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Effect of the thickness and surface interface of In>Os films on the transport and
recombination of charges in a polymer solar cell

Indium oxide films were obtained by spin coating from a solution of indium nitrate in ethylene glycol
followed by annealing at 300 °C. The influence of the thickness and surface interface of In20z films on the
optical and photo-electrophysical properties of a polymer solar cell has been studied. It is shown that the
surface roughness of the film gradually decreases with a decrease in the thickness of the film to 60 nm, and a
further decrease in the thickness of the films leads to its increase. The absorption spectra of the films were
measured. The values of the optical band gap width are determined. It was found that with a decrease in the
thickness of the films, the width of the forbidden zone (Eg) also decreases. It was found that the parameters of
the current-voltage characteristics (VAC) and electrophysical measurements also depend on the thickness and
interface of the surface of the In203 films. It was found that with an In20s film thickness equal to 60 nm, a
maximum efficiency value of 3.42 % is observed, at the same time, electrons in the photoactive layer have a
maximum charge carrier lifetime and a low recombination rate.

Keywords: 1n20s3 films, polymer solar cell, current-voltage characteristics, impedance spectra.

Introduction

The conversion of solar energy into electrical energy is one of the ways that in the near future can pro-
vide a rapidly growing demand for clean energy. Among the currently existing various photovoltaic convert-
ers, organic solar cells are of great interest among various international scientific groups [1-3]. In an organic
solar cell, to minimize charge recombination at both interfaces and increase the efficiency of charge extrac-
tion, a photoactive layer is placed between the electron transfer layer (ETL) and the hole transfer layer
(HTL). The ETL layer in OSC plays an important role in performance. The ETL layer can not only affect the
efficiency of electron extraction and charge recombination, but also has an effect on the morphology of the
photoactive layer. The ETL layer based on metal oxides has attracted huge attention due to its high transpar-
ency in the visible spectral region [4, 5].

Among the known metal oxides, indium oxide (In;O3) is the most commonly used for organic solar
cells. Indium oxide (In2Os) is a transparent semiconductor that has a wide band gap of ~ 3.7 eV, high trans-
parency for visible light and chemical stability [6, 7]. In.Os; films are produced by various physical and
chemical methods. The most common method is sol gel technology, which is characterized by versatility,
cheapness and simplicity. However, there are almost no studies on the effect of the technology of obtaining
on the effectiveness of OSC.

This paper presents the results of a study of the technology for obtaining an ETL layer based on In,0;
on the effectiveness of an OSC with an inverted structure.

Experimental

To obtain indium oxide films on the FTO surface (the FTO substrates were successively washed with
ultrasound in detergent, deionized water and ethanol, then dried in air), a solution was prepared in
accordance with the procedure described in our other work [8]. To obtain In,Os films, the resulting solution
was applied to the FTO surface by spin-coating (SPIN150i model, Semiconductor Production System) at
rotational speeds of 1500 — 5000 rpm. After that, the films were annealed in an air atmosphere at a tempera-
ture of 300 °C for an hour and gradually cooled to room temperature.

To obtain organic solar cells, a photoactive layer was applied to the surface of the In,O3 film by the
method shown in article [9], then an HTL layer of PEDOT: PSS (d~30 nm) was applied to the surface by
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spin-coating (3000 rpm) and by thermal deposition at the CY-1700x-spc-2 installation (Zhengzhou CY Sci-
entific Instruments Co., Ltd) sprayed a current-removing electrode (Ag, d~120 nm).

Morphological and topological studies of the surface were carried out using the atomic force micro-
scope (AFM) JSPM-5400 (JEOL, Japan). A special modular scanning probe microscopy data analysis pro-
gram (Win SPMII Data-Processing Software) was used to process the images obtained on the AFM. Optical
absorption spectra are recorded in the range of 200-800 nm using the AvaSpec-ULS2048CL-EVO spectro-
photometer (Avantes). The impedance spectra were measured using a potentiostat-galvanostat P45X in the
impedance mode. The VAC of photosensitive cells was determined by the Sol3A Class AAA Solar Simula-
tors (Newport) with PVIV-1A I-V Test Station device.

Results and Discussion

The thickness of the In,O3 layer was determined by SEM images of the transverse cleavage of the film.
Figure 1 shows SEM images of the transverse cleavage of the studied films. The average thickness of the
In,O3 films depends on the rotation speed of the substrate on the centrifuge. With an increase in the speed of
rotation of the substrate, a decrease in the thickness of the film is observed (Figure 1).

42.85nm

Figure 1. SEM images of transverse cleavage of In;O; films.

Figure 2 shows AFM images of the surface of the studied In,O3 films obtained by centrifugation. It can
be seen from the AFM data that the thickness of the film affects the morphology of the surface of the In,0Os;
films. The surface roughness of the films is determined by the formula:

Where, Rq represents the root-mean-square roughness, i.e. the average value of the measured height de-
viations taken within the length of the estimate and the measurement from the median line. According to the
AFM data, it can be seen that the surface roughness of the studied In,Os; films has a non-unambiguous
dependence on the thickness.
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a) 1500 rpm; b) 2000 rpm; ¢) 3000 rpm; d) 4000 rpm; €) 5000 rpm.
Figure 2. Images of the morphology of the surface of In,O; films

Thus, the roughness of the films decreases to 0.48 nm with a decrease in the film thickness to 60 = 5
nm. However, a further decrease in the thickness of the films leads to an increase in the roughness of the
In,O3 films. The dependence of the roughness of In,Os films on the thickness is shown in Figure 3.
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Figure 3. Dependence of the roughness of In,O3 films on the thickness

It is known that the morphology of the surface of thin films during growth is determined by two
parameters: energy and kinetic. The energy factor is determined by the excess surface energy of the growing
film, and the kinetic factor is determined by the diffusion mobility of the atoms of the deposited substance,
which depends on temperature. The ratio of these parameters determines the roughness of the deposited film
[10]. The observed ambiguous dependence of roughness on the thickness of the In,Os film is related to the
dependence of the boiling point and viscosity of the rasterizer used for the preparation of films.
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Absorption spectra were measured to determine the effect of film thickness on optical characteristics
(Fig. 4). The parameters of the absorption spectra of In,O; films at different thicknesses are given in Table 1.
The absorption spectrum is typical of the absorption spectrum of wide-band semiconductors such as TiO2,
ZnO, Sn02, etc. The edge of the fundamental absorption band falls at 212 nm, which corresponds to the
optical transition of the In,O3; band gap. Measurement of absorption spectra showed that the absorption of
films decreases with a simultaneous decrease in thickness (Fig. 4). At the same time, the thickness of the
films does not affect the shape of the absorption spectrum [11].
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Figure 4. Optical characteristics of In,O3 films

The optical band gap width of In,O3 films was estimated by the Tauc ratio [12]. The change in the
width of the Eg band gap depending on the thickness of the In,Os films is shown in Figure 4. The 104 nm
thick film has the highest band gap of 3.71 eV, with a decrease in the thickness of the films, the width of the
Eg band gap also decreases to 3.34 eV (Table 1). The observed decrease in the optical width of the band gap
with a decrease in thickness is due to the presence of surface defects in the film, the concentration of which
increases with a decrease in thickness.

Table 1
Parameters of optical absorption spectra of In20s films

Ne Film thickness D, AU. Bandgap, eV
In203, NM

1 104+5 0.40 3.71

2 84+5 0.33 3.59

3 60+5 0.30 3.44

4 53+5 0.27 3.40

5 42+5 0.22 3.34

To determine the effect of the thickness of In,Os films on the transport and recombination of charges in
a polymer solar cell, an In,O3/P3HT: ICMA/PEDOT: PSS/Ag cell was assembled. Upon photoexcitation of
the photoactive OSC layer, an electron-hole pair is formed, which then decays into free electrons and holes at
the interface In,Os/ P3HT: ICMA and P3HT: ICMA/PEDOT: PSS. The electrons are injected into the ETL
layer In,Os, and the hole into the HTL layer PEDOT: PSS.

20 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Effect of the thickness and surface interface of In20s films...

® 29

£\

* A3 I
agr— Pedot

Fro In0; 43 ss 37

—
[\ ]
1

Energy [eV]

o
1

(=)}
1

— 10445 nm

Current density [mA/cm’|

8445 nm
3 60+5 nm
53+5 nm
42+5 nm
0 T T T
0.2 0.4 0.6

Voltage |V]
Figure 5. Current-voltage characteristic of a polymer solar cells In,O3/P3HT: ICMA/ PEDOT: PSS/Ag

The current-voltage characteristics of solar cells at different values of In,O3 thickness are shown in Fig-
ure 5. Table 2 shows the photovoltaic parameters of the OSCs. As can be seen from Figure 5 and Table 2, the
VAC parameters depend on the thickness of the In,O3 films. Thus, when the thickness of the In,Os film de-
creases to 60 nm, the efficiency of OSCs increases to 3.42 %. However, further reduction of the film thick-
ness to 42 nm leads to a decrease in the values of current, FF, voltage and efficiency of OSCs.

Table 2
Parameters of the VAC solar cells

) . Voe (V) Jse(MA/cm?) Viax(V) | Imax(MA/Ccm?) FF PCE %

Film thickness

In,O3, Nm

10445 0.49 8.38 0.3 5.25 0.38 1.58
84+5 0.53 12.41 0.34 7.91 0.41 2.69
60+5 0.58 12.74 0.39 8.78 0.46 3.42
53+5 0.51 11.25 0.32 7.04 0.39 2.25
4245 0.5 10.67 0.31 6.68 0.39 2.07

The observed changes in the VAC are due to the effect of the surface interface of indium oxide films
with a decrease in thickness on the transfer of charge carriers to OSCs. For a detailed study of the detailed
study of this issue, the impedance spectra of OSCs were measured. The impedance spectra of solar cells
In,O3/P3HT: ICMA/PEDOT: PSS/Ag are shown in Figure 6. The equivalent electrical circuit is
characterized by impedance spectra, shown in the inset of Figure 6, where Ry, is the resistance of the film
In,03, Rrec C describes the boundary of the photoactive layer/ In,Os. A decrease in the thickness of In,Os3
contributes to the rapid transfer of electrons to the cathode (FTO), but it also contributes to an increase in the
recombination of injected electrons at the boundary with the photoactive layer, which affects the
photoelectric characteristics of OSCs.
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Figure 6. Equivalent electrical circuit and impedance spectra of cells

Table 3 shows the values of the film parameters, where ket and zrr are the recombination index
characterizing the recombination rate and the effective lifetime of charge carriers in In;Os.

Table 3
The value of electrophysical parameters of films

. . Rw, Rrec, ! Teff, Kef,
104+5 174.39 1093 3.3751 0.6 1666
8445 133.3 1982.7 6.8205 1.3 769
60+5 117.81 2681.7 2.3751 1.7 588
53+5 145.88 1694.3 4.047 1.1 909
4245 159.22 1362.8 1.2928 0.9 1111

It can be seen from the table that with a decrease in the thickness of the films, the resistance Ry also
decreases, this improves the transport of injected electrons to the FTO. At the same time, a decrease in the
thickness of In,O3 leads to an increase in the recombination resistance, which leads to a decrease in the
recombination of injected electrons. The lifetime of the charge carriers terr increases and the recombination
efficiency ke decreases. However, a further decrease in the film thickness d <60 nm leads to an increase in
the resistance Rw, and to a decrease in the resistance Rrc, which indicates an increase in recombination
processes. The observed changes in the electrophysical characteristics of the OSCs are associated with a
decrease in the thickness of the In,Os films are associated with a change in the interference. Thus, the results
of impedance spectroscopy correlate with AFM microscopy data and VAC data.

Conclusion

This paper presents the results of the influence of the thickness and surface interface of In,Os films on
the optical and photo-electrophysical properties of a polymer solar cell. It was found that with a decrease in
the film thickness to 60 & 5 nm, the roughness of the films decreases to 0.48 nm, and a further decrease in the
thickness of the films leads to an increase in the roughness of the In,Os films. It is shown that the optical
width of the band gap also decreases to 3.34 eV with a decrease in the thickness of the films. The decrease in
the optical width of the band gap is explained by the presence of surface defects in the film, the
concentration of which increases with decreasing thickness. It is shown that the parameters of the VAC de-
pend on the thickness of the In,O3 films. It is established that with the thickness of In,Os films equal to
60 nm, the highest parameters of the VAC and efficiency of the polymer solar cell are observed. The nonlin-
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ear dependence of electric transport characteristics on the thickness and surface interface of In,Os films is
established.
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I".'". Omap6ekoBa, A.K. Aiimyxanos, b.P. nbscos, A.M. Anekcees, A.K. 3eiiHieHOB,
A.M. Kakanona

IHoumepti KYH 3J1eMeHTiH/Ieri 3apAATAPAbIH TaChIMAJIAAHYbI MEH
pexomMOnHanusicbiHa In20O3 KaObIPIIAKTAPBIHBIH KAJBIHABIFBI KOHE
OeTTik MHTepQeiiciHiH dcepi

Wuauii okcuIiHIH KaObIpIIaKTapbl STHISHIINKOIBAETT HHIWNA HATPATHIHBIH epiTiHaicinen Spin coating omi-
cimeH, comad keilid oHbI 300 °C Kyiaipy apKpUIbl aidbHIBL [lommMepiti KyH 3JIEMEHTiHIH ONTHKAIBIK JKOHE
tdoto smexTpodmsukanbik Kacuerrepine IN203 KaOBIpIIaKTapPBHIHBIH KANBIHIBIFE MEH OeTKi HmHTep(eiiciHig
acepi Typausl 3epTreyiep xyprisinai. Kabsipiak O0eTiHiH Keaip-OyabIpiIbiFbl KaObIpIIAK KaabIHABIFE 60 HM-
re JeliH jxyKapraHzaa OipTiHIen a3asThIHBI, ajl KaOBIPIIaK KaJIbIHABIFBIHEIH OJJaH api JKYKapraHIa KalTa ece
GacraiiTeiHbl Kepcetinai. KaObIpurakrapasly KYTBUTy CHEKTpiepiHe edmiey >Kypridingi. ThIibIM canblHFaH
afiMaKThIH ONTHKAIBIK CHIHIH MOHAEP] aHBIKTAIIbl. KaObIpIiakTapablH KaabIHABFBI KYKApFaH Ke3/¢ THIHBIM
cabIHFaH aiiMakThiH onTUKaibIK (Eg) eHi 1e a3asThiHbl aKbIHAANIBL. BOJNbTaMIEpIiK CHIATTaMaIap b
(BAC) xoHe 35eKTpOpH3HKAIBIK emeMaepaiH mapaMerpiepiniy INn203 KaObIpIIakTapbIHBIH KaJTBIHIBIFB
MeH OeTki mHTepdeiicine e Toyenai ekenairi 6enrini 601asl. 1N203 KaObIpIIaKTapBIHBIH KATBIHIBFE 60 HM-
re TeH OOJFaH Ke37e THIMAUTIKTIH MaKCUMalIbl MoHi 3,42 % OoNnaThHABIFEL, COHBIMEH KaTap (oTobernceHi
KabaTTarbl IEKTPOHAP 3apsl TACHIMAIAYLIbUIAPIBIH MAaKCUMAJIBl OMIp CYpy Y3aKTBIFbIHA JKOHE PEKOM-
OMHALUAHBIH TOMEH JKbLUIIAM/IBIFbIHA He OOJaThIHABIFbI AHBIKTAJIIBI.

Kinm co30ep: In203 xaOwIpmiakTapbl, MOJMMEPI KYH 3JEMEHTI, BOJIBTAMITEPIIK CHIIATTaMajIaphbl, HMIICIaHC
CIIEKTpJIepi.
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I".'1. Omap6ekona, A.K. Aiimyxanos, b.P. Unbscos, A.M. Anekcee, A.K. 3eiiHiIeHOB,
A.M. XKakanoBa

Biinsinue TOJIMHBI M MOBEPXHOCTHOr0 HHTepdeiica nienok 1N203 Ha TpaHCOPT U
PEeKOMOMHALMIO 32PS/I0B B IOJJMMEPHOM COJTHEYHOM 3JIeMeHTe

TlneHky OKCHAA HHIKSA OBLUIH MOJTyYeHbI METOIOM SPIN coating u3 pacTBOpa HUTpATa UHAWS B STUIICHTIIHKOIIE
¢ nocnexyronmm omkurom mpu 300 °C. IIpoBeeHbl UCCIEIOBAHUS BIMSHHS TOJIIMHBI U MOBEPXHOCTHOTO
unrepdetica wieHok IN203 Ha onTuueckue U HOTOINIEKTPOPU3NUECKHE CBOMCTBA TIOJMMEPHOTO COIHEYHOTO
sneMenTa. 110Ka3aHo, YTO MIEPOXOBATOCTh MOBEPXHOCTH IUICHKU TTOCTEIIEHHO YMEHBINAETCS CO CHIDKEHHEM
TOJIIMHBI TUIEHKH 10 60 HM, a JajbHelllee YMEHbIICHUE TOJIIMHBI TIEHOK MPUBOJHUT K €€ BO3PACTAHHIO.
TIpoBeneHbl W3MEpeHHs] CHEKTPOB MOIJIOLICHHs IUIeHOK. OnpeeneHbl 3HAYCHUs] ONTUYECKOH IIUPUHBI
3aMpEIICHHON 30HbL. Y CTaHOBJIECHO, YTO MPH CHIXKEHHUH TOJIIMHBI TUICHOK IIMPHHA 3anpenieHHo# 30Hb1 (EQ)
TaKKe YMEHBIIAETCs. B0 YCTaHOBIICHO, YTO MapaMeTpPbl BOJBTAMIICPHBIX XapaKTEPUCTHK U 3IEKTpOodu3u-
YEeCKHX U3MEPEHHH TakKe 3aBHCST OT TONIIMHBEI U HHTep(deiica moBepxHOocTH ieHOK IN203. JJokazano, uto
npu tomuuHe mwieHku IN203, paBroii 60 HM, Habmomaercs MakcuManbHoe 3HadeHue KII/ 3,42 %, B To xe
BPEMsI JIEKTPOHBI B (JOTOAKTUBHOM CJIO€ UMEIOT MAKCUMAJIbHOE BPEMsI )KU3HU HOCHTENEH 3apsijia U HU3KYIO
CKOPOCTh PEKOMOUHAITUH.

Knrouesvie cnosa: TieHKH |n203, HOJ'IPIMCpHBIﬁ COJTHCYHBIN OJIEMEHT, BOJIBTAMIICPHBLIC XapaKTCPUCTUKH,
CIICKTPbI UMII€IaHCa.
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