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Effect of WS> 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 WS: nanoparticles in the solution
was calculated based on the density of the WS: 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 Al and B1 in two-dimensional transition metal dichalcogenides with 2H phase.
WS:2 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 WS> were studied by atomic force microscopy
(AFM). The arithmetic mean deviation of the surface roughness (Ra) was estimated. Doping with WSz
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 WS nanoparticles results in a long-wavelength
shift of the PEDOT absorption maximum. The optimal concentration of WS> 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, WS: 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 WS;, 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 WS,. doped with WS, 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), WS, (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 WS, in Isopropanol. Nd: YAG solid-
state laser (SOLAR LQ 529, Agen =532 nm, Epuse =180 mJ, =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 WS; 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, WS,, 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 WS /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 10° 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 Il 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 AvalLight-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 E1S-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 WS, 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 WS, 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 Al and B1 in TMDC with the 2H phase [33-36].

The inset of Figure 2b shows the size distribution of WS, nanoparticles in an isopropyl alcohol solution.
As can be seen from the diagram, the average size of nanoparticles in solution is 38 nm.
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Figure 2. SEM image of WS, nanoparticles (a) and the absorption spectrum of WS, nanoparticles in isopropanol
solution (b). In the insert, the size distribution of WS; nanoparticles in isopropanol solution

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

concentration of WS, nanoparticles in the solution was calculated based on the density of WS, according to
the formula:

Mys,
e bws, _ Cws,  _ VsaMws, (mol)
NP = = = )
myp - N “Vyp* N Amr3 L
NP Na  Pws, " Vnp T Na Pws, 53— N,

where Cyp is the concentration of nanoparticles in solution;
Cws: is the concentration of the substance in the solution before laser ablation of the WS;;
myp is the weight of the average nanoparticle;
Na is the Avogadro's number;
pwsz is the density of WS, substance;
Ve is the volume of the average nanoparticle;
mws: is the weight of the WS; substance;
Vs is the volume of solvent used in laser ablation of the substance;
Muws: is the molar mass of the WS, 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 WS; nanoparticles affects Ra. The increase of the concentration from 0 to 6 %
results in the slow growth of R, 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 WS; nanoparticles concentration.

: < ’ ’ 5 . e |
PEDOT: PSS: WS,30ul (6%)  PEDOT: PSS: WS,40ul (8%)  PEDOT: PSS: WS,50ul (10 %)

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

Table 1
The dependence of surface roughness WS doped PEDOT: PSS thin films on WS: nanoparticles concentration

Sample Ra, Nm Cnp, mol/L
PEDOT: PSS 0.54 0
PEDOT: PSS: WS, 10l (2 %) 0.56 0.47-1013
PEDOT: PSS: WS, 20yl (4 %) 0.57 0.94-1013
PEDOT: PSS: WS, 30ul (6 %) 0.58 1.34-108
PEDOT: PSS: WS, 40yl (8 %) 0.74 1.87-103
PEDOT: PSS: WS, 50ul (10 %) 0.75 2.34-10
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Figure 4. Diagram of dependence of film surface roughness on concentration of WS, 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 1; = 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
WS, 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 WS; nanoparticles between the PEDOT and PSS chains [3, 21].
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Figure 5. Absorption spectra of PEDOT: PSS: WS, nanocomposite films

Table 2
Spectral characteristics of PEDOT: PSS: WSz nanocomposite films

Sample A1, M 2, NM
PEDOT: PSS 234.6 278.2
PEDOT: PSS: WS; (2 %) 236.5 278.2
PEDOT: PSS: WS; (4 %) 237.9 278.2
PEDOT: PSS: WS; (6 %) 238.0 278.2
PEDOT: PSS: WS; (8 %) 238.4 278.2
PEDOT: PSS: WS; (10 %) 238.9 278.2

The impedance spectra were measured to study the effect of WS, 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 WS, 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: ket is the effective charge carrier extraction rate from PEDOT:
PSS, 7 is the effective transit time through PEDOT: PSS layer, Ry is the PEDOT: PSS resistance film, Rex is
the transfer resistance of charge carriers at the PEDOT: PSS/electrode interface associated with the extraction

of charge carriers from PEDOT: PSS.

Table 3
Effect of WSz nanoparticles on the electrotransport characteristics of a PEDOT: PSS film
Sample Rn, © Rext, © Keft, St Teff, MS
PEDOT: PSS 71.923 15014 75.84 0.013
PEDOT: PSS: WS; (2 %) 61.51 7322.2 159.09 0.006
PEDOT: PSS: WS; (4 %) 59.33 5490.4 190.51 0.005
PEDOT: PSS: WS; (6 %) 45.3 3210.1 398.43 0.003
PEDOT: PSS: WS; (8 %) 69.547 25856 36.31 0.027
PEDOT: PSS: WS; (10 %) 63.633 38709 17.15 0.058

Next, PEDOT: PSS: NP WS, 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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Figure 7. Structure (a) and current-voltage characteristics (b) of an organic solar cell with FTO/PEDOT: PSS: NP
WS,/P3HT: PC61BM/AI architecture.

Table 4 shows the photovoltaic performance of organic solar cells. All OSCs based on PEDOT: PSS
doped with WS, nanoparticles showed improved Jsc and PCE compared to the cell with pristine PEDOT: PSS.
OSCs with 6 % WS; doped PEDOT: PSS revealed the best performance. In comparison with the device based
on pristine PEDOT: PSS, Js, Vo, FF, and PCE of 6 % WS, doped PEDOT: PSS based device increased from
7.20 mA/cm? to 8.06 mA/cm?, 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 WS, 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 WS, 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 WS, 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.

Table 4
I-V characteristics of organic solar cells
Sample e J Ue | Yo | Fill Efficiency,
(mA/ecm?) | (mA/em?) | (V) (V) | Factor %

PEDOT: PSS 7.20 4.50 0.39 | 0.23 0.37 1.04
PEDOT: PSS: WS;

(2 %) 7.56 5.31 042 | 0.27 0.45 1.43
PEDOT: PSS: WS;

(4 %) 7.92 5.64 046 | 0.29 0.45 1.64
PEDOT: PSS: WS,

(6 %) 8.06 6.25 0.49 | 0.31 0.49 1.94
PEDOT: PSS: WS,

(8 %) 8.51 5.21 041 | 0.24 0.36 1.25
PEDOT: PSS: WS,

(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 WS, nanoparticles leads to an
increase in the efficiency of organic solar cells. WS, nanoparticles were obtained by laser ablation of the WS,
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in isopropyl alcohol. The average size of WS; nanoparticles was 38 nm. It has been shown that the addition of
WS, nanoparticles to PEDOT: PSS affects the absorption spectra of nanocomposite films. It was found that
when WS, 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 WS,
nanoparticles between the PEDOT and PSS chains. The optimal concentration of WS, nanoparticles in the
PEDOT: PSS: NP WS; 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 % WS, 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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WS HaHoOeJ/IIeKTepiHiH MoIuMepJIi KYH 3J1eMeHTiHiH
BOJILT-aMIIEPJIiK cCUNIaTTAMAaJIapbIHA dcepi

WS: nanob6enuiexrepiniy PEDOT: PSS nonumep:i KyH 3JI€MEHTIHIH ONTHKAJbIK JKOHE 3JIEKTP TachbMajay
CUIIaTTaMallapblHa ocepi Typassl 3epTTey HoTikenepi kentipimreH. WSz HaHOOeIIIEKTEpi H30MPOIIIII
CIMPTIHACT] Jasepiik aOmamus omiciMeH anslHasl. HaHoOeImeKkTepaiH opTamia ejmeMaepi KapbIKTHIH
JTMHAMUKAJIBIK MIAIIBIpAy 9iCIMEH aHBIKTAIIB! )kaHe ~ 38 HM Kypanbl. Epitinaineri WSz HaHOOeIIIEKTepiHiH
KOHIICHTPALMACHIH ecentey WSz 3aThIHBIH  THIFBI3ABIFBIHA Herizgenred. M3ompomwia — coupTiHzeri
HAHOOOIIIEKTEPIiH XKYThUTy crektpi emmenmi. XXyreuty crnexkrpinge 500-900 M ajfimarsiHga OalikanraH exi
MakcuMyM 2H asaceiHmarbl eki enmieMal eTIeNli MeTaul JuXalbKoreHHATepiHiH Al xome Bl tysy
9KCUTOH/BIK aybICynapbiMeH OaitmanbicTbl. WS HaHOOe:IeKkTepi KaOBIPIIAKTY3CTiH epiTiHIl AalblHIAy
careicbiiga PEDOT: PSS-ke nerupnenren. AKM cyperrtepi OoiibiHina OaranaHathiH OeTiHiH Ra opTtaria
apuQMeTHKaNIBIK ~ aybITKy mapaMmeTpi aHbIKTaingsl. WSz  HaHOOIHIEKTEpiH  KOCy  KaOBIPIIAKTHIH
Ra mapameTpiHiH apTybIHa ajbIn Keselli. HaHOKOMITO3UTTiK KaObIpIIaKTap bl ONTHKAIIBIK )KYTBUTY CIIEKTpIIepi
emmenni. WSz nano6enmekrepin PEDOT: PSS-ke nerupunieren ke3ne PEDOT »kyThiTy MaKCHMYMBIHBIH Y3bIH
TOJIKBIHABI BIFBICYBI Oaiikamanel. KaObIpmiak kenmeprici mamaMmeH 2 ece a3asTbhlH, 3apsii TacyIIbUIApAbIH
PEKOMOMHAIMSUIIBIK Keneprici 4,7 ece apTaThiH, al MOJUMEPIi KyH OaTapeschlHblH THiMaitiri 1,94 % neitin
aptateiH PEDOT: PSS: NP WS2 HaHOKOMITO3UTTiK KaObIPLIaFBIHBIH KypaMbIHaarsl WS2 HaHOGeNIIEKTepiHiH
KPUTHKAIBIK KOHIIEHTPALUACHI QHBIKTAJIIBL.

Kinm ce30ep: PEDOT: PSS, WS, HaHOoGemmekTep, KEMTIKTi-TachiMaiaymbl Kabar, 6eTTik Mopdoorus,
KYTBUTy ~CIIEKTpJIepi, HMIIEHAHC CIEKTPOCKONMSCH], OPraHUKANBIK KYH YSIIBIFBI, BOJBT-aMIEPIiK
cHmaTTaMalapsl.

K.C. PoxkoBa, A.K. Aiimyxanos, b.P. Unbscos, A K. Tycyn6ekosa,
A K. 3eiinnaenos, A.M. Anekcees, A.M. JKakanosa

Bausinue HaHo4yacTul WS2 Ha BOJIbT-aMIIEPHbIE XapPaKTePUCTHKH
HOJMMEPHOr0 COJTHEYHOI0 3JIEMEHTA

IIpencraBneHbl  pe3ysbTaThl  MCCICAOBAaHUM  BiusgHMA  HaHouactull WSz Ha  onThdyeckue U
anexkTporpaHcrioptHeie xapakrepuctuku PEDOT: PSS nomumepHoro cosnHeuHoro anementa. Hanowyactuis
WS 6bU1H IOy YeHBI METO/I0M JIa3epHOI abJIIIIMU B H30POIMIOBOM criupTe. CpeHue pa3Mepbl HAHOYACTHIT
ObUIH OIpE/IeTICHbl METOZIOM AUHAMUYECKOTO paccesHUs CBeTa U cocTaBUIM ~ 38 HM. Pacuer koHLEHTpauu
HaHowacTu WS2 B pacTBOpe IMpPOM3BOAWICS, WCXOAS M3 IUIOTHOCTH BemecTtBa WS2. M3mepeH crekTp
MOTJIONIEHUS] HAHOYACTHUI B H30TIPOIMIOBOM criupTe. Habmogaemble 1Ba MakCHMyMa B CIIEKTPE HOTIIOMECHHS
B obOmactm 500-900 HM cBA3aHBI ¢ TPSIMBIMH SKCHUTOHHBIMH Tepexomamu Al u Bl nBymepHBIX
JINXAIBKOTEHUIOB TIePEXOIHBIX MeTayuioB B 2H-¢a3ze. Hanouactuist WS2 6bumn neruposans 8 PEDOT: PSS
Ha CTaJWy TPUTOTOBICHUS IUIEHKOOOpasytomero pactsopa. [Io ACM cHuMKaM ObII OmpesesieH mapamerp
cpenHeapupMEeTHIEeCKOr0 OTKJIOHEHHUS OIleHHMBaeMoW MoBepXHOCTH Ra. JlomupoBanue HaHowacTuiiamMu WSz
HNPUBOJUT K U3MEHEHUIO Ra IMJIEHKM B CTOPOHY BO3pacTaHMsl. FI3MepeHbI CIeKTPhI ONTUYECKOTO MOTJIOIIEHUS
HaHOKOMIIO3UTHBIX TIeHOK. [Tokaszano, uto npu nerupoBanuu HanouacTuil WS2 B PEDOT: PSS na6monaetcs
JUIMHHOBOJIHOBBIM caBur Makcumyma mnorjomenus PEDOT. OmpeneneHa KpuTHueckas KOHLEHTPALUS
HaHogacTur WS2 B cocraBe HaHokoMno3uTHOI miienkdn PEDOT: PSS: NP W2, mpu koTopoii conpoTtnBienne
IUICHKH YMEHBINAETCs MOYTH B 2 pa3a, peKOMOMHAIIMOHHOE CONPOTHBIIEHHE HOCHTENEeH 3apsaa BO3pacTaeT B
4,7 pa3a, a 3¢ (eKTHBHOCTh MOJMMEPHOTO COJTHEYHOTO 3JIEMEHTa yBenuunBaercs 10 1,94 %.

Kniouesvie cnosa: PEDOT: PSS, nanowactumsl WS2, IBIpOYHO-TPAHCIIOPTHBINA CIIOH, MOp(hoIorus
MOBEPXHOCTH, CIIEKTPHI IIOTJIOLICHHsI, UIMIIEaHCHAs CIIEKTPOCKOITHS, OPraHuuecKasi COTHEUHasl sTueiiKka, BOJIbT-
aMIIepHbIC XapaKTEPUCTHKH.
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