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A B S T R A C T   

Conjugated polymers are promising low-cost, lightweight, and flexible candidates for scalable photovoltaic ap-
plications to establish decarbonized energy technologies. However, they possess deficiencies in terms of their 
lower charge mobility and exciton diffusion length compared to their inorganic counterparts, impeding the 
efficient charge extraction at high active layer thickness values. In this manner, active layer composition should 
be tuned to improve light harvesting enabling efficient charge transport. This work presents two new approaches 
to achieve higher photovoltaic performance for organic photovoltaic systems; thiol modification of the polymers 
for improved morphological features, and incorporation of ligand-free gold nanoparticles with surface plasmon 
absorption into the active layer to be stabilized by the covalent interaction with the thiol side groups of the 
polymers. To achieve this goal, a benzoxadiazole bearing polymer (POxT) and its bromine (POxT-Br) and thiol 
(POxT-SH) comprising derivatives were synthesized, their electrochemical, optical, photovoltaic, and morpho-
logical characterizations were performed. For photovoltaic characterizations, conventional device architecture of 
ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al was utilized, where the POxT-SH showed the highest JSC and PCE 
values, 6.52 mA/cm2 and 2.71%, respectively. Gold nanoparticles were synthesized via laser ablation method, 
and upon incorporation, the PCE value was boosted to 3.29%, with an increase of 21.4% compared to POxT-SH 
comprising organic solar cells.   

1. Introduction 

Rapid increase in global warming necessitates the transformation of 
global energy systems to renewable sources. In this manner, photovol-
taic technologies are expected to provide the next-generation clean en-
ergy production technologies to replace the depleting sources of fossil 
fuels, aiming the mitigation of climate change by reducing the green-
house gas emission. Conjugated polymers offer several advantages for 
photovoltaic systems via their low cost, light weight, flexibility, use in 
roll-to-roll production, and environmentally benign nature compared to 

their inorganic counterparts [1–4]. Attention on polymer solar cells 
composed of active layers based on conjugated polymer: fullerene/non 
fullerene blends, namely the bulk heterojunction (BHJ) organic solar 
cells (OSCs) is paid. This is due to the enhanced charge extraction and 
reduced exciton recombination, via increased donor-acceptor interfacial 
area shortened distance for excitons to travel for charge separation 
[5–7]. However, conjugated polymers possess low charge mobilities and 
short diffusion lengths which limits the active layer thickness. There is a 
tradeoff between photogenerated carrier collection and light absorption. 
Therefore, development of active layers with reduced thickness and 
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improved light harvesting ability is an efficient approach to increase the 
photocurrent values for OSCs [8,9]. Incorporation of periodic nano-
structures [10] fabrication of diffraction gratings [11] and inclusion of 
metallic nanoparticles are the proposed methods to enhance light trap-
ping in photovoltaics. Among these methods inclusion of metal nano-
particles comes into prominence with its ease of incorporation. 

Metallic nanoparticles can be incorporated in organic solar cells with 
different design strategies depending on the site where nanoparticles are 
embedded. In literature, plasmonic effect of nanoparticles on ITO [12], 
in PEDOT:PSS layer [13–17], in PANI layer [18], in ZnO buffer layer 
[19], in MoOx buffer layer [20], in active layer [21–23] and in between 
the hole transport and active layer [24,25] were investigated. 

Inclusion of metal nanoparticles (NPs) in the active layer is an effi-
cient strategy to enhance the light-harvesting capability within a range 
of wavelengths. Metal NPs have unique localized surface plasmon 
resonance (LSPR) properties which augments the light absorption and 
scattering inside the active layer, depending on size, shape and con-
centration of NPs. Kim and Carroll have reported that the direct addition 
of Gold (Au) or Silver (Ag) nanoparticles to the active layer solutions 
also results in films having higher electrical conductivity and lower se-
ries resistance via the introduction of the dopant states [9,26,27]. In this 
regard, metallic NP introduction is proven to assist the active layer to 
achieve enhanced photocurrent production at reduced thickness values, 
suppressing the charge recombination in between. 

In various studies metallic NPs have been successfully embedded in 
active layers of OSCs in which nanoparticles were randomly distributed. 
However, in this case aggregation of NPs which disrupts the active layer 
morphology, is inevitable. To the best of our knowledge, no scientific 
work has been reported to control the distribution of NPs inside the 
active layer of BHJ solar cells. This work proposes a versatile and 
effective strategy for performance improvement of OSCs through 
incorporation AuNPs in the active layer with controlled distribution by 
using thiol-modified conjugated polymers. The covalent bonding be-
tween gold and sulfur provides a strong but tunable interaction, which is 
crucial for nanostructure stabilization and electronic interactions be-
tween gold NPs and thiol end-functionalized polymeric ligands. Such 
interaction is widely utilized in distinct research fields such as molecular 
biology, material science, and inorganic chemistry [28–33]. The 
sulfur-gold nanoparticle (AuNPs) interaction is proven to be sufficient to 
construct a covalent bonding that provides controlled distribution of 
AuNPs in the active layer. Hence, the use of thiol modified polymers as 
the electron donor molecules with AuNPs yields a controlled 
morphology where the polymers are aligned upon interaction with the 
NPs, with improved charge transport properties. 

This work reveals that several benefits arose from using AuNPs in the 

active layer of an OSC and controlling their distribution by using thiol- 
modified conjugated polymers. To investigate the effect of thiol modi-
fication on the nanoparticle distribution and overall device perfor-
mance, three alternating conjugated copolymers with varying chains of 
alkyl, POxT, POxT-Br, and POxT-SH (Scheme 1) were synthesized. The 
synthesis and characterization of these polymers and the effect of thiol 
modification and AuNPs addition on photovoltaic properties of these 
polymers will be discussed. 

2. Results and discussion 

2.1. Synthesis and characterization 

Synthetic pathways of monomers M1 and M2 are provided in Sup-
porting Information. Williamson ether synthesis was performed for 
alkylation reaction to obtain 1,2-bis(octyloxy)benzene (2); a mild base 
potassium carbonate was used to deprotonate the alkoxy group. Then, 1- 
bromooctane was slowly added to the reaction medium to give com-
pound 2. Starting from compound 2, fuming nitric acid addition was 
performed to obtain 1,2-dinitro-4,5-bis(octyloxy)benzene (3), a ring 
closure reaction was performed using compound 3, sodium azide, and 
triphenylphosphine to obtain benzo[c] [1,2,5]oxadiazole main core, 
compound 5,6-bis(octyloxy)benzo[c] [1,2,5]oxadiazole (4) success-
fully. The bromination method with molecular bromine was used to 
synthesize compound 4,7-dibromo-5,6-bis(octyloxy)benzo[c] [1,2,5] 
oxadiazole (5). To obtain 5,6-bis(octyloxy)-4,7-di(thiophen-2-yl)benzo 
[c] [1,2,5]oxadiazole (8), Stille coupling of tributyl(thiophen-2-yl) 
stannane (7) and compound 5 was used. After the bromination of 
compound 8 by N-bromosuccinimide, the target monomer M1 was 
successfully synthesized. The synthetic pathway of M2 consists of the 
same reactions in a different order. Alkylation was performed at the 
fourth step instead of the first step to avoid side substitution reactions 
during the ring-closure reaction since the alkyl group contains the pri-
mary halogen group [34–37]. Monomers M1 and M2, were then poly-
merized with 2,5-bis(trimethylstannyl)thiophene by Stille coupling to 
obtain POxT (Mn = 10 kDa, PDI = 1.40) and POxT-Br [38] (Mn = 10 
kDa, PDI = 1.70). Finally, post-polymerization of POxT-Br with thio-
acetic acid was performed, and POxT-SH was obtained [39] (Mn = 9 
kDa, PDI = 1.56) (Scheme 1). The structures of the compounds and 
monomers were determined by NMR spectroscopy. Additionally, 
high-resolution mass spectrometry (HRMS) supported the structural 
analysis of novel compounds. Finally, the structures of polymers were 
determined by both IR and NMR spectroscopy. Solubility of all polymers 
in common organic solvents such as chloroform, tetrahydrofuran, and 
chlorobenzene are excellent. 

Scheme 1. Synthetic route for the polymers.  
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Synthesis of POxT; In a 25 mL schlenk tube 0.170 g M1 (243 μmol), 
0.100 g D1 (243 μmol) and 6.0 mg tri(o-tolyl)phosphine ((CH3C6H4)3P) 
(19 μmol) were added. Schlenk tube was vacuumed for 30 min. And then 
inert gas (N2) was allowed to pass through the schlenk tube to remove 
possible oxygen and humidity residues. This process was repeated 3 
times. 8 mL of dry toluene (C6H5CH3) was added under an N2 atmo-
sphere, and the temperature was set to 60 ◦C. The mixture was degassed 
for 1 h. Then 5.0 mg tris(dibenzylideneacetone)dipalladium(0) 
(Pd2(dba)3) (5 μmol) were added to reaction mixture and temperature 
was raised to 110 ◦C. The reaction was monitored with TLC control. 
After 3 h, the reaction mixture was poured into the cold MeOH, and the 
crude polymer was precipitated. Then, 100 mg of palladium scavenger 
(3-(Diethylenetriamino)propyl-functionalized silica gel) was added and 
stirred for 1 h. The crude polymer was then filtrated and collected. The 
crude polymer was washed with Soxhlet apparatus with an order of 
methanol, acetone, hexane, and chloroform solvents. Chloroform frag-
ment was collected. Chloroform was evaporated under reduced pres-
sure, and POxT was collected (117 mg, 80% yield). (CHCl3 fraction 77 
mg, C6H5Cl fraction 40 mg) 1H NMR (400 MHz, CDCl3, δ: ppm) 8.40- 
8.00 (aromatic region), 4.30-3.90 (O–CH2), 2.10-0.85 (alkyl region). 
GPC Result of CHCl3 fraction: Mn = 10 kDa, Mw = 14 kDa PDI = 1.40 

Synthesis of POxT-Br; In a 25 mL schlenk tube 0.220 g M2 (257 
μmol), 0.106 g D1 (257 μmol) and 7.0 mg tri(o-tolyl)phosphine 
((CH3C6H4)3P) (21 μmol) were added. The schlenk tube was vacuumed 
for 30 min, and then inert gas (N2) was allowed to pass through the 
schlenk tube to remove possible oxygen and humidity residues. This 
process was repeated three times. 8 mL of dry toluene (C6H5CH3) were 
added under an N2 atmosphere, and the temperature was set to 60 ◦C. 
The mixture was degassed for 1 h. Then 5.0 mg tris(dibenzylideneace-
tone)dipalladium(0) (Pd2(dba)3) (5 μmol) were added to the reaction 
mixture and temperature raised to 110 ◦C. The reaction was terminated 
after 3 h with TLC control. The reaction mixture was poured into the 
cold MeOH, and the crude polymer was precipitated. Then, 100 mg of 
palladium scavenger (3-(Diethylenetriamino)propyl-functionalized sil-
ica gel) was added and stirred for 1 h. The crude polymer was then fil-
trated and collected. The crude polymer was washed with Soxhlet 
apparatus with an order of methanol, acetone, hexane, chloroform, and 

chlorobenzene solvents. Chloroform and chlorobenzene fragments were 
collected. Chloroform and chlorobenzene were evaporated under 
reduced pressure, and POxT-Br was collected (110 mg, 53% yield). 
(CHCl3 fraction 100 mg, C6H5Cl fraction 10 mg) 1H NMR (400 MHz, 
CDCl3, δ: ppm) 8.40-8.00 (aromatic region), 4.25-4.00 (O–CH2), 3.50- 
3.35 (CH2–Br), 2.10-1.20 (alkyl region). GPC Result of CHCl3 fraction: 
Mn = 10 kDa, Mw = 17 kDa PDI = 1.70 

Synthesis of POxT-SH; In a 100 mL schlenk tube 28.0 mg POxT-Br, 
and 22.0 mg potassium carbonate (K2CO3) (76 μmol) were added. The 
schlenk tube was vacuumed for 30 min, and then inert gas (N2) was 
allowed to pass through the schlenk tube to remove possible oxygen and 
humidity residues. 15 mL of dry tetrahydrofuran (THF) were added 
under N2 atmosphere, and the mixture was stirred for 30 min. Then 6.0 
mg thioacetic acid (153 μmol) was added to the reaction mixture, and 
the temperature was raised to 50 ◦C. The mixture was stirred for 15 h. 
After that, 15 ml of methanol was added to the reaction mixture, and the 
mixture was stirred for another 30 min at 50 ◦C. The reaction was 
terminated with the addition of 3 drops of 1 M HCl. Solvents were 
evaporated under reduced pressure, and remaining solids were re- 
dissolved with CHCl3, and extraction was performed with CHCl3 and 
brine. The organic phase was collected and dried over MgSO4. The crude 
polymer was washed with Soxhlet apparatus with an order of methanol, 
acetone, hexane, and chloroform solvents. Chloroform fragment was 
collected. Chloroform was evaporated under reduced pressure, and 
POxT-SH was collected (22 mg, 88% yield). Residual bromine was 
observed on the thiol modified bromine according to 1H NMR spec-
troscopy. 1H NMR (400 MHz, CDCl3, δ: ppm) 8.50-8.05 (aromatic re-
gion), 4.25-4.00 (O–CH2), 3.50-3.35 (CH2–Br), 2.40-2.20 (CH2- 
SH),2.10-1.20 (alkyl region). GPC Result of CHCl3 fraction: Mn = 9 kDa, 
Mw = 14 kDa PDI = 1.56 

2.2. Optical and electrochemical characterizations 

In order to investigate the electrochemical properties of polymers 
cyclic voltammetry studies were performed. As it is depicted in Fig. 1, 
which represents the cyclic voltammograms of POxT, POxT-Br, and 
POxT-SH recorded at a scan rate of 100 mV/s, all polymers feature 

Fig. 1. Cyclic voltammograms of a) POxT, b) POxT-Br and c) POxT-SH.  
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ambipolar character. Highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) energy levels were 
calculated using Equations (1) and 2).  

HOMO = − (4.75 + Eox 
onset)                                                      Eq. (1)  

LUMO = − (4.75 + Ered 
onset)                                                     Eq. (2) 

Electronic bandgap (Eg
el) equals to the energy gap between the 

HOMO and LUMO, which were calculated as to be 1.86, 1.84, and 1.83 
eV for POxT, POxT-Br, and POxT-SH, respectively. The results exhibit 
that Br and SH modifications on side chain do not alter the electro-
chemical properties significantly, where such characteristic of conju-
gated polymers was also reported for the similar modifications of EDOT 
in literature [40,41]. 

The energy level diagram illustrated in Fig. 2 proves that the corre-
sponding organic solar cells possess suitable HOMO and LUMO offsets to 
drive the charge transfer between the polymer and PC71BM molecules. 

UV–Vis absorption spectra of the polymers are illustrated in Fig. 3. 
Red shifted absorption was observed in thin film spectra of all polymers 
compared to solution absorptions due to aggregation of polymers in thin 
film form. The maximum absorption wavelengths (λmax) values 

corresponding to π-π* transitions of POxT, POxT-Br, and POxT-SH were 
determined as 650 nm, 605 nm, and 610 nm, respectively. Optical band 
gap (Eg

op) values of polymers were calculated using the onset λmax
onset values 

of π-π* transitions and Equation (3), which were determined as 1.68, 
1.71 and 1.71 eV for POxT, POxT-Br and POxT-SH, respectively. The 
optical data of the polymers are tabulated in Table 1 in comparison with 
each other. The results demonstrate that electronic band gap values 
surpass optical band gap values for each polymer, due to the interfacial 
barrier for charge injection and free-charge formation [42].  

Eg
op = hc/λmax

onset                                                                          Eq. (3)  

2.3. Nanoparticle synthesis method 

Gold nanoparticles (Au NPs) were synthesized by pulsed laser abla-
tion in the liquid method [43,44]. Au-NPs were produced by a nano-
second pulsed Nd:YLF laser (Empower Q-Switched Laser, Spectra 
Physics) that operates at 527 nm wavelength, 100 ns pulse duration and 
1 kHz repetition rate. The target and cuvette were cleaned with distilled 
water in an ultrasonic bath for 3 min before the synthesis. The bulk gold 
target was immersed into pure 10 mL methanol and placed at the bottom 
of a quartz cuvette. The laser was focused with a plano-convex lens with 
50 mm focal length. The laser was operated at 16 W power corre-
sponding to 16 mJ pulse energy, and the ablation time was 5 min. To 

Fig. 2. Energy level diagram of OSCs based on POxT, POxT-Br, and POxT-SH.  

Fig. 3. Normalized UV–Vis absorption spectra of a) POxT, b) POxT-Br and c) POxT-SH.  

Table 1 
Summary of electrochemical and optical studies of polymers.   

HOMO 
(eV) 

LUMO 
(eV) 

Eg
el 

(eV) 
λmax 

(nm) 
λmax

onset(nm) Eg
op 

(eV) 

POxT − 5.41 − 3.55 1.86 650 740 1.68 
POxT- 

Br 
− 5.47 − 3.63 1.84 605 725 1.71 

POxT- 
SH 

− 5.60 − 3.77 1.83 610 725 1.71  
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increase the absorption of incident light through the nanocomposite of 
the solar cell, we increased the nano-colloidal concentration per unit 
volume. The resulting colloid had around 0.512 mg/mL concentration 
and had dark purple color. The aggregation in the synthesized colloid 
was observed due to very high concentration and thus, these 
nano-colloidal solutions were used immediately in solar cell fabrication. 

2.4. Characterization of gold nanoparticles 

The characterization of the elemental composition of the synthesized 
nanoparticles and the used sample was performed via X-ray photoelec-
tron spectroscopy (XPS). The measurements were carried out by using 
the monochromatic instrument K-Alpha (Thermo Scientific) which 
operates at 12 kV and 2.5 mA. The sample was prepared by dripping the 
colloid onto a Si substrate. The formation of nanoparticles and their 
morphology were confirmed by scanning electron microscope (SEM, 
Quanta 200 FEG, FEI Instruments) imaging. The imaging process was 
also repeated using a high-resolution transmission electron microscope 
(HR-TEM) with an operating voltage of 300 kV by using the FEI-Tecnai 
G2 F30 TEM instrument. The samples were prepared by drop-casting the 
solutions onto carbon-coated TEM grids. To verify the surface plasmon 
absorption properties of the nanocolloidal, an absorption analysis was 
carried out using UV–Vis–NIR Spectrophotometer (Varian, Cary 5000 
UV–Vis–NIR Spectrophotometer), at a wavelength range of 400–800 
nm. 

The composition of the target sample was determined by XPS anal-
ysis. The results of the XPS analysis are illustrated in Fig. 4a. The sample 
has Au 4f7/2 peak at 84.15 eV and Au 4f5/2 peak at 87.65 eV [45]. For the 
copper side, the sample presents the peaks at 932.2 eV and 951.9 eV for 
Cu 2p3/2 and Cu 2p1/2, respectively. These results show that Au and Cu 
are in their metallic forms and there is no bonding or alloy formation. 
From the integrated areas, it is determined that the sample consists of 

90% of gold and 10% of copper, respectively. The sample is determined 
to be gold-rich sample with copper addition. The XPS spectra of the 
synthesized nanoparticles were also recorded (see Fig. 4b), showing the 
peaks of Au 4f7/2 and Au 4f5/2 at 84.35 eV and 87.85 eV, respectively. In 
addition, the nano-colloidal synthesized by laser ablation also features 
Cu 2p3/2 and 2p1/2 peaks at 931.5 eV and 951.2 eV, respectively. The 
integrated areas of gold and copper scan data show that the composition 
of the nano-colloidal is at the same level as the target sample. 

Fig. 5a presents the SEM image of nanoparticles generated by laser 
ablation of the gold-rich target in methanol, which reveals the spherical 

Fig. 4. XPS spectra of (a) the target sample and (b) the nanocolloidal.  

Fig. 5. a) SEM and b) TEM images of nanocolloidal solution generated by laser ablation.  

Fig. 6. UV–Vis absorbance graph of Au NPs.  
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shape of nanoparticles with sub 50 nm of diameter. TEM image (see 
Fig. 5b) of the nanoparticles also confirms the spherical shape of 
nanoparticles synthesized by laser ablation in the liquid process as ex-
pected. The Au NPs are below 50 nm in size, but most of those nano-
particles are smaller than the region of 10 nm. Some aggregation can be 
observed, but this is due to the high concentration of nanoparticles in the 
colloid and the absence of chemical stabilizers. As a result of the high 
laser fluence used during synthesis, a broad size range occurs. 

Fig. 6 illustrates the absorption properties of nanoparticles in the 
visible region, where the surface plasmon absorption (SPA) peak is 
located at 548 nm. As there is no additional SPA peak around 600 nm, 
which is specific to copper nanoparticles [46], the corresponding 
colloidal solution can be considered as Au NP solution. Hence, the SPA 
peak indicates that these nanoparticles can be used to amplify the 
photocurrent production of organic solar cells upon incorporation (see 
Fig. 7). 

2.5. Photovoltaic characterizations 

Organic solar cells were fabricated using conventional device ar-
chitecture of ITO/PEDOT:PSS/active layer/LiF/Al. The active layer 
contains a polymeric p-type donor material and a fullerene-based n-type 
acceptor material (PC71BM). In this study, gold nanoparticles were 
embedded in the active layer to achieve surface plasmonic absorption 
for higher photocurrent production without increasing the active layer 
thickness. Morphological and photovoltaic characterizations were per-
formed through the fabrication of devices by processing active layer 
solutions with and without gold nanoparticle incorporation. Solvent, 
blend concentration, donor:acceptor ratio, and active layer thickness 
optimizations were performed for POxT, POxT-Br, and POxT-SH based 
organic solar cells. Optimized device performance was obtained using a 
donor:acceptor weight ratio of 1:2 and spin coating the mixture at a total 

concentration of 15 mg/mL. Polymer POxT based OSCs displayed a PCE 
of 1.29% with a VOC of 0.70 V, JSC of 3.49 mA/cm2 and a FF of 52.8% 
(Fig. 7). For the brominated polymer POxT-Br based OSCs, PCE value 
decreased to 0.78% through a significant decrease in FF values. Large 
bromine disrupts the chain packing of the polymer which will be 
detailed in morphology studies. In addition to this, it is known that 
bromine end groups create hole traps in the polymer thus leading to a 
loss in performance of OSCs [47]. Highlighted outcomes of the photo-
voltaic characterizations are tabulated in Table 2. 

As Table 2 represents, thiol modification of POxT enhanced the 
power conversion efficiency through a rise in both fill factor and short- 
circuit current density values. Although, the bromine is not completely 
substituted by the sulfhydryl group, POxT-SH has showed superior 
photovoltaic performance when compared POxT and POxT-Br due to 
formation of well-defined active layer morphology with aligned polymer 
domains. For organic photovoltaic applications, the effect of thiol 
groups on the overall performance of BHJ-OSC devices remains unre-
vealed. Complete substitution of bromine into thiol groups can boost the 
photovoltaic performance since it eliminates the risk of creation of hole 
traps and morphological distortions that may cause from large bromine 
atom. Regarding photovoltaic performance, the superiority of thiol- 
functionalized polymers is related to the strong covalent interaction 
with the metal contact upon utilization as the interfacial layer. Such 
interaction facilitates low contact resistance and strong interfacial 
adhesion that could assist the charge extraction at the metal electrode, 
and the improved device stability in various atmospheres and temper-
atures. Although this is an advantage specific to inverted device archi-
tecture, it could also drive the formation of well-defined active layer 
morphology with aligned polymer domains [48–50]. For organic 
photovoltaic applications, the effect of thiol groups on the overall per-
formance of BHJ-OSC devices remains unrevealed. In this manner, this 
study reports a new molecular design approach to present the amplified 
PCE values upon thiol modification on the polymer pendant group. 

This work also proposes another novel approach, the use of ligand 
stabilizer-free Au NPs inside the active layer, which is to tackle the 
diminished charge diffusion and extraction caused by the trap-forming 
ligand incorporation. However, such application would drive the ag-
gregation of the NPs which impedes the homogeneous distribution and 
formation of non-ideal active layer morphology [51,52]. Aggregation of 
metal NPs in active layer leads to formation of recombination centers 
and high leakage current. Kymakis reported the incorporation of tet-
raoctylammonium bromide coated Au NPs in active layer and confirmed 
that incorporation of coated Au NPs to the active layer results in 
attenuated photovoltaic parameters due to NP assisted recombination in 
spite of the enhanced light absorption [53]. 

Decreasing the distance between the NP and polymer in the active 
layer is a proposed way to impede NP assisted recombination [53]. In 
this regard, the thiol-incorporated molecular design of POxT-SH is ex-
pected to stabilize and homogeneously align the Au NPs upon the co-
valent interaction in between. Hence, the goal is to enhance the 
light-harvesting upon Au NP incorporation with an optimum active 
layer morphology. 

Gold nanoparticles were embedded in active layers composed of 
POxT-SH:PC71BM with different weight ratios. The extent of Au NP 
incorporation was also optimized in terms of the photovoltaic perfor-
mance of POxT-SH. Upon optimization of the Au NP concentration, 
incorporation of 0.171% by mass was determined to exhibit the highest 
photovoltaic performance for POxT-SH-based organic solar cells, with 
JSC, VOC, FF and PCE values of 6.52 mA/cm2, 0.78 V, 64.5% and 3.29%, 
respectively. JSC and FF improvements are leading factors for the device 
performance enhancement for POxT-SH and Au NP incorporated OSCs. 
It is concluded that the inclusion of Au NPs enhances the charge carrier 
generation and transport via the plasmonic effect and morphology 
improvement. 

When the Au NP concentration was increased to 0.513% by mass, 
PCE value was lowered from 3.29% to 1.65% due to generation of hot 

Fig. 7. The J-V curves of the OSCs based on POxT, POxT-Br, POxT-SH with 
and without Au NPs. 

Table 2 
Summary of photovoltaic parameters.   

VOC 

(V) 
JSC (mA/ 
cm2) 

FF 
(%) 

PCE 
(%) 

POxT: PC71BM 0.70 3.49 52.8 1.29 
POxT-Br: PC71BM 0.65 3.30 36.5 0.78 
POxT-SH: PC71BM 0.80 5.57 60.9 2.71 
POxT-SH: PC71BM, %0.085 AuNPs 0.78 6.42 55.0 2.76 
POxT-SH: PC71BM, %0.171 AuNPs 

by mass 
0.78 6.52 64.5 3.29 

POxT-SH: PC71BM, %0.513 AuNPs 0.80 4.04 51.0 1.65 
POxT-SH: PC71BM, methanol 0.80 4.17 54.3 1.82  
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spots leading to disturbed exciton and plasmon interaction. In addition 
to electrical effects, excessive Au NP addition significantly lowers the FF 
values, which is a consequence of disturbed morphology [54]. 

Solvent selection is critical since solvents used in dissolution of 
polymer fullerene blends do not disperse Au nanoparticles. In this study, 
Au nanoparticles were dispersed in methanol. Methanol is commonly 

used as a surface treatment agent to improve the efficiencies of organic 
solar cells [55,56]. To understand the individual contribution of Au NPs 
dissolved in methanol to enhance the photovoltaic performance of the 
polymer, pure methanol treatment was also performed for POxT-SH 
based organic solar cells. The results clearly display that pure methanol 
treatment significantly lowers the PCE values, in contrast with the re-
sults achieved for Au NP incorporation. Hence, the enhanced photo-
voltaic performance of POxT-SH could be directly attributed to the Au 
NP addition and the polymer-NP interactions. 

In the light of photovoltaic studies, thiol functionalization 
augmented the efficiency from 1.29% to 2.71%. Au NP inclusion to the 
active layer boosted the efficiency further to 3.29%. 

To verify the JSC values determined via photovoltaic studies, external 
quantum efficiency (EQE) characterizations of the fabricated solar cells 
were carried out, where EQE is a measure of electrons produced per 
incident photon interacting with the solar cell. Fig. 8 clearly displays the 
increase in photocurrent production through thiol modification and Au 
NP incorporation. 

2.6. Morphological studies 

Morphological and topographical analyses were performed using 
transmission electron microscopy (TEM) and atomic force microscopy 
(AFM). Fig. 9a illustrates the TEM view of POxT based active layer, 
possessing large area acceptor-rich domains with no bicontinuity. 
Fig. 9b exhibits brominated polymer POxT-Br:PC71BM blend 
morphology featuring no phase separation with the insignificant donor: 
acceptor domains, which may lead to inefficient charge transfer and 

Fig. 8. The EQE curves of the champion solar cells based on POxT, POxT-Br, 
POxT-SH with and without Au NPs. 

Fig. 9. TEM images of a) POxT: PC71BM, b) POxT-Br: PC71BM, c) POxT-SH: PC71BM and d) POxT-SH: PC71BM and 0.171% AuNPs by mass films.  
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extraction. Large bromine disrupts the active layer morphology thus 
leading to lower photovoltaic performance [47]. 

Fig. 9c stands for the TEM image of POXT-SH:PC71BM-based film, in 
which the formation of bicontinuious donor and acceptor domains and 
narrower polymer fibrils easing the exciton diffusion to the donor 
acceptor interface are observed. Well-defined percolation pathways 
which is absent for POxT comprising film, are being established. The 
superiority of POxT-SH:PC71BM-based solar cells in terms of perfor-
mance could be correlated with the enhanced charge extraction effi-
ciency with the improved active layer morphology. 

The morphology of 0.171% Au NP by mass incorporated POxT-SH: 
PC71BM blend-based active layer is illustrated in Fig. 9d, and the Au NP 
clusters distributed are circled in red. Fig. 9d presents the formation of 
wider polymer domains upon 0.171% Au NP by mass incorporation, 
where the bicontinuity is improved significantly. As mentioned previ-
ously, such modification in the film morphology yields higher efficiency 
of charge extraction, with enhanced PCE values. The corresponding 
image also exhibits the polymer-gold interactions, where the Au NPs are 
distributed near the polymer domains. Therefore, this could lead to the 
uniform alignment of the polymer domains, which could also be linked 
to polymers percolating effectively. Consequently, morphological as-
pects co-elevate the PCE values with the increased light-harvesting 
properties due to plasmonic effect of Au NPs. 

The surface roughness values were determined as 2.10 nm, 1.54 nm, 
0.57 nm and 2.94 nm for POxT: PC71BM, POxT-Br: PC71BM, POXT-SH: 
PC71BM and Au NP incorporated POXT-SH: PC71BM, respectively, via 
AFM analysis. The corresponding AFM images are illustrated in Fig. 10a, 
b, c, and d. Higher roughness results in increased surface area of the 

active layer, where higher number of photons are absorbed. In addition, 
the absorption efficiency is improved through decreased internal resis-
tance and enhanced light trapping [57]. As a result, a higher roughness 
value of Au NP incorporated POxT-SH: PC71BM films contribute to the 
superior JSC value of the corresponding value. 

3. Conclusion 

In this study, benzoxadiazole bearing conjugated polymer and its 
brominated and thiol modified derivatives were successfully synthe-
sized. The electrochemical and optical characterizations of the polymers 
were performed followed by their comparative photovoltaic and 
morphological studies. Polymers exhibited no significant difference in 
terms of their optoelectronic properties, as bromine and thiol groups do 
not contribute to the backbone conjugation. To utilize the covalent 
interaction between gold and thiol groups and surface plasmonic ab-
sorption of metal nanoparticles, gold nanoparticle incorporation to the 
active layer to achieve augmented power conversion efficiency values 
were performed. To this goal, gold nanoparticles were synthesized via 
the laser ablation method in methanol without any ligand stabilization, 
which was added to the active layer solutions at different concentra-
tions. In addition to the novelty of the use of ligand-free gold nano-
particles in the active layer, this work also emphasizes the positive 
impact on the photovoltaic performance of the thiol modification for the 
first time, increasing the PCE from 1.29% to 2.71%, compared to non- 
modified POxT, through a rise in JSC and VOC values, which could be 
correlated with the formation of interpenetrated bicontinuous active 
layer morphology upon the use of thiol modified POxT-SH in the donor- 

Fig. 10. AFM images of a) P-DTBOXD: PC71BM, b) POxT-Br: PC71BM, c) POxT-SH: PC71BM ve d) POxT-SH: PC71BM and 0.171% AuNPs by mass films (Scale bar is 
200 nm). 
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acceptor blend. Further improvement of the photovoltaic performance 
was achieved via gold nanoparticle incorporation at an optimum con-
centration of 0.171% by mass in POxT-SH-based active layer, assisting 
the formation of well-established percolation pathways and the solar 
cells achieving a JSC of 6.52 mA/cm2 and PCE to 3.29%. Hence, we 
conclude that the interaction between thiol groups and gold nano-
particles imparts strong light harvesting capabilities in the blend 
yielding enhanced photocurrent production, proven by the 21.4% in-
crease in the PCE compared to the pristine donor-acceptor blend of the 
same polymer. 
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