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Abstract. In this work we report on semitransparent perovskite solar cell fabrication using
double electron transport layer and double top electrode. Such devices may be used in tandem
solar cells which are made to overcome Shockley-Queisser limit for one junction solar cell and
improve efficiency of the device. One of the main issues of this task is to make transparent top
electrode since it is usually made of metal. In this work the combination of ITO/Ag is used in
which silver is deposited via special mask to improve conductivity. Top ITO electrode was de-
posited via magnetron sputtering — the process was optimized for room temperatures to avoid
perovskite and organic degradation. ZnO nanoparticles are incorporated in device as second
electron transport layer to protect all below layers from ITO sputtering damage. This layer was
deposited via spin-coating process, which is much easier and faster than atomic layer deposi-
tion, which is usually used for ZnO deposition. The best semitransparent perovskite solar cell
made with these modifications showed 11.5% efficiency with high V. value of 1.1 V.
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AnHoTauud. B naHHOI1 padoTe ObLI MOIyYeH MOJYIPO3payHblii MEPOBCKUTHBINA COTHEUHBIN
3JIEMEHT C TBOMHBIM 3JEKTPOHHBIM TPAHCIIOPTHBIM CJI0EM U ABOWHBIM BEPXHUM 3JIEKTPOIOM.
Takoe ycTpoiicTBO MOXKET OBITh UCTIOJIb30BAHO B TAHAEMHOM COJTHEUHOM 3jieMeHTe. OCHOBHOM
CJIOKHOCTBIO B ITPOLIECCE CUHTE3A MOJIYTTPO3PAYHbBIX yCTPOMCTB SBJISIETCS 3aMEHA HEMPO3PAYHOTO
BEPXHETO SJIEKTPOJA Ha Mpo3payHblil. B manHOi pabore mis 3TOM LEJM HKCIOJIb30BAIACH
komOuHanus ITO/Ag, cepedpo HAMbUISIIOCHh Uepe3 CHELMAaJbHYI MAacKy, UYTOOBI YBEJIUYUTh
npoBoauMocTb. Hanecenue BepxHero ciost ITO npoBoaniaoch ¢ MOMOIIbIO MarHETPOHHOTO
HaMbUICHMSI, TPOLECC ObLT ONTUMU3MPOBAH IJI PAaOOThI B YCIOBUSIX KOMHATHOM TeMIIepaTyphbl
JUIST 3alMThI TIEPOBCKUTA M OPraHMKM OT TePMUUYECKOro pasjaoxeHus. Hanouactuusl ZnO
WCTIOJIb30BAJINCh KaK JOTIOJTHUTENbHBIN 3JIEKTPOHHBIA TPAHCTOPTHBIM CJIOM [T 3alUThI
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BCeX HMXXHUX CJIOEB OT MOHOB B mpouecce HambuieHUs1 ITO. Dror cioif OblI HaHECEH C
MOMOIIIBI0 METOAA LEHTPUPYTUPOBaHUS, KOTOPHII 3HAYUTEIBHO MpOlle M ObICTpee aTOMHO
CJIOEBOr0 OCaXJIEeHUsI, KOTOPbIM OObIYHO MmojydyaroT rmieHku ZnO. Jlydiiee moaynpo3padyHoe
YCTPOMCTBO, IOJYYEHHOE B TaKMX YCI0BUAX, oOnagano 11,5% 3hGeKTUBHOCTU U BLICOKUM
3HaueHueM V_ , pasHbM 1,1 B.

KmoueBbie clioBa: MEpOBCKUTHBIC COJHEYHBIE 3JEMEHTHI, (POTOBOJbTaMKA, TaHIEMHBIC
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cion

®unancupoBanue: lccienoBaHue BBIIOJIHEHO 3a cUeT IpaHTa Poccuilckoro HaydyHOTro
donpa (mpoext Ne 23—73—00060).

Ccbiika npu nutupoBanuu: MBano B.C., Camopu /[I. Pa3paboTka moIynmpo3padyHbIX
MePOBCKUTHBIX COJIHEUHBIX 3JIEMEHTOB C JBOMHBIM 3JICKTPOHHBIM TPAHCIIOPTHBIM CJIOEM U
MOIM(UIIMPOBAaHHBIM BEpXHUM 3jeKTponoM // HayuHo-texHuueckue Bemomoctu CIIOITIY.
dusuko-maTematnyeckue Hayku. 2024. T. 17. Ne 3.1. C. 14—18. DOI: https://doi.org/10.18721/
JPM.173.102

CraTbsl OTKPHITOTO AocTyma, pacrnpoctpanseMas mo juneHsuu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Nowadays perovskite solar cells (PSCs) are the most promising photovoltaic devices. The first
working cell was produced in 2009 [1], and in only fifteen years the power conversion efficiency has
reached the value more that 26.1% [2]. Such fast development is possible due to excellent physical
properties of perovskite material. Perovskite is originally CaTiO,, but now the whole class of artificial
materials with crystal structure ABX, is referred to perovskites. The ability of bandgap tuning with
composition changing is the key advantage of these materials, the whole visible plus IR and UV
parts of spectrum may be obtained using different combinations of A-cations or X-halides [3].

There is a theoretical limit of efficiency of one-junction solar cell named Shockley-Queisser
limit [4], and in case of perovskite solar cells its value is around 33%. Therefore, tandem systems
with two or more active materials should be produced to overcome this efficiency value. Materials
with certain bandgap values should be combined to obtain the highest possible power conversion
efficiency (PCE). Since the most common perovskite material CH,NH Pbl, (MAPbL,) has
bandgap of 1.55 eV, it is possible to obtain ~40% PCE when combining it with ~1.1 eV cell [5].
This value matches well with Si or CIGS cells; hence, highly efficient tandem systems Si/
perovskite and CIGS/perovskite may be produced.

Since perovskite material has greater bandgap that Si or CIGS, this cell is used as top
cell, and it should be therefore semitransparent to pass the light to the bottom cell. The
main problem here is top electrode which is usually made of metal. It is possible to use thin
metals [6] or another materials such as carbon nanotubes [7], PEDOT:PSS and indium tin
oxide (ITO). The last one is the most popular transparent electrode, which is usually used as
bottom electrode in PSCs. It is usually deposited via magnetron sputtering technique under
high (> 200 °C) temperature, and in case of perovskite devices such conditions may damage
all organic and active layers. Also, there are high energy ions while this process, and all below
layers should be protected from them with some inorganic film. Therefore, there are two main
problems which should be solved to have semitransparent perovskite solar cell with ITO as top
electrode: the problem of perovskite degradation under high temperature, and the problem of
sputtering damage to organic transport layers.

In this work, the process of ITO sputtering was optimized to room temperature. ZnO
nanoparticles were incorporated in structure to protect organic electron transport layer from ion
damage while sputtering.

Materials and Methods

Perovskite solar cells in this work had the following p-i-n structure: ITO/PTAA/perovskite/
PCBM/ZnO/ITO/Ag. All layers except ITO and Ag were deposited via spin-coating process,
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classical MAPbI, was used as perovskite, solution was obtained combining MAI and Pbl, salts
in DMF/DMSO Top ITO film was sputtered, and Ag was thermally evaporated. JV curves
under dark and light conditions were measured to characterize the devices, in case of ITO films
transparency spectrum, resistivity and thickness were measured while optimization work.

Results and Discussion

ZnO nanoparticles were spun onto the PCBM to protect it from sputtering damage, such
combination works as double electron transport layer (ETL), enhancing transport properties
compared to the single ETL. The first step of the work was to optimize the ZnO incorporation
process. Device with PCBM/BCP double ETL was used as reference having the best efficiency
of 16.9%. Different parameters of spin-coating process or annealing were changed during the
experimental work. After the optimization, the champion device with ZnO showed high PCE
value of 17.2% (Fig. 1), which can be used as base device for next ITO deposition.
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Fig. 1. JV curves of reference devices with BCP and ZnO layers

Since protective double ETL in perovskite solar cells was achieved, work on optimization
of ITO sputtering under room temperature has begun. There are several parameters, which
can be tuned in this process: flux of the gases (Ar and O,), target power, process time etc.
First main goal was to achieve ITO film under room temperature with low resistivity and high
transparency. If O, flux was equal to 5 sccm, resistivity was found to be 109 Ohm/sq, almost
transparent yellowish films were obtained. In such conditions the first semitransparent devices
were made, and PCE of only 6.2% was obtained (Fig. 2). Spatial silver frame was used to
improve the conductivity, it was deposited on the edges of the pixel, therefore there are still
semitransparent ITO windows.
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Fig. 2. JV curves of the first semitransparent device and photo of the device (inset)
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However, fill factor (FF) of the device was too law — only 35%, while V. had normal value of
1.1 V. The reason of low FF is high series resistance in the device, which occurred due to additional
ITO film. After this, the work on ITO film improvement was done. It was found that changing
O, flux value may affect the resistivity of the film, 11 sccm led to only 38 Ohm/sq, 7" spectrum
showed also better transparency (Fig. 3, a). In such conditions champion semitransparent device

with PCE of 11.6% was achieved with high FF value of 62% (Fig 3, b).
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Fig. 3. T spectrum of different ITO films (a) and JV curves of the best semitransparent device (b)

In order to incorporate such solar cell in tandem with narrow bandgap material, the device
should be transparent in IR part of spectrum. Transmittance was measured for a pixel from
semitransparent window of the device (Fig. 4).
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Fig. 4. T spectrum of the whole device measured through ITO window

It can be seen from the spectrum that obtained device passes radiation of IR part through itself.
There are losses and 7 value is not high, but this device already may be used in experimental
tandem systems with Si solar cells since it is semitransparent for long wavelengths.

Conclusion

In this work, semitransparent perovskite solar cells with double ETL and electrode were
fabricated. High V. value of 1.1 V and FF of 62% led to PCE of 11.6%. Protective inorganic ZnO
nanoparticles were spun onto PCBM to avoid high energy ion damage while sputtering process.
Changing gas flux under room temperature conditions led to low resistance and high transparency
of ITO films. Further optimization of ITO sputtering process should be done to improve J . of
the semitransparent device, and after tandem solar cells of Si/perovskite or CIGS/perovskite may
be produced.
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