 104 cm-1) for the ⊥ 

incident photons, while for the // incident photons the maximum was observed at 12.36 

eV (α =  180 × 104 cm-1).  The anisotropic behaviour of the model with regard to 

absorption vanished at 4.75 eV. 

Similarly, from mBJ calculations (Figure 3.8b), the absorption behaviour began at 6.5 eV 

and dropped off at 12.94 eV.  It can be seen from the mBJ calculations (Figure 3.8b) that 

the absorption of our model started at about 2.10 eV and 6.5 eV with regard to the ⊥ and 

the // incident electromagnetic radiation, respectively.  Additionally, at higher energy 

(above 6.5 eV), the disappearance of the anisotropic behaviour was more pronounced 

with the GGA-PBE method than with the mBJ method.  In general, our model was 

insensitive to the // incident electromagnetic radiation up to about 5 eV in both GGA-PBE 

and mBJ approximations.  Moreover, it can be concluded that the material absorbs 

electromagnetic radiation of more than 2 eV, implying that the absorption is mainly in 

the visible range towards the UV region.  Since the material can absorb photons from 

within a wide range of the electromagnetic spectrum, it can be used for photocatalytic and 

photovoltaic applications. 
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(a) (b) 

  

Figure 3.8:  Variation of the optical absorption of heptazine-based g-C3N4 as a function 

of the energy of the incident electromagnetic radiation, calculated from (a) the GGA-PBE 

approximation and (b) the mBJ approach.  The letters xx and zz stand for the ⊥ and // 

directions of the incident electromagnetic radiation, respectively 

3.3.3.3. The refractive index 

Figure 3.9 reports the refractive index (n) of heptazine-based g-C3N4 obtained from the 

GGA-PBE and mBJ approximations computed using Equation 4.  Figure 3.9a (GGA-

PBE) shows that the static refractive indices (refractive index at zero energy) for ⊥ and 

the // direction polarization were 2.61 and 1.29, respectively.  Furthermore, the maximum 

refractive index observed at 3.05 eV (visible region) was 4.24 for the ⊥ photon incidence 

direction and 2.08 at 12.01 eV (n = 2.08) for the // polarisation direction.  The anisotropic 

behaviour of the material vanished at 12.0 eV. 

Similarly, from Figure 3.9b (mBJ graph), the static refractive indices for both the ⊥ and 

the // photon incidence were 2.06 and 1.05, respectively.  The maximum refractive index 

observed at 4.11 eV was 3.51 for the ⊥ direction, and at 12.10 eV, the refractive index 

was 1.16 for the // direction.  At higher photon energy above 12.0 eV, the anisotropic 

character disappeared but was more pronounced when the GGA-PBE potential was used.  

The maximum refractive indices along the // direction were observed at 11.93 eV (n = 

2.09) for GGA-PBE (Figure 3.9a) and 12.10 eV (n = 1.16) for mBJ (Figure 3.9b).  The 

refractive index character of the material was insensitive to the // incident photons.  In 

general, a higher refractive index is undesirable because more of the incident light will be 
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reflected away, thus, limiting power conversion efficiency (PCE) in a photovoltaic solar 

cell. 

(a) (b) 

  

Figure 3.9:  Variation of the refractive index of heptazine-based g-C3N4 as a function of 

the energy of the incident electromagnetic radiation as calculated from (a) the GGA-PBE 

approximation and (b) the mBJ approach.  The letters xx and zz stand for the ⊥ and // 

directions of the incident electromagnetic radiation, respectively 

3.3.3.4 The reflectivity of the material 

Figure 3.10 depicts the reflectivity of the material calculated from the GGA-PBE and 

mBJ exchange-correlation potentials from zero to 13.5 eV by using Equation 5.  From 

Figure 3.10a (GGA-PBE), a maximum reflectivity for the ⊥ incident electromagnetic 

radiation was observed at 3.34 eV (visible region), with a percentage reflectivity of about 

52.5%, followed by another peak at 4.75 eV with a percentage reflectivity of 51.44%.  A 

minimum reflectivity was observed at 7.55 eV of about 5%, implying that the material is 

transparent.  The material exhibited anisotropic reflectivity behaviour at low energy 

values, but this phenomenon vanished above 10.15 eV.  Notably, reflectivity along the 

zz-direction (the // incident photons) was apparently very low at photon energies below 

10.15 eV but increased at higher energies.  This could be ascribed to the fact that in our 

3D model, there was no matter along the z lattice parameter to interact with light; thus, it 

can be equated to a 2-dimensional model. 

Figure 3.10b shows the reflectivity calculated using the mBJ approximation method.  The 

maximum reflectivity of heptazine-based g-C3N4 at 5.93 eV was about 52.5%, followed 

by a peak at 4.41eV approximated at 44% for the ⊥ incident electromagnetic radiation, 
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indicating that the material is slightly opaque as opposed to the results obtained from 

GGA.  Therefore, the material exhibited more pronounced anisotropic characteristics.  

The slight transparency of about 52% of the material is crucial since it will allow radiant 

energy to penetrate the inner layers of an optical device, especially the active layer of a 

solar cell.  The anisotropic behaviour vanished beyond 12.3 eV, and the reflectivity for 

the // polarization was about 2% above this energy value.  This indicates that the 

reflectivity was insensitive to the // incident photon direction.  The two intense peaks at 

3.34 and 4.70 eV observed (for GGA-PBE and the // incident photons) match the plasmon 

energies of heptazine-based g-C3N4, where the real part of the dielectric function is 

negative for energies of 3.48 and 4.73 eV, respectively (Figure 3.7a).  Similarly, from the 

mBJ graph, the two intense peaks at 4.41 and 5.938 eV for the xx-incident radiation in 

the reflectivity graphs match very well with the material’s plasmon energies of 4.55 and 

5.5 eV in the real part of the dielectric constant for the ⊥ electromagnetic incident 

radiation. 

(a)  (b) 

 

 

 

Figure 3.10:  Variation of reflectivity of heptazine-based g-C3N4 as a function of the 

energy of the incident electromagnetic radiation, calculated from (a) the GGA-PBE 

approximation and (b) the mBJ approach.  The letters xx and zz stand for the ⊥ and // 

directions of the incident electromagnetic radiation, respectively 

3.3.3.5 The optical conductivity 

Since g-C3N4 is a promising semiconductor, it is informative to investigate its optical 

conductivity.  Basically, graphitic carbon nitride is a semiconductor with a band gap of 

about 2.7 eV [20].  Figure 3.11 illustrates the variation of the optical conductivity as a 

function of the incident photons’ energy in the ⊥ and the // directions, calculated from the 
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two approximations.  As can be observed, the optical conductivities determined from the 

two methods (GGA-PBE and mBJ) did not start at zero energy, indicating that the 

material is a semiconductor with relatively high conductivity and is not gapless as for 

graphene.  For GGA-PBE (Figure 11a), the conductivity starts at about 1.8 eV, and the 

maximum conductivity was achieved at 3.22 eV (σ = 8.18 × 1015 Ω−1 cm-1) (visible 

region) with respect to the ⊥ incident photons, while for the // incident photons, the 

conductivity starts at the higher energy of about 9.4 eV.  The maximum conductivity was 

12.218 eV (σ = 7.34 × 1015 Ω−1 cm-1) for the // direction of incidence of the 

electromagnetic radiation, which is inconsequential in an optical device. 

In the case of the mBJ calculations (Figure 3.11b), the conductivity started at 2.745 eV 

(visible region) and achieved a maximum at 4.309 eV (σ = 7.07 × 1015 Ω−1 cm-1) 

(ultraviolet region) when the electromagnetic radiation was incident in the ⊥ direction.  

On the other hand, for the // direction, the conductivity starts at a higher energy of about 

10.10 eV but at a very low intensity.  The anisotropic behaviour of the material is more 

pronounced when the mBJ approximation is used than the GGA-PBE approximation.  

Notably, the optical conductivity for the material for both methods did not start at zero 

because there exists an energy gap in the material.  However, it exhibited a maximum in 

the visible light region; thus, better electron transfer characteristics are displayed in this 

region. 

(a) (b) 

  

Figure 3.11:  Variation of the optical conductivity of heptazine-based g-C3N4 as a 

function of the energy of the incident electromagnetic radiations calculated from (a) the 
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GGA-PBE approximation and (b) the mBJ approach.  The letters xx and zz stand for the 

⊥ and // directions of the incident electromagnetic radiation, respectively 

In summary, the calculated static dielectric constant, refractive index, and reflectivity for 

the ⊥ direction of the incident electromagnetic radiation are shown in Table 3.1.  Also, 

the band gap energies are presented. 

Table 3.1:  The calculated optoelectronic properties of heptazine-based g-C3N4 from the 

GGA and mBJ methods obtained for the ⊥ direction of the incident photons 

Method 
Band 

gap/eV 

Static 

dielectric 

constant, 

ε1(0) 

Static refractive 

index, n(0) 

Static 

reflectivity 

index, R(0) 

Plasmon 

energies/eV 

GGA-PBE 1.16 6.87 2.61 0.19 3.48, 4.73 

mBJ 2.87 4.27 2.06 0.12 4.55, 5.5 

3.4 Conclusions 

The optoelectronic properties of heptazine-based g-C3N4 have been studied using first-

principle calculations with a full-potential linearised augmented plane wave plus the local 

orbital (FP-LAPW+lo) method.  The GGA-PBE and mBJ exchange-correlation potentials 

were employed in the calculations.  Our results showed that the mBJ approach produced 

a band gap energy of 2.87 eV, which is in good agreement with experimental data [20], 

while the GGA-PBE method underestimates the band gap (1.16 eV) of the material.  The 

material’s anisotropic behaviour was exhibited at energies lower than 12.0 eV for the 

calculated optical properties for both GGA-PBE and mBJ approaches.  Nevertheless, the 

optical dielectric constants, absorption, conductivity, reflectivity, and refraction were 

more pronounced for the ⊥ direction of incident photons than along the // direction of 

incidence for both the GGA-PBE and mBJ approximations.  The static permittivity was 

6.87 eV for the GGA-PBE approach but decreased to 4.27 eV when the mBJ method was 

employed for the ⊥ direction of the incident photons. 

Similarly, the static refractive index was 2.61 eV (for GGA-PBE) and decreased to 2.06 

eV (for mBJ) for the ⊥ direction of incident photons.  Moreover, the reflectivity results 

from both approaches generally show that the material is moderately transparent, i.e., 
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about 52% of light is reflected back in the ⊥ direction of incident radiation.  The 

reflectivity due to the // direction of the incident electromagnetic radiation was 

inconsequential.  The optical absorption begins in the visible light region of the 

electromagnetic spectrum, as observed in the two numerical methods (GGA-PBE and 

mBJ), indicating that the material has a response in the visible region (for the ⊥ photon 

direction).  For the incident photons, the maximum conductivities were 3.22 (GGA-PBE) 

and 4.39 eV (mBJ).  The results of this work provide more insights into the optoelectronic 

properties of heptazine-based g-C3N4 and indicate suitable avenues for applying the 

material in photovoltaic, photocatalytic, and nanoelectronics technologies. 
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Abstract 

Graphitic carbon nitride (g-C3N4) is a metal-free photoactive material which has gained 

significant interest in the advancement of electronic and optical devices because of its 

attractive optoelectronic properties, such as tuneable band gap, and suitable chemical and 

thermal stability.  This material has been utilised in a range of applications including 

photocatalysis, biosensing and photovoltaics.  Bulk g-C3N4 (B-g-C3N4) has been shown 

to exhibit low photo-efficiency due to its low specific surface area, and high rate of 

recombination of photogenerated charges, thus, there is a need for its exfoliation.  Also, 

the type of exfoliation method utilised is crucial.  In this work, two exfoliation methods 

of g-C3N4, namely, liquid and thermal etching exfoliation, were investigated.  Both 

methods successfully produced g-C3N4 nanosheets but those synthesised by liquid 

exfoliation (CNNS-LE) had a much larger specific surface area of 41.68 m2 g-1 than those 

prepared by thermal exfoliation (CNNS-TE) (14.76 m2 g-1) or the parent B-g-C3N4 (3.22 

m2 g-1).  The band gap energies of B-g-C3N4, CNNS-LE and CNNS-TE were found to be 

2.71, 2.59 and 1.89 eV, respectively.  Graphitic carbon nitride nanosheets prepared by 

thermal exfoliation (CNNS-TE) were found to be 2.5 times more effective in the photo-

degradation of Rhodamine B than B-g-C3N4 and CNNS-LE.  This is attributed to the 

positive effect of their porous structure, which gives rise to effective separation of charges 

and its extended light absorption properties.  Thus, thermal treatment introduces structural 
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defects and electronic modifications that result in an enhanced photocatalytic 

performance.  Consequently, thermal etching is effective in exfoliation of B-g-C3N4 to 

form a material suitable for photo-driven applications. 

Keywords:  Exfoliation; graphic carbon nitride; band gap; photocatalysis  
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4.1 Introduction 

Rapid population growth as well as industrial development has led to increased pollution 

that has lately approached a crisis point [1-3].  In particular, detrimental by-products from 

fossil fuel combustion as a source of energy [4-6] have been released into the natural 

environment precipitating pollution, global warming and climate change, and threatening 

the lives of flora and fauna [7, 8].  To mitigate against these effects, solar energy has been 

identified as one of the most versatile methods to degrade environmental pollutants in 

various environments such as water systems, soil, and wetlands [9].  Solar energy is 

currently used in various fields such as photovoltaics [10], photo-sensors [11] and 

photocatalysis [12, 13]. 

The quest to photo-degrade pollutants in the environment has encouraged researchers to 

constantly search for materials which are environmentally benign and efficient in solar 

energy conversion [14].  In the recent past, silicon [15], cadmium telluride [16], and 

copper [17] and indium-based [18, 19] semiconductors have been the most promising 

light-absorbing materials, but they have various drawbacks; for instance, titanium dioxide 

[20], silicon [21] and indium [22] are relatively expensive, while cadmium is a well-

established cancer-initiating agent [23].  For this reason, graphitic carbon nitride (g-C3N4) 

has emerged as a better alternative because of its attractive optoelectronic properties, 

suitable chemical and conducive thermal stability, lower cost and toxicity [24], and its 

favourable metal-free nature.  Moreover, it has a reasonable tuneable band gap [25, 26]. 

Typical bulk g-C3N4 suffers from a low surface area and a high rate of recombination of 

photogenerated charges [26], thus, it is limited in solar energy harvesting and conversion.  

To enhance the performance of bulk g-C3N4, various modifications, such as doping [27, 

28] and exfoliation [29] to nanosheets, have been carried out.  The exfoliated nanosheets 

have been shown to exhibit better performance in a range of applications such as the 

photocatalytic degradation of pollutants [30], hydrogen production [25, 31] and 

biosensing [32].  This is because the nanosheets possess a high surface area, high quantum 

confinement, and short diffusion distances for the photogenerated charges, and these 

properties improve the efficiency relative to bulk g-C3N4 [33]. 

Currently, many attempts have been made to exfoliate bulk g-C3N4 to nanosheets with 

extended light absorption properties [34].  The methods that have been explored include 
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liquid exfoliation [35, 36], chemical blowing [37] and thermal etching [38].  Hatamie et 

al. [39] used liquid exfoliation to prepare nanosheets that showed a fluorescence peak at 

456 nm under an excitation wavelength of 355 nm.  These nanosheets were efficient for 

fluorosensing metronidazole in biological and drug samples.  Recently, Iqbal et al. [40] 

showed that bulk g-C3N4 can be thermally exfoliated, because the bonds between the 

layers can be broken by heat, and the consequential nanosheets exhibit better performance 

in photocatalytic hydrogen production as a result of their extended light absorption edges.  

Papailias et al. [41] exfoliated bulk g-C3N4 via both thermal etching and chemical 

exfoliation with the aid of concentrated sulphuric acid.  Interestingly, both methods 

resulted in nanosheets that were more effective in the photocatalytic degradation of NOx.  

However, nanosheets from chemical exfoliation showed superior photocatalytic activity 

than those from thermal etching.  This was ascribed to the favourable band gap edges, 

increased superoxide anion radical formation and the larger pore volume of the 

chemically exfoliated material. 

The introduction of defects in materials has gained significant attention in various fields 

such as photocatalysis and electrocatalysis, among others, because defects have been 

shown to modulate the properties of materials [26].  For instance, in g-C3N4 photocatalyst 

material, defects such as cyano groups and nitrogen vacancies have been introduced by 

heating the precursors at elevated controlled-temperatures [42, 43].  This allows for the 

modulation of the material’s electronic band structure, surface area, and charge carrier 

transfer mechanism [43].  Recently, Liang et al. [42] through thermal treatment of bulk 

g-C3N4, prepared g-C3N4 nanosheets with nitrogen defects (vacancies) and high quantum 

confinement.  These two features synergistically resulted in a more superior photocatalyst 

(almost 6 times better) during hydrogen production than the bulk.  This was due to 

increased surface area, better charge transport and better light absorption caused by 

conduction band position adjustment.  Moreover, Liang et al. [44] established that an 

increase in nitrogen vacancies (defects) could influence the negative shift of the 

conduction band potential, and this results in enhanced light absorption.  In order to 

modify the morphology and benefit from the surface area enhancement, Shi et al. [45] 

employed a hard templating strategy to prepare g-C3N4 nanosheets.  In this case, 

spherically shaped silica was used as a hard template, and spherical porous g-C3N4 was 

formed.  The resulting photocatalysts exhibited high surface area and stability and, thus, 
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enhanced photo-hydrogen generation and photo-degradation of rhodamine B (RhB) when 

compared with bulk g-C3N4. 

Herein, we have compared two exfoliation methods of bulk g-C3N4; namely, thermal 

etching and liquid exfoliation.  The resulting nanosheets, with reference to the bulk, were 

characterized and evaluated in the photocatalytic degradation of a model pollutant, RhB.  

Rhodamine B is a synthetic organic dye which can form reactive oxygen species (ROS) 

when exposed to light.  The reactive oxygen species have detrimental health effects, for 

instance, Safitri et al. [46] demonstrated that, with increasing doses, RhB can trigger lipid 

peroxidation and cervical epithelial cell proliferation in mice.  Thus, as a potential 

carcinogenic compound, RhB concentrations in the environment and food substances 

should be monitored and removed [47]. 

From the characteristics observed, the advantages and disadvantages of each exfoliation 

method were deduced.  The two methods are facile, environmentally friendly and do not 

utilize any corrosive acids.  Nonetheless, the thermal exfoliation synthetic route resulted 

in a better photocatalyst.  This is attributed to the formation of nanosheets with a porous 

structure which enhanced cross-plane diffusion, and thereby promoted charge and mass 

transfer; the narrower band gap energy which facilitated better light absorption; the lower 

rate of recombination of photogenerated charges and the smaller electron transfer 

resistance that enhanced electrical transfer.  These properties are considered critical in the 

application of nanomaterials in energy and optical devices.  To the best of our knowledge, 

this is the first time these two exfoliation techniques have been compared in detail with 

regards to their characteristics and the performance of the resulting materials. 

4.2 Experimental  

4.2.1 Chemicals 

Melamine (CAS No. 108-78-1), carbon paste (CAS No. 7440-05-3) and potassium 

ferricyanide (CAS No. 13746-66-2) were purchased from Merck (South Africa), while 

Rhodamine B (CAS No. 81-88-9), potassium chloride (99%) (CAS No. 7447-40-7), 

isopropyl alcohol (IPA) (CAS No. 67-63-0), tri-ethanolamine (TEOA) (CAS No. 102-71-

6) and p-benzoquinone (BQ) (CAS No. 106-51-4) were purchased from Sigma Aldrich 

(South Africa).  All the chemicals were of analytical grade and were used without further 
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treatment.  Deionised water was collected from a Millipore Milli-Q Elix 5 UV water 

purification system with a resistivity of 18.2 MΩ cm at 20 °C. 

4.2.2 Synthesis of bulk graphitic carbon nitride 

Bulk g-C3N4 was synthesised by conventional polycondensation of melamine [48].  

Typically, melamine (10 g) was placed in an open ceramic crucible and transferred to a 

muffle furnace.  The contents of the crucible were heated, at a rate of 5 °C min-1, from 

room temperature to 550 °C and maintained at that temperature for 4 hours.  Thereafter, 

the crucible, and its contents, was allowed to cool to room temperature.  Bulk g-C3N4 was 

formed as a yellow solid and labelled B-g-C3N4.  The as-formed B-g-C3N4 was ground 

with a pestle and mortar and kept in sample vials. 

4.2.3 Liquid exfoliation of B-g-C3N4 

B-g-C3N4 was exfoliated to nanosheets via liquid exfoliation as previously reported with 

some modifications [39, 49-53].  The as-prepared B-g-C3N4 (100 mg) was dispersed in 

100 mL of deionised water in a round-bottomed flask and sonicated for 14 hours in a 400 

W ultrasonic water bath operating at 50 °C.  The resulting dispersion was centrifuged at 

6000 rpm for 15 minutes to remove unexfoliated B-g-C3N4.  A colloidal solution was 

obtained which contained g-C3N4 nanosheets.  This solution was dried at 80 °C in an oven 

and the product (g-C3N4 nanosheets) was denoted CNNS-LE. 

4.2.4 Thermal exfoliation of B-g-C3N4 

A thermal etching method was employed as described by Iqbal et al. [40] but with some 

adjustments of the conditions.  As-prepared B-g-C3N4 (0.5 g) was placed in quartz glass 

boat.  The boat was placed inside a quartz tube in a tube furnace of a chemical vapour 

deposition (CVD) reactor.  A stream of nitrogen gas was allowed to flow through the 

reactor for a few minutes to flush the system and ensure inertness.  The sample was then 

heated to a temperature of 600 °C (at a rate of 10 °C min-1) and maintained at this 

temperature for two hours.  Thereafter, the reactor was left to cool naturally under a flow 

of nitrogen to room temperature, after which the gas flow was discontinued.  A brown-

yellow product (g-C3N4 nanosheets) was obtained and denoted CNNS-TE. 
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4.2.5 Characterisation of the catalysts 

Powder X-ray diffraction (XRD) analyses of the samples were conducted with a Bruker 

AXS D8 Advance powder X-ray diffractometer equipped with Cu-Kα radiation (λ = 

1.5406 Å) at 40 kV and 40 mA.  UV–Visible diffuse reflectance spectra were recorded 

with a PerkinElmer Lambda 35 UV–visible spectrophotometer fitted with a Labsphere 

integrating sphere.  The photoluminescence spectra were recorded with a PerkinElmer LS 

55 spectrofluorimeter at an excitation wavelength of 325 nm.  The structure and 

morphology of the catalysts was investigated by means of scanning electron microscopy 

(SEM, Carl Zeiss Ultra Plus fitted with an energy dispersive Oxford X-max detector), 

with an operating voltage of 30 kV, and transmission electron microscopy (TEM, JEOL 

JEM 1010) operating at both normal and high resolution (HRTEM) modes and with an 

operating voltage of 200 kV.  The images were taken at different magnifications until 

well resolved micrographs were obtained.  Before TEM analysis, the samples were 

prepared as follows: powdered samples were dispersed in ethanol and sonicated for 15 

minutes, and thereafter, the sample holder (grid) was dipped into the dispersion.  The 

sample holder was removed and dried under a UV lamp and then inserted into the TEM 

sample port for imaging.  The Fourier transform infrared (FTIR) spectra were acquired 

with a PerkinElmer Spectrum 100 FTIR spectrometer fitted with an attenuated total 

reflectance (ATR) sampling accessory.  Elemental analysis was carried out with an 

Elementar vario EL cube CHNSO elemental analyser.  The thermal stability of the 

samples was determined with a TA Instruments Q series thermal analyser (Q600) in air.  

The Brunauer–Emmett–Teller (BET) specific surface areas and porosities were 

determined from N2 adsorption-desorption isotherms at 77 K with a Micromeritics TriStar 

II surface area and porosity analyser.  The surface structural defects were analysed with 

a Renishaw inVia Raman microscope. 

4.2.6 Electrochemical measurements  

The electrochemical measurements were carried out with a Metrohm 797 VA Computrace 

electrochemistry workstation.  A three-electrode system consisting of a reference, counter 

and working electrode was employed.  The working electrodes were made by modifying 

glassy carbon electrodes (GCE) with the respective photocatalysts (B-g-C3N4, CNNS-LE 

and CNNS-TE).  The modification typically involved the following: ethanol (600 μL) 
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was added to a mixture containing 10 mg photocatalyst and 3 mg carbon paste (binder), 

and thereafter sonicated for 10 minutes.  The resulting dispersion was drop-casted with a 

micro-pipette onto a clean glassy carbon electrode and allowed to dry overnight.  A 

platinum wire was used as a counter electrode, while Ag/AgCl was used as the reference 

electrode.  Additionally, 1 M KCl was used as the electrolyte.  The system was purged 

for five minutes with nitrogen gas to drive off dissolved oxygen in the solution that would 

otherwise interfere with the redox activity of the working electrode during measurements.  

Cyclic voltammetry measurements (CV) were run at a voltage sweep rate of 100 mV s-1, 

over a potential range of -0.6 to 0.6 V for four cycles with the last three cycles being 

recorded.  Furthermore, electrochemical impedance spectroscopy (EIS) measurements 

were performed with a CH Instruments CHI660E electrochemical workstation, also with 

the same three electrode system.  The electrolyte used was 5 mM [Fe(CN)6]
4−/3- solution 

(a standard negative redox probe) containing 0.1 M KCl at a voltage frequency range of 

1 Hz to 100 kHz and 5 mV amplitude. 

4.2.7 Photocatalytic activity experiment 

The experiment was carried out at the University of KwaZulu-Natal in Durban, South 

Africa (-29.81694° N, 30.94492° E, 200 m above sea level) and the intensity of solar 

radiation on that particular day was 843 ± 2 W m-2, and the temperature was 26 °C.  An 

aqueous solution of RhB (5 mg L-1) was prepared, and its UV-visible absorption spectrum 

was recorded with a Shimadzu UV-3600 double beam UV-visible-NIR 

spectrophotometer.  The B-g-C3N4, CNNS-LE and CNNS-TE photocatalysts (5 mg) were 

separately weighed into respectively labelled Petri-dishes and, thereafter, RhB solution 

(5 mL) was added.  As a reference, Petri-dishes containing RhB solution without catalyst 

were also prepared.  Separate Petri-dishes were prepared for each data point.  All solutions 

were judiciously covered with aluminium foil, to avoid any photo-degradation that could 

be caused by either daylight or laboratory lights, and allowed to stand for 60 minutes in 

order to attain adsorption-desorption equilibrium for the samples containing the catalysts 

[38].  The prepared solutions were simultaneously exposed to the sun for the photo-

degradation studies.  Petri-dishes containing the samples were collected and taken for 

analysis at intervals of 10 minutes, for a total period of 60 minutes.  Before spectral 

analysis, the solution was centrifuged at 6000 rpm for 10 minutes and the supernatant 
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filtered through a 0.45 μm syringe filter to remove the catalyst.  The absorbance of the 

filtrate at a λmax of 553 nm was measured.  The percentage degradation of RhB at a given 

time was calculated from Equation (1) [54]: 

(Ao − At)/Ao ×  100 %       Equation (1) 

where A0 is the initial absorbance of RhB before exposure to sunlight and At is the 

absorbance of RhB at any given time t.  Finally, the best performing photocatalyst was 

recovered and the above procedure was repeated under the same conditions for three more 

cyclic runs in order to ascertain its stability. 

4.3 Results and discussion 

B-g-C3N4 and the nanosheets prepared by liquid exfoliation and thermal etching were 

first characterised before being tested for their ability to photo-degrade the model 

pollutant – Rhodamine B. 

4.3.1 Morphology and dimensions 

The surface morphology and dimensions of the prepared samples was investigated by 

both scanning electron microscopy (SEM) and transmission electron microscopy (TEM), 

and the images acquired are shown in Figures 4.1 and 4.2.  From the SEM images (Figure 

4.1) it can be seen that B-g-C3N4 (Figure 4.1a) contains large blocks of particles with a 

rough surface that have dimensions ranging between 200-500 nm.  These relatively large 

sizes could be attributed to stacking of layers of g-C3N4 formed during the high 

temperature polycondensation of melamine.  Evidently, in Figure 4.1b, CNNS-TE 

exhibits a porous structure with relatively smaller particles (20-50 nm), and the layers are 

apparently loose, possibly because during the thermal etching process of B-g-C3N4 to 

form CNNS-TE nanosheets under nitrogen, the weak van der Waals forces of attraction 

between the layers were broken.  Simultaneously, the layers separated and corrosion 

occurred on the nanosheets resulting in a porous surface [55]. 

On the other hand, the SEM and TEM images of the CNNS-LE nanosheets in Figures 4.1 

and 4.2, respectively, revealed particles of sizes between 50-100 nm in a characteristically 

disordered planar morphology, but these were not as porous as those for CNNS-TE which 

depicted circular dislocations and boundaries (Figure 4.1b).  The disordered planar 

morphology exhibited by the CNNS-LE nanosheets can be attributed to breakdown of 
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van der Waals forces of attraction between layers by sonic wave energy dissipated by the 

sonicator during liquid exfoliation and, thus, the layers were separated and no defects 

were noted on the surface [39].  Based on these results, B-g-C3N4 was successfully 

exfoliated to nanosheets via thermal etching and liquid exfoliation processes. 

Moreover, the thickness of the CNNS-TE nanosheet was estimated from the size 

distribution profile of the selected area of the TEM image (Figure 4.3b).  From point A 

to point B in Figure 4.3a, the intensity decreased because the number of electrons striking 

the detector decreased as the number of sheets (thickness) increased, suggesting that the 

bulk material was exfoliated to a few sheets, which possibly stacked on each other in the 

CNNS-TE material. 

(a) (b) (c) 

   

Figure 4.1:  SEM images of (a) B-g-C3N4, (b) CNNS-TE nanosheets and (c) CNNS-LE 

nanosheets 

(a) (b) (c) 

   

Figure 4.2:  TEM images of (a) B-g-C3N4, (b) CNNS-TE nanosheets and (c) CNNS-LE 

nanosheets 
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Figure 4.3:  (a) A typical intensity profile showing the lattice calculation and (b) the 

corresponding TEM image showing the distance profiled (A-B) for the CNNS-TE 

nanosheets 

4.3.2 Structural analysis 

The crystal structures of the prepared samples were examined by powder XRD, and the 

diffractograms are presented in Figure 4.4a.  Clearly, the diffractograms contain two 

characteristic peaks, i.e. at around 2θ = 27.4° and 13.2°, corresponding to interlayer 

spacings of 0.167 and 0.337 nm, respectively.  The interlayer spacing was calculated from 

Bragg’s law, nλ = 2dsinθ.  The diffraction peak at 27.4° is indexed to the (002) plane and 

corresponds to interlayer stacking of conjugated aromatic systems, while the peak at 13.2° 

is indexed to the (100) plane and corresponds to in-plane structural packing motifs of tri-

s-triazine units of g-C3N4 [52].  In the case of CNNS-LE, the peak for the (002) plane was 

intense, sharp and shifted from 27.4 to 27.7°.  This can be attributed to the increased 

crystallinity and decreased interlayer distances between the CNNS-LE nanosheets.  For 

the CNNS-TE nanosheets, this peak was shorter and broader, and experienced a shift from 

27.4° to 27.2°, corresponding to an increase in the interlayer spacing.  The increase in 

interlayer spacing may be attributed to buckling of the nanosheets as a result of high 

temperature pyrolysis, thus making the material more amorphous [40]. 

To further confirm the structures of the prepared samples, HRTEM analysis was carried 

out and the results are reported in Figure 4.4b.  Both B-g-C3N4 and CNNS-TE nanosheets 

showed amorphous diffraction patterns for a material in powder form, while the CNNS-

LE nanosheets were somewhat crystalline as evidenced by spots in circles – a 

characteristic of crystalline materials in powder form. 
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(a) 

 

(b) 

 

Figure 4.4:  (a) Powder X-ray diffractograms of CNNS-TE, CNNS-LE and B-g-C3N4, 

and (b) the selected area electron diffraction (SAED) micrographs for (i) B-g-C3N4, (ii) 

CNNS-TE and (iii) CNNS-LE 

4.3.3 Surface area and porosity 

The Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) 

porosity measurements were determined from nitrogen adsorption-desorption isotherms 

at 77 K and are presented in Figure 4.5.  All the samples displayed type IV isotherms and 

type H3 hysteresis loops (Figure 4.5a) indicating that multilayer adsorption occurred and 

was accompanied by capillary condensation in the nanomaterials [56].  The BET surface 

areas of B-g-C3N4, CNNS-LE and CNNS-TE were 3.22, 41.68 and 14.76 m2 g-1, 

respectively.  This clearly indicates that, after successful exfoliation of B-g-C3N4 via the 

two means, the surface area was greatly increased.  The BET surface of CNNS-LE of 

41.68 m2 g-1 coincides with what has been previously reported for such nanosheets 

obtained via liquid exfoliation [57].  The BJH pore volumes (Figure 4.5b) also followed 

the same pattern as the BET surface areas with CNNS-LE having the largest pore volume 
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of 0.12 cm3 g-1, while CNNS-TE and B-g-C3N4 had smaller pore volumes of 0.09 and 

0.03 cm3 g-1, correspondingly.  Generally, both B-g-C3N4 and CNNS-TE were 

macroporous and CNNS-LE was mesoporous.  These results are in agreement with what 

was observed in the corresponding SEM and TEM images in Figures. 4.1 and 4.2. 

(a) (b) 

  

Figure 4.5:  (a) BET nitrogen adsorption-desorption isotherms and (b) the BJH pore 

volumes of B-g-C3N4, CNNS-TE and CNNS-LE  

4.3.4 Chemical structure 

Fourier transform infrared spectroscopy (FTIR) was used to determine the chemical 

structures of the as-prepared samples (B-g-C3N4, CNNS-LE and CNNS-TE) and 

melamine (the starting precursor) as shown in Figure 4.6a.  It should be noted that 

melamine has slightly different functional groups from the rest of the synthesised 

materials and, hence, the differences in the absorption peaks observed.  The characteristic 

spectrum of B-g-C3N4 was the same as for the nanosheets, CNNS-TE and CNNS-LE, 

implying that when the bulk was exfoliated to nanosheets the basic chemical structure 

remained unchanged [55].  The peaks observed between 3500-3000 cm-1 represent N-

H/O-H stretching vibration bands, indicating that presence of NH or NH2 in the 

nanosheets, and can also be attributed to the presence of surface adsorbed water molecules 

[26, 58].  The peak at around 2170 cm-1 is associated with the terminal cyano group [35, 

38, 39], while the set of peaks at 1700-900 cm-1 are attributed to the breathing modes of 

s-triazine derivatives [59].  Additionally, the peak at about 815 cm-1 is be linked to the 

breathing mode of tri-s-triazine units [35, 60]. 
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Figure 4.6b shows the Raman spectra of the samples with the characteristic D and G bands 

centred at 1406 and 1564 cm-1, respectively.  These characteristic peaks are in accordance 

with previous reports [61].  In essence, the ratio of the intensities of the D and G bands 

(ID/IG) provides information on the degree of graphitisation of the materials [62].  The 

calculated ratios (ID/IG) of B-g-C3N4, CNNS-LE and CNNS-TE were 1.13, 1.29 and 1.17, 

respectively.  CNNS-LE and CNNS-TE exhibited higher ID/IG ratios than the B-g-C3N4, 

indicating that the nanosheets possess more structural defects as a result of the liquid and 

thermal exfoliation treatments, respectively.  The Raman spectra for the nanosheets and 

the bulk g-C3N4 material were similar, implying that, the basic structure of the bulk 

material was maintained, even after exfoliation, as was also observed in the infrared 

spectra. 
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(a) (b) 

 

 

Figure 4.6:  (a) FTIR spectra of melamine, CNNS-TE, CNNS-LE and B-g-C3N4 and (b) 

Raman spectra of the photocatalysts obtained with an excitation wavelength of 785 nm 

4.3.5 Thermal stability 

The thermal stability of the materials was investigated in an atmosphere of air.  The 

resulting thermograms are shown in Figure 4.7.  As can be observed from Figure 4.7a, 

the initial weight loss that was noted between 50 and 150 °C may be due to the loss of 

water that had adsorbed on the surface of the samples.  The sharp weight loss that occurred 

between 450 and 630 °C may be attributed to the decomposition of the samples to COx 

and NOx as a result of oxidation and, subsequently, the horizontal portion (no mass loss) 

of the graph suggests that all the materials have been converted to char as residual mass 

[63].  The specific decomposition temperatures of B-g-C3N4, CNNS-LE and CNNS-TE 

were 622, 615 and 583 °C, in that order (Figure 4.7b).  The CNNS-TE nanosheets had the 

lowest thermal stability, followed by the CNNS-LE nanosheets, while B-g-C3N4 had the 

highest thermal stability.  Generally, the as-prepared materials are thermally stable below 

580°C and, thus, stable for photocatalytic and photovoltaic applications. 
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(a) (b) 

  

Figure 4.7:  (a) TGA thermograms for B-g-C3N4, CNNS-LE and CNNS-TE measured 

under air and (b) the corresponding derivative thermograms 

4.3.6 Chemical composition 

The chemical composition of the photocatalysts was determined with an Elementar 

CHNSO elemental analyser and the results are presented in Table 4.1.  As can be noted 

from Table 4.1, all the materials have approximately the same carbon/nitrogen ratio (C/N) 

of 0.57 implying that not all of the material fully polymerised to yield pure graphitic 

carbon nitride (C/N = 0.64).  However, the nanosheets obtained from liquid exfoliation 

exhibited a larger oxygen content of 19.81% than B-g-C3N4 and CNNS-TE, probably 

because they were synthesised in water by ultrasonication which could have 

functionalised the edges of the tri-s-triazine units. 

Table 4.1:  Elemental composition of B-g-C3N4, CNNS-LE and CNNS-TE obtained from 

elemental analysis 

Photocatalyst C/% N/% O/% H/% C/N 

B-g-C3N4 31.98 53.77 9.55 2.20 0.59 

CNNS-LE 23.77 41.69 19.81 2.43 0.57 

CNNS-TE 33.00 58.18 10.65 2.22 0.57 
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4.3.7 Electrochemical properties 

The electrochemical characteristics of the prepared samples were measured by means of 

cyclic voltammetry and the voltammograms are shown in Figure 4.8.  B-g-C3N4 did not 

show any redox peaks (Figure 4.8a), while both CNNS-LE and CNNS-TE photocatalysts 

showed quasi-redox behaviour (Figure 4.8b).  The nanosheets from the CNNS-TE sample 

exhibited superior electrochemical behaviour than those from liquid exfoliation and this 

is because they had a better current response.  This could have contributed to their better 

photocatalytic performance (see Section 3.10). 

(a) (b) 

 
 

Figure 4.8:  Cyclic voltammograms of (a) B-g-C3N4/GCE and (b) CNNS-TE/GCE and 

CNNS-LE/GCE in 1 M KCl, recorded over a potential range of -0.6 to 0.6 V with a sweep 

scan rate of 100 mV s-1 

In addition, electrochemical impedance spectroscopy was also carried out to investigate 

the charge transfer rates of the materials.  Figure 4.9 shows the Nyquist plots of the 

modified electrodes (B-g-C3N4/GCE, CNNS-TE/GCE and CNNS-LE/GCE) in Fe(CN)6
4-

/3- solutions.  Generally, the semi-circular part of the Nyquist plot at the high frequency 

region indicates the electron transfer limiting process while the linear part at the low 

frequency region indicates the diffusion-controlled process [64].  The diameter of the 

semi-circle is proportional to the charge transfer resistance (Rct) [65].  All the measured 

samples showed a semi-circle and a linear part implying that there were competing 

processes, i.e. electron transfer and diffusion-controlled processes.  CNNS-TE showed 

the smallest semicircle diameter suggesting that it had better electrical conductivity (i.e. 
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lowest electron transfer resistance) than CNNS-LE and B-g-C3N4.  Meanwhile, B-g-C3N4 

had the largest semi-circle and, hence, low electron transfer properties.  

 

Figure 4.9:  Nyquist plots for B-g-C3N4/GCE, CNNS-TE/GCE and CNNS-LE/GCE in 

Fe(CN)6
4-/3- solutions 

4.3.8 Optical properties and band structure 

The optical properties of the prepared samples were investigated by means of UV-visible-

diffuse reflectance spectroscopy (UV-Vis-DRS) as shown in Figure 4.10a.  Generally, B-

g-C3N4 exhibited the lowest intensity whereas the nanosheets obtained via thermal 

etching (CNNS-TE) showed the highest intensity.  It can be observed that the CNNS-LE 

nanosheets exhibited a slight blue shift (381 to 378 nm) relative to the bulk probably 

because of reduced conjugation length and increased quantum confinement, which is due 

to the increased surface area as a result of liquid exfoliation [66].  In contrast, CNNS-TE 

showed a significant red shift (381 to 386 nm) in comparison with B-g-C3N4 and this may 

be attributed to the high temperature intrinsic-modification of the porous nanosheets, 

formed during the thermal etching process under nitrogen.  This defect-related extra light 

absorption band edge is in agreement with other trends reported for g-C3N4 nanosheets 

synthesised via thermal etching of bulk graphitic carbon nitride under argon [67].  

Additionally, CNNS-TE showed an absorption band “shoulder” between 450 and 550 

nm, thus absorbing more light in the visible region.  This is consistent with reports by 

other authors [68]. 
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With the consideration that graphitic carbon nitride is a material with a direct allowed 

transition [69], the transformed Kubelka-Munk plot ((αhν)1/2/eV1/2 against E/eV) [70] was 

used to calculate the band gap energy as presented in Figure 4.10b.  B-g-C3N4 had a band 

gap of 2.71 eV (Table 4.2) which corroborates with other values reported previously [71], 

while CNNS-LE and CNNS-TE had band gaps of 2.59 and 1.89 eV, respectively (Table 

4.2).  Thus, CNNS-TE can absorb more visible light than CNNS-LE and B-g-C3N4, as 

depicted by the respective gradually decreasing band gap values.  This shows that as the 

B-g-C3N4 material was exfoliated to nanosheets, the band gap energy decreased and the 

resulting nanosheets showed extended light absorption edges; a property that is crucial in 

light-driven photocatalytic and photovoltaic activities [26].  Clearly, it can be noted that 

CNNS-TE is a better visible light photocatalyst than CNNS-LE because its light 

absorption edges are more extended towards the visible region (lowest band gap) of the 

electromagnetic spectrum and, thus, the thermal etching method can be a promising route 

to exfoliate B-g-C3N4 to nanosheets for the purpose of photocatalysis.  
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(a) (b) 

  

Figure 4.10:  (a) UV-visible diffuse reflectance spectra of B-g-C3N4, CNNS-LE and 

CNNS-TE and (b) transformed Kubelka-Munk plots ((αhν)1/2/eV1/2 versus E/eV) for the 

corresponding materials 

Table 4.2:  Optical and textural properties of the prepared samples 

Photocatalyst Band gap 

energy/eV 

Valence 

band 

potential/eV 

Conduction 

band 

potential/eV 

BET 

surface 

area/m2 g-

1 

BJH pore 

volume/cm3 

g-1 

B-g-C3N4 2.71 1.59 -1.13 3.22 0.03 

CNNS-LE 2.59 1.52 -1.07 41.68 0.12 

CNNS-TE 1.89 1.17 -0.71 14.76 0.09 

4.3.9 Band potentials and rate of recombination of photocharges 

The valence band potentials EVB and conduction band potentials ECB of the photocatalysts 

were calculated from the Butler and Ginley equations (Equations 2 and 3) [72, 73]: 

EVB = χ − Ee + 0.5Eg       Equation (2) 

ECB = EVB − Eg        Equation (3) 

where Eg is the energy gap (band gap) calculated from the Kubelka-Munk plot, χ is the 

electronegativity of the semiconductor and is 4.73 eV for g-C3N4 [74], and Ee is the energy 

of free electrons on the hydrogen scale (approx. 4.5 eV).  The calculated values for the 

conduction band (CB) and the valence band (VB) potentials for the photocatalysts, B-g-
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C3N4, CNNS-LE and CNNS-TE, are summarised in Table 4.2.  The VB and CB potentials 

of B-g-C3N4 were 1.59 eV and -1.13 eV, respectively.  To further confirm the positions 

of the CBs and VBs of the materials, Mott Schottky analysis [75] (Figure 4.11a) was 

carried out.  The estimated CBs for B-g-C3N4, CNNS-LE and CNNS-TE were: -1.18, -

1.15 and -0.85 V (vs. Ag/AgCl), respectively.  The VB positions for B-g-C3N4, CNNS-

LE and CNNS-TE, were then calculated from the band gap obtained from UV-visible-

DRS and were found to be: +1.53, +1.44 and +1.04 V (vs. Ag/AgCl), correspondingly, 

which are close to the values listed in Table 4.2.  These results are in agreement with 

previous reports [74].  CNNS-TE had the lowest energy band gap and this could have 

contributed to its enhanced photocatalytic performance (see Section 4.3.10).  

Fundamentally, heat treatment results in modification of the morphology and electronic 

band structure of the material. 

In order to investigate the rate of recombination of photogenerated charges, i.e., the 

charge separation efficiency, of the prepared photocatalysts, photoluminescence (PL) 

spectra were measured (Figure 4.11b).  Practically, B-g-C3N4 had the highest PL 

intensity, followed by CNNS-LE and then CNNS-TE in descending order.  This implies 

that the rate of recombination of photogenerated charges was highest in B-g-C3N4 and 

least in CNNS-TE.  Remarkably, CNNS-TE (with the lowest intensity) showed a greatly 

suppressed recombination rate of photogenerated charge carriers. 

(b) (b) 

  

Figure 4.11:  (a) Mott-Schottky plots measured at 1 kHz in 5 mM [Fe(CN)6]4−/3- solution, 

and (b) photoluminescence spectra of the as-synthesised photocatalysts   
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4.3.10 Photocatalytic activity  

To evaluate the photocatalytic activities of the prepared catalysts, photocatalytic 

experiments were conducted under solar irradiance to mimic the actual conditions under 

which photocatalysts operate in the destruction of pollutants.  In this experiment, RhB 

was used as a model pollutant at an initial concentration of 5 mg L-1.  Figure 4.12 

illustrates the adsorption-degradation profile of the RhB solution.  As depicted, for the 

first 60 minutes, adsorption of RhB on the surface of the catalyst took place in the dark, 

and CNNS-TE and CNNS-LE photocatalysts showed higher adsorption than the bulk B-

g-C3N4.  This could be attributed to the larger surface areas of the exfoliated products 

compared with the bulk and, thus, more exposed active sites for adsorption.  All the 

catalysts (B-g-C3N4, CNNS-LE and CNNS-TE) showed significant degradation of the 

model pollutant (RhB) with increasing time of solar exposure as reported in Figure 4.12. 

 

Figure 4.12:  Photocatalytic performance of B-g-C3N4, g-C3N4 nanosheets obtained from 

thermal etching (CNNS-TE), g-C3N4 nanosheets from liquid exfoliation (CNNS-LE) and 

self-degradation of RhB without a catalyst for 60 minutes 

From the graph in Figure 4.12, it can be observed that the CNNS-TE photocatalyst 

showed an excellent photocatalytic degradation activity of about 86% of the pollutant in 

60 minutes, while CNNS-LE nanosheets and B-g-C3N4 degraded the same model 

pollutant by about 59 and 54%, respectively, within the same time period.  The 

remarkable photocatalytic performance of CNNS-TE could be attributed to the fact that 

during thermal etching structural defects formed that modified the electronic band 
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structure (lowering the band gap energy) and thus enhanced light absorption [25, 40].  

Furthermore, CNNS-TE had the lowest rate of recombination of photogenerated charges 

(Figure 4.11), and hence a high photo-activity.  Although it is widely expected that the 

photocatalyst with the highest surface area would perform better in photocatalysis due to 

an increased number of reactions sites and increased quantum confinement and thus low 

recombination of photogenerated charges, this was not the case here.  In this case, CNNS-

LE with the largest surface area of 41.68 m2 g-1, did not perform better than CNNS-TE 

which had a much lower surface area of 14.76 m2 g-1.  Similar observations were reported 

by Zhang et al. [25].  This observation gives insight to the fact that in addition to the 

specific surface area which plays a critical role in photo-activity, other factors such as the 

light-harvesting ability of a material (band gap) and the separation of photogenerated 

charges are also important in photocatalytic activity [25]. 

From the elemental analysis results (Table 4.1) it was shown that CNNS-LE had the 

largest oxygen content (19.81%) relative to the other catalysts.  Thus, it is likely that the 

edges of the tri-s-triazine units of the CNNS-LE nanosheets were functionalized with 

more oxygen-containing groups during the ultra-sonication process in water, and, hence, 

causing a reduction in the number of nitrogen vacancies which could have otherwise 

caused re-organisation of charges in the CN-skeleton [76]. 

In order to ascertain the stability of CNNS-TE, a recycling experiment was carried out.  

As shown in Figure 4.13a, the photoactivity of the catalyst was maintained even after the 

fourth cycle with only approximately 0.4% activity lost.  The stability of the 

photocatalysts was further confirmed by performing powder XRD analyses of the 

photocatalyst after use and the diffractograms obtained before and after were compared.  

Figure 4.13b shows the diffractogram of the CNNS-TE photocatalyst after use.  As can 

be seen, the photocatalysts exhibited similar diffractograms as the initial photocatalyst 

(before use) (Figure 4.4a), implying that the chemical structures of the catalysts were not 

affected after use, thus, stable.  



127 

 

(a) (b) 

 
 

Figure 4.13:  (a) Cycling runs for the CNNS-TE photocatalyst for the degradation of RhB 

solution under solar irradiation, (b) Powder X-ray diffractograms of CNNS-TE, CNNS-

LE and B-g-C3N4 after use 

Table 4.3 shows a comparison between photocatalytic performances of the as-prepared 

nanosheets with other similar nanosheets prepared in previously published work.  The as-

prepared photocatalysts showed comparable activities with other similar photocatalysts. 

Table 4.3:  Comparison of photocatalytic degradation performance of CNNS-TE and 

CNNS-LE with recently published results 

Photocatalyst 
Light 

source 

Exfoliation 

method 
Pollutant Degradation/% 

Degradation 

time/min 
Reference 

g-C3N4 with 

nitrogen 

defects 

visible 
Thermal 

etching 
RhB 95 30 [44] 

spherical 

mesoporous 

g-C3N4 

visible 

Hard 

template 

and 

thermal 

etching 

RhB 95 20 [45] 

graphene-

like C3N4 
visible Liquid MB* 94.5 25 [77] 

g-C3N4 

CNNS 
visible Liquid RhB 49 120 [78] 

CNNS-LE sunlight Liquid RhB 59 60 This work 

CNNS-TE sunlight 
Thermal 

etching 
RhB 86 60 This work 

*MB – methylene blue 
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4.3.11 Kinetics and mechanism of photo-degradation of Rhodamine B  

To monitor the kinetics of the photodegradation of RhB by the catalysts and self-

degradation, the pseudo-first-order reaction (Equation 4) was applied [79]: 

ln (At/Ao) = −kt        Equation (4) 

where Ao is the initial absorbance of RhB, At is the absorbance of RhB at any time t after 

solar radiation exposure, k is the pseudo-first-order rate constant, and t is the time in 

seconds. 

Figure 4.14 shows the linear fit of ln (At/Ao) as a function of time.  In this case, it is 

evident that the photo-degradation of RhB is consistent with pseudo-first-order reaction 

kinetics.  Ideally, the slope of the graph gives the rate constant, therefore, the calculated 

rate constants k, for the B-g-C3N4, CNNS-LE and CNNS-TE catalysts were, 0.17, 0.21 

and 0.44 s-1, respectively.  These values are consistent with what was reported for g-C3N4 

[78].  The rate constant for the self-degradation of RhB was very low with a value of 

0.008 s-1. 

The rate of degradation of RhB by CNNS-TE was found to be 2.5 times higher than that 

of B-g-C3N4 and CNNS-LE, and remarkably 54 times faster than that of the self-

degradation of RhB.  This may be attributed to the fact the CNNS-TE possesses the lowest 

band gap energy according to the results presented in Table 4.2.  Also, the low rate of 

recombination of photogenerated charges and favourable porous morphology may also 

be responsible for these observations.  Hence, it can be noted that the thermal treatment 

of B-g-C3N4 to give CNNS-TE resulted in the intrinsic modification of the electronic band 

structure of the material resulting in increased efficiency.  More importantly, the 

macroporous structure provided cross-plane diffusion channels which enhance charge 

transfer as well as mass transfer, and, hence, the observed enhanced photocatalytic 

efficiency. 
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Figure 4.14:  Pseudo-first-order kinetics plots for the degradation of RhB by B-g-C3N4, 

CNNS-LE and CNNS-TE photocatalysts, and self-degradation of RhB solution under 

solar exposure 

To determine the active species in the photodegradation mechanism of RhB by the 

CNNS-TE photocatalyst, trapping experiments were performed.  Typically, isopropyl 

alcohol (IPA), tri-ethanolamine (TEOA) and p-benzoquinone (BQ) were introduced as 

scavengers for photogenerated hydroxyl radicals (˙OH), holes (h+) and superoxide anion 

(O2˙ˉ), respectively.  As reported in Figure 4.15, photo-degradation of RhB, by CNNS-

TE was considerably inhibited by the presence of scavenger solutions, while in the 

absence of scavengers the percentage photo-degradation of RhB was the highest.  Among 

the scavengers, the rate of degradation declined in the following order: TEOA < IPA < 

BQ.  Accordingly, it was evident that holes were actively involved in the 

photodegradation process of Rhodamine B followed by hydroxyl and superoxide anion 

radicals, respectively. 
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Figure 4.15:  Degradation of the model pollutant RhB by CNNS-TE catalyst in the 

absence and presence of scavengers 

Based on the results reported in Figure 4.15, a plausible mechanism for the photocatalytic 

degradation of RhB by CNNS-TE was proposed.  When CNNS-TE was exposed to 

sunlight, the electrons in the valence band (VB) were excited and promoted to the 

conduction band (CB), while at the same time, holes (h+) were left at the VB.  Ideally, 

photogenerated electrons in the CB can be scavenged by surrounding oxygen molecules 

(O2) to form superoxide radical anions (O2˙ˉ), while photogenerated holes (h+) at the VB 

react with attached water molecules (H2O) to form hydrogen ions (H+) and hydroxyl 

radicals (˙OH) [79].  Consequently, hydrogen ions can protonate O2˙ˉ to form ˙OOH 

radicals, which can also react with electrons to form hydrogen peroxide (H2O2).  

Hydrogen peroxide (H2O2) can undergo reduction and yield hydroxide ions (OHˉ) and 

hydroxyl radicals (˙OH).  The photogenerated active species (˙OH, O2˙ˉ, ˙OOH) then 

participate in the degradation of RhB to carbon dioxide and water as reported by [80].  

The possible reactions involved in the degradation of RhB can be summarised as shown 

in Equations 5-12. 

g-C3N4  +  h   →   h+  +  eˉ       Equation (5) 

eˉ  +  O2   →   O2˙ˉ        Equation (6) 

h+  +  H2O   →   h+  +  ˙OH       Equation (7) 

h+  +  O2˙ˉ   →   ˙OOH       Equation (8) 

eˉ  +  OHˉ   →   ˙OH        Equation (9) 
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˙OOH  +  h+  +  eˉ   →   H2O2                 Equation (10) 

H2O2  +  eˉ   →   ˙OH  +  OHˉ                Equation (11) 

˙OH  +  O2˙ˉ  +  ˙OOH  +  RhB  →  mineralised products (CO2 + H2O)      Equation (12) 

Therefore, the superior photocatalytic activity of CNNS-TE is attributed to the ease of 

generation of photo-charges as a result of the energy low band gap and its associated low 

rate of recombination of charges. 

4.4 Conclusions 

This study has shown that graphitic carbon nitride can be successfully exfoliated by two 

green methods, namely, liquid and thermal exfoliation, as evidenced by BET, TEM, XRD 

and SEM analyses.  The resulting nanosheets exhibited extended light absorption band 

edges, increased surface areas and better photocatalytic activities in the degradation of 

rhodamine B in the presence of sunlight than bulk B-g-C3N4. Although nanosheets from 

both of the exfoliation methods exhibited larger surface areas than bulk graphitic carbon 

nitride, significant differences between them exist.  CNNS-TE exhibited the following 

characteristics: less thermal stability, better electrochemical conductivity, smaller energy 

band gap, lower rate of recombination of photogenerated charges, less oxygen content 

and a more porous structure.  In contrast, CNNS-LE exhibited a relatively higher thermal 

stability, lower electrochemical conductivity, larger energy band gap, higher rate of 

recombination of photogenerated charges, more oxygen content, and somewhat more 

crystalline structure than its counterpart, CNNS-TE nanosheets. Thus, the excellent 

photocatalytic degradation of RhB exhibited by CNNS-TE (86%) can be attributed to the 

lower rate of recombination of photogenerated charges, low energy band gap, and better 

electrochemical conductivity.  Moreover, the macro-porous structure exhibited cross-

plane diffusion channels which facilitated charge and mass transfer processes, thus 

increasing the photocatalytic activity.  These results show that heat modifies the 

morphology and intrinsic electronic structure of the semiconductor which boosts the 

photocatalytic performance of the CNNS-TE photo-catalyst.  In general, thermal 

exfoliation can offer a relatively cheaper and more facile route of exfoliating g-C3N4 with 

better photocatalytic activity, while liquid exfoliation requires long tedious cycles but 



132 

 

results in the formation of nanosheets with high surface areas, and more oxygen 

functional groups which may have greater potential applications in other fields. 
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Abstract 

In the present work, graphitic carbon nitride nanosheets (CNNS) from thermal etching 

(TE) method of exfoliation of bulk graphitic carbon nitride (B-g-C3N4) i.e., CNNS-TE 

loaded with cadmium sulfide (CdS) nanoparticles were prepared by a facile 

mechanochemical approach.  The as-prepared materials were introduced as a third 

component in the active layer of bulk heterojunction organic solar cells (BHJ-OSCs) to 

enhance light-harvesting properties and induce better separation and transport 

mechanisms of photogenerated charges.  The active layer of the pristine (undoped) device 

was composed of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid 

methyl ester (PC61BM) blends.  With the incorporation of the nanocomposites into the 

P3HT:PC61BM active layer blends, the best device with 5% CdS/CNNS-TE exhibited a 

power conversion efficiency (PCE) of 2.21%, which was a 50% power conversion 

enhancement compared with the pristine device.  The augmented PCE was attributed to 

better light absorption, faster transport, and suppressed recombination of photogenerated 

charges in the doped active layer.  These impressive attributes resulted from the formation 

of a heterostructure between CdS and CNNS-TE with effective charge transfer 

characteristics.  The results of this work will provide an efficient way of improving the 

performance of organic solar cells (OSCs) and lead to potential commercialisation. 

Keywords:  Power conversion efficiency; OSC; photoactive layer; graphitic carbon 

nitride; thermal etching  
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5.1 Introduction 

Solar energy harvesting and its utilisation have recently gained significant scientific 

attention since this form of energy is inexhaustible and clean [1, 2].  Photovoltaic devices, 

such as solar cells, convert radiant energy to electric energy via a photovoltaic process 

[3].  Recently, bulk heterojunction (BHJ) organic solar cells (OSCs) have emerged as 

attractive device designs in OSCs [4, 5].  This is because they offer a large interfacial area 

between the donor and acceptor materials, thus reducing the rate of recombination of 

photogenerated charges and improving charge transport mechanisms [6, 7].  The power 

conversion efficiency (PCE) has been gradually enhanced to above 18% for solution-

processable BHJ-OSCs due to suppressed recombination rates of photogenerated charges 

using materials with better charge transport characteristics [8, 9]. 

In a BHJ-OSC, the photoactive layer (absorber layer) is a crucial component of the cell 

because it absorbs light, and the excitons are generated and separated [10, 11].  Polymer-

fullerenes blends, such as poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric 

acid methyl ester (PC61BM), have mainly been used as active layer materials [12].  

Although they show promising performance, they suffer from poor stability [13], high 

recombination of photogenerated charges (due to short diffusion lengths) [14], and 

ineffective light-harvesting ability [15].  Therefore, modification of an effective active 

layer is essential for enhancing the performance of devices.  Introducing a third 

component into a donor-acceptor active layer has become an important strategy for 

boosting the performance of OSCs [16, 17].  Essentially, including a third component can 

lead to improved chemical and thermal stability, better light absorption, and suppressed 

intrinsic and interfacial recombination of excitons of the photoactive layer. 

Graphitic carbon nitride (g-C3N4) has emerged as a promising semiconductor material to 

be incorporated into OSCs devices [18].  This is because the g-C3N4 semiconductor has a 

tuneable band gap of 2.7 eV, better light absorption, and a metal-free nature, and thus, is 

crucial in solar harvesting applications [19, 20]. Presently, several modification strategies 

have been employed on the g-C3N4 material in order to optimise its properties. These 

include exfoliation of bulk g-C3N4 to nanosheets, transformation into various 

morphologies such as nanorods, nanosheets, quantum dots, nanotubes, nanowires, and 

3D-g-C3N4, doping with metals or non-metals (Ag, Cu, N, B), and coupling with other 
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materials such as carbonaceous materials (graphene, activated carbon) and 

semiconductors (CdS, ZnO, WO3 and TiO2, and BP) [21].  These modifications, 

especially the formation of heterostructures, have reduced the rate of recombination of 

electron-hole pairs and enhanced charge transfer characteristics [22].  Recently, Pareek 

et al. [23] introduced graphitic carbon nitride quantum dots (g-C3N4 QDs) into the active 

layer of OSCs with a P3HT:PC71BM blend.  The doped device exhibited a performance 

of 40% better than the pristine device.  This was attributed to Förster resonance energy 

transfer (FRET) between the active polymer blends and g-C3N4 QDs, which led to the 

improved light-harvesting ability of the device.  Chen et al. [18] investigated the effect of 

g-C3N4 QDs on the performance of OSCs.  The devices with g-C3N4 QDs in the active 

layer as dopants performed better than the undoped devices.  For example, a device with 

a poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-butyric acid methyl ester 

(P3HT:PC61BM) active layer achieved a PCE of 4.23% which represented a 17.5% 

enhancement compared with the undoped device. 

Meanwhile, Soh et al. [24] modified the TiO2 electron transport layer (ETL) by doping it 

with g-C3N4/Ag nanocomposites.  Remarkably, the resultant device with the modified 

ETL exhibited a 30% PCE enhancement relative to the pristine device because of 

improved charge extraction, smooth surface, and thus the better interface between the 

absorber and the ETL, effective electron extraction, and suppressed recombination of 

photogenerated charges.  Notably, it is important to note that only a few works have 

reported the incorporation of g-C3N4 or its composites in the active layer of OSCs.  

Therefore, it is necessary to explore more potential applications of g-C3N4-based 

nanomaterials in OSCs so as to enhance the PCE for commercialisation. 

Herein, cadmium sulfide/graphitic carbon nitride nanosheets (CdS/CNNS-TE) 

nanocomposites were synthesised by a facile mechanochemical approach and introduced 

into the active layer (with P3HT:PC61BM blends) of OSCs as a third component.  Various 

devices with as-prepared samples were fabricated and tested under AM 1.5 solar 

illumination.  For comparison, a pristine device with only P3HT:PC61BM blend in the 

active layer was also fabricated.  The effect of dopants on the photovoltaic performance 

of the OSCs was critically examined.  Additionally, the optical properties of the fabricated 

devices were also investigated. 
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5.2 Experimental  

The chemical, materials, and characterisation of the prepared samples are presented and 

discussed in this section. 

5.2.1 Materials and chemicals 

Melamine (99%) (CAS No. 99 108-78-1), cadmium nitrate tetrahydrate (Cd(NO3)2.4H2O 

(98%) (CAS No. 10022-68-1), sodium sulfide (Na2S) (≥98.0%) (CAS No. 1313-82-2), 

lithium fluoride (LiF) (≥99.98%) (CAS No. 7789-24-4), poly-(3-hexylthiophene) (P3HT) 

(99%) (CAS No. 1693-86-3), poly-(3,4-ethylene dioxythiophene):poly-(styrene-

sulfonate) (PEDOT:PSS) (99%) (CAS No. 155090-83-8), [6,6]-phenyl-C61-butyric acid 

methyl ester (PC61BM) (>99.5%) (CAS No. 160848-22-6), dichloromethane (DCM) 

(≥99.8%) (CAS No. 75-09-2), chloroform (≥99%) (CAS No. 67-66-3), ethanol (95.0%) 

(CAS No. 64-17-5), nitric acid (≥65%) (CAS No. 7697-37-2), potassium ferricyanide 

(99%) (CAS No. 13746-66-2), hydrochloric acid (37%) (CAS No. 7647-01-0) and indium 

tin oxide (ITO) (CAS No. 50926-11-9) glass substrates (surface resistivity 8-12 Ω sq-1) 

were purchased from Sigma Aldrich (South Africa).  All the chemicals were of analytical 

grade and were used without further treatment.  Deionised water was from a Millipore 

Milli-Q Elix 5 UV water purification system with a resistivity of 18.2 MΩ cm at 20 °C. 

5.2.2 Synthesis of bulk graphitic carbon nitride 

Bulk g-C3N4 was synthesised by conventional polycondensation of melamine.  Melamine 

(10 g) was typically placed in an open ceramic crucible and transferred to a muffle 

furnace.  The contents of the crucible were heated at a rate of 5 °C min-1 to 550 °C and 

maintained for 4 h.  After that, it was allowed to cool to room temperature.  Bulk g-C3N4 

was formed as a yellow solid and labelled B-g-C3N4.  The as-formed B-g-C3N4 was 

ground and kept in sample vials. 

5.2.3 Synthesis of g-C3N4 nanosheets 

A thermal etching method was employed as described by Iqbal et al. [25] but with slight 

condition modifications.  As-prepared B-g-C3N4 (0.5 g) was placed in a quartz glass boat.  

The boat was placed inside a quartz tube in a tube furnace.  A stream of nitrogen gas was 

passed through the reactor for a few minutes to flush the system and ensure inertness.  
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The sample was then heated to a temperature of 600 °C (at a rate of 10 °C min-1) and 

maintained for 2 h.  Subsequently, the reactor was left to cool naturally under a flow of 

nitrogen to room temperature, after which the gas flow was discontinued.  A brown-

yellow product (g-C3N4 nanosheets) was obtained and denoted CNNS-TE. 

5.2.4 Synthesis of cadmium sulfide nanoparticles 

Cadmium sulfide (CdS) nanoparticles were synthesised by a chemical precipitation 

method [26] using equimolar solutions of cadmium nitrate and sodium sulfide as 

precursors.  In the synthesis process, 100 ml of 0.1 M of sodium sulfide solution was 

added dropwise to 100 ml of 0.1 M cadmium nitrate solution in a beaker with continuous 

stirring.  The gradual colour transition of the reaction mixture was from pale yellow to 

deep yellow after the completion of the reaction.  The yellow precipitate formed was 

washed severally by centrifugation with distilled water and absolute ethanol 

consecutively, followed by oven-drying at a temperature of 90 °C for 5 h. 

5.2.5 Synthesis of CdS/CNNS-TE heterostructure 

The 5% CdS/CNNS-TE heterostructure was prepared by a facile mechanochemical 

approach.  Typically, CdS (0.005 g) and CNNS-TE (0.095 g) powders were mixed 

homogenously in an agar mortar.  The mixture was dispersed in deionised water and 

sonicated for 1 hour in an ultrasonic bath.  After which, the dispersion was oven-dried 

overnight at a temperature of 90 °C before characterisation.  A similar process was 

performed to obtain CdS/CNNS-TE ratios of 10% and 20%.  For comparison, CdS and 

CNNS-TE were used as-prepared. 

5.2.6 Characterisation of the photoactive materials 

The structure and morphology of the photoactive materials and spin-coated substrates 

were investigated with scanning electron microscopy (SEM, Carl Zeiss Ultra Plus) fitted 

with an EDS (Oxford X-max) detector and a high-resolution transmission electron 

microscope (TEM, JEOL, JEM 1010) operating at both standard and high resolution 

(HRTEM) modes at 200 KV.  The crystal structure analysis of the samples was conducted 

with a BRUKER AXS D8 Advance powder X-ray diffractometer with Cu-Kα radiation 

(λ = 1.5406 Å) at 40 kV and 40 mA.  UV–Vis diffuse reflectance spectra (UV-DRS) were 
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recorded with a PerkinElmer Lambda 35 UV–visible spectrophotometer fitted with a 

Labsphere integrating sphere.  The photoluminescence spectra (PL) of the samples were 

recorded with a PerkinElmer LS 55 spectrofluorometer at an excitation wavelength of 

325 nm.  The chemical structure was investigated using a PerkinElmer Spectrum 100 

Fourier transform infrared (FTIR) spectrometer fitted with an attenuated total reflectance 

(ATR) sampling accessory.  The thermal stability of the samples was determined with a 

TA Instruments Q series thermal analyser (Q600) in air.  The elemental composition of 

the samples was determined using energy-dispersive X-ray (SEM-EDX) spectroscopy.  

For the samples containing cadmium, a PerkinElmer Optima 5300 DV inductively 

coupled plasma-optical emission spectrometer (ICP-OES) was used to quantify the 

cadmium content present in the samples.  A Shimadzu UV-3600 double-beam UV-Vis-

NIR spectrophotometer was used to record the optical absorption and transmittance 

spectra of the samples and fabricated devices.  Electrochemical impedance spectroscopy 

(EIS) and Mott–Schottky measurements were performed with a three-electrode cell 

containing a - working, reference, and counter electrodes using a CHI 660E 

electrochemical workstation. Basically, the counter electrode was a platinum wire, while 

the reference electrode was an electrode with Ag/AgCl solution, and the working 

electrode was a modified glassy carbon electrode (GCE).  The electrolyte used in the 

experiment was 1M KCl. 

5.2.7 Fabrication of organic solar cells and their characterisation 

The organic solar cell with the following configuration:  

ITO/PEDOT:PSS/P3HT:PC61BM or doped-P3HT:PC61BM/LiF/Al (Figure 5.1) was 

fabricated under ambient conditions under 35% humidity.  Typically, ITO glass with 

surface resistivity of 15 Ω sq-1 with dimensions 30 mm × 30 mm was masked halfway 

with a tape, and the exposed part was etched with a hot mixture of conc. hydrochloric 

acid, conc. nitric acid, and water at respective volume concentration ratios of 

48%:48%:4%.  The etched substrate was ultrasonically and consecutively cleaned with 

deionised water, acetone, and isopropanol for 10 minutes, then dried in a furnace for 20 

minutes at a temperature of 120 °C.  The PEDOT:PSS precursor solution (20 mg in 100 

mL DCM) was spin-coated on the cleaned and dry substrate at 3500 rpm for 30 seconds 

before drying again in an oven at a temperature of 120 °C for 20 minutes.  The absorber 
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layer precursor solution was made by mixing P3HT and PC61BM in a ratio of 1:1 in 500 

μL chloroform for the pristine device.  For other devices with dopant materials, 1% by 

mass of each material, i.e., CdS, 5% CdS/CNNS-TE, 10% CdS/CNNS-TE, 20% 

CdS/CNNS-TE, and CNNS-TE were added to the P3HT:PC61BM mixture and 500 μL 

DCM was added and magnetically stirred at a temperature of 40 °C for 3 hours to 

ascertain that the material mixes well with P3HT:PC61BM.  The respective precursor 

solutions were spin-coated on the annealed PEDOT:PSS layer at a rate of 1200 rpm for 

40 seconds and annealed under nitrogen at a temperature of 120 °C for 10 minutes.  The 

device was covered judiciously and transferred to a deposition chamber, where the 

electron transport layer was deposited on the metal back contact.  A lithium fluoride (LiF) 

electron transport layer with a thickness of 0.5 nm, and an aluminium layer of 100 nm, 

was deposited at a pressure of 10-6 mbar.  Lastly, the device was immediately annealed 

under nitrogen gas in a tube furnace for 5 minutes.  The device performance measurement 

was carried out using a Keithley (HP2420) source meter with an AM 1.5 global solar 

simulator (model SS50AAA), with illumination light intensity kept at 100 mW cm-2.  The 

measured effective area of the devices was 0.02 cm2. 

 

Figure 5.1:  Basic structure of the device under investigation 

5.3 Results and discussion 

CdS/CNNS samples were prepared and characterised using various techniques and later 

incorporated into the active layer of an OSC  
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5.3.1 Material characterisation 

5.3.1.1 Surface morphology and microstructure 

The surface morphology and microstructure of the as-prepared samples were examined 

with scanning electron microscopy (SEM) and transmission electron microscopy (TEM).  

The acquired images are presented in Figures 5.2 and 5.3, and also in Supporting 

Information Figures S5.1 and S5.2.  The SEM image of CNNS-TE exhibits a porous 

structure with disordered sheet-like structures (Figure 5.2a).  The porous structure 

formation could be because the weak van der Waals forces of attraction between the 

layers were broken during the thermal etching process, and defects were introduced in the 

layers of the g-C3N4 material.  From Figure 5.2b, 5% CdS/CNNS-TE showed coarse 

particles of dimensions ranging between 40 and 50 nm on porous sheets.  Also, the SEM 

images of 10% CdS/CNNS-TE (Figure S5.1 (a)) and 20% CdS/CNNS-TE (Figure S5.1 

(b)) showed small, agglomerated particles on porous sheets and these were very 

conspicuous in 20% CdS/CNNS-TE, implying that CdS nanoparticles were deposited on 

the CNNS-TE layers.  Moreover, as depicted in Figure 5.2c, the CdS showed flake-like 

particles with a relatively rough morphology. 

Figure 5.3 shows the TEM images of the samples.  CNNS-TE (Figure 5.3a) clearly 

portrayed layers comprising a few transparent sheets stacked on each other, suggesting 

that bulk g-C3N4 material was successfully exfoliated to sheets during the thermal etching 

process.  Meanwhile, from Figure 5.3b, a 5% CdS/CNNS-TE sample showed 

agglomerated particles (5-10 nm) which were randomly anchored on CNNS-TE sheets.  

Additionally, for both 10% CdS/CNNS-TE (Figure 5.S2 (e)) and 20% CdS/CNNS-TE 

(Figure S5.2 (f)) samples, the CdS nanoparticles were anchored on the CNNS-sheets, 

indicating a strong interaction between the CdS nanoparticles and CNNS-TE nanosheets.  

Figure 5.3c revealed evenly dispersed spherical CdS nanoparticles (5-10 nm) occasioned 

by agglomeration.  To further investigate the microstructure of as-prepared samples, the 

interlayer spacings, i.e., the d-spacings, were explored from high-resolution transmission 

electron microscopy (HRTEM), and the images are presented in Figure 5.3 (d) and (f) 

and Figures S5.1 (c) and (d).  The measured d-spacings were: 0.344, 0.338, 0.334, and 

0.338 nm for 5% CdS/CNNS-TE, 10% CdS/CNNS-TE, 20% CdS/CNNS-TE and CdS 

samples, respectively.  The estimated d-spacing of about 0.34 nm of CdS-based samples 
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obtained here corresponds to the peak at 2θ = 26.48° measured from powder XRD and 

represents the (111) crystal plane (see Section 5.3.1.2).  Notably, the CNNS-TE material 

in Figure 5.3d did not show any lattice fringes, indicating that the material could be 

amorphous rather than crystalline; thus, lattice fringes were diffuse.  Since there was no 

diffraction pattern formation in the CNNS-TE sample, the observed d-spacing in the 

composites can only be attributed to the presence of CdS nanoparticles. 

 

Figure 5.2:  SEM images of (a) CNNS-TE, (b) 5% CdS/CNNS-TE and (c) CdS samples 

 

Figure 5.3:  TEM images of (a) CNNS-TE, (b) 5% CdS/CNNS-TE and (c) CdS samples, 

and HRTEM images of (d) CNNS-TE, (e) 5% CdS/CNNS-TE and (f) CdS samples 

5.3.1.2 Crystal structure 

Figure 5.4a shows the powder X-ray diffractograms for as-prepared samples.  As depicted 

in Figure 5.4a, the pristine CNNS-TE sample showed a different XRD pattern from the 

200 nm 200 nm 200 nm

(a) (b) (c)
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samples with CdS nanoparticles, indicating that it has a unique basic structure.  For the 

CNNS-TE sample, two intense peaks at 2θ = 13.2° and 27.3° are observed and correspond 

to the (001) and (002) crystal planes of g-C3N4, respectively.  In essence, the strong peak 

at 2θ = 13.2° with interlayer spacing d = 0.337 nm is attributed to the in-plane structural 

stacking motif of heptazine tectonic units (tri-s-triazine units), whereas the peak at 27.3° 

with interplanar spacing d = 0.168 nm is attributed to the interlayer stacking of aromatic 

rings in the samples.  The diffraction pattern related to CdS samples exhibited peaks at 

2θ = 23.40, 26.48, 30.24, 36.24, 43.68, 49.82, and 50.08°, corresponding to the (100), 

(111), (020), (102), (202), (103), (112), and (311) planes of CdS.  The CdS-based 

diffractograms match the cubic crystal structure of the CdS (Hawleyite) phase, with 

JCPDS number: 96-101-126 and space group F-4 3m [27].  With the incorporation of 

CdS dopants into the CNNS-TE material, the peak intensity at 27° decreased and shifted 

to a lower 2θ angle of about 26.48 (Figure 5.4a).  Similarly, by considering pure CdS 

samples, there was a shift in position for the peak centred 2θ = 26.48° to 26.8, 26.38, and 

26.56° for 5% CdS/CNNS-TE, 10% CdS/CNNS-TE and 20% CdS/CNNS-TE, 

respectively.  The shift could be attributed to the formation of a composite material. 

To further confirm the crystal structure of as-prepared samples, the selected area electron 

diffraction (SAED) micrographs were obtained from high-resolution transmission 

electron microscopy (HRTEM) analysis (Figure 5.4b and Figures S5.2 (a) and (b)).  As 

depicted in Figure 5.4b (i), the CNNS-TE sample showed an amorphous diffraction 

pattern, i.e., a diffuse, continuous disc shape without any discernible spots or rings.  These 

results confirm the absence of lattice fringes witnessed in Figure 5.3d. 

Figures 5.4b (ii) and (iii) of the 5% CdS/CNNS-TE and CdS samples, respectively, 

exhibited the crystalline structure of a material in powder form since the dots around the 

rings were observed in the SAED micrographs.  Similar observations were also made in 

Figure S5.2 (a) and (b) for 10% CdS/CNNS-TE and 20% CdS/CNNS-TE, respectively.  

The spots in 5% CdS/CNNS-TE samples were few compared with the other CdS-based 

samples (see Figure 5.4b (ii) and (iii) and Figure S5.2 (a) and (b)), implying that 10% 

CdS/CNNS-TE, 20% CdS/CNNS-TE, and CdS, respectively, were more crystalline than 

5% CdS/CNNS-TE.  Generally, the crystallinity in the samples was due to the presence 

of the CdS dopants and could aid photo-driven reactions. 
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Figure 5.4:  (a) Powder X-ray diffractograms for pure CdS, CNNS-TE, and CdS/CNNS-

TE composites.  (b) Selected area diffraction (SAED) patterns of (i) CNNS-TE, (ii) 5% 

CdS/CNNS-TE and (iii) CdS samples 

5.3.1.3 Chemical structure  

Fourier transform infrared spectroscopy (FTIR) was carried out to identify the chemical 

structures in the as-prepared samples, and the spectra are shown in Figure 5.5.  For 

CNNS-TE and CdS/CNNS-TE nanocomposite samples, the peaks at around 3639-2540 

cm-1 are assigned to N-H or hydroxyl group stretching vibrations, indicating that some 

NH2 groups and also adsorbed surface water may be present in the samples.  The 

conspicuous peak at 2173 cm-1 could represent the presence of the cyano group (-C≡N), 

and the bands at around 1681-938 cm-1 are assigned to the presence of C-N or C=N 

(a) 

 

(b) 
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heterocycles in samples.  It can be observed that the number of bands was reduced in the 

CdS/CNNS-TE samples when compared with the undoped CNNS-TE.   

This implies that the basic structure of CNNS-TE was slightly changed when forming 

composites with CdS, whilst the common band at 802 cm-1 was assigned to the breathing 

modes of triazine units in samples with CNNS-TE.  For the CdS sample, the peaks in the 

fingerprint region, i.e., 632 and 424 cm-1, can be attributed to the Cd-S bond stretching 

vibration.  These bands in the fingerprint region were missing for the CNNS-TE and 

CdS/CNNS-TE nanocomposites, possibly due to the low CdS loading. 

  

Figure 5.5:  ATR-FTIR spectra for CdS, 5% CdS/CNNS-TE, 10% CdS/CNNS-TE, 20% 

CdS/CNNS-TE, and CNNS-TE samples 

5.3.1.4 Elemental composition 

The elemental composition of the samples was elucidated by scanning electron 

microscopy-energy dispersive X-ray analysis (SEM-EDX) (Table 5.1).  The 

nanocomposite samples showed that nitrogen, oxygen, carbon, sulfur, and cadmium were 

present in their respective proportions.  Additionally, for samples with Cd present, 

inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis was 
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further carried out (see Table 5.1).  The amount of Cd measured from ICP-OES in the 

samples was related to the proportions of the initial precursor ratios but appreciably higher 

than the amount determined from SEM-EDX.  The difference in the amount of Cd from 

the two approaches could be ascribed to the fact that SEM-EDX only acquires data from 

a small section of the sample, but ICP-OES determines the bulk composition of the 

sample and, thus, is more representative.  To further confirm the distribution of elements 

in the samples, SEM-EDX mapping was carried out.  Figures 5.6 (a)-(c) and Figures S5.2 

(c) and (d) show that expected elements in CNNS, 5% CdS/CNNS-TE, 10% CdS/CNNS-

TE, 20% CdS/CNNS-TE and CdS samples were present and evenly distributed. 

Table 5.1:  Elemental composition of as-prepared samples 

Sample C/% N/% O/% S/% Cd/% Cd*/%  

CdS - - - 14.74 85.26 86.34 

5% CdS/CNNS-TE 42.28 48.98 3.81 0.79 4.14 16.04 

10% CdS/CNNS-TE 35.24 45.54 4.83 2.10 12.28 51.39 

20% CdS/CNNS-TE 21.98 21.09 4.98 7.23 44.71 61.56 

CNNS-TE 46.94 46.89 6.19 - - - 

*Weight percentage of Cd from ICP-OES analysis 

 

Figure 5.6:  The elemental distribution maps for as-prepared (a) CNNS-TE, (b) 5% 

CdS/CNNS-TE and (c) CdS materials obtained from energy dispersive X-ray 

spectroscopy 

(a) (b) (c) 

   
 

CNNS-TE 5% CdS/CNNS-TE CdSCNNS-TE 5% CdS/CNNS-TE CdSCNNS-TE 5% CdS/CNNS-TE CdS
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5.3.1.5 Charge transfer characteristics 

Electrochemical impedance spectroscopy (EIS) was carried out to understand the charge 

transfer characteristics of the prepared samples.  Figure 5.7 shows the Nyquist plots and 

the equivalent circuit (inset) of the modified electrodes with the as-prepared samples. The 

charge transfer at the high-frequency region was due to the electron transfer limiting 

process since the curve presents a semi-circular-shaped part.  Furthermore, the charge 

transfer at the lower frequency region was a diffusion-controlled process since the curve 

was linear in this region [28].  The CNNS-TE sample shows the biggest semi-circle, 

implying that electron transfer was ineffective in this electrode compared with the CdS 

and CdS/CNNS-TE composites.  Furthermore, equivalent circuits were simulated, and 

the electrochemical parameters were extracted, as shown in Table 5.2.  Basically, the 

lower the charge transfer resistance (Rct), the better the electrode in terms of charge 

transfer mechanisms.  From Table 5.2, the CNNS-TE sample gave the highest Rct value 

of 128.4 Ω, supporting the already observed biggest semi-circle in the Nyquist plot (see 

Figure 5.7). Generally, this value significantly reduced from 128.4 to 0.001 Ω when CdS 

dopants were added; this can be attributed to an improvement of the charge transfer 

mechanism due to the formation of CdS/CNNS-TE heterojunctions.  From this 

observation, it could be deduced that CdS particles play a vital role in the electron charge 

transfer process. 

 

Figure 5.7:  Nyquist plots for CdS, 5% CdS/CNNS-TE, 10% CdS/CNNS-TE, 20% 

CdS/CNNS-TE, and CNNS-TE samples carried out in Fe(CN)6
4-/3- solutions  
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Table 5.2:  The electrochemical parameters of as-prepared samples 

Electrode 

Solution 

resistance (Rs)/Ω 

cm2 

Capacitance 

(C)/F 
Rct/Ω 

Warburg 

(W)/ Ω s-1/2 

CdS/GCE 9.65 1.00×10-12 0.001 3.06×10-4 

5% CdS/CNNS-TE/GCE 5.78 9.85×10-8 122.7 7.87×10-5 

10% CdS/CNNS-TE/GCE 2.13 9.31×10-8 17.42 4.75×10-5 

20% CdS/CNNS-TE/GCE 2.64 1.07×10-3 0.001 4.99×10-5 

CNNS-TE/GCE 5.98 1.91×10-7 128.4 5.29×10-4 

GCE is the glassy carbon electrode 

5.3.1.6 Thermal stability 

The thermal stability of the as-prepared photoactive materials was investigated by thermal 

analysis under air, and the results are presented in Figure 5.8.  Figure 5.8a shows the 

thermal decomposition profile of the photoactive materials.  The slight initial mass loss 

(about 5%) between 90 and 100 °C could be attributed to the loss of adsorbed water in 

the sample.  As expected, the CdS experienced no mass loss because it is thermally stable 

up to a temperature greater than 1000 °C, which was not explored during the analysis.  

The drastic mass loss that occurred at around 390 °C for the other samples (5% 

CdS/CNNS-TE, 10% CdS/CNNS-TE, 20% CdS/CNNS-TE, and CNNS-TE) could be 

attributed to the conversion of carbon nitride in the composites to carbon dioxide (CO2) 

and nitrogen oxides (NOx).  However, the nanocomposites exhibited different residual 

mass losses, i.e., the residual masses for 5% CdS/CNNS-TE, 10% CdS/CNNS-TE, and 

20% CdS/CNNS-TE were about 16.40, 30.76, and 47.86%, respectively.  To further 

confirm the amount of Cd in the samples, the values of residual masses, i.e., for CdS 

obtained here, were compared to those reported from ICP-OES measurements (see Table 

5.1).  Accordingly, the residual mass of 5% CdS/CNNS (16.40%) agrees well with the 

ICP-OES value of 16.04%; however, deviations were noted for the 10% CdS/CNNS-TE 

(51.39%) and 20% CdS/CNNS-TE (61.51%) samples.  Nevertheless, the increase in 

residual mass was related to the amount of stable CdS nanoparticles present in the 

composite, i.e., the more Cd ratio in the sample, the more the residual mass and vice-
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versa.  Moreover, there was no residual mass in CNNS-TE because it is composed of 

carbon, nitrogen, and some oxygen; thus, it exhibited complete combustion.  Derivative 

thermograms were plotted to ascertain the specific decomposition temperatures (Figure 

5.8b).  The specific decomposition temperatures for 5% CdS/CNNS-TE, 10% 

CdS/CNNS-TE, 20% CdS/CNNS-TE, and CNNS-TE were 609, 598, 570, and 614 °C, 

respectively.  Generally, the as-prepared nanocomposites were stable below 570 °C and 

can, therefore, be stable at similar elevated temperature regimes, such as in solar cell 

devices. 

  

Figure 5.8:  (a) TGA thermograms and (b) the corresponding derivative graphs for CdS, 

5% CdS/CNNS-TE, 10% CdS/CNNS-TE, 20% CdS/CNNS-TE, and CNNS-TE, carried 

out under air 

5.3.1.7 Optical properties and band structure 

Figure 5.9 shows the UV-diffuse reflectance spectra (UV-DRS) of as-prepared samples.  

As depicted in Figure 5.9a, the maximum absorption for CNNS-TE and CdS 

nanomaterials was observed at about 380 and 495 nm, respectively.  The CNNS-TE 

showed an absorption shoulder, which gradually extended to a longer wavelength (visible 

region).  The spectra for CdS/CNNS-TE samples extended light absorption (redshift), 

especially at the longer wavelengths between 558-643 nm, when compared with the 

CNNS-TE and CdS samples.  This implies that when the heterostructures were formed, 

the resulting composites exhibited better light absorption, especially in the visible region.  

Furthermore, the band gap energies of the samples were calculated from the transformed 

Kubelka-Munk plot ((αhν)1/2/eV1/2 vs. E/eV) as presented in Figure 5.9b.  The estimated 

band gap values are reported in Table 5.3.  In general, the band gap values of the 
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nanocomposites (5% CdS/CNNS-TE and 10% CdS/CNNS-TE) were lower than for pure 

CdS and CNNS-TE nanomaterials, except for the 20% CdS/CNNS sample.  This shows 

that when the CdS nanoparticles were introduced to the CNNS-TE, the band gap was 

reduced due to intrinsic electronic modification, which aids in more light absorption. 

  

Figure 5.9:  The UV-Visible reflectance and transformed Kubelka-Munk spectra of pure 

CdS, CNNS-TE, and CdS/CNNS-TE composites with different CdS loadings 

5.3.1.8 Position of band potentials and rate of separation of photogenerated 

charges  

To determine the positions of the valence band (VB) and conduction band (CB) potentials 

for the samples, the Butler and Ginley equations were used (Equations (1) and (2)): 

EVB = χ − Ee + 0.5Eg       Equation (1) 

ECB = EVB − Eg        Equation (2) 

Where, Eg is the energy gap (band gap) calculated from the Kubelka-Munk plot, χ is the 

electronegativity of the semiconductor, which is 4.73 eV for g-C3N4 [29], and Ee is the 

energy of free electrons on the hydrogen scale which is approximately 4.5 eV.  The 

calculated values of VB and CB are presented in Table 5.3.  The values for CdS and 

CNNS-TE agree with other previous data [30].  
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Table 5.3:  The optical properties of the as-prepared photoactive materials 

Photoactive material 
Band gap 

energy/eV 

Valence band 

potential/eV 

Conduction band 

potential/eV 

CdS 2.14 1.30 -0.84 

5% CdS/CNNS-TE 1.62 1.04 -0.58 

10% CdS/CNNS-TE 1.65 1.06 -0.59 

20% CdS/CNNS-TE 1.94 1.20 -0.74 

CNNS-TE 1.89 1.18 -0.71 

To further investigate the position of band potentials, Mott-Schottky measurements 

(Figure 5.10a) were carried out.  The CBs were estimated by extrapolating the linear part 

of the curve to intercept the x-axis [29].  Therefore, the estimated CBs for CdS, 5% 

CdS/CNNS-TE, 10% CdS/CNNS-TE, 20% CdS/CNNS-TE, and CNNS-TE were: 0.53, 

0.38, -0.26, -0.17 and 0.53 V (vs. Ag/AgCl), correspondingly.  Additionally, the VBs 

were calculated from the previously estimated CBs and band gap energies (from Table 

5.3).  The calculated VBs for CdS, 5% CdS/CNNS-TE, 10% CdS/CNNS-TE, 20% 

CdS/CNNS-TE, and CNNS-TE were: +2.67, +2.00, +1.39, +1.77 and +2.42 V (vs. 

Ag/AgCl), respectively.  Generally, the VB values of 5% CdS/CNNS-TE, 10% 

CdS/CNNS-TE, and 20% CdS/CNNS-TE samples were less than that of CNNS-TE, 

implying that there could exist a strong interaction between CNNS-TE and CdS dopant, 

that downshifted the VB edge of CNNS-TE material. 

The charge separation efficiency of as-prepared materials was evaluated using 

photoluminescence (PL) measurements (Figure 5.10b).  The undoped CNNS-TE sample 

exhibited high intensity, implying a high charge recombination of photogenerated 

charges.  With the addition of CdS nanoparticles as dopants, the intensities significantly 

decreased as a function of increasing the CdS dose in the samples.  For instance, the 

intensity of 5% CdS/CNNS-TE nanocomposites was lower than for the undoped CNNS-

TE, whereas the 10% CdS/CNNS-TE, 20% CdS-CNNS-TE and CdS nanoparticle 

samples were the lowest according to Figure 5.10b.  Generally, the recombination of 

photogenerated charges was significantly suppressed when CNNS-TE was doped with 

CdS nanoparticles, and this could be attributed to proper band alignment between CNNS-

TE and CdS nanomaterials, thus, imparting better charge transfer characteristics, which 

could be beneficial in photo-driven applications. 
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Figure 5.10:  (a) Mott-Schottky plots measured at 1 kHz in 5 mM [Fe(CN)6]
4-/3- solution 

and (b) PL spectra for as-prepared photoactive materials 

5.3.2 Device characterisation and measurements 

This section discusses the various devices characterisation and their photovoltaic 

application. 

5.3.2.1 Film morphology of the active layers of fabricated devices 

Figure 5.11 shows SEM images of doped and undoped P3HT:PC61BM active layer films.  

The pristine, 5% CdS/CNNS-TE, and 10% CdS/CNNS-TE films exhibited relatively 

smooth morphologies and were somewhat similar.  On the other hand, films with CdS, 

and 20% CdS/CNNS-TE showed a rather rough morphology, probably due to more CdS 

nanoparticle concentration.  Remarkably, the film with only CNNS-TE showed a smooth 

morphology, which could be beneficial in charge transport characteristics in the devices. 
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Figure 5.11:  SEM images showing film morphology of doped and undoped active layers: 

(a) pristine, (b) CdS, (c) 5% CdS/CNNS-TE, (d) 10% CdS/CNNS-TE, (e) 20% 

CdS/CNNS-TE and (f) CNNS-TE 

5.3.2.2 Optical absorption and transmittance  

A solar cell device's optical absorption properties are critical since the amount of light 

absorbed determines the number of photogenerated charges.  Figure 5.12a shows the UV-

Visible spectra of the devices with or without (pristine) dopants in the active layer, 

P3HT:PC61BM blends.  As can be observed, the devices with CNNS-TE, CdS, 5% 

CdS/CNNS-TE, 10% CdS/CNNS-TE, and 20% CdS/CNNS-TE nanoparticles showed the 

highest light absorption compared with the pristine material.  This resulted in high 

performance in the respective devices because of enhanced photon absorption 

characteristics of the active layer brought about by the dopants.  The absorbance of the 

devices increased from about 400 nm to a maximum of 520 nm and then extended towards 

the 600 nm range, implying that a significant portion of the visible light in the 

electromagnetic spectrum was harvested.  Figure 5.12b shows the optical transmittance 

of the devices; as presented, the optical transmittance of the pristine device was the 

highest when compared with the doped devices.  Nevertheless, there was still about 40% 

(a) (b) (c) 

   

(d) (e) (f) 
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light transmission in the doped devices, which is critical in the device's overall 

performance. 

  

Figure 5.12:  (a) UV-Vis absorption and (b) optical transmission spectra of fabricated 

pristine and doped BHJ-OSC devices 

5.3.2.3 Photovoltaic characteristics 

The photovoltaic performance, as well as the characterisation of the fabricated devices, 

is presented in this section.  Figure 5.13 shows the current-voltage (J-V) curves of the 

device with or without the dopants in the active layer.  On the other hand, Table 5.4 shows 

the measured photovoltaic parameters for each device, i.e., power conversion efficiency 

(PCE), fill factor (FF), short circuit current density (Jsc), open-circuit voltage (Voc), and 

series resistance (Rs).  The J-V curve shows that the current density increases when the 

dopants are introduced into the active layer of the device compared with the pristine 

device.  In essence, the performance of the doped devices was higher than that of the 

pristine device, as shown in Table 5.4.  The series resistance of the undoped device 

decreased from 827 to 458 Ω cm2 because of the addition of dopants (CNNS-TE, CdS, 

5% CdS/CNNS-TE, 10% CdS/CNNS-TE, and 20% CdS/CNNS-TE).  Remarkably, the 

best-performing device with 5% CdS/CNNS-TE nanoparticles achieved a PCE = 2.21%, 

Jsc = 9.36 mA cm-2, FF = 46.01%, and Voc = 0.53 V.  The performance was twofold better 

than that of the pristine device (PCE = 1.06).  This observation can be attributed to better 

charge separation and transport mechanisms, and also the enhanced light harvesting 

ability due to the presence of an effective heterojunction between the CdS and CNNS-TE 

nanomaterials.  On the other hand, except for pristine, 10% CdS/CNNS-TE and 20% 

CdS/CNNS-TE gave lower performance than the other tested samples (see Table 5.4).  
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This could be attributed to the high series resistance exhibited by the two devices, thus 

impeding the current flow in these devices and, therefore, low performance. 

 

Figure 5.13:  J-V characteristic curves of solar cell devices fabricated with 

P3HT:PC61BM active layer blends and various nanoparticles at 1wt.% concentration 

Table 5.4:  The photovoltaic parameters of BHJ-OSC devices fabricated with or without 

different nanoparticles 

P3HT:PC61BM:NPs Voc/V Jsc/mA cm-2 FF/% PCE/% Rs/Ω cm2 

Pristine 0.55 9.01 37.58 1.06 827 

CdS 0.53 8.24 45.97 1.92 548 

5% CdS/CNNS-TE 0.53 9.36 46.01 2.21 458 

10% CdS/CNNS-TE 0.48 7.57 36.10 1.60 628 

20% CdS/CNNS-TE 0.54 7.44 44.35 1.58 820 

CNNS-TE 0.54 8.37 40.44 1.69 751 

5.3.2.4 Charge transport characteristics 

Photovoltaic measurements in the dark were also performed to elucidate the charge 

transport characteristics of fabricated devices and are presented in Figure 5.14.  The space 

charge limited current (SCLC) method was utilised to determine the charge transport 

mechanism in the active layer of photovoltaic devices [31].  Figure 5.14a shows the J-V 

curves for devices on a log scale, where this kind of curve exhibits diode characteristics.  
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As observed, the curves obey Ohms law (J ∝ V) at low voltages as it drops down before 

a further drastic drop where the filling of trap states occurs in the material.  Thereafter, 

the curve becomes asymptotic before rising again to a maximum (SCLC regime).  

Basically, in the SCLC regime, all traps in the material have already been filled, and the 

current derived from the device is solely dependent on the bulk properties of the absorber 

system.  Accordingly, several models have been developed and tested to describe the 

transport phenomenon of semiconductors at the SCLC regimes.  As a result, fundamental 

transport parameters in semiconductor materials, such as mobility and field activation 

factors, have been determined [32].  Therefore, in this case, the Mott-Gurney law 

(Equation 3) coupled with the field-dependent equation in the form of 𝜇 = 𝜇˳𝑒𝑥𝑝(𝛾√𝐸) 

was employed to describe the SCLC regime in the system.  Basically, Mott-Gurney law 

defines the SCLC of a material when an electric field is applied, and with the absence of 

charge traps, provided that the electrode-semiconductor contact obeys Ohm's law [32].  

The law can be expressed as Equation 3: 

𝐽 =
9

8
𝜀𝜀˳𝜇˳

𝑉2

𝐿3 𝑒𝑥𝑝 (0.89𝛾√
𝑉

𝐿
)      Equation (3) 

where ε is the relative permittivity of the material, ε˳ is the permittivity of free space, μ˳ 

is the low-field mobility, 𝛾 is the field activation factor, V is the applied voltage which 

can be corrected by subtracting built-in voltage (Vbi), and L is the thickness of the 

absorber layer.  The experimental SCLC data obtained from taking J-V measurements in 

the dark conditions were fitted into Equation 3, which showed a good agreement with 

experimental data, as depicted in Figure 5.14b.  The values of zero-field mobilities and 

field activation factors attained from the fitted data are presented in Table 5.5.  From 

Table 5.5, the zero-field mobility of the doped active layers was one order higher than 

that of the pristine device.  This indicates that the charge mobilities were enhanced after 

incorporating dopants, which could have reduced the recombination of the 

photogenerated charges. 
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Figure 5.14:  (a) J-V dark curves with different nanoparticles and (b) the SCLC achieved 

from several BHJ-OSC devices fitted to Equation (3) 

Table 5.5:  The charge carrier transport parameters of BHJ-OSCs based on the undoped 

and doped photoactive layer with different nanoparticles at 1 wt.% concentration 

P3HT:PC61BM:Nanoparticles 
µo (Zero-field 

mobility)/cm2 S-1 V-1 

γ (Field activation 

factor)/cm V-1 

Pristine (without dopants) 2.1621 × 10-4 -1.5225 × 10-4 

CdS 1.0914 × 10-3 -7.6931 × 10-4 

5% CdS/CNNS-TE 1.0861 × 10-3 -7.6553 × 10-4 

10% CdS/CNNS-TE 1.0961 × 10-3 -7.7265 × 10-4 

20% CdS/CNNS-TE 1.9349 × 10-3 -1.3639 × 10-4 

CNNS-TE 6.5790 × 10-3 -4.6373 × 10-4 

5.4 Conclusion 

Cadmium sulfide (CdS) nanocomposites were successfully prepared and incorporated as 

a third component in P3HT:PC61BM active layer blends.  For comparison, reference 

devices with only CdS and CNNS-TE nanoparticles were also fabricated.  With the 

incorporation of the 5% CdS/CNNS-TE nanocomposite as the dopant in the active layer, 

the best device achieved a PCE of 2.21%, which was over 50% power conversion 

enhancement when compared with the pristine device, which reached a PCE of 1.06%.  

The better performance of 5% CdS/CNNS-TE nanocomposite was attributed to better 
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charge transfer mechanisms, low recombination, better light absorption (due to the lowest 

band gap (1.62 eV)), and low series resistance in the device due to the formation of an 

effective heterojunction between CdS and CNNS-TE materials.  Additionally, the CNNS-

TE in the composites could have assisted in photon harvesting and the formation of a 

smooth film morphology, thus enhancing charge transfer and suppressing charge 

recombination processes.  The use of CdS/CNNS-TE nanocomposites in this work is 

envisaged to expand the potential power conversion enhancement in BHJ-OSCs, thus, 

paving the way for their production and commercialisation. 
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Abstract 

Solar harvesting is crucial in a bulk heterojunction organic solar cell (BHJ-OSC) because 

it determines the number of photogenerated charges in the absorber layer of an OSC and 

hence, the performance.  In this work, graphitic carbon nitride (g-C3N4) nanosheets 

(CNNS) from the chemical blowing (CB) method of exfoliation of bulk g-C3N4 (CNNS-

CB) were doped with cadmium sulfide (CdS) nanoparticles to form CdS/CNNS-CB 

composites.  The CdS/CNNS-CB composites were incorporated into the active layer of a 

BHJ-OSC as a third component together with poly(3-hexylthiophene) (P3HT) and [6,6]-

phenyl C61-butyric acid methyl ester (PCBM) blends.  It was envisaged that the 

CdS/CNNS-CB materials would assist in the light-harvesting and passivation of bulk 

defects, thus, suppressing the recombination of photogenerated charges and improving 

the charge transfer in the active layer of the OSC device.  The results demonstrated that 

the CNNS-CB formed an intimate heterostructure with CdS nanoparticles, with an 

improved light-harvesting ability (low band gap), suppressed rate of recombination of 

photogenerated charges, and enhanced charge carrier mobility.  Consequently, the best-

performing device was achieved by utilising a 10% CdS/CNNS-CB sample in the 

P3HT:PC61BM active layer as a dopant.  The champion device achieved the best power 

conversion efficiency (PCE) of 3.45%, which was about 183% performance enhancement 

relative to the pristine device, which had a PCE of 1.89%.  The augmented performance 
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exhibited by the best device (with 10% CdS/CNNS-CB) was credited to better light-

harvesting ability, suppressed recombination of photogenerated charges, and improved 

charge transport characteristics, due to the incorporation of the 10% CdS/CNNS-CB 

heterostructure.  Our results are envisaged to provide effective avenues for the 

improvement of the performance of OSCs by modification of the active layer with g-

C3N4-based materials. 

Keywords:  Chemical blowing; OSC; graphitic carbon nitride; absorber layer; PCE 
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6.1 Introduction 

Organic solar cells (OSCs) that convert light energy to electricity via photovoltaic 

technology have been extensively researched because of their attractive features, such as 

low cost [1], ease of fabrication, lightweight [2], and semi-transparent characteristics [3].  

The power conversion efficiency (PCE) of OSCs has reached over 18% [4] through 

various modifications, such as device structure optimisation [5], use of effective materials 

[6], and tunning of the components [7] of the device.  Despite the various modifications 

that have been advanced, the performance of OSCs still faces several drawbacks, such as 

low performance, when compared with commercially available silicon-based solar cells 

[4] and their inorganic counterparts (perovskite solar cells) [8].  They are hampered by 

issues of poor stability, a high rate of recombination of photogenerated charges, and poor 

light-harvesting and incident photon to electron conversion [9]. 

To improve the performance of OSC, the modification of particularly the active layer has 

been performed [10].  Basically, the active layer is essential because when light energy 

falls on the device, it is absorbed and used in the generation of excitons [7].  Therefore, 

the effectiveness of the active layer in solar harvesting in this process is vital in realising 

a high PCE.  Recently, dopants have been introduced into the active layer, typically 

comprising poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl 

ester (PCBM) blends as a third component [11, 12].  The reasons for doping the active 

layer include the improvement of photon absorption, charge transfer mechanism, and 

impediment of recombination of photogenerated charges.  Shin et al. [13] introduced 

graphene quantum dots (GQDs) into the active layer, and the device's performance 

increased from a PCE of 3.56 to 4.23%, indicating that the GQDs play a crucial role in 

the device's performance. 

Graphitic carbon nitride (g-C3N4) is a metal-free semiconductor material with a tuneable 

band gap that exhibits high thermal and chemical stabilities [14, 15].  By considering 

these attractive attributes, g-C3N4 has shown great potential in solar cell applications.  

However, the application of this material in photo-driven applications such as solar cells 

is restricted by the fast recombination of photogenerated charges and low electrical 

conductivity [15].  In order to improve the properties of g-C3N4, modifications such as 

composite formation [16], morphological adjustment, and introduction of defects have 
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been carried out [17].  Defect engineering on g-C3N4 has gained significant attention 

because defects are believed to cause electronic band structure modulation [18], which is 

beneficial in solar-driven processes, such as photovoltaics and photocatalysis.  Therefore, 

the thermal etching method of exfoliation of g-C3N4 could lead to a better material 

compared with other exfoliation routes that do not introduce defects [19].  Moreover, the 

doping of g-C3N4 could aid in band structure modulation [20].  Therefore, it is essential 

to explore various ways of forming effective g-C3N4-based composites to capitalise on 

their promising optoelectronic properties in devices like OSCs. 

Herein, we report the preparation of graphitic carbon nitride nanosheets (CNNS-CB) from 

the chemical blowing method of exfoliation doped with cadmium sulfide nanoparticles 

(CdS) to form a composite (CdS/CNNS-CB) that was incorporated in the active layer of 

an OSC.  The reference cell was fabricated with only P3HT:PC61BM blends in the active 

layer, while the doped devices were fabricated with the incorporation of as-prepared 

materials as a third component in the P3HT:PC61BM active layer blends.  The effect of 

dopants on the photovoltaic performance of the cells was investigated and discussed.  By 

taking advantage of the formation of a heterostructure between the CNNS-CB and CdS 

materials, it was envisaged that incorporating the CdS/CNNS-CB heterostructure dopants 

into the active layer would enhance photon harvesting, suppress recombination of 

photogenerated charges, and improve the charge transfer process.  Additionally, the 

photovoltaic characteristics of the fabricated cells were measured and studied in dark 

conditions to explore the charge transfer characteristics in the devices.  Finally, the optical 

absorption of devices was examined and evaluated.  The results of this work are expected 

to present a new strategy for the performance enhancement of OSCs by incorporating 

doped g-C3N4-based materials. 

6.2 Experimental 

6.2.1 Chemicals 

Melamine (99%) (CAS No. 99 108-78-1), ammonium chloride (NH4Cl) (≥99.5%) 

(12125-02-9), cadmium nitrate tetrahydrate (Cd(NO3)2.4H2O (98%) (CAS No. 10022-68-

1), sodium sulfide (Na2S) (≥98.0%) (CAS No. 1313-82-2), lithium fluoride (LiF) 

(≥99.98%) (CAS No. 7789-24-4), poly-(3-hexylthiophene) (P3HT) (99%) (CAS No. 
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1693-86-3), poly-(3,4-ethylene dioxythiophene):poly-(styrene-sulfonate) (PEDOT:PSS) 

(99%) (CAS No. 155090-83-8), [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) 

(>99.5%) (CAS No. 160848-22-6), dichloromethane (DCM) (≥99.8%) (CAS No. 75-09-

2), chloroform (≥99%) (CAS No. 67-66-3), ethanol (95.0%) (CAS No. 64-17-5), nitric 

acid (≥65%) (CAS No. 7697-37-2), potassium ferricyanide (99%) (CAS No. 13746-66-

2), hydrochloric acid (37%) (CAS No. 7647-01-0) and indium tin oxide (ITO) (CAS No. 

50926-11-9) glass substrates with surface resistivity of 15 Ω sq-1 were bought from Sigma 

Aldrich Ltd (South Africa).  All the chemicals were used as obtained without further 

treatment.  Deionised water with a resistivity of 18.2 MΩ cm at 20 °C was obtained from 

a Millipore Milli-Q Elix 5 UV water purification system. 

6.2.2 Synthesis of photoactive materials 

Firstly, bulk g-C3N4 was synthesised by polycondensation of a nitrogen-rich melamine 

precursor.  Melamine (5 g) was typically placed in an open ceramic crucible and 

transferred to a muffle furnace.  The contents of the crucible were heated at a rate of 5 °C 

min-1 to 550 °C and kept for 4 hours in the furnace.  After that, it was allowed to cool to 

room temperature.  Bulk g-C3N4 was formed as a yellow solid and was labelled B-g-C3N4. 

Secondly, bulk g-C3N4 (2.0 g) and a chemical blowing agent, ammonium chloride (1 g), 

were homogenously mixed in an agar mortar to form a precursor.  The mixture was then 

calcined in a tube furnace at a ramping rate of 5 °C min-1 up to 600 °C and continued at 

this temperature for 2 hours under a constant stream of nitrogen gas.  Graphitic carbon 

nitride nanosheets formed and were then labelled CNNS-CB.  On the other hand, 

cadmium sulfide (CdS) nanoparticles were prepared via a chemical precipitation method 

[21] with slight modifications.  In brief, 100 mL 0.1 M of sodium sulfide solution was 

added dropwise to 100 mL of 0.1 M cadmium nitrate solution under vigorous magnetic 

stirring until a deep yellow precipitate was formed.  The precipitate was filtered and 

washed consecutively with water and ethanol, and later oven-dried at 90 °C for 5 h. 

Finally, in order to construct the CdS/CNNS-CB heterostructure, a mechanochemical 

approach was employed to combine the CdS and CNNS-CB materials.  In this process, 

for example, to form a 10% CdS/CNNS-CB composite, 0.01 g of CdS and 0.09 g of 

CNNS-CB powders were ultrasonically dispersed in 40 mL of deionised water for 1 hour.  

The resulting dispersant was kept overnight in a drying oven set at 90 °C.  The dried as-
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prepared samples were labelled and stored in amber glass vials for characterisation and 

application. 

6.2.3 Characterisation of photoactive materials 

The micro and crystal structures of as-prepared samples were investigated by using both 

normal (TEM, JEOL, JEM 1010) and high-resolution transmission electron microscopy 

(HRTEM) operated at 200 kV.  The surface morphology of as-prepared samples was 

investigated by means of scanning electron microscopy (SEM, Carl Zeiss Ultra Plus), 

fitted with an energy dispersive spectroscopy (EDS) (Oxford X-max) detector.  The 

elements present in the samples were identified, quantified, and mapped using an energy-

dispersive X-ray analysis (EDX) system available in the SEM instrument.  The 

crystallinity of the samples was explored with a BRUKER AXS D8 Advance powder X-

ray diffractometer with Cu-Kα radiation (λ = 1.5406 Å) at 40 kV and 40 mA.  The optical 

properties, such as UV–vis diffuse reflectance spectra, were investigated with a 

PerkinElmer Lambda 35 UV–Visible spectrophotometer fitted with a Labsphere 

integrating sphere and BaSO4 as the reference.  The measurement of the rate of 

recombination of photogenerated charges (photoluminescence spectra (PL)) was recorded 

with a PerkinElmer LS 55 spectrofluorometer and the excitation wavelength was kept at 

325 nm.  The functional groups present in the samples were elucidated using a 

PerkinElmer Spectrum 100, Fourier transform infrared (FTIR) spectrometer coupled with 

an attenuated total reflectance (ATR) sampling accessory.  Finally, thermogravimetric 

analysis (TGA) of the samples was carried out in air with a TA instruments Q series 

thermal analyser (Q600). 

6.2.4 Fabrication of organic solar cells and their characterisation 

The devices with an active surface area of 0.02 cm2 were fabricated under ambient 

conditions.  First, an indium tin oxide (ITO) (surface resistivity, 15 Ω sq-1) glass substrate 

was cut into 30 mm × 30 mm square pieces.  The ITO glass was then etched with 

concentrated acids, i.e. conc. hydrochloric acid and conc. nitric acid, and sequentially 

cleaned with deionised water, acetone, and isopropanol for 10 minutes by ultrasonication.  

The substrates were oven-dried at a temperature of 120 °C for 20 minutes.  An OSC with 

the following general architecture was fabricated: 
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ITO/PEDOT:PSS/P3HT:PC61BM/LiF/Al (Figure 6.1).  The hole transport layer (HTL), 

PEDOT:PSS, was deposited on the substrates by a spin-coating technique.  Typically, 

PEDOT:PSS solution with a concentration of 20 mg in 100 mL DCM was spin-coated at 

3500 rpm for 30 s and then oven-dried at a temperature of 120 °C for 20 minutes.  In 

order to prepare the active layer solution, P3HT and PC61BM photoactive materials were 

mixed in a ratio of 1:1 and homogeneously dispersed in 500 μL chloroform.  For the 

solution with as-synthesised materials (CdS, 5% CdS/CNNS-CB, 10% CdS/CNNS-CB, 

20% CdS/CNNS-CB, and CNNS-CB) as dopants, 1 wt.% of the respective nanomaterials 

was added to the P3HT:PC61BM active layer blend solution and magnetically stirred for 

3 h.  The as-prepared active layer solution was spin-coated on the dried PEDOT:PSS layer 

at a rate of 1200 rpm for 40 s.  The samples were annealed in a tube furnace under a 

constant flow of nitrogen with a temperature set at 120 °C for 10 minutes.  Layers of 0.5 

nm-thick lithium fluoride and 100 nm-thick aluminium were sequentially deposited by 

thermal evaporation on the active layer at a pressure of 10-6 mbar.  The current density 

versus voltage (J-V) characteristics of the fabricated devices was measured using a 

Keithley (HP2420) source meter with a solar simulator (Photo Emission Tech., Inc., 

model SS50AAA) at AM 1.5 global under 1 sun.  The illumination intensity of the 

simulator was 100 mW cm-2.  The optical properties of the devices were investigated with 

a Shimadzu UV-3600 double-beam UV-Vis-NIR spectrophotometer. 

 

Figure 6.1:  General device structure of the fabricated OSC 
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6.3 Results and discussion 

In this section, the characterisation of prepared samples and devices is presented and 

discussed in detail. 

6.3.1 Material characterisation 

The two pristine materials, CdS and CNNS-CB, together with three CdS/CNNS-CB 

heterostructures, were investigated. 

6.3.1.1 Morphology and structure 

In order to investigate the surface morphology and structure of the as-prepared samples, 

SEM and TEM analyses were carried out.  Figure 6.2 and Supporting Information Figures 

S6.1 (a) and (b) show the SEM micrographs of the samples, while Figures 6.2 and 

Supporting Information Figures S6.1, (c), (d), (e), and (f) are the TEM micrographs.  The 

SEM image of the CNNS-CB sample presents blocks with rough surfaces and some 

fissures/cracks (Figure 6.2a); this could be attributed to the fact that, during the chemical 

blowing process, the blowing gas was escaping, thus, forming fissures on the surface of 

the material as exfoliation takes place.  Also, a similar morphology was noted for sample 

5% CdS/CNNS-CB in Supporting Information Figure S6.1(a), possibly due to more 

CNNS-CB components in the composite.  Meanwhile, the 10% CdS/CNNS-CB sample 

in Figure 6.2b exhibited a porous structure with smaller particles with dimensions of 

about 60-80 nm on rough blocks of particles.  Additionally, a similar observation was 

noted for the 20% CdS/CNNS-CB sample in Supporting Information Figure S6.1 (b).  On 

the other hand, the SEM image of the CdS (Figure 6.2c) sample showed a porous structure 

with disordered flake-like particles. 

 

Figure 6.2:  SEM images of (a) CNNS-CB, (b) 10% CdS/CNNS-CB and (c) CdS samples 
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Moreover, the microstructure of the samples was explored with TEM.  Clearly, the 

CNNS-CB showed transparent sheets with pores occasioned by some stacking (seen as 

dark regions) (Figure 6.3a), implying that the exfoliation of the B-g-C3N4 material took 

place during the chemical process and the sheets were formed with pores, probably 

created by the escaping blowing gas.  The 10% CdS/CNNS-CB sample in Figure 6.3b 

showed small particles with dimensions of about 5 nm on the porous transparent sheets, 

indicating that the CdS nanoparticles were deposited on the exfoliated CNNS-CB 

nanosheets during composite formation.  Moreover, the 5% CdS/CNNS-CB (Supporting 

Information Figure S6.1, c) and 20% CdS/CNNS-CB CB (Supporting Information Figure 

S6.1, d) samples depicted the same observation, i.e., some small particles anchored on 

the CNNS-CB nanosheets.  The CdS sample (Figure 6.3c) showed disordered, non-

uniformly dispersed particles with dimensions of about 5-10 nm, and the particles could 

have slightly agglomerated because some regions of the micrograph were darker, 

implying more particles were sitting on each other; thus, the beam of electrons from the 

microscope could not pass through. 

To further explore the microstructure of the samples, an HRTEM image of the samples 

was obtained.  Figure 6.3d show the HRTEM image of the CNNS-CB sample.  Clearly, 

lattice fringes were not observed during the analysis, indicating that the material could be 

amorphous and, therefore, presenting a diffuse kind of diffraction pattern.  Notably, the 

samples with CdS particles showed distinct diffraction patterns, showing that the 

crystallinity was due to CdS nanoparticles and not the CNNS-CB component in the 

composite.  Nonetheless, the calculated d-pacing for 5% CdS/CNNS-CB (Supporting 

Information Figure S6.1, (e)), 10% CdS/CNNS-CB (Figure 6.3e), 20% CdS/CNNS-CB 

(Supporting Information Figure S6.1, (d)) and CdS (Figure 6.3f) nanomaterials were: 

0.336, 0.362, 0.330 and 0.388 nm, respectively.  Generally, the d-spacing of the CdS 

nanoparticles decreased with the incorporation of CNNS-CB, suggesting that CdS 

strongly interacted with CNNS-CB during composite formation. 
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Figure 6.3:  TEM images of (a) CNNS-CB, (b) 10% CdS/CNNS-CB, and (c) CdS 

samples, and HRTEM images of (d) CNNS-CB, (e) 10% CdS/CNNS-CB, and (f) CdS 

samples 

6.3.1.2 Crystal structure analysis 

The crystal structures of the as-prepared photoactive materials were determined by 

powder X-ray diffractometry and are presented in Figure 6.4a.  The diffractograms show 

that the pure CNNS-CB sample gave a distinct diffractogram compared with CdS and 

CdS/CNNS-CB composites.  CNNS-CB showed two characteristic peaks at about 2θ = 

13.1 and 27.5°, which correspond to the (001) and (002) crystal planes of g-C3N4, 

respectively [22].  For samples with pure CdS and as dopant, diffraction peaks at 2θ = 

23.40, 26.48, 30.24, 36.24, 43.68, 49.82, and 50.08°, were observed and identified to 

match the (100), (111), (020), (102), (202), (103), (112), and (311) planes of cubic 

hawleyite phase CdS, respectively.  From the diffractograms, the peak at 2θ = 13.1° 

disappeared in the CdS/CNNS composites, implying that the interlayer spacing of CNNS-

CB was significantly reduced with the introduction of CdS dopants.  Additionally, the 

intensity of the characteristic intense peak at 2θ = 27.5° for CNNS-CB was decreased 

considerably due to an increase in the CdS dopant concentration.  On the other hand, CdS 

samples present a distinct diffractogram compared with the CdS/CNNS-CB composites.  

Generally, the intensity of the peaks in the CdS sample decreased due to the increased 
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CNNS-CB concentration in the doped sample.  The observed disappearance of some 

peaks and the changes in the intensity of the characteristic peak in the composites, when 

compared with the pure materials, suggest that composites that possess unique 

characteristics from the individual components were formed. 

To further explore the crystal character of the materials, selected area diffraction (SAED) 

micrographs were acquired from the HRTEM analysis and are presented in Figure 6.4b.  

As can be seen, the CNNS-CB sample (Figure 6.4b, (i)) exhibited a diffuse, disc-shaped, 

without spots, micrograph - a characteristic of an amorphous material in powder form.  

The CdS (Figure 6.4b, (iii)) and CdS/CNNS-CB ((Figure 6.4b, (ii)) and (Supporting 

Information Figures S6.2a, (i) and (ii)) generally showed some crystallinity ascribed to 

the CdS nanoparticles in the samples. 

 

Figure 6.4:  (a) Powder X-ray diffractograms for as-prepared materials.  (b) Selected area 

diffraction (SAED) patterns of (i) CNNS-CB, (ii) 10% CdS/CNNS-CB and (iii) CdS 

samples 
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6.3.1.3 Chemical structure and composition 

In order to identify the chemical structures in the as-prepared samples, Fourier transform 

infrared spectroscopy (FTIR) was carried out, and the results are presented in Figure 6.5.  

The CdS spectrum presented a distinct pattern when compared with the CNNS-CB 

samples.  The peaks at around 3477-2890 cm-1 were assigned to either N-H or hydroxyl 

group stretching vibrations and were ascribed to the presence of the NH2 functional group 

and adsorbed water in the samples, respectively [23].  Meanwhile, a peak at 2151 cm-1 

was assigned to the cyano group (-C≡N) that may be present in the samples with the 

CNNS-CB component [24].  The bands at around 1700-1011 cm-1 were assigned to C-N 

or C=N heterocycles in the CNNS-CB-based samples [25].  Also, the band at 806 cm-1, 

which was missing in the CdS sample, was attributed to the out-of-plane bending 

vibration of tri-s-triazine (heptazine) or s-triazine (triazine) units in the CNNS-CB-based 

samples [26].  Finally, for the CdS sample, the peak at 624 cm-1 in the fingerprint region 

was assigned to the Cd-S stretching vibration [27]. 

 

Figure 6.5:  ATR-FTIR spectra for as-prepared samples 

4000 3200 2400 1600 800 0

 

Wavenumber/cm-1

 CdS
624

 

 5% CdS/CNNS-CB

2156

 

%
 T

ra
n

s
m

it
ta

n
c

e

 10% CdS/CNNS-CB

 

 20% CdS/CNNS-CB

 

 

 CNNS-CB

3477-2890
1700-1011

806



180 

 

Furthermore, the elemental composition and distribution of the samples were investigated 

using SEM-EDX.  The elemental composition graph, table (inset), and the mapping 

images of the samples are presented in Figure 6.6 and Supporting Information Figures 

S6.2 (b) and (c).  As depicted in Figure 6.6a, C, N, and O elements were present in the 

CNNS-CB sample, and nitrogen was in a large proportion (58.48%) in the sample (Figure 

6.6a inset).  For the composites, in Figure 6.6b and Supporting Information Figures S6.2 

(b) and (c), it was observed that all the elements (C, N, O, S and Cd) present in CNNS-

CB and CdS were represented.  This suggests that there was a successful formation of the 

composites.  Cadmium (Cd) was evenly distributed especially in 5% CdS/CNNS-CB and 

20% CdS/CNNS-CB (Supporting Information Figures S6.2 (b) and (c), respectively).  

Figure 6.6c shows that only Cd and S were present in the as-prepared CdS sample. 

 

Figure 6.6:  SEM-EDX elemental composition graph, composition table (inset), and the 

corresponding mapping images for (a) CNNS-CB, (b) 10% CdS/CNNS-CB and (c) CdS 

samples 
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6.3.1.4 Rate of recombination of photogenerated charges 

The rate of recombination of photogenerated charges is crucial in photo-driven devices 

such as solar cells, where a material exhibiting a low recombination rate is desirable.  

Figure 6.7 show the PL spectra of the as-prepared samples excited at a wavelength of 410 

nm.  The CNNS-CB sample exhibited the highest intensity compared with the other 

materials, implying that the rate of recombination of photogenerated charges was highest 

in this sample.  Nevertheless, the intensity of the CNNS-CB generally decreased 

significantly due to the introduction of the CdS dopant.  Overall, the PL intensity of the 

composites and CdS was lower than that of the pure CNNS-CB material, thus, indicating 

lower recombination rates of photogenerated charges in CdS and the composites 

materials, which can be helpful in solar cell applications.  Moreover, the CNNS-CB 

sample exhibited a red-shift as a function of increasing the CdS dose, indicating that the 

introduction of the CdS dopant probably modulated the band structure (band gap), thus 

the red-shift. 

 

Figure 6.7:  Photoluminescence spectra for as-prepared samples at an excitation 

wavelength of 410 nm  
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6.3.1.5 Optical properties and band structure 

In order to determine the optical properties of as-prepared samples, UV-diffuse 

reflectance spectroscopy (UV-DRS) was carried out, and the spectra obtained are 

depicted in Figure 6.8.  From Figure 6.8a, CdS exhibited the highest optical absorption at 

a wavelength of about 490 nm.  Although with the incorporation of CNNS-CB, the 

intensity of the CdS decreased significantly, the absorption edge of the composites (5% 

CdS/CNNS-CB, 10% CdS/CNNS-CB, and 20% CdS/CNNS-CB) was extended towards 

longer wavelengths (red shift).  The red shift experienced in the composites could be 

attributed to proper band alignment that resulted from intrinsic band structure 

modification in the composites, which is beneficial in solar-driven applications.  The 

CNNS intensity was the lowest but extended towards the visible light region, as shown 

in Figure 6.8a. 

The band structure of the photoactive materials was determined by the estimation of the 

band gap energies from the transformed Kubelka-Munk ((αhν)1/2/eV1/2 vs E/eV) plot 

(Figure 6.8b).  The calculated band gap values are presented in Table 6.1.  The band gap 

energies for CdS, 5% CdS/CNNS-CB, 10% CdS/CNNS-CB, 20% CdS/CNNS-CB, and 

CNNS-CB samples were: 2.14, 2.07, 1.99, 2.03, and 2.09 eV, respectively.  The 10% 

CdS/CNNS-CB sample exhibited the lowest band gap, probably due to the formation of 

a heterostructure between CNNS-CB and CdS with a modified band structure, thus a low 

band gap value.  Essentially, a low band gap is beneficial since the material would absorb 

more light, especially in the visible region of the electromagnetic spectrum.  Moreover, 

the positions of the conduction band (CB) and the valence band (VB) were estimated by 

using the already calculated band gap energies (from the Kubelka-Munk plots) in the 

Butler and Ginley equations (Equations (1) and (2)) 

EVB = χ − Ee + 0.5Eg       Equation (1) 

ECB = EVB − Eg         Equation (2) 

where Eg is the energy gap (band gap) calculated from the Kubelka-Munk plot, χ is the 

electronegativity of the semiconductor and is 4.73 eV for g-C3N4 [28], and Ee is the energy 

of free electrons on the hydrogen scale (approx. 4.5 eV).  The calculated values of the VB 

and CB are illustrated in Table 6.1.  The VBs and CBs values of the CNNS-CB sample 
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changed significantly when the CdS dopant was introduced, suggesting that new materials 

were formed during composite formation. 

  

  

Figure 6.8:  (a) The UV-Visible diffuse reflectance spectra and (b) transformed Kubelka-

Munk plots for as-prepared pure CdS, CNNS-CB, and CdS/CNNS-CB composites 

samples 

Table 6.1:  Optical properties of the as-prepared samples 

Material 
Band gap 

energy/eV 

Valence band 

potential/eV 

Conduction 

band 

potential/eV 

CdS 2.14 1.30 -0.84 

5% CdS/CNNS-CB 2.07 1.27 -0.8 

10% CdS/CNNS-CB 1.99 1.23 -0.76 

20% CdS/CNNS-CB 2.03 1.25 -0.78 

CNNS-CB 2.09 1.28 -0.81 

6.3.1.6 Thermal stability 

Figure 6.9 shows the thermograms of the as-prepared samples investigated under air.  

Figure 6.9a show the weight loss as a function of temperature for the materials, between 

a temperature of 27 and 968 °C.  The initial mass loss of about 2% experienced by the 

samples from the initial temperature to about 200 °C was ascribed to the loss of adsorbed 

water in the samples.  The drastic mass loss for the CNNS-CB, 5% CdS/CNNS-CB, 10% 
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CdS/CNNS-CB, and 20% CdS/CNNS-CB samples that occurred at a temperature around 

500 - 750 °C was linked to the thermal decomposition of the g-C3N4 framework, to release 

CO2 and oxides of nitrogen (NOx).  The CdS sample, as expected, experienced no mass 

loss because of its high thermal stability of above 1000 °C.  Furthermore, the residual 

masses for 5% CdS/CNNS-CB, 10% CdS/CNNS-CB, and 20% CdS/CNNS-CB 

composites were 5.76, 10.94, and 17.95%, respectively.  The residual masses obtained 

were attributed to the remaining mass of thermally stable CdS in the samples.  Notably, 

the respective residual masses of the composites agreed with the proportion of CdS 

incorporated in the CNNS-CB before forming the composites via a mechanochemical 

approach (refer to Section 6.2.2).  The specific decomposition temperatures of the 

samples were deduced from the derivative curves presented in Figure 6.9b.  The exact 

thermal decomposition temperature for 5% CdS/CNNS-CB, 10% CdS/CNNS-CB, 20% 

CdS/CNNS-CB, and CNNS-CB were found to be: 711, 697, 706, and 707 °C, 

correspondingly.  It can be noted that the CNNS-CB-based samples experience high 

thermal stability (stable up to 690 °C), which is desirable in photo-driven applications. 

  

Figure 6.9:  (a) TGA thermograms and (b) the corresponding derivative graphs for as-

prepared pure CdS, CNNS-CB, and CdS/CNNS-CB composite samples, performed under 

air conditions  
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6.3.2 Device characterisation and measurements 

The performance of the fabricated devices was evaluated and is presented in this section 

in terms of photovoltaic parameters, i.e., PCE, open circuit voltage (Voc), short circuit 

current density (Jsc), fill factor (FF), and series resistance (Rs). 

6.3.2.1 Optical absorption of the devices 

In order to ascertain the light-harvesting ability of the fabricated devices, optical 

absorption spectra were obtained.  Figure 6.10 shows the optical absorption of devices 

with or without the dopants in the active layer.  As can be observed, the absorbance of all 

devices was highest in the region between 450-600 nm of the electromagnetic spectrum, 

an indication that they can absorb visible light, which is the most abundant in solar 

radiation.  The absorption maximum centred at around 512 nm can be ascribed to the 

absorbance of a common P3HT:PC61BM polymer blend utilised in all devices.  

Remarkably, the absorption intensity of the doped devices was higher than that of the 

undoped cell (pristine), and this was attributed to the enhanced light harvesting ability 

brought about by the dopants in the active layers. 

Furthermore, for only doped devices, the absorption shoulder at around 600 nm (which 

was missing in the spectrum of the pristine device) extended towards a longer wavelength 

(Figure 6.10).  The introduction of dopants could have led to the red shift, which is 

beneficial in OSCs.  The OSC with the 10% CdS/CNNS-CB exhibited the highest 

absorption in the visible region when compared with its counterparts.  This can be 

ascribed to its lowest band gap energy (see Table 6.1), which facilitates the absorption of 

more visible light.  Essentially, the greater the light-harvesting capability of a device, the 

more improved should be its photovoltaic performance. 
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Figure 6.10:  Optical absorption spectra of the fabricated OSC devices 
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photogenerated charges and poor light-harvesting characteristics.  It can be observed that 

the devices with CNNS-CB components (Table 6.2) showed a relatively low series 

resistance of less than 600 Ω cm2; this could imply that the CNNS-CB could aid in the 

passivation of bulk defects and facilitate a fast charge transfer process in the devices [29]. 

Nonetheless, the devices with 5% CdS/CNNS-CB and 20% CdS/CNNS-CB showed 

appreciably high PCEs of 2.74 and 2.70%, respectively.  The relatively high performance 

could be credited to relatively high Jsc (above 10 mA cm-2) and FF values (above 50%).  

Notably, the slight difference in their performance could be due to the fact that Jsc and FF 

in 20% CdS/CNNS-CB devices slightly dropped, probably due to an increase in CdS 

dopant concentration beyond the optimum 10%.  Generally, the performance of doped 

devices with CdS/CNNS-CB composites was higher than that of individual CdS and 

CNNS-CB, implying that there was a significant synergistic effect in the composites. 

 

Figure 6.11:  The current-voltage characteristic of OSC devices fabricated with 

P3HT:PC61BM active layer blends with various dopants at 1.0 wt.% concentration  
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Table 6.2:  Photovoltaic parameters of the fabricated OSC devices 

P3HT:PC61BM:Nanoparticles Voc/V Jsc/mA cm-2 FF/% PCE/% Rs/Ω cm2 

Pristine 0.57 10.03 39.43 1.89 838 

CdS 0.53 8.24 49.97 1.92 698 

CNNS-CB 0.53 10.03 46.01 2.36 582 

5% CdS/CNNS-CB 0.50 10.95 51.74 2.74 536 

10% CdS/CNNS-CB 0.54 12.57 55.26 3.45 511 

20% CdS/CNNS-CB 0.50 10.49 50.60 2.70 567 

6.3.2.3 Charge transport characteristics 

Device charge transport characteristics are an important property to measure in an OSC 

since they give an indication of the mobility of charge carriers in the device.  In order to 

investigate the charge transfer properties of the fabricated devices, space charge limited 

current (SCLC) measurements were made under dark conditions [30].  In the dark, charge 

generation is impeded due to the absence of light, and trap states are filled in the material.  

Figure 6.12 shows the J-V curves taken in the dark for the fabricated devices on a log 

scale.  As can be seen, from Figure 6.12a, the J-V curves manifest a diode-like behaviour.  

The graph can be divided into three regions; the first part is at low voltage.  Here, the 

curve obeys Ohms law; the second part is evidenced by a sudden dip where all the trap 

states have been filled; and the third region is where the curve becomes asymptotic before 

reaching a maximum.  This is the SCLC regime, where the current extracted from the 

device is dependent only on the bulk properties of the active layer.  Consequently, the 

Mott–Gurney law can be utilised to explain the SCLC of a given system, with the 

condition that the Ohmic contact exists between the electrode and semiconductor [30, 

31].  Therefore, the Mott–Gurney law can be expressed as  

𝐽 =
9

8
𝜀𝜀˳𝜇˳

𝑉2

𝐿3 𝑒𝑥𝑝 (0.89𝛾√
𝑉

𝐿
)      Equation (3) 

where ε is the relative permittivity of the material, ε˳ is the permittivity of free space, μ˳ 

is the low-field mobility, 𝛾 is the field activation factor, V is the applied voltage, Vbi, is 



189 

 

the built-in voltage, and L is the thickness of the active layer.  In order to obtain the values 

of zero field mobility and the field activation factor, the data acquired from the SCLC 

measurement in the dark was fitted into Equation 3.  The fitting graph was plotted and is 

presented in Figure 6.12b.  As can be observed, the experimental data fit well with 

Equation 3.  Meanwhile, Table 6.3 depicts the zero field mobilities obtained and the field 

activation factors of devices.  Clearly, the effect of dopants on μ˳, the transport parameter, 

was significant.  From Table 6.3, the device with CdS exhibited the highest carrier 

mobility, μ˳ of 7.2080 × 10-3 cm2 S-1 V-1 at a field activation factor of -9.5347 × 10-4 cm 

V-1, while the pristine device showed the lowest value of 2.1514 × 10-4 cm2 S-1 V-1, at a 𝛾 

value of -1.3677 × 10-4 cm V-1, implying that CdS nanoparticles can facilitate a fast charge 

transport mechanism in the OSC.  Generally, the values of μ˳, the transport parameter, 

increased by order of magnitude with the incorporation of dopants into the active layer of 

the respective devices compared with the pristine materials.  Nonetheless, the values of 

the field activation factor, 𝛾, apparently remained unchanged as a function of doping. 

  

Figure 6.12:  The current-voltage characteristics measured in the dark for devices with 

different nanoparticles (a) and (b) the SCLC achieved from the fabricated OSC devices, 

and a fit based on Equation (3)  
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Table 6.3:  The charge carrier mobility parameters for the fabricated OSCs 

P3HT:PC61BM:Nanoparticles 
µo (Zero-field 

mobility)/cm2 S-1 V-1 

γ (Field activation 

factor)/cm V-1 

Pristine 2.1514 × 10-4 -1.3677 × 10-4 

Cds 7.2080 × 10-3 -9.5347 × 10-4 

CNNS-CB 1.9359 × 10-3 -4.5823 × 10-4 

5% Cds/CNNS-CB 1.8990 × 10-3 -1.2252 × 10-4 

10% Cds/CNNS-CB 1.4998 × 10-3 -1.2009 × 10-4 

20% Cds/CNNS-CB 1.9272 × 10-3 -1.2307 × 10-4 

6.4 Conclusion 

Graphitic carbon nitride nanosheets (CNNS-CB) from the chemical blowing method of 

exfoliation of bulk g-C3N4 were synthesised and successfully doped with cadmium 

sulfide nanoparticles.  The as-prepared materials were suitably incorporated into the 

active layer of an organic solar cell (OSC) with poly(3-hexylthiophene) (P3HT) and [6,6]-

phenyl C61-butyric acid methyl ester (PCBM) polymer blends as a dopant.  The 

introduction of dopants in the active layer was aimed towards the improvement of photon 

harvesting, charge transport, and suppression of fast charge recombination in the active 

layer of an OSC, thus, yielding high performance.  From the results obtained, it was 

established that the CNNS-CB material exhibited an amorphous structure with defects 

probably caused by escaping blowing gases during the synthesis process.  Basically, a 

porous structure can aid in the creation of cross-plane diffusion channels for effective 

charge and mass transfer processes.  The introduction of defects in the CNNS-CB material 

is believed to have led to intrinsic modulation of the band structure, leading to the 

exhibited low band gap (of about 2.09 eV) formation, which was effective in the light-

harvesting process.  In view of this, the band gap reduction in the composites was linked 

more to the presence of the CNNS-CB component, thus, aiding light-harvesting.  

Moreover, the CdS nanoparticles formed were somewhat crystalline and, therefore, could 

be responsible for the crystallinity observed in the composites.  Also, the CdS sample 

showed the lowest rate of recombination of photogenerated charges; therefore, it was 
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deduced that CdS could have aided in suppressing the fast recombination of 

photogenerated charges in the composites. 

Consequently, the as-prepared CdS/CNNS-CB composites showed better light absorption 

due to a reduced band gap and suppressed recombination of photogenerated charges 

(relatively low photoluminescence intensity), ascribed to the existence of a synergistic 

effect between the CNNS-CB and CdS materials.  Remarkably, by incorporating 10% 

CdS/CNNS-CB as a dopant in the active layer of the OSC, our device attained an optimal 

PCE of 3.45%, which was a power conversion enhancement of about 183% compared 

with that of the pristine device (PCE = 1.89%).  The best performance was ascribed to 

better light-harvesting properties, the reduced recombination rate of photogenerated 

charges, and enhanced charge mobility compared with the undoped device.  However, it 

was noted that a large dose of CdS in the sample was detrimental to the PCE of the device.  

Therefore, CdS concentrations should be kept optimally low for improved performance 

and, by extension, for environmental concerns.  This work demonstrates a potential 

avenue for improving the performance of OSC in the near future. 

Acknowledgements 

The authors are appreciative of the financial support provided by the National Research 

Foundation (NRF) of South Africa, under grant numbers 103979 and 109580; the 

University of KwaZulu-Natal (UKZN), the UKZN Nanotechnology Platform, and the 

Eskom Tertiary Education Support Programme (TESP).  Finally, the authors are very 

thankful to Professor Genene Mola and his team at the UKZN-PMB campus for using 

facilities in their laboratory to fabricate devices. 

Conflict of interest 

The authors declare no conflict of interest.  



192 

 

References 

[1]  R. Ma, C. Yan, J. Yu, T. Liu, H. Liu, Y. Li, J. Chen, Z. Luo, B. Tang, X. Lu, G. Li, 

H. Yan, High-efficiency ternary organic solar cells with a good figure-of-merit 

enabled by two low-cost donor polymers. ACS Energy Lett. 7, 2547-2556 (2022). 

https://doi.org/10.1021/acsenergylett.2c01364.  

[2]  O.A. Abdulrazzaq, V. Saini, S. Bourdo, E. Dervishi, A.S. Biris, Organic solar cells: 

A review of materials, limitations, and possibilities for improvement. Part. Sci. 

Technol. 31, 427-442 (2013). https://doi.org/10.1080/02726351.2013.769470.  

[3]  Z. Hu, J. Wang, X. Ma, J. Gao, C. Xu, K. Yang, Z. Wang, J. Zhang, F. Zhang, A 

critical review on semitransparent organic solar cells. Nano Energy. 78, 105376 

(2020). https://doi.org/10.1016/j.nanoen.2020.105376.  

[4]  K. Jin, Z. Xiao, L. Ding, 18.69% PCE from organic solar cells. J. Semicond. 42, 

060502 (2021). https://doi.org/10.1088/1674-4926/42/6/060502.  

[5]  R. Zhou, Z. Jiang, C. Yang, J. Yu, J. Feng, M.A. Adil, D. Deng, W. Zou, J. Zhang, 

K. Lu, W. Ma, F. Gao, Z. Wei, All-small-molecule organic solar cells with over 

14% efficiency by optimizing hierarchical morphologies. Nat. Commun. 10, 5393 

(2019). https://doi.org/10.1038/s41467-019-13292-1.  

[6]  S.D. Dimitrov, Z. Huang, F. Deledalle, C.B. Nielsen, B.C. Schroeder, R.S. Ashraf, S. 

Shoaee, I. McCulloch, J.R. Durrant, Towards optimisation of photocurrent from 

fullerene excitons in organic solar cells. Energy Environ. Sci. 7, 1037-1043 (2014). 

https://doi.org/10.1039/C3EE42607F  

[7]  C. Cui, Y. Li, Morphology optimization of photoactive layers in organic solar cells. 

Aggregate. 2, e31 (2021). https://doi.org/10.1002/agt2.31.  

[8]  C. Ma, N.-G. Park, A realistic methodology for 30% efficient perovskite solar cells. 

Chem. 6, 1254-1264 (2020). https://doi.org/10.1016/j.chempr.2020.04.013.  

[9]  S.R. Cowan, N. Banerji, W.L. Leong, A.J. Heeger, Charge formation, recombination, 

and sweep-out dynamics in organic solar cells. Adv. Funct. Mater. 22, 1116-1128 

(2012). https://doi.org/10.1002/adfm.201101632.  

[10]  M. Riede, D. Spoltore, K. Leo, Organic solar cells—The path to commercial success. 

Adv. Energy Mater. 11, 2002653 (2021). https://doi.org/10.1002/aenm.202002653.  

[11]  P. Mahendia, G. Chauhan, H. Wadhwa, G. Kandhol, S. Mahendia, R. Srivastava, 

O.P. Sinha, T.D. Clemons, S. Kumar, Study of induced structural, optical and 

electrochemical properties of poly(3-hexylthiophene) (P3HT), [6,6]-phenyl-C61-

butyric-acid-methyl-ester (PCBM) and their blend as an effect of graphene doping. 

J. Phys. Chem. Solids. 148, 109644 (2021). 

https://doi.org/10.1016/j.jpcs.2020.109644.  

[12]  A.T. Mallajosyula, S.S.K. Iyer, B. Mazhari, Increasing the efficiency of charge 

extraction limited poly-(3-hexylthiophene):[6,6] phenyl C61-butyric acid methyl 

ester solar cells using single walled carbon nanotubes with metallic characteristics. 

J. Appl. Phys. 109, 124908 (2011). https://doi.org/10.1063/1.3598081.  

[13]  D.H. Shin, C.W. Jang, J.S. Ko, S.-H. Choi, Enhancement of efficiency and stability 

in organic solar cells by employing MoS2 transport layer, graphene electrode, and 

https://doi.org/10.1021/acsenergylett.2c01364
https://doi.org/10.1080/02726351.2013.769470
https://doi.org/10.1016/j.nanoen.2020.105376
https://doi.org/10.1088/1674-4926/42/6/060502
https://doi.org/10.1038/s41467-019-13292-1
https://doi.org/10.1039/C3EE42607F
https://doi.org/10.1002/agt2.31
https://doi.org/10.1016/j.chempr.2020.04.013
https://doi.org/10.1002/adfm.201101632
https://doi.org/10.1002/aenm.202002653
https://doi.org/10.1016/j.jpcs.2020.109644
https://doi.org/10.1063/1.3598081


193 

 

graphene quantum dots-added active layer. Appl. Surf. Sci. 538, 148155 (2021). 

https://doi.org/10.1016/j.apsusc.2020.148155.  

[14]  Z. Zhao, Y. Sun, F. Dong, Graphitic carbon nitride based nanocomposites: A review. 

Nanoscale. 7, 15-37 (2015). https://doi.org/10.1039/C4NR03008G  

[15]  N. Rono, J.K. Kibet, B.S. Martincigh, V.O. Nyamori, A review of the current status 

of graphitic carbon nitride. Crit. Rev. Solid State Mater. Sci. 46, 189-217 (2021). 

https://doi.org/10.1080/10408436.2019.1709414.  

[16]  D. Lu, P. Fang, W. Wu, J. Ding, L. Jiang, X. Zhao, C. Li, M. Yang, Y. Li, D. Wang, 

Solvothermal-assisted synthesis of self-assembling TiO2 nanorods on large 

graphitic carbon nitride sheets with their anti-recombination in the photocatalytic 

removal of Cr(VI) and rhodamine B under visible light irradiation. Nanoscale. 9, 

3231-3245 (2017). https://doi.org/10.1039/C6NR09137G.  

[17]  N. Rono, J.K. Kibet, B.S. Martincigh, V.O. Nyamori, A comparative study between 

thermal etching and liquid exfoliation of bulk graphitic carbon nitride to nanosheets 

for the photocatalytic degradation of a model environmental pollutant, Rhodamine 

B. J. Mater. Sci. Mater. 32, 687-706 (2021). https://doi.org/10.1007/s10854-020-

04849-8.  

[18]  H. Liu, S. Ma, L. Shao, H. Liu, Q. Gao, B. Li, H. Fu, S. Fu, H. Ye, F. Zhao, J. Zhou, 

Defective engineering in graphitic carbon nitride nanosheet for efficient 

photocatalytic pathogenic bacteria disinfection. Appl. Catal. B: Environ. 261, 

118201 (2020). https://doi.org/10.1016/j.apcatb.2019.118201.  

[19]  P. Niu, M. Qiao, Y. Li, L. Huang, T. Zhai, Distinctive defects engineering in 

graphitic carbon nitride for greatly extended visible light photocatalytic hydrogen 

evolution. Nano Energy. 44, 73-81 (2018). 

https://doi.org/10.1016/j.nanoen.2017.11.059.  

[20]  Y. Jiang, Z. Sun, C. Tang, Y. Zhou, L. Zeng, L. Huang, Enhancement of 

photocatalytic hydrogen evolution activity of porous oxygen doped g-C3N4 with 

nitrogen defects induced by changing electron transition. Appl. Catal. B: Environ. 

240, 30-38 (2019). https://doi.org/10.1016/j.apcatb.2018.08.059.  

[21]  Z.R. Khan, M. Zulfequar, M.S. Khan, Chemical synthesis of CdS nanoparticles and 

their optical and dielectric studies. J. Mater. Sci. 46, 5412-5416 (2011). 

10.1007/s10853-011-5481-0.  

[22]  J. Wang, D. Hao, J. Ye, N. Umezawa, Determination of crystal structure of graphitic 

carbon nitride: Ab initio evolutionary search and experimental validation. Chem. 

Mater. 29, 2694-2707 (2017). https://doi.org/10.1021/acs.chemmater.6b02969.  

[23]  G. Liu, G. Zhao, W. Zhou, Y. Liu, H. Pang, H. Zhang, D. Hao, X. Meng, P. Li, T. 

Kako, J. Ye, In situ bond modulation of graphitic carbon nitride to construct p–n 

homojunctions for enhanced photocatalytic hydrogen production. Adv. Funct. 

Mater. 26, 6822-6829 (2016). https://doi.org/10.1002/adfm.201602779.  

[24]  S. Yang, Y. Gong, J. Zhang, L. Zhan, L. Ma, Z. Fang, R. Vajtai, X. Wang, P.M. 

Ajayan, Exfoliated graphitic carbon nitride nanosheets as efficient catalysts for 

hydrogen evolution under visible light. Adv. Mater. 25, 2452-2456 (2013). 

https://doi.org/10.1002/adma.201204453.  

https://doi.org/10.1016/j.apsusc.2020.148155
https://doi.org/10.1039/C4NR03008G
https://doi.org/10.1080/10408436.2019.1709414
https://doi.org/10.1039/C6NR09137G
https://doi.org/10.1007/s10854-020-04849-8
https://doi.org/10.1007/s10854-020-04849-8
https://doi.org/10.1016/j.apcatb.2019.118201
https://doi.org/10.1016/j.nanoen.2017.11.059
https://doi.org/10.1016/j.apcatb.2018.08.059
https://doi.org/10.1021/acs.chemmater.6b02969
https://doi.org/10.1002/adfm.201602779
https://doi.org/10.1002/adma.201204453


194 

 

[25]  Y. Shi, Z. Gui, B. Yu, R.K.K. Yuen, B. Wang, Y. Hu, Graphite-like carbon nitride 

and functionalized layered double hydroxide filled polypropylene-grafted maleic 

anhydride nanocomposites: Comparison in flame retardancy, and thermal, 

mechanical and UV-shielding properties. Compos. B. Eng. 79, 277-284 (2015). 

https://doi.org/10.1016/j.compositesb.2015.04.046.  

[26]  B.V. Lotsch, M. Döblinger, J. Sehnert, L. Seyfarth, J. Senker, O. Oeckler, W. 

Schnick, Unmasking melon by a complementary approach employing electron 

diffraction, solid-state nmr spectroscopy, and theoretical calculations—structural 

characterization of a carbon nitride polymer. Eur. J. Chem. 13, 4969-4980 (2007). 

https://doi.org/10.1002/chem.200601759.  

[27]  M. Cui, Y. Xin, R. Song, Q. Sun, X. Wang, D. Lu, Fluorescence sensor for bovine 

serum albumin detection based on the aggregation and release of CdS QDs within 

CMC. Cellulose. 27, 1621-1633 (2020). https://doi.org/10.1007/s10570-019-

02865-4.  

[28]  Y. Sun, W. Zhang, T. Xiong, Z. Zhao, F. Dong, R. Wang, W.-K. Ho, Growth of 

BiOBr nanosheets on C3N4 nanosheets to construct two-dimensional nanojunctions 

with enhanced photoreactivity for NO removal. J. Colloid Interface Sci. 418, 317-

323 (2014). https://doi.org/10.1016/j.jcis.2013.12.037.  

[29]  P. Liu, Y. Sun, S. Wang, H. Zhang, Y. Gong, F. Li, Y. Shi, Y. Du, X. Li, S.-s. Guo, 

Q. Tai, C. Wang, X.-Z. Zhao, Two dimensional graphitic carbon nitride quantum 

dots modified perovskite solar cells and photodetectors with high performances. J. 

Power Sources. 451, 227825 (2020). 

https://doi.org/10.1016/j.jpowsour.2020.227825.  

[30]  Z. Xu, J.P. Madalaimuthu, J.B. Slowik, R. Meitzner, A. Anand, S. Alam, H. Corte, 

S. Stumpf, U.S. Schubert, H. Hoppe, Compatible solution-processed interface 

materials for improved efficiency of polymer solar cells. Adv. Mater. Interfaces 

2201740 (2022). https://doi.org/10.1002/admi.202201740.  

[31]  G. Tessema, Charge transport across bulk heterojunction organic thin film. Appl. 

Phys. A. 106, 53-57 (2012). https://doi.org/10.1007/s00339-011-6676-6.  

 

 

https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.1002/chem.200601759
https://doi.org/10.1007/s10570-019-02865-4
https://doi.org/10.1007/s10570-019-02865-4
https://doi.org/10.1016/j.jcis.2013.12.037
https://doi.org/10.1016/j.jpowsour.2020.227825
https://doi.org/10.1002/admi.202201740
https://doi.org/10.1007/s00339-011-6676-6


195 

 

CHAPTER SEVEN 

Recent advances in the development and simulation of perovskite solar 

cell devices 

Nicholas Rono,a Abdelkrim E. Merad,b Joshua K. Kibet,c Bice S. Martincigha and 

Vincent O. Nyamoria* 

aSchool of Chemistry and Physics, University of KwaZulu-Natal, Westville Campus, 

Private Bag X54001, Durban, 4000, South Africa 

bSolid State Physics Team, Theoretical Physics Laboratory, Faculty of Sciences, A 

Belkaid University, Box 119, 13000, Tlemcen, Algeria 

cChemistry Department, Egerton University, Njoro Campus, P.O. Box 536-20115, 

Egerton, Kenya 

*Corresponding author: E-mail: Nyamori@ukzn.ac.za, Tel: +27312608256 

Abstract 

Recently, perovskite solar cells (PSCs) have gained enormous scientific attention because 

of their high-power conversion efficiency (PCE) of above 25%, ease of fabrication, and 

relatively low cost.  Consequently, PSCs are promising to replace the expensive silicon-

based solar cells.  However, despite their attractive attributes, PSCs still face numerous 

challenges, such as low stability, interfacial and bulk recombination of photogenerated 

charges, and lead toxicity, thus, hindering their commercialisation.  In this review, various 

configurations of the devices and the challenges facing PSCs have been highlighted.  The 

current state-of-the-art computational modelling simulators are presented and extensively 

discussed.  In addition, the utilisation of simulators in studying the physics of the devices 

has been exemplified.  The advantages and shortcomings of various simulators in 

simulations of PSC devices have been pointed out.  Overall, this review will shed more 

light on the theoretical and experimental future fabrication strategies of PSCs and easing 

hurdles for better performances and envisaged commercialisation. 

Keywords:  Numerical simulation; electron transport layer; perovskite solar cells; power 

conversion efficiency; hole transport layer; lead-free 
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7.1 Introduction 

Globally, technological advancement and ever-rising population growth have led to 

substantial energy demands.  Consequently, available fossil fuels are on the verge of 

depletion because of overutilisation in various sectors of world economies.  In essence, 

industrialisation has been embraced by many countries because it is known to boost 

economic growth but requires a high amount of energy, which has accelerated the 

utilisation of non-renewable sources [1].  The excessive use of these forms of energy has 

led to pollution of the environment and global warming effects because of the emission 

of greenhouse gases such as carbon dioxide, methane, and oxides of nitrogen (NOx), and 

many others, thus causing climate change [2].  To mitigate these effects, scientists are 

exploring renewable potential energy sources such as geothermal, wind, and solar to 

replace non-renewable sources [3, 4].  Among these packs of energy sources, solar energy 

has been identified to be more promising.  Thus, many efforts have been put forward to 

harvest it both at industrial and laboratory scales.  Towards this end, photovoltaic 

technologies have attracted much scientific attention and technologies towards converting 

solar energy directly to other forms [5].  According to the American Society for Testing 

and Materials, the solar energy reaching the earth’s surface is air mass 1.5G (AM 1.5G) 

and air mass 1.5D (AM 1.5D), as depicted in Figure 7.1.  For instance, the power densities 

for these spectral irradiances, AM 1.5G is about 1000 W m-2, and AM 1.5D is about 900 

W m-2 [6-8].  The spectral irradiance AM 1.5G is relevant to photovoltaics, and AM 1.5D 

is appropriate for solar concentrators [8].  Solar energy irradiance has not been fully 

tapped globally either by solar thermal technology or photovoltaic conversions [9].  

Generally, photovoltaic conversions of solar energy entail the following essential 

processes which must take place simultaneously in order to convert solar energy into 

useful electric current: (i) absorption of solar radiations using appropriate materials, (ii) 

generation of electron-hole pairs, (iii) separation of charge carriers (holes and electrons) 

to avoid recombination, and (iv) transfer of photogenerated holes and electrons to the 

respective electrodes [10-12].  The effectiveness of a device in the conversion of solar 

energy to electricity solely depends on these four basic processes and, therefore, efforts 

to engineer devices with high power conversion efficiencies (PCE) is still ongoing to 

optimise the above processes. 
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Basically, a perovskite material has the following general cubic structure AB2+X3 (ABX3) 

[13], where A, B and X are atoms of distinct elements.  A and B are metallic cations, 

while X is non-metallic anion such as a halogen.  An A cation is always larger size than 

the other B and X elements.  Other perovskites derivative structures include: A2B
4+X6 

such as K2PtCl6 [14];  A3B2
3+X9, for example Rb3Bi2I9 [15]; and A2B

1+B3+X6 [16], a 

typical example of which is Cs2AgBiBr6 films [17]. 

The inorganic-organic hybrid perovskites belonging to the third-generation solar cells 

have been utilised to generate cost-effective devices for solar energy conversions [18, 

19].  This is because perovskites have attractive inherent properties such as better light 

absorption capabilities, tuneable band gaps, easy and cheap fabrication routes, and high 

charge carrier mobilities [20, 21].  At present, the PCE of organo-lead perovskite solar 

cells (PSCs) has reached over 25% within ten years since its inception in 2009 by Kojima 

et al. [22]; however, this performance is still far from the theoretical Shockley–Queisser 

limit efficiency which is about a PCE of over 31% [8].  Although lead-based perovskites 

have exhibited good PCE, there are two main limitations of this kind of perovskite: 

stability issues and toxicity of lead, which limits their commercialisation [23, 24].  A new 

class of lead-free or lead-less perovskite alternatives have emerged; for example, tin (Sn) 

[25], antimony [26, 27], and germanium [28]-based perovskites have been tested because 

they are believed to be environmentally friendly [29, 30]. 

In order to boost the performance of photovoltaic devices, different approaches have been 

proposed, which include experimentally engineering devices [31], computational studies 

of PSC materials [32, 33] and, in particular, device modelling and simulations [34, 35].  

Device modelling and simulations have made impressive strides, as witnessed by the 

significant rise in the number of publications on these topics. 

This review highlights the principle of operation, various configurations, and the 

challenges facing PSCs.  Moreover, the current state‐of‐the‐art modelling simulators and 

techniques are critically reviewed.  The critical parameters that influence the overall 

performance of a PSC are illustrated regarding how they can be achieved using numerical 

simulators.  In essence, the effects of thicknesses of various layers, doping concentration, 

density of defects, different hole transport (HTL) and electron transport layer (ETL) 

materials, operating temperatures, different metal work functions, and different 

configurations on overall photovoltaic performance are presented.  
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(a) (b) 

 
 

Figure 7.1:  (a) Schematic representation of the spectral irradiance for direct sunlight, 

AM 1.5D (solid arrow), direct scattered sunlight, AM 1.5G (solid and dashed arrow), and 

sunlight outside the earth’s atmosphere (AM 0), and (b) Spectral irradiance spectra as per 

standard American Society for Testing and Materials with the spectrum of the black body 

obtained by Shockley and Queisser at a surface temperature of 6000 K [8] 

7.2 The structure, working principle, and configurations of PSCs 

A PSC generally consists of an absorber (perovskite) layer sandwiched by the HTL and 

ETL, which are also connected to charge collectors, i.e., anode and cathode [36], as shown 

in Figure 7.2a.  The cathode is normally a glass substrate coated with conductive indium-

tin-oxide (ITO) or fluorine-tin-oxide (FTO), and the anode is a metal conductor such as 

Al, Au, Pt, and Ag [37].  The role of the ETL in the device is to transport photogenerated 

electrons from the absorber to the anode and block the holes.  The attributes of an effective 

ETL material are the highest occupied molecular orbital (HOMO), also referred to as the 

valence band (VB) in semiconductors, and the lowest unoccupied molecular orbital 

(LUMO), also called the conduction band (CB) in semiconductors, must be slightly 

higher than that of the absorber.  Additionally, it must be transparent to allow light to pass 

through, have high electron mobility, and have better band alignment with the absorber 

[37].  The commonly used ETLs include indium gallium zinc oxide (IGZO), [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM), SnO2, TiO2, ZnO [38], and ZnOS [39].  On the 

other hand, the HTL is responsible for collecting holes from the absorber and transporting 

them to the cathode while blocking the electrons.  Ideally, the HOMO of the HTL must 

be slightly higher than that of the perovskite absorber and have high hole mobility for it 

to perform effectively.  Some typical examples of HTLs used include 2,2',7,7'-
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tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD), 

copper(I) oxide (Cu2O), copper(I) thiocyanate (CuSCN), copper(I) iodide (CuI), and 

poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene) (D-PBTTT-14) [40].  

The perovskite absorber layer primarily absorbs radiation from the sun, thus, generating 

excitons and separating charges.  Finally, the separated charges flow to the external circuit 

as an electric current [41, 42].  Figure 7.2b illustrates the principle of operation of a typical 

PSC device.  Notably, the charge separation process of charges is crucial as far as the 

PCE of the cell is concerned. 

 

Figure 7.2:  (a) The general structure of a typical PSC and (b) the working principle [43] 

Generally, a PSC can be classified as n-i-p (regular) (Figure 7.3a) or p-i-n (inverted) 

(Figure 7.3b), depending on which part of the device receives illumination.  For instance, 

if the ETL part receives direct sunlight, it is a n-i-p (conventional) design.  On the other 

hand, if the light is received directly from the HTL side, it is classified as p-i-n (inverted).  

These two significant classes of PSCs and their components are illustrated in Figure 7.3.  

Typically, the n part is the electron transport layer, while the i parts is the absorber, and 

p is the hole transport layer. 

(a) (b) 
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Figure 7.3:  Basic configurations of PSCs (a) n-i-p (regular) and (b) p-i-n (inverted) 

These two configurations can be further classified as mesoscopic or planar PSCs [44].  

The mesoscopic structure is formed when mesoscopic (mp) metal oxides such as mp-

TiO2 or mp-Al2O3 are added together with the perovskite material in the absorber layer.  

On the other hand, the planar configuration has only the compact perovskite layer; 

therefore, the PSC configurations can be mesoscopic or planar n-i-p or mesoscopic or 

planar p-i-n.  Figure 7.4 shows all four configurations of PSCs. 

 

Figure 7.4:  Typical configurations of PSCs [45] 
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7.2.1 Other PSCs configurations 

Recently, other unique structures have emerged, i.e., ETL-free and HTL-free PSCs.  This 

has been inspired by the need to take PSCs from the laboratory to the market; therefore, 

less costly devices must be fabricated. 

7.2.1.1 The electron transport layer-free configuration 

Typically, PSCs require the ETL layer to reduce photogenerated charge recombination 

and attain high open-circuit voltage (Voc), thus, high performance.  Nevertheless, ETL-

free perovskites have recently gained significant scientific interest because the design 

eliminates ETLs such as SnO2, ZnO, and TiO2, which require high-temperature 

fabrication procedures [31,32] and are not cost-effective [46] and thus, hinder the 

commercialisation of PSCs.  Huang et al. [47] simulated a planar PSC without the 

inclusion of an ETL by using the SCAPS-1D solar cell simulator, and the device exhibited 

a modest PCE of over 19%.  The simulation results showed that the front part of the 

device must be carefully designed since the FTO/perovskite interface density of defects 

has a significant effect on the PCE of the device greater than the perovskite/HTL 

interface.  Therefore, the passivation of the FTO/perovskite interface could significantly 

reduce the density of defects, thus reducing charge recombination.  More recently, Huang 

et al. [46] fabricated a high-performance ETL-free PSC illustrated in Figure 7.5 through 

an interface engineering strategy.  In essence, a thin layer of a small molecule, such as 1-

[N-(2-hydroxyethyl)-4′-piperidyl]-3-(4′-piperidyl) propane (PPPDE), was inserted at the 

interface between the FTO and the perovskite to passivate the density of defects and 

reduce recombination.  The device exhibited a reasonable PCE of 19.71%, which was 

31% more than the pristine device without the small molecule thin interfacial layer. 

 

Figure 7.5:  A typical ETL-free PSC [46]  



202 

 

7.2.1.2 The hole transport-free PSC 

Recently, HTL-free PSCs have emerged as an interesting architecture in PSC fabrication 

[39, 48].  This has been propelled by the fact that perovskite materials have both long 

diffusion lengths [49], which can transfer charge effectively and ambipolar behaviour 

[50]; therefore, they can serve very well in transport and charge separation without the 

need for HTL material.  Additionally, the materials commonly used for making HTLs, 

such as, spiro-OMeTAD [51] and poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) [52, 53], are expensive, presenting high cost in the fabrication 

of PSCs; therefore, the need for HTL-free devices is essential [54, 55].  Recently, Chen 

et al. [56] fabricated a PSC without a HTL material (Figure 7.6).  Typically, carbon was 

used as an electrode back contact to replace expensive metal back contacts.  Three carbon 

sources, i.e., carbon nanocoil (CNC), graphene, and multiwalled carbon nanotubes 

(MWCNTs), were investigated as the carbon source.  From the results, MWCNTs 

performance was better than the other chosen forms of carbons.  The HTL-free device 

demonstrated a decent PCE of about 11%. 

Similarly, Taheri-Ledari et al. [42] designed an HTL-free PSC with a ternary ETL 

consisting of reduced graphene oxide (RGO), ZnO nanorods, and copper indium sulfide 

quantum dots (CuInS2 QDs).  It was established that the ETL layer optimisation caused a 

high device performance of 15.74%.  Generally, for an HTL-free PSC, ETL layer 

optimisation, passivation of ETL/perovskite, and a smooth and thick perovskite layer (to 

reduce shunt resistance) are essential for the realisation of the high performance of the 

device. 

 

Figure 7.6:  A typical HTL-free PSC [56] 
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7.2.1.3 The tandem PSC 

A tandem solar cell (TSC) consists of two or more single-junction solar cells coupled 

together or with different light-absorbing layers with different band gaps [57].  Ideally, 

the PCE of such devices exceeds the theoretical Shockley-Queisser limit of 45% [58].  In 

this configuration, the absorber with a larger band gap lies above the one with a lower 

band gap energy to receive light with a shorter wavelength.  On the other hand, a lower 

band gap will receive light with longer wavelengths.  The idea is for the two absorbers to 

receive a wider spectral range and reduce spectral losses; thus, more sunlight is converted 

to electricity.  To optimise the PCE, Duha et al. [59] proposed a TSC with 

methylammonium germanium iodide (MAGeI3) and formamidinium tin iodide (FASnI3) 

absorbers (Figure 7.7) which was constructed theoretically with the aid of SCAPS-1D.  

The PCE of the tandem device was 30.85%.  Basically, for a TSC, the sub-cells are treated 

as two cells in a series connection.  This implies that the voltages of each sub-cell are 

different, and thus, the voltage in the tandem device is the sum of the individual voltages 

of each sub-cell.  In contrast, the current across the sub-cells is the same;, thus, the overall 

current of the tandem PSC.  In the SCAPS-1D simulator, a multijunction device cannot 

be simulated at once.  Therefore, each sub-cell is simulated separately [60]. 

More recently, Farhadi et al. [61] simulated the effect of different ETL and HTL materials 

on the performance of a tandem PSC with methylammonium lead iodide (MAPbI3) and 

methylammonium tin iodide (MASnI3) as absorber layers.  The device achieved a PCE 

of 30.88% after optimisation. 

 

Figure 7.7:  Tandem PSC device [59] 
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7.3 Factors limiting the performance and commercialisation of PSCs 

The PCE of solar cells is decreased by a number of factors, hence, limiting their practical 

application and consequent commercialisation.  The main factors include recombination 

of photogenerated charges [62], improper band alignment between the layers [63], 

chemical and physical degradation (stability issues) of the cell [64, 65], thermal losses 

[66, 67], and toxicity of lead. 

7.3.1 The recombination of photogenerated charges 

The recombination of photogenerated charges in solar cells can arise because of the 

presence of amphoteric defects in the absorber material or interfacial defects.  The defects 

of the absorber act as Shockley-Read-Hall non-radiative centres, which trap charges, and 

thus cause recombination [62].  Also, at the interfaces between the absorber and HTL or 

ETL, recombination can occur [68], but it has been shown theoretically by Sobayel et al. 

[34] that amphoteric defects are worse than interfacial defects.  For instance, the electrons 

should be injected effectively to the conduction band of the ETL from the absorber, so 

suitable band alignment should exist similarly for the HTL; therefore, the exciton 

recombination is minimised [69].  Through the introduction of a passivation layer at 

interfaces, the interfacial recombination has been shown to be reduced.  Peng et al. [70] 

used an ultrathin passivation layer comprising of poly(methyl methacrylate): [6,6]-

phenyl-C61-butyric acid methyl ester (PMMA:PCBM), and the device showed an 

improved open circuit voltage and an optimal PCE of 20%.  He et al. [71] designed a 

sandwich-like electron transport layer for a PSC with carbon quantum dots (CQDs) in 

between two tin oxide (SnO2) layers, as shown in Figure 7.8.  Essentially, in the 

engineered ETL, the bottom SnO2 passivates the defects of the FTO layer, and at the 

FTO/SnO2 interface, the charge recombination is greatly reduced.  The CQDs caused 

enhanced optical transparency, a charge carrier transfer mechanism, and hole 

blocking/electron transport at the ETL.  Overall, the hysteresis loss was reduced, and thus, 

the PCE of the PSC was significantly augmented.  
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Figure 7.8:  (a) A typical schematic representation of the layers of a PSC with a 

passivating layer of CQDs and (b) a corresponding cross-sectional SEM image showing 

the sandwich-like designed ETL [71] 

Similarly, Liu et al. [72] inserted a graphitic carbon nitride quantum dot (g-CNQD) layer 

between the SnO2 ETL and perovskite layer materials in a PSC with the following 

architecture: FTO/SnO2/g-CNQD/Perovskite/Spiro-OMETAD/Au (Figure 7.9, inset).  

The g-CNQDs helped modify the interface and achieve a smooth surface for forming the 

perovskite layer with high crystallinity.  Additionally, the g-CNQDs aided in suppressing 

the recombination rate of photogenerated charges by passivating the defects and high 

grain boundaries. 

 

Figure 7.9:  A typical current-voltage curve for a PSC (inset) with g-CNQDs as 

passivating agent [72]  
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7.3.2 Stability issues 

Chemical and physical degradation of materials used in solar cells is also a barrier to 

achieving high efficiency [64].  When degradation occurs, the structure of the device will 

ultimately collapse and the performance is greatly reduced [73].  Basically, PSC 

components degrade due to exposure to moisture [74], heat [75], ultraviolet light, and 

oxygen [76]. 

7.3.2.1 Moisture 

Water vapour in the air can diffuse into the PSC device, causing chemical degradation or 

water molecules could be present during fabrication and cause degradation in the PSC.  

This explains why during the actual fabrication process of PSCs, the humidity of the 

surroundings should be as low as possible.  Normally, the fabrication process is carried 

out in a glovebox under inert conditions, such as a continuous flow of N2 or Ar gases 

[77].  Generally, the perovskite layer can first degrade to its components, and thereafter, 

the constituents react with water [20].  For instance, PEDOT:PSS as the HTL is known 

to be hygroscopic; hence, it can absorb water, thus causing the degeneration of the HTL 

[78].  However, some researchers infer that a particular level of humidity is required to 

facilitate the formation of perovskite materials, and therefore, much discussion is ongoing 

on this aspect [79].  Lin et al. [80] prepared caesium lead halide perovskites (CsPbI2Br) 

in the presence of water and dimethyl sulfoxide (DMSO), and it was shown that uniform 

CsPbI2Br films (with the grain size of about 4.4 μm) were formed.  Ideally, an appropriate 

amount of water was essential in forming the cubic perovskite phase, and the PCE of the 

device was 16.47%. 

7.3.2.2 Presence of light and oxygen 

Essentially, oxygen-induced PSC deterioration occurs in the presence of light [81].  This 

is because oxygen reacts with photogenerated electrons to form superoxide (O2˙ˉ), active 

species [82].  These species can now react with the components of the PSCs and, thus, 

cause degradation [83].  Bryant et al. [84] demonstrated that oxygen in the presence of 

light caused the rapid degradation of MAPbI3, and the device posted a low performance.  

Moreover, the moisture induced-degradation was not severe as the light oxygen-induced 

degradation.  Meanwhile, Aristidou et al. [85] combined computational and experimental 

strategies to investigate the mechanisms involved during oxygen photo-induced 
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degradation of PSCs.  The fast oxygen diffusion into the PSC was associated with forming 

the reactive oxygen species, superoxide. 

To counteract the stability issue, Wang et al. [86] introduced phenylhydrazine 

hydrochloride (PHCl) into the perovskite material to reduce Sn4+ and also to retard the 

degradation rate of formamidinium tin iodide (FASnI3), and the device PCE was 11.4%.  

Ideally, the PHCl possesses hydrazino and phenyl groups which are reducing agents and 

hydrophobic, respectively. 

To mitigate these extrinsic instability issues, encapsulation and choice of better materials 

can reduce these setbacks [87].  Mohammadi et al. [88] encapsulated the PSCs with a 

bilayer material, poly(methyl methacrylate)/styrene-butadiene (PMMA/SB) to cut off 

oxygen and moisture. The device maintained about 80% of the initial power at 85 °C and 

85% humidity for a period of 100 hours.  Moreover, the devices exhibited a slight PCE 

reduction of about 5% when subjected to −15 °C for 6 h and about ∼20% when dipped 

in HCl (37%) for 90 min of an initial PCE.  Chang et al. [89] encapsulated a tandem PSC.  

The device showed outstanding long-term stability and posted 91% of its PCE after 9300 

h in air. 

7.3.2.3 Thermal effects 

Apart from the moisture and oxygen factors already discussed, thermal instability also 

occurs in the device during operation.  It is believed that the temperature of the device 

rises to twice that of the surrounding temperature; this negatively affects the efficiency of 

the cell [90].  The presence of moisture and heat can accelerate the degradation of the 

cell, thus, reducing its performance.  High temperatures affect mainly the perovskite and 

HTL components of the device.  The commonly used methylammonium (MA) 

[CH3NH3]
+-based perovskite has been established to be unstable due to the organic 

component, namely, the [CH3NH3]
+ cation [91].  More importantly, to mitigate this 

thermal instability, various cations, such as formamidinium (FA), have been used to 

replace the organic [CH3NH3]
+ component in the perovskite material, and a more stable 

structure is usually formed [92]. 
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7.3.3 Toxicity of lead 

The toxicity of lead has greatly hampered the commercialisation of PSCs, despite the fact 

that lead-based PSCs still show robust PCE values [29].  Researchers have made many 

attempts to reduce the amount of lead (lead-less) or eliminate lead (lead-free) in PSCs 

[93, 94].  Basically, there are two main approaches to lead reduction in PSCs, i.e., the 

chemical lead reduction approach and the physical lead reduction approach [95], where 

the amounts of lead in PSCs are significantly reduced without compromising much on 

the PCE of the device.  These two approaches can be summarised in Figure 7.10. 

 

Figure 7.10:  The concept of the reduction approaches of lead in PSCs [95] 

7.3.3.1 The chemical reduction of lead 

This involves the chemical replacement of lead with other elements, such as germanium 

(Ge), antimony (Sb), bismuth (Bi), and tin (Sn) [93, 96], in the PSCs.  Among these 

potential elements that can be used to replace Pb, Sn has been established to be more 

suitable [93, 97].  This is because Sn has similar properties to Pb, and therefore, Sn-based 

PSCs have emerged.  However, they are limited by poor stability [98] and low 

performance compared with their Pb counterparts [99].  The low stability is attributed to 

the ease of oxidation of Sn2+ to Sn4+ in air [92] and, therefore, suitable reducing agents, 

such as SnF2 [97, 100], have been incorporated into the perovskite as an additive.  

Recently, Jokar et al. [101] prepared a tin-based PSC with a mixture of nonpolar organic 

guanidinium (GA+) and FA as a cation and 1% of ethylenediammonium diiodide (EDAI2) 

additive.  Essentially, the device stability was enhanced by incorporating FA instead of 
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the unstable MA cation.  The unencapsulated device was stable for more than six hours 

with a PCE of 8.3%.  Wang et al. [102] compared the performance of a device with 

different metal dichalcogens, molybdenum disulfide (MoS2), tungsten disulfide (WS2), 

and tungsten diselenide (WSe2), as FASnI3 perovskite growth templates.  The surfaces of 

these dichalcogenides are smooth and reduce defects.  In this case, the metal dichalcogens 

acted as interfacial passivation agents between the NiOx ETL and the absorber.  The 

device with WSe2 exhibited a record performance of about 10.47% compared to the other 

dichalcogens.  Although this approach is being utilised currently, it is not sufficient, since 

the devices still post low performance and poor stability issues.  Therefore, other methods 

need to be investigated. 

7.3.3.2 Physical lead reduction 

In this approach, the amount of lead in the perovskite is greatly reduced by the additon of 

other materials in which a “lead-less” perovskite is formed.  Also, the physical lead 

reduction can involve incorporating optical spacer layer materials to reduce the amounts 

of lead but not compromise the PCE of the device [95].  Zheng et al. [95] conducted a 

theoretical study by simulating the transfer matrix model (TMM) as implemented in the 

MATLAB computational suite.  An optical space was introduced in the PSC device, and 

the PCE was reduced to only 96% from the original performance, while the amount of 

lead used was reduced by 70% without much interference to performance.  In order to 

reduce the amount of lead in the perovskite, Zhang et al. [103] prepared a lead-less PSC 

by the addition of strontium (Sr) (10 mol% strontium chloride precursor) to the PbI2 

precursor solution.  The device exhibited better light absorption, charge extraction, and 

low recombination rates of charges overall, and the device showed a decent PCE of 

15.64%.  Soleimanioun et al. [104] synthesised methylammonium-zinc-lead iodide 

(MAZn0.2Pb0.8I3), a lead-less perovskite, and compared its stability with that of pristine 

MAPbI3.  After 60 days of ageing, MAZn0.2Pb0.8I3 proved more stable than MAPbI3 since 

there was no significant change in the UV spectrum (Figure 7.11) after that period, while 

for MAPbI3, the change was significant due to degradation leading to the formation of 

PbI3. 
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Figure 7.11:  The UV-visible spectra of 60-day aged MAZn0.2Pb0.8I3 and MAPbI3 

perovskite materials [104] 

7.4 Solar cell device modelling and simulations 

In this section, the various solar cell simulators that can be used to model PSCs are 

presented and discussed with regard to their merits and limitations.  The fundamental 

equations being solved during the simulation process are also presented. 

7.4.1 Fundamental simulation equations 

In a semiconductor material, the charge transfer is governed by three basic equations: (1) 

the Poisson equation, which shows the relationship between the electric potential (E) and 

the charge concentration (ρ) in a semiconductor, (2) drift and diffusion current equations 

where the drift is due to the electric field and the diffusion term is due to the difference 

in electron concentration or holes, and (3) the continuity equation which represents the 

rate of generation and recombination of charges [38].  Therefore, the Poisson equation 

can be expressed as: 
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∂2ψ

∂2x
= −

∂E

∂x
= −

ρ

εs
= −

q

εs
[p − n + N𝐷

+ (x) − N𝐴
− (x) ± Ndef (x)]  Equation (1) 

Here, ψ is the electrostatic potential, εs is the relative static permittivity of free space, q is 

the elementary charge, n is the electron density, p is the hole density, N𝐷
+ is the density of 

the ionised donors, N𝐴
− is the density of ionised acceptors, and Ndef is the defect density 

of the acceptor or donor [105].  The drift-diffusion current equations are expressed in 

Equations (2) and (3) for the electrons and holes, respectively.  

𝑗𝑛 = 𝐷𝑛
𝑑𝑛

𝑑𝑥
+ µ𝑛 𝑛

𝑑∅

𝑑𝑥
         Equation (2) 

𝑗𝑝 = 𝐷𝑝
𝑑𝑛

𝑑𝑥
+ µ𝑝 𝑝

𝑑∅

𝑑𝑥
         Equation (3) 

where Dn is the electron diffusion coefficient, µn is the electron mobility, Dp is the hole 

diffusion coefficient, µp is the hole mobility and ∅ is the electrostatic potential [106].  The 

equations of continuity for electrons and holes are presented as Equations (4) and (5), 

respectively. 

𝜕𝑗𝑛

𝜕𝑥
+ 𝐺 − 𝑈𝑛(𝑛, 𝑝) = 0       Equation (4) 

−
𝜕𝑗𝑝

𝜕𝑥
+ 𝐺 − 𝑈𝑝(𝑛, 𝑝) = 0        Equation (5) 

where 𝑗𝑛 is the electron current density, 𝑗𝑝 is the hole current density, Un,p is the net 

recombination rate, and G is the generation rate [38, 105, 107]. 

Presently, state-of-the-art simulators have been developed and can model solar cells in 1, 

2 and 3-dimensional configurations.  Consequently, the simulators that will be discussed 

herein numerically solve Equations (1)-(5) in one dimension (1-D), and this includes the 

solar cell capacitance simulator (SCAPS) [108], SILVACO ATLAS [109], general-

purpose photovoltaic device model (GPVDM) [105], and wx-analysis of microelectronic 

and photonic structures (wxAMPS) [110].  The simulators can give the recombination 

profiles of charges, photovoltaic parameters, i.e., open circuit voltage (Voc), fill factor 

(FF) current density (Jsc) and PCE, band diagrams and many other parameters of the 

modelled cell.  



212 

 

7.4.2 Solar cell simulators 

Solar cell simulators are computational software that aid in solving the fundamental solar 

cell equations described above and give solutions in the form of graphs and basic 

photovoltaic parameters.  In this section, various simulators, such as SCAP-1D, 

SILVACO ATLAS, wxAMPS, and the GPVDM, are described. 

7.4.2.1 Solar cell capacitance simulator-1 dimensional 

The SCAPS-1D software is freely available and was developed by Professor Marc 

Burgelman and his team at the University of Ghent [111].  This simulation software 

numerically solves the three basic equations of semiconductors under steady-state 

conditions.  It can generate data on the recombination rates of charges, band alignment, 

quantum efficiency, photovoltaic parameters, and current densities of a model solar cell 

device.  Typically, to carry out simulations, the basic input properties of materials are 

obtained from previously published papers and keyed into the software input section.  

Table 7.1 shows typical input parameters for a device gathered from previous reports. 

Table 7.1:  Some input parameters for various materials required by SCAPS-1D 

Parameter FTO [112] 
WS2 

(ETL) [113] 

CH3NH3SnI3 

(absorber) [106] 
P3HT (HTL) [38] 

Thickness, d (µm) 0.05 0.5 0.5 1.0 

Band gap, Eg (eV) 3.5 1.87 1.31 1.85 

Affinity, χ (eV) 4.0 4.3 4.17 3.1 

Dielectric Permittivity (relative), εr 9.0 11.9 8.2 3.4 

Effective density of state at CB, Nc (cm-

3) 
2.2 × 1018 1.0 × 1018 1.0 × 1018 1.0 × 1022 

Effective density of state at VB, Nv (cm-

3) 
1.8 × 1019 2.4 × 1019 1.0 × 1018 1.0 ×1022 

Mobility of electrons, μn (cm2 V-1 s-1) 20.0 260 1.6 1.0 × 10-4 

Mobility of holes, μp (cm2 V-1 s-1) 10.0 51 1.6 1.0 × 10-3 

Density of n-type doping, ND (cm-3) 1.0 × 1019 1.1 × 1019 0.0 0.0 

Density of p-type doping, NA (cm-3) 0.0 0.0 3.3 × 1018 [113] 3.17 × 1013 

Density of defects, Nt (cm-3) 0.0 1.2 × 1011 1.5 × 1017 (varied) 1.0 × 1014 
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The model cell is built by adding layers together, with each layer having specific basic 

parameters.  The input and modelling section of the software is shown in Figure 7.12. 

 

Figure 7. 12:  A typical SCAPS-1D solar cell modelling panel 

The software can allow variation of various parameters, which include the density of 

defects, doping densities, thicknesses, operating temperature, and many other properties 

regarding the cell.  This modelling software provides more options to input parameters 

and is easy to manipulate and install.  Although SCAPS-1D is sufficiently accurate for 

devices without any transverse dependency, it is limited when calculations involve other 

dimensions.  For instance, in the device needs the inclusion of plasmonic material, then a 

two- or three-dimensional problem has to be solved, which is not accessible in SCAPS-

1D.  However, because of the fact that the software can only take seven layers, it is 

limiting in modelling devices that require more layers above seven. 

7.4.2.2 The wx-analysis of microelectronic and photonic structures  

The wxAMPS is a one-dimensional free software that can model any two-terminal device, 

such as a diode, solar cell, sensor, and photodiode.  The algorithm behind this software is 

the three basic semiconductor equations described in Section 7.4.1.  It is an improved 

version of the analysis of microelectronic and photonic structures (AMPS), which was 

developed by Professor Stephen Fonash and his co-workers at Pennsylvania State 

University [114, 115]. 
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The new software developed at the University of Illinois exhibits better simulation 

capabilities, easy data entry, and enhanced visualisation.  Figure 7.13 shows the combined 

graphical user interface for wxAMPS.  Because of the availability of many layers, it can 

also be used to simulate graded solar cells with ease [115].  The input parameters are the 

same as for SCAPS-1D (see Table 7.1), and the software can simulate the recombination 

profiles, photovoltaic parameters, and the occupation probability of deep defects.  The 

advantages of wxAMPS are that it can do the job in batches and can get materials 

properties from compatible “WIKI” database [116].  However, the software can only 

solve one-dimensional problems. 

 

Figure 7.13:  The main graphical user interface of wxAMPS [117] 

7.4.2.3 The general-purpose photovoltaic device model 

The GPVDM is another new powerful modelling software that is used to simulate one-

dimensional (1-D) thin-film devices, such as organic solar cells (OSCs), PSCs, organic 

light-emitting diodes (OLEDS), and field emission effect transistors (OFETs), as shown 

in the new simulation window in Figure 7.14.  This model is being developed by 

MacKenzie and his team at the University of Nottingham, UK [118]. 
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Figure 7.14:  GPVDM new simulation window showing possible devices that can be 

simulated  

Because the model has two coupled solvers, i.e., electrical and optical, it can simulate the 

electrical and optical characteristics of the device.  It also solves the three basic device 

equations under a steady state in a time domain.  Currently, the 2D and 3D models are 

under development and in different languages, so as to avert the problems associated with 

the use of 1D and single language (english), respectively.  The input data is inserted into 

the model at the layer editor pop-up window as depicted in Figure 7.15, and the electrical 

parameters of materials are collected from previous literature sources, and utilised to build 

the structure of the device [118]. 
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Figure 7.15:  GPVDM user interface for building the device and entering electrical input 

data 

7.4.2.4 SILVACO ATLAS 

The ATLAS solar cell simulator by SILVACO International is a powerful modelling tool 

that extracts the electrical characteristics of a physical structure [119].  The simulation of 

charge transport is done in a 2D grid system called a mesh.  The following material 

parameters are essential in the construction of a model solar cell and simulation: band gap 

energy, dielectric permittivity, electron and hole state densities, electron, and hole 

mobilities, electron affinity, radiative recombination rate, doping levels of holes transport 

and electron transport materials, and layer thickness.  Moreover, the critical material 

optical file containing the wavelength-dependent refractive index, n, and extinction 

coefficient, k, must also be available.  More importantly, the mesh is divided into regions, 

each material, including electrodes, is assigned into respective parts, then the illumination 

light spectrum is specified, and thereafter, simulation is initiated.  Figure 7.16 shows a 

typical solar cell constructed by using SILVACO ATLAS software. 
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Figure 7.16:  A typical solar cell structure in SILVACO ATLAS code [120] 

For accurate simulations, the “LUMINOUS” optoelectronic module, also available in 

ATLAS, is engaged to model electron-hole pair generation accurately.  The LUMINOUS 

uses the optical refractive index for optical tracing in the device.  Simultaneously, the 

extinction coefficient is used to determine the rate of the electron-hole pair generation 

process in each mesh.  These two important simulations give rise to wavelength-

dependent photogeneration in the entire cell.  The advantage of this model is that 

monochromatic light or complex spectrum sources, for example, AM0, can be set.  

Because of the availability of different models, a solar cell engineer can have an 

opportunity to choose which specific available model to use for a particular set of 

materials, such as organic and inorganic materials.  This unique feature is not available 

in all other simulators, such as SCAPS, GPVDM and wxAMPS, and thus offers an 

advantage.  Finally, this simulator can give a variety of output results, such as I-V 

characteristics, spectral response, electrostatic fields, etc.  The simulator has been shown 

to yield results consistent with experiments [106, 121].  While SILVACO Atlas is very 

powerful, it is not a freely available software to download, thus limiting its access by 

many researchers.  Some other available simulators are presented in Table 7.2. 
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Table 7.2:  Some other solar cell simulators 

Simulator Method Dimension Reference 

3D-Finite element method (FEM) 

technique 
Numerical 3D [122] 

Automat for simulation of 

heterostructures (AFORS-HET) 
Numerical 1D [123] 

COMSOL Multiphysics Numerical 3D [124] 

A personal computer one-dimensional 

(PC1D) 
Numerical 1D [125] 

7.5 Applications of solar cell simulators in modelling solar cells 

Solar cell simulators have been applied in the discovery of solutions and insights to solar 

cell challenges which limit their performances and commercialisation.  Simulations allow 

for manipulation of the models, and more information that could have otherwise not been 

easily obtained from experiments is accessed within a short period of time.  In many 

aspects, simulators have been used in:  screening of appropriate materials for respective 

components of the cell, giving insights on the effects of tuning the intrinsic properties of 

each component, evaluation of the external temperature working conditions, effects of 

changing back contacts, and overall performance of the cells.  In this section, these 

specific aspects will be discussed regarding different simulators and solar cells. 

7.5.1 Screening of suitable materials for solar cell components 

In order to optimise the performance of a solar cell, a proper choice of suitable materials 

that serve as the hole transport layer, electron transport layer, absorber, and back contact 

electrodes, should be made.  Recently, Arzi et al. [38] investigated the effect of different 

ETLs and HTLs by using SCAPS-1D, on the performance of the primary n-i-p cell with 

the ITO/PEDOT:PSS/CH3NH3GeI3/IGZO/Ag configuration.  An optimal PCE of 23% 

was achieved when titanium oxide (TiO2) and ZnO were inserted as the ETL.  Other 

selected and tested ETLs were: [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), 

indium gallium zinc oxide (IGZO), and SnO2. The enhanced performance seen when TiO2 
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and ZnO were used could be attributed to their proper band alignment between the 

conduction bands of the ETL and the LUMO of the perovskite.  Similarly, among the 

tested HTLs, i.e., poly(3-hexylthiophene-2,5-diyl) (P3HT), Spiro-OMeTAD, CuSCN, 

CuI and nickel(II) oxide (NiO), the best performance was achieved with the utilisation of 

the CuSCN HTL material, also attributed to the favourable band alignment with the 

perovskite material.  Lately, various perovskite designs have emerged, and they are 

geared towards performance improvement.  Hima et al. [106] compared the performance 

of two perovskites, i.e., CH3NH3PbI3 and CH3NH3SnI3, by inserting them separately into 

a general structure: TiO2/perovskite/spiro-OMeTAD layers.  A theoretical simulation was 

performed with SILVACO ATLAS software, and the cell with the CH3NH3PbI3 

perovskite exhibited a higher PCE of 18.16%, and the other perovskite, CH3NH3SnI3, 

achieved 9.56%.  The high performance of CH3NH3PbI3 could be attributed to better band 

alignment between the perovskite and both ETL and HTL materials.  Hossain et al. [126] 

modelled a PSC and screened various HTL using both wxAMPS and SCAPS software, 

whereby Cu2O performed much better than other suggested HTLs (spiro-OMETAD, NiO, 

CuI, CuSCN), and the device achieved a PCE of above 24% because the Cu2O HTL had 

very high hole mobilities of 256 cm2 V-1 s-1 as compared with the other tested HTLs. 

7.5.2 Tuning the intrinsic properties of solar cell components 

The intrinsic properties of cell component materials, such as doping densities, the density 

of defects, and layer thickness, play a very important role as far as the power conversion 

of a solar cell is concerned.  Therefore, it is paramount to search for optimum levels that 

would give enhanced PCE.  This is possible and feasible while using the simulators to 

guide experiments for commercial production.  Practically, adjusting the intrinsic 

properties of the materials to suit the purpose can be an expensive enterprise; therefore, 

simulations are inevitable before real practice [127].  Patel [128] recently simulated a 

lead-free PSC (glass/FTO/TiO2/CH3NH3SnI3/Cu2O/metal back contact) with the SCAPs 

solar cell simulator.  The effect of intrinsic properties, such as thicknesses, acceptor 

concentration, and the density of the absorber defects, on the overall performance of the 

device, was investigated.  The best possible thickness was 500 nm, and the optimum 

density of the absorber defects was about 1014 cm−3.  After optimising these parameters, 

the device exhibited Jsc of 40.14 mA cm-2, Voc of 0.93 V, FF of 75.78%, and PCE of 

28.39%.  In order to optimise the performance of the eco-friendly unleaded PSC, Jayan 
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et al. [129] first computed the bandgap and absorption spectra of the absorber layer with 

the aid of WIEN2K computational software.  The information from the WIEN2K density 

functional theory (DFT) software was injected into the SCAPS simulator, and after 

optimisation, the device with the FTO/ZnO/CsPbI3/CuSbS2/Se configuration achieved a 

PCE of 15.6%.  Also, it was deduced that Se could be used as an alternative to expensive 

Au as the back contact. 

7.5.3 Selection of metal back contact 

The choice of appropriate metal back contact for a PSC is crucial.  The typically used 

metal back contacts include metals like Au, Pt, Ag, Cu, Ni, and Pd [130, 131].  Au and 

Ag have been widely used among these metals because of their high PCE [132].  Gold, 

in particular, does not react with the perovskite material [132], gold is expensive, and Ag 

is unstable, thus limiting their practical use in devices despite their high performances.  

Also, more environmentally friendly materials, such as carbon nanotubes [133], have 

been tested for potential use as back contacts so as to reduce the pollution effects caused 

by the utilisation of metals.  Inspired by these challenges, researchers have devoted more 

efforts to exploring other potential back contacts, both experimentally and 

computationally.  Rono et al. [40] investigated theoretically the effect of different metal 

back contacts on the performance of a lead-free PSC with the general architecture: 

glass/FTO/WS2/HC(NH2)2SnI3/HTL/metal back contact.  The metal back contacts tested 

and their work functions were Pt (5.65 eV), Pd (5.3 eV), Ni (5.0 eV), Ag (4.7 eV), Au 

(5.05 eV), and Cu (4.65 eV).  Generally, a metal with a high metal work functions 

performed better, and it was evident that expensive Au can be replaced with cheaper 

alternatives, such as Pt, Pd, Ni, and Ag, since they exhibited similar PCE values.  Figure 

7.17 shows the effects of various metals back contacts on the photovoltaic parameters: 

PCE, Voc, Jsc and FF. 
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Figure 7.17:  Effects of various metal back contacts on the photovoltaic parameters of a 

PSC [40] 

Similarly, Jayan et al. [132] investigated, by using the SCAPS simulator, the effect of 

different metal work functions on the performance of the PSC configuration: 

FTO/PCBM/MASnI3/CuI/metal back contact.  Evidently, the Voc increases for metals 

such as Ag, Cu, and Fe, but no significant change was observed for metals with high work 

functions (W, Ni, Pd, Pt, and Se).  More importantly, this study established that the PCE 

increased with increasing metal work function but remained unchanged for metals with 

high work functions.  This corroborates the experimental results obtained by 

Behrouznejad et al. [131]. 

7.5.4 Effects of external temperature working conditions 

The external working temperature affects the performance of the device and its structural 

stability.  This is because solar panels are normally exposed outside of buildings for 

instance, on top of roofs or on windows.  Consequently, state-of-art simulators, such as 

SCAPS-1D, SILVACO ATLAS and wxAMPS, have been used to simulate the 
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performance of PSCs operating under different temperature conditions.  Meng et al. [134] 

demonstrated the effect of heat on the mixed cation perovskite 

(FAPbI3)1−xMAPb(Br3−yCly)x devices experimentally.  The performance of the 

devices decreased with an increase in temperature from 25 to 250 °C, and this could be 

attributed to the decomposition of the MA part of the perovskite material to PbI2.  

Similarly, there was an increase in the defect density from 3.87 × 1017 cm−3 to 9.03 × 1017 

cm−3.  Generally, the density of defects and deformation stress in the device increases 

with an increase in temperature leading to an overall low device performance [132].  

Kanoun et al. [112] simulated the performance of a MAGeI3-based PSC and investigated 

the effect of temperature between 300 to 500 K for devices with common ETL and 

different HTL materials.  The change in photovoltaic performance is shown in Figure 

7.18.  The Voc slightly increased as a function of the increase in temperature.  This is 

attributed to a decrease in the band gap of the perovskite absorber material.  This agrees 

well with the experimental results reported by Meng et al. [134].  On the other hand, the 

Voc, which is believed to be the most temperature-affected parameter, decreases with an 

increase in temperature. 

 

Figure 7.18:  The variation of photovoltaic parameters for MAGeI3-based devices with, 

a common ETL but different HTLs as a function of temperature [112] 
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7.6 Summary and outlook 

The development of PSCs has gained tremendous momentum since its commencement in 

2009 because of their potential to convert light energy into electricity.  The current PCE 

of a PSC has reached over 25%, thus, significantly competing with silicon-based solar 

cells, which are relatively expensive.  In this review, various fabrication strategies, such 

as physical or chemical reduction of toxic lead, passivation of the interfacial and bulk 

defects, and proper choice of device components, have been highlighted.  These 

modifications have greatly improved the PCE, stability and helped to reduce the toxicity 

of lead.  So far, few strides towards the commercialisation of PSCs have been made, 

though there is still more to be done. 

More importantly, advanced computational modelling of devices and materials has 

recently gained much attention in photovoltaic research.  In essence, numerical 

simulations of PSCs have been discussed to explore the physics of PSC devices.  

Basically, the main semiconductor equations (the continuity equations of holes and 

electrons, and Poisons equations) are solved by various one or multi-dimensional 

simulators. 

Furthermore, the typical simulators utilised in the study of PSC devices as regards the 

photovoltaic parameters (PCE, FF, Voc, and Jsc) and other fundamental properties, such 

as the thickness of components, back contacts, the density of defects, and doping of the 

materials, among other characteristics of PSCs, have been extensively discussed.  

Presently, the development of a number of simulators, such as SCAP-1D, SILVACO 

ALTAS, and GPVDM, have made simulations of the devices possible, and the results of 

the simulators often agree with experimental results.  Finally, this review is envisaged to 

aid in the removal of barriers in the fabrication of PSCs with better performance, high 

stability, and less toxicity, and that be of great importance to nanotechnologists in the 

field of photovoltaic devices. 
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Abstract 

Herein, we report a numerical simulation of a model perovskite solar cell whose 

architectural design is: glass/FTO/IGZO/CH3NH3PbI3/spiro-OMeTAD/Au.  The main 

goal was to optimise the performance of the device utilising indium gallium zinc oxide 

(IGZO) as the electron transport layer (ETL).  The performance of the device was 

explicitly compared with similar devices fabricated experimentally and theoretically.  

Although IGZO has attractive properties, it has not been widely utilised.  The simulation 

was performed with the solar cell capacitance simulator (SCAPS) software.  In this model, 

the effects of varying several parameters on the overall solar cell performance were 

critically examined.  These parameters include the thickness of the solar absorber 

(methylammonium lead iodide), hole transport and electron transport layers; doping 

densities of the hole transport and electron transport layers; density of defects of the 

absorber layer; back-contact metal work function and operational temperature.  The 

simulation results showed that the performance of the device can be enhanced by 

optimising the thickness of the absorber and its defect density, and also the thickness and 

doping densities of the hole transport and electron transport layers.  It was found that an 

absorber interface with higher defect density resulted in poorer performance of the device.  

mailto:aemerad@gmail.com
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Additionally, it was noted that the cell operated best at low temperatures.  Also, metallic 

back contacts, made of nickel, platinum or lead, gave similar results as gold.  Therefore, 

these metals can be used as alternatives to gold since they are relatively cheaper.  With 

the optimal conditions of the solar cell in place, the following photovoltaic characteristics 

were obtained: the power conversion efficiency PCE was 19.95%, short-circuit current 

density (Jsc) was 25.55 mA cm-2, open-circuit voltage (Voc) was 5.32 V and fill factor FF 

was 14.68%.  This PCE value is higher than for comparable solar cells devices that have 

been examined either computationally or experimentally.  These insights will prove 

useful in the fabrication and advancement of high-performance perovskite solar cells for 

large-scale applications. 

Keywords:  Numerical simulation; HTL; ETL; SCAPS; perovskite; solar cell. 
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8.1 Introduction 

Much research time and effort has been devoted towards the modification of architectural 

designs of perovskite solar cells from both experimental and theoretical perspectives in 

order to enhance the power conversion efficiency (PCE) [1].  Theoretical investigations 

such as simulations have become indispensable because they complement experimental 

work and reduce experimental costs [2].  Recently, the number of publications on 

simulations of perovskite-based photovoltaic cells have increased exponentially, and the 

most commonly reported simulation software comprises the solar cell capacitance 

simulator (SCAPS) [3, 4], SILVACO ATLAS [5], general-purpose photovoltaic device 

model (GPVDM) [6], and wx-analysis of microelectronic and photonic structures 

(wxAMPS) [7]. 

Perovskite solar cells (PSCs) based on inorganic-organic hybrid composites have lately 

attracted considerable scientific attention due to their low cost [8] and low-temperature 

processing routes [9], better light absorption coefficients, enhanced carrier lifetimes [10], 

and relatively high efficiencies [11].  The PCEs for inorganic-organic-based perovskites 

had risen remarkably from 3.8% to over 23% since 2009 when the first application of 

these materials in photovoltaic cells was reported [12].  This has been achieved through 

device modification, such as interface engineering [13], morphological control [14], and 

optimisation of various parameters, such as the thickness of layers, doping densities, and 

the nature of the back metallic contacts [15].  In order to enhance the hole extraction 

mechanism in an inverted PSC, Wang et al. [16] investigated the effect of varying the 

concentration of methylammonium iodide (MAI) on the PCE of the devices.  The MAI 

was pre-coated on the hole transport layer (HTL), the poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS).  The best performing device (with 4 mg/ml MAI 

concentration) exhibited a PCE of 16.67% compared to pristine with 14.8% and was 

attributed to the increased short-circuit current density (Jsc) 23.52 mA cm-2) and the open-

circuit voltage (Voc) (1.01 V).  Similarly, defects reduction (either interfacial or bulk 

defects) is key in enhancing the PCE of the PSCs by reducing the recombination of 

photogenerated charges.  Recently Zhang et al. [17] incorporated potassium sulphate 

(K2SO4) at the interface between electron transport layer i.e. SnO2 and the perovskite 

layer, i.e. SnO2/perovskite interface.  The K2SO4 assisted in reducing both interfacial 

defects and bulk defects and more importantly, aided in tuning band alignment.  
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Ultimately, this modification led to improvement of the PCE from 19.45% to 21.18% in 

the fabricated devices. 

The stability and toxicity of lead are two main issues facing PSCs and limit their 

commercialisation; thus, a more stable structure and lead-free devices are essential [18].  

Accordingly,  Zhou et al. [19] computationally investigated the effect of replacing the 

methylammonium part of the lead-based perovskite materials with super-alkalis such as; 

Li3O, Li2F, and H5O2 on the stability of the PSCs.  The H5O2MBr3 perovskite (where 

M=Ge, Sn, or Pb) exhibited high stability, and the device with H5O2SnBr3 and 

H5O2PbBr3 showed a PCE of 23.17 and 22.83%, respectively.  A typical planar 

perovskite solar cell architecture consists of a hole transport layer (HTL), an absorber 

perovskite layer, and an electron transport layer (ETL) – all sandwiched by a metallic 

back contact and a transparent front coated glass window [20].  The HTL materials can 

be inorganic or organic [4, 21].  For example, inorganic HTL materials include nickel(II) 

oxide (NiO) [22], copper(I) thiocyanate (CuSCN) [23], copper(I) iodide (CuI) [24], and 

copper(I) oxide (Cu2O) [8], while organic materials include poly(3-hexylthiophene) 

(P3HT) [25], 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 

(spiro-OMeTAD) [26], PEDOT: PSS) [27], and poly(2,5-bis(3-tetradecylthiophen-2-

yl)thieno-[3,2-b]thiophene) (D-PBTTT-14) [28]. 

Similarly, ETL materials can also be classified as organic and comprise substances such 

as [6,6]-phenyl-C61-butyric acid methyl (PCBM) [29], or inorganic semiconductors such 

as titanium dioxide (TiO2) [30], indium gallium zinc oxide (IGZO) [31], tin dioxide 

(SnO2) [12], and zinc oxide (ZnO) [32].  Among the ETL materials, TiO2 and SnO2 [33] 

have been extensively used because of their low-temperature processing conditions and 

high electron transfer capabilities in which photocells based on these materials have 

attained PCE values above 20% [12].  Although IGZO has scarcely been utilised as an 

ETL material [34], it shows good potential because of its comparable electron affinity 

with SnO2, relatively narrow optical band gap, low-temperature processing routes [35], 

environmental stability, and high electron mobility (15 cm2 V-1 s-1) [31].  Recently, Rao 

et al. [34] prepared amorphous IGZO via a solution process and incorporated it in a 

perovskite-based solar cell – the fabricated cell achieved a 17.4% PCE with reasonably 

good stability.  This was attributed to the fact that IGZO has a high charge carrier 

concentration, high transparency, and high electron mobility [34].  Besides its use in 
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PCEs, IGZO has also been used in thin-film transistors [36] due to its inherent 

optoelectronic properties.  Generally, the performance of existing PSCs utilising IGZO 

material as the ETL are still low and can be improved by using different HTL materials, 

back contacts, and configuration engineering.  Recently, Azri et al. [31] tested a 

configuration of Au/IGZO/CH3NH3PbI3/PEDOT:PSS/Au by using SCAPS-1D software 

and obtained a PCE of a relatively high value (19.51%).  Similarly, Lakhdar et al. [37] 

designed a lead-free perovskite model with the configuration: 

ITO/PEDOT:PSS/CH3NH3GeI3/IGZO/Ag and the model achieved a modest PCE value 

of 10.16%.  Accordingly, changing the layers or even the metallic back contact could 

result in the improvement of the performance of the device. 

This work reports the numerical simulation of a model perovskite solar cell with the 

following architecture: glass/FTO/IGZO/CH3NH3PbI3/spiro-OMeTAD/Au, by making 

use of SCAPS-1D software.  The aim was to propose a model that would give a high PCE 

compared to other similar cells that have been fabricated experimentally or theoretically.  

Since IGZO has not been widely investigated, it was interesting to include it as the ETL.  

Spiro-OMeTAD was chosen as the HTL since it has good band alignment with the 

absorber.  Several parameters of this device have been optimised, and the resulting 

photovoltaic efficiency has been calculated in this work.  In essence, the influence of 

varying the thickness of the HTL, ETL, and absorber layer, the doping densities of the 

HTL (Na) and ETL (Nd) materials, and the absorber defect densities (Nt) were 

investigated.  Furthermore, the effect of changing the metallic back contact and the 

operating temperature on the overall device performance has also been examined.  It is 

envisaged that the results of this work will be helpful for the future fabrication of highly 

efficient perovskite solar cells. 

8.2 Device architecture and simulation methodology 

The device structure of the model perovskite solar cell explored in this work consists of 

glass/FTO/IGZO/CH3NH3PbI3/spiro-OMeTAD/Au as presented in Figure 8.1.  The 

model structure is a planar n-i-p perovskite design; where n is IGZO (ETL), i is the 

perovskite absorber layer (methylammonium lead iodide, CH3NH3PbI3) and p is spiro-

OMeTAD (HTL).  The corresponding band alignment of the components of the device is 

shown in Figure 8.1b. 
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(a) (b) 

 

 

Figure 8.1:  (a) Solar cell device architecture and (b) band alignment of the proposed 

device components 

The input parameters of the modelled device were obtained from published reports as 

listed in Table 8.1.  SCAPS-1D simulation software [38] was used for the numerical 

simulation of the model.  For the simulation, the solar spectrum was set at air mass 1.5 

global (AM 1.5G), the working temperature was 300 K, and the power density was kept 

at 100 mW cm-2. 

SCAPS software solves the basic semiconductor equations in one dimension under the 

steady-state conditions and simulates the electric field distribution, generation-

recombination profiles, carrier transport processes, and current densities.  The Poisson 

equation showing the relationship between the electric field (E) and space charge 

density (ρ) is shown in Equation (1). 

∂2ψ

∂2x
= −

∂E

∂x
= −

ρ

εs
= −

q

εs
[p − n + ND

+ (x) − NA
− (x) ± Ndef (x)]  Equation (1) 

where ψ is taken as the electrostatic potential, εs is the relative static permittivity of free 

space, q is the elementary charge, n is the electron density, p is the hole density, ND
+ is the 

density of the ionised donors, NA
− is the density of ionised acceptors, and Ndef is the defect 

density of the acceptor or donor. 

The continuity equations for electrons and holes are presented as Equations (2) and (3), 

respectively. 

∂jn

∂x
+ G − Un(n, p) = 0          Equation (2) 
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−
∂jp

∂x
+ G − Up(n, p) = 0        Equation (3) 

where jn is the electron current density, jp is the hole current density, Un,p is the net 

recombination rate and G is the generation rate. 

The charge carriers move by diffusion and drift, which is expressed in Equations (4) and 

(5) for the electrons and holes, respectively.  

jn = Dn
dn

dx
+ µn n

d∅

dx
         Equation (4) 

jp = Dp
dn

dx
+ µp p

d∅

dx
         Equation (5) 

where Dn is the electron diffusion coefficient, µn is the electron mobility, Dp is the hole 

diffusion coefficient, µp is the hole mobility, and ∅ is the electrostatic potential. 

Table 8.1:  Input parameters for the simulation of the model solar cell device 

Parameter FTO† IGZO (ETL)‡ 

CH3NH3PbI3 

(perovskite 

absorber)‡ 

Spiro-

OMeTAD 

(HTL)† 

Thickness, d/µm 0.05 0.5 0.5 1.0 

Bandgap, Eg/eV 3.5 3.05 1.55 3.06 

Affinity, χ/eV 4.0 4.16 3.9 2.05 

Dielectric Permittivity 

(relative), εr 
9.0 10.0 6.5 3.0 

Effective density of state 

at CB, Nc/cm-3 
2.2 × 1018 5.8 × 1018  2.2 × 1015  2.8 × 1019 

Effective density of state 

at VB, Nv/cm-3 
1.8 × 1019 5.8 × 1018 2.2 × 1017  1.0 ×1019 

Mobility of electrons, 

μn/cm2 V-1 s-1 
20.0 15.0 2.0 1.0 × 10-4 

Mobility of holes, μp/cm2 

V-1 s-1 
10.0 0.1 2.0 2.0 × 10-4 

Density of n-type doping, 

Nd/cm-3 
1.0 × 1019 1.0 × 1018 5.21 × 109 0.0 

Density of p-type doping, 

Na/cm-3 
0.0 0.0 5.21 × 109 1.0 × 1018 

Density of defects, Nt/cm-3 0.0 1.0 × 1015 2.5 × 1013 1.0 × 1014 

†Data from Ref. [39], ‡Data from Ref. [31], Data from Ref. [40]. 
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8.3 Results and discussion 

The performance of the model perovskite solar cell was optimised by considering the 

effects of various cell parameters.  These included the thickness of the methylammonium 

lead iodide absorber, hole transport and electron transport layers, the defect density of the 

absorber, doping densities of the HTL and ETL, the back contact metal work function 

and the cell operating temperature.  The photovoltaic characteristics that were simulated 

were the PCE, fill factor (FF), short-circuit current density (Jsc) open-circuit voltage Voc 

and quantum efficiency (QE). 

8.3.1 Effect of thickness of absorber, hole transport, and electron transport layers 

The thickness of each layer of the perovskite solar cell influences the overall performance 

of the device, especially the absorber layer, therefore, all the layer thicknesses should be 

optimised.  Consequently, to investigate the effects of varying absorber thickness on 

photovoltaic characteristics, the thickness of the hole transport and electron transport 

layers was fixed at 1.0 and 0.5 µm, respectively, while the absorber thickness was varied 

from 0.5 to 1.0 µm.  The results obtained for the photovoltaic characteristics as a function 

of the absorber thickness are presented in Figure 8.2.  The results from Figure 8.2a show 

that the efficiency of the device increases with an increase in absorber thickness. This can 

be attributed to an increase in electron-hole pair generation due to greater photon 

absorption.  The PCE reached a maximum value at an absorber thickness of 0.9 µm before 

its performance decreased as the absorber thickness increased. 

Similarly, the Jsc and FF increased with an increase in absorber thickness (Figure 8.2b); 

this is because of the increase in the light absorption response and increased electric field, 

respectively.  In contrast, Voc decreased with increased thickness of the absorber due to a 

possible increase in the recombination of excitons.  The Voc value indicates the magnitude 

of recombination in a device.  As can be noted from Equation 6, Voc depends on Jsc and 

the dark saturation current (Jo) [41]:  

Voc =
nkBT

q
ln [

Jsc

Jo
+ 1]         Equation (6) 

where n is a factor, kB is the Boltzmann constant, T is temperature, q is the elementary 

charge and Jo is the dark saturation current.  The term 
nkBT

q
 is the thermal voltage or flow 
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of elementary current.  Therefore, it follows that Voc decreases as Jo increases.  The 

optimum photovoltaic characteristics at an optimum absorber thickness of 0.9 µm were: 

PCE = 18.84%, FF = 23.25%, Jsc = 24.67 mA cm-2 and Voc = 3.28 V. 

    

Figure 8.2:  Effect of varying the perovskite absorber layer thickness on device 

performance: (a) efficiency and Voc and (b) Jsc and FF 

The influence of the thickness of the HTL material on the photovoltaic characteristics 

was investigated.  In this case, the absorber thickness was kept at 0.9 µm and the ETL 

thickness was fixed at 0.5 µm, while the thickness of the HTL was varied from 1.0 to 0.1 

µm at intervals of 0.1 µm.  The results obtained are presented in Figure 8.3.  The PCE of 

the device decreased with the increasing thickness (Figure 8.3a) and this could be 

attributed to the fact that apart from the increase in the path length, there was also an 

increasing number of holes that were blocked by the thicker HTL from reaching the 

metallic back contact and, thus, reduced the cell efficiency.  The value of FF increased 

with the HTL thickness as shown in Figure 8.3a.  With an increase in the electric field, 

Voc decreases with an increase in the HTL thickness, as shown in Figure 8.3b, because of 

the increased recombination of excitons that have a negative implication on device 

performance.  Remarkably, Jsc remained constant as depicted in Figure 8.3b.  This 

constant behaviour may be due to the fact that a constant number of charge carriers were 

generated in the absorber layer, and thus, there was no significant change in the 

photovoltaic parameters. 
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Figure 8.3:  Effect of varying the spiro-OMeTAD HTL thickness on device performance: 

(a) efficiency and FF and (b) Jsc and Voc 

After optimisation of the absorber and HTL thicknesses (i.e. absorber layer thickness 

fixed at 0.9 µm and HTL fixed at 0.1 µm), the thickness of the ETL was varied from 0.5 

to 0.1 µm and the resulting photovoltaic characteristics are illustrated in Table 8.2.  

Notably, PCE, Voc, and Jsc decreased as the ETL thickness increased.  Moreover, the FF 

decreased slightly before rising again as the ETL thickness increased. 

Table 8.2:  Photovoltaic parameters of the device with corresponding IGZO layer 

thickness 

Thickness/µm Voc/V Jsc/mA cm-2 FF/% PCE/% 

0.1 5.33 25.5 14.66 19.92 

0.2 5.33 25.33 14.65 19.78 

0.3 5.32 25.09 14.67 19.6 

0.4 5.32 24.87 14.68 19.43 

0.5 5.31 24.7 14.7 19.29 

The quantum efficiency (QE) (internal) of the device was also simulated and the results 

are presented in Figure 8.4.  The quantum efficiency was approximately 98% in the 

wavelength range of 300 to 750 nm. This observation is attributed to the high Jsc value 

witnessed for the optimised device of 25.55 mA cm-2.  The QE shown may be the result 

of the optical absorption of the absorber and ETL because their locations are next to the 
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front part where direct solar radiation falls, and not the optical absorption of the HTL 

since it is on the reverse side of the solar radiation and therefore does not a receive 

significant number of photons.  Based on the bandgap values in Table 8.1, the absorber 

can absorb light of wavelength up to a maximum of about 800 nm while the ETL can 

absorb a maximum of 406 nm. The photovoltaic characteristics of the device before and 

after sequential optimisation of the thickness of the absorber layer, HTL and ETL are 

summarised in Table 8.3.  It is evident that after optimisation, the performance of the 

device was enhanced.  

 

Figure 8.4:  Quantum efficiency of the optimised device  

Table 8.3:  Photovoltaic performance of the device before and after optimisation 

Cell: glass/FTO/IGZO/CH3NH3PbI3/spiro-OMeTAD/Au Cell 

Parameters  
Starting 

model 

Range 

investigated 

Optimised 

model 

Thickness/µm HTL 1.0 0.1 – 1.0 0.1 

 ETL 0.5 0.05 – 0.5 0.05 

 Absorber 0.5 0.5 – 1.0 0.9 

Voc/V  7.81  5.32 

Jsc/mA cm-2  22.82  25.55 

FF/%  10.07  14.68 

PCE/%  17.97  19.95 
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8.3.2 Effect of density of absorber defects, and HTL and ETL doping densities  

In solar cells, the density of the defects in the layer interface is very important as far as 

photovoltaic performance is concerned [42].  A high defect density can have negative 

impacts on the performance of perovskite solar cells because it can reduce the quality of 

the absorber layer by inducing the recombination of excitons that leads to a reduction in 

cell lifetime.  During the deposition of the perovskite absorber material on the surface of 

the ETL, defects can be introduced on the surface or grain boundaries.  It is therefore 

desirable to utilise methods and materials that reduce this defect density for improved cell 

performance [43].  At the starting defect density of 2.5 × 1013 cm-3the device did not show 

photovoltaic behaviour, therefore, to investigate the effect of defect density on the 

absorber performance, the density of defects (Nt) was varied from 2.5 × 1014 to 2.5 × 1018 

cm-3 and the resulting photovoltaic characteristics are illustrated in Figure 8.5.  The PCE 

decreased sharply from 19.5 to 1.72% with an increase in defect density (Figure 8.5a).  

This reduced performance possibly arises as a result of the reduced lifetime and increased 

recombination of electron-hole pairs.  Generally, FF, Jsc, and Voc (Figure 8.5a and Figure 

8.5b) decreased with increasing density of the absorber defects due to increased resistance 

and recombination.  From these results, it is clear that more defects significantly alter the 

photovoltaic characteristics.  The best cell defect density for this model was set to be 2.5 

× 1014 cm-3. 

 

Figure 8.5:  Effects on the photovoltaic device performance as a result of changing 

absorber defect density: (a) efficiency and FF, and (b) Jsc and Voc 

The effects of doping the HTL and ETL materials were also examined by varying the 
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from Figure 8.6 that the PCE, Jsc, and Voc increased with increasing donor concentration 

(Na), but the FF decreased.  This can be credited to the increased conductivity in the 

device with an increase in doping levels due to increased charge density and hole 

mobilities. In the case of excess doping levels, the non-carrier acceptor anion 

concentration will build up, thus lowering hole mobility, and thus best possible doping 

level is reached.  For our case, the best donor doping level was achieved at 1.0 × 1018 cm-

3 because above this order, the device did not show photovoltaic characteristics. 

 

Figure 8.6:  Effects of changes in doping density of the HTL on the photovoltaic device 

performance: (a) efficiency and FF, (b) Jsc and Voc 

A similar observation was noted for acceptor doping (Nd), as presented in Figure 8.7.  

Evidently, from Figure 8.7, the device's PCE, Jsc, and Voc increased with an increase in 

doping levels; this is because of an increased charge carrier (electrons) concentration, and 

thus, the performance is enhanced.  The best photovoltaic characteristics were attained 

when the donor and acceptor's doping concentrations were set at 1.0 × 1018 cm-3.  With 

these best values, the PCE, FF, Jsc, and Voc for the device were 19.95 %, 14.68%, 25.58 

mA cm-2, and 5.32 V, respectively.  
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Figure 8.7:  Effects of changes in the doping density of ETL on the photovoltaic device 

performance: (a) efficiency and FF, and (b) Jsc and Voc 

8.3.3 Influence of metal work function and operating temperature 

Different metals with corresponding work functions were tested in the search for better 

alternatives of metallic back contacts.  The work function for gold of 5.05 eV is used as 

the default in the SCAPS software.  This was changed in turn to the following metal work 

functions:  Cu (4.65 eV), Ag (4.7 eV), Ni (5.0 eV), Pd (5.3 eV), and Pt (5.65 eV).  Figure 

8.8 shows the variation of the photovoltaic characteristics for the device with these 

different metals.  The PCE of the device increases with increasing work function of the 

metal from 4.65 to 5.0 eV and, thereafter, plateaus, as shown in Figure 8.8a.  Similarly, 

Jsc and Voc increase with an increase in the work function (Figure 8b), while FF decreases 

(Figure 8.8a). 

    

Figure 8.8:  Effect on device performance with a change in back metal contact: (a) 

efficiency and FF, and (b) Jsc and Voc 
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The high performance of Ni, Pt, and Pd can be attributed to their high work functions and 

Voc and, therefore, they are good candidates for the metal back contact in place of gold 

which is expensive.  Essentially, a metal with a high work function induces a high barrier 

for electrons to move from the HTL to the metal contact and, thus, enhances performance.  

Therefore, since Ni, Pt, and Pd gave similar PCE values like that for gold, it can be 

concluded that they can be used as alternatives to gold [39, 44]. 

The numerical simulations of the model solar cell investigated in this work were 

performed at a temperature of 300 K; nonetheless, to determine the effect of operating 

temperature on the device parameters, the temperature was varied between 260 and 400 

K.  The primary reason for simulating over this temperature range is because solar cells 

are conventionally placed outside, on top of buildings.  At elevated points and other solar 

harvesting sites, it exposes them to varying weather conditions and sunlight intensities.  

Figure 8.9 shows the variation in photovoltaic characteristics as a function of the 

operating temperature of the solar device. 

From Figure 8.9a, the PCE decreased with increasing temperature, an indication that the 

operation of the cell is affected by temperature changes.  This can be explained as follows: 

at higher temperatures, the band gap is reduced, possibly leading to more recombination 

of excitons; thus, a decrease in PCE is observed as the operating temperature increases.  

The FF increased gradually with temperature (Figure 8.9a), and Voc (Figure 8.9b) slightly 

decreased because of decreasing bandgap [45].  The Jsc, on the other hand, remained 

essentially constant for this device.  Parameters such as band gap, electron and hole 

mobility, and charge carrier concentration are affected by changes in the operating 

temperature of the electronic device. 

 

Figure 8.9:  Effect on device performance with a change in operating temperature: (a) 

Efficiency and FF, (b) Jsc and Voc 
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Once all the parameters that affect the device performance were optimised, the final J-V 

curve for the model cell was simulated.  The performance of this model was compared 

with both experimental and simulated results of other IGZO perovskite-based solar cell 

designs and is presented in Table 8.4.  This model exhibits the highest PCE at 19.95% 

and compares favourably well with previously reported cells. 

Table 8.4:  Photovoltaic characteristics of perovskite-based solar cells with IGZO as the 

ETL 

Device architecture 
Experimental/ 

Simulation 
Voc/V 

Jsc/mA 

cm-2 
FF/% 

PCE/

% 
Ref 

Au/IGZO/CH3NH3PbI

3/PEDOT:PSS/Au 

Simulation 

(SCAPS-1D) 
1.27 21.6 71.1 19.51 [31] 

ITO/IGZO/Perovskite 

(FA0.75MA0.25PbI2.5Br0.

5)/spiro-OMeTAD/Au 

Experimental 1.14 27.7 66.8 17.4 [34] 

ITO/PEDOT:PSS/CH

3NH3GeI3/IGZO/Ag 

Simulation 

(SCAPS-1D) 
0.81 23.04 54.36 10.16 [37] 

FTO/IGZO/CH3NH3P

bI3/spiro-

OMeTAD/Au 

Simulation 

(SCAPS-1D) 
5.32 25.55 14.68 19.95 This work 

8.4 Conclusion 

In this study, the performance of a model perovskite solar cell with the architecture 

FTO/IGZO/CH3NH3PbI3/spiro-OMeTAD/Au was investigated by simulation with 

SCAPS-1D software.  The thickness of the absorber (methylammonium lead iodide), hole 

transport (spiro-OMeTAD), and electron transport (IGZO) layers were optimised.  The 

optimum values for the absorber, hole transport, and electron transport layers were found 

to be 0.9, 0.1, and 0.05 µm, respectively.  It is evident that the thickness of the layers is 

important in power conversion efficiency, especially for the absorber.  The effect of the 

defect density of the absorber and the doping concentrations for the HTL and ETL were 

also examined.  For the absorber, a defect density of 2.5 × 1014 cm-3 was found to be the 
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best while a doping concentration of 1.0 × 1018 cm-3 was found to be the best possible for 

both the HTL and ETL materials.  This study has also demonstrated that the Au back 

contact can be replaced with either Ni, Pt, or Pd as back metals since they give similar 

PCE values and are less expensive than gold, and readily available.  The efficiency of the 

device decreased with increasing operating temperature.  Thus, better performance can 

be achieved at generally lower temperatures.  After optimisation, the model cell attained 

a PCE of 19.95%, with a Jsc of 25.55 mA cm-2, Voc of 5.32 V, and FF of 14.68%, which 

shows an improved efficiency than other similar perovskite solar cells previously 

reported.  This work is envisaged to prove useful for the fabrication of high-performance 

solar cells.  Nonetheless, an experimental approach to the performance of the model 

photovoltaic cell is highly recommended to complement the theoretical work reported in 

this study. 
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Abstract 

This study entails a theoretical investigation of the effect of the hole transport layer (HTL) 

and electron transport layer (ETL) materials on a lead-free perovskite solar cell based on 

methylammonium tin iodide (CH3NH3SnI3).  The simulations of the solar cells were 

conducted with the aid of the one-dimensional solar cell capacitance simulator, SCAPS-

1D.  The initial primary cell with the following architectural design: 

glass/FTO/WS2/CH3NH3SnI3/P3HT/Au, was simulated to yield a modest power 

conversion efficiency (PCE) of 10.47%.  In an attempt to improve the PCE of this device, 

several materials were tested as the HTL, and their effects on the PCE were simulated.  

Subsequently, various ETL materials were tested with what were found to be the best 

possible HTL materials.  The PCE of the primary device increased from 10.47% to over 

16% with the utilisation of 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-

spirobifluorene (spiro-OMeTAD), copper(I) oxide (Cu2O), copper(I) thiocyanate 

(CuSCN), copper(I) iodide (CuI), and poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno-

[3,2-b]thiophene) (D-PBTTT-14) as HTLs.  Tungsten disulfide (WS2) was shown to be 

the best suitable ETL material.  The density of defects of the absorber for the devices with 

mailto:aemerad@gmail.com
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WS2 as the ETL and Cu2O, D-PBTTT-4, CuSCN, spiro-OMeTAD, and CuI as the HTLs, 

was best at 1.5 × 1017 cm-3, while for the primary device, the best value of the density of 

defects was 1.5 × 1014 cm-3.  Furthermore, the energy barriers at the interface for primary 

and optimum devices was examined.  Additionally, the effect of the external operating 

temperature on the performance of the devices was investigated.  The simulation results 

allow one to propose the best HTL and ETL materials for high performance of lead-free 

perovskite solar cells, based on tin. 

Keywords: simulations; ETL; HTL; lead-free; perovskites 
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9.1 Introduction 

Solar energy has been identified as a source of clean and inexhaustible energy; thus, 

several advances have been made to harvest and utilise this abundant energy resource [1].  

The main challenge in harvesting solar energy is the lack of suitable solar devices with 

high power conversion efficiency (PCE) to convert solar energy to other useful forms of 

energy [2, 3].  Accordingly, organic-inorganic perovskite solar cells have gained 

prominence in recent years due to their attractive characteristics.  These include ease of 

fabrication through solution processes, high power conversion efficiency, better light 

absorption abilities, and long diffusion path lengths of excitons. 

The perovskite, methylammonium lead halide, is the most widely investigated perovskite.  

The solar cell that uses this perovskite material as the absorber, demonstrates a high PCE 

of over 25.2% [4], but it faces significant hurdles for commercial applications because of 

its poor stability and the threat to the environment, arising from the inherent toxicity 

exhibited by lead [5].  To mitigate against these challenges, lead-free perovskite solar 

cells, such as those based on germanium (Ge) [6], antimony (Sb) [7], bismuth (Bi) [8], 

and tin (Sn) [9], have been suggested as potential substitutes.  In particular, tin-based 

perovskites are suitable alternatives to lead because they possess similar characteristics, 

especially since tin and lead fall in the same group in the periodic table.  However, tin 

does exhibit instability problems caused by the oxidation of Sn2+ to Sn4+ when exposed 

to air [10].  This problem has been addressed by the addition of tin(II) fluoride (SnF2) 

[10] or tin(II) chloride [11], resulting in a compact, stable perovskite material.  

Consequently, research is ongoing in this field to improve the PCE and stability of lead-

free solar cells, since, the performance is still low compared with those of lead-based 

solar cell designs [12].  Strategies investigated include the selection of suitable hole 

transport layer (HTL) materials and electron transport layer (ETL) materials, the 

reduction of defects in the absorber material which entice excitons by acting as Shockley-

Read-Hall non-radiative recombination centres, and the addition of dopants, among 

others. 

In order to address stability issues in perovskite solar cells (PSCs), inorganic electron 

transport layer (ETL) materials, such as, titanium dioxide (TiO2), indium gallium zinc 

oxide (IGZO), tin dioxide (SnO2), zinc oxide (ZnO) and tungsten sulfide (WS2), have to 
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be incorporated in solar cells, and this is because the resulting structure is more compact 

and stable than that of cells with organic-based ETLs such as [6,6]-phenyl-C61-butyric 

acid methyl (PCBM) [13, 14].  Similarly, organic hole transport layer (HTLs) materials, 

for example, 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 

(spiro-OMeTAD), have commonly been utilised in perovskite solar cells [15], but, there 

are other efficient and cheaper materials.  Therefore, inorganic HTL materials, such as 

copper(I) oxide (Cu2O), copper(I) thiocyanate (CuSCN), and copper(I) iodide (CuI), have 

also been considered because it makes the device more compact and their efficiencies are 

appreciable [16].  The inorganic HTL materials are attributed with high electron 

mobilities, low-cost fabrication methods, and high stabilities; thus, solar cell degeneration 

is reduced [17].  Moreover, the organic HTL materials, namely, poly(2,5-bis(3-

tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene) (D-PBTTT-14) HTL and poly(3-

hexylthiophene) (P3HT), have also been tested due to their relatively high hole mobility, 

although the stability of the cell is low [18]. 

Recently, the number of papers on the numerical simulation of perovskite solar cells has 

increased as a result of the availability of numerous ‘free’ software packages, such as the 

solar cell capacitance simulator (SCAPS-1D) [19], SILVACO ATLAS [20], general-

purpose photovoltaic device model (GPVDM) [21], and wx-analysis of microelectronic 

and photonic structures (wxAMPS).  With the availability of these powerful 

computational tools, several parameters of the perovskite solar cells can be studied, 

yielding results consistent with experimental data.  Therefore, the overall aim of 

simulating a photovoltaic material is to assist with the selection of better performing 

materials for experimental testing in devices. 

Herein, we report the numerical simulation and performance optimisation of a tin-based 

perovskite solar cell whose primary architecture is: 

glass/FTO/WS2/CH3NH3SnI3/P3HT/Au by making use of the one-dimensional solar cell 

capacitance simulator (SCAPS-1D) [22].  In essence, several hole- and electron-transport 

materials were selected and investigated for their efficacy.  The hole transport materials 

included: spiro-OMeTAD, Cu2O, CuSCN, CuI, and D-PBTTT-14.  The electron transport 

materials examined were TiO2, IGZO, SnO2, ZnO and PCBM.  The effect of varying the 

density of defects of the absorber, energy barriers at the interface and, also, the operating 

temperature on the overall photovoltaic performance of the devices, was investigated.  
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The results of this work are envisaged to provide direction in future fabrication and 

engineering of lead-free perovskite solar cells based on tin for possible commercialisation 

and harvesting of solar energy. 

9.2 Computational methodology 

In this work, a tin-based perovskite n-i-p device was modelled and numerically simulated 

with SCAPS-1D software developed by Professor Marc Burgelman and his team at the 

University of Ghent, Belgium [22].  The model assembly consisted of fluorine-doped tin 

oxide (FTO) coated glass/ETL/absorber (CH3NH3SnI3)/HTL/gold metal back contact, as 

illustrated in Figure 9.1.  The n part is the ETL, the i part is the absorber (CH3NH3SnI3), 

and the p part is the HTL.  The SCAPS-1D software numerically solves the basic 

differential equations that govern semiconductors under steady-state conditions.  The 

differential equations include the Poisson equation, and the equations of continuity of 

holes and electrons [23].  Therefore, the SCAPS-1D numerical software can simulate the 

recombination profile, electric field distribution and current densities of a photovoltaic 

cell.  The simulation conditions were: illumination of AM 1.5G, with 100 mW cm-2, a 

temperature of 300 K, and a working frequency of 1 MHz.  The input parameters for the 

initial primary device (glass/FTO/WS2/CH3NH3SnI3/P3HT/Au) were assembled from 

published experimental and theoretical data and are summarised in Table 1.  The hole and 

electron thermal velocities were assumed to be a constant and set at 107 cm s-1 whereas 

the absorber density of defects, Nt, was set at 1.5 × 1017 cm-3. 

 

Figure 9.1:  Device structure of n-i-p perovskite solar cell investigated in this work 
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9.3 Results and discussion 

As a preliminary step, the simulation of the primary (reference) device with the following 

architecture: glass/FTO/WS2/CH3NH3SnI3/P3HT/Au, was carried out.  The values of the 

parameters for the main material properties are shown in Table 9.1. 

Table 9.1:  The values of the primary input parameters for the n-i-p perovskite solar cell 

components  

Parameter FTO [24] WS2 (ETL) [25] 
CH3NH3SnI3 

(absorber) [26] 

P3HT (HTL) 

[27] 

Band gap, Eg/eV 3.5 1.87 1.31 1.85 

Affinity, χ/eV 4.0 4.3 4.17 3.1 

Dielectric 

permittivity 

(relative), εr 

9.0 11.9 8.2 3.4 

Effective density of 

state at the 

conduction band, 

Nc/cm-3 

2.2 × 1018 1.0 × 1018 1.0 × 1018 1.0 × 1022 

Effective density of 

state at the valence 

band, Nv/cm-3 

1.8 × 1019 2.4 × 1019 1.0 × 1018 1.0 ×1022 

Mobility of 

electrons, μn/cm2 V-1 

s-1 

20.0 260 1.6 1.0 × 10-4 

Mobility of holes, 

μp/cm2 V-1 s-1 
10.0 51 1.6 1.0 × 10-3 

Density of n-type 

doping, ND/cm-3 
1.0 × 1019 1.1 × 1019 0.0 0.0 

Density of p-type 

doping, NA/cm-3 
0.0 0.0 3.3 × 1018 [25] 3.17 × 1013 

Density of defects, 

Nt/cm-3 
0.0 1.2 × 1011 

1.5 × 1017 

(varied) 
1.0 × 1014 

The resulting photovoltaic performance characteristics, namely, the current density-

voltage (J-V) curves and the quantum efficiency-wavelength curves of the device, are 

presented in Figure 9.2, while the photovoltaic parameters of the primary device, i.e., 
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open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and PCE are 

illustrated in Figure 9.2a (inset).  This device achieved a Voc, Jsc, FF and PCE of 0.8299 

V, 20.64 mA cm-2, 61.09% and 10.47%, respectively. 

 

Figure 9.2:  Photovoltaic performance characteristics of the primary (reference) n-i-p 

cell: (a) optimised J-V curve and (b) the quantum efficiency-wavelength curve 

Figure 9.2b presents the quantum efficiency (QE) curve obtained, in which the device 

exhibited a relatively high quantum efficiency of between 95-99% within the visible 

region of the electromagnetic spectrum (300-640 nm).  This could be attributed to the 

observed modest Jsc value of 20.64 mA cm-2.  However, the QE curve decreased sharply 

to about 25% outside the visible region, implying that the absorption of light by the device 

beyond the visible region breaks down since the ETL has a bandgap of 1.87 eV (663 nm) 

while the absorber has a bandgap of 1.31 eV (946 nm).  Basically, for this cell, the 

absorber layer can absorb light energy up to a wavelength of 946 nm, whereas the ETL 

can absorb up to 663 nm.  Notably, the optical absorption of the ETL (WS2) and the 

absorber have a direct impact on the QE because the ETL is located near the front side of 

the device and, thus, receives direct illumination from the sun.  The absorption of the 

HTL may be considered negligible because it is located at the rear part of the cell and is 

blocked by the front layers. 

9.3.1 Effect of different hole transport materials 

In order to study the effect of different HTL materials on the photovoltaic performance 

of the primary n-i-p device, several materials were selected, and each was inserted as the 

hole transport layer.  The HTL materials tested included 2,2',7,7'-tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD), copper(I) oxide (Cu2O), 
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copper(I) thiocyanate (CuSCN), copper(I) iodide (CuI), and poly(2,5-bis(3-

tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene) (D-PBTTT-14).  Table 9.2 shows the 

values of the properties that were used as input parameters in the SCAPS-1D software. 

Table 9.2:  Values of the input parameters for the HTL materials tested 

Parameter* 

Spiro-

OMeTAD 

[28] 

Cu2O [24] CuSCN [27] CuI [24] 
D-PBTTT-14 

[24] 

Eg/eV 3.06 2.17 3.4 3.1 2.16 

χ/eV 2.05 3.2 1.9 2.1 3.2 

εr 3 7.11 10 6.5 10 

Nc/cm-3 2.8 × 1019 2.02 × 1017 1.7 × 1019 2.8 × 1019 2.8 × 1019 

Nv/cm-3 1.0 × 1019 1.1 × 1019 2.5 × 1021 1.0 ×1019 1.0 × 1019 

μn/cm2 V-1 s-1 1.0 × 10-4 200 1.0 × 10-4 100 2.83 × 10-3 

μp/cm2 V-1 s-1 2.0 × 10-4 80 1.0 × 10-1 43.9 2.83 × 10-3 

ND/cm-3 0.0 0.0 0 0.0 0.0 

NA/cm-3 1.0 × 1018 1.0 × 1018 1.0 × 1018 1.0 × 1018 1.0 × 1018 

Nt/cm-3 
1.0 × 1015 

[27] 
1.0 × 1014 1.0 × 1014 1.0 × 1014 1.0 × 1014 

*See Table 9.1 for definitions of parameter symbols 

Since the thickness of each layer of the device is critical in the overall device 

performance, the FTO, HTL, absorber and ETL thicknesses for each of the devices with 

different HTLs were optimised.  In essence, optimisation was done sequentially by 

varying the thickness of a particular layer while keeping the thickness of the remaining 

layers constant.  In this manner, each layer was investigated in turn until a maximum PCE 

was achieved.  For instance, for the primary device, the thickness optimisation was carried 

out as follows:  first, the absorber thickness was varied from 0.08 to 0.3 µm until a 

maximum PCE was attained, while the thicknesses of the HTL, ETL, and FTO were kept 

constant at 0.05, 1.3 and 0.05 µm, respectively.  The best absorber thickness was 

determined to be 0.1 µm, after which it was kept constant at this value.  The ETL and 

FTO thicknesses were kept constant, while the thickness of the HTL was varied from 
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0.002 to 0.005 µm until an optimum value was obtained at 0.003 µm.  Similarly, the ETL 

thickness was varied from 1.3 to 2.3 µm, while the absorber, HTL and FTO thicknesses 

were kept constant.  The optimum ETL thickness was found to be 2.2 µm.  Finally, the 

FTO thickness was optimised by varying its value between 0.05 to 0.03 µm, and the 

optimum thickness was determined to be 0.04 µm.  For all the devices simulated in this 

work, a similar optimisation procedure was carried out.  The optimum thickness values 

for devices with WS2 as the ETL and various HTL materials are presented in Table 9.3. 

 

Table 9.3:  Optimised layer thicknesses for the devices utilising WS2 as the ETL, 

CH3NH3SnI3 as the absorber, and different HTL materials 

HTM FTO/µm ETL/µm Absorber/µm HTL/µm 

P3HT 0.04 2.2 0.1 0.003 

Spiro-

OMeTAD 
0.05 2.3 0.4 0.01 

Cu2O 0.05 2.5 0.5 0.1 

CuSCN 0.02 2.2 0.4 0.01 

CuI 0.05 2.3 0.4 0.1 

D-PBTTT-14 0.04 2.4 0.7 0.1 

Figure 9.3 shows the J-V characteristics and QE (internal) for the devices with a common 

WS2 ETL and different HTLs, while Table 9.4 presents the corresponding photovoltaic 

characteristics.  The J-V curve for the device utilising P3HT as the HTL (primary device), 

rose sharply at a voltage about 5 V, and this could have arisen as a result of the increased 

series resistance and enhancement in the recombination of excitons that gave a PCE value 

of 10.47% as observed in Figure 9.3a.  On the other hand, the J-V curves for the other 

devices remain low over the same voltage range of 0 - 0.8 V.  Figure 9.3b displays the 

QE (internal) of the devices employing different HTL materials.  It can be seen that the 

QE curves are apparently the same, implying that the effect of the HTL material on QE, 

in this case, is inconsequential.  In the n-i-p device configuration, the HTL layer material 

is located near the back contact of the device and, therefore, its optical absorption is 
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considered insignificant, and this does not affect the QE significantly.  Therefore, the 

observed QE is attributed to the common absorber and ETL material, which are involved 

in the absorption of light, because they are adjacent to the front contact where direct 

illumination takes place.  The remarkably high QE of approximately 95-99% achieved in 

the wavelength range of 300 to 640 nm can be attributed to the relatively high Jsc of above 

20 mA cm-2 recorded by the devices. 

 

Figure 9.3:  Photovoltaic performance characteristics of the n-i-p cells with different 

HTL materials: (a) J-V characteristics and (b) quantum efficiency as a function of 

wavelength 

From Table 9.4, it can be seen that the Jsc and Voc values for all the devices increased 

relative to those of the reference (primary) device.  This suggests that when different HTL 

materials were used, the recombination rates of charges in the devices decreased, resulting 

in higher PCE values than for the reference cell.  In comparison, spiro-OMeTAD, CuI, 

CuSCN, and Cu2O, and D-PBTTT-14 HTLs exhibited PCE percentage improvements of 

56.35, 56.45, 56.54, 56.64 and 56.54%, respectively.  The highest PCE of 16.40% was 

exhibited by the device utilising Cu2O as the HTL.  This could be due to proper band 

alignment with the absorber, as shown in Figure 9.4.  In addition, Cu2O has the highest 

hole mobility of 80 cm2 V-1 s-1 (see Table 9.2).  The devices containing either D-PBTTT-

14 or CuSCN HTLs, showed similar PCE values of 16.39%, potentially due to the same 

relative permittivity reported in Table 9.2.  Among the organic HTLs, D-PBTTT-14 

(16.39%) showed a better PCE than spiro-OMeTAD (10.47%).  This can be credited to 

the fact that D-PBTTT-14 has a higher hole mobility of 2.83 × 10-3 cm2 V-1 s-1 than spiro-

OMeTAD, that has a hole mobility of 1.0 × 10-4 cm2 V-1 s-1 (Table 9.2).  Generally, it is 

evident that the performance of the primary cell was greatly enhanced by inserting 
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different materials as HTLs.  Consequently, because of comparable PCE values, as seen 

in Table 9.4, Cu2O, D-PBTTT-14, CuSCN, Spiro-OMeTAD, and CuI HTLs can be 

considered to be better HTL alternatives to P3HT. 

Table 9.4:  Photovoltaic characteristics of devices containing WS2 as the ETL, 

CH3NH3SnI3 as the absorber, and various HTLs 

Parameter P3HT 
Spiro-

OMeTAD 
Cu2O CuSCN CuI D-PBTTT-14 

Voc/V 0.83 2.18 2.21 2.20 2.21 2.19 

Jsc/mA cm-2 20.64 21.71 21.73 21.72 21.71 21.73 

FF/% 61.09 34.53 34.14 34.26 34.17 34.31 

PCE/% 10.47 16.37 16.40 16.39 16.38 16.39 

 

Figure 9.4:  Band alignment between the perovskite absorber, the proposed HTLs and 

the metallic back contact, Au 

9.3.2 Effect of absorber density of defects and energy barriers at interfaces 

It has been established that the density of defects of the absorber makes a large impact on 

the photovoltaic characteristics of the device [23].  The presence of defects in a poor-

quality absorber induces Shockley-Read-Hall non-radiative recombination centres which 

delay excitons from reaching the terminals.  When this happens, the performance of the 
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device is significantly affected.  In order to explore the best possible density of defects 

for the simulated cells, the density of defects of the absorber was varied from 1.5 × 1015 

to 1.5 × 1021 cm-3.  The PCE of the devices sharply decreased as a function of increasing 

the density of defects, as can be noted in Figure 9.5a.  This is because of the increased 

rate of recombination of charges due to the increased number of defects, leading to a 

reduction in PCE.  Increased recombination reduces both the diffusion path length of the 

charge carriers and their lifetimes.  Except for the primary device, all other devices started 

showing photovoltaic behaviour at a defect level of 1.5 × 1017 cm-3 up to the 21st order, 

probably due to unfavourable contact between the absorber, ETL and HTL at lower 

orders.  The best possible density of defects was found to be 1.5 × 1017 cm-3 with a 

resulting PCE of approximately 16.40% for all the devices except for the primary P3HT 

device, which gave a PCE of 10.47%.  Remarkably, the device with P3HT can achieve a 

high PCE value of 17.56% when the density of defects is lowered to 1.5 × 1015 cm-3.  

However, at the industrial level, the process of regulating the intrinsic density of defects 

of the absorber is a costly practice and is not usually encouraged.  On the other hand, the 

FF graph (Figure 9.5b) generally decreased as a function of increased density of defects, 

and this can be credited to the increase in series resistance (Rs) and the shunt conductance 

(Y).  Furthermore, the Voc (Figure 9.5c) and Jsc (Figure 9.5d) values generally decreased 

as the density of defects increased.  This is because of the increased recombination of 

charges.  
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Figure 9.5:  Effect of variation of absorber density of defects from 1.5 × 1015 cm-3 to 1.5 

× 1021 cm-3 on the photovoltaic characteristics of devices with WS2 as the ETL and 

different HTLs: (a) quantum efficiency, (b) FF, (c) Voc and (d) Jsc 

In order to gain more understanding on the energy barriers at the interface, we examined 

the simulated energy band diagrams of the optimised cell (with Cu2O as HTL) (Figure 

9.6a) and the primary solar cell (Figure 9.6b) devices at equilibrium.  Basically, at the 

junction, there is an energy change at the bottom of the conduction band (∆Ec) and this 

change is caused by the difference in electron affinities of semiconductors [29, 30].  It 

follows therefore that that, if the change is positive, it implies that there is no energy 

barrier and if it is negative, it implies that an energy barrier exists.  Similarly, at the 

junction, an energy change can occur at the top of the valence band (∆Ev) between the 

two semiconductors materials, and same conventional sign applies, as for energy change 

at the bottom of the conduction band.  Therefore, the energy change on top of the valence 

band can be expressed as; ∆Ev = ∆Ec+∆Eg, where ∆Eg = Eg2-Eg1 (difference in band 

gaps of the two materials) [30].  From our simulations, the ∆Ec for optimum and primary 

devices was +0.835 and +0.459 eV, respectively.  Although, both values are positive, 
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implying, that there was no barrier at the interface, to the collection of photogenerated 

electrons by n-type material in the p-type material, the optimum device exhibited more 

positive ∆Ec than the primary device, thus higher efficiency.  Similarly, the ∆Ev for 

optimum and primary device was -1.159 and -0.977 eV, correspondingly.  This showed 

that there was an energy barrier at the interface for collection of photogenerated holes by 

p-type material in n-type material in both devices. 

 

Figure 9.6:  Simulated band alignment diagrams for (a) optimum device with Cu2O as 

HTL and (b) primary device 

9.3.3 Effect of different electron transport materials 

So far, in this study, the devices studied utilised WS2 as the ETL and different HTL 

materials.  In order to examine the effect of different ETL materials on the overall 

performance of the device, all the selected ETL materials were inserted into each of the 

three devices with Cu2O, D-PBTTT-14 and CuSCN as HTLs, since these three materials 

gave marginally better PCE values.  However, for the final selection of an appropriate 

material for the HTL from these best performing materials, considerations based on cost, 

toxicity, and stability of the resultant cell structure, play a vital role.  For instance, organic 

D-PBTTT-14 is cheap, but results in a solar cell structure that is not more compact and, 

thus, unstable compared with inorganic-based HTL materials, such as Cu2O, and CuSCN, 

which, result in more compact structures and are more stable.  On the other hand, 

inorganic Cu2O and CuSCN HTLs are toxic, especially in the aquatic environment while, 

organic D-PBTTT-14 is not toxic or persistent in the environment.  Therefore, organic-

based HTLs could be preferred because of their low toxicity and cost. 
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The ETL materials tested included titanium dioxide (TiO2), indium gallium zinc oxide 

(IGZO), tin dioxide (SnO2), zinc oxide (ZnO) and [6,6]-phenyl-C61-butyric acid methyl 

(PCBM).  The values of the input parameters for various properties of the ETL materials 

are summarised in Table 9.5. 

Table 9.5:  Values of the input parameters for the ETL materials tested 

Parameter* IGZO [31] SnO2 [31] TiO2 [24] PCBM [27] ZnO [31] 

Eg/eV 3.05 3.5 3.2 2 3.3 

χ/eV 4.16 4 3.9 3.9 4.1 

εr 10 9 32 3.9 9 

Nc/cm-3 5.0 × 1018 2.2 × 1017 1.0 × 1019 2.5 × 1021 4.0 × 1018 

Nv/cm-3 5.0 × 1018 2.2 × 1016 1.0 × 1019 2.5 × 1021 1.0 ×1019 

μn/cm2 V-1 s-1 15 20 20 0.2 100 

μp/cm2 V-1 s-1 0.1 10 10 0.2 25 

ND/cm-3 1.0 × 1018 1.0 × 1017 1.0 × 1017 2.93 × 1017 1.0 × 1018 

NA/cm-3 0.0 0.0 0.0 0.0 1.0 × 105 

Nt/cm-3 1.0 × 1015 1.0 × 1015 
1.0 × 1015 

[31] 
1.0 × 1015 2.0 × 1017 

*See Table 9.1 for definitions of parameter symbols 

Figure 9.7 shows the J-V characteristic curves and QE curves for the devices with Cu2O 

as the HTL material and each of the ETL materials tested.  The J-V electrical parameters 

from Figure 9.7a are presented in Table 9.6, and the optimised thicknesses of various 

layers are presented in Table 9.7.  Unlike for the HTL materials, the different ETL 

materials exhibited different QEs, as shown in Figure 9.7b; this is due to their different 

optical absorption properties and the fact that the ETL is located in the front of the device 

where it receives direct illumination from the sun.  The relationship between Jsc and QE 

can be expressed by Equation 1. 

Jsc = q ∫ ∅(λ)QE(λ)dλ       Equation (1) 

where Jsc is the short-circuit current, q is the electronic charge, ∅(λ) is the photon flux per 

wavelength bandwidth unit, and QE is the quantum efficiency. 
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Figure 9.7:  Photovoltaic performance characteristics of the cells with Cu2O as the HTL 

and different ETL materials: (a) J-V characteristics and (b) quantum efficiency 

It follows that as the QE increases, the Jsc also increases, and vice versa.  From Table 9.6, 

the device utilising WS2 as the ETL showed the highest Jsc of 21.73 mA cm-2.  This high 

Jsc could have contributed to its high QE, as observed in Figure 9.7b.  Remarkably, the 

cell achieved a PCE of 16.40%, which was approximately an 87% PCE enhancement 

when compared with the most poorly performing device (i.e., with SnO2 as the ETL).  

The Jsc values for IGZO, PCBM, SnO2 and ZnO were 10.52, 11.38, 5.52, 7.19 and 10.38 

mA cm-2, respectively, as reported in Table 9.6.  These values were very low compared 

to the Jsc value obtained with WS2 as the ETL; thus, the witnessed low QE (Figure 9.7b).  

Similarly, the PCE values for IGZO, PCBM, SnO2 and ZnO were 7.93, 7.53, 2.18, 7.56 

and 7.85%, respectively.  This deviation can be attributed to the high rate of 

recombination of excitons in these devices and, also, the high series resistance, and thus, 

low PCE. 

Table 9.6:  Photovoltaic characteristics of devices with Cu2O as the HTL and different 

ETLs 

Parameter WS2 IGZO PCBM SnO2 TiO2 ZnO 

Voc/V 2.21 9.57 1.28 1.52 1.38 10 

Jsc/mA cm-2 21.73 10.52 11.38 5.52 7.19 10.34 

FF/% 34.14 7.88 51.50 25.94 30.89 7.56 

PCE/% 16.40 7.93 7.53 2.18 7.56 7.85 
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Evidently, the PCE values for IGZO, PCBM, TiO2 and ZnO were generally similar, and 

this could be attributed to the almost similar Jsc values (see Table 9.6).  For TiO2 which 

may have been compensated by other properties such as electron mobility, band gap etc.  

In addition, Figure 9.8 illustrates the band alignment between FTO, different ETLs and 

the absorber.  As can be seen, the conduction bands of these ETL materials (IGZO, 

PCBM, TiO2 and ZnO) were all above the LUMO of the absorber, and this could also 

have contributed to the similar Jsc values recorded. 

 

Figure 9.8:  Band alignment between FTO, different ETLs and the absorber, 

CH3NH3SnI3 
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Table 9.7:  Optimised layer thicknesses for devices with different ETL materials and 

Cu2O as the HTL 

ETM FTO/µm 
Cu2O 

(HTL)/µm 

CH3NH3SnI3 

(absorber)/µm 
ETL/µm 

WS2 0.05 0.1 0.5 2.5 

IGZO 0.03 0.05 0.4 0.1 

PCBM 0.1 0.05 0.5 0.001 

SnO2 0.03 0.1 0.7 0.5 

TiO2 0.05 0.05 0.4 0.9 

ZnO 0.2 0.05 0.7 0.2 

Furthermore, for the devices utilising CuSCN and D-PBTTT-14 as the HTLs, 

optimisation of the layer thicknesses was also carried out, and the values obtained are 

presented in Table 9.8 and Supporting Information Table S9.1, respectively.  Similar 

observations were made as for the devices with Cu2O as the HTL.  Again, WS2 as the 

ETL exhibited better performance than the other ETLs for both sets of devices (Table 9.9 

and Supporting Information Table S9.2).  As was the case with the Cu2O HTL, for these 

sets, SnO2 as the ETL exhibited the poorest performance.  For example, in the CuSCN 

HTL device, the PCE was 4.7%, and for D-PBTTT-14 as the HTL, the PCE was 4.68%.  

This can be credited to the low Jsc values attained, which show that there was probably 

more recombination of excitons and, hence, a poor photovoltaic performance.  

Additionally, there could have been an unfavourable band alignment between the 

conduction band of SnO2 and the lowest unoccupied molecular orbital (LUMO) of the 

perovskite, as can be noted from Figure 9.8.  
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Table 9.8:  Optimised layer thicknesses for devices with different ETL materials and 

CuSCN as the HTL 

ETM/µ

m 
FTO/µm 

CuSCN 

(HTL)/µm 

CH3NH3SnI3 

(absorber)/µm 
ETL/µm 

WS2 0.02 0.01 0.4 2.2 

IGZO 0.05 0.05 0.7 0.01 

PCBM 0.005 0.1 0.4 0.001 

SnO2 0.1 0.05 0.5 0.03 

TiO2 0.003 0.05 0.5 0.004 

ZnO 0.2 0.01 0.5 0.2 

Table 9.9:  Photovoltaic parameters for devices with CuSCN as the HTL and different 

ETL materials 

Parameter WS2 IGZO PCBM SnO2 TiO2 ZnO 

Voc/V 2.20 4.69 1.28 1.38 1.39 9.99 

Jsc/mA cm-2 21.72 10.92 11.39 9.33 11.52 10.37 

FF/% 34.26 15.50 51.47 36.72 49.18 7.57 

PCE/% 16.39 7.96 7.53 4.70 7.87 7.84 

The QEs obtained for devices with CuSCN and D-PBTTT-14 as HTLs, and different ETL 

materials, are shown in Figure 9.9 and Supporting Information Figure S9.1, respectively.  

As can be observed, the QE for devices with IGZO, PCBM, SnO2, TiO2 and ZnO were 

all less than 60%, and this was true for both sets of devices.  Moreover, the SnO2 devices 

had the lowest QE, probably due to poor light absorption of up to about 354 nm (band 

gap 3.5 eV). 
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Figure 9.9:  Photovoltaic performance characteristics of the cells with CuSCN as the 

HTL and different ETL materials: (a) J-V characteristics and (b) quantum efficiency 

It can be concluded that the theoretical investigation has shown WS2 to be the best ETL 

material in all the tested devices.  This finding could be associated with the following 

attributes: high electron mobility of 260 cm2 V-1 s-1 (see Table 9.1), a wide range of 

absorption ability of light (bandgap 1.87 eV) and appropriate band alignment with the 

absorber (Figure 9.8).  Generally, the relationship between the efficiency and photovoltaic 

parameters of a solar cell can be expressed by Equation 2. 

η =
pm

pin
=

(Jsc  × Voc × FF)

Pin
       Equation (2) 

where η is the efficiency, Jsc is the short-current circuit, Voc is the open-circuit voltage, 

FF is the fill factor, pm is the output power, and pin is the input power.  Therefore, for WS2 

which exhibited the highest Jsc (21.72) value compared with the other ETLs, it showed 

the highest PCE because, efficiency is directly proportional to Jsc as shown in Equation 

2.  Supplementary Information Table S9.3 shows a summary of PCE values for all the 

simulated devices. 

9.3.4 Effect of temperature 

The external operating temperature of a device plays a key role in so far as PCE is 

concerned.  In practice, solar cells are placed outside and are subject to varying weather 

conditions.  Fundamentally, in a solar cell, it has been found that the temperature of the 

device can be about twofold that of the environment, and this has been found to impede 

device stability [32].  Figure 9.10 shows the effect of different temperatures on the 

photovoltaic characteristics of the devices with a common WS2 ETL, CH3NH3SnI3 
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absorber, and different HTL materials.  The PCE and Voc values for devices with HTLs 

other than P3HT, decreased with increasing temperature, as can be noted in Figures 9.10a 

and 9.10b.  This is occasioned by a decrease in Jsc and Voc as the temperature increases, 

as evidenced by Equation 3. 

Voc =
nkT

q
ln [

Jsc

Jo
+ 1]         Equation (3) 

where n is ideality factor, k is the Boltzmann constant, T is the temperature, q is the 

elementary charge, and Jo is the dark saturation current. 

On other hand, the FF for these devices, increased as the temperature increased up to 360 

K, and thereafter it remained unchanged for other higher temperatures (Figure 9.10c).  

For the device with P3HT as the HTL, the PCE, Voc and FF did not significantly change 

over the tested temperature range, indicating that this device was thermally stable.  

Moreover, for all devices, the Jsc slightly increased as a function of increasing temperature 

(Figure 9.10d).  Meanwhile, the devices containing Cu2O, CuSCN, D-PBTTT-14, spiro-

OMeTAD and CuI as HTLs did not work at temperatures below 260 K, but achieved the 

best performance at temperatures of 260 and 280 K and, thereafter, the performance 

declined as the temperature increased.  This indicates that these devices are unstable and 

can degrade at these higher temperatures.  However, the cell with P3HT proved to be 

stable, as evidenced by the seemingly constant PCE over the 260 to 400 K temperature 

range, although it achieved the lowest PCE.  
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Figure 9.10:  Variation of PV performance with operating temperature for devices 

containing WS2 as the ETL, CH3NH3SnI3 as the absorber, and different HTL materials: 

(a) quantum efficiency, (b) Voc, (c) FF and (d) Jsc 

9.4 Conclusion 

In this study, a theoretical investigation of a lead-free perovskite solar cell, based on the 

absorber methylammonium tin iodide (CH3NH3SnI3), was conducted by making use of 

the SCAPS-1D solar simulator.  This study has demonstrated that the performance of the 

device could be greatly improved by inserting suitable materials as the HTL and ETL.  

The replacement of P3HT in the primary device by one of Cu2O, CuSCN, D-PBTTT-14, 

CuI and Spiro-OMeTAD as HTLs, whilst maintaining the same perovskite absorber and 

WS2 as the ETL, achieved a PCE of about 16.40% from the initial value of 10.47% (about 

56% PCE enhancement).  The effect of different HTL materials on the QE was also 

investigated on devices utilising a common ETL (WS2), and no significant change was 

found since the HTL is located at the rear part of the solar cell and does not receive direct 

illumination.  However, different ETLs exhibited different QEs in each device with a 

common HTL (P3HT).  This arises from the different light absorption properties of the 
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ETL materials that are located in the front part of the device (for n-i-p configuration), and 

receive light directly.  Additionally, the simulations showed that, when various ETLs 

were inserted in selected devices, i.e., with Cu2O, CuSCN and D-PBTTT-14 as HTLs, 

the PCE was enhanced only when WS2 was used as the ETL.  All the tested devices 

achieved a PCE of about 16.40%, while the other ETLs tested resulted in poorer 

performances.  Furthermore, the absorber density of defects had an impact on the 

photovoltaic characteristics.  The best value was 1.5 × 1017 cm-3 for all devices with 

different HTL materials except for the device with P3HT as the HTL, where a value of 

1.5 × 1015 cm-3 was optimal.  The band alignment for the optimum device allowed 

effective collection of photogenerated electrons by n-type material in the p-type material, 

thus highest efficiency.  The best operating temperature for the devices was in the 260 – 

280 K range; above this, the performance decreased.  However, the primary device (with 

P3HT as the HTL) showed no significant change in performance with increasing 

temperature but exhibited a low PCE of 10.47%.  We envisaged that these simulation 

results would be useful for the fabrication of lead-free perovskite solar cells and provide 

an accessible route for their commercialisation.  Thus, future work should look towards 

providing experimental verification of the proposed solar cells to complement the 

theoretical results obtained here. 
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Abstract 

Recently, lead-based perovskite solar cells have been mainly studied; however, they 

suffer from two main problems: the toxicity of lead, and the instability, which limit their 

commercialisation.  Herein, we report a theoretical investigation of a lead-free perovskite 

solar cell based on formamidinium tin iodide (HC(NH2)2SnI3) with the general 

architecture: glass/FTO/WS2/HC(NH2)2SnI3/HTL/Au.  All calculations were performed 

with the SCAPS-1D solar cell simulator.  Two inorganic (CuSCN and Cu2O) and two 

organic (P3HT and D-PBTTT-14) hole transport layer (HTL) materials were tested in this 

model.  The effect of the external operating temperature and different metal work 

functions of the back contact of the cell on the overall performance of the devices was 

also studied.  Our simulations showed that, with the introduction of CuSCN, Cu2O, and 

P3HT, as HTLs, the device can attain a remarkable efficiency of approximately 21%.  All 

the modelled devices showed remarkable performance of above 20% at higher 

temperatures of 380 - 420 K, but degraded slightly when this range was exceeded.  

Relatively cheaper Pt, Ni, and Pd metals performed better, thus, can replace gold.  These 

simulation results can provide avenues and directions for future advancement of the 

performance of lead-free perovskite solar cells. 

mailto:aemerad@gmail.com
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10.1 Introduction 

Photovoltaic technologies have attracted much scientific attention because solar energy 

is believed to be clean and sustainable [1-3].  Furthermore, the utilisation of solar energy 

can assist in the reduction of environmental pollution arising from fossil fuel consumption 

as well as energy supply shortages [4].  Consequently, perovskite solar cells based on 

organometallic halides have received worldwide attention due to their outstanding 

properties such as better light absorption [5], high charge carrier mobilities, low cost [6], 

and solution-processable routes [7, 8].  Besides, since their first fabrication in 2009, 

perovskite solar cells have experienced an appreciable increase in power conversion 

efficiency (PCE) from 3.4 to over 24% [9, 10]. 

Lead halide-based perovskite solar cells have been widely used due to a number of 

attractive attributes, such as tuneable bandgap [11, 12], better light absorption coefficient, 

high PCE [13], and long carrier diffusion lengths [14].  However, despite these qualities 

and high PCEs of over 20%, lead-based perovskite solar cells face two major drawbacks: 

device instability and the toxicity of lead [5, 15, 16].  To circumvent these disadvantages, 

various advances have been employed; for instance, lead has been completely or partially 

replaced with other less toxic metals to form lead-free or metal-lead alloyed perovskites, 

respectively [17].  Recently, Hu et al. [18] constructed a bulk heterojunction absorbing 

material based on bismuth (Cs3Bi2I9–Ag3Bi2I9) to replace the lead halide absorber layer.  

The device achieved a PCE of 3.8% and exhibited improved thermal stability.  Similarly, 

Kanoun et al. [19] theoretically demonstrated the photovoltaic performance of a 

germanium halide-based perovskite.  The device exhibited a remarkable PCE of 21%.  

The other metal candidates that have been used to replace lead include tin, copper, and 

antimony [6, 16].  Among these lead-free alternatives, tin-based perovskites are the best 

alternative because of the narrow bandgap, similar chemical properties to those of lead 

and, also, the PCE values obtained exceeded those of other lead-free perovskites [16, 20].  

Although tin-based perovskites have been preferred, these cells still face problems such 

as instability (because Sn2+ can easily be oxidised to Sn4+, when exposed to air) [21], high 

recombination rates of charge carriers (due to high doped hole concentrations of the order 

of 1019 cm−3) [22], difficulty in controlling morphology during processing (because of 

rapid reaction between SnI2 and ammonium salts) [21, 23], and improper electronic band 
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alignment between the electron transport layer (ETL), the Sn-based absorber and the hole 

transport layer (HTL) [21].  Some successful strategies have been introduced to reduce 

the oxidation of tin.  For instance, tin(II) fluoride (SnF2) has been added to the perovskite 

material, and this reduced both the instability and the doped hole density, resulting in 

better performance [24, 25].  Despite CH3NH3SnI3 being widely used as the absorber 

material because of its attractive absorption properties, it faces one peculiar issue of 

temperature instability, which is linked to the organic [CH3NH3]
+ cation component [26, 

27].  It has been found that when formamidinium (HC(NH2)2)
+ is used instead of 

(CH3NH3)
+, a more compact stable solid perovskite is formed [28].  Notably, the 

photovoltaic performance of tin-based perovskites is still low compared with lead-based 

perovskites; [20] thus, there is a need to investigate various parameters of the device 

architecture in order to enhance the performance. 

In this regard, we report the numerical simulation and performance optimisation of a tin-

based perovskite solar cell with the following general architecture: 

glass/FTO/WS2/HC(NH2)2SnI3/HTL/Au, by using the one dimension solar cell 

capacitance simulator, SCAPS-1D [29].  Different HTL materials were tested in the cell.  

These hole transport materials comprised of inorganic copper(I) oxide (Cu2O) and 

copper(I) thiocyanate (CuSCN), and organic poly(2,5-bis(3-tetradecylthiophen-2-

yl)thieno-[3,2-b]thiophene) (D-PBTTT-14) and poly(3-hexylthiophene-2,5-diyl) 

(P3HT).  For each cell with a different HTL, optimisation of the thickness of the absorber, 

electron transport and hole transport layers, and the HTL and ETL doping densities was 

carried out.  In addition, the effect of varying the density of defects of the absorber on the 

overall photovoltaic performance of the devices was tested.  The effects of changing the 

back metal contact and operating temperature were also elucidated.  Overall, the results 

of this work are envisaged to aid the future direction of fabricating and engineering lead-

free tin-based perovskite solar cells. 

10.2 Numerical simulation methodology 

The model cell investigated in this work is a tin-based perovskite p-i-n device and is 

illustrated in Figure 10.1a.  The general configuration of the cell is: 

glass/FTO/WS2/HC(NH2)2SnI3/HTL/Au.  The n part is the ETL, which in this was 

tungsten disulfide (WS2), the i part is the absorber (HC(NH2)2SnI3), and the p part is the 
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HTL.  Tungsten disulfide was chosen as the ETL because of the following inherent 

optoelectronic properties: bandgap between 1.33–2.2 eV, high electron transport mobility 

(about 260 cm2 V-1 s-1), and high transparency [30].  Additionally, formamidinium tin 

iodide was also considered to be an ideal absorber due to its good light absorption (band 

gap of 1.41 eV) and relatively high thermal stability [28].  For the hole transport materials, 

CuSCN and Cu2O were selected as representatives of inorganic HTL materials.  In 

particular, CuSCN, when used in a solar cell device, results in a more compact structure 

that enhances stability, it is cheap and has a desirable band alignment with the perovskite 

absorber, and can quickly be processed via solution methods, it has a high optical 

transparency, and relatively high hole mobilities of about 0.01 – 0.1 cm2 V−1 s−1 [31, 32] 

while maintaining a high PCE.  Similarly, Cu2O has better band alignment with the 

perovskite, high hole mobilities (about 80 cm2 V−1 s−1) [19], is solution-processable, and 

has high optical transparency [33].  In addition, the organic HTL illustrative materials, 

P3HT and D-PBTTT-14, were chosen.  P3HT is dopant-free, has relatively high hole 

mobility, robust stability, and is cheap [34], while the D-PBTTT-14 material is low-cost, 

nontoxic, and biodegradable [27].  

Ideally, when light strikes the device, it is absorbed by the perovskite layer, and electron-

hole pairs, also known as excitons, are generated.  These charges travel to the electrodes 

by diffusion-controlled processes: at the boundary of the ETL and perovskite layer, 

electrons dissociate from holes and are transferred to the metal contact; similarly, at the 

perovskite and HTL boundary, the holes separate from the electrons and are transferred 

by the HTL to the back metal contact.  It is important to point out that these processes 

have a significant impact on the PCE of the device [27, 35].  The input parameters 

describing the device were assembled from published experimental and theoretical data 

and are summarised in Table 10.1.  The hole and electron thermal velocities were assumed 

to be constant and set at a value of 107 cm s-1.  The simulations were carried out with 

SCAPS-1D software [29], under solar illumination of AM 1.5G, with an intensity of 100 

mW cm-2, a temperature of 300 K, and a working frequency of 106 Hz.  
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(a) (b) 

 
 

Figure 10.1:  (a) Device structure of the p-i-n primary perovskite solar cell, and (b) band 

alignment between the ETL, perovskite, and the proposed HTLs 

The SCAPS-1D software numerically solves the basic differential equations that govern 

semiconductors under a steady-state.  It defines the physics of the modelled device such 

as the recombination profile, electric field distribution, and current densities. The 

essential semiconductor differential equations are the equations of continuity of holes and 

electrons, and the Poisson equation [36]. 

The continuity equations for electrons and holes can be expressed as shown in Equations 

(1) and (2), respectively. 

𝜕𝑗𝑛

𝜕𝑥
+ 𝐺 − 𝑈𝑛(𝑛, 𝑝) = 0       Equation (1) 

−
𝜕𝑗𝑝

𝜕𝑥
+ 𝐺 − 𝑈𝑝(𝑛, 𝑝) = 0       Equation (2) 

where 𝑗𝑛 is the electron current density, 𝑗𝑝 is the hole current density, Un,p is the net 

recombination rate and G is the generation rate. 

Essentially, the Poisson equation can be used to show the relationship between the electric 

field (E) and space charge density (ρ), and the relationship between these two physical 

parameters is indicated in Equation (3). 

∂2ψ

∂2x
= −

∂E

∂x
= −

ρ

εs
= −

q

εs
[p − n + N𝐷

+ (x) − N𝐴
− (x) ± Ndef (x)]  Equation (3) 

where ψ is the electrostatic potential, εs is the relative static permittivity of free space, q 

is the elementary charge, n is the electron density, p is the hole density, N𝐷
+ is the density 
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of the ionised donors, N𝐴
− is the acceptor density of ionised acceptors, and Ndef is the 

defect density of the acceptor or donor. 

The charge carrier transport occurs by diffusion and drift, and this phenomenon is 

expressed by Equations (4) and (5) for the electrons and holes, respectively. 

𝑗𝑛 = 𝐷𝑛
𝑑𝑛

𝑑𝑥
+ µ𝑛 𝑛

𝑑∅

𝑑𝑥
         Equation (4) 

𝑗𝑝 = 𝐷𝑝
𝑑𝑛

𝑑𝑥
+ µ𝑝 𝑝

𝑑∅

𝑑𝑥
         Equation (5) 

where Dn is the electron diffusion coefficient, µn is the electron mobility, Dp is the hole 

diffusion coefficient, µp is the hole mobility, and ∅ is the electrostatic potential.
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Table 10.1:  Properties of the ETL, absorber, and different HTL materials 

Parameter FTO [19] 
WS2 (ETL) 

[37] 

HC(NH2)2SnI3 

(perovskite 

absorber) [38] 

Cu2O [19] CuSCN [39] 
D-PBTTT-14 

[19] 
P3HT [39] 

Band gap, Eg/eV 3.5 1.87 1.41 2.17 3.4 2.16 1.85 

Affinity, χ/eV 4.0 4.3 3.52 3.2 1.9 3.2 3.1 

Dielectric permittivity 

(relative), εr 
9.0 11.9 8.2 7.11 10 10 3.4 

Effective density of state 

at CB, Nc/cm-3 
2.2 × 1018 1.0 × 1018 1.0 × 1018 2.02 × 1017 1.7 × 1019 2.8 × 1019 1.0 × 1022 

Effective density of state 

at VB, Nv/cm-3 
1.8 × 1019 2.4 × 1019 1.0 × 1018 1.1 × 1019 2.5 × 1021 1.0 × 1019 1.0 ×1022 

Mobility of electrons, 

μn/cm2 V-1 s-1 
20.0 260 22 200 1.0 × 10-4 2.83 × 10-3 1.0 × 10-4 

Mobility of holes, μp/cm2 

V-1 s-1 
10.0 51 22 80 1.0 × 10-1 2.83 × 10-3 1.0 × 10-3 

Density of n-type doping, 

Nd/cm-3 
1.0 × 1019 1.1 × 1019 0.0 0.0 0 0.0 0.0 

Density of p-type doping, 

Na/cm-3 
0.0 0.0 7.0 × 1016 1.0 × 1018 1.0 × 1018 1.0 × 1018 3.17 × 1013 

Density of defects, Nt/cm-3 0.0 2.0 × 1011 2.0 × 1015 1.0 × 1014 1.0 × 1014 1.0 × 1014 1.0 × 1014 
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10.3 Results and discussion 

To optimise the photovoltaic performance of the formamidinium tin iodide-based p-i-n 

perovskite solar cell (Figure 10.1a), two inorganic and two organic hole transport materials 

were tested.  These materials were Cu2O, CuSCN, D-PBTTT-14, and P3HT.  The 

corresponding band alignment between the ETL, perovskite, and the proposed HTLs is given 

in Figure 10.1b.  In the p-i-n solar cell, electrons are collected at the FTO transparent conductive 

electrode and holes are collected at the metal back contact.  To simulate the devices, the input 

parameters listed in Table 10.1 were used.  For each device, the photovoltaic characteristics 

such as the PCE, fill factor (FF), short-circuit current density (Jsc), open-circuit voltage (Voc), 

quantum efficiency (QE) and current density curves (J-V curves) were obtained.  In addition, 

the effect of varying certain device characteristics on the photovoltaic performance was 

evaluated.  The device characteristics investigated include: the thickness of the absorber, 

electron transport and hole transport layers, the absorber density of defects, doping of device 

components, the external operating temperature, and the nature of the metallic back contact. 

10.3.1 Effect of absorber, ETL and HTL thicknesses 

In any perovskite solar cell, optimising the thickness of every layer influences the overall 

performance of the device, especially that of the absorber [27].  Therefore, in our simulations, 

the thicknesses of the HTL, absorber, ETL, and FTO for each device with different HTLs were 

optimised.  During this process, the thicknesses of the absorber, ETL, and FTO were kept 

constant at 0.4 µm, 0.1 µm, and 0.05 µm, respectively, while the thickness of the HTL was 

varied.  Thereafter, the optimised HTL thickness was used together with the fixed absorber 

thickness of 0.4 µm and fixed FTO thickness of 0.05 µm to obtain the optimum thickness of 

the ETL.  Additionally, the FTO thickness was also varied, while the absorber, ETL and HTL 

thicknesses were kept fixed accordingly.  Finally, the best absorber thickness was obtained by 

fixing the ETL, HTL and FTO thickness at their optimised values while varying the absorber 

thickness.  The best values for the different layers of the devices are presented in Table 10.2.  
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Table 10.2:  Optimised thicknesses for different layers of devices utilising WS2 as the ETL, 

HC(NH2)2SnI3 as the absorber, and different hole transport materials 

Hole transport 

material 
FTO/µm ETL/µm Absorber/µm HTL/µm 

Cu2O 0.04 1.5 0.8 0.05 

CuSCN 0.05 1.5 0.8 0.05 

D-PBTTT-4 0.05 1.9 0.4 0.003 

P3HT 0.05 1.5 0.9 0.05 

To elucidate the influence of the absorber thickness on the photovoltaic parameters, the 

thickness was varied between 0.1 to 1.2 µm while the HTL, ETL, and FTO thicknesses were 

kept constant at their optimised values.  The results obtained are presented in Figure 10.2.  

Notably, no photovoltaic parameters were obtained for an absorber thickness between 0.1 - 0.2 

µm for devices utilising Cu2O and CuSCN as HTLs.  This is because a thin absorber of such 

thickness could not absorb a sufficient amount of light to generate excitons.  For the other two 

HTLs (P3HT and D-PBTTT-14), photovoltaic performance was observed in that range of 

thickness.  Evidently, the PCE (Figure 10.2a) of the devices increases with an increase in 

absorber thickness and reaches a plateau where the increase no longer influences the PCE.  As 

the absorber thickness increases, more excitons are generated; thus, the observed increase in 

PCE.  The gradual decrease in efficiency on reaching the plateau is associated with an increase 

in the recombination of excitons, since the generated charges now have to travel through longer 

distances than their diffusion lengths.  Similarly, the Jsc values increase as the absorber thickens 

for all the devices and reaches a maximum of about 30 mA cm-2 for the CuSCN, P3HT, and 

Cu2O cells, and 29.5 mA cm-2 for the D-PBTTT-14 cell, at an absorber thickness of 0.8 µm as 

depicted in Figure 10.2d.  This implies that there was less recombination of charges due to 

reduced series resistance.  In the case of the variation of FF with absorber thickness (Figure 

10.2b), the FF of the D-PBTTT-14 cell initially rose rapidly from 21 to 43% over a thickness 

range of 0.1 to 0.2 µm, and then gradually dropped as the absorber thickness increased further.  

This could be attributed to the increasing series resistance and shunt conductance, thus 

decreasing the efficiency observed within this range (see Figure 10.2a).  Additionally, for other 

devices, the FF rose gradually (Figure 10.2b).  On the other hand, the Voc (Figure 10.2c) 

decreased as the absorber thickened.  This observation was also witnessed by Roy et al. [40] in 

their simulation study and this could be because of decreased recombination current. 
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Figure 10.2:  Variation of photovoltaic parameters for devices with different HTLs as a 

function of absorber thickness: (a) Efficiency, (b) FF, (c) Voc and (d) Jsc 

After the best values for the thickness of each layer were obtained, these values (Table 10.2) 

were used to obtain the J-V characteristics and quantum efficiency curves for all the modelled 

devices (with WS2 as the ETL and different HTLs).  The results are depicted in Figure 10.3.  

As can be seen in Figure 10.3a, the J-V curve for the device utilising D-PBTTT-14, as the HTL, 

rose sharply at a voltage of about 0.5 V, possibly as a result of increased series resistance and 

enhancement in the recombination of excitons, to yield the lowest PCE value of 16.43%. On 

the other hand, the J-V curves for the other devices remain relatively low over the range of 0 - 

0.8 V. 
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Figure 10.3:  (a) J-V characteristics of devices utilising different hole transport materials, and 

(b) quantum efficiency as a function of wavelength for different hole transport materials 

The best PCE values were exhibited by devices utilising inorganic CuSCN (22.88%) and Cu2O 

(22.87%) as the HTLs (see Table 10.3).  For CuSCN, this high performance could be attributed 

to proper band alignment with the absorber (Figure 10.1b) despite having a lower hole mobility 

of 1.0 × 10-1 cm2 V-1 s-1 than Cu2O.  In the case of Cu2O, it can be credited to its high hole 

mobility of 80 cm2 V-1 s-1 (Table 10.1) and also proper band alignment with the absorber.  In 

the class of organic HTLs, the P3HT device showed a PCE value of 21.68%, which was still 

high compared with the lowest value obtained for the D-PBTTT-14 (16.43%) device.  This can 

be ascribed to the proper band alignment between its highest occupied molecular orbital 

(HOMO) and the valence band of the perovskite (Figure 10.1b).  On the other hand, the D-

PBTTT-14 device showed the lowest Voc value of 1.41 V (Table 10.3), which may have 

contributed to its poor performance.  In general, inorganic HTLs performed better than their 

organic counterparts, probably because of their higher hole mobilities, as reported in Table 10.1.  
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Table 10.3:  Photovoltaic characteristics of devices with WS2, as the ETL, and different HTLs 

Parameter Cu2O CuSCN D-PBTTT-4 P3HT 

Voc/V 2.42 2.44 1.41 1.79 

Jsc/mA cm-2 30.08 30.07 27.96 29.72 

FF/% 31.41 31.23 41.69 40.63 

PCE/% 22.87 22.88 16.43 21.68 

From Figure 10.3b, it can be seen that the quantum efficiencies (internal) for all the devices are 

apparently the same.  This arises because the HTL material is located near the back contact of 

the device, and therefore, its optical absorption is considered negligible and does not affect the 

quantum efficiency.  The high quantum efficiency achieved (about 95 - 99%) was attributed to 

a common WS2 electron transport material and the absorber used for all the devices.  However, 

the quantum efficiency sharply decreased to about 0% at about 870 – 900 nm, and this was 

because the device could not absorb much light beyond this region since the absorber has a 

bandgap of 1.41 eV.  It is important to note that the ETL of a p-i-n perovskite solar cell 

configuration (reported in this study) is located next to the front contact where direct 

illumination takes place; therefore, its optical absorption plays a crucial role as far as quantum 

efficiency is concerned.  Furthermore, at wavelengths longer than 640 nm, the quantum 

efficiency of the device with D-PBTTTT-14 exhibited a slight drop relative to the other HTLs 

tested.  The relationship between Jsc and quantum efficiency can be illustrated by Equation 6. 

𝐽𝑠𝑐 = 𝑞 ∫ ∅(𝜆)𝑄𝐸(𝜆)𝑑𝜆                  Equation (6) 

where Jsc is the short circuit current, q is the electronic charge, ∅(λ) is the photon flux per 

wavelength bandwidth unit, and QE is the quantum efficiency.  It follows that as the QE 

increases, the Jsc also increases and vice versa. 

10.3.2 Effect of absorber density of defects 

The level of density of defects of the absorber plays a very important role as far as power 

conversion is concerned [36].  When a deep level of defects exists in the absorber, the defects 

act as Shockley-Read-Hall non-radiative centres, which are known to cause a reduced lifetime 

of minority charge carriers.  This causes a significant reduction in Voc values of the solar cell 
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device [36].  Hence, we investigated the effect of changing the density of defects in the absorber 

from 2.0 × 1014 to 2.0 × 1019 cm-3.  The devices with Cu2O and CuSCN did not exhibit 

photovoltaic behaviour when the absorber density of defects was 2.0 × 1015 or less, probably 

due to unfavourable contact between the absorber and both ETL and HTL (Figure 10.4).  Figure 

10.4a shows that the PCE of the devices decreased monotonically as a function of increasing 

density of defects; this can be related to an increased rate of recombination of charges due to 

the increased number of defects and, thus, the reduction in the observed PCE.  Basically, 

increased recombination reduces the diffusion length of charge carriers and, also, their lifetime.  

The optimum density of defects for the organic D-PBTTT-14 and P3HT devices was 2.0 × 1014 

cm-3, while for the inorganic counterparts (Cu2O and CuSCN), it was 2.0 × 1015 cm-3.  The PCE 

values attained for the D-PBTTT-14, P3HT, Cu2O, and CuSCN devices at their optimum 

absorber density of defects were 19.70, 24.13, 22.87, and 22.88%, respectively.  Similarly, the 

FF values (Figure 10.4b) generally decreased as a function of the increased density of defects, 

and this can be ascribed to increased series resistance and shunt conductance.  From Figure 

10.4d, it is seen that the Jsc values generally decreased as the density of defects increased.  This 

is ascribed to increased recombination of charges and, thus, the performance decreased.  For 

example, the percentage PCE decrease for D-PBTTT-14 was about 26%, while for P3HT, Cu2O 

and CuSCN, it was about 36%.  Figure 10.4c shows the effect of density of defects on Voc; 

generally, there was a sharp decrease in Voc values (from the 14th to 16th order for P3HT, and 

the 15th to 16th order for Cu2O and CuSCN) for all devices except for the D-PBTTT-14 device.  

This is due to increased recombination of photogenerated charges.  After that, there was a sharp 

unexpected increase in Voc as the order of density of defects increased and was in agreement 

with the result of the device with P3HT in our previous work [27].  It is clear that photovoltaic 

parameters are very sensitive to the high absorber density of defects in the modelled devices 

reported in this work.  Nonetheless, the density of defects for all devices was fixed at a constant 

favourable value of 2.0 × 1015 cm-3 because of inherent costs in tuning the intrinsic absorber 

defect density at an industrial level which would be commercially impractical. 
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Figure 10.4:  Variation of photovoltaic performance by changing the absorber density of 

defects in the range of 1.5 × 1014 to 1.5 × 1019 cm-3 for devices with different hole transport 

materials: (a) Efficiency, (b) FF, (c) Voc and (d) Jsc 

10.3.3 Effect of doping various device components 

Figure 10.5 shows the effect of dopants on the efficiency of the photovoltaic devices 

investigated.  Figure 10.5a shows the effects of doping the absorber with p-type carrier 

concentrations ranging from 7.0 × 1013 to 7.0 × 1019 cm-3.  It can be seen that the efficiency 

increases with an increase in the dopant concentration up to the 16th order for the Cu2O and 

CuSCN devices, and up to the 17th order for the organic D-PBTTT-14 and P3HT devices.  

Notably, the Cu2O and CuSCN devices did not show photovoltaic character beyond 7.0 × 1016 

cm-3, implying that a larger concentration of dopants was ineffective and may have introduced 

deep defects causing increased recombination.  Additionally, excess doping may have caused 

the perovskite to change from semiconductor to metallic character, thus, hindering charge 

transport processes [41]. 
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Figure 10.5:  Efficiency of devices with different hole transport materials as a result of changes 

in the dopant concentration in the: (a) absorber, (b) ETL, (c) Cu2O, CuSCN, D-PBTTT-14 

HTLs, and (d) P3HT HTL 

Figure 10.5b illustrates the effect of ETL donor concentration (Nd) on performance.  The 

efficiency initially remains constant despite an increase in dopant concentration from 1.1 × 1016 

to 1.1 × 1018 cm-3, before it starts rising gradually as the dopant concentration is increased, 

possibly because of increased conductivity.  The maximum dopant concentration was found to 

be 1.1 × 1018 cm-3.  Similarly, the effect of doping in the hole transport material was also studied 

(acceptor concentration, Na), and the results are illustrated in Figures 10.5c and 10.5d.  For 

devices with CuSCN, Cu2O and D-PBTTT-14 HTLs, the concentration was examined from 1.0 

× 1014 to 1.1 × 1018 cm-3 (Figure 10.5c) and for P3HT from 3.17 × 1013 to 3.17 × 1018 cm-3 

(Figure 10.5d).  From Figure 10.5c, the D-PBTTT-14 device showed no apparent PCE increase 

as doping changed from 1.1 × 1014 to 1.1 × 1017 cm-3, but above this level, it experiences a slight 

increase (16.43-18.05%) up to the 19th order, while the PCE for Cu2O gradually rises from 

18.43 to 22.87% as the doping concentration increases from 1.1 × 1014 to 1.1 × 1018 cm-3 before 

reaching saturation at 1.1 × 1019 cm-3.  The PCE of CuSCN was not affected by changing the 

dopant concentration, and this observation may be attributed to the Moss-Burstein effect that 

was attained at a doping concentration of 1.1 × 1014 cm-3 [42].  The efficiency of the P3HT 
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device increases as the dopant concentration increases from 21.7 to 22.4% because of increased 

conductivity (Figure 10.5d). 

10.3.4 Effect of external operating temperature 

During the ordinary operation of solar cells, devices are typically positioned on rooftops and 

are subject to changing weather conditions, and this affects the stability of the devices.  It has 

been found that the temperature of the device can be about twice that of the environment, and 

this has posed device stability problems [43].  Figure 10.6 show the variation in the photovoltaic 

performance as a function of varying temperature from 260 to 420 K.  As depicted in Figure 

10.6a, the performance of the devices with Cu2O, CuSCN, and P3HT HTLs slightly increased 

with increasing temperature from 260 to 380 K before starting to drop at higher temperatures.  

Remarkably, these devices maintain a PCE of above 20% throughout the temperature range 

investigated, implying that they can withstand a wide range of temperature conditions without 

deteriorating.  For the D-PBTTT-14 device, the PCE increases from 10.68 to 21.48% with 

increasing temperature and reaches an apparent plateau at 360 K before dipping slightly.  

Generally, at temperatures above 360 K, all the devices tested attained comparable PCE values. 

The decrease in performance at higher temperatures (for our case above 400 K) is attributed to 

a decrease in the Jsc and Voc parameters, and this can be illustrated by Equation 7: 

Voc =
nkT

q
ln [

Jsc

Jo
+ 1]                   Equation (7) 

where n is ideality factor, k is the Boltzmann constant, T is temperature, q is the elementary 

charge, and Jo is the reverse saturation current.  As shown in Equation 7, when the temperature 

increases, the Jo also increases, and the overall effect is a decrease in Voc, as observed in our 

simulation results.  Figure 10.6c shows the effect of increasing temperature on Voc for all the 

solar cells.  The Voc gradually rises as a function of increasing temperature and reaches a 

maximum at 380 K and, thereafter, it decreases.  A contrasting observation was made for the 

FF (Figure 10.6b), where it decreased as the temperature rises to about 380 K before rising 

again.  Moreover, Figure 10.6d shows the effect on Jsc, which remains virtually constant for all 

the modelled devices.  From our simulations, the devices with P3HT, Cu2O, and CuSCN hole 

transport materials showed better performances (above 20%) at temperatures in the 260 to 420 

K window, implying that these devices can withstand a higher temperature range.  The D-

PBTTT-14 device was shown to work best at temperatures above 380 K, making these devices 

suitable especially for use in tropical regions. 
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Figure 10.6:  Variation of photovoltaic performance with operating temperature for devices 

with different hole transport materials: (a) Efficiency, (b) FF, (c) Voc and (d) Jsc 

10.3.5 Effect of metal back contact 

Several metal work functions were evaluated to investigate the effect of different metal back 

contacts on the performance of the solar cells.  The tested metals and their work functions 

included Pt (5.65 eV), Pd (5.3 eV), Ni (5.0 eV), Ag (4.7 eV), Au (5.05 eV), and Cu (4.65 eV).  

Figure 10.7 shows the variation of photovoltaic parameters with different metal back contacts.  

Both the PCE, in Figure 10.7a, and Voc, in Figure 10.7c, increase with increasing metal work 

function, but they reach a plateau at 5.0 eV for all devices except for the P3HT cell, which 

remains constant for all the metal back contacts tested.  Essentially, a high work function metal 

induces a high barrier for electrons to move from the hole transport material to the metal contact 

resulting in enhanced cell performance [44].  Generally, the FF values, shown in Figure 10.7b, 

decrease with increasing metal work function. 
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Figure 10.7:  Effect of different metal back contacts on the photovoltaic characteristics of 

devices with different hole transport materials: (a) Efficiency, (b) FF, (c) Voc and (d) Jsc 

Based on these results, the following metal alternatives can be used as back contacts in place 

of gold: Pt, Pd, and Ni can be used in devices with Cu2O and CuSCN hole transport materials 

since they afford high PCE values. However, for the D-PBTTT-14 device, only Pd and Pt can 

be used, and for the P3HT device, all the suggested metals can be used to substitute gold.  The 

performance of the selected metal back contacts on the respective devices is summarised in 

Table 10.4.  
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Table 10.4:  Percentage PCE values for devices utilising different HTLs and metal back-

contacts 

HTL Cu Ag Ni Au Pd Pt 

Cu2O 17.70 19.03 22.87 22.87 22.87 22.87 

CuSCN 19.49 20.82 22.88 22.88 22.88 22.88 

D-PBTTT-14 8.38 9.25 15.22 16.43 21.47 21.81 

P3HT 21.46 21.60 21.68 21.68 21.68 21.68 

10.4 Conclusions 

In this paper, the performance of a formamidinium tin iodide-based (HC(NH2)2SnI3) perovskite 

solar cell has been optimised by making use of the SCAPS-1D solar cell simulator.  Different 

hole transport materials were inserted, and their effect on performance was evaluated.  The 

effect of changing the thickness of the absorber, ETL, HTL, and FTO layers, the density of 

defects, and doping concentration of different components of the devices, were investigated.  In 

addition, the effect of varying the operating temperature conditions and back metal contacts on 

the device performances was evaluated.  Our simulation results showed that the PCE of all the 

devices increased as the absorber layer thickens.  The inorganic-based hole transport materials 

portrayed better PCE values (CuSCN = 22.88%, Cu2O = 22.87%) than their organic 

counterparts (D-PBTTT-14 = 16.43%, P3HT = 21.68%) at a temperature of 300 K.  The density 

of defects and the quality of the film has a significant impact on the PCE of the devices.  The 

PCE of the devices was found to increase with the doping concentrations of the absorber, HTL, 

and ETL.  Nevertheless, the actual process of increasing the doping concentration is expensive 

to carry out at an industrial level and, consequently, is impractical. 

In general, the modelled devices showed a high performance even at elevated temperatures, 

above 380 K, and can be used in areas such as the tropics.  Evidently, cheaper metals, such as 

Pt, Pd, and Ni, can be used in place of gold because of their high work functions and high PCE 

values above 20% in all devices.  These research findings will be useful for driving future 

direction in designing and fabrication of perovskite solar cells with high performance. 
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Abstract 

In this study, the performance of a lead-free perovskite solar cell (PSC) utilising 

formamidinium tin iodide (HC(NH2)2SnI3) as an absorber layer and with the following 

configuration: glass/FTO/ETL/HC(NH2)2SnI3/CuSCN/Au was numerically simulated.  In 

the device, zinc oxide doped with graphitic carbon nitride (g-C3N4/ZnO) was employed 

as an electron transport layer (ETL).  The numerical simulation of the device was carried 

out by using the one-dimensional solar cell capacitance simulator (SCAPS-1D) software.  

The effects of changing the g-C3N4 dopant concentration, density of defects of the active 

layer, and the use of diverse metallic back contacts on the overall power conversion 

efficiency (PCE) of the device were examined.  Moreover, the effect of the external 

operational temperature on the device performance was also investigated.  The PCE of 

the device increased as a function of increasing g-C3N4 concentration attributed to the 

passivation effects of polymeric g-C3N4, thus, reducing the recombination of the 

photogenerated charges at the ETL/absorber boundary.  The PCE decreased 

monotonously as the absorber density of defects increased, and this can be ascribed to an 

increase in shunt resistance and charge recombination.  Relatively cheaper metal back 
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contacts, such as Ni, Pd, and Pt, showed a similar PCE to that of a Au back contact; thus, 

can be used in place of Au.  It was evident that the performance of the cell was optimal 

at room temperature but decreased with an increase in temperature.  After all the 

optimisations, the device achieved a PCE of 22.33%.  The simulation results are expected 

to offer directions on the development of PSCs with g-C3N4/ZnO as the ETL material for 

the anticipated commercialisation in the near future. 

Keywords:  Numerical simulation; electron transport layer; SCAPS-1D; metal work 

function 
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11.1 Introduction 

Solar energy, as the best alternative energy source, has been considered clean and 

sustainable because it is inexhaustible and abundant globally compared with for instance, 

exhaustible fossil fuels [1].  Fossil fuels are expensive and exhaustible and have resulted 

in detrimental environmental effects such as global warming and pollution [2].  In order 

to explore better mechanisms of solar harvesting, scientists have devoted much effort in 

search of better materials that are clean and environmentally benign for the utilisation of 

the fabrication of solar cells.  Recently, perovskite solar cells (PSCs) based on organic-

inorganic hybrids have sparked scientific consideration because of their attractive 

properties, including simple solution-processable routes, considerable long diffusion 

length, low-cost materials requirement, and better light absorption coefficients [3, 4].  The 

power conversion efficiency (PCE) of PSCs has risen above 23% since their first 

inception in 2009 in Japan, because of tremendous advancement in fabrication [5].  The 

enhancement in PCE towards the theoretical value of 33% according to the Shockley–

Queisser efficiency [6] can be attributed to the use of better electron (ETL) and hole 

transport (HTL) layers, with proper band alignment, and suitable intrinsic properties, for 

instance, improved light absorption and charge transfer characteristics. 

The most commonly used ETL material is titanium dioxide (TiO2) [7], but this material 

has a number of shortcomings, such as a high sintering temperature before use, thus, 

unsuitable for substrates that require low-temperature processing and relatively low 

electron mobilities [8].  Recently, zinc oxide (ZnO) nanoparticles have been demonstrated 

to be a suitable alternative to TiO2 due to their environmentally benign nature, low cost, 

good optical transparency, straightforward low-temperature preparation routes such as 

sol-gel [9], ability to be deposited by spin-coating, [10] and better light absorption 

capabilities [11].  The optical band gap of ZnO has been established to be about 3.3 eV 

and; thus, it can absorb more sunlight [12].  Moreover, it exhibits a relatively higher 

electron-transport velocity (about 200 cm2 V-1 s-1) [13] than TiO2 (0.1 – 4 cm2 V−1 s−1) 

[14, 15], which could facilitate faster extraction of electrons from the perovskite absorber 

material and, hence, its wide application in solar cells as the ETL material [11].  Despite 

ZnO having these advantages over other metal oxide-based ETLs, there also exist inherent 

inevitable shortcomings, for instance, the instability of ZnO-based PSCs [14] and surface 

recombination of excitons, which can be credited to intrinsic defects of ZnO (point 
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defects) [16].  These defects can lead to the formation of trap states that entice the 

electrons, especially at the interfaces leading to recombination and poor charge transfer.  

Recently, interface engineering has been carried out to improve the performance of PSCs 

through passivation of defects, thus, minimising the fast charge recombination, improving 

charge transfer mechanisms, and controlling perovskite crystal growth [17, 18].  

Graphene [19] and graphitic carbon nitride (g-C3N4) [18], which are typical examples of 

two-dimensional (2D) materials, have been introduced at the interfaces in the solar cells 

as passivation agents.  This has resulted in improved charge transfer characteristics at the 

interface, and has facilitated the growth of high quality perovskite films [18]. 

Also, device simulation strategies have lately been used to understand, select appropriate 

materials, and gain insights into solar cell devices’ physical behaviour in an attempt to 

improve their performances.  For instance, Azri et al. [20] computationally studied the 

effects of various ETL materials in PSC devices.  The device with ZnO as ETL exhibited 

a PCE of 20.64%.  The performance enhancement was ascribed to high electron 

mobilities, better band alignment between the layers and better light absorption.  

Therefore, simulations are very convenient in PSC performance optimisation.  Herein, we 

report the computational modelling of a lead-free PSC with a basic structure of: 

glass/FTO/ZnO or ZnO doped with graphitic carbon nitride/HC(NH2)2SnI3/CuSCN/Au. 

The one-dimensional solar cell capacitance simulator (SCAPS-1D) software was 

employed in the simulation.  In this model, the effect on the PCE of doping ZnO with g-

C3N4 is examined.  Furthermore, the impact of varying the absorber defect densities (Nt), 

using different metallic back contacts, and varying operating temperature conditions, on 

the device’s PCE was explored.  It is believed that this work will provide avenues for 

performance improvement of PSCs utilising ZnO doped with g-C3N4 as the ETL material. 

11.2 Solar cell configuration and computational approach 

The photovoltaic behaviour of the simulated solar cells under investigation was explore 

with the use of SCAPS-1D simulation code.  The SCAPS-1D simulation software was 

advanced by Professor Marc Burgelman from the University of Ghent, Belgium [21].  The 

software calculates and resolves the three fundamental semiconductor equations under 

the steady-state conditions.  The calculation is basically in one - dimension and in steady 

state.  Essentially, during the simulation process, the photovoltaic parameters, the output 
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data on generation-recombination behaviour, electric charge distribution and transport 

processes and, current densities are generated as reported in our previous work.  In 

essence, the three equations are are: the Poisson and the equations of continuity for 

electrons and (iii) holes.  More details of these equations can be obtained from our 

previously published works [22, 23]. 

The device architecture with n-i-p configuration comprised fluorine-doped tin oxide 

(FTO) glass substrate/ETL, which consisted of g-C3N4 doped ZnO/absorber 

(HC(NH2)2SnI3)/HTL (copper(I) thiocyanate (CuSCN))/Au back contact, as shown in 

Figure 11.1. 

 

Figure 11.1:  The general structure of the modelled device investigated in this study 

To simulate the devices, the working conditions for the software were set as described in 

our previous work in refs [22, 23].  The base parameters for the respective layer 

components of the cell were collected from theoretical and experimental data previously 

published and are shown in Table 11.1.  

M
et

al
lic

 c
o

n
ta

ct

Sunlight



316 

 

Table 11.1:  Material base parameters for simulated device 

Parameter FTO [24] ZnO (ETL) 

[20] 

HC(NH2)2SnI3 

(perovskite 

absorber) [25] 

CuSCN (HTL) 

[20] 

Thickness, d/µm 0.8 2.0 0.9 0.1 

Energy gap, Eg/eV 3.5 Varied 1.41 3.4 

Affinity, χ/eV 4.0 4.1 3.52 1.9 

Dielectric Permittivity, εr 9.0 9 8.2 10 

Effective density of state 

at CB, Nc/cm-3 

2.2 × 1018 4.0 × 1018 1.0 × 1018  1.7 × 1019 

Effective density of state 

at VB, Nv/cm-3 

1.8 × 1019 1.0 × 1019 1.0 × 1019 2.5 × 1021 

Electron mobilty, μn /cm2 

V-1 s-1 

20.0 100 22 1.0 × 10-4 

Hole mobility, μp/cm2 V-1 

s-1 

10.0 25 22 1.0 × 10-1 

n-type doping density, 

Nd/cm-3 

1.0 × 1019 1.0 × 1018 0 0.0 

p-type doping density, 

Na/cm-3 

0.0 1.0 × 105 7.0 × 1016 1.0 × 1018 

Defects density, Nt/cm-3 0.0 2.0 × 1017 2.0 × 1015 1.0 × 1014 

11.3 Results and discussion 

In our simulations, the performance of the modelled devices was considered based on 

parameters such as the PCE, fill factor (FF), short circuit current density (Jsc), open circuit 

voltage Voc and quantum efficiency (QE).  Since it is crucial to optimise the thickness of 

various layers in the device, layer optimisation was carried out systematically as an initial 

step.  After sequential simulation steps, the optimised thickness for FTO, ETL, absorber, 

and HTL were found to be 0.8, 2.0, 0.9, and 0.1 µm, respectively. 
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11.3.1 Effect of the doping concentration of graphitic carbon nitride on zinc oxide 

compact layer 

In order to explore the impact of g-C3N4 (which is renamed here as CN) as a dopant on 

the performance of the device with ZnO as the ETL material, the inclusion of different 

concentrations of CN in ZnO was applied.  The different band gap data with 

corresponding doping levels were gathered from the experimental work of Chetia et al. 

[26].  Table 11.2 shows the band gap energies of pure ZnO and doped ZnO with different 

CN dopant ratios.  These values were inserted into the respective device during the 

simulation process, and their effect was examined. 

Table 11.2:  Input band gap energies of different ETL ZnO materials [26] 

Material composition Band gap energy/eV 

ZnO (pure)  3.17 

20% CN/ZnO 3.18 

33% CN/ZnO 3.19 

50% CN/ZnO 3.20 

60% CN/ZnO 3.205 

67% CN/ZnO 3.21 

As depicted in Table 11.2, the band gap of ZnO gradually increased as the doping level 

of CN increased; this could be due to an electronic modification in the composite between 

CN and ZnO.  From Table 11.3, it can be seen that the PCE of the devices increased as g-

C3N4 doping levels increases; this could be attributed to the increased band gap energy 

shown in Table 11.2. The increase in band gap energy could have resulted in better light 

harvesting capability of the nanocomposites and reduced recombination of 

photogenerated charges at the interface of the absorber and the ETL material.  Basically, 

CN could act as a passivation agent, thus reducing the number of interfacial defects at the 

boundary of the ETL and the absorber that could have otherwise enticed photogenerated 

charges [18].  The device with pristine ZnO registered a low PCE of 22.20% compared 

with the devices with CN doped ZnO materials.  This may be due to the high 
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recombination of charges at the interface compared with devices that include CN doped 

ZnO materials.  Generally, the impact of CN doping on the PCE of the devices was 

apparently low and could be directly related to the slight changes in band gap energies as 

the dopant concentration increased. 

Table 11.3:  Photovoltaic parameters of devices with the corresponding materials used 

as the ETLs 

Material Voc/V Jsc/mA cm-2 FF/% PCE/% 

ZnO  5.16 28.43 15.12 22.20 

20% CN/ZnO 5.16 28.57 15.13 22.32 

33% CN/ZnO 5.16 28.57 15.13 22.32 

50% CN/ZnO 5.16 28.58 15.13 22.32 

60% CN/ZnO 5.16 28.58 15.13 22.32 

67% CN/ZnO 5.16 28.58 15.13 22.33 

Figure 11.2 shows the devices’ quantum efficiency (QE).  As can be observed, the QE 

was above 98% at the wavelength between 400 - 750 nm for all the devices, with a slight 

difference in the undoped ZnO at the wavelength of about 400 nm.  The observed 

behaviour of the QE can be attributed to the absorption ability of the ETL and the absorber 

since they are located at the front part of the device, thus, receiving direct illumination.  

Typically, ETL materials with a band gap above the 3.17 to 3.21 eV range can absorb 

light over 391.17 nm.  Similarly, the absorber can absorb light up to about 800 nm.  The 

high QE of about 98% could also be attributed to an appreciable current density above 

15.13 mA cm-2 noted by all PSCs as shown in Table 11.3. 
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Figure 11.2:  Quantum efficiency of the optimised devices 

11.3.2 Impacts of varying absorber density of defects  

During the fabrication of solar cells, defect formations are inevitable, and this causes a 

major problem with regard to device perfomance, thus, hampering commercialisation 

[27].  The defects can be interfacial or may exist within the absorber materials, also 

referred to as amphoteric defects [28].  Recently, Sobayel et al. [29] showed theoretically 

that amphoteric defects are more severe than interfacial defects.  Therefore, it is important 

to minimise these defects as much as possible, inorder to avoid recombination of 

photogenerated charges[22].  Figure 11.3 shows the effect of varying the absorber density 

of defects on the photovoltaic performance of the devices.  The absorber density of defects 

(Nt) was examined from 2.5 × 1015 to 2.5 × 1019 cm-3.  The PCE (Figure 11.3a) of devices 

decreased monotonically (from 22% to 1.5 %) as a function of the increasing order of 

defects density.  From Figure 11.3b, the FF graph slightly rose and dropped, while the 

Voc and Jsc graphs (Figure 11.3c and Figure 11.3d) also decreased as the defects density 

increased.  This could be as a result of  increased recombination of charges which relates 

to the increased number of defects.  Moreover, the shunt and series resistance could also 

have increased, which severely affected the photovoltaic characteristics of the devices.  

The effect of CN different doping levels on ZnO was apparently not noticeable because 

the PCE values were very close.  However, the best density of defects was at kept at the 

15th order. 

300 400 500 600 700 800

0

20

40

60

80

100

 

 

Q
u

a
n

tu
m

 e
ff

ic
ie

n
c
y
/%

Wavelength/nm

 ZnO

 20% CN/ZnO 

 33% CN/ZnO 

 50% CN/ZnO 

 60% CN/ZnO

 67% CN/ZnO 



320 

 

  

Figure 11.3:  Effects of changing absorber defect density on the PSCs performance: (a) 

efficiency, (b) FF, (c) Jsc and (d) Voc 

11.3.3 Influence of metal work function  

To determine the performance of different metals as back contact anodes, diverse metals 

with their respective work functions were investigated and compared with the default 

gold (5.05 eV).  The aim here was to search for cost-effective and efficient alternatives to 

gold.  Therefore, the following metals were chosen: Cu (4.65 eV), Ag (4.7 eV), Ni (5.0 

eV), Pd (5.3 eV), and Pt (5.65 eV), and their respective work functions were used in the 

simulation.  Figure 11.4 depicts the effects of various metals on the performance of the 

cells.  From Figure 11.4a, the PCE was about 21% for Cu (4.65 eV) and Ag (4.7 eV) 

metals, and above 22% for Ni (5.0 eV), Au (5.05), Pd (5.3 eV) and Pt (5.65 eV) back 

contacts. 

Similarly, Voc (Figure 11.4c) increased as a function of increasing the metal work function 

and attained a plateau at 5.0 eV.  The FF (Figure 11.4b) decreased and remained constant 
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at 5.0 eV, while the graph remained apparently constant for Jsc (Figure 11.4d).  It was 

observed that metals with high work functions exhibited high performance, which can be 

attributed to a high open voltage and high work function, thus increasing efficiency [23].  

These results show that Ni, Pd, and Pt yielded similar results as gold, thus can replace 

gold. 

  

  

Figure 11.4:  Impact of using different  metal contacts on the device performance: (a) 

efficiency, (b) FF, (c) Voc, and (d) Jsc 

11.3.4 Effect of the operating temperature of the device 

Ordinarily, solar cells are left outside on the elevated ground for solar illumination.  The 

conditions outside can severely affect their lifespan and overall performance.  So far, we 

have carried out numerical simulations at an initial temperature of 300 K. 

In order to search for optimum operating temperatures, devices were simulated at 

temperatures between 260 and 440 K.  Figure 11.5 shows the impact of temperature on 

the photovoltaic characteristics.  As depicted in Figure 11.5a, the PCE of the devices 

decreased as the temperature increased.  This could result from increased resistance and 
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recombination; thus, low performance [30].  The FF graphs (Figure 11.5b) increased, 

while the Voc curves (Figure 11.5c) decreased drastically as the temperature increased.  

Generally, it has been established that, as the temperature increases, Voc decreases, 

resulting in low PCE [22, 31].  On the other hand, the Jsc slightly increased as the 

temperature increased; this could be because of the band gap reduction, which led to more 

electrons reaching the conduction band (CB), thus, causing an increase in the short circuit 

current.  Nonetheless, the optimum operating temperature was established to be about 350 

K since the device exhibited the highest PCE at this temperature. 

  

  

Figure 11.5:  Effect of changing the operating temperature on the PSCs performance: (a) 

Efficiency, (b) FF, (c) Voc, and (d) Jsc 

11.4 Conclusion 

We numerically analysed the performance of a lead-free perovskite solar cell (PSC) with 

the configuration of; FTO/ZnO/HC(NH2)2SnI3/CuSCN/Au using SCAPS-1D software.  

The effect of doping ZnO with g-C3N4 (CN) on the performance of the device was 

examined.  Also, the impact of absorber defect density, the back contact, and the operation 
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temperature of the device operating on the ultimate power conversion efficeincy (PCE) 

of the of the device was explored in detail.  From the results, it was found that the PCE 

of the PSCs increased as the doping concentration of g-C3N4 increased.  This was 

attributed to the decrease in recombination of charges as g-C3N4 passivates the charges in 

the electron transport layer (ETL) and at the interface between the ETL and the absorber.  

Additionally, the PCE decreased as the defects density increased due to an increase in the 

recombination of photogenerated charges.  It was also evident that an increase in 

operational temperature was detrimental to the PCE of the devices since, at high 

temperatures, the devices degrade, thus, decreasing the PCE.  Finally, these findings are 

believed to guide future experimental fabrication of high-performance solar cell devices. 
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CHAPTER TWELVE 

Conclusions and future work 

12.1 Conclusions 

The performance and stability of organic solar cells (OSCs) and perovskite solar cells 

(PSCs) are still low compared with commercially available silicon-based solar cells.  

Therefore, focused studies to improve their performance are necessary to unlock their 

potential for commercialisation.  Thus, this work investigated solar harvesting materials 

and devices experimentally and computationally. 

Graphitic carbon nitride (g-C3N4) material was of key interest in this study because of its 

desirable properties, such as a tuneable band gap of about 2.7 eV, chemical and physical 

stability, environmentally benign nature, and, more importantly, better light-harvesting 

ability.  Therefore, g-C3N4 material and its composites were investigated and incorporated 

into solar cells.  Bulk graphitic carbon nitride (B-g-C3N4) was synthesised by 

conventional polycondensation of a nitrogen-rich melamine precursor.  This bulk material 

was exfoliated into nanosheets by two techniques, namely, thermal etching and liquid 

exfoliation techniques.  In order to improve the properties of the nanosheet, a CdS dopant 

was prepared by a precipitation method.  Composites of the two materials were prepared 

via a mechanochemical approach.  The fundamental characterisation techniques 

investigated the optical absorption, electrical conductivity, morphological characteristics, 

thermal stability, chemical composition, and structural properties of the as-prepared 

materials.  These techniques included TEM, HR-TEM, SEM, XRD, TGA, BET, EIS, 

FTIR, UV-Vis, elemental analysis, Raman spectroscopy, and photoluminescence (PL) 

spectroscopy. 

Density functional theory (DFT) calculations performed using the Wien2k code on 

heptazine-based g-C3N4 showed that the material was slightly transparent.  Also, its 

optical absorption and conductivity were maximum in the visible region of the 

electromagnetic spectrum.  The Tran–Blaha modified Becke-Johnson (mBJ) exchange-

correlation potential was more accurate than the generalised gradient approximation of 

the Perdew-Burke-Ernzerhof (PBE) (GGA-PBE) potential in calculating the electronic 

band structure.  The thermal etching exfoliation method, when applied to B-g-C3N4, 
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produced nanosheets (CNNS-TE) with enhanced optoelectronic properties (lower band 

gap), a porous structure, and improved light harvesting ability than those obtained by the 

liquid exfoliation approach.  When these CNNS-TE nanosheets were doped with 

cadmium sulfide (CdS/CNNS-TE), the resulting composites exhibited lower band gap 

energies than the pristine CNNS-TE or CdS materials, and the PL experiments indicated 

that the introduction of the CdS dopant assisted in reducing the recombination of 

photogenerated charges. 

When the synthesised materials were incorporated in the active layer with P3HT:PC61BM 

blends of bulk heterojunction organic solar cells (BHJ-OSCs), the device with 5% 

CdS/CNNS-TE yielded the highest PCE (2.21%).  The introduction of the dopant in the 

active layer of the OSC led to high Jsc and improved PCE in all the tested devices.  The 

improvement of PCE was credited to better light harvesting, reduced recombination rates 

of photogenerated charges, and enhanced charge transfer characteristics in the device as 

a result of the introduction of dopants.  Moreover, graphitic carbon nitride nanosheets 

(CNNS-CB) from the chemical blowing method of exfoliation of B-g-C3N4 were 

composited with CdS nanoparticles to form CdS/CNNS-CB heterostructures.  When the 

composites were introduced as dopants in the active layer (with P3HT:PC61BM polymer 

blend) of an OSC, the best device with 10% CdS/CNNS-CB yielded a PCE of 3.45%, 

which was about 183% power conversion enhancement when compared with the pristine 

device.  Comparatively, the CNNS-CB and its composites showed better performance 

than CNNS-TE-based (with 50% performance enhancement) materials.  The best 

performance exhibited by CNNS-CB-based materials was attributed to relatively more 

structural defects created by heat and escaping blowing gases, which could possibly lead 

to improved cross-plane diffusion plane paths, thus facilitating the charge transfer process 

more than CNNS-TE-based materials. 

A second class of third-generation solar cells, namely, perovskite solar cells, were 

investigated computationally by numerical simulation with the SCAPS-1D computational 

code.  A typical configuration of a PSC entails glass/FTO/IGZO/CH3NH3PbI3/spiro-

OMeTAD/Au.  However, herein we introduced (IGZO) because of its desirable properties 

such as low band gap, high thermal and chemical stability, and relatively high electron 

mobility of about 15 cm2 V-1 s-1.  The numerical simulation of the PSC device with the 

configuration glass/FTO/IGZO/CH3NH3PbI3/spiro-OMeTAD/Au showed that the layer 
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thickness, density of defects of the absorber, and operational temperature impacted the 

overall performance of the device.  A lower density of absorber defects was preferable 

since the rate of recombination of photogenerated charges could be impaired with a high 

density of defects.  In an effort to avoid the use of toxic Pb, a lead-free device was 

investigated.  The effects of different electron transport layer (ETL) and hole transport 

layer (HTL) materials on the performance of this lead-free device showed WS2 to be a 

better ETL material due to its high electron transport mobility of about 260 cm2 V-1 s-1.  

On the other hand, spiro-OMeTAD, Cu2O, CuSCN, CuI, and D-PBTTT-14 showed 

appreciable PCE above 16% when utilised as HTL materials.  Also, the device with 

formamidinium, instead of methyl ammonium, component in the perovskite absorber 

showed relatively high thermal stability.  The formamidinium part resulted in the 

formation of a more compact structure that could withstand high operational 

temperatures.  Also, cheaper alternatives than gold as the metal back contact, such as Ni, 

Pt, and Pb, could be utilised since they exhibited comparable PCEs to Au in all the tested 

devices.  The introduction of g-C3N4 to the ZnO ETL in PSC devices led to better light 

harvesting and, thus, a high Jsc and improved PCE.  Precisely, this study showed that the 

performance of lead-free devices could be optimised (to over 22 %), and they can 

outperform their lead-based counterparts.  

In general, this study showed that the performance of OSC and PSC devices could be 

enhanced by incorporating better light harvesting materials, such as g-C3N4, with 

improved charge transport characteristics and suppressed recombination of 

photogenerated charges.  Further, numerical simulation of PSC devices allowed the study 

of experimentally elusive aspects of the devices that aid in performance optimisation.  

Thus, this study has provided strategies for performance enhancement of OSC and PSC 

devices from computational and experimental perspectives. 

12.2 Future work 

Despite the various research strategies presented in this work for improving the 

performance of OSC and PSC devices, there are still a number of aspects that could be 

addressed, for instance: 
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1. The effects of heteroatom doping or composite formation on the optoelectronic 

properties of g-C3N4 should be further explored with regard to solar harvesting 

applications both computationally and experimentally. 

2. While this study concentrated on g-C3N4 nanosheets (2D) and some composites, 

other dimensions, such as nanorods (1D), quantum dots (0D), nanotubes (1D), 

and 3-D g-C3N4, as well as their composites, should be investigated to broaden 

the potential use of g-C3N4 in OSC and PSC devices. 

3. The actual fabrication of the simulated PSC devices should be carried out in 

order to evaluate their performance experimentally.  In particular, the devices 

with the following proposed configurations are proposed: 

•  glass/FTO/ZnO/g-C3N4/CH
3
NH

3
PbI

3
/CuSCN/Au  

•  glass/FTO/WS
2
/CH

3
NH

3
SnI

3
/CuSCN/Au and WS

2
/g-C3N4 as ETL 

• glass/FTO/WS
2
/HC(NH

2
)
2
SnI

3
/CuSCN/Au and also with WS

2
/g-C3N4 as 

ET 
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APPENDICES 

Appendix A:  Supporting information for chapter five 

 

Figure 5.S1:  SEM images of (a) 10% CdS/CNNS-TE and (b) 20% CdS/CNNS-TE 

samples, and HRTEM images of (c) 10% CdS/CNNS-TE and (d) 20% 

CdS/CNNS-TE 

  

200 nm 200 nm

(a) (b)

d = 0.341 nm

20 nm

(d)

d = 0.338 nm

(c)

20 nm
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Figure 5.S2:  SAED images for (a) 10% CdS/CNNS-TE and (b) 20% CdS/CNNS-TE 

samples.  SEM-EDX mapping for (c) 10% CdS/CNNS-TE and (d) 20% 

CdS/CNNS-TE.  TEM images for (e) 10% CdS/CNNS-TE and (f) 20% 

CdS/CNNS-TE samples 

(a) (b) (c)

(f)

50 nm50 nm

(e)(d)

CdS

CNNS-TE

CdS

CNNS-TE
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Appendix B:  Supporting information for chapter six 

 

Figure S6.1:  SEM images of (a) 5% CdS/CNNS-CB and (b) 20% CdS/CNNS-CB 

samples.  TEM images of (c) 5% CdS/CNNS-CB and (d) 20% CdS/CNNS-

CB.  HRTEM images of (e) 5% CdS/CNNS-CB, and (f) 20% CdS/CNNS-CB  
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Figure S6.2:  (a) HRTEM-SAED images for (i) 5% CdS/CNNS-CB and (ii) 20% 

CdS/CNNS-CB samples.  SEM-EDX elemental composition graph, composition table 

(inset), and the corresponding mapping images for (b) 5% CdS/CNNS-CB and (c) 20% 

CdS/CNNS-CB samples 

  

(a) 

 

(b) 

 

(c) 
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Appendix C:  Supporting information for chapter nine 

Table S9.1:  Optimised layer thicknesses for devices with D-PBTTT-14 as the HTL and 

different ETL materials 

ETL FTO/µm 
D-PBTTT-14 

(HTL)/µm 

CH3NH3SnI3 

(absorber)/µm 
ETL/µm 

WS2 0.04 0.1 0.7 2.4 

IGZO 0.03 0.03 0.5 0.01 

PCBM 0.05 0.002 0.2 0.002 

SnO2 0.3 0.02 0.2 0.03 

TiO2 0.05 0.05 0.4 0.004 

ZnO 0.1 0.05 0.4 0.1 

Table S9.2:  Photovoltaic parameters of devices with D-PBTTT-14 as the HTL and 

various ETL materials 

Parameter WS2 IGZO  PCBM  SnO2 TiO2 ZnO  

Voc/V 2.19 4.71 1.28 1.38 1.43 9.99 

Jsc/mA cm-2 21.73 10.92 11.23 9.24 11.46 10.38 

FF/% 34.31 15.48 51.71 36.76 48.02 7.57 

PCE% 16.39 7.96 7.41 4.68 7.86 7.86 
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Table S9.3:  A summary of PCE values of all the simulated devices 

ETL HTL 

 P3HT 
Spiro-

OMeTAD 
Cu2O CuSCN CuI D-PBTTT-14 

WS2 10.47 16.37 16.40 16.39 16.38 16.39 

IGZO   7.93 7.96  7.96 

PCBM   7.53 7.53  7.41 

SnO2   2.18 4.70  4.68 

TiO2   7.56 7.87  7.86 

ZnO   7.85 7.84  7.86 

  

Figure S9.1:  Photovoltaic performance characteristics of cells with D-PBTTT-14 as the 

HTL and different ETL materials: (a) J-V characteristics and (b) quantum efficiency 
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