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Abstract

Narrow optical absorption band of fullerene based organic photovoltaic (OPVs) is one of

the challenges to produce efficient polymer based solar panel that compete with inorganic

counter part. There have been efforts to mitigate the challenges in the past but not enough

to overcome all the problems. Plasmon light trapping using metal nano-particles (NPs)

incorporated into the organic films is one of the mechanisms being investigated intensively

in recent years. Excited plasmon meta nano-partices can dephase in number of ways that

could assist in improving photon harvesting as well as charge transport processes in thin film

organic solar cells without compromising the optimum thickness of the photoactive medium.

The most investigated metal NPs are gold (Au) and silver (Ag) NPs due to their excellent

plasmonic and light scattering properties. However, due to their scarcity and cost, several

other metallic NPs have also been considered alternative options. Furthermore, mono metal

NPs tend to possess high scattering coefficients but low absorption coefficients or vice versa.

As a result, several nano-composites of NPs with differing scattering and absorption coeffi-

cients have been synthesized and studied.

In this study, we have investigated the effect of inexpensive, solution processed and envi-

ronmentally friendly metal NPs in organic solar cell based poly(3-hexylthiophene) (P3HT)

and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) blend solar absorber. Metal nano-

composites using metals such as zinc (Zn), copper (Cu), Ag, manganese (Mn) and sulphur

(S) were synthesized via simple low temperature colloidal chemistry. These nano-composites

were bimetallic (copper coated with silver, Cu@Ag), zinc sulphide (ZnS), zinc oxide (ZnO)

coated with Ag (ZnO:Ag) and zinc sulphide doped with manganese (ZnS:Mn). The size,

chemical composition and morphology of the synthesized NPs were studied using high res-

olution scanning electron microscopy (HRSEM), high resolution transmission electron mi-

croscopy (HRTEM) and energy dispersive X-ray spectroscopy (EDS/EDX). X-ray diffraction

(XRD) was used to study their crystalline structure. The optical properties of the NPs in

deionized water were studied using UV spectroscopy (UV-Vis). SEM analysis of the NPs

showed various structures which mainly consisted of core shell type particles agglomerated to-

gether to form large clusters of nano-composites. EDX chemical composition analysis showed

no significant impurities. This was consistent with the XRD which showed no diffraction

peaks corresponding to impurity. HRTEM analysis confirmed the formation of a core-shell

type structure for Cu@Ag with Cu core. Inter-planar (d-spacing) obtained via HRTEM
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compared very well with those obtained via XRD analysis.

The NPs were incorporated either within the photoactive layer or the hole transport

layer (HTL) of the solar structure. Significant enhancements on the optical and electrical

properties of the OPV devices with NPs were observed when compared to pristine devices.

Different NP concentrations were investigated ranging between (1 - 10 )wt% relative to the

absorber blend molecules. In some cases, the effect of solvent additives such as dimethyl

sulfoxide (DMSO) at 5 wt% was used together with NPs in the HTL to boost the charge

transport processes. The enhanced optical absorption, and electrical properties observed

as increased current-densities (J), fill-factors and charge carrier mobilities resulted to im-

proved power conversion efficiencies (PCEs) with increases exceeding 100 % when compared

to pristine devices. The open-circuit voltages for all devices remained relatively unchanged.

The enhancements in the optical and electrical properties which resulted to improved PCEs

were attributed to strong light trapping through scattering by NPs and local surface plas-

mon resonance (LSPR) excitation on the metal-semiconductor interface. Light scattering

at different angles into or within the photo-active layer increases its effective optical path

length and hence more photons are absorbed. The thesis presents a series of experimental

investigations on recently fabricated thin film organic solar cells with/without metal NPs at

various concentration.
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Chapter 1

General Introduction

1.1 Introduction

Due to the rising cost of energy production from the scarce fossil fuel, researchers embarked

on finding alternative sources of energy production. Solar energy is one of the possible

renewable energy sources that can ease the scarcity of energy and prevent environmental

pollution. In recent years, bulk heterojunction organic photovoltaic cells emerged to be of

great interest due numerous advantages such as easy process-ability, light weight, mechanical

flexibility, eco-friendliness, and low fabrication cost through roll-to-roll printing. It is to be

noted that polymer blend film possesses high optical absorption coefficient as high as 105L

mol−1 [1–6]. Poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester

(PCBM) blend film has become the most studied and promising electron donor and acceptor

blend, and have demonstrated power conversion efficiencies (PCE) in excess of 6 % [2, 5–

8, 10]. However, the organic photovoltaic still face several challenges such as low photon

absorption, generation and dissociation of electron-hole pairs, charge carrier transport and

extraction of the generated charge carriers at the respective electrodes.

Because of short diffusion length (≈ 10 nm) of exciton and low charge carrier mobilities

in polymer medium, the photoactive layer thickness of the polymer absorber is restricted to

the range 140 - 250 nm, which is very thin to capture all the incident photons [4, 11, 12].

Therefore, a need to improve the light trapping and absorption mechanisms in thin film

OPVs has become an important issue in research. Conventional methods of light trapping

use textures that have features incomparable or even larger than the thickness of the actual

thin film solar cells [13]. These would create undesirable morphology resulting to significant

surface recombination losses. Therefore, different light trapping mechanisms, e.g., metal

nano-grating, surface texturing and photonic crystals, have been suggested, however, these

methods require sophisticated fabrication equipment and techniques [14–19].

In recent years, metallic nano-particles (NPs) have been introduced into solar cells to

enhance photon harvesting by utilizing the localized surface plasmonic resonance (LSPR) of

1
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metallic NPs [20] while keeping the active layer thin. Metallic nanoparticles (MNPs) may be

easier and cheaper to fabricate, or exhibit a higher performance compared to dielectric light

scattering approaches [16]. When incorporated close to the interface between the photo-

active area and transport layers, the NPs lead to concentrated optical electric fields near the

junction [16, 22], which enhances exciton creation within an exciton diffusion length away

from the photo-active medium [16]. This phenomenon is associated with comparatively small

nanoparticles, much smaller than the wavelength of the incident light. Though promising,

the near-field light concentration is always accompanied by strong ohmic loss from the NPs,

which is dissipated as heat [23]. Incorporation of MNPs in photovoltaic is aimed at improving

the photons absorption either by local surface plasmon resonance or by way of near and far-

field scattering, which increases the optical path length within a photo-active medium [19].

Recent studies have shown that the incorporation of plasmonic metallic nano-structures

into solar cells can significantly improve the PCE of solar cells by multiple folds due to

photons trapping via scattering and near-field effects [13, 18, 26–30]. Plasmonics is an

emerging field that makes use of the nanoscale properties of metals [13], which are defined

to be the collective oscillation of conduction electrons upon irradiation with light of certain

wavelength [31]. The excitation of the localized surface plasmon resonance (LSPR) can

be achieved when the frequency of the incident light matches with oscillation frequency of

metal surface electron plasma, resulting in a strong near-field around the interface between

the dielectric and metallic nanoparticles [28, 32, 33]. The resonance frequency of LSPR

depends strongly on the size, shape of the NP and the dielectric environment around the

metallic nano-particles (NPs) [13, 28, 34]. Therefore, by manipulating the size, shape and

dielectric environment of the metallic NPs, the surface plasmon resonance and associated

properties can be tuned depending on the applications [13].

1.2 Problem Statement and Research Motivation

The increasing demand for more energy due to growing world population and urbanization

resulted in more consumption of fossil fuels, which causes the depletion of the natural re-

sources and severe global warming because of CO2 emission. These call for alternative clean

and environmentally friendly energy sources. Solar energy is one of the abundant renewable

energy sources that has been utilised to supplement and potentially reduce the reliance on

fossil fuel. There has been a number of solar cell technologies developed to harvest solar

energy. The most widely used technology due to its high power conversion efficiency and

durability is based on inorganic materials such as silicon. However, some of these inorganic

materials are not easy to find and they are expensive to process due to heat requirement.

Recently, organic photovoltaic solar cells have gained tremendous research interest due to

their low fabrication cost, environmental friendliness, flexibility, light weight and potential

for roll-to-roll fabrication. However, polymer based photovoltaic suffer from low carrier mo-

bilities and short exciton diffusion length thus limiting their photo-active layer thickness
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to less than 200 nm. This leads to low photon absorption and thus low power conversion

efficiencies. Therefore, there is a need to improve photon absorption in polymer solar cells

while keeping their photoactive layer thickness thin (< 200 nm). As a potential solution

to this photoactive layer thickness limitation is the use of plasmonic photo-catalytic nano-

composites that can scatter or absorb incident photons and improve optical absorption of

organic thin film solar cells. These nano-composites can scatter incident photons in different

directions inside the photo-active layer thus increasing its optical path length. Hence, more

light could be absorbed and converted to electrical energy. The nano-composites can also be

tuned to absorb incident photons through localized surface plasmon resonance and convert

it to energetic electrons and holes. Thus improving charge carrier generation in organic pho-

tovoltaic. These nano-composites could be solution-processable, cheap and environmentally

friendly.

1.3 Study objectives

i. Synthesize solution-processable and environmentally friendly metal nano-particles (NPs)

that possess good optical and electrical properties. The NPs are expected to possess plas-

monic features and/or light scattering features.

ii. Characterize the morphology, structural and optical properties of the solution-processed

metal NPs.

iii. Fabricate organic photovoltaic doped with metal NPs (and/or solvent additive) at dif-

ferent functional layers of the solar cell. Which is either in the photo-active layer or/and the

charge transport buffer layer (PEDOT:PSS) to enhance their optical and electrical proper-

ties, thus improving their power conversion efficiency.

iv. Investigate current-voltage properties of the fabricated OPVs, and determine the effect

of NPs on photons harvesting and the charge transport processes.

1.4 Thesis Outline

In this thesis, we presented and discussed the performance of newly fabricated organic photo-

voltaic (OPV) devices doped with metal NPs either in the photo-active layer (P3HT:PCBM)

or the buffer layer (PEDOT:PSS). In chapter 2, a literature review is presented on the appli-

cation of metal NPs in OPV using NPs such as gold and silicon. This chapter also discussed

the fundamental principles about interaction of light with plasmonic NPs in polymer medium

(LSPR and forward light scattering) and how the NPs can contribute to solar energy har-

vesting and charge transport processes in OPV. Chapter 3 briefly presents the materials and

methods used to synthesize and fabricate the NPs and OPV devices used in the experimen-

tal chapters. Chapter 4 reports on the synthesis and characterization of Ag@Cu NPs and

their enhancements effects on P3HT:PCBM OPVs. The optical and electrical properties
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of OPV devices doped with Ag@Cu in the photo-active layer are presented and discussed.

Chapter 5 presents and discusses an improved energy harvesting in OPV devices doped with

ZnS in the photoactive layer. The morphology and structural properties of the solution-

processed ZnS NPs are presented. This chapter presents and discussed the improvements on

the optical and electrical properties of the devices upon the addition of ZnS NPs. Chapter

6 reports on the device enhancements as a result of doping PEDOT:PSS film with ZnO:Ag

and dimethyl sulfoxide. The electrical and optical properties of the devices are presented

and discussed. The morphology, optical and structure of the ZnO:Ag NPs are also presented.

Chapter 7 reports on the device enhancements as a result of doping the photoactive layer

film with ZnS:Mn NPs. The electrical and optical properties of the devices are presented and

discussed. The morphology, optical and structure of the ZnS:Mn NPs are also presented.

Finally, chapter 8 gives a summary of our results and draw conclusions based on the findings

of the investigations.



Bibliography

References

[1] B. Hailegnaw, G. Adam and T Yohannes, 2015. Effect of short chain iodoalkane sol-

vent additives on photovoltaic performance of poly (3-hexylthiophene) and phenyl-c61-

butyric acid methyl ester based bulk heterojunction solar cells. Thin Solid Films, 589,

pp.272-277.

[2] S. Yan, L. Lv, Y. Ning, L. Qin, C. Li, X. Liu, Y. Hu, Z. Lou, F. Teng and Y. Hou,

2015. Effects of solvent additives on trap-assisted recombination in P3HT: ICBA based

polymer solar cells. physica status solidi (a), 212(10), pp.2169-2173.

[3] M. N. Yusli, T. W. Yun, K. Sulaiman, 2009. Solvent effect on the thin film formation

of polymeric solar cells. Materials Letters, 63(30), pp.2691-2694.

[4] S. R. Gollu, R. Sharma, G. Srinivas, S Kundu and D Gupta, 2016. Incorporation of silver

and gold nanostructures for performance improvement in P3HT: PCBM inverted solar

cell with rGO/ZnO nanocomposite as an electron transport layer. Organic Electronics,

29, pp.79-87.

[5] G. Yu, J. Gao, J. C. Hummelen, F. Wudl and A. J. Heeger, 1995. Polymer photovoltaic

cells: enhanced efficiencies via a network of internal donor-acceptor heterojunctions.

Science, 270(5243), pp.1789-1791.

[6] F. C. Krebs, J. Alstrup, H. Spanggaard, K. Larsen and E. Kold, 2004. Production of

large-area polymer solar cells by industrial silk screen printing, lifetime considerations

and lamination with polyethyleneterephthalate. Solar energy materials and solar cells,

83(2-3), pp.293-300.

[7] A. De Sio, T. Madena, R. Huber, J. Parisi, S. Neyshtadt, F. Deschler, E. Da Como, S.

Esposito and E. Von Hauff, 2011. Solvent additives for tuning the photovoltaic properties

of polymer–fullerene solar cells. Solar Energy Materials and Solar Cells, 95(12), pp.3536-

3542.

[8] F. Reisdorffer and O. Haas and P. Le Rendu and T. P Nguyen, 2012. Co-solvent effects

5



BIBLIOGRAPHY 6

on the morphology of P3HT: PCBM thin films. Synthetic Metals, 161(23-24), pp.2544-

2548.

[9] S. K. Jang, S. C. Gong and H. J. Chang, 2012. Effects of various solvent addition on

crystal and electrical properties of organic solar cells with P3HT: PCBM active layer.

Synthetic metals, 162(5-6), pp.426-430.

[10] M. T. Dang, L. Hirsch and G. Wantz, 2011. P3HT: PCBM, best seller in polymer

photovoltaic research. Advanced Materials, 23(31), pp.3597-3602.

[11] V. Shrotriya, E. H. Wu, G. Li, Y. Yao and Y. Yang, 2006. Efficient light harvesting in

multiple-device stacked structure for polymer solar cells. Applied physics letters, 88(6),

[12] P. W. M. Blom, V. D. Mihailetchi, L. J. A. Koster and D. E. Markov, 2007. De-

vice physics of polymer: fullerene bulk heterojunction solar cells. Advanced Materials,

19(12), pp.1551-1566.

[13] S. Pillai and M. A. Green, 2010. Plasmonics for photovoltaic applications. Solar Energy

Materials and Solar Cells, 94(9), pp.1481-1486.

[14] Y. H. Lee, D. H. Kim, T. W. and Kim, 2017. Enhanced power conversion efficiency

of organic photovoltaic devices due to the surface plasmonic resonance effect generated

utilizing Au-WO3 nanocomposites. Organic Electronics, 45, pp.256-262.

[15] W. Yu, L. Shen, Y. Long, P. Shen, W. Guo,, W. Chen and S. Ruan, 2014. Highly effi-

cient and high transmittance semitransparent polymer solar cells with one-dimensional

photonic crystals as distributed Bragg reflectors. Organic Electronics, 15(2), pp.470-477.

[16] M. Song, H. Kim, C. S. Kim, J. Jeong, C. Cho, J. Lee, S. Jin, D. Choi and D. Kim,

2015. ITO-free highly bendable and efficient organic solar cells with Ag nanomesh/ZnO

hybrid electrodes. Journal of Materials Chemistry A, 3(1), pp.65-70.

[17] X. Yu, X. Yu, J. Zhang, Z. Hu, G. Zhao and Y. Zhao, 2014. Effective light trapping

enhanced near-UV/blue light absorption in inverted polymer solar cells via sol–gel tex-

tured Al-doped ZnO buffer layer. Solar energy materials and solar cells, 121, pp.28-34.

[18] L. Müller-Meskamp, Y. H. Kim, T. Roch, S. Hofmann, R. Scholz, S. Eckardt, K. Leo

and A. F. Lasagni, 2012. Efficiency enhancement of organic solar cells by fabricating

periodic surface textures using direct laser interference patterning. Advanced Materials,

24(7), pp.906-910.

[19] J. Zhu, X. Zhu, R. Hoekstra, L. Li, F. Xiu, M. Xue, B. Zeng and K. L. Wang, 2012.

Metallic nanomesh electrodes with controllable optical properties for organic solar cells.

Applied Physics Letters, 100(14), p.143109.



BIBLIOGRAPHY 7

[20] L. Lu, Z. Luo, T. Xu and L. Yu, 2013. Cooperative plasmonic effect of Ag and Au

nanoparticles on enhancing performance of polymer solar cells. Nano letters, 13(1),

pp.59-64.

[21] J. Y. Lee and P. Peumans, 2010. The origin of enhanced optical absorption in solar

cells with metal nanoparticles embedded in the active layer. Optics Express, 18(10),

pp.10078-10087.

[22] S. Fujimori, R. Dinyari, J. Y. Lee and P. Peumans, 2009. Plasmonic light concentration

in organic solar cells. Nano Letters.

[23] B. Cai, B. Jia, Z. Shi and M. Gu, 2013. Near-field light concentration of ultra-small

metallic nanoparticles for absorption enhancement in a-Si solar cells. Applied Physics

Letters, 102(9), p.093107.

[24] A. Paris, A. Vaccari, A.C. Lesina, E. Serra and L. Calliari, 2012. Plasmonic scattering

by metal nanoparticles for solar cells. plasmonics, 7(3), pp.525-534.

[25] S. W. Baek, G. Park, J. Noh, C. Cho, C. H. Lee, M. K. Seo, H. Song and J Y Lee,

2014. Au@ Ag core–shell nanocubes for efficient plasmonic light scattering effect in low

bandgap organic solar cells. Acs Nano, 8(4), pp.3302-3312.

[26] Z. Tang, W. Tress and O. Inganäs, 2014. Light trapping in thin film organic solar cells.

Materials today, 17(8), pp.389-396.

[27] S. W. Baek, J. Noh, C. H. Lee, B. Kim, M. K. Seo and J. Y. Lee, 2013. Plasmonic

forward scattering effect in organic solar cells: a powerful optical engineering method.

Scientific reports, 3, p.1726.

[28] X. H. Liu, L. X. Hou, J. F. Wang, B. Liu, Z. S. Yu, L. Q. Ma, S. P. Yang and G. S. Fu,

2014. Plasmonic-enhanced polymer solar cells with high efficiency by addition of silver

nanoparticles of different sizes in different layers. Solar energy, 110, pp.627-635.

[29] J. G. Smith, J. A. Faucheaux and P. K. Jain, 2015. Plasmon resonances for solar energy

harvesting: a mechanistic outlook. Nano Today, 10(1), pp.67-80.

[30] H. Shen, P. Bienstman and B. Maes, 2009. Plasmonic absorption enhancement in organic

solar cells with thin active layers. Journal of Applied Physics, 106(7), p.073109.

[31] H. Shen, P. Bienstman and B. Maes, 2017. Solid-state plasmonic solar cells. Chemical

reviews, 118(6), pp.2955-2993.

[32] D. H. Wang, K. H. Park, J.H. Seo, J. Seifter, J. H. Jeon, J. K. Kim, J. H.

Park, O. O. Park and A. J. Heeger, 2011. Enhanced power conversion efficiency in

PCDTBT/PC70BM bulk heterojunction photovoltaic devices with embedded silver

nanoparticle clusters. Advanced Energy Materials, 1(5), pp.766-770.



BIBLIOGRAPHY 8

[33] H. Choi, J. P. Lee, S. J. Ko, J. W Jung., H. Park, S. Yoo, O. Park, J. R. Jeong, S.

Park and J. Y. Kim, 2013. Multipositional silica-coated silver nanoparticles for high-

performance polymer solar cells. Nano letters, 13(5), pp.2204-2208.

[34] J. A. Schuller, E.S Barnard., W. Cai, Y. C. Jun, J. S. White and M. L. Brongersma,

2010. Plasmonics for extreme light concentration and manipulation. Nature materials,

9(3), pp.193-204.



Chapter 2

The effect metal nano-particles on

improving solar energy conversion

using bulk-heterojunction organic

solar cell

2.1 Abstract

Solution processed organic photovoltaic cell are under intense investigation by both industrial

and academic institutions due to their potential for the fabrication of low cost, flexible and

light weight solar panel. To enhance film morphology, photons harvesting, charge carrier

transport properties researchers have developed several processing techniques such as the

use of solvent additives, plasmonic nano-particle doping and thermal annealing, to name a

few. This chapter focuses on the review of several investigations that have been reported

in recent years on the role of plasmonic effect on enhancing the optoelectronic properties

of organic photovoltaic. Particular emphasis is given to the nano-particles such as gold

(Au), copper (Cu) and silver (Ag). Incorporation of plasmon nano-particles in photovoltaic

shows tremendous improvement in their electrical properties and power conversion efficiency

of the devices. These nano-particles were incorporated in a number of functional layers of

the device such as charge transport buffer layer, buffer layer/photo-active layer interface or

within the photo-active layer.

2.2 Fundamental Properties of Plasmons

In recent years, plasmons have been used to trap light and enhance the performance of pho-

tovoltaic. Plasmons are the collective oscillation of free/conduction electrons in noble metal

surfaces in response to incident light. These plasmons can propagate along metal surface

as electron density waves or oscillate locally as electron clouds on metal nano-particles, see

9
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Figure 2.1: Illustration of (a) localized surface plasmon resonance of a nanoparticle, figure
from Ref. [1], (b) radiative decay and non-radiative decay of a localized surface plasmon
resonance,figure from Ref. [2], respectively.

Fig. 2.1.

A phenomenon known as surface plasmon resonance or local surface plasmon resonance

(LSPR) occurs when the oscillation frequency of the electron plasma on the metal surface

matches with that of the incident light. LSPR occurs when a surface plasmon is confined

to a particle whose size is less than the wavelength of the incident wave, and the free elec-

trons on metal surface collectively oscillate around the nuclei [3]. This resonant frequency

differs from metal to metal and can be tuned by the size, shape and morphology of the

NP. At resonance, there is a possibility of creating hot electrons that jump to conduction

band and a significantly enhanced electric fields around the NPs surfaces [4]. Resonance is

usually achieved in the visible and near infrared wavelength region for noble metal NPs [4].

The enhanced electric field as a result of surface plasmon resonance may cause strong light

scattering and generate huge charge carriers [5]. Due to these SPR properties, SPR have

been researched tremendously as a mechanism to improve the performance of photovoltaic.

Plasmon NPs can significantly enhance light trapping mechanisms by using spectral mod-

ification techniques to move unabsorbed frequencies of the solar system into the area of

maximum cell absorption, by scattering and focusing the electromagnetic field into the ac-

tive region of devices [6]. This is achieved by tuning the size, shape, morphology and the

dielectric environment around a plasmon NP. Therefore, enhancement of solar cells using

NPs is very beneficial because it ensures light absorption is enhanced while the photoactive

layer thickness remains in nano-scale for OPV.

2.3 Plasmon Induced Resonance Energy Transfer

The phenomenon of LSPR has wide range of applications such as photo-catalysis and energy

harvesting through photovoltaic processes. When plasmon NPs are irradiated with light of

wavelength, λ , much larger than the NP sizes, the conduction electrons of the MNPs are

displaced with respect to the nuclei (creating a large electric dipole) due to the electric field of
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the incident light. Due to Coulomb attraction between the displaced electrons and the nuclei,

a restoring force is then created which causes the electrons to oscillate with the frequency

of the incident wave and resonant occurs [25]. An intense electric field near the MNP could

result from this electric dipole with its intensity tens to thousands of times greater than

that of the incident light [25, 26]. This electric field enhancement around plasmonic NPs

is called near-field enhancement [25]. There are two mechanisms generally understood to

describe energy from the plasmon metal to the semiconductor, via dipole-dipole coupling

and near-field enhancement.

2.3.1 Dipole-dipole Coupling Energy Transfer

The dipole-dipole coupling generates exciton below and near the semiconductor band edge [27].

Li et al. showed, in 2012, that electron-hole pairs can be created in a semiconductor via

resonant energy transfer from plasmonic metal, which in the near-field is similar to Förster

resonance energy transfer [27]. That is, energy is transferred by coupling the large plasmon

dipole to the electron-hole pair dipole in the semiconductor [25, 28]. The dipole-dipole energy

transfer mechanism was shown by Xiang-Chao et al as follows. The interaction Hamiltonian

between a dipole µ⃗ and an electric field E⃗ can be expressed as [25]

H
′
= −µ⃗ · E⃗ (2.1)

Substituting E⃗ with the plasmon dipole induced electric field, the pertubation Hamiltonian

H
′
becomes the dipole-dipole interaction term µ̂A

HAB =
µAµB

r3
(3(µ̂A · r̂)(µ̂B · r̂)− (µ̂A · µ̂B)) (2.2)

where µA and µB are the plasmon dipole and electron-hole dipole, respectively. The plasmon

dipole moment µA can be calculated from Mie theory as [11]

µA =
ϵmetal − ϵdielectric
ϵmetal + 2ϵdielectric

a3E0 (2.3)

where ϵ is the dielectric constant, a is the NP radius and E0 is the incident electric field.

2.3.2 Near-field Enhancement Energy Transfer

The enhanced near-field is strongest at the surface of the NP and decays exponentially with

distance from the surface of the NP. Since the rate of electron-hole pair formation in a semi-

conductor is proportional to the local intensity of the electric field, the rate of electron-hole

formation in some regions of the semiconductor increases by a few orders of magnitude [26]

due to the near-field enhancement. The enhanced near-field can enhance the inter-band

or other optical transitions in the nearby semiconductor if the LSPR spectra overlap with
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them [25]. When the overlap is significant, the enhanced electric fields at and near the NP

surfaces are suggested to enhance exciton generation within the semiconductor [12]. Near

field enhancement could be play as an additional mechanism for exciton disassociation and

light scattering.

2.4 Light Scattering

According to laws of optics, when light encounters an object it will either propagate in

the forward direction giving rise to refraction and absorption, or propagate in the reverse

direction giving rise to reflection [13]. Among theories that have been developed to describe

this process are the Rayleigh scattering theory [13] and the Mie scattering theory [13–16] for

spherical scatterers such as particles. Rayleigh scattering theory is applicable to scattering

by small particles in the ”Rayleigh regime” where x ≪ 1, with x = 2πr
λ

being the ratio

of particle circumference to the wavelength λ for a spherical particle [13, 17]. That is, the

Rayleigh scattering theory applies to scattering by particles whose radii are much smaller

than the wavelength of the incident light. For a dielectric (non-absorbing) single particle,

the intensity of the light scattered is given by [13, 18]

I = I0
1 + cos(θ)2

2d2

(
2π

λ

)4 ∣∣∣∣m2 − 1

m2 + 2

∣∣∣∣2 r6 (2.4)

where I0 is the incident intensity, d is the distance to the particle, θ is the scattering angle

and m is the refractive index of the particle. Integrating over the sphere surrounding the

particle gives the Rayleigh scattering cross-section as [13]

θscat,Rayleigh =
2

3
π5 (2r)

6

λ4

∣∣∣∣m2 − 1

m2 + 2

∣∣∣∣2 (2.5)

where m is the refractive index of the scatterer. Equation 2.5 shows that the Rayleigh

scattering is proportional to the square of the particle volume, 6th power of the particle

size (r) and inversely proportional to the incident wavelength. The Mie scattering theory

is applicable to particle sizes beyond the ”Rayleigh regime” and regardless of whether the

particles are of a light absorbing or non-absorbing material [13]. The Mie theory gives

the extinction coefficient (Cext), scattering (Csca) and absorption (Cabs) cross-sections as

follows [13, 19]

Cext =
2π

k2

∞∑
n=1

(2n+ 1)Re(an + bn) (2.6)

Csca =
2π

k2

∞∑
n=1

(2n+ 1)Re(|an|2 + |bn|2) (2.7)

Cabs = Cext − Csca (2.8)
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where k = 2πN
λ

, N is the refractive index of the surrounding medium, an and bn are defined

as

an =
mϕn(mka)ϕ

′
n(ka)− ϕn(ka)ϕ

′
n(mka)

mϕn(mka)χ′
n(ka)− χn(ka)ϕ

′
n(mka)

(2.9)

bn =
ϕn(mka)ϕ

′
n(ka)−mϕn(ka)ϕ

′
n(mka)

ϕn(mka)χ′
n(ka)−mχn(ka)ϕ

′
n(mka)

(2.10)

where ϕ and χ are the Riccati-Bessel functions of the first and third order kind, respectively.

a = r is the particle radius, and here m = Np

N
, Np is the complex refractive index of the

particle [19].

2.5 The Physics and Characterisation of Organic Solar

Cells

2.5.1 The Physics of Organic Solar Cells

Bulk heterojunction solar cells utilize two materials (donor and acceptor) with different

electron affinities and ionization potentials. At the donor/acceptor interface, the resulting

potentials are strong and may favor exciton dissociation [20]. The material with larger elec-

tron affinity accepts (acceptor material) the electron and the material with lower ionization

potential (acceptor material) accepts the hole. This will occur if the difference in potential

energy is greater than the binding energy. Fugure 2.2 schematically shows the physical pro-

cesses in a bulk heterojunction organic solar cell. Both the donor and acceptor materials

have the highest occupied molecular orbital (HOMO), or ionization potential (IP), and lowest

unoccupied molecular orbital (LUMO), or electron affinity (EA) [21]. The difference in EA

and IP of the donor and acceptor materials set up electrostatic forces at the donor/acceptor

interface. With properly chosen donor and acceptor combination, the EA and IP differences

can generate strong electric fields that may break up the excitons into free electrons and

holes more efficiently [21].

In inorganic solar cells, the absorption of photon energy creates free charge carriers

(free electron-hole pairs) while it creates excitons (electron-hole pairs bound together by

electrostatic) [20, 21]. In OPVs however, the incident photon energy is absorbed to excite

the donor, creating excitons in the donor material (electrons in the LUMO and holes in the

HOMO) and diffuse towards the donor/acceptor interface. At the interface, the excitons

dissociate leading to charge separation. The electrons are accepted by the acceptor material

and the holes by remain in the donor material as schematically depicted in Fig. 2.2. The

charge carriers are then transported through the selective buffer layer to their respective

electrode for collection.
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Figure 2.2: A schematic energy diagram of a donor/acceptor interface. The energy band gap
is given by the difference between the energy of the HOMO and LUMO. The open-circuit
voltage can be derived from the difference between the HOMO (IP) of the donor and LUMO
(EA) of the acceptor.

2.5.2 J-V Characterisation of Solar Cells

The current density (J) obeys a simple diode current equation given by the Shockley’s theory

as [22, 23]

J = Js

(
exp(

qV

kBT
)− 1

)
− Jph(V ) (2.11)

where Js is the reverse saturation current density, q is the electron charge, V is the

applied voltage, Jph is the photo-generated current density, kB is the Boltzmann’s constant

and T is temperature. The first term of Eq. 2.11 expresses the junction current density of

the diode or thermally generated current density typically dominated by recombination at

donor/acceptor interface [22, 23]. For an ideal solar cell, Jph is equal to the current density,

Jsc, at short-circuit conditions. Solar cell performance parameters can then be derived from

Eq. 2.11 after employing certain boundary conditions [22] such as open-or short-circuit

conditions. The voltage across the devices at open-circuit conditions (J=0) can be expressed

in terms of the photo-generated and reverse saturation current densities as follows [23]

Voc =
nkBT

q
ln

[
Jph
Js

+ 1

]
≈ nkBT

q
ln

[
Jsc
Js

]
(2.12)

where Jph=Jsc >> Js and n is the ideality factor of the diode. An ideality factor n=1

indicates that carrier recombination in the depletion region is negligible and diffusion current
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is dominant in the cell. Under practical conditions, the devices exhibit both recombination

and diffusion currents and the ideality factor ranges between 1 and 2 [23]. The open-circuit

voltage, Voc, is one of the important limitations inhibiting the performance of OPVs to date,

it is typically half of the incident photon energy [23]. It is mainly related to the cathode

work function, morphology, energy band gaps of the absorber layer, and reverse saturation

current density [23, 24].

Figure 2.3: J-V characteristics of an OPV cell under illumination, where MPP refers to
maximum power point. VMPP and JMPP are Vmax and Jmax, respectively. Figure taken
from Ref. [25].

There exist a point (maximum power point, MPP - see Fig. 2.3) in the J-V curve where

power produced is maximum and is denoted by V = Vmax and J = Jmax. The product of

Jmax and Vmax gives an area of the largest for any point on the J-V curve. The ratio of

the rectangles given by Voc and Jsc, and by Jmax and Vmax gives the device fill-factor (FF),

which is a measure of the squareness of the J-V characteristic curve [26].

FF =
JmaxVmax

JscVoc

(2.13)

An empirical formula for the fill-factor is given by [26]

FF =
Voc − kBT

q
Ln
[
qVoc

kBT
+ 0.72

]
Voc +

kBT
q

(2.14)

The FF is a sensitive cell parameter which depends on the mobility-lifetime product of the

bulk properties of the material, active layer thickness and the morphology of the cathode-
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polymer interface [27]. The most important parameter of a solar cell is its power conversion

efficiency (PCE), η, given by [28]

η =
VocJscFF

Pin

(2.15)

where Pin is the incident solar power. Low PCE for OPVs has been a critical hindrance

for their commercialisation. However, it has received tremendous attention from researchers

in recent years. Researchers have investigated many different strategies to improve the OPV

device properties to enhance their PCE such as creating low/narrow bandgap polymers, film

morphology optimisation, and different device architectures [24, 28]. Narrow-bandgap poly-

mers can maximize Jsc and lowered highest occupied molecular orbital (HOMO) increases

Voc. However, lowering HOMO will also increase the energy bandgap negatively affecting

the Jsc. Therefore, there is a need to improve Jsc while not negatively affecting Voc and

vice-versa. As can be seen from Eq. 2.13, an increase in Jsc and/or Voc without an increase

in Jmax and Vmax may negatively affect the FF.

2.5.3 Charge Transport Properties

There are several ways to study the charge transport properties in the solar cell devices

and the determination of various transport parameters such as charge mobility, (µ). These

include the time-of-flight, field-effect transistor and space charge limited current methods.

We discuss here the widely used method known as space charge limited current (SCLC).

The SCLC method is easy to perform requiring no sophisticated device preparation and

experimental set-up such as using pulsed lasers. The SCLC method assumes that charge

transport in an organic layer sandwiched between two electrodes is bulk limited and not

contact limited. The electrodes are chosen such that only electrons or holes are able to be

injected at low voltages. When an external electric field is applied across the organic layer,

charge is injected into the layer resulting to space-charge build up [50]. At steady-state

conditions, charge inside the device saturates, charge injection then only occurs to replace

charge extracted on the opposite electrode [50]. The SCLC region current density is given

by the Mott-Gurney law [30, 50, 51]

Jsclc =
9

8
ϵoϵrµ

V 2

L3
(2.16)

where ϵo is the permittivity of free-space, ϵr is the dielectric constant of the medium and L

is the layer thickness. Where charge changes with the applied electric field, µ is then given

by

µ = µoexp(γ
√
E) (2.17)

where µo is the zero-field mobility, γ is the field-dependence effect factor, and E=V/L is the

applied electric field. Eq.6.7 then takes the form
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Jsclc =
9

8
ϵoϵrµoexp(0.89γ

√
V/L)

V 2

L3
(2.18)

taking into account that the field is not uniform across the semiconductor layer. The charge

mobility, µo, and field-dependence factor, γ, can then be obtained in practical by fitting

the Mott-Gurney law in Eq.6.9 to the J-V experimental data obtained under dark condition

where the J∝V2. The SCLC method for obtaining charge mobility is very prone to mis-

interpretation [51] and mobility values can vary by more than one order of magnitude on

nominally identical devices [50].

2.6 Controlling size and shape of metal NPs

MNPs can be synthesized to well-controlled sizes and well-defined shapes using effectively

simple solution chemistry. Controlling the size and shape of the MNPs helps tune their LSPR

as it strongly depends on these two properties. Wang et al. [32] synthesized Ag NPs with

uniformly controlled shapes and sizes. The NPs had average diameters of 30 nm, 40 nm and

60 nm. The NPs were synthesized using polyol chemistry where silver nitrate (AgNO3) was

used as the precursor, PVP as the stabilizer. The size was controlled by the use of three kinds

of polyols: 1,2-propanediol (60 nm NPs), 1,4-butanediol (40 nm NPs) and 1,5-pentanediol

(30 nm NPs) [32].

Figure 1 shows the UV-vis spectra of the synthesized NPs and their scanning electron

microscopy (SEM) images. The SEM images shows uniform size distribution for the 30 nm,

40 nm and 60 nm NPs. The NPs showed maximum absorption at 390 nm for the 30 nm

NPs, which then shifted to 420 nm and 450 nm for the 40 nm and 60 nm NPs, respectively.

Derrick et al. [33] synthesized copper (Cu) NPs with sizes ranging between 5 - 25 nm by

varying the reaction temperature from 150 oC to 210 oC. The NP sizes showed an increasing

trend as the reaction temperature was increased.

Figure 2.5 shows the NPs diameters plotted against the reaction temperature. NPs

synthesized at 150 ◦C showed an average diameter of 5 nm and increased to 25 nm as the

reaction temperature was increased to 190 ◦C. For temperatures above 210 ◦C, the NPs

started showing different shapes such as rods, cubes and tetrahedrons with rods being the

common shapes [33]. Stabilizers such as PVP and PVA, which have polyvinyl skeletons with

polar groups, are used during synthesis of NPs to control the size and inhibit agglomeration

of the NPs. In a PVP/PVA stabilised synthesis process of Ag NPs, the sp orbital of Ag+

can accept lone pairs of nitrogen and oxygen atoms of PVA/PVP to form coordination

bond [34, 35] thus protecting the NPs from agglomeration. In addition, several reports have

reported post synthesis stability of PVP stabilized Ag NPs remaining stable for long periods

exceeding one month [36, 37]. Chen et al. [38] studied, among other effects, the effect of

PVP concentration in the synthesis of uniform Ag NPs. It was observed that the absorption

intensity in the 420 nm absorption band gradually intensified as the PVP concentration was
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Figure 2.4: (a) shows tuning of Ag NPs LSPR by varying the NP size from 30 nm to 40 nm
and 60 nm, (b) shows the SEM images of the Ag NPs synthesized via polyol process. (a)
and (b) were obtained from [32].

increased from 0.075 M to 0.35 M. In addition, the NP size got smaller as the concentration

increased from 0.075 M to 0.15 M causing the absorption peak to shift slightly to shorter

wavelengths. For concentrations higher than 0.15 M of PVP, there was no more particle size

reduction observed. This demonstrates the sensitivity of NP size and shape to the reaction

temperature and time, reducing agent, and stabilizer. Therefore, manipulating the size and

shape of the NPs during synthesis can help to tune their LSPR.

2.7 The effect of metal nano-particles in OPV

2.7.1 Nano-particles in the hole transport buffer layer

The incorporation of a small quantity of metal nano-particles in either the hole transport

layer (HTL), the interface between the hole transport layer/photo-active layer or the photo-

active layer is expected to enhance the photovoltaic performance in OPVs. It has been shown

that the strong near-field due to LSPR around NPs such as gold (Au) NPs mainly distribute
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Figure 2.5: Nanoparticle size plotted against reaction temperature. Figure taken from
Ref. [33].

laterally along the hole transport layer PEDOT:PSS rather than vertically into the adjacent

layer, leading to minimal enhancement of light absorption in the active layer [11]. Further-

more, the LSPR around a NP decays exponentially with the increase in distance from the

particle [40, 41]. This suggests that NPs incorporated into the HTL will be more beneficial

for forward light scattering into the photo-active layer than enhancing light absorption via

near-field. As smaller size NPs have larger absorption cross-section leading to LSPR and

larger NPs have larger scattering cross-section leading, smaller size NPs are then better em-

bedded in close proximity (interface) to or within the photo-active layer than in the HTL.

Hsiao et al. [42] embedded Au NPs with tunable LSPR peak positions of 520 nm, 530

nm, 540 nm, 660 nm, 780 nm and 850 nm into PEDOT:PSS buffer layer to enhance light

trapping efficiency. The NPs included were nano-spheres of radii 15 nm, 35 nm and 55 nm,

and nanorods of dimensions 54 nm by 20 nm, 46 nm by 13 nm and 49 nm by 12 nm. As

the LSPR of a nano-particle strongly depends on its size and dimensions. The LSPR peaks

red-shifted from 520 nm to 530 nm and 540 nm when the particle size was changed from 15

nm to 35 nm and 55 nm, respectively. The different aspect ratio nanorods possessed strong

absorption bands along the long axis for the longitudinal modes at longer wavelengths of 650

nm, 780 nm and 850 nm as the aspect ratio changed from 2.7, 3.5 and 4.1, respectively [42].

Incorporation of the Au NPs (d = 55 nm) in PEDOT:PSS resulted to a highest increase of 8

% in the Jsc increasing from 9.28 mA cm−2 to 10.03 mA cm−2 and 17 % enhancement in the

PCE increasing from 3.46 % to 4.07 % (see Table I). The nanorods also showed significant

enhancement in the Jsc and PCE, which were increased to 10.71 mA cm−2 and 4.13 %,
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Figure 2.6: (a) shows far-field effect caused by MNPs placed on the surface of the photoactive
layer, (b) near-field effect caused by MNPs embedded within the photoactive layer, (c) - (e)
are schematics of photovoltaic cells with MNPs in the buffer layer, buffer/photoactive layer
interface and in the photoactive layer, respectively. (a) and (b) were obtained from [16].

respectively, for nanorods with aspect ratio of 3.5. These enhancement could be attributed to

light scattering effect with incident light scattered by the nano-particles into the photo-active

layer thereby increasing the optical path length. The improvement could also be attributed

to near-field enhancement, which could decrease the recombination level of geminate exciton

and increase the probability of exciton dissociation in the photo-active layer [42–44] due to

NPs close to the HTL/active layer interface. Li et al. [45] incorporated decahedral-shaped

Au NPs in PEDOT:PSS of P3HT:PC60BM and PBDT-TS1:PC70BM based OPVs. The

incorporation of these NPs resulted in a considerable improvement in the photon absorption

which yielded a significant enhancement in the device PCEs for both P3HT and PBDT-

TS1 based devices with 14 % and 28 % increases, respectively (see Table I). Reflectance

spectra and absorption spectra measurements showed an improved absorption and reduced

reflectivity of the devices as the Au NPs concentration in PEDOT:PSS was increased from 0 -

0.8 wt%. External quantum efficiency measurements showed good agreement with enhanced

Jsc and covered a broadband wavelength range from 400 - 650 nm [45]. This verified the

broadband plasmonic enhancement of the decahedral Au NPs and indicated that the Jsc

enhancements in Au NPs doped devices originates from improved light absorption [45].

Electrical enhancement have also been reported for other NP shapes such as nanoprism

and metals such as silver. Yao et al. [46] used Ag nanoprisms with average edge lengths

of ca. 25 nm and ca. 40 nm exhibiting LSPR peaks at 450 nm and 535 nm, respectively.

These were incorporated in PEDOT:PSS of polymerpoly(indacenodithieno[3,2-b]thiophene-



2.7. THE EFFECT OF METAL NANO-PARTICLES IN OPV 21

difluoro-benzothiadiazole) (PIDTT-DFBT) and PC71BM based devices. Incorporation of Ag

NPs prepared by thermal induction (TNP) in PEDOT:PSS at an optimised concentration

of 1 wt% increased the average Jsc by 6.3 % and the PCE by 7.1 % (see Table I). When

photo induction synthesized NPs (PNP) were used, the average Jsc was further increased to

13.72 mA cm−2 and the PCE to 8.29 %. As would be expected, the Voc and FF remained

relatively unchanged. The authors noted that the PCE enhancement of 11 % for PNP is

higher than those reported for devices incorporated with spherical Ag NPs [46, 47] or Au

NPs [46, 48] with similar LSPR in PEDOT:PSS. The observed enhanced performances were

attributed to increased carrier generation resulting from improved light harvesting [46].
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2.7.2 The influence of metal nano-particles in the photoactive

Layer

To enhance the efficiency of OPVs, researchers have incorporated metallic nanoparticles

in the photoactive layer to yield an improved optical absorption and photocurrent gen-

eration over a broad range of visible wavelengths [55]. However, this is done albeit the

concern of the photoactive layer sensitivity, exciton quenching and non-radiative recombi-

nation as a result of bare metallic NPs in close proximity to the active layer. Yang et

al. [49] reported several positive effects when trancated octahedral Au NPs (ca. 70 nm) were

embedded in photoactive layers of P3HT:PC70BM, poly[N-9”-hepta-decanyl-2,7-carbazole-

alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)(PCDTBT):PC70BM and poly[4, 4′-bis(2-

ethylhexyl) dithieno(3,2-b:2′,3′-d)silole]-2,6-diyl-alt-[4,7-bis(2-thienyl)-2,1,3-benzothiadiazole]-

5,5′-diyl (Si-PCPDTBT):PC70BM blend based BHJs at 5 wt%. Incorporation of the Au

NPs enhanced the fill-factors by 1 % for PCDTBT:PC70BM and for Si-PCPDTBT:PC70BM

blend based BHJs devices. These enhancements were attributed to significantly reduced

series resistances [49] which were reduced by 20 % and 36 % for PCDTBT:PC70BM and

Si-PCPDTBT:PC70BM, respectively. The NP embedded BHJs devices showed enhanced

PCEs increasing by 23 %, 12 % and 16 % for P3HT, PCDTBT and Si-PCPDTBT active

layers (see Table I), respectively. These improvements were attributed to increased Jsc, FF

and induced photocurrent-efficiency IPCE due to enhanced light absorption caused by light

scattering [49]. There was no plasmon-induced light concentration [49] and this may be

due to the large size of the Au NPs with high scattering cross-section and minimal absorp-

tion cross-section which could have led to LSPR enhancements. Spyropoulos et al. [50] also

obtained significantly enhanced device performance when surfactant-free Au NPs were in-

corporated into P3HT:PCBM photoactive layer blend. The Jsc of the devices was increased

by 18 % and FF increased by 19 %, yielding a 40.5 % increase in the PCE (see Table I) at

5 % Au NPs volume ration. UV-vis absorption spectra in the region 450 - 650 nm showed

an increase in absorption proportional to the Au NPs concentration (3 - 6 % v/v) in the

photo-active layer with a maximum peak at 610 nm, which fairly coincides with Au NP

extinction peak [50]. The Au NPs also yielded an enhanced and broadened photolumines-

cence intensity, which can be attributed to the fact that the LSPR increases the degree of

light collection and, thereby enhanced light excitation rate [50]. In overall, the enhanced

device performances can be attributed to enhanced near-field around small diameter NPs

and light scattering from large diameter NPs increasing optical path length in the photoac-

tive layer. Parlak et al. [51] incorporated Ag NPs of average size 6 nm in PCDTBT:PCBM

blend based devices with conventional and inverted structures. Devices with the conven-

tional structure showed a highest improvement of 165 % and 83 % on the PCE and Jsc (see

Table I), respectively. Similarly, the inverted structure devices showed improvements with

the PCE and Jsc increasing by 100 % and 85 %, respectively. UV-vis absorption spectra of

the PCDTBT:PCBM devices with/without Ag NPs showed increased intensity as the NP
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concentration increased from 0 % to 0.4 % and 0.7 %. This absorption enhancement can be

attributed to light scattering (increasing optical path length) and near-field enhancement due

to the small size Ag NPs LSPR. The root mean square roughness (morphology) of the blend

films was slightly increased from 13 nm to 15 nm and could also increase light absorption

by means of photo-trapping effect [51].

2.7.3 Metal nano-particles at the interface between charge trans-

port buffer layer/Photoactive Layer

Plasmonic NPs have also been incorporated into OPVs at the interface between the buffer

layer and photoactive layer. At this location, the NPs can scatter incident light into the

photoactive layer thus increasing the optical path length. Secondly, the plasmonic NPs in

contact with the photoactive layer can improve photocurrent due to LSPR enhanced near-

field. Yoon et al. [55] reported a 16 % enhancement of optical absorption in P3HT:PCBM

blend based OPVs devices due to an increased electric field by excited LSPR around Ag NPs

sandwiched between PEDOT:PSS and the P3HT:PCBM photoactive layer. They observed a

12.9 % enhancement in the IPCE from 45.7 % at 480 nm (reference device) to 51.6 % at 500

nm (with Ag NPs). However, the Ag NPs in contact with the photoactive layer resulted in

highly elevated reverse saturation suggesting surface recombination on the Ag NPs, leading

to a higher leakage current density for V <0.5 V [55]. Furthermore, the FF and Voc of the Ag

NPs incorporated devices decreased from 64 % to 35 % and 0.56 V to 0.42 V, respectively.

This was attributed to the increased series resistance (13.3 Ω cm2 to 48.1 Ω cm2) and lowered

shunt resistance for the FF, and higher surface recombination for Voc [55].

2.8 Bimetallic/core-shell nanoparticles

The most studied metallic NPs have been mono atomic Au and Ag NPs because of their

outstanding LSPR effects and light scattering properties [56]. However, mono-metallic NPs

may possess high scattering cross section with low absorption cross section or vice-versa, thus

limiting their effectiveness over the UV-vis spectral range. For instance, Au NPs possess long-

range plasmonic effect but low light scattering while Ag NPs exhibit high light scattering

effect with short range LSPR effect [18, 56]. To improve on this drawback, researchers have

studied bimetallic nano-composites involving metals such as Au, Ag, Zn and Cu [57]. These

bimetallic NPs can offer superior magnetic, catalytic and optical properties over a broadened

spectral range compared to their mono-metallic constituencies [57]. Baek et al. [18] observed

a stronger scattering efficiency when core-shell nanocubes of Au@Ag were embedded into the

anodic buffer layer PEDOT:PSS. This was due to a thin Ag shell layer on the Au NPs acting

as scattering enhancer, thus solving the above-mentioned drawback. The overall performance

of PCDTBT:PC70BM based devices saw an increase of 16.7 % in the PCE and 7.6 % in Jsc

(see Table I). PTB7:PC70BM devices also showed a 12.3 % and 5.8 % increase in the PCE and
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Jsc, respectively. This performance supersedes those of mono-metallic Au [49] or Ag [18] NPs.

Near-field scanning microscopy measurements proved that light scattering was enhanced

further by the improved forward light scattering effects of core-shell Au@Ag NCs compared

to Au NPs [18]. Furthermore, Raman spectroscopy measurements were used to verify that

photons scattered by the NCs improved light absorption in the photoactive material [18].

Bimetallic NPs can be synthesized to coat a more unstable metal such as Cu with a more

stable metal such as Au or Ag. Tang et al. [20] synthesized oxidation resistant Cu-Au

with a copper-rich core and Cu-Au bimetallic nanoshell. UV-vis spectroscopy measurements

showed that the Cu-Au bimetallic NPs LSPR broadened and red-shifted to long wavelengths

of 650 -700 nm compared to those of mono-metallic Cu NPs at 590 nm and Au NPs at 530

nm [20]. UV-vis spectra of PEDOT:PSS/NPs/P3HT:PC61BM films showed a significantly

enhanced absorption in a wide range (300 - 650 nm) beyond the plasmonic band of Cu-

Au NPs suggesting that light scattering also played a role in the improvement of light

harvesting [20]. As a result, the incorporation of Cu-Au NPs into the devices significantly

enhanced the PCE by 13.4 %, 9.5 % and 12.6 % for P3HT:PCBM, PTB7:PC61BM and

PTB7:PC71BM, respectively (see Table I). However, for all the OPV devices with Cu-Au

NPs, the FF values were reduced in response to the increased PCE while Voc remained

relatively unchanged. The increased PCE values could be attributed to the increased Jsc of all

the devices with Cu-Au NPs [20]. Though there has been reports of successful improvement

on device performance by the incorporation of MNPs in OPVs, there are still concerns

about exciton quenching by non-radiative energy transfer on the surface of bare MNPs. To

overcome such drawback, researchers have investigated the effect of coating MNPs with a

thin layer of insulators such as silica (SiO2) [54, 58]. This silica shell does not only enhance

the colloidal and chemical stability, it also controls the the minimum distance between core

particles through shell thickness [59, 60]. This occurs while the LSPR of the core MNPs is

preserved. This insulator coating may also prevent shorting between the active layer and

the electrodes. Choi et al. [54] prepared Ag NPs (≈ 50 nm) coated with a thin (≈10 nm)

insulating layer of SiO2 and incorporated them in PTB7:PC70BM blend based OPVs. UV-

vis spectroscopy measurements of the Ag@SiO2 NPs showed a red-shifted SPR at 450 nm

when compared to that of bare Ag NPs of similar size [54]. This red-shift could be due to

the change in the refractive index surrounding the NPs. Incorporation of the NPs between

indium tin oxide (ITO) and PEDOT:PSS films (Type I), and between PEDOT:PSS and

PTB7:PC70BM films (Type II) resulted to a ≈ 10 % and ≈ 14 % increase of the Jsc for

Type I and Type II OPV structures (see Table I), respectively. This resulted to a significant

increase in the PCE by ≈ 10 % and ≈ 17 % for Type I and Type II OPV structures

(see Table I), respectively. These improvements could be attributed to originate from the

enhanced light absorption due to the light scattering and LSPR of the NPs. Both device

types exhibited enhanced light absorption in the range 400 - 700 nm with a noticable LSPR

peak at 450 nm when compared to reference devices [54]. Type II devices possessed a strong

light absorption and scattering via enhanced electric field compared to Type I devices [54].
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As a result, Type II devices achieved the highest PCE due to a stronger coupling effect due

to the close proximity of the NPs to the photoactive layer [54].

2.9 Conclusion

The local surface plasmon resonance of metal NPs has become a very useful mechanism to

enhance light absorption in solar cells. The LSPR effect is dependent on size and shape

of NPs and the refractive index of the environment surrounding the NPs. This review

work have discussed on how size and shape of NPs can be controlled by changing the NP

synthesis process conditions, reagents and reagents concentration. The optical properties

and photocurrent generation of solar cells is enhanced via plasmon induced energy transfer.

The metal NPs scatter incident light that increases optical path length and successfully trap

light in the absorber medium. This way more light absorption can then be absorbed in the

photoactive layer.

This review discussed the basic principle of LSPR energy transfer processes, light scatter-

ing and related optical parameters such as absorption cross section. Several plasmonic NPs

have played important role in improving solar cell performances. The full understanding of

the field still need additional effort on how mono-and bi-metallic nano-particles behave in

the polymer medium in terms of balance light scattering; absorption; quenching etc.
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Chapter 3

Materials and Methods

3.1 Synthesis of Ag@Cu Nanoparticles

The Ag@Cu NPs were synthesized using solution chemistry. These NPs were obtained by

converting Ag@Cu2O core-shell metal-semiconductor using ascorbic acid as the reducing

agent and polyvinylpyrrolidone (PVP) as the stabilising agent. The Ag@Cu2O core-shell

was obtained by mixing a colloidal solution of Ag with a solution containing Cu2+ and PVP.

The Cu2O shell was further reduced to Cu with excess amounts of ascorbic acid.

The synthesis started by dissolving ascorbic acid in 80 mL of deionized water to form

an ascorbic acid solution of 0.5 mM concentration. To this solution, 0.8 g PVP capping

agent was added and stirred homogeneously until all the PVP dissolved. Then 1.4 mL

of NaOH (0.1 M) was added to the above solution and stirred for 5 min. Then, 0.8 mL

AgNO3 (0.1 M) in deionized water was added into the above mixture with stirring for 15

min under dark conditions and on a hot plate at 30 oC. The solution was then aged at 80
oC for 30 min to produce silver colloid. A second 50 mL solution consisting of PVP (192

mg), Cu(NO3)2· 3H2O (45.8 mg) and NH4NO3 was prepared. Subsequently, 70 mL of the

silver colloid solution was added to the second copper containing solution. A NaOH (3.2

mL) solution of 0.2 M concentration was added drop wise to the above solution and stirred

for 5 min under room temperature. Ag@Cu2O core-shell metal-semiconductor NPs thus

formed. To further reduce the Cu2O sgell to Cu, 5.6 mL of ascorbic acid (0.1 M) was added

drop wise and the solution was stirred for 5 min. The Ag@Cu core-shell NOs were then

recovered by centrifuging at 5 000 rpm for 30 min and then washed with dionized water and

ethanol. This procedure was obtained from [2]. This procedure was preferred because it

uses environmentally friendly ascorbic acid as opposed to the toxic NaBH4. reducing agent.

Ascorbic acid can reduce both Ag+ and Cu2+ to Ag0 and Cu0, respectively. The reaction of

Ag+ with ascorbic acid is as follows

2Ag+ + C6H8O6 → 2Ag0 + C6H6O6 + 2H+ (3.1)

This reaction produces Ag NPs in the range 20 - 100 nm [3] and 36 - 82 nm when PVP is
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Figure 3.1: Schematic representation of the reduction reaction equation for the formation of
Cu nanoparticles [1].
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used as a capping agent [4]. Synthesis of the Cu NPs is a bit challenging due to its oxidative

tendency. As mentioned above, the Cu precursor is first reduced to Cu2O and even Cu(OH)2

or CuO at low reducing agent concentration. Only when excess ascorbic acid was added were

Cu2 reduced to Cu NPs. In the presence of capping agent, these Cu NPs can be much finer

ranging between 2 - 20 nm [5].

3.2 Synthesis of Zinc Sulphide Nanoparticles

Zinc sulphide (ZnS) is a very attractive candidate for use in novel photonic crystal devices

operating in the region from visible to near-infra red [6]. ZnS synthesized at low temperature

(< 1296 K) by colloidal chemistry has been found to possess the cubic zinc blende structure

which is a stable phase at low temperature [6]. In this study, ZnS NPs were synthesized via

colloidal chemistry at room temperature. A 0.5 M zinc acetate solution was prepared by

dissolving the required amount of zinc acetate in 50 mL of deionized wate. A second solution

of 0.5 M sodium sulphide (100 mL) with 3 g PVP was prepared separately. The two solutions

were then mixed together drop wise with vigorous stirring at room temperature. The ZnS

NPs then formed and were recovered by filtering. The NPs were then with deionized water

and twice with absolute ethanol to remove unreacted sodium. The NPs were then dried in

oven at 100 oC for 3 hours. The reaction follows this equation

Zn(C2H3O2)2 +Na2S → ZnS + 2Na(C2H3O2 (3.2)

3.3 Synthesis of ZnO:Ag Nanoparticles

Zinc oxide is a wide-direct band gap (3.37 eV) semiconductor with a large free exciton binding

energy (60 meV) [29, 35] It has attained great attention for its potential use in several fields

such as gas sensors, field emitters and solar cells [29]. Various processes to synthesize ZnO

NPs have been studied, these include thermal decomposition, electrodeposition, ultrasonic,

microwave-assisted techniques, chemical vapour deposition, hydrothermal and precipitation

methods [9]. In this present study, the ZnO used were purchased from Sigma Aldrich, Co.

The ZnO nanopowder used was made up of < 50 nm ZnO NPs with 6 % aluminium doping.

The ZnO:Ag NPs were synthesized by dispersing 1.25 g of ZnO NPs in 20 mL aqueous

solution of 0.25 M AgNO3 under stirring at 50 - 60
oC under dark dark. The resulting solution

was stirred for 25 min. The resulting precipitate was recovered by decanting out the excess

AgNO3 followed by washing with hot distilled water several times and then dried at 300 - 350
o for 3 hours. Coating ZnO NPs with noble metals such as Ag could significantly enhance

its photocatalytic properties [29]. The metallic silver shell can enhance the photocatalytic

properties of ZnO NPs by creating a local electric field and enhance electrical properties by

the optical vibration of surface plasmon [29].
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3.4 Synthesis of ZnS:Mn Nanoparticles

Zinc sulphide doped with transition metals such as manganesse is known to have efficient light

emitting properties [10]. These properties can be observed even at room temperature [10].

At low metal concentration, ≤ 10 %, the ZnS:Metal exhibits a zinc blende structure. The

lattice parameter, crystalline structure, and optical band gap of ZnS:Metal can be varied by

varying the mole fraction of Zn [10]. In this study, ZnS:Mn NPs were synthesized following

the procedure as explained in [11] with some modifications. In this study, 2.5 g of sodium

sulphide (Na2S · 9H2O) was dissolved in 12.5 mL deionized water and stirred for 1 hour

at room temperature. On separate beakers, 2 g of zinc nitrate hexahydrate (Zn(NO3)2 ·
6H2O) and 0.5 g of manganous chloride tetrahydrate (MnCl2 · 4H2O) were each dissolved

in 12.5 mL deionized water and stirred. The zinc nitrate and manganous chloride solutions

were then mixed together and then poured into the sodium sulphide solution and stirred

for 4 hours at room temperature. The resulting precipitate was centrifuged and separated

from the solution. It was then washed with methanol repeatedly to remove impurities. The

precipitate was then dried overnight at 150 ◦C in a convection oven.

3.5 Device Fabrication

The OPV devices were fabricated on unpatterned ITO coated glass substrates. The glass

substrates (2 cm × 2 cm) were first etched with an acid solution (HCL:H2O:HNO3 at

48%:48%:4%) to remove half part of the ITO. Half part of a glass substrate was covered

with a insulation tape and the uncovered part was then immersed in the acid solution to

remove ITO. After etching, the substrates were successively cleaned in an ultrasonic wa-

ter bath with detergent, distilled water, acetone and isopropanol, respectively, for 10 min

holding time. The substrates were then dried in an oven at 120 oC for 30 min.

A thin layer of PEDOT:PSS was then spin coated onto the substrates at 3 500 rpm using

a spin coating machine (see Fig. 3.3). For some devices, see Chapter 6, the PEDOT:PSS was

incorporated with ZnO:Ag and also doped with DMSO. The PEDOT:PSS was then dried

in oven for 30 min at 100 - 120 o. Several polymer:fullerene blends with a 1:1 ratio were

prepared. The blends were based on P3HT and PCBM with no NPs (pristine blend, Chapter

6) or incorporated with Ag@Cu NPs (Chapter 4), ZnSNPs (Chapter 5) or ZnS:MnNPs

(Chapter 7). The P3HT:PCBM blend solutions were sonicated for 3 hours at 40 oC to

ensure good NP dispersion and good polymer:fullerene miscibility. The P3HT:PCBM blend

solutions were spin coated on top of the dried PEDOT:PSS layer at 1 300 rpm.

The samples were dried again in oven under nitrogen atmosphere for 10 min before being

transferred into a vacuum deposition chamber for the deposition of lithium fluoride (LiF)

and aluminium (Al) electrode. Thin layers of LiF (0.5 nm) and Al (80 nm) were deposited on

the samples at a base pressure of 10−6 mBar. Edwards Auto 306 vacuum thermal deposition

chamber was used for deposition of LiF and Al. A deposition mask was used to make six
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Figure 3.2: Schematic representation of the (a) device structure, (b) P3HT polymer, (c)
PCBM fullerene and (d) the fabricated organic solar cells.

Figure 3.3: (a) shows the spin coating machine used to deposit PEDOT:PSS and active
layer, (b) shows the Edwards Auto 306 vacuum deposition chamber used to deposit the LiF
and Al layers.
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diodes per glass sample. The deposition chamber is installed with a digital film thickness

monitor connected to a quartz crystal sensor. During deposition, the deposition rate is con-

trolled by adjusting the electrical current through the evaporation filament. Film thickness is

then monitored through the digital film thickness monitor. Current is switched off and a bar-

rier is positioned above the evaporating material once the desired film thickness is attained.

The resulting device structures were (i) Glass/ITO/PEDOT:PSS:/P3HT:PCBM/LiF/Al;

(ii) Glass/ITO/PEDOT:PSS:NPs/P3HT:PCBM/LiF/Al and (iii) Glass/ITO/PEDOT:PSS/

P3HT:PCBM:NPs/LiF/Al.

3.6 Device Characterisation

The fabricated devices were characterized for their optical and electrical properties to study

the effects of incorporating the NPs. The current-voltage (J-V) characteristics of the devices

were measured using a computer-interfaced Keithley 2420 source meter under standard light

illumination using solar simulator (PET, Photo Emission Tech Inc., SS50AAA) at AM1.5

operating at an integrated power intensity of 100 mW cm−2 shown in Fig. 3.4. The J-V data

was then plotted using an OriginLab software. The maximum current density (Jmax) and

maximum voltage (Vmax) were then determined as illustrated in Fig. 2.2. The FF and PCE

were then determined using Eq. 2.10 and Eq. 2.12, respectively.

The J-V characteristics of the OPVs under dark conditions were also used to determine

the charge transport properties of the OPV devices. The measured dark current data at the

space charge limited region was fitted to the Mott-Gurney law shown in Eq. 2.15 to obtain

charge mobilities of the devices. Optical absorption of the devices was also measured by

measuring UV-vis absorption of the thin film with or without NPs.

3.7 Characterisation of the Nanoparticles

The surface and structural morphology of the NPs were studied using scanning electron

microscope (SEM), transmission electron microscope (TEM) and X-ray diffraction. The X-

ray diffraction (XRD) pattern of the synthesized NPs was measured using a PANalytical

Empyrean diffractometer operated at 40 mA and 45 kV. The XRD pattern was collected

at 2θ values ranging from 20 - 90 degrees. The XRD data was used to determine the

lattice parameter and d-spacing of the NPs. The d-spacing results were then compared with

d-spacings obtained using the TEM. TEM measurements were performed using a JEOL

400CX HRTEM or JEM 1400 TEM. Surface morphology of the NPs was performed using a

Zeiss EVO LS 15 variable pressure SEM.
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Figure 3.4: Shows a Keithley source meter, a PET Solar Simular and a sample holder used
during the characterisation of the OPV devices.
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Chapter 4

Near-field enhanced performance of

organic photovoltaic cells

4.1 Abstract

Metal nanoparticles (NPs) have been successfully synthesized by the reduction of Ag@Cu2O

with the aid of surfactant PVP and excessive reducer ascorbic acid in ambient conditions.

The composition and structures of the NPs were characterized by scanning and tunnelling

microscopies (SEM and TEM). The synthesized nanoparticles were employed as solar ab-

sorber in thin film organic photovoltaic (OPV) with the view to exploit the effect of local

surface plasmon resonance (LSPR) of the metals. As a consequence, substantial improve-
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ment on the major solar cell parameters were measured by the incorporation of Ag@Cu NPs

in the P3HT:PCBM based photoactive medium. The power conversion efficiency of the solar

cell increased by 103 % compared to those devices fabricated without metal nanoparticles.

The observed balanced charge transport, in the current experiment, is attributed to presence

of metal nanoparticles in OPV devices which are responsible for near field enhanced photons

scattering in the medium.

4.2 Introduction

Solution processed bulk heterojunction (BHJ) organic solar cells have received significant

scientific interest due to their low cost device fabrication, light weight and flexibility [1–

4]. However, improving the overall device performance, without compromising the low cost

of device fabrication and sufficient life time, is one of the major challenges facing OPVs

today [5]. Several mechanisums have been tested to improve photons harvesting in OPV

by way of enhanced optical absorption and efficient mechanisms to collect photogenerated

currents. These include but not limited to the use of suitable solvents, thermal annealing,

solvent additives and incorporation of metal nanoparticles. The effeicent harvesting of solar

radiation is one of the fundamental requirements to realize high power conversion in a solar

cells [6]. Ideally, an increasing the thickness of the photoactive layer would have been the

easiest route to enhance absorption through increased optical path length to harvest more

photons. However, the exciton diffusion length in polymer medium is very short (∼ 10 nm

) that limits the size of the solar absorber film thickness to the range of (120 - 250) nm

[6–9]. As a consequence, most of the incident photon in OPV cell remain undetedcted. On

the otherhand, the incorporation of metallic nanoparticles in the photoactive medium of

OPV serves as a mechanism to trap electromagnetic radiation by way of light scattering

that resulted in enhanced optical absorption and overall device performances [7, 10]. This

would then assist in the realization of an efficient and thin film solar absorber in OPV.

Furthermore, the metal NPs in conjugated polymer medium are not only improve the

conductivity of the composite layer but also expected to cause local surface plasmon res-

onance (LSPR) which would assist in the harvesting of photons. LSPR is the result of a

collective oscillation of charges on the surface of metal nanoparticles due to the interaction

with the incident electromagnetic fields [10]. The plasmon excitation is doubly beneficial for

the solar cells which on one hand serve as strong scattering center of the incident photons,

on the other, create strong local electric field in the vicinity of the particle that can assist

in exciton dissociations [11]. In an effort to maximize the contribution of LSPR in OPV;

a number of investigators employed the metal nanocomposites in the various layers of the

device configurations, such as photoacive medium or/and in charge transport buffer layers

between the active layer and electrodes [12–14]. In most cases, it was reported that metal

nanoparticles have positively contributed to improve device performance in thin film organic

solar cells. Similar observations have been reported on the use of metal nanoparticles in
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the preparation of dye synthesised solar cell (DSSC) [13–15]. The optical absorptions of the

nanocomposites resulted from LSPR effect are dependent on the size, shapes, concentra-

tion and uniformity [16–19]. The most investigated metals that exhibit plasmonic resonance

modes are gold, silver and copper which have optical absorbance in the visible or near infra-

red region of the electromagnetic spectrum [10, 20]. For effective use of LSPR in OPV, the

optical absorbance of the nanoparticles preferably be in region of visible and near infrared

part of the spectrum where the emission intensity is high. Nontheless, it is reported that the

incorporation of plasmonic Au and Ag nanoparticles into OPVs has significantly increased

optical absorption which yields enhanced power conversion efficiencies (PCE) of the solar

cell[20–23]. However, the cost and abundance of gold and silver make them unrealistice for

mass production of cheap solar cells. In the current investigations, we employed Cu coated

siliver nanoparticle to keep low material cost by avoiding the use of scarce elements. In fact,

Cu nanoparticles also exhibit localized surface plasmon resonance typically at about 590 nm

which somewhat overlap with the optical absorption of those of Au and Ag [20, 24, 25].

4.3 Materials and Methods

4.3.1 Materials:

All the chemicals used in the fabrication of BHJ-OPV devices were purchased and used as

received without any further purification except the synthesis of Ag@Cu NPs. Poly (3,4-

ethylene dioxythiophene):poly (styrenesulfonate) (PEDOT:PSS), Poly (3-hexylthiophene-

2,5-diyl) (P3HT) and phenyl-C71-butyric acid methyl ester (PCBM) were purchased from

Ossila Co. Ltd. Copper nitrate hydrate (> 99.5 % Cu(NO3).3H2O, sodium hydroxide

(NaOH), ammonium nitrate (NH4NO3) and chloroform were provided from Sigma Aldrich.

Silver nitrate (> 99.5 % AgNO3, Merck), polyvinylpyrrolidone (PVP, (C6H9NO) n, MW of

25 000 - 30 000, LAB), ascorbic acid (C6H8O6, Merck).

4.3.2 Synthesis and characterization of silver @ copper core-shell

nanoparticles (Ag@Cu NPs):

The Ag@Cu core-shell nanoparticles were synthesized using a simple chemical reduction

method and much of the details have been reported in literature [26]. Briefly, silver NPs

were synthesized by adding 0.8 g of PVP as a stabilizer into 80 mL of ascorbic acid aqueous

(5× 10−4 mol/L) as a reducer and stirred for 15 min. Then 1.4 mL of NaOH aqueous (0.1

mol/L) was added to the resultant solution above and stirred again for 5 min. After that, 0.8

mL of AgNO3 (0.1 mol/L) was added into the solution under stirring in hot plate at 30 ◦C

for 15 min. The resulting solution was heated at 80 ◦C for 30 min to produce silver colloid.

A 192 mg of PVP was dissolved in 50 mL aqueous solution comprising of Cu(NO3).3H2O

and NH4NO3 by weight of 45.8 mg and 111.9 mg, respectively. Subsequently, 70 mL of silver
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Figure 4.1: Schematic diagram for bulk heterojunction organic solar cell based on Ag@Cu
plasmonic nanoparticles incorporated into P3HT:PCBM active layer.

colloid was added into the above solution. A 3.2 mL of NaOH aqueous solution (0.2 mol/L)

was drop-wise added to the solution under stirring at room temperature for 5 min and then

5.6 mL of C6H8O6 was added to complete the reaction under continuous stirring for 5 min.

Finally, the Ag@Cu core-shell NPs powder was obtained by centrifuging the final solution

at 5000 rpm for 30 min. Energy-dispersive X-ray spectroscopy was used to characterize the

NP for the content of Ag and Cu. Furthermore, transmission electron microscopy was used

to characterize the shape and size of the Ag@Cu nanoparticles. The morphology and ele-

mental composition of the Ag@Cu core-shell NPs powder were investigated using JEM 1400

transmission electron microscope (TEM) and energy-dispersive analysis of X-ray (EDAX).

4.3.3 Device Preparation

Solution processed thin film organic solar cells based on P3HT:PCBM blend with Ag@Cu

plasmonic nanoparticles were fabricated on unpatterned ITO coated glass substrates. The

substrates were first partially etched with acid solution (HCL:H2O:HNO3 at 48%:48%:4%)

to remove part of the ITO. They were then successively cleaned in ultrasonic bath with de-

tergent, distilled water, acetone and isopropanol, respectively, for 10 min holding time. The

samples were then dried in an oven at 120 ◦C for 30 min. A thin layer of PEDOT:PSS was

spin coated onto the samples at 3500 rpm. The samples were dried again in the oven under

nitrogen atmosphere. The solutions of the polymer blend P3HT:PCBM were prepared at 1:1

stoichiometric ratio by weight and then mixed with Ag@Cu NPs at 5 % or 10 % by weight
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in chloroform solvent. The solutions were spin coated onto dried PEDOT:PSS film at 1300

rpm. The samples were dried again in the oven under nitrogen atmosphere for 10 min before

being transferred into a vacuum deposition chamber for the deposition of LiF and aluminium.

Thin layers of LiF (0.5 nm) and Al (60 nm) were deposited onto the samples resulting in de-

vices with the following structure; ITO/PEDOT:PSS/P3HT:PCBM:NP/LiF/Al. Schematic

diagram for device structure depicted in Fig. 4.1 shows the various layers of the organic solar

cell based on Ag@Cu plasmonic nanoparticles incorporated into P3HT:PCBM active layer.

4.4 Results and Discussion

4.4.1 Electrical Properties

The performance of the newly fabricated thin film organic solar cells were derived from the

measured current-voltage (J-V) characteristic curves. The J-V data provided in Fig. 4.2 are

taken from the solar cells whose active layers contain the metal nanoparticles at the ratio

of 5 % and 10 % of Ag@Cu NPs by weight. According to the result presented in the figure,

notable differences on solar cell parameters were found at 10 % doping level compared to

those devices prepared at 5% and 0%. The difference can be seen in terms of the measured

high photocurrent, open-circuit voltage and fill factor. For example, the current density has

increased to 12.20 mA cm−2 at 10 % from 7.5 mA cm−2 at 0 % content of the nanoparti-

cles (see Table 4.1). Similarly, the open-circuit voltage slightly varies between 0.55 to 0.6

volts which is mainly attributed to the non-uniform distribution of the metal particles in

the medium. Hence, there is a general increase in power conversion efficiency from 1.9 %

to 3.87 % as the concentration of the metal nanoparticles increases from 0% to a 10 % by

weight which corresponds to a 103 % growth in PCE (see Table 4.1). This is a significant

development in improving the power conversion efficiency of thin film organic solar cell which

are fabricated in ambient environment. The current results are comparable to the results re-

Table 4.1: Summary of solar cell parameters of BHJ devices based on P3HT:PCBM mixed
with Ag@Cu plasmonic nanoparticles under AM 1.5G illumination at 100 mW/cm2

Ag@Cu Voc Jsc FF PCE
(%) V mA cm−2 (%) (%)
0 0.56 7.50 45.00 1.90
5 0,58 9,80 54,10 3,04
5 0,56 10,40 53,10 3,10
5 0,57 10,10 57,00 3,29
10 0,55 11,40 58,50 3,65
10 0,55 12,20 57,66 3,84
10 0,60 11,90 54,40 3,87

ported by Notarianni et al., Woo et al., Spyropoulos et al. and Xie et al. who have employed

nitrogen atmosphere and expensive Au nanoparticles [27, 28, 30–32] in device preparation.
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The current experiment demonstrates the possibility of a novel and yet cost effective way

of enhancing photovoltaic performance of OPV using metallic nanoparticles. The increase

Figure 4.2: The current-voltage characteristic of P3HT:PCBM based solar cells prepared
with (a) 5 % wt% Ag@Cu and (b) 10 % wt% Ag@Cu plasmonic nanoparticles under AM
1.5G illumination at 100 mW/cm2.

in the PCE is attributed to the measured high photocurrent from the devices due to the

Ag@Cu nanoparticles. Shen et al. studied the effect of Ag nanoparticles in P3HT:PCBM

based solar cells and found that the near-field enhancement is the main reason for improved

optical absorption in the active layer [33]. A similar observation was also reported by Fu

et al. on enhanced absorption efficiencies using Au NPs distrbuted inside the photoactive

layer [34]. Therefore, the improved performance of the solar cell parameters in this investi-

gation is mainly attributed to the near-field enhancement due to the Ag@Cu nanoparticles

incorporated inside the active layer. Meanwhile, a strong correlation between the solar cell

performance and the concentrations of the nanoparticle in the medium is observed where

device performance linearly increases with concentration from 0 to 10 % of Ag@Cu NPs by

weight. It has been reported that P3HT:PCBM based solar cells often suffered from unbal-

anced charge transport because of higher electron mobility in the medium than holes. Such

imbalance in carriers mobility would negatively affect the photovoltaic performances [32, 35].

Hence, the presence of the metal nanocomposite in the photoactive layer appeared to have

curbed this problem as demonstrated by the measured high values of Jsc and FF which can

be attributed to a more balanced charge transport in the medium. Zheng et al. explained

the observed hole mobility increase in terms of the formation of metal hopping sites for the

transport of holes [36]. Tang et al. has reported a similar increase in PCE (9.5 % - 13.4

%) when Cu-Au NPs were incorporated in PEDOT:PSS buffer layer in the preparations of

P3HT:PCBM solar cells [20]. Several studies have reported performance enhanced photo-

voltaic devices due to the incorporation of core-shell nanostructures as compared to bare
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NPs. Chen et al. also incorporated Au@SiO2 NPs in P3HT:PCBM based solar cells [37] and

found that a PCE growth as high as 16 % (from 3.29 % to 3.80 %) which is higher than the

enhancement achieved with bare Au NPs (≈ 13 %) [37]. The incorporation of core-shell NPs

instead of bare metallic NPs overcomes some of the shortcomings associated with the later

such as charge recombination within the metal, thermal and chemical stability and control

over metal NP/polymer chromophore separation to inhibit nonradiative quenching [38–40].

4.4.2 Charge Transport

Space Charge Limited Current (SCLC) taken under dark conditions were employed to explore

the charge transport properties of the devices doped with Ag@Cu NPs. The SCLC is often

described by the Mott-Gurney’s law using the field dependent mobility equation shown in

the following equation [41]:

J =
9

8
εεoµo exp

(
0.89γ

√
V

L

)
V 2

L3
(4.1)

where ϵ is the relative dielectric permittivity of the material, ϵo is the permittivity of free

space, µo is the zero-field mobility, L is the active layer thickness, γ is the field activation

factor and V is the voltage drop across the sample corrected by the built-in voltage Vbi.

Figure 4.3: The space-charge limited current measurements of P3HT:PCBM based solar cells
prepared with (a) 5 % wt% Ag@Cu and (b) 10 % wt% Ag@Cu plasmonic nanoparticles.

The experimental data were fitted to the theoretical Eq. 4.1 which are found to be in good

agreement with the experimental data as shown in Fig. 4.3. The zero-field mobility (µo)

and field activation factor derived from the analysis are comparable with the values found

in literature (see Table 4.2). Furthermore, the zero-field mobility value derived from the fit

indicated that the value found from 10 % doping level is 50 % higher than that of the 5 %

concentration of Ag@Cu NPs. This suggests that germinate recombination in the devices
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Table 4.2: Summary of charge transport properties obtained from the SCLC measurements
under dark current density.

Concentration µo γ

% ( cm2 V−1 s−1) (cm
1
2 V− 1

2 )
0 1.83×10−5 -1.56×10−3

5 3.45×10−2 -1.5×10−3

5 4.20×10−2 -1.5×10−3

5 3.54×10−2 -1.9×10−3

10 6.90×10−2 -3.2×10−3

10 7.21×10−2 -2.8×10−3

10 7.08×10−2 -2.8×10−3

10 6.32×10−2 -2.7×10−3

with 10 % NPs wt% has been reduced which is also evident in their enhanced FF. The

observed µo values agree very well with the reduced series resistance which goes as low as

170 Ω/sq for devices with 10 % NPs implying an improved charge transport in the devices.

4.4.3 Optical absorption

The effects of the local surface plasmon resonance of the nanocomposite on the optical

properties of the photoactive film of the solar cells were investigated based on the measured

UV-vis spectra provided in Fig. 4.4. The optical absorption given in Fig. 4.4 showed a

typical P3HT:PCBM blend absorbence which has a pronounced absorbence in the range 450

nm to 650 nm with red shift especially for 10 % concentration. A broad absorption peak at

513 nm and two vibronic shoulder absorptions at 530 nm and 590 nm are distinctly visible.

The two vibronic shoulder absorptions mentioned above are not as distinctly visible for the

devices with 5 % as compared to devices with 10 % concentration of Ag@Cu NPs. This

suggests that the crystalline structure of P3HT remains unchanged after the incorporation

of the metal nanoparticles [20, 42]. Nevertheless, the absorption intensity is remarkably

enhanced in devices with 10 % Ag@Cu NPs compared to devices with 5 % Ag@Cu NPs.

NPs dispersed in the photoactive layer of OPV devices can significantly enhance the optical

absorption, either via the formation of scattered waves at the large diameter NPs or due

to the excitation of LSPR modes at the smaller diameter NPs [43, 44]. Fig. 4.5 shows the

optical absorption spectra of metal nanoparticles thin film which were deposited by spin

coating from the suspension of synthesized Ag@Cu core-shell NPs. The absorbance spectra

shows two peaks at wavelength positions of 400 nm and 520 nm which are typical absorption

peaks position for Ag NPs and Cu NPs, respectively. Interestingly, the characteristic surface

plasmon resonance bands have been observed in the longer wavelength regions which is an

indication of the effect of Ag@Cu core-shell NPs. The optical absorption of Ag@Cu core-

shell NPs incorporated into the photoactive layer showed a red-shift to 750 nm because of an

increase in the local dielectric constant correlated with increasing the thickness of Cu shell

and plasmon absorption of Ag core.
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Figure 4.4: Optical absorption spectra of the P3HT:PCBM BHJ active layers containing
Ag@Cu nanoparticles at 0%, 5 % and 10 % by weight.

4.4.4 Morphology of Ag@Cu core-shell NPs

The nanomorphology and particle sizes were investigated using SEM and TEM spectroscopes

taken from Ag@Cu powder nanoparticles. The SEM image provided in Fig. 4.6(a) clearly

showed various structures that mainly includes spherical shaped particles agglomerated to

form a large block of nanocomposite. A detailed elemental analysis of Ag@Cu NPs was

obtained by EDX measurements which exhibited characteristics peaks of Ag and Cu elements

of the respective NPs sample with insignificant impurities (see Fig. 4.6(b)). In the selected

region of the spectrum provided in Fig. 4.6(a), 52.8 % of the composition was Cu while silver

takes 47.2 %. Furthermore, the TEM images given in Fig. 4.7 show the formation of core-

shell type spherical structures where the shell distinctly visible as light colour from dark inner

spherical core. The colour difference between the inner core and the outer shell is representing

the various elemental composition of the nanoparticle which clearly showed the formation

of bimetallic core-shell structure. Silver is the core of the structure of the nanopartilce, in

this experiment, while copper forms the outer shell of the structure. According to the high

resolution TEM images provided in Fig. 4.7(a) and (b), the diameter of Ag@Cu core-shell

nanoparticles ranges from (30 - 55) nm. On the otherhand, the average thickness of the Cu

shells is about 25 nm (Fig. 4.6(c)). Silver cores possese nearly smooth surface compared to
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Figure 4.5: Optical absorption of the Ag@Cu nanoparticles thin film.

the Cu shells that contains various porous structure which are composed of single phases

Cu nanocrystals with the various shapes and sizes (see Fig. 4.7(a) and 4.7(c)). Such single

phase of Cu is expected to occur during the reduction of the Cu2O to form Cu, thereby, the

porous structure was created in the Cu shells.

The large nanoparticles (⩾ 40 nm in diameter) can serve as effective sub-wavelength

scattering elements that can significantly increase the optical path length of the light within

the active layer [19, 25, 28]. The intermediate sizes between 20 nm to 40 nm in diameter

can be an efficient photons scatter of the incident light which increases the optical path

length in the polymer matrix, and therefore, enhance the optical absorption as observed in

Fig. 4.4. Apart from local surface plasmon resonance of the Ag@Cu NPs in the polymer

medium the metal nanoparticle would enhance the electrical conductivity of the medium that

substantially improve the collection of the photogenerated current in OPV. Furthermore, the

relatively small size of the nanoparticles (⩽ 20 nm in diameter) can act as sub-wavelength

antennas in which the enhanced near-field is coupled to the absorbing OPV layer [19, 25, 28].

Although the synthesis of core-shell metal nanoparticles seems relatively simple, it is however

difficult to control the distribution of sizes, shapes and uniformity using solution processing

method.



4.5. CONCLUSION 52

Figure 4.6: Scanning electron microscopy images and EDX of Ag@Cu nanoparticles prepared
with solution processing.

4.5 Conclusion

The silver:copper (Ag@Cu) nanocomposite were successfully synthesized using solution phase

strategy. The bimetallic nanoparticles of radius (40 - 55) nm were employed into a P3HT:PCBM

photoactive medium in the preparation efficient and stable thin film organic solar cell. The

performance of the solar cells were found to be dependent on the concentrations of the metal

nanoparticles in the photoactive medium. The best device performance was found from the

solar cell whose active layer contains 10 % Ag@Cu NPs by weight which resulted in 103 %
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Figure 4.7: Transmission electron microscopy images of Ag@Cu nanoparticles prepared with
solution processing.

increase in the power conversion efficiency compared to undopped (0%) photoactive medium.

The improvements in both Jsc and FF could be due to an increased hole mobility resulting

from a more balanced charge transport in the photoactive layer. Moreover, the occurrence

of near field at the site of the metal nanoparticles not only facilitated exciton dissociation in

the medium but also improved optical absorptions which enhanced the measured photocur-

rent. The incorporation of core-shell structured metal plasmonic particles within polymer

medium enhanced the photovoltaic properties which are attributed to the formation of near-

field and light scattering by the presence of both small and large diameter NPs. Finally, the

use of core-shell type NPs is more effective than single phase metal NPs to reduce charge

recombination, increase thermal and chemical stability and control of metallic NP/polymer

chromophore separation to inhibit nonradiative quenching.
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Chapter 5

Improved energy harvesting using

well-aligned ZnS nanoparticles in

bulkheterojunction organic solar cell

5.1 Abstract

Zinc sulphide (ZnS) nanoparticles (NPs) were synthesized by low temperature colloidal chem-

istry to produce stable zinc blend structure. The metallic ZnS NPs were incorporated into

poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl C61-butyric acid methyl ester (PCBM)

blend photo-active layer to improve the overall performance of organic solar cells (OSC).
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The newly fabricated devices have exhibited enhanced photocurrent which is likely to come

from utilising the near-field and light scattering effects due to the NPs. The short-circuit

current density of the best solar cell was enhanced to as high as 15.65 mA cm−2 followed by

51 % and 4.0 % maximum fill-factor (FF) and power conversion efficiency (PCE), respec-

tively. This enhancement is very comparable to those obtained from the use of expensive

plasmonic gold and silver nanoparticles. The current results are encouraging to improve the

performance of OSC through a facile yet cost-effective and environmentally friendly approach

of metal nanoparticles synthesis.

5.2 Introduction

One of the most popular organic molecules blend, that served as a solar absorber medium

in OSC, is the mixture of poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl C61-butyric acid

methyl ester (PCBM). The power conversion efficiency of this polymer-fullerene combination

has grown to as high as 5 % [1–5] through utilisation of several optimization techniques

such as solvent additive, thermal and solvent annealing, and the utilisation of localized

surface plasmon resonance (LSPR). However, limitations such as low charge carrier mobility,

weak photon absorption in the visible spectrum, and low open-circuit voltage (Voc) (∼ 0.6

V [6]) still exist in P3HT:PCBM blend based OSC due to the deep lying lowest unoccupied

molecular orbital (LUMO) levels of PCBM [4, 7]. Different approaches have been taken

to enhance performance of OPVs while keeping active layer thickness unchanged to avoid

increasing charge recombination. Recently, metallic nanoparticles are increasingly being

introduced into OSC devices for highly improved light harvesting by employing the LSPR

effect of metallic nanoparticles [2, 7, 8].

The strong electromagnetic fields produced near metallic NPs can in principle be expected

to enhance the optical absorption in OSCs [11]. We report here a power conversion efficiency

increment of more than 50 % by the incorporation of plasmonic zinc sulphide (ZnS) NPs

in the P3HT:PCBM blend photoactive layer. Zinc sulphide is an environmentally friendly

and stable transition metal sulphide which can be synthesised easily and inexpensively [7]

using low temperature colloidal chemistry. ZnS nanoparticles show special photoelectric

properties, such as photoluminiscence and electroluminescence [12]. It is a wide band gap

semiconductor with high electron mobility (600 cm2 V−1 s−1) and has an electron affinity

of about 3.9 eV making it an attractive material to use as an electron acceptor in hybrid

photovoltaic devices [7]. Bredol et al. used ZnS NPs as electron acceptors and obtained a

maximum Voc of 1.2 V when hexagonal ZnS NPs were used in contact with P3HT at a ZnS

NPs concentration of 50 wt% [13]. However, the PCE was rather low (0.2 %) compared to

conventional BHJ P3HT:PCBM blend devices [7, 13]. The optical properties of ZnS NPs

dramatically change due to their quantum confinement effect and improve as compared to

their bulk counterparts [14]. Zinc sulphide exhibits polymorphism since it forms two main

types of crystal phases, namely the most stable zincblende cubic structure (< 1290 K) and
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hexagonal phase with wurtzite symmetry at high-temperature above 1290 K [12, 14–16].

5.3 Materials and Methods

5.3.1 Materials:

Chemical materials used for the fabrication of OPVs were purchased and used as received

without further processing except the synthesis of ZnS. Poly(3-hexylthiophene) (P3HT),

phenyl-C71-butyric acid methyl ester (PCBM) and PEDOT:PSS were purchased from Os-

sila Co. Ltd. Zinc acetate and sodium sulphide nonahydrate were purchased from Merck,

Germany. Polyvinylpyrrolidone (PVP, (C6H9NO)n, MW of 25 000 - 30 000) LAB.

5.3.2 Synthesis and characterization of ZnS nanoparticles:

The ZnS NPs were prepared as follows: 50 mL of 0.5 M zinc acetate solution was prepared

with deionized water and stirred in a glass beaker to dissolve zinc acetate. In a separate

beaker, 50 mL of 0.5 M of sodium sulphide was prepared and poured into 100 mL of deionized

water with 3.0 g PVP and stirred until all solids were dissolved. The zinc acetate solution was

then added to the sodium sulphide solution drop-wise while stirring at room temperature.

The resulting precipitate was then filtered under reduced pressure and washed with distilled

water and twice with ethanol to remove sodium ions. Finally, the resulting ZnS nanoparticles

were then dried in oven at 100 ◦C for 3 hours. The morphology and elemental composition

of the ZnS NPs powder were investigated using a scanning electron microscopy (SEM) and

energy-dispersive X-ray spectroscopy (EDAX) analysis. X-ray diffraction data of ZnS was

then acquired on a PANalytical Empyrean diffractometer operated at 45 kV and 40 mA.

The pattern was collected from 2 θ values of 20 to 60 degrees, step size of 0.02 degrees and

an acquisition time of 127 seconds per step.

5.3.3 Device Fabrication

P3HT:PCBM based organic solar cells mixed with ZnS plasmonic nanoparticles were fabri-

cated on unpatterned ITO coated glass substrates. The substrates were first partially etched

with acid solution (HCL:H2O:HNO3 at 48%:48%:4%) to remove part of the ITO. They were

then successively cleaned in ultrasonic bath with detergent, distilled water, acetone and iso-

propanol, respectively, for 10 min waiting time. The samples were then dried in an oven

at 120 ◦C for 30 min. A thin layer of PEDOT:PSS was spin coated onto the samples at

3500 rpm. The samples were dried again in the oven under ambient atmosphere. Three

P3HT:PCBM (1:1) blend solutions with 3 wt%, 5 wt% or 8 wt% of ZnS NPs were prepared

in chloroform and sonicated for 3 hours at 40 ◦C to ensure good dispersion of the NPs and

miscibility of the polymer-fullerene blend. The P3HT:PCBM solutions incorporated with
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ZnS NPs were then spin coated onto the PEDOT:PSS film at 1300 rpm for 40 sec. The sam-

ples were then dried in oven under nitrogen atmosphere for 10 min before being transferred

into a vacuum deposition chamber (Edwards Auto 306) for deposition of lithium fluoride

(LiF) and aluminium (Al). Thin layers of LiF (0.5 nm) and Al (80 nm) were deposited onto

the samples at a base pressure of 10−6 mBar resulting in devices with the following structure:

ITO/PEDOT:PSS/P3HT:PCBM:NP/LiF/Al. Schematic diagram for device structure de-

picted in Fig. 5.3(a) shows the various layers of the organic solar cell based on ZnS plasmonic

nanoparticles incorporated into P3HT:PCBM active layer.

5.4 Results and Discussion

5.4.1 XRD Analysis of ZnS NPs

The newly synthesised zinc-sulphide powder was characterized in terms of its morpholog-

ical and optical properties. The XRD pattern presented in Fig. 5.1 was taken from ZnS

NPs powder which clearly showed well known diffraction peaks of the compound. The mea-

sured diffraction patten matched very well with ICDD data card no.: 01-074-4985. Three

prominent diffraction peaks are observed at 2 θ values of 28.85◦, 47.81◦ and 56.54◦. These

diffraction peaks correspond to the reflections of the beam from the (111), (220) and (311)

planes of the cubic phase of ZnS. The inter-planner spacings (dhkl) corresponding to these

XRD peaks are given in Table 5.1.

The d-spacing obtained of the three prominent peaks match very well with the literature

results of 3.07 Å, 1.89 Å and 1.59 Å from Saravanan et al. which matched very well with

JCPDS data card no.: 79-0043 [14]. Kannappan et al. also observed similar diffraction peaks

of solid state synthesized ZnS NPs at 2 θ values of 28.51◦, 47.91◦ and 56.56◦ [17]. The d-

spacing of 3.07 Å obtained by calculation using the X-ray measurement data matches closely

with the value of 3.10 Å obtained by TEM measurements (see red circle in Fig. 5.2(b)). The

crystalline sizes (Dsize) of the ZnS NPs were calculated using the Debye-Scherrer equation:

Dsize =
0.91λ

β(2θ)cos(θ)
(5.1)

where λ (0.15406 nm) is the wavelength of the X-rays, β is the full width at half maximum

in radians. The reflections from the (111), (220) and (311) planes, occurring at 2θ at 28.85◦

, 47.81◦ and 56.54◦, respectively, were used for the crystalline size calculation and the results

are shown in Table 5.1.

The Dsize of 5.10 nm at 2θ = 28.85◦ matches very well with particle size determined

using TEM (see circles A & B in Fig. 5.2(a)). The crystalline domain sizes obtained are not

consistent suggesting that the sample contains non uniform particles. This is also supported

by the TEM measurements with particle sizes close to 5.0 nm.

It has been reported that nano-sized ZnS mostly synthesized by colloid chemistry usually
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Figure 5.1: X-ray diffraction pattern for ZnS nanoparticles.

Table 5.1: Inter-planner spacing (dhkl) from XRD data card with corresponding (hkl) and
lattice parameter values for ZnS.

Pos. [2θ] FWHM hkl dhkl [Å] a [Å] Dsize [nm]
28.85 1.6265 111 3.09 5.35 5.10
47.81 2.8259 220 1.90 5.37 3.11
56.54 2.6397 311 1.63 5.37 3.46
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Figure 5.2: (a) & (b)HRTEM images (c) & (d) HRSEM, (e) SAED pattern images of ZnS
nanoparticles and (f) the EDX of the ZnS NPs.
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have the cubic zincblende structure which is a stable phase at low temperatures for ZnS [18].

We used the standard formula for a cubic structure to determine the average lattice constant

a to be a= 5.366 Å. This value falls within the range of ZnS NPs lattice constants a= 5.317

Å [14](a= 5.318 ÅJCPDS card no.:79-0043) and a= 5.40 Å [19] reported in literature.

1

d2hkl
=

h2 + k2 + l2

a2
(5.2)

5.4.2 SEM and TEM electron microscopy

The microstructure and morphology of the synthesized zinc sulphide nanoparticles were in-

vestigated by scanning electron microscopy (SEM) and high-resolution transmission electron

microscopy (HRTEM). The HRTEM image provided in Fig. 5.2(a), (b) show two dimensional

disc like structures with well aligned crystal fringes as presented in (b). The crystallite size

range of 5 - 8 nm which is consistent with the observation in XRD measurements. The SEM

image provided in Fig. 5.2(c) indicated the formation of large clusters of the metal compos-

ite in extended space. The elemental mapping of the composite was also taken using EDX

analysis suggesting a uniform distribution of the elements zinc and sulphur in the region (see

Fig. 5.2(d)). Furthermore, the EDX data provided in Fig. 5.2(f) indicated that the elements

zinc and sulphur existed in the synthesized powder with the proportion of 55.49 % zinc and

44.51 % sulphur. This confirms the absence of any impurity in the nanoparticles.

5.4.3 Electrical Properties

The current-voltage (J-V) characteristics of the devices were measured using a computer-

interfaced Keithley 2420 source meter under standard light illumination using a solar simula-

tor at AM1.5 operating at an integrated power intensity of 100 mW/cm2 (see Fig. 5.3). The

solar absorber layers of the devices were subject to high doping levels of ZnS at the concentra-

tion from 0 % to 8 % in P3HT:PCBM blend. The J-V characteristics of the solar cells showed

a remarkable increase on the short-circuit current density and fill-factor (FF) compared to

undoped solar absorber layer (see Table 5.2). This high FF is as a result of improved charge

carrier mobilities and reduced recombination in the OPV devices. It has been reported that

if charge generation changes significantly between open-circuit conditions and short-circuit

conditions, then this would influence the device FF and such field-dependent charge carrier

generation has been shown to be the main determinant in some donor/acceptor combina-

tions [20–22]. Lakhwani et al. reported that for most high-efficiency OPV systems, geminate

recombination is greatly reduced and bimolecular recombination is the main mechanism for

charge recombination [23]. Therefore, it is the ratio of recombination and extraction of

charge carriers that principally determines the dependence of the photocurrent on bias, and

hence the FF [24].

The devices with 8 wt% ZnS NPs in its active layer showed very high photocurrent

collection and witnessed reduction in the device fill factor. This could be attributed to the



5.4. RESULTS AND DISCUSSION 65

Figure 5.3: Schematic diagram (a) of the OPV devices, (b) - (d) current-voltage character-
istics of P3HT:PCBM based organic solar cells.
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loss of shunt resistance due to the presence of high concentrations of ZnS. The Voc of all

devices exhibited minor changes ranging between 0.55 - 0.59 V. The highest open-circuit

voltage and fill-factor were recorded from the solar cells that contain 5 wt% concentration of

ZnS. This suggests that the optimum amount of 8 wt% ZnS nanoparticles not only assisted

charge generation but also improved the inter-facial conditions between the active layer and

the electrodes which is responsible for high Voc.

Table 5.2: Summary of the best device performance of solar cells based on P3HT:PCBM
blend at different concentrations of ZnS.

Device Voc Jsc FF PCE µo

(%) (V) (mA cm−2) (%) (%) (cm−2 V− 1
2 s−1)

Pristine 0.56 7.50 45.00 1.90 1.83×10−5

3 % 0.55 10.41 50.87 2.93 2.09×10−2

5 % 0.59 10.89 48.91 3.16 6.00×10−2

8 % 0.55 15.65 46.43 4.00 1.46×10−2

In other words, the ZnS NPs did not introduce significant defect density (energy disorder)

that negatively affected the HOMO and LUMO levels of the polymer blend. However, 5

wt% was not sufficient to warrant high short-circuit current and best efficiency as recorded

in Table 5.2. The highest current-density measured from the solar cells was at the 8 wt%

concentration of ZnS in the photo-active medium which is as high as 15.65 mA cm−2 and

PCE is 4 %. The electrical properties of the devices are shown in Fig. 5.3 (b) - (d). It is

noted here that the dopant concentrations greater than 8 wt% were detrimental to the device

performances. However, the enhanced device performance is attributed to the occurrence

of near-field enhancement at the vicinity of the small diameter ZnS NPs as well as forward

scattering from the larger diameter ZnS NPs, which improves optical path length and optical

absorption in the photoactive layer. The performance data shown in Table 5.2 shows a

strong correlation between the solar cell performance and the ZnS NPs concentration in the

photoactive layer blend, where the NPs concentration is varied from 0 wt%(pristine devices)

to 8 wt% that enhanced the overall device performance. It has been reported that charge

carrier mobility imbalance in P3HT:PCBM OPVs negatively affects their performance [2].

The short-circuit current density (Jsc) and FF enhancements observed suggests that the

incorporation of the plasmonic NPs helped improve the charge carrier mobility imbalance

between the electron and hole mobilities. As a result of the enhancements on the Jsc and FF,

the PCE of the OPV devices improved from 1.9 % to as high as 4.0 %. This is a remarkable

enhancement considering the fact that the devices were fabricated under ambient conditions

with no use of a glove box filled with inert gases.

5.4.4 Optical absorption of the photoactive film

The UV-Vis spectra of the photoactive films composed of P3HT:PCBM blend were taken

with and without the inclusion of ZnS (see Fig. 5.4(a)). The absorption spectrum of the



5.4. RESULTS AND DISCUSSION 67

(d) 8 % ZnS
(c) 3 % ZnS

(b) 5 % ZnS(a ) UvVis

Figure 5.4: (a) Optical absorption spectra of the P3HT:PCBM blend films. (b)–(d) are
the charge transport properties obtained from space charge limited current data which are
compared with Mott–Gurney Law
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pristine film shows the typical P3HT:PCBM blend absorption spectrum with broad absorp-

tion peak centred around 510 nm and two vibronic shoulders at 555 nm and 605 nm. The

absorption spectra of the blend films containing ZnS NPs at different concentrations show

two bums located at 400 nm and above 700 nm. The peaks of the absorption spectra are gen-

erally red-shifted with respect to those of pristine film. The maximum absorption peaks are

centred between 520 - 530 nm. The two vibronic shoulders are still distinctly visible even

with those films containing ZnS. This suggests that the crystallinity of the P3HT:PCBM

films was not disturbed by the incorporation of the ZnS NPs. The effect of red shift of the

absorption spectra observed in the NPs-doped blend films is attributed to the the interaction

of ZnS with sulphur-rich back bone of the polymer chain. The red shift is in fact favourable

since it repositions the absorption peak to an intense emission spectrum of the solar radia-

tion. Furthermore, the ZnS NPs-doped films absorption observed, above 700 nm wavelength,

is likely to come from the photons scattered at near-infrared regions. This is evident from

the absorbance at the highest concentration of ZnS in the medium ( 8 wt% ). Plasmonic

NPs in the photoactive layer of OPVs can remarkably enhance optical absorption, either

via the formation of scattered waves by the larger diameter NPs and/or due to the LSPR

modes excitation at the smaller diameter NPs [2, 25, 26]. Therefore, the enhanced optical

absorption observed in the blend films containing the nanoparticles can be attributed to the

forward light scattering and LSPR effect from the ZnS NPs.

5.4.5 Charge Transport

The current-voltage characteristics of the OPV devices under dark illumination were used

to study the charge transport properties of the devices. The measured space charge limited

current (SCLC) was fitted to the Mott-Gurney law (Eq. 5.3)to determine the charge transport

properties. The SCLC is often described by the Mott-Gurney law using the field-dependent

mobility equation [2]:

J =
9

8
ϵϵoµo exp

(
0.89γ

√
V

L

)
V 2

L3
(5.3)

where ϵ is the relative dielectric permittivity of the material, ϵo is the permittivity of free

space, L is the active layer thickness, γ is the field activation factor and V is the voltage

drop across the sample corrected by the built-in voltage (Vbi). The experimental data were

fitted with the natural logarithm of Eq. 5.3 to obtain charge mobilities of the device samples

and the resultant mobilities are shown in Table 5.2. The experimental data agreed very well

with the model as shown in Fig. 5.4 (b) - (d). The charge mobility values showed three

orders of magnitude increase when plasmonic ZnS NPs were incorporated in the active layer

of the devices. This observation suggests that germinate recombination in the devices was

significantly reduced. It has been reported that a strong imbalance between the electron

and hole charge carriers leads to space charge photocurrents, characterized by a square root

dependence on applied voltage [27], which then limits the FF to about 40 % [28]. It was
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observed in our experimental results for 3 wt% and 5 wt% ZnS NPs concentration that

the enhanced charge carrier mobilities were accompanied by significant enhancements of the

device FFs. However, the increase in charge carrier mobility in the devices with 8 wt% ZnS

NPs concentration did not bring about significant increase in the device FFs compared to

the pristine devices. Thermal annealing applied on the devices may have also contributed in

the enhancement of the charge carrier mobility due to the self-organisation into crystalline

structure of the regioregular polymer (P3HT).

5.5 Conclusion

Nano-structured ZnS NPs with average lattice parameter of a = 5.3663 Åwere successfully

synthesized by colloidal chemistry. The nanoparticles were used in the solar absorber layer

of thin film organic solar cell at various concentrations from (0-8) wt%. The evidence found

from the experiment suggest that all devices fabricated with ZnS has shown improved per-

formance compared to the undoped ones. Moreover, the incorporation of the NPs did not

negatively affect the crystallinity of the polymers blend as evidenced from optical absorption

of doped P3HT:PCBM films. The newly fabricated polymer solar cell exhibited remarkable

enhancement in the measured photocurrent, fill-factor and open-circuit voltage. The best

device performance was obtained at 8 wt% ZnS NPs concentration which resulted in a max-

imum Jsc of 15.65 mAcm−2 and highest PCE of 4.0 %. The occurrence of the near-field at

the site of metal NPs facilitated fast exciton dissociation in the medium as well as enhanced

photocurrent collection. It is to be noted here that the light scattering effect from metallic

NPs increased path length thereby more photons were absorbed.
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Chapter 6

ZnO:Ag nano-particles decorated hole

transport layer for improved photon

harvesting

6.1 Abstract

The effect of silver doped ZnO (ZnO:Ag) nano-particles in the hole transport buffer layer of

thin film organic solar cell (TFOSC) was studied in this article. Polymers molecules blend

composed of poly(3-hexylthiophene-2,5-diyl):phenyl-C61-butyric-acid-methyl-ester (P3HT:

PCBM) was used as a medium of solar absorber to investigate the effect of metal nano-

particles in the transport layer. Furthermore, an additional improvement on the charge

transport processes were expected by co-doping of dimethyl sulfoxide (DMSO) solvent ad-
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ditive on the absorber layer of the solar cells. The optical properties of the absorber films

of the devices showed significant enhancement of absorbency from the use of nano-particles

and dimethyl sulfoxide. As a result, device performances have been boosted as determined

from improved device parameters such as the fill-factor and short-circuit current density

were increased by 16 % and 58 %, respectively. The power conversion efficiency (PCE) has

increased from 2.56 % (pristine devices) to a maximum of 4.88 % for devices doped with 5

wt.% dimethyl sulfoxide and 1.5 mg ZnO:Ag nano-particles.

6.2 Introduction

Due to the rising cost and scarcity of fossil fuel and global warming challenges, renewable

energy has attracted tremendous research attention from researchers around the globe. In

particular, solar energy harvesting has become one of the most researched and promising

technology in dealing with today’s energy crisis. Bulk heterojunction (BHJ) organic solar

cells are amongst the solar cell technologies that have recently emerged and gained remark-

able progress in energy research [1]. The BHJ organic solar cells consists of polymer molecules

that form an interpenetrating polymer network of donor:acceptor molecules sandwiched be-

tween two electrode for exclusive collection of electrons and holes. The short exciton diffusion

length of ca. 10 nm and low carrier mobility in polymers limits the photoactive layer thick-

ness to 120 - 250 nm [2]. As a result, most of the incident radiation in organic solar cells

(OSCs) devices is not absorbed. Researchers have developed several techniques to improve

photon harvesting and carrier transport process in OSCs while keeping fabrication costs and

photoactive layer thickness at minimum. These techniques include the use of solvent addi-

tives [3, 4], incorporation of plasmonic nanoparticles at various layers of the device structure

[5, 6] and thermal treatment of active layers. Poly(3,4-ethylenedioxithiophene):poly(styrene

sulfonate) (PEDOT:PSS) is the most widely used hole transport buffer layer in OSC due

to its solution processability, high optical transparency (> 85 %) in the visible light spec-

trum, high work function (4.8 - 5.2 eV), good electrical conductivity and reducing roughness

of the indium-tin oxide (ITO) film [7, 8]. PEDOT:PSS has a wide range of applications

in optoelectronics and biomedicine[9–11]. However, the acidity and hygroscopic nature of

PEDOT:PSS may result in the etching of the ITO surface during spin coating and hy-

drolysis of the deposited PEDOT:PSS by moisture absorption can also etch the ITO that

cause indium incorporation into the polymer [12, 13]. To improve on the drawbacks on PE-

DOT:PSS, several studies have reported enhancements on the PEDOT:PSS films by solvent

additive [8, 12, 14, 15]. Ligang et al. used copper(I) thiocyanate (CuSCN) modified PE-

DOT:PSS to improve the efficiency and stability of perovskite solar cells [10]. The modified

PEDOT:PSS exhibited lowered acidity and higher work function [10]. As a result, signifi-

cantly enhanced PCE and improved long-term stability of inverted perovskite solar cells was

observed. Similarly, Chenghao et al. also observed enhanced PCE and long-term stability

when PEDOT:PSS was incorporated with metal oxide MoOx and used in inverted polymer
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Figure 6.1: Schematic diagrams of localized surface plasmon resonance in spherical metallic
NPs and possible resonance absorption [22].

solar cells [11]. Devices based on the modified PEDOT:PSS showed regulated wettability and

work function, and enhanced power conversion efficiency of up to 19.64 % [11]. Dimethyl

sulfoxide is the most commonly used solvent additive for PEDOT:PSS with conductivity

enhancement from 0.04 S/cm to 117.41 S/cm at 15 wt.% of DMSO into PEDOT:PSS [15].

Similarly, Wilson et al. reported conductivity enhancement by a factor of 103 to 130 S/cm

of inkjet printed PEDOT:PSS films [16]. Other studies have reported use of solvents such as

sorbitol, ethylene glycol, tetramethylene sulfonate [15] and isopropyl alcohol [17]. Although

the conductivities and optical transmittance of the buffer layer is reportedly to be improv-

able, the issue of optical absorption in OSCs still needs to be solved. Recently, plasmonic

metal nanoparticles have been extensively used to enhance optical absorption of the pho-

toactive layer either by the effect of localized surface plasmon resonance (LSPR) or forward

scattering [1, 2, 7, 18–20]. The valence electrons of high free electron mobility nanostructures

oscillate inherently against the restoring force due to the positively charge nuclei [21]. When

the frequency of their oscillation matches that of the incident photons, localized surface plas-

mon resonance occurs [23]. Figure 6.1 shows a schematic representation of the oscillation

of electron cloud around a metallic NP in the vicinity of an applied external electric field.

A strongly localized and enhanced electric field is created in the subwavelength regime [24].

This enhanced electric field can be tens to thousands of times greater than that of incident

light [25, 26]. When the electron cloud oscillations are coherent, a large oscillating dipole

moment is created. The energy from the plasmonic metal is then transferred to the sur-

rounding semiconductor via dipole-dipole coupling, which generates excitons below and near

the semiconductor band edge [27]. Li et al. showed that electron-hole pairs can be created

in a semiconductor via resonant energy transfer from plasmonic metal [27]. That is, energy

is transferred by coupling the large plasmonic dipole to the electron-hole pair dipole in the

semiconductor [25, 28]. The LSPR is confined in a very small volume around an isolated
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Figure 6.2: Schematic diagram for bulk heterojunction organic solar cell based on
P3HT:PCBM with ZnO:Ag NPs nanoparticles incorporated into the anode buffer layer PE-
DOT:PSS.

nanoparticle [24] and hence decays exponentially with distance from the nanoparticle. The

LSPR decays through radiative process via re-emitted photons or non-radiative process via

excitation of hot electrons [21, 23]. Metallic nanoparticles of metals such as gold (Au), sil-

ver (Ag) and copper or combination of them have been used to improve the performance

of OSCs [2, 7, 16, 19, 20]. However, due to the high cost and low scattering efficiency of

Au [18], Ag NPs have dominated the OSCs research space. Silver has been used as a thin

layer coating to other unstable or low scattering nanoparticles. Baek et al. found that a

thin layer of Ag on Au NPs acted as a strong plasmonic scattering enhancer, thus creating a

bimetallic Au@Ag nanocomposite possessing both a broad LSPR region and high scattering

efficiency [5].

We report here on the use of silver doped zinc oxide (ZnO) nanoparticles as photocatalytic

materials to improve OSCs optical properties by light scattering and LSPR. However, as the

NPs are incorporated within the anode buffer layer, their LSPR effect in the photoactive

layer will be insignificant as the near-field effect decays exponentially with distance from the

NP. ZnO nanoparticles were doped with Ag to improve its photocatalytic properties. The

Ag doping can improve the photocatalytic activity of ZnO NPs by creating a local electric

field around the NPs and enhance its electrical properties by the optical vibration of surface

plasmon [29, 30]. Furthermore, the higher light scattering coefficient of Ag can greatly im-

prove the optical path length into the photoactive layer by forward scattering of the incident

photons. ZnO is a wide band gap n-type semiconductor (Eg = 3.37eV ) with excellent elec-

trical and optical properties [31]. It is stable and environmentally friendly with its LSPR in

the UV region due to its high band gap and large exciton binding energy [32]. It is therefore

transparent to visible light. Due to its transparency and high electron mobility, ZnO has been

widely applied in solar cells as an electron transport layer [33]. However, the solar spectrum
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consists of only about 5 - 7 % of UV region and about 45 % of visible region [32, 34]. To im-

prove the optical response of the ZnO NPs in the visible range, we doped the ZnO NPs with

a noble metal silver. Silver is an excellent inexpensive and non-toxic visible light scatterer.

Combining ZnO and Ag aims to form a superior photocatalyst that can perform both under

UV and visible light to benefit from a wider spectrum range. Pragati et al. demonstrated

that incorporation of noble metal NPs significantly enhances photocatalytic of ZnO under

UV and visible light by promoting separation of photogenerated charge carriers [32]. This is

achieved by delaying recombination process of the photogenerated electron-hole pairs [32].

6.3 Experimental

6.3.1 Synthesis of ZnO:Ag nanoparticles

The ZnO:Ag nanoparticles were synthesized using wet chemistry methods as detailed in [35].

In brief, a 1.25 g of ZnO nanopowder (< 50 nm particle size, containing 6 % aluminium as

dopant, Sigma Aldrich) was dissolved in 20 mL aqueous solution of 0.25 M AgNO3 (> 99 %

AgNO3, Merck (Pty) Ltd, South Africa) under continuous magnetic stirring at 50 - 60 ◦C

under dark conditions. After 25 min of reaction at this temperature, the resulting precipitate

of the solution was recovered by decanting out of the AgNO3 solution followed by washing

with hot distilled water several times and dried in air under suction. The powders were then

further dried at 300 - 350 ◦C in an oven for 3 hours.

6.3.2 Device Fabrication and Characterisation

The BHJ OSC devices based on poly(3-hexylthiophene-2,5-diyl):phenyl-C61-butyric-acid-

methyl-ester (P3HT:PCBM) blend (both from Ossila Co. Ltd.) photoactive layer were

fabricated on unpatterned ITO coated glass substrates. The substrates were first partially

etched with acid solution (HCL:H2O:HNO3 at 48%:48%:4%) to remove part of the ITO. They

were then successively cleaned in ultrasonic bath with detergent, distilled water, acetone

and isopropanol, respectively, for 10 min waiting time. The samples were then dried with

pressurized nitrogen, transferred into an oven at 120 ◦C and dried for 30 min. Thin layers

of PEDOT:PSS (i) without DMSO and NPs, (ii) 5 wt% DMSO and 1 mg ZnO:Ag NPs,

and (iii) 5 wt% DMSO and 1.5 mg ZnO:Ag NPs, were spin coated onto the samples at

3500 rpm. The samples were dried again in the oven under ambient atmosphere. The solar

absorber medium was prepared from P3HT:PCBM (1:1) blend in chloroform based solution

at a concentration of 20 mg/mL. The solution was sonicated for 3 hours at 40 ◦C to ensure a

good miscibility and inter-dispersion of the polymer-fullerene blend. The absorber films were

then spin coated onto the PEDOT:PSS films at 1300 rpm for 40 sec. The samples were then

dried in an oven at 90 ◦C under nitrogen atmosphere for 10 min before being transferred into a

vacuum deposition chamber (Edwards Auto 306) for deposition of lithium fluoride (LiF) and
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aluminium (Al). Thin layers of LiF (0.5 nm) and Al (80 nm) were deposited onto the samples

at a base pressure of 10−6 mBar resulting in devices with one of the following structures:

ITO/PEDOT:PSS:NPs/P3HT:PCBM/LiF/Al or ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al.

Schematic diagram for device structure depicted in Fig. 2 shows the various layers of the

organic solar cell based on ZnO:Ag NPs incorporated into PEDOT:PSS anode buffer layer.

6.4 Results and Discussion

6.4.1 Morphological and Optical properties of ZnO:Ag NPs

The newly synthesized ZnO:Ag NPs were characterised by powder XRD using a PANalytical

Empyrean diffractometer operated at 40 mA and 45 kV. The XRD pattern was collected

at 2 θ values ranging from 20 - 70 degrees with a step size (2θ) of 0.026◦ and scan step

time of 83.64 s. Twelve intense peaks appear within the measurement range as shown in

Fig. 3 (a). These intense peaks at 31.77◦, 34.43◦, 36.26◦, 47.55◦, 56.60◦, 62.87◦, 66.39◦,

67.96◦ and 69.10◦ correspond to a wurtzite ZnO structure and matched very well with card

number 04-006-2557. The XRD pattern reveals ZnO as the dominant material in the sample

as would be expected. This has also been observed by Yildirim et al. where ZnO was doped

at different concentrations of Ag. At 0.3 at.%, Yildirim et al. observed ZnO as being the

only crystalline phase without any noticeable Ag peaks [29]. At 1 at.%, a low-intense peak

was then observed at 2θ = 38.11◦ [29]. In current experiment, several peaks corresponding

to metallic silver were observed at 2θ = 38.20◦, 44.4◦ and 64.59◦. Fig. 3 (a) shows the

Ag peaks at 38.20◦, 44.40◦ and 64.59◦ corresponding to (111), (200) and (220) Ag planes,

respectively. These diffraction peaks correspond very well with literature results [34, 36, 37].

The presence of Ag peaks in the XRD pattern indicates successful formation of crystalline

Ag NPs on the ZnO surface. The Ag peaks correspond to face centred cubic structure of

silver based on the standard values for bulk silver (card no.: 00-901-2431). There are no

other crystalline impurities observed in the XRD pattern.

The crystalline size (D) of the ZnO:Ag NPs was determined using the Debye-Scherrer’s

equation as

D =
0.9λ

βcosθ
(6.1)

where λ is the x-ray wavelength, β is the full width at half maximum (FWHM) of an x-ray

diffraction peak. The crystallite sizes of the NPs ranged between 34 nm and 51 nm, and are

shown in Table 6.1. The lattice parameters, a and c, of the ZnO hexagonal structure were

determined using the equation [38]

1

d2hkl
=

4

3

(
h2 + hk + k2

a2

)
+

l2

c2
(6.2)

with the first-order approximation, n = 1;
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Figure 6.3: (a) X-ray diffraction pattern for ZnO:Ag nanoparticles. (b) Shows FIBSEM
images of the synthesized ZnO:Ag NPs.
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sin2θ =
λ2

4a2

(
4

3
(h2 + hk + k2) +

(a
c

)2
l2
)

(6.3)

The a and c lattice parameters were determined for the (100) and (002) reflection planes,

respectively, as follows

a =
λ√
3sinθ

(6.4)

c =
λ

sinθ
(6.5)

and were found to be a = 3.23 Å and c = 5.18 Å. The lattices a and c match very well with

lattice constants reported in literature for ZnO [38].

Table 6.1: Peak position, FWHM, d-spacing, crystallite size (D) and hkl values for the
ZnO:Ag NPs annealed at 350 ◦C for 3 h under ambient

Pos.[◦ 2θ ] FWHM dhkl(Å) D(nm) (hkl)
31.77 0.2303 2.80 35.88 100
34.43 0.2047 2.59 40.65 002
36.26 0.2047 2.47 40.85 101
47.55 0.2558 1.91 33.95 102
56.60 0.2184 1.62 41.34 110
62.87 0.2184 1.47 42.66 103
66.39 0.1872 1.41 50.74 200
67.96 0.1872 1.38 51.21 112
69.10 0.1872 1.36 51.55 201

The inter-planar spacings (d-spacing, dhkl) were also determined from the XRD data

using Bragg’s Law [39]

nλ = 2dhklsinθ (6.6)

where n is the order of diffraction. The dhkl values are shown in Table 6.1. The obtained

d-spacing values for the planes (100), (101) and (103) matched very well with literatures

and card number JCPDS 36-14551 [40]. The calculated values are 2.80 Å, 2.47 Å and 1.47

Å and compare very well with 2.81 Å, 2.47 Å and 1.47 Å [40]. Similarly for the d-spacings

shown in the Table 6.1 for the planes (110), (102) and (002), they matched very well with the

values, 1.60 Å, 1.90 Å and 2.60 Å, from Yildirim et al. obtained by fast Fourier transform

and inverse fast Fourier transform for the planes (110), (102) and (002) [29].

FIBSEM and HRTEM images of the ZnO:Ag NPs were taken and are shown in Fig. 3

(b) and Fig. 3 (c), respectively. Fig. 3 (b) shows randomly arranged irregular sized and

shaped ZnO NPs coated with Ag. The FIBSEM images also show agglomeration of the

nanoparticles into larger clusters. The EDS (insert of Fig. 3 (b)) confirms the presence of

Zn, O, Ag and a very small amount of Al. The aluminium observed is due to the aluminium

used as dopant to stabilise the ZnO NPs. The HRTEM image shown in Fig. 3 (c) confirms

the nanocomposite consisted of differently shaped and sized ZnO NPs observed in the SEM
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image Fig. 3 (b). These included irregular shapes, nanorods and nanospheres. The insert

in Fig. 3 (c) shows a d-spacing of d = 2.5 Å which closely matches with that of the (101)

plane with d-spacing of 2.47 Å as obtained from the XRD data.

6.4.2 Optical absorption

The optical properties of the absorber films are affected by the shape, size and dielectric

environment around the NPs. Figure 6.4 shows UV-vis spectrum of ZnO:Ag in deionized

water suspension and from absorber films with/without the NPs in the PEDOT:PSS layer.

The absorption spectrum of NPs powder (Figure 4 (b)) shows a sharp absorption peak at

364 nm corresponding to the ZnO. This absorption peak is due to band to band transition

in ZnO molecules, where electrons are excited from the valence band to the conduction

band [39]. The ZnO:Ag absorption peak is outside the range of absorbency of P3HT:PCBM

blend. Therefore, both of them do not overlap on the photoactive layer absorption. The

sharpness of the absorption peak of the NPs suggest nano-sized ZnO:Ag NPs with a narrow

size distribution. The UV-vis spectra does not show any significant Ag absorption peak sug-

gesting that the Ag layer was very thin and the NPs mainly consisted of ZnO. Nevertheless,

according to the measured optical absorptions taken from absorber films with ZnO:Ag NPs,

as provided in Fig. 4 (a), higher absorption intensities are recorded from doped films com-

pared to the pristine one. Moreover, there are evidence of pronounced new peaks intensities

at (650 − 750)nm and above 800 nm. The broad band absorbency near (650 − 750)nm

could be attributed to LSPR from rod like structures of the nano-particles while the one

above 800 nm could be due to far field scattering.

This enhanced absorbance is attributed to forward light scattering due to the NPs incor-

poration into hole transport buffer layer at the front electrode. Scattering of the incident

light into the photoactive layer at different angles increases the optical path length thereby

more photons get absorbed. This absorption enhancement is very crucial as it allows the

photoactive layer thickness to be kept within the range 120 - 250 nm favourable for the short

diffusion length and low carrier mobility in polymers. The doped OPV films show a red

shift of the P3HT absorption peak in the range 510 - 565 nm. This red shift is attributed to

thermal annealing of the thin films. Similar red shift in P3HT films upon thermal annealing

has been reported before [41]. The difference in the red shifting in devices with 1.0 mg and

1.5 mg ZnO:Ag NPs is due to the fact that the later samples were kept longer time in the

oven compared to the former. The UV-vis of the films with NPs show the ZnO:Ag absorption

peak red shifted to 380 nm and 410 nm for PEDOT:PSS with 1.5 mg and 1.0 mg ZnO:Ag

NPs, respectively. This LSPR shift is attributed to a change in the dielectric environment

around the NPs.
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Figure 6.4: Optical absorption of (a) ZnO:Ag NPs in deionized water and (b) device films
w/o ZnO:Ag NPs in PEDOT:PSS.
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6.4.3 Device characterization

PEDOT:PSS films have been used extensively in OSC as charge transport buffer layer for se-

lective conduction of holes. This is due to its noble properties such as mechanical flexibility,

transparency to visible light, high electrical conductivity and solution processability. Several

methods were used to enhance the properties of PEDOT:PSS a better role as HTL. These

include doping with plasmon nanoparticles and/or use solvents additives such as dimethyl

sulfoxide (DMSO), N,N-dimethylformamide (DMF), and ethylene glycol (EG) [42–45]. In

particular, doping PEDOT:PSS with DMSO has been reported to improve its electrical

conductivity by 100 fold at a doping concentration of 5 wt% [42, 46]. In this study, PE-

DOT:PSS was doped with 5 wt% DMSO to improve its electrical conductivity. The improved

PEDOT:PSS conductivity is attributed to the rearrangement of the PEDOT:PSS morphol-

ogy resulting to better connections between the conducting chains [47]. The structure of

PEDOT chains changes from benzoid to quinoid upon treatment with DMSO, whereby the

PEDOT chains with coiled structure attain a linear conformation [15, 48]. Keawprajak et al.

studied the effects of solvent additives (TMS and DMSO) on molecular arrangements of PE-

DOT:PSS using Raman spectroscopy. Upon the addition of the additives on PEDOT:PSS,

the Raman spectroscopy showed the dissappearance of the vibration shoulder associated

with the benzoid structure [15]. This conformational change of the PEDOT:PSS chains

should then create better inter-connected pathways for charge transport perpendicular to

the film [47]. Figure 5 shows a graphical representation of the J-V characteristics of the

OSC devices measured under AM 1.5G illumination with/without ZnO:Ag doped HTL. The

figure shows a significant increase in the short-circuit current density from ca. 10 mA cm−2

for pristine devices to a highest of ca. 16 mA cm−2 for devices with 1.5 mg ZnO:Ag NPs

and 5 wt% DMSO in the PEDOT:PSS film.

This is an increase of close to 70 % in Jsc compared to that of the pristine devices. The

open-circuit voltage remains relatively the same and only varies within the range of 0.55

V to 0.58 V which maybe due to well-established ohmic contact between the anode and

the photoactive layer. The treatment of PEDOT:PSS with solvent additives may result in

reduced work function. Zhang et al. reported a work function reduction on solvent treated

PEDOT:PSS of about 0.2 - 0.3 eV lower than that of pristine PEDOT:PSS [47]. This

reduction, in addition to leakage currents, may results in lowered Voc. However, in this

study the Voc slightly increased from 0.55 V to 0.58 V at 5 wt% DMSO and 1 mg ZnO:Ag

NPs doping. It however dropped again to as low as 0.55 V as the NP concentration was

increased to 1.5 mg. This reduction can then be attributed to leakage current effects due to

the increased metal NP concentration in the anode buffer layer. Metallic NPs can be used in

OSCs to improve device performance either by utilising the near-field effect of LSPR or the

far-field effect (forward light scattering) properties of NPs. However, the near-field around

the NPs mainly distributes laterally along the thin film when incident light is normal to film

and decays exponentially with distance from the plasmonic NP. Therefore, the near-field will
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Figure 6.5: The current-voltage characteristic under AM 1.5G illumination at 100 mW/cm2

of P3HT:PCBM based solar cells prepared with pristine PEDOT:PSS and PEDOT:PSS
doped with 5 wt% and 1 mg or 1.5 mg ZnO:Ag NPs.

have insignificant effect on charge generation and dissociation in the photoactive layer when

the NP are incorporated within the buffer layer. As a result, this study aims to utilize the

far-field effect of the ZnO:Ag NPs to scatter incident light into the photoactive layer thereby

increasing its optical path length. An increased optical path length will results to more

photons being absorbed in the photoactive layer and improved device performance. This

is evident on the pronounced peak intensities in Figure 4 (a). Table II shows a summary

of device performance parameters for pristine, and DMSO and ZnO:Ag NP doped OPV

devices. The devices with 1 mg and 1.5 mg ZnO:Ag NPs show significantly increased PCEs

compared to pristine devices. The devices incorporated with NPs had also been doped with

equal amounts (5 wt% of PEDOT:PSS) of DMSO. Therefore, the higher NP concentration

greatly improved PCE to a maximum of 4.88 % for 1.5 mg of ZnO:Ag NPs. This increase

corresponds to 90 % PCE enhancement from a PCE of 2.56 %. The FF increased from

43.95 % to 50.80 % and the Jsc increased from 10.65 mA cm−2 to a maximum of 16.88

mA cm−2. The incorporation of the NPs into the buffer layer may increase its root-mean-

square surface roughness thereby increasing the effective surface area between the buffer

layer and the photoactive layer. This increased surface area may lead to enhancement in

charge collection and ultimately in the FF and Jsc. ZnO has a wide band gap and high

electron mobility than TiO2 [49]. Hence, it can be used as an electron transport buffer layer.

A high concentration of ZnO:Ag NPs in the hole transport layer would result to ZnO:Ag

being in contact with the photoactive layer thereby leaking electrons into PEDOT:PSS and

creating charge recombination. This would then lead to increased recombination of electron-

hole pairs in the hole transport layer and reduce solar cell performance. It is to be noted
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Table 6.2: Summary of performance parameters of BHJ devices based on P3HT:PCBM
mixed with Ag@Cu plasmonic nanoparticles under AM 1.5G illumination at 100 mW/cm2

ZnO:Ag Voc Jsc FF PCE µ0

(mg) V mA cm−2 (%) (%) ( cm2 V−1 s−1)
0 0.55 10.65 43.95 2.56 1.83×10−5

1 0.58 15.73 47.97 4.34 7.50×10−2

1.5 0.57 16.88 50.80 4.88 8.26×10−2

here that the effects of NPs are clearly demonstrated in the optical properties of the absorber

films as discussed in the previous sections.

6.4.4 Charge Transport

To study the charge transport properties of the devices, their charge mobilities were cal-

culated from the space charge limited current (SCLC). At steady-state conditions, charge

inside the device saturates, charge injection then only occurs to replace charge extracted

on the opposite electrode [50]. The SCLC region of current density measured under dark

condition can be compared with Mott-Gurney law given as follows [50, 51]

Jsclc =
9

8
ϵ0ϵrµ

V 2

L3
(6.7)

where ϵ0 is the permittivity of free-space, ϵr is the dielectric constant of the medium and L

is the layer thickness. Where charge changes with the applied electric field, µ is then given

by

µ = µ0exp(γ
√
E) (6.8)

where µ0 is the zero-field mobility, γ is the field-dependence effect factor, and E=V/L is the

applied electric field. Eq. 6.7 then takes the form

Jsclc =
9

8
ϵ0ϵrµ0exp(0.89γ

√
V/L)

V 2

L3
(6.9)

taking into account that the field is not uniform across the semiconductor layer. The charge

mobility, µ0, and field-dependence factor, γ, can then be obtained in practical by fitting

the Mott-Gurney law in Eq. 6.9 to the J-V experimental data obtained from the SCLC

region where J∝V2. The SCLC method for obtaining charge mobility is very prone to

misinterpretation [51] and mobility values can vary by more than one order of magnitude on

nominally identical devices [50]. The obtained charge mobilities are summarised in Table 6.2.

Upon the incorporation of the NPs in the hole transport layer, the field dependent

charge mobility µ increased by three orders of magnitude from 10−5 cm2V−1s−1 to 10−2

cm2V−1s−1 with the concentration of 1.5 mg ZnO:Ag NPs yielding the highest charge mobil-

ity of µ=8.26×102 cm2V−1s−1. This suggest that hole and electron mobilities were increased
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and a more balanced charge transport was attained. Balanced charge transport could re-

sult in reduced effects of space charge formation and alleviate charge recombination in the

devices [52]. Arbab et al mentioned that good distribution of NPs in the transport layer

may also favour inter-facial contacts with the anode which is responsible for improved charge

transport process manifested in improved FF and Voc [7].

6.5 Conclusion

Silver coated ZnO NPs were successfully incorporated into PEDOT:PSS hole transport layer

together with 5 wt.% DMSO solvent additives. The various structures of the NPs are evident

on the TEM and SEM images, which are in a good agreement with the analysis of XRD

data taken from NPs powder. The Voc of the devices with or without the NPs and DMSO

remained relatively unchanged in the range of 0.55 - 0.59 V. However, the devices’ FF and

Jsc have shown increment by 16 % and 58 %, respectively, due to the forward light scattering

effect of the NPs embedded within PEDOT:PSS. Solvent additive DMSO also enhanced the

conductivity of the PEDOT:PSS thereby improving charge transport processes in the doped

devices. The NPs and solvent treatment of the PEDOT:PSS resulted in improved device

performance with growth in PCE from 2.56 % to 4.88 %. The ZnO:Ag nano-particles are

environmentally stable and are compatible to roll to roll device fabrication.
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Chapter 7

Manganese doped zinc sulphide

nanoparticles as scattering centres in

P3HT PCBM based solar cells

7.1 Abstract

Manganese doped zinc sulphide (ZnS:Mn) nanoparticles (NPs) were successfully synthesized

via a simple solution process and incorporated into the photoactive layer of P3HT:PCBM

based organic photovoltaic devices (OPVs). The structural, morphological and optical prop-

erties of the NPs were investigated using X-ray diffraction (XRD), scanning electron mi-

croscopy, energy dispersive spectroscopy and optical spectroscopy. The XRD pattern of the

ZnS:Mn NPs shows the formation of a zinc wurtzite crystalline structure similar to that

of undoped ZnS. Incorporation of the ZnS:Mn NPs into the photoactive layer of OPVs at

1.5 wt% and 3 wt% concentration improved the device optical absorption and current den-

sity leading to an improved power conversion efficiency (PCE). The concentration of 5 wt%

increased optical absorption but deteriorated the electrical properties of the devices. The

short-circuit current density increased by a maximum of 34 % with the PCE increasing by

a maximum of 41 % compared to pristine devices.

7.2 Introduction

Donor/acceptor bulk heterojunction based photovoltaic devices have been investigated tremen-

dously in the past few decades and have shown great potential as next generation of renewable

energy sources due to their advantages of low cost, potential for roll-to-roll fabrication, flex-

ibility and low weight [1, 2]. Organic photovoltaics (OPVs) have shown tremendous increase

in their power conversion efficiencies (PCEs) to over 16 % [3, 4] in the past few years. Such

PCEs for OPVs put them on par with the efficiencies of their inorganic counter parts with

PCE values typically in the range 15 - 18 % [5]. However, due to the relatively low carrier
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mobility (µ ≈ 10−4cm2 V−1 s−1) [3, 5, 6] and typically short diffusion lengths (5 - 10 nm)

in OPV materials, the active layer thickness is limited to about 150 nm or less for better

charge carrier diffusion and extraction at the electrodes. The thin photoactive layer limits

optical absorption and severely hinders efficiency enhancement in OPVs. To overcome this

drawback, several strategies have been employed to improve optical absorption in OPVs

while keeping the photoactive layer thickness very thin. These include the use of metal grat-

ings, reflective back electrode, and metallic nanoparticles (MNPs). Of most interest is the

use of MNPs which can enhance light trapping and photon management in OPV devices.

Depending on their size, shape and distribution in OPV devices, MNPs can enhance device

efficiency either by absorbing light through localized surface plasmon (near-field) creating

very large electric field around the MNPs or by scattering light(far-field) in different direc-

tions inside the device. Light scattering by the nanoparticles (NPs) can significantly increase

optical path length inside OPV devices [5, 7–10], thereby enhancing photon absorption. Lo-

cal surface plasmon resonance (LSPR) is the periodic oscillation of conduction electrons on

the metal NP surface and exists at the metal-dielectric interface [11]. The LSPR depends

on the size, shape, distribution and the wavelength of the incident light. The large electric

field created by LSPR around the NPs can excite electron-hole pairs in the photoactive layer

via coupling of the large plasmonic dipole to the electron-hole pair dipole [12]. This intense

electric field quickly decays with distance from the metallic NPs. The most widely used

metallic NPs are gold (Au) and silver (Ag) due to their excellent LSPR and light scattering

properties [5, 7, 9]. However, due to their scarcity and cost, several alternative NPs which are

abundant and cheaper have also been investigated. We report here results of zinc sulphide

(ZnS) doped with manganese incorporated into the photoactive layer of P3HT:PCBM based

OPVs. ZnS is one of the semiconductors with promising opto-electronic properties. It has

been doped with several transition metals such as manganese and copper [13–15].

7.3 Materials and Methods

7.3.1 Materials:

Chemical materials used for the fabrication of OPVs were purchased and used as received

without further processing except the synthesis of ZnS:Mn NPs. Poly(3-hexylthiophene)

(P3HT), phenyl-C71-butyric acid methyl ester (PCBM) and PEDOT:PSS were purchased

from Ossila Co. Ltd. Zinc nitrate hexahydrate and sodium sulphide nonahydrate were

purchased from Sigma-Aldrich and Merck, respectively. Manganous chloride tetrahydrate

was purchased from Associated Chemical Enterprises, Johannesburg. Polyvinylpyrrolidone

(PVP, (C6H9NO)n, MW of 25 000 - 30 000) LAB.
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7.3.2 Synthesis and characterization of ZnS nanoparticles:

The ZnS:Mn NPs were synthesized using a simple solution method in air as explained in [16]

with some modifications. In this study, 2.5 g of sodium sulphide (Na2S · 9H2O) was dissolved

in 12.5 mL deionized water and stirred for 1 hour at room temperature. On separate beakers,

2 g of zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O) and 0.5 g of manganous chloride tetrahy-

drate (MnCl2 · 4H2O) were each dissolved in 12.5 mL deionized water and stirred. The

zinc nitrate and manganous chloride solutions were then mixed together and then poured

into the sodium sulphide solution and stirred for 4 hours at room temperature. The result-

ing precipitate was centrifuged and separated from the solution. It was then washed with

methanol repeatedly to remove impurities. The precipitate was then dried overnight at 150
◦C in a convection oven. The morphology and elemental composition of the ZnS:Mn NPs

powder were investigated using a scanning electron microscopy (SEM) and energy-dispersive

X-ray spectroscopy (EDAX) analysis. X-ray diffraction data of ZnS:Mn was then acquired

on a PANalytical Empyrean diffractometer operated at 45 kV and 40 mA. The pattern was

collected from 2 θ values of 20 to 65 degrees, step size of 0.02 degrees and an acquisition

time of 127 seconds per step.

7.3.3 Device Fabrication

P3HT:PCBM blend based organic solar cells mixed with ZnS:Mn plasmonic nanoparticles

were fabricated on unpatterned ITO coated glass substrates. The substrates were first par-

tially etched with acid solution (HCL:H2O:HNO3 at 48%:48%:4%) to remove part of the

ITO. They were then successively cleaned in ultrasonic bath with detergent, distilled water,

acetone and isopropanol, respectively, for 10 min waiting time. The samples were then dried

in an oven at 120 ◦C for 30 min. A thin layer of PEDOT:PSS was spin coated onto the

samples at 3500 rpm. The samples were dried again in the oven under ambient atmosphere.

Three P3HT:PCBM (1:1) blend solutions with 1.5 wt%, 3 wt% or 5 wt% of ZnS:Mn NPs

were prepared in chloroform and sonicated for 3 hours at 40 ◦C to ensure good dispersion of

the NPs and miscibility of the polymer-fullerene blend.

The P3HT:PCBM solutions incorporated with ZnS:Mn NPs were then spin coated onto

the PEDOT:PSS film at 1300 rpm for 40 sec. The samples were then dried in oven under

nitrogen atmosphere for 10 min before being transferred into a vacuum deposition chamber

(Edwards Auto 306) for deposition of lithium fluoride (LiF) and aluminium (Al). Thin lay-

ers of LiF (0.5 nm) and Al (80 nm) were deposited onto the samples at a base pressure of 10−6

mBar resulting in devices with the following structure; ITO/PEDOT:PSS/P3HT:PCBM:NPs

/LiF/Al. Schematic diagram for device structure depicted in Fig. 7.1 shows the various lay-

ers of the organic solar cell based on ZnS:Mn plasmonic nanoparticles incorporated into

P3HT:PCBM active layer.
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Figure 7.1: Schematic device structure for P3HT:PCBM OPV incorporated with ZnS:Mn
NPs.

7.4 Results and Discussion

7.4.1 Structural and Morphological Analysis of ZnS:Mn NPs

Fig 7.2 shows the X-ray diffraction pattern of pristine and manganese doped zinc sulphide

NPs measured at λ= 1.5406 Å. The XRD pattern for ZnS:Mn NPs shows three prominent

diffraction peaks at 2θ values of 28.96◦, 48.55◦ and 56.77◦ were indexed as cubic zinc blende

structure. These peaks correspond to reflections from (111), (220) and (311) planes. These

planes match very well with literature JCPDS no. 05-0566 [16] and JCPDS no. 77-2100 [17].

There is no significant impurity phase observed in the XRD spectra indicating that the Mn

atoms replaced Zn atoms in the ZnS maintaining the zinc blende structure of ZnS. The

broadening of the peaks illustrates the formation of nanosized particles. The dhkl spacing

values for the three prominent reflections were determined using Bragg’s law

2dhklsinθ = nλ (7.1)

The d-spacing values, 3.08, 1.87 and 1.62 Å obtained matched very well with literature

values of 3.07, 1.88 and 1.60 Å [18]. The lattice parameter, a, of the ZnS:Mn NPs were

determined using the standard formula for a cubic structure given by

1

dhkl
=

h2 + k2 + l2

a2
(7.2)

The obtained lattice parameters are shown in Table 7.1 and range between 5.30 Å and 5.37

Å with an average of a= 5.34 Å. Particle size, Dsize, was determined using the Debye-Scherrer

formula

Dsize =
0.91λ

β(2θ)cos(θ)
(7.3)

where λ (0.15406 nm) is the wavelength of the X-rays, β is the full width at half maximum

in radians and θ is the Bragg angle. The crystalline size values obtained ranged between

1.32 - 1.81 nm and are shown in Table 7.1.
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Figure 7.2: X-ray diffraction pattern for (a) ZnS and (b) ZnS:Mn nanoparticles.

The reflections from the (111), (220) and (311) planes, occurring at 2θ at 28.85◦ , 47.81◦

and 56.54◦ respectively, were used for the crystalline size calculation and the results are

shown in Table 7.1.

Doping ZnS with Mn atoms at low concentration did not significantly alter its structure as

observed in Fig. 7.2 (a) and (b). The ZnS:Mn diffraction peaks are slightly shifted to higher

angles when compared to undoped ZnS. However, the d-spacings and lattice parameters of

both materials remained on average the same. This is despite the fact that Mn2+ ions (0.80

Å) are larger than those of Zn2+ ions (0.74 Å) [15, 17]. The difference in the radii of the two

ions is less than 10 %, therefore when the concentration of Mn2+ ions replacing Zn2+ ions is

very small, the crystal structure of the doped ZnS changes only slightly [15].

HR-TEM was used to characterize the ZnS:Mn NPs. Fig. 7.3 shows the HR-TEM image

obtained using a JEOL 400CX TEM. The HR-TEM image shows ZnS:Mn formed by dif-

ferently oriented ZnS:Mn crystallites. These NPs agglomerate to form large clusters which

is observed in the SEM analysis. Lattice fringes measured using the HR-TEM give average
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Figure 7.3: Transmission electron microscopy analysis of the ZnS:Mn nanoparticles showing
d-spacing for the (111) plane.

Material Pos. [2θ] FWHM hkl dhkl [Å] a [Å] Dsize [nm]

Z
n
S
:M

n 28.96 5.21401 111 3.08 5.34 1.57
48.55 6.55523 220 1.87 5.30 1.33
56.77 4.98388 311 1.62 5.37 1.81

Z
n
S

28.85 1.6265 111 3.09 5.35 -
47.81 2.8259 220 1.90 5.37 -
56.54 2.6397 311 1.63 5.37 -

Table 7.1: Inter-planner spacing (dhkl) from XRD data card with corresponding (hkl) and
lattice parameter values for ZnS.
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Figure 7.4: Scanning electron microscopy and energy dispersive spectra analysis of the
ZnS:Mn nanoparticles.

d-spacing of 3.12 Å. This lattice plane spacing closely matches the d-spacing obtained from

XRD analysis for the (111) planes of ZnS:Mn and ZnS NPs, see Table 7.1. The ZnS:Mn NPs

were characterized for their morphology using scanning electron microscopy (SEM) imaging.

Fig. 7.4 shows the SEM image and energy dispersive spectra (EDS) of the NPs. The SEM

image shows differently sized particles agglomerated together to form flower-like particles.

The EDS analysis confirms the presence of zinc, sulphur and manganese. In addition, traces

of oxygen and carbon appear due to oxidation and the carbon tape sample holder used.

7.4.2 Optical absorption of the photoactive film

ZnS:Mn NPs were incorporated into the P3HT:PCBM photoactive layer blend to utilize their

near-field and far field effect to enhance photon absorption of the OPV devices. Metallic NPs

can be used as far-field scatterers of incident light and confine freely propagating plane waves

of the incident photons into the photoactive layer. This effect can effectively increase the

optical path length of the incident light while keeping the photoactive layer thickness within

the charge carrier diffusion length. Secondly, the near-field effect of the NPs can absorb

light which then induces a strong electromagnetic field in the vicinity of the plasmonic

NP. This enhanced near-field which can be 100 times stronger than the electric field of the

incident light can aid in the creation of additional electron-hole pairs within the photoactive

layer [10]. Fig 7.5 shows the optical absorption spectra of ZnS:Mn NPs in deionized water

and P3HT:PCBM films incorporated with 0 wt%, 1.5 wt%, 3 wt% and 5 wt% ZnS:Mn NPs.

The ZnS:Mn NPs show good absorption in the wavelength range 300 - 400 nm with an

absorption shoulder at ca. 370 nm. The absorption spectra then shows a long absorption

tail extending towards the longer wavelengths which is due to far-field scattering effect by the

NPs. The increased absorption intensity in the range 340 - 675 nm of the films incorporated

with ZnS:Mn NPs is attributed mainly to light scattering by the NPs.



7.4. RESULTS AND DISCUSSION 100

Figure 7.5: Optical absorption spectra of the (a) ZnS:Mn NPs in deionized water and (b)
P3HT:PCBM films w/o ZnS:Mn NPs.

Fig 7.5(b) shows UV-vis of P3HT:PCBM films incorporated with ZnS:Mn NPs. The

absorption intensity in the wavelength range 340 - 650 nm increases with increasing ZnS:Mn

NP concentration in the P3HT:PCBM photoactive layer blend. However, the J-V charac-

teristics of the devices showed that the enhanced optical absorption did not guarantee for

enhanced power conversion efficiency. Devices with 5 wt% ZnS:Mn NPs showed tremendous

enhancement in optical absorption but performed poorly (see Table 7.2). This suggests that

high NP concentration in the active layer may have caused charge carrier recombination at

their surface resulting to exciton quenching and degradation of the device performance.

7.4.3 Electrical Properties

The device performances were determined from the electrical properties which are derived

from the measured current-voltage (J-V) characteristics of the OPV devices. In this study,

four types of devices with the device structures Glass/ITO/PEDOT:PSS/P3HT:PCBM:NPs

/LiF/Al were fabricated. The NPs concentration in the active was set at 0 wt% (Pristine),

1.5 wt%, 3 wt% and 5 wt%. Fig 7.6 shows the J-V characteristics of the OPV devices under

AM1.5 illumination. The open-circuit (Voc) of the devices slightly increased from 0.51 V

for pristine devices to 0.55 V for devices incorporated with the NPs. This slight increase

of Voc may be due to slow recombination rate and enhanced electron collection efficiency.

It is expected that the incorporation of the ZnS:Mn NPs will affect the device morphology.

However, the relationship between morphology and Voc is still not clear and is still a topic for

debate. The open-circuit voltage is affected by a number of factors such as donor-acceptor

interface, morphology, electrodes work function, defects of states, crystallinity, carrier den-

sity, charge transfer states, density of states and ideality factor [19]. Incorporation of the

NPs in the photoactive layer may increase its surface roughness. Li et al [20] reported surface

roughness increase of a P3HT:PCBM layer from 11.707 nm to 14.257 nm upon addition of Ag
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Figure 7.6: The J-V characteristics of P3HT:PCBM devices w/o ZnS:Mn NPs

nanomaterials. This surface roughness increase may be beneficial for the Jsc as the effective

contact area between the photoactive layer and hole/electron transport layer is increased.

However, this interface increase which is beneficial for Jsc may be compensated by corre-

sponding increase in recombination current [18]. Nevertheless, incorporation of the ZnS:Mn

NPs in the active layer increased the short-circuit current density of the devices from 11.65

mA/cm−2 for pristine devices to a highest Jsc of 15.60 mA/cm for a NP concentration of 1.5

wt%.

As the NP concentration in the photoactive was increased to 3 wt% and 5 wt%, the Jsc

of the devices started to drop. The significant enhancement of the Jsc by incorporation of

the ZnS:Mn in the photoactive layer improved the power conversion efficiency (PCE) of the

devices. The PCE increased from 3.23 % for pristine devices to a highest value of 4.54 %

for 1.5 wt% ZnS:Mn NPs doping. The concentration of 3 wt% yielded a PCE value of 4.53

% comparable that obtained with a doping of 1.5 wt% ZnS:Mn (see Table 7.2). The per-

formance enhancement observed upon incorporation of the NPs is attributed to their LSPR

and light scattering effects. Light scattering by the NPs incorporated into the photoactive

layer confines incident photons within the photoactive layer increasing its effective optical

thickness and hence absorption. This leads to more excitons in the photoactive layer being

produced and create more charge flow. The ZnS:Mn NPs, as by their optical absorption

spectra were able to scatter the incident light over a wide wavelength range increasing the

photoactive layer optical thickness. The improved Jsc led to the increased PCE for devices

with 1.5 wt%, 3 wt% and 5 wt% ZnS:Mn NPs corresponding to a 41 %, 40 % and 32 %

enhancement, respectively. High NP concentration in the photoactive layer may become

impurities and cause defects which lead to high recombination rate and leakage currents.

The NPs may become recombination centers quenching excitons. Even though devices with

5 wt% ZnS:Mn possessed the highest optical absorption, the high concentration of NPs in

the photoactive layer started to degrade the electrical properties of the devices and hence
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their PCE started dropping. The device fill-factors (FF) remained relatively unchanged

within the range 52 - 55 %. The PCE also depends on this important parameter, FF, which

is more sensitive and is determined by comprehensive and complicated courses, including

charge generation, transport, recombination and extraction [21]. Furthermore, the FF is

affected by device morphology, thickness and regioregularity of the conjugated polymer and

morphology of the active/transport layers interface. P3HT forms crystalline domains due to

its regioregularity. The crystallinity of the P3HT can be tuned by thermal annealing. For

this study, the devices were all annealed at a same temperature and equal annealing times.

Therefore, the regioregulality of the device films is expected to be comparable and hence

has no significant effect on the device fill-factors. The FF can be determined from the series

resistance (Rs) and shunt resistance (Rsh) of a device. The series and resistances are deter-

mined from the inverse of the slope of the J-V curve as shown in Fig 7.6. The J-V curves in

Fig 7.6 show relatively similar slopes in the first quadrant hence the comparable fill-factors.

We therefore attribute the PCE enhancement to the increased Jsc due to enhanced optical

absorption by the incorporation of the ZnS:Mn NPs.

Device Voc Jsc FF PCE µo

(wt%) (V) (mA cm−2) (%) (%) (cm−2 V− 1
2 s−1)

0 0.51 11.64 54.35 3.23 9.93×10−3

1.5 0.55 15.60 52.80 4.54 1.15×10−2

3 0.55 14.79 55.37 4.53 1.01×10−2

5 0.55 14.00 55.05 4.25 8.47×10−3

Table 7.2: Summary of best performed solar cell devices based on P3HT:PCBM blend at
different concentrations of ZnS:Mn NPs.

7.4.4 Charge Transport

The charge transport properties of the devices were studied using J-V measurements per-

formed under dark current conditions. The space charge limited current (SCLC) method

was used to determine charge mobility(µ0) of the devices. The SCLC method assumes that

charge transport in the devices is bulk limited and not electrode limited. Charge carrier

mobility was determined using the modified Mott-Gurney law given by

J =
9

8
ϵϵoµo exp

(
0.89γ

√
V

L

)
V 2

L3
(7.4)

where ϵ is the relative dielectric permittivity of the material, ϵo is the permittivity of free

space, L is the active layer thickness, γ is the field activation factor and V is the voltage

drop across the sample corrected by the built-in voltage (Vbi).

Equation 7.4 was fitted (see Fig. 7.7) to the experimental data obtained from the SCLC

region of the J-V measurements where J∝V2. The obtained data is shown in Table 7.2. The

charge mobility was enhanced by the addition of the ZnS:Mn NPs from the order of 10−3
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Figure 7.7: Charge transport property curves obtained by fitting the experimental data to
the Mott-Gurney Law at Space-Charge-Limited Current region.

cm−2 V− 1
2 s−1 to 10−2 cm−2 V− 1

2 s−1. Incorporation of 1.5 wt% ZnS:Mn NPs increased charge

mobility by 16 % from 9.93×10−3 cm−2 V− 1
2 s−1 to 1.15×10−2 cm−2 V− 1

2 s−1. However, as

the NP concentration was increased from 1.5 wt% to 5 wt% the charge mobility deteriorated

back to the order of 10−3. This deterioration suggests increased charge recombination in the

photoactive layer which may be due to NP overloading. It should however be noted that

the SCLC method is very prone to misinterpretation [17] and mobility values can vary by

more than one order of magnitude even on normally identical devices [21]. The mobility

values are consistent with the PCE values where concentrations of 1.5 and 3 wt% showed

the highest PCE values. The PCE values of devices with 5 wt% ZnS:Mn NPs were very poor

compared to those obtained with doping concentrations of 1.5 wt% and 3 wt% consistent

with the charge mobility values obtained.

7.5 Conclusion

We successfully doped ZnS with a small concentration of manganese. The effect of ZnS:Mn

NPs in the incorporated within the photoactive layer of P3HT:PCBM based devices was

then studied. The optical absorption of the devices films was significantly improved and

increased with increasing NPs concentration. J-V characteristic studies revealed improved

current density resulting to increased PCE for devices with 1.5 wt% and 3 wt% NP concen-

tration. However, higher concentration (5 wt%) had undesirable effects and degraded the

J-V characteristics and reduced the PCE of the devices. The enhancements at 1.5 wt% and

3 wt% ZnS:Mn concentration resulted to a maximum Jsc of 15.6 mA cm−2 and a maximum

PCE of 4.54 %.
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Chapter 8

Conclusion

We have successfully synthesized metallic NPs via simple colloidal chemistry. These NPs

were then used to assist solar energy harvesting using P3HT:PCBM blend solar absorber of

OPVs. The NPs were incorporated at various functional layers of the device structure such

as photo-active layer and charge transport buffer layer. We employed different concentra-

tions of the NPs in this investigation, which clearly showed improved solar cell performance

at optimum doping level. The incorporation of the NPs tremendously improved the optical

and electrical properties of the investigated OPV devices. This was attributed to the LSPR

and near filed enhanced light scattering phenomena due to the presence of metal NPs.

Characterisation of the synthesised NPs were carried out using HRSEM, HRTEM and

XRD, which showed the NPs form larger clusters of different sizes and shapes. EDS analysis

confirmed the chemical composition of the NPs with low level of impurities concentration.

This was also confirmed by XRD analysis which showed no crystalline diffraction peaks cor-

responding to impurities. The HRTEM and XRD measurements were used to determine

the inter-planar spacings of the materials and the results agreed very well with one another

and also with literature values. The XRD diffraction analysis showed the Zn based nano-

composites, ZnS, ZnO:Ag and ZnS:Mn, formed the zinc wurtzite crystalline structure.

The incorporation of the NPs into OPV devices significantly increased the power conver-

sion efficiency mainly due to better collection of photo-current. This is due to the occurrence

of LSPR absorption and light trapping in the photo-active medium. The solar cell perfor-

mances were found to be dependent on type and concentration of the NPs. The optimum

NP concentrations differed for different NPs. For instance, the optimum concentration for

Ag@Cu in P3HT:PCBM blend was found to be 10 wt% whereas it was found to be 8 wt%

for ZnS. The Ag@Cu NPs in the photoactive layer increased the Jsc from 7.5 mA cm−2 to

11.9 mA cm−2 with a maximum PCE of 3.87 %. On the other hand, the ZnS NPs at 8 wt%

increased the Jsc further to 15.65 mA cm−2 with a maximum PCE of 4.00 %. When ZnS was

doped with Mn and incorporated into the photo-active layer, the optimum concentration
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reduced to a mere 1.5 wt%. However, the PCE was further increased to 4.54 %. The Jsc

remained relatively the same at 15.60 mA cm−2 . However, the FF was increased from 46.43

% to 55.05 %.

Metal NPs have also been incorporated within the HTL to scatter incident light into

photo-active layer. The scattered light then enters the photo-active layer at different inci-

dent angles thereby increasing its optical path length and improve photon harvesting. In this

study, we incorporated silver coated ZnO NPs into PEDOT:PSS HTL to scatter light into

the photo-active layer. Significant enhancement in the optical absorption of the devices was

observed. This resulted to significant enhancements in the devices’ Jsc and PCE. In addition

to the ZnO:Ag NPs in the HTL, DMSO was also used as solvent additive in PEDOT:PSS

to improve on its acidity and hydroscopic nature. A 5 wt% DMSO concentration was used

for both devices with 1 mg and 1.5 mg ZnO:Ag NPs. The Jsc and PCE were increased to

maximums of 16.88 mA cm−2 and 4.88 % at a concentration of 1.5 mg ZnO:Ag NPs. These

enhancements surpassed those observed on devices with Cu@Ag, ZnS and ZnS:Mn NPs in

the photoactive layer. For all the devices fabricated, the open-circuit voltage did not show

any significant change upon the addition of the NPs. More than 95 % of the fabricated

devices had Voc in the range 0.55 - 0.60 V.

In this study, we used the NP concentration as our control parameter and we did not vary

the NP sizes. For further studies, the NP sizes could be varied during the synthesis process

to tune the LSPR of the NPs. Each nano-composite could also be tried at different device

locations to determine the optimum location. In this study, we used each nano-composite

at one location only, either in the photo-active layer or in the HTL.




