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Effect of WS2 nanoparticles on the current-voltage characteristics  

of a polymer solar cell 

The paper presents the results of studies of the effect of tungsten disulfide nanoparticles on the optical and 

electrotransport characteristics of PEDOT: PSS thin films in polymer solar cells. Tungsten disulfide (WS2) 

nanoparticles were obtained by laser ablation in isopropyl alcohol. The average size of nanoparticles were 

determined by dynamic light scattering and is ~38 nm. The concentration of WS2 nanoparticles in the solution 

was calculated based on the density of the WS2 substance. The absorption spectrum of nanoparticles in 

isopropyl alcohol has been measured. Two bands are observed in 500-900 nm regions, which are associated 

with direct exciton transitions A1 and B1 in two-dimensional transition metal dichalcogenides with 2H phase. 

WS2 nanoparticles were added in PEDOT: PSS solution and thin films were deposited from the prepared 

solution by spin-coating. PEDOT: PSS thin films doped with WS2 were studied by atomic force microscopy 

(AFM). The arithmetic mean deviation of the surface roughness (Ra) was estimated. Doping with WS2 

nanoparticles leads to the increase in Ra of PEDOT: PSS thin films. The optical absorption spectra of doped 

films have been measured. Also, doping PEDOT: PSS with WS2 nanoparticles results in a long-wavelength 

shift of the PEDOT absorption maximum. The optimal concentration of WS2 nanoparticles for the preparation 

of doped PEDOT: PSS thin films is determined, at which the film resistance decreases by almost 2 times, the 

recombination resistance of charge carriers increases by 4.7 times, and the efficiency of the polymer solar cell 

increases to 1.94 %. 

Keywords: PEDOT: PSS, WS2 nanoparticles, hole-transport layer, surface morphology, absorption spectra, 

impedance spectroscopy, organic solar cell, volt-ampere characteristics. 

 

Introduction 

In the last decade, organic solar cells (OSCs) have been widely developed due to their low cost, ease of 

fabrication, technology flexibility, large-scale production, and wide choice of materials. The power conversion 

efficiency of OSCs has now exceeded 18 % [1-4]. The boost of OSCs performance is attributed to the 

development of new materials for photoactive layers and due to the optimization of the film morphology [5-

9]. However, the characteristics of a hole-transport layer, which extracts holes from the photoactive layer and 

deliver them to external electrodes, plays an important role in improving the PCE of the OSC [10-15]. 

Among hole-transport materials, the conjugated polymer poly(3,4-ethylenedioxythiophene): poly(4-

styrenesulfonate) (PEDOT: PSS) is the most widely used hole-transport layer (HTL) in OSCs due to its 

excellent water solubility and high conductivity [16]. The analysis of previous works has shown that the reason 

for the low performance of organic solar cells with a PEDOT: PSS HTL is the presence of defects at the 

interface with the photoactive layer. As results, poor hole injection and severe recombination processes occurs 

in OCSs. To solve this problem, researchers have proposed various methods for modifying and introducing 

additives into PEDOT: PSS [17-24]. 

Two-dimensional transition metal dichalcogenides are used as such additives. They have attracted the 

attention of researchers due to their adjustable band gap and high carrier mobility [25, 26]. Due to the special 

single layer structure of WS2, unshared pairs of electrons of the S atom can carry out fast transport, thereby 

increasing the mobility of charge carriers [3, 27]. These advantages allow us to consider them as promising 

materials for composite photovoltaic cells [28-31]. 

In this work, we have developed a completely new highly efficient composite hole-transport layer: 

PEDOT: PSS: NP WS2. doped with WS2 nanoparticles, which increased the efficiency of the organic solar cell 

by 1.8 times. 
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Experimental 

The following materials were used in this work: PEDOT: PSS (1 %, Ossila Al4083), WS2 (pure > 99 %, 

Borun Chemicals), P3HT (pure 97.6 %, Ossila), PC61BM (pure > 99 %, Ossila). The structural formulas of 

the chemicals are shown in Figure 1. The cleaning of the substrates was carried out according to the procedure 

described in [32]. Nanoparticles were fabricated by laser ablation of the WS2 in Isopropanol. Nd: YAG solid-

state laser (SOLAR LQ 529, λgen =532 nm, Epulse =180 mJ, τ=20 ns) was used for the ablation. Ablation time 

ranged from 15 to 30 minutes. 

Before the film deposition, the PEDOT: PSS solution was filtered through a 0.45 micrometer filter. Then 

nanoparticles were added to the PEDOT: PSS solution at various concentrations: from 2 % to 10 %. PEDOT: 

PSS: NP WS2 nanocomposite films were spin-coated on the surface of FTO substrates (by SPIN150i spin-

coater manufactured by Semiconductor Production System) at a rotation speed of 5000 rpm. After, the films 

were annealed at a temperature of 120 °C for 10 minutes to complete the solvent evaporation and improve film 

crystallinity. 

 

 

Figure 1. Structural formulas of PEDOT: PSS, WS2, P3HT and PC61BM 

As a photoactive layer of OSCs a mixture of P3HT: PC61BM with a ratio of 1:0.6 was used as a donor 

and acceptor material, respectively. The mixture was prepared as follows: P3HT (~15.6 mg) and PC61BM 

(~9.4 mg) were dissolved in 1 ml of chlorobenzene and the solution was stirred at 60 °C for 24 hours. The 

prepared solution was filtered through a 0.45 micrometer filter, and then deposited on the surface of PEDOT: 

PSS: NP WS2/FTO/glass by spin-coating at a rotation speed of 2000 rpm. Next, the photoactive layer was 

subjected to thermal annealing at 120 °C for 10 minutes to improve the crystallinity of the film. Finally, 

aluminum electrodes with a thickness of 100 nm were deposited in a vacuum of 105 Torr by thermal 

evaporation using the CY-1700x-spc-2 evaporator (Zhengzhou CY Scientific Instruments Co., Ltd). 

The surface topography of the samples was studied using the JSPM-5400 atomic force microscope (JEOL 

Ltd, Japan) and the Tescan Mira 3 electron microscope. The surface morphology parameters were calculated 

using the Winspm II Data Processing software package (JEOL Ltd). The size distribution of nanoparticles in 

isopropanol was determined by using the Zetasizer Nano ZS. The optical characteristics of the solution with 

nanoparticles and nanocomposite films were studied using the Avantes AvaSpec-ULS2048CL-EVO 

spectrometer. A combined deuterium-halogen AvaLight-DHc light source with an operating range of 200-

2500nm was used as a radiation source. Measurements of the impedance spectra were carried out on a 

potentiostat-galvanostat P45X in the impedance mode. The spectra were fitted using the EIS-analyzer software 

package, and the experimental data were analyzed using diffusion-recombination models. The I-V 
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characteristics of OCS cells were determined by the Sol3A Class AAA Solar Simulators (Newport) with PVIV-

1A I-V Test Station. 

Results and Discussion 

Figure 2a shows the SEM image of WS2 nanoparticles deposited on the surface of quartz glass. It can be 

seen from the Figure 2a that the nanoparticles have a round shape, their diameter varies from 10 to 50 nm. 

Figure 2b shows the absorption spectrum of WS2 nanoparticles in isopropyl alcohol. The figure shows that two 

characteristic absorption peaks in the 500-900 nm region are clearly observed, which correspond to direct 

exciton transitions A1 and B1 in TMDC with the 2H phase [33-36]. 

The inset of Figure 2b shows the size distribution of WS2 nanoparticles in an isopropyl alcohol solution. 

As can be seen from the diagram, the average size of nanoparticles in solution is 38 nm. 

 

 
 

a b 

Figure 2. SEM image of WS2 nanoparticles (a) and the absorption spectrum of WS2 nanoparticles in isopropanol 

solution (b). In the insert, the size distribution of WS2 nanoparticles in isopropanol solution 

To fabricate nanocomposite films, WS2 nanoparticles were added to a PEDOT: PSS solution. The 

concentration of WS2 nanoparticles in the solution was calculated based on the density of WS2 according to 

the formula: 

𝐶𝑁𝑃 =
𝐶𝑊𝑆2

𝑚𝑁𝑃 ∙ 𝑁𝐴
=

𝐶𝑊𝑆2

𝜌𝑊𝑆2
∙ 𝑉𝑁𝑃 ∙ 𝑁𝐴

=

𝑚𝑊𝑆2
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𝜌𝑊𝑆2
∙

4𝜋𝑟3

3 ∙ 𝑁𝐴

(
𝑚𝑜𝑙

𝐿
), 

where CNP is the concentration of nanoparticles in solution; 

CWS2 is the concentration of the substance in the solution before laser ablation of the WS2; 

mNP is the weight of the average nanoparticle; 

NA is the Avogadro's number; 

ρWS2 is the density of WS2 substance; 

VNP is the volume of the average nanoparticle; 

mWS2 is the weight of the WS2 substance; 

Vsol is the volume of solvent used in laser ablation of the substance; 

MWS2 is the molar mass of the WS2 substance; 

r is the average radius nanoparticle. 

 

AFM images of the surface morphology of PEDOT: PSS nanocomposite films are shown in Figure 3. 

They shows that the pristine PEDOT: PSS has a fine-grained structure with the surface roughness (Ra) of 0.54 

nm. Doping PEDOT: PSS with WS2 nanoparticles affects Ra. The increase of the concentration from 0 to 6 % 

results in the slow growth of Ra from 0.54 nm to 0.58 nm, respectively (Table 1). Further increase of the 
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concentration up to 10 % results to the sharp growth of Ra reaching a value of 0.75 nm. Table 1 and Figure 4 

shows this surface roughness dependence on WS2 nanoparticles concentration. 

 

   
PEDOT: PSS PEDOT: PSS: WS2 10μl (2 %) PEDOT: PSS: WS2 20μl (4 %) 

   
PEDOT: PSS: WS2 30μl (6 %) PEDOT: PSS: WS2 40μl (8 %) PEDOT: PSS: WS2 50μl (10 %) 

Figure 3. AFM images of PEDOT: PSS: WS2 nanocomposite films with different concentrations of nanoparticles in 

solution 

Т a b l e  1  

The dependence of surface roughness WS2 doped PEDOT: PSS thin films on WS2 nanoparticles concentration 

Sample Ra, nm CNP, mol/L 

PEDOT: PSS 0.54 0 

PEDOT: PSS: WS2 10μl (2 %) 0.56 0.47·10-13 

PEDOT: PSS: WS2 20μl (4 %) 0.57 0.94·10-13 

PEDOT: PSS: WS2 30μl (6 %) 0.58 1.34·10-13 

PEDOT: PSS: WS2 40μl (8 %) 0.74 1.87·10-13 

PEDOT: PSS: WS2 50μl (10 %) 0.75 2.34·10-13 

 

Figure 4. Diagram of dependence of film surface roughness on concentration of WS2 nanoparticles in PEDOT: PSS 

polymer solution 
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Figure 5 shows the absorption spectra of PEDOT: PSS films. It can be seen from the Figure 5 that the 

PEDOT: PSS film has a maximum at a wavelength of λ1 = 234.6 nm related to the absorption of PEDOT and 

a maximum at 278.2 nm associated with the absorption of the aromatic fragment of PSS [20, 21, 37]. When 

WS2 nanoparticles are added to the PEDOT: PSS solution, the optical density decreases and a slight 

bathochromic shift of the PEDOT absorption maximum is observed. The observed long-wavelength shift of 

the PEDOT: PSS absorption maximum is associated with a change in the film structure due to the incorporation 

of WS2 nanoparticles between the PEDOT and PSS chains [3, 21].  

 

 
Figure 5. Absorption spectra of PEDOT: PSS: WS2 nanocomposite films 

 

Т a b l e  2  

Spectral characteristics of PEDOT: PSS: WS2 nanocomposite films 

Sample λ1, nm λ2, nm 

PEDOT: PSS 234.6 278.2 

PEDOT: PSS: WS2 (2 %) 236.5 278.2 

PEDOT: PSS: WS2 (4 %) 237.9 278.2 

PEDOT: PSS: WS2 (6 %) 238.0 278.2 

PEDOT: PSS: WS2 (8 %) 238.4 278.2 

PEDOT: PSS: WS2 (10 %) 238.9 278.2 

 

The impedance spectra were measured to study the effect of WS2 nanoparticles on electrotransport 

properties of the doped PEDOT: PSS film (Fig. 6). The fitting of the impedance spectra was carried out 

according to the diffusion-recombination model [38]. 
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Figure 6. Effect of WS2 nanoparticles on the impedance spectra of the PEDOT: PSS film 

The electric transport characteristics were determined from the impedance spectra. The equivalent 

electrical circuit (Fig. 6) was used to fit impedance spectra. The Table 3 shows the main electrical transport 

characteristics of the PEDOT: PSS films, where: keff is the effective charge carrier extraction rate from PEDOT: 

PSS, τeff is the effective transit time through PEDOT: PSS layer, Rh is the PEDOT: PSS resistance film, Rext is 

the transfer resistance of charge carriers at the PEDOT: PSS/electrode interface associated with the extraction 

of charge carriers from PEDOT: PSS. 

Т a b l e  3  

Effect of WS2 nanoparticles on the electrotransport characteristics of a PEDOT: PSS film 

Sample Rh, Ω Rext, Ω keff, s-1 τeff, ms 

PEDOT: PSS  71.923 15014 75.84 0.013 

PEDOT: PSS: WS2 (2 %)  61.51 7322.2 159.09 0.006 

PEDOT: PSS: WS2 (4 %)  59.33 5490.4 190.51 0.005 

PEDOT: PSS: WS2 (6 %)  45.3 3210.1 398.43 0.003 

PEDOT: PSS: WS2 (8 %)  69.547 25856 36.31 0.027 

PEDOT: PSS: WS2 (10 %)  63.633 38709 17.15 0.058 

 

Next, PEDOT: PSS: NP WS2 nanocomposite films were used as hole selective electrodes for organic 

solar cells based on the P3HT: PC61BM photoactive layer (Fig. 7a). The current-voltage curves of the 

fabricated organic cells are shown in Figure 7b. 
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а b 

Figure 7. Structure (a) and current-voltage characteristics (b) of an organic solar cell with FTO/PEDOT: PSS: NP 

WS2/P3HT: PC61BM/Al architecture. 

 

Table 4 shows the photovoltaic performance of organic solar cells. All OSCs based on PEDOT: PSS 

doped with WS2 nanoparticles showed improved Jsc and PCE compared to the cell with pristine PEDOT: PSS. 

OSCs with 6 % WS2 doped PEDOT: PSS revealed the best performance. In comparison with the device based 

on pristine PEDOT: PSS, Jsc, Voc, FF, and PCE of 6 % WS2 doped PEDOT: PSS based device increased from 

7.20 mA/cm2 to 8.06 mA/cm2, form 0.39 V to 0.49 V, from 0.37 to 0.49, and from 1.04 % to 1.94 %, 

respectively. This result indicates that the PEDOT: PSS hole-transport layer doped with WS2 nanoparticles 

can block electrons more efficiently, which is an advantage for a higher FF value [3, 39, 40]. In addition, 

according to the impedance spectra, PEDOT: PSS with WS2 nanoparticles provides faster injection and 

transport of holes to the external electrode (FTO), which reduces the probability of hole recombination with 

PC61BM and improve the efficiency of hole accumulation by the external electrode. However, at higher 

concentrations of WS2 nanoparticles (8 % and 10 %) in PEDOT: PSS, a deterioration of the I-V parameters of 

the OCSs is observed, which is associated with high surface roughness of doped PEDOT: PSS. 

Т a b l e  4  

I-V characteristics of organic solar cells 

Sample  
J

sc,
 

(mA/сm2) 

J
max

, 

(mA/сm2) 

U
oc,

 

(V) 

U
max

, 

(V) 

Fill 

Factor 

Efficienсy, 

% 

PEDOT: PSS 7.20 4.50 0.39 0.23 0.37 1.04 

PEDOT: PSS: WS2 

(2 %) 7.56 5.31 0.42 0.27 0.45 1.43 

PEDOT: PSS: WS2 

(4 %) 7.92 5.64 0.46 0.29 0.45 1.64 

PEDOT: PSS: WS2 

(6 %) 8.06 6.25 0.49 0.31 0.49 1.94 

PEDOT: PSS: WS2 

(8 %) 8.51 5.21 0.41 0.24 0.36 1.25 

PEDOT: PSS: WS2 

(10 %) 8.24 4.96 0.40 0.23 0.35 1.14 

Conclusion 

As a result of study, it was found that moderate doping PEDOT: PSS with WS2 nanoparticles leads to an 

increase in the efficiency of organic solar cells. WS2 nanoparticles were obtained by laser ablation of the WS2 
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in isopropyl alcohol. The average size of WS2 nanoparticles was 38 nm. It has been shown that the addition of 

WS2 nanoparticles to PEDOT: PSS affects the absorption spectra of nanocomposite films. It was found that 

when WS2 nanoparticles are added to PEDOT: PSS, a bathochromic shift of the PEDOT absorption maximum 

is observed, which is associated with a change in the film structure due to the incorporation of WS2 

nanoparticles between the PEDOT and PSS chains. The optimal concentration of WS2 nanoparticles in the 

PEDOT: PSS: NP WS2 nanocomposite film was determined, which is 6 %. At this concentration, the resistance 

of the nanocomposite film decreases by almost 2 times, and the recombination resistance of charge carriers 

increases by 4.7 times. OSCs based on 6 % WS2 doped PEDOT: PSS doped with showed the best performance 

with PCE of 1.94 %. 

 

This research is funded by the Science Committee of the Ministry of Science and Higher Education of 

the Republic of Kazakhstan (Grant No. AP19174884). 
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WS2 нанобөлшектерінің полимерлі күн элементінің  

вольт-амперлік сипаттамаларына әсері 

WS2 нанобөлшектерінің PEDOT: PSS полимерлі күн элементінің оптикалық және электр тасымалдау 

сипаттамаларына әсері туралы зерттеу нәтижелері келтірілген. WS2 нанобөлшектері изопропил 

спиртіндегі лазерлік абляция әдісімен алынды. Нанобөлшектердің орташа өлшемдері жарықтың 

динамикалық шашырау әдісімен анықталды және ~ 38 нм құрады. Ерітіндідегі WS2 нанобөлшектерінің 

концентрациясын есептеу WS2 затының тығыздығына негізделген. Изопропил спиртіндегі 

нанобөлшектердің жұтылу спектрі өлшенді. Жұтылу спектрінде 500-900 нм аймағында байқалған екі 

максимум 2H фазасындағы екі өлшемді өтпелі металл дихалькогенидтерінің А1 және В1 түзу 

экситондық ауысуларымен байланысты. WS2 нанобөлшектері қабыршақтүзетін ерітінді дайындау 

сатысында PEDOT: PSS-ке легирленген. AКM суреттері бойынша бағаланатын бетінің Ra орташа 

арифметикалық ауытқу параметрі анықталды. WS2 нанобөлшектерін қосу қабыршақтың 

Ra параметрінің артуына алып келеді. Нанокомпозиттік қабыршақтардың оптикалық жұтылу спектрлері 

өлшенді. WS2 нанобөлшектерін PEDOT: PSS-ке легирлеген кезде PEDOT жұтылу максимумының ұзын 

толқынды ығысуы байқалады. Қабыршақ кедергісі шамамен 2 есе азаятын, заряд тасушылардың 

рекомбинациялық кедергісі 4,7 есе артатын, ал полимерлі күн батареясының тиімділігі 1,94 % дейін 

артатын PEDOT: PSS: NP WS2 нанокомпозиттік қабыршағының құрамындағы WS2 нанобөлшектерінің 

критикалық концентрациясы анықталды. 

Кілт сөздер: PEDOT: PSS, WS2 нанобөлшектер, кемтікті-тасымалдаушы қабат, беттік морфология, 

жұтылу спектрлері, импеданс спектроскопиясы, органикалық күн ұяшығы, вольт-амперлік 

сипаттамалары. 
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Влияние наночастиц WS2 на вольт-амперные характеристики  

полимерного солнечного элемента 

Представлены результаты исследований влияния наночастиц WS2 на оптические и 

электротранспортные характеристики PEDOT: PSS полимерного солнечного элемента. Наночастицы 

WS2 были получены методом лазерной абляции в изопропиловом спирте. Средние размеры наночастиц 

были определены методом динамического рассеяния света и составили ~ 38 нм. Расчет концентрации 

наночастиц WS2 в растворе производился, исходя из плотности вещества WS2. Измерен спектр 

поглощения наночастиц в изопропиловом спирте. Наблюдаемые два максимума в спектре поглощения 

в области 500–900 нм связаны с прямыми экситонными переходами А1 и В1 двумерных 

дихалькогенидов переходных металлов в 2H-фазе. Наночастицы WS2 были легированы в PEDOT: PSS 

на стадии приготовления пленкообразующего раствора. По АСМ снимкам был определен параметр 

среднеарифметического отклонения оцениваемой поверхности Ra. Допирование наночастицами WS2 

приводит к изменению Ra пленки в сторону возрастания. Измерены спектры оптического поглощения 

нанокомпозитных пленок. Показано, что при легировании наночастиц WS2 в PEDOT: PSS наблюдается 

длинноволновый сдвиг максимума поглощения PEDOT. Определена критическая концентрация 

наночастиц WS2 в составе нанокомпозитной пленки PEDOT: PSS: NP WS2, при которой сопротивление 

пленки уменьшается почти в 2 раза, рекомбинационное сопротивление носителей заряда возрастает в 

4,7 раза, а эффективность полимерного солнечного элемента увеличивается до 1,94 %. 

Ключевые слова: PEDOT: PSS, наночастицы WS2, дырочно-транспортный слой, морфология 

поверхности, спектры поглощения, импедансная спектроскопия, органическая солнечная ячейка, вольт-

амперные характеристики. 
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