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Abstract. The sun provides a plentiful and inexpensive source of carbon-neutral energy that has yet to be fully utilized. This is a major 

driving force behind the development of organic photovoltaic (OPV) materials and devices, which are expected to offer benefits such as 

low cost, flexibility, and widespread availability. For the photovoltaic performance enhancement of the inverted ZnO-nanorods 

(NR)/organic hybrid solar cells with poly(3-exylthiophene):(6,6)-phenyl-C61-butyric-acid-methylester (P3HT:PCBM) and poly (3,4-

ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) active layers, gold nanoparticles (Au-NPs) were introduced into the 

interface between indium-thin-oxide cathode layer and ZnO cathode buffer layer, and the efficiency improvement was observed. It's worth 

noting that adding Au NPs had both a positive and negative impact on device performance. Au NPs were shown to be advantageous to 

localized surface plasmon resonance (LSPs) in the coupling of dispersed light from ZnO NRs in order to extend the light's path length in 

the absorbing medium. Although the light absorption in the active layer could be enhanced, Au NPs might also act as recombination 

centers within the active layer. To avoid this adverse effect, Au NPs are covered by the ZnO seeded layer to prevent Au NPs from direct 

contact with the active layer. The dominant surface plasmonic effect of Au NPs increased the photoelectric conversion efficiency from 

2.4% to 3.8%. 
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1. Introduction 

Solar energy could be a reliable solution without any 

supply limit to the hazardous problems of climate change 

and environmental contaminations caused by global 

warming gases from the burning of fossil fuels. 

Consequently, converting the energy of light directly into 

electricity by means of photovoltaics (PVs) becomes one of 

the most pertinent research topics nowadays. The demand 

for fundamentally new technologies of PVs stimulated 

scientific research to develop high efficient solar cells. 

Throughout the past decades, PVs technology has been 

introduced and developed commercially in field of 

crystalline Si-based solar cells with power conversion 

efficiencies (PCE) as ~25.6%. In particular, a mono-

crystalline GaAs based PVs devices have been 

manufactured with maximum PEC performance being 

about 28.8% for mono-junctions and 37.9% for multi-

junction standem cells (Green et al., 2014). However, the 

global use of solid semiconductor-based solar cells is 
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emerging at a slow pace. The reason behind this is high 

cost and low mass-production capability of mono-

crystalline semiconductor-based solar cells. Despite the 

technology advancement which resulted in a remarkable 

price drop of solid-state PVs devices, the cost is still 

unaffordable as compared to that of current energy 

sources. Moreover, the manufacturing process often leads 

to lower efficiency due to the formation of contaminants 

and invasive chemicals. The inflexibility is another 

challenge, which prevents large scale installations. 

In comparison with the currently dominating solid-

state Si and compound semiconductor-based devices, the 

organic PVs have the potential to contribute significantly 

to the solar energy market due to their many favorable 

properties including ease of processing, low-cost, low-

temperature fabrication, light-weight, optical tenability, 

semi-transparency, portability, mechanical flexibility and 

substantial ecological benefits (Kaltenbrunner et al., 

2012). Moreover, organic solar cells could be printed out 

using an inkjet printer resulting in flexible and roll-to-roll 
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devices (Krebs, 2009). From the first bilayer organic solar 

cells was developed by Tang et al (Tang et al., 2014), a lot 

of attempts have been made in order to overcome the 

drawbacks of increasing the performance of these devices. 

However, organic devices are still far behind their 

inorganic counterparts considering their low performance. 

The organic based PVs devices could be fabricated with a 

very thin layer of active material due to their high optical 

absorption coefficient and the organic solar cells possess 

quite lower efficiencies than their solid-state 

semiconductor counterparts. The most recent reported 

PCE of organic solar cells is around 7.4% (Liang et al., 

2010). The low charge carrier mobility and charge 

collection properties, as well as the mismatch between the 

absorption spectra of the device and the solar radiation, 

could be mentioned as some of the principal obstacles to 

achieve highly efficient organic solar cells. Morphology-

dependent charge transport properties, long-term 

stability, light-harvesting limitations, photocurrent, and 

efficiency are still the remaining issues at the center of 

scientific attention in the organic solar cells field. To 

commercialize the organic solar cells, higher light-

harvesting efficiencies will be required. Over the years, 

the performance of standard typical devices enhanced 

remarkably by various design, material, structure and 

morphology manipulations such as the development of 

bulk heterojunction active layer instead of bilayer 

structure (Yu et al. 2004, Hoppe et al. 2004), taking 

advantage of various buffer layers and metal electrodes 

(Brabec et al., 2002),(Eo et al., 2009),(Alem et al., 2013), 

using different active layer materials with different 

concentrations (Alem et al., 2004), and introduction of 

nanostructure hybrid (Jagadeesh et al., 2014) and tandem 

solar cells (Ameri et al., 2009). However, new technologies 

should be developed in order to improve the performance 

of organic solar cells. 

One recent approach is the incorporation of noble 

metallic nanoparticles (NPs) in organic solar cells which 

could significantly contribute to the wave nature of light 

as resonance through surface plasmons excited at metallic 

nanostructures. In particular, the most notable 

phenomenon occurring with the metal nano-structures is 

electromagnetic resonances due to collective charge 

oscillations of the metal's free electrons, termed localized 

surface plasmons (LSPs) and surface plasmon polaritons 

(SPPs). Due to their unique optical and electronic 

properties, plasmonic metal thin-films and NPs were 

proposed to improve the performance of many 

optoelectronic devices based on resonance interactions of 

surface plasmon with incident light or with excited states 

of attached functional molecules. Application of noble 

metallic NPs was suggested also as one of the possible 

ways of increasing the power conversion efficiency of PVs 

devices (Gu et al., 2012). The plasmonic features have 

attracted interest for the enhancement of light harvesting 

capacity by resonance trapping the light in the active layer 

of organic solar cells with metallic NPs, i.e. Ag or Au nano-

materials (Lu et al., 2012),(Hwang et al., 2009). Also, there 

have been multiple studies for plasmonic effects of Au-NPs 

(Notarianni et al., 2014), depending on embedded 

positions, i.e. on top of the indium-thin-oxide (ITO) 

electrode within the hole transport buffer layer (Hwang et 

al., 2009), (Wu et al., 2011) or within the bulk 

heterojunction active layer of organic solar cells (Park et 

al., 2008), (Wang et al. 2011a), and various shape of Au-

NPs, deposition or blending methods, and coverage 

densities (Yang et al., 2011), (Shahin et al., 2012), (Chen 

et al., 2009). However, Jian Wang et al (Wang et al., 2016) 

reported that device performance is significant 

degradation when active layer P3HT: PCBM is in direct 

contact with the Au NPs. It was attributed to quenching 

effect caused by non-radiative energy transfer to Au NPs. 

Therefore, the separation of Au NPs from the active layer 

by means of over layer is necessary in order to avoid this 

exciton quenching and to maximize the device 

performance. Metal oxides with good electrical 

characteristics, such as titanium oxide (TiO2) (Yang et al., 
2010) or zinc oxide (ZnO) (Li et al., 2014) can be used as 

an electron transport layer (ETL) or the separation of Au 

NPs from the active layer. Among them, ZnO with various 

nanostructure such as 0 D (nanoparticles), 1D (nanorods, 

nanofibers, nanowire) 2 D (thin films) is preferred due to 

its well-aligned bandgap structure of the inverted OSCs 

and the relativity high electron mobility (Zafar et al., 

2020), which increase the transport of electronics from 

photoactive layer to cathode lead to increase PCE of the 

inverted OSCs. Hau et al (Hau et al., 2008) using a thin 

layer of ZnO NPs (50 nm) or  the ZnO thin films deposited 

by sol-gel method for the ETL of the inverted OSCs giving 

the average PCE of 3.6% and 3.5 %, respectively. Zafar et 

al (Zafar et al., 2017) reported the high-density ZnO NR 

structures are interested in the ETL of the inverted OSCs 

to enhance electro collection capability by reducing the 

interface between the photoactive materials and cathode. 

However, the PCE of the OSCs was low (1.67%), which due 

to the non-uniform coating of the photoactive material 

within the deep valleys between NRs. In this work, to 

further enhance the PCE of organic solar cells, we 

fabricated the inverted OSCs with structure including 

glass / ITO / Au NPs / ZnO NR / P3HT: PCBM / PEDOT: 

PSS / Ag layers (Fig 1). The combination of Au NPs 

enhances light absorption at the photoactive layer and 

controls the density of ZnO NR.  

2. Materials and Methods 

2.1 Device Fabrication  

In this study, inverted ZnO NRs/organic solar cells with 

embedded of Au NPS were fabricated on indium tin oxide 

(ITO) coated glass substrate (20/sq, Sigma-Aldrich) 

includes four steps as shown in Fig. 1: 

 

 
 

Fig. 1. A schematic diagram of inverted ZnONRs/organic solar 

cells with inserting Au NPs. 
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2.2. The preparation of Au NPs. 

The substrate was cleaned in an ultrasonic bath using 

aqueous solution of water, ethanol and acetone (1:1:1) at 

80 °C for 5 min, shining under UV-ozone for 10 min. Then, 

5 nm thick Au layer was deposited on this substrate using 

electron beam evaporation, followed by rapid thermal 

annealing at 300°C to form Au NPs via melting and 

condensation. During the annealing process, argon was 

used as a carrier gas to avoid an increase in the sheet 

resistance of the ITO substrate. 

2.3. The preparation of ZnO nanorod. 

 The ZnO cathode buffer layer (CBL) was synthesized 

using hydrothermal method following the previous study 

(Cuong et al., 2010). After coated sample with an ethanolic 

solution of 5 mM zinc acetate dehydrate (98%, Aldrich), 

the sample was cleaned with ethanol and dried with inert 

gas. This coating step was repeated five times, followed by 

thermal annealing at 300°C in argon ambient for 30 min 

to form the ZnO CBL. Subsequently, the prepared sample 

was vertically loaded in a 100 mL aqueous solution of 

0.016 M zinc nitrate hexahydrate and 0.025 M 

methylamine. To form ZnONRs, the aqueous solution was 

heated to 90°C in an oven for 1h. The substrate covered 

with the ZnO NRs was then cleaned with water and blown 

with an argon stream.  

2.4. The preparation of the active layer and anode buffer 

layer. 

The active material is a mixture of PCBM (electron 

acceptor) and P3HT (donor material). P3HT and PCBM 

were dissolved separately in dichlorobenzene with 10 w/v 

% before mixed with accurately weighted ratio of 1:1, and 

spin-coated on top of ZnO NRs/Au NPs/ITO substrate at 

2000 rpm for 20 s. Prepared sample was dried slowly in 

the glove-box for 45 min at 140ºC. To prepare PEDOT: PSS 

anode buffer layer (ABL), the PEDOT: PSS materials was 

diluted 1:1 with distilled water and passed through a 0.45 

μm polyvinylidene difluoride (PVDF) membrane filter and 

then spin-coated at 8000 rpm. In order to dry PEDOT: PSS 

film, the substrates were baked at 175ºC for 10 min in 

argon filled glove-box with humidity level lower than 0.5 

ppm.  

2.5. The preparation of the anode electrode 

Finally, 100 nm thick Ag as anode electrode was deposited 

on top using thermal evaporation to complete photovoltaic 

device fabrication process.  

2.6. Materials and Device Characteristics 

The optical property of Au NPs was measured with a UV-

Vis spectrophotometer (Hewlett Packard 8453) using the 

normal incident transmittance. The crystal structure of 

the samples was characterized using field emission 

scanning electron microscopy (FE-SEM, JEOL, JSM-

600F) and high-resolution X-ray diffraction (HRXRD, 

Bruker D8 Advance), respectively. The photocurrent was 

measured by recording the photocurrent density versus 

voltage (J-V) curve under illumination from a solar light 

simulator (AM 1.5 with a power density of 100 mW/cm2, 

EXIL-0.5850KSVI). 

 

3. Result and Discussion  

Figure 2(a) shows the SEM image of Au-NPs formed on 

ITO coated glass. The diameter of Au-NPs was distributed 

at around 15~50 nm, observed from the inset SEM image 

of Fig. 2(a). The absorbance spectrum of bare ITO coated 

glass and extinction spectrum of the Au-NPs, determined 

using ultraviolet-to-visible spectroscopy, were displayed 

in Fig. 2(b). Although the absorption value of ITO coated 

glass is lower than 20% in the visible range, the ITO films 

had an opaque window at over ~400 nm ultraviolet (UV) 

wavelength due to strong absorption at the band gap 

energy of crystallizing ITO, which is the limitation of ITO 

materials in field of application of PVs devices for 

harvesting UV solar energy. The maximum transmittance 

band of ITO film shows at ~550 nm wavelength. The 

extinction spectrum of Au-NPs which is calculated via 

subtracting a reference optical absorption of ITO coated 

glass shows in Fig. 2(b). 

UV-Vis spectrum of prepared Au NPs on ITO film 

shows a maximum absorbance peak at 550 nm. This value 

was used to determine the particle size (Eq 1). 

𝑑(nm) =  
ln(

spr−0

L1
)

L2
                                             (1) 

where 0 = 512 nm; L1 = 6.53 nm; L2 = 0.0216 nm-1 are 

parameters determined from the theoretical model, while 

spr is the wavelength in nm that corresponds to the 

maximum absorbance peak obtained from the UV-Vis 

spectra. 

 

 

 
Fig. 2. (a)Top view scanning electron microscope images 

of Au-NPs formed on ITO coated glass by metal 

evaporation deposition and thermal annealing. (b) UV-

visible absorption spectrum of ITO coated glass and the 

extinction spectrum of Au-NPs which is calculated via subtracting 

a reference optical absorption of ITO. 
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In this way, the diameter size of Au NPs is calculated 

to be 80 nm that is significantly larger than the observed 

value from the SEM image. This result is probably 

associated with the fact that the rapid thermal annealing 

process usually leads to non-uniformity size because the 

particles size and shape are very sensitive to the amount 

of Au deposited on the surface, the annealing temperature 

and the surface conditions of the ITO substrate. The 

excitation of LSPs of Au-NPs can be achieved when the 

frequency of the incident light matches its resonance peak, 

resulting in unique optical properties; selective light 

extinction as well as local enhancement of electromagnetic 

field near the surface of Au-NPs. The resonance peak of 

LSPs depends strongly on the size, shape, and the 

dielectric environment of the Au-NPs. The plasmonic 

resonance regime of the Au-NPs was close to the 

absorption peak of the P3HT/PCBM blends, thereby 

suggesting enhanced light-harvesting efficiency of active 

layer. 

 
 

 
Fig. 3. SEM analysis of hydrothermal growth ZnONRs arrays (a) 

cross section, (b) top view, (c) bird-view, and (d) The HRXRD 

diffraction pattern of as-grown ZnONRs. 

The FE-SEM images of the as-grown ZnO NRs were 

shown in Figs. 3(a-c). It illustrates the growth of vertical 

arrays 350 nm-height ZnO NRs using solution-based 

method. The diameter of the rods can be observed from the 

Fig. 3(b) which was about 50  5 nm. The aspect ratio 

(height divided by diameter) was 7. The bird-view of this 

dense vertical array ZnO NRs was shown in Fig. 3(c). The 

crystal structure and orientation of the as-grown ZnO NRs 

were also characterized using HRXRD measurement as 

shown in Fig. 3(d). We observe two dominant peaks at 

34.45 and 72.59, referred to the ZnO (002) and ZnO (004) 

planes, respectively. It indicates that the surface of ZnO 

NRs is (002) oriented. The inset of Fig. 3(d) shows the XRD 

 rocking curve for a peak at 34.35, with a full width at 

half-maximum (FWHM) value of 0.21. The small FWHM 

value indicates good alignment among different (002) 

oriented domains of the as-grown ZnO NRs. 

Figure 4(a) shows the photocurrent density (J) 

plotted with respect to effective bias (V) for the device with 

and without Au-NPs incorporated, recorded at 100 mW/cm 

(air mass 1.5G) illuminations. Table 1 shows the open 

circuit voltage (Voc), short circuit current (Jsc), fill factor 

(FF) and power conversion efficiency (PCE) of inverted 

ZnO NRs/organic solar cells with and without Au-NPs 

LSPs effects, as obtained from the J-V characteristics 

under white light illumination. The reference device with 

the structure ITO/ZnO NRs/P3HT:PCBM/PEDOT:PSS/Ag 

exhibited characteristics for Voc of 0.55 V, Jsc of 6.9 

mA/cm2, and FF of 51.0%, resulting in PCE of 2.4%. The 

LSPs effects of Au-NPs incorporated on device 

performance is obviously determined. 

 

 

 

Fig. 4. (a) Photocurrent density (J) plotted with respect to 

effective bias (V) for the reference and Au-NPs plasmonic 

devices, (b) the architecture band diagrams for 

systematically explored plasmonic effects of the device 

characteristics of P3HT/PCBM based organic solar cells. 
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Table 1  

Photovoltaics characteristics of the plasmonic organic solar cells incorporating Au-NPs between ITO and ZnO cathode buffer layer. The 

table shows the optimized cell performance for each size.  

Cell device Jsc (mA/cm2) Voc (V) FF 

(%) 

PCE 

(%) 

Enhancement 

(%) 

Ref. device 6.9 0.55 51 2.4  

AuNPs incorporated device 12 0.53 48 3.8 58 

 

 

 

When the Au-NPs were inserted, the device shows higher 

value of Jsc (12 mA/cm2) although the fill factor slightly 

decreased. The calculated PCE is clearly higher as 3.8 %. 

The PCE value significantly increased 58 % which clearly 

shows the enhancement effect the absorption of solar 

energy through LSPs effects of incorporated Au-NPs. The 

schematic diagram of the energy levels and the transport 

directions of electrons and holes in an inverted ZnO 

NRs/organic hybrid solar cell are illustrated in Fig. 4(b). It 

should be noted that inserting Au NPs have both 

advantage and disavantage effect on device performances. 

Herein, Au NPs are fovorable to LSPs in coupling of 

scattered light from ZnO NRs to increase the light’s path 

length in the absorbing medium. Although the light 

absorption in the active layer can be enhanced, Au NPs 

may also act as recombination centers within the active 

layer. To avoid this adverse effect, Au NPs are covered by 

the ZnO seeded-layer to prevent Au NPs from direct 

contact with the active layer. Moreover, ZnO seeded layer 

also facilitates to grow vertical ZnO NRs arrays, which 

function as a CBL in inverted device structure as follows: 

(i) the conduction band bottom of ZnO NRs is around -4.4 

eV, which allows it to collect electrons and block holes, 

impedes the charge recombination, (ii) the band edge cut-

off of ZnO NRs at around 375 nm can block UV light and 

accordingly prevent the organic active materials 

degradation under UV light irradiation. Overall, the 

enhanced efficiency of inverted ZnO NRs/organic hybrid 

solar cells arises from an enhancement of the light 

absorption in the active medium due to Au NPs and 

suppressing charge recombination due to ZnO CBL. 

Figure 5(a) presents IPCE curves for these devices. 

We also compared the curve of the differential ratio of 

IPCE (ΔIPCE) after incorporating Au NPs with the 

extinction spectrum of the Au NPs as shown in Figure 5(b). 

Au NPs incorporated cells has higher value of IPCE, 

especially in the absorption energy range from 1.9 eV to 

2.4 eV. This energy regime coincides with the extinction 

range of the Au-NPs, indicating that LSPs resonance 

effects did indeed improve the photocurrent. The LSPs 

resonance induced by the Au-NPs not only increased the 

degree of light absorption but also enhanced the degree of 

exciton dissociation. As a result, the photocurrent and 

overall device efficiency were both improved considerably 

after exploiting the optical effects of the LSPs resonance. 

However, to explore the LSPs resonance effects on the 

exciton generation behavior, we have to understand the 

interplay between the LSPs in Au-NPs and the generated 

excitons in active layer by solar energy absorption. 

Thereby, there are considered that the steady-state carrier 

dynamics between exciton dissociation and recombination 

process mechanisms. Firstly, the most of excited electrons 

from HOMO level to LUMO level formed bounded or free 

excitons before dissociation and sweeping by implied bias 

of PVs cells. These excitons interacted with self sustained 

LSPs in Au-NPs and formed the plasmon-exciton coupled 

modes. The results of plasmon-exciton coupling enhanced 

not only the rate of exciton dissociation but also the 

exciton recombination via radiative and/or non-radiative 

processes accorded strong electric field oscillation. In 

particular, the radiative recombination processes are re-

emitting to free space and reduced the photocurrent as 

investigating of photoluminescence enhanced effects of 

metallic plasmon incorporated organic solar active films in 

previous reported works (Shahin et al., 2012), (Chen et al., 

2009), (Chen et al., 2013),(Wang et al. 2011b). Accordingly, 

it was believed that the dip valleys of ΔIPCE spectrum at 

2.30 eV and 2.35 eV in Fig. 5(b) are corresponded to 

bounded and free excitons in active layer, which has 

HOMO-to-LUMO inter-level transition energy of 2.35 eV 

and suggested exciton binding energy of ~50 meV, 

respectively. The luminous recombination process is 

dependent on the light excitation rate and the quantum 

yield, which is dependent on competition between the 

radiative and non-radiative decaying mechanisms. 

 

. 

 
Fig. 5. (a) Corresponding IPCE curves of the reference and Au-

NPs plasmonic organic PVs devices. (b) Comparison between the 

curve of the increase in IPCE (ΔIPCE) after incorporating Au NPs 

and the extinction spectrum of the Au NPs 
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Because the LSPs resonance frequency of Au-NPs was 

exactly close to the absorption band of P3HT:PCBM and 

both the non-radiative decay processes and thermally 

energy relaxation of electron in inner LUMO levels are 

more dominant, we attribute the PCE losses due to the 

radiative decay is negligible, compared with the 

increasing of absorption rate and enhancement factor of 

light excitation. Therefore, the LSPs resonance effects, 

induced by the presence of the Au-NPs, enhanced light 

collection in the active layer of organic PVs predominately 

through local field enhancement. 

 

4. Conclusion 

In summary, we improved the PCEs of inverted ZnO 

NRs/organic solar cells by incorporating Au-NPs between 

ITO and the ZnO NRs cathode buffer layer. The PCEs 

enhancement effect occurs in the spectral region that 

coincident with the Au-NPs plasmon extinction band. The 

degree of light absorption in the plasmonic-enhanced 

organic solar cells increased significantly as a result of 

LSPs resonance induced local field enhancement. 

Moreover, interactions between the plasmons and the 

photo-generated excitons resulted in an enhanced degree 

of exciton dissociation.  
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