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The impact of SnO, photoelectrode’s thickness on photovoltaic properties
of the solar cell FTO:SnO,:PTB7-TH:ITIC/Mo/Ag

The paper reports the results of a study of the morphological, optical and electrophysical parameters of SnO,
films. SnO, films are applied by spin-coating at different revolutions of the centrifuge. The topography of the
surface and the thickness of the SnO, films are studied using an atomic force microscope. The current-voltage
characteristics of solar cells are measured. The optical properties with different thicknesses of SnO, films are
also investigated. It is shown that an increase in the rotation speed of the substrate leads to a decrease in the
surface roughness of the SnO, films. It is found that changes in the morphology of SnO, films contribute to
the rapid transport of injected holes to the external electrode and reduce the probability of reverse recombina-
tion. Cells with an electron transport layer of SnO, at 2000 revolutions showed a low efficiency of 0.17%.
With a decrease in the thickness of the SnO, films to a value of 62 nm, there is an increase in the value of the
short-circuit current by 2.3 times and a change in the no-load voltage by 1.12 times.
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Introduction

Tin oxides deserve special attention from materials scientists due to their numerous applications. Re-
cently, tin oxide films have attracted the great attention of scientists and technologists in connection with
their possible applications in solid-state gas sensors, electrodes for electroluminescent displays, protective
coatings, solar cells, and the transparent field-effect transistors [1]. Currently studying two main tin oxides
are SnO and SnO..

Due to it is efficiency, ease of processing rapid growth of the energy conversion coefficient and flexibil-
ity increasing attention has been paid to the development of ESE. After the introduction of highly effective
polymer donors with a low bandgap and non-fullerene acceptors research has experienced a renaissance.
Now a day, the energy conversion efficiency of polymer solar cells attains 17-18% [2]. It was also estab-
lished that processing methods and buffer layers also play a crucial role in obtaining better performance pa-
rameters except for innovation in the molecular aspects of OSE.

Various n-type metal oxides with a wide bandgap and some polyelectrolytes with a large dipole mo-
ment have been successfully used as interfacial electron transport layers in inverted devices [3, 4]. In addi-
tion, various forms of nanostructuring of films, surface treatment, and technological additives have been
studied to increase the efficiency of charge collection, transportation, and selectivity.

SnO, is one of the most promising materials for electron transfer in the ESE due to its good environ-
mental resistance as well as high electron mobility and high transparency in the visible and near-infrared
regions. SnO, films are produced in various ways, including the sol-gel method. The sol-gel method
is a technologically simple process that allows for getting better coatings. It should be noted that the im-
portant crystalline properties of thin films depend very much on the growth conditions, growing technique,
and substrate [5].

This paper presents the results of the influence of the thickness of SnO, films on their structural, optical,
and photoelectric properties.

Experimental

The preparation of tin oxide films on the FTO surface was carried out as follows: solution was prepared
by dissolving 183 mg of SnCl, (Brun New Material Technology Ltd, Purity: 99.99%) in 1 ml of 2-propanol
(pure 99,9% Sigma Aldrich). The final solution was stirred at T = 80 °C temperature for 3 hours and then
kept at room temperature for 24 hours. SnO, films were obtained by centrifugation (SPIN150i, Semiconduc-
tor Production System). The rotation rate of the substrate varied from 2000 rpm to 6000 rpm to change the
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thickness of the film. Further, the film was annealed for 1 hour at a temperature of 500°C to ensure complete
films crystallization after its application. The topography of the film surface was studied using a JSPM-5400
atomic force microscope (AFM) (JEOL, Japan). A special modular program for analyzing scanning probe
microscopy data (Win SPMII Data Processing Software) was used to process the images obtained with
AFM. From AFM images, the morphology of the surface and the roughness of the SnO2 films were ana-
lyzed. The images of the surface of the film were obtained in the semicontact scanning mode. The absorption
spectra of the samples under study were recorded on an AvaSpec-ULS2048CL-EVO spectrometer (Avantes).
The impedance spectra were measured using a potentiostat-galvanostat P45X in the impedance mode [6].
The VAC of photosensitive cells was determined by the device Sol3A Class AAA Solar Simulators (New-
port) with PVIV-1A |-V Test Station [7, 8].

Results and Discussion

Figure 1 shows images of the surface morphology of SnO, films obtained by using AFM.
It can be seen that the solution at different revolutions of the centrifuge affects the surface morphology.

d) &)
a) 2000 rpm; b) 3000 rpm; ¢) 4000 rpm; d) 5000 rpm; €) 6000 rpm.

Figure 1. Images of surface morphology of SnO, films obtained at different speeds of rotation

The roughness of film is an important factor in the characteristics of the surface film. Reducing the sur-
face roughness of the SnO, improves the quality of the SnO/photoactive layer interface, which contributes
to the effective injection of photoinduced electrons from the acceptor and reduces the probability of recom-
bination of charge carriers at the interface. In the process of obtaining the film, increasing the rotation speed
of the substrate leads to the smoothing of the SnO, surface; the roughness of the film begins to decrease. Re-
spectively, the morphology of the SnO, films obtained at the rotation speed of the centrifuge 2000—4000 rpm
has a surface roughness of 4.8-2.7 nm. With an increase in the rotation speed of the centrifuge to 5000-6000
rpm, the surface roughness decreases to 1.6 nm.

Figure 2 illustrates AFM images of the ETL thickness of the SnO, layer. Table 1 represents the ob-
tained parameters of the surface morphology and thickness of SnO, films. The thickness of the SnO, film
was studied by the depth of the scratch on the surface of SnO..

To do this, a scratch was formed with thin tweezers to the entire depth of the sample, the most suitable
area was located on the optical microscope, and then this area was scanned using an atomic force micro-
scope.
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a) 2000 rpm; b) 3000 rpm; ¢) 4000 rpm; d) 5000 rpm; e) 6000 rpm.

Figure 2. Images of the thickness of SnO, films obtained at different rotational speeds

Table 1
Parameters of surface morphology and thickness of SnO, films

Sample Ry nm Thickness, nm
SnO, — 2000 rpm 48 102

SnO, — 3000 rpm 3,9 88

SnO, — 4000 rpm 2,7 76

SnO, — 5000 rpm 2,1 62

SnO, — 6000 rpm 1,6 58

Figure 3 demonstrates the absorption spectra ETL at different thicknesses of the SnO, layer. The ab-
sorption spectrum is typical of the absorption spectrum of wide-band semiconductors. The measured absorp-
tion spectra of semiconductor films show that the edge of the absorption band of SnO, films is located at
about 350 nm. At measuring the absorption spectra, it can be seen that the optical density of the films in-
creases with increasing thickness. At the same time, the position of the maximum of the absorption spectrum
does not change.
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Figure 3. Absorption spectra of SnO, films with different thickness
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Figure 4. Chemical structures of BHJ compounds (a) and the architecture of the inverted PSC (b)
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Further, based on the obtained SnO, films, solar cells were constructed and the effect of thickness on
the photovoltaic parameters of the cells was studied (Figure 4).

Figure 5 shows the current-voltage characteristics of organic solar cells based on a photoactive PTB7-
Th: ITIC layer with different thicknesses of SnO, films.
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Figure 5. Current-voltage characteristic of a polymer solar cell depending on the thickness of SnO, films

Table 2
Photovoltaic characteristics of organic solar cells
SnoO film Jse Uoc Jmax Unax FF n
thickness, nm mA/cm? \Y mA/cm’ \Y % %
58 3.4 0.28 2.0 0.18 0.38 0.29
62 4.0 0.25 2.4 0.16 0.38 0.38
76 3.0 0.27 1.8 0.17 0.37 0.26
88 2.5 0.24 1.7 0.15 0.43 0.23
102 1.7 0.25 1.1 0.16 0.41 0.17

When the thickness of the SnO, films was reduced to 62 nm, an increase in short-circuit current density
by 2.3 times and a change in the no-load voltage by 1.12 times were observed (Table 2). Moreover, it can be
seen that with a further decrease in the thickness of SnO,, a decrease in the value of the short-circuit current
was observed. The decrease in the current value was because the film becomes so thin that gaps appear in it,
through which current leakage occurs.

With a film thickness of 62 nm, the efficiency of the cell was 0.38%. When the film thickness was re-
duced to 58 nm, the efficiency of the cell decreased to 0.17%.

By impedance spectroscopy, the mechanisms of transport and recombination of charge carriers in thin
films of a mixture of PTB7-TH:ITIC polymers with different thicknesses SnO, were studied. Figure 6 shows
the impedance spectra in Nyquist coordinates based on thin films. Table 3 presents the main electric
transport properties. An equivalent electrical circuit was used to interpret the impedance spectra. The fitting
of the impedance spectra was calculated using the software package EIS-analyzer. Using the method of im-
pedance spectroscopy the analysis of the electric transport characteristics of solar cells was carried out. The
analysis of the hodographs indicated that a change in the thickness of the SnO, films leads to a change in the
electric transport characteristics of the polymer solar cell.

To interpret the impedance spectra, an equivalent electrical circuit of a photovoltaic cell was used,
where R1 (R,,) is the equivalent resistance of a multilayer film, R2 (R.) is the resistance characterizing the
recombination of localized electrons with holes (Figure 6).
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Figure 6. Impedance spectra of PSCs with different SnO, films thickness.

As the spin-coater rotation speed increases, the thickness of the SnO, films decreases; this should con-
tribute to a decrease in the resistance (Rw) of the film. It can be seen from Table 3 that with a decrease in the
thickness of the films, the resistance R,, also decreases, which in general should improve the injection of
electrons into the FTO. However, a decrease in the thickness of the photoactive layer also leads to a decrease
in the resistance of R, which ensures increased recombination of electrons at the interface. On the one
hand, the decrease in R,, contributes to the rapid transport of electrons, but on the other hand, there is a com-
peting recombination process through the resistances of R, which also decreases, which increases the re-
combination rate.

We assume that there is an optimal thickness of SnO, films, at which there is a balance between injec-
tion efficiency and recombination of charge carriers. In this case, the electrons in the photoactive layer have
the maximum lifetime of charge carriers and a low probability of recombination. From the analysis of the
impedance spectra, it follows that the thickness of 58 nm is optimal, at which the lifetime of the charge carri-
ers was T = 0.9 ms (Table 3).

Table 3
The value of the electrophysical parameters of SnO, films
: . Rw, Rrec, Teffy Ketf,
Film thickness, rpm (Ohm) (Ohm) Rrec /Rw (ms) (s)
58 174 215 1.2 0.9 10704
62 214 314 1.4 0.8 12221
76 245 458 1.8 0.5 18190
88 262 437 1.6 0.4 20768
102 320 738 2.3 0.4 23711
Conclusions

As a result of the research, a method for the synthesis of SnO2 films was developed. The results
demonstrated that with an increase in the rotation speed of the substrate, a decrease in the surface roughness
of SnO2 films was observed. It was found that the edge of the absorption band of SnO, films is located at
about 350 nm. When the thickness of the SnO, films was reduced to 62 nm, there was also an increase in the
value of the short-circuit current by 2.3 times and a change in the no-load voltage by 1.12 times. With a fur-
ther decrease in the thickness of SnO,, a decrease in the value of the short-circuit current was observed. With
a film thickness of 62 nm, the efficiency of the cell was 0.38%. When the film thickness was reduced to 58
nm, the efficiency of the cell decreased to 0.17%. The decrease in the current value for SnO, films was be-
cause the film becomes so thin that gaps appear in it, through which current leakage occurs.
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A K. Aiimyxanos, T.E. CeiicemOexoBa, A.K. 3eitnunenos, J[.C. Kambap

SnO ¢oTodraekTpoabl KaablHABIFBIHLIH FTO:SNO:PTB7-TH:ITIC/Mo/Ag
KYH YSIIBIFBIHBIH (DOTOJJIEKTPJIIK MapaMeTpJiepine dcepi

Maxkanana SnO, mIeHKaIapbIHEIH MOP(OIOTUSIIBIK, ONTHKAJBIK KSHE JIEKTPO(U3HKAIBIK TapaMeTplIepiHin
3epTTey HOTIKenepi OepinreH. SnO, MICHKAIAPBIH EHTPU(PYTAHBIH Op TYpJi aifHATY >KbUIIAMIBIFBIHIA
aifHayIBIpy SPiN-coating oici apKpUIBI JKacalibl. DKCIEPUMEHTTIK 3€PTTEYJIEP ONTHKAIBIK CIIEKTPOCKOIIHS,
BOJILTAMIICPOMETPHSI JKOHE MMIICAAHCThI OJIIICY OMICTePIMEH KYPTi3iami. ATOMABIK KYII MHKPOCKOIBIHBIH
kemeriMeH SnO, OeTiHiH TomorpadusIChl MEH MJICHKATAPBIHBIH KAJTBIHIBIFBI 3¢pTTeIi. KalbIHABIFI op TYpIi
SnO, meHKaNapBIHBIH ONTHKAIBIK KACHETTepl AaHBIKTAIABL. ANWHANY >KBULAaMABIFBIHBIH apTysl SnO,
TUICHKAJIApBIHBIH O€TiHIH KeIip-OyABIPHIHBIH TOMEHJACYiHe OKeNeTiHi KepceTimai. SnO; IUIeHKaJapbIHBIH
MOP(OTIOTHSICBIHBIH ©3Tepyl WHKEKIHUSIIBIK TECIKTePIiH CHIPTKBI JIEKTPOIKA Te3 TACHIMAIIAHYBIHA MKOHE
Kepi peKOMOWHANNS BIKTUMAJIIBIFBIH a3aiTyFa BIKIA €TETiHI aHBIKTAIABI. DJIEKTPOH/IBI TachIMaiay KabaTsl
6ap SnO, ysamerser 2000 aiinaneivma 0,17% TemeH THIMIUTIKTI KepceTTi. SnO, IUICHKAIAPBIHBIH
KaJIBIHIBIFBIHBIH 62 HM MOHIHE JCHiH TOMEHICYIMEH KbICKa TYHBIKTAly TOTHIHBIH MOHI 2,3 ece jxoHe 0o0c
XKypic kepHeyi 1,12 ece apransl.

Kinm ce30ep: xanaitbt (l1) ToreirbiHbiH (SNO,) Gerrik MOPQOJIOTHACH, ONTHKANBIK JKOHE HMMIICIaHC
CIIEKTPOCKOIHUSICHI.

A K. Atmyxanos, T.E. CeiicembekoBa, A.K. 3eitnunenos, J[.C. Kambap

Bausinue Toammunsbl Gpotodnnekrpoaa SNO Ha (poTodTeKTPHYECKHE TAPAMETPbI
cosineunoi siueiitku FTO:SnO:PTB7-TH:ITIC/Mo/Ag

B CraTbe IpeACTaBICHBI Pe3yIbTaThl HCCICAO0BAHUS MOP(OIOTHIECKUX, ONTHICCKUX U 3IEKTPOPUIHICCKUX
napametpoB mwieHoK SNO,. Tlnenku SNO; HAHOCHIUCH METOIOM SPiN-coating mpu pa3nudHbIX 060pOTax Bpa-
MIeHNsT TEeHTPU(PYTU. DKCIEepUMEHTATbHBIE HCCIECIOBAHHS MPOBOJIUIMCH METOJAMH ONTHYECKOH CIIEKTPO-
CKOIHH, BOJILTAMIIEPOMETPUH U N3MepeHHs nmienanca. C IoMOIbpi0 aTOMHO-CHIIOBOTO MHKPOCKOTA HCCITe-
JIOBJIKCH Tomorpadusi HOBEPXHOCTH U TONMIKHA eHOK SNO,. MccaenoBanbl ONTHYECKHE CBOICTBA IICHOK
SnO, ¢ paznuynoil TommuuHOH. [Toka3aHO YTO yBeIMYEHHE CKOPOCTH BpAIICHHsS IOJJIOXKKH HPHBOIHUT K
YMEHBLICHHIO IIEPOXOBATOCTH MOBEPXHOCTH IIEHOK SNO,. YCTaHOBIEHO, YTO H3MEHEeHHe MOP(HOJIOTHH Tiie-
HOK SN0, crocoOGCTByeT OBICTPOMY TPAaHCIOPTY WHKEKTUPOBAHHBIX JABIPOK K BHELIHEMY OSJICKTPOLY U
YMEHBIIEHHIO BEPOSITHOCTH 00paTHOIl pekoMOMHANWu. S4eKu ¢ 3IeKTpOH-TpaHCHOPTHBIM cioeM SnO, B
2000 ob6oporax mokazanu Hu3Ky 3ddextnBrocTs (0,17 %). C yMeHblIeHHEM TONIIMHBI IEHOK SnO, 10
3Ha4YeHHs 62 HM HaOJI0/aeTCsi BO3pACTaHHE 3HAYCHUS TOKa KOPOTKOTO 3aMbIKaHMS B 2,3 pa3a U U3MEHEHHs
HanpsHKEHUs X0J0cToro xoaa B 1,12 pas.
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