A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.1
HayuyHo-TexHuyeckne Begomoctu CM6IrMy. dusmnko-matematmyeckme Hayku. 16 (1.1) 2023

Conference materials
uUDC 621.383.51
DOI: https://doi.org/10.18721/IPM.161.172

New inorganic materials for electron transport
layers in perovskite solar cells

A.B. Nikolskaia'=, S.S. Kozlov', O.V. Alexeeva',
M.F. Vildanova', O.K. Karyagina', O.V. Almjasheva 23,
V.V. Gusarov 23, O.l. Shevaleevskiy'

tEmanuel Institute of Biochemical Physics, RAS, Moscow, Russia;
2 St. Petersburg State Electrotechnical University “"LETI", St. Petersburg, Russia;
3Ioffe Institute, St. Petersburg, Russia
= anickolskaya@mail.ru

Abstract. Ternary complex oxides with cubic pyrochlore structure Bi Fe WO _(BFWO) were
obtained by hydrothermal synthesis at different pH values of hydrothermaIV fluid and were first
used as electron transport layers in perovskite solar cells (PSCs). The analysis of photovoltaic
parameters measured for BFWO-based PSCs demonstrated that BFWO materials obtained at
pH 2 allow improving the PSC performance by ~ 4% (rel.) in comparison with state-of-the-art
PSCs. In addition, BFWO-based PSCs exhibited higher tolerance to the degradation under
continuous illumination.
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Annotramusa. B paHHOWl paboTe B KayecTBE 9IJIEKTPOHHO-TPAHCIIOPTHBIX CJIOEB B
MePOBCKUTHBIX COJTHEYHBIX ayeMeHTax ([1CHD) BrepBhie OBUIM MCIIOJB30BAaHBI TOHKHUE TIJICHKU
TPOMHBIX CIOXKHBIX OKCHUIOB CO CTPYKTYpO#l MUPOXJIOpa BUAA BixFeyWOq (BFWO). Ananu3s
(G OTO2AEKTpUUYECKUX MapaMeTpoOB CKOHCTpyupoBaHHBIX [TCD mokasan, 4To 3((EeKTUBHOCTD
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obpasua co cioeM BFWO Ha 4% Bbiie, yeM y IICD Ha ocHOBE CTaHIAPTHO MCIIOJIb3YEeMOTO
cnoa TiO,. Kpome toro, IICD ¢ marepuanom BFWO neMOHCTpUpOBaNM IOBLILEHHYIO
YCTOMYMBOCTD K HEIPEPHIBHOMY OCBEIIECHUIO.
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Introduction

In the last decade, perovskite solar cells (PSCs) based on hybrid materials with perovskite-like
structure with the general formula ABX, (A — CH,NH,", HC(NH,)**, B — Pb*", Sn*, X — I,
Br or Cl) became a major alternative to conventional crystalline silicon solar cells [1, 2, 3]. In
hybrid perovskite materials organic and inorganic components alternate with each other. Due to this
perovskite compounds used in PSCs exhibit unique electrical and optical properties, while the power
conversion efficiency (PCE) for PSCs exceeds 25% [4, 5]. The photovoltaic characteristics (PV) and
long-term stability of PSCs are significantly affected by the electron transport layer (ETL) on the
surface of which perovskite material is deposited [6, 7].

The semiconductor material for the ETL layer must show high transmittance characteristics
and provide good band alignment with contact. At the same time, ETL should effectively block
photogenerated holes to reduce the recombination processes at the perovskite/ETL interface [8, 9].
Generally mesoscopic layer based on titanium dioxide (TiO,) with a band gap of Eg = 3.2 eV is used
as ETL [6]. TiO,-based PSCs demonstrate high PCE, but degrade significantly over time [10]. The
degradation processes in PSCs are partially explained by the instability of the TiO, material under UV
radiation where the continuous illumination causes desorption of oxygen molecules from TiO, layer
thus initiating degradation of the perovskite layer [10, 11]. In this regard, the search of new materials
with increased resistance to the UV radiation for ETLs in PSCs is an important issue for perovskite
photovoltaics. For this purpose, ternary complex oxides are of great interest [12]. These materials are
characterized by high electron mobility, high density of chemical sites, tunable band structures and
high chemical stability even under extreme conditions [6, 13].

In this work, complex oxides formed in the ternary system Bi,O,—Fe ,O,—WO, were obtained by
hydrothermal synthesis at different pH values of hydrothermal fluid. The synthesized Bi Fe WOq powders
(BFWO) were examined by X-ray and optical methods and used to fabricate ETLs for PSCs. PV
properties of the PSCs based on BFWO layers were investigated under standard illumination conditions
(AM1.5G, 1000 W/m?). The comparative analysis of the results obtained revealed a new approach to
develop efficient PV devices with high tolerance to the degradation under continuous illumination.

Materials and Methods

The BFWO powders were obtained by hydrothermal synthesis at hydrothermal fluid pH values of
2, 5 and 7 according to procedure described in [14] and were mixed with acetic acid, terpineol, ethyl
cellulose and ethanol to obtain thick pastes as specified in [15]. These pastes were diluted in ethanol
(1:5), sonicated in ultrasonic bath several times and were deposited by spin coating (3000 rpm, 30 s)
onto FTO (fluorine doped SnO,) conductive glass substrates (Solaronix, 2x2 c¢m) with subsequent
annealing at 500 °C for 1 hr [16]. Thus, the mesoporous ETL thin films based on BFWO were
obtained. State-of-the-art TiO,-based ETL thin film was fabricated using the same technique for
comparative analysis.
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PSCs were fabricated under ambient conditions at relatively high humidity (~ 50—60%) according
to the procedure described in detail earlier [17]. Perovskite (CH,NH,Pbl,) layer was formed on
ETL surface using a conventional one-step deposition method [18]. A layer of Spiro-MeOTAD hole
transport material was spin-coated onto the surface of the perovskite layers. The final stage of PSC
fabrication was the deposition of ~ 50-nm thick Au contacts by vacuum thermal evaporation using the
VUP-4 vacuum post.

The X-ray diffraction (XRD) study of BFWO powders was performed by a DRON-3M X-ray
diffractometer with Cu Ka radiation (A = 1.5405 A) as the X-ray source. The optoelectronic properties of
BFWO powders were characterized using UV-vis spectroscopy (Shimadzu UV-3600 spectrophotometer
with an ISR-3100 integrating sphere in the wavelength range of 300—1200 nm). The PV measurements
for PSCs fabricated were provided under standard illumination conditions of 1000 W/m? (AM1.5G)
using Abet 10500 solar simulator (Abet Technologies, USA). The current density—voltage (J—V)
characteristics were measured by Semiconductor Characterization System 4200-SCS (Keithley, USA).
PSCs were masked to obtain working area of 0.08 cm?.

Results and Discussion

The chemical composition of BEWO powders obtained by hydrothermal synthesis at different pH
values of hydrothermal fluid was determined by energy dispersive X-ray microanalysis (EDXMA) and
is listed in Table 1 (more detailed information in [14]). The samples obtained at pH 2 and 5 have a
similar composition. With an increase in pH from 5 to 7, the samples become more enriched with
W and Fe ions. According to [14] BFWO particles with the average size of 30—35 nm tend to form
spherical aggregates of crystallites. The room temperature XRD patterns of BFWO powders are shown
in Fig. 1. The peaks indicate that all samples are single-phase, and their crystal structure corresponds
to that of cubic pyrochlore. The samples contain no impurities. Obtained data are in good agreement
with literature data.

The optical band gaps E, of the BFWO powders obtained were calculated from the diffusion

reflectance UV-vis spectra after Kubelka-Munk

Table 1 conversion and Tauc plot treatment for indirect

The composition of BFWO powders [14] transition (Fig. 2, a) [19]. It was found to be
2.60 eV for pH = 2, 2.35 eV for pH = 5 and 2.48

pH Formula for pH = 7. These results indicate that the BFWO
Bio_soFeo_34WOq materials have the properties of semiconductors

5 Bi Fe WO and can be used for PSCs development. It is also
L3036 g shown that the optoelectronic characteristics of

Bi . Fe, WO, BFWO samples are significantly influenced by

hydrothermal synthesis conditions, especially pH
value of hydrothermal fluid.
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Fig. 1. XRD patterns of BFWO samples obtained at different pH values of hydrothermal fluid

The BFWO ETLs were fabricated on the surface of FTO conductive glasses by spin coating of
thick pastes made by mixing BFWO powders with organic binders. PSCs with the cell architecture
of FTO/BFWO/CH NH,Pbl,/Spiro-OMeTAD/Au were fabricated using these ETLs under ambient
conditions. State-of-the-art PSC based on TiO, mesoporous layer was also constructed for comparison.

J-V curves recorded under standard illumination (1000 W/m?, AM1.5G) for PSCs with BFWO ETLs
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Fig. 2. Reflectance spectra of the BEFWO samples at different pH values of hydrothermal fluid (a), J—V
curves for the PSC devices based on different ETLs (b)

Table 1
The PV characteristics of PSC devices based on different ETLs
ETL Jo» mA/cm’ Vo V FF, a.u. PCE, %
TiO, 18.8+0.18 | 1.00+0.02 | 0.69+0.02 | 12.8+0.17
BFWO pH=2 | 20.5+0.17 | 0.89+0.01 | 0.73+0.01 | 13.3+0.15
BFWO pH=5 | 20.5+0.21 | 0.87+0.02 | 0.66+0.02 | 11.8+0.23
BFWO pH=7 | 18.5+0.17 | 0.77£0.02 | 0.49+0.03 7.0+0.17

obtained at different pH values of hydrothermal fluid and with TiO, ETL are shown in Fig. 2, b. The
PV parameters for all PSCs including short circuit current density (J;.), open circuit voltage (V,,.), fill
factor (FF) and power conversion efficiency (PCE) are listed in Table 2. It can be seen that the PSCs
based on the BFWO compounds obtained at pH = 2 (BiO‘SOFemWOq) and 5 (Bi,, Fe ,,WOgq) showed
PCE values of 13.3% and 11.8%, respectively, which is comparable to the efficiency obtained for state-
of-the-art PSCs (Table 2). PSC based on the BFWO compound obtained at pH = 7 (BiMOFeOASWOq)
showed poor PV performance, which was manifested in the decreased V. and FF values. The highest
PCE is demonstrated in the PSC samples with BEFWO-based ETLs obtained at hydrothermal fluid
pH 2 and it is ~ 4% (rel.) higher than for TiO,-based device. The data obtained confirms that BFWO
materials can be used as a prospective ETL alternative in the efficient and stable PSCs.

It should be noted that for the BFWO-based PSCs the PV characteristics were obtained for the
voltage sweep during J- ¥ curve measurements started from 3 V. Previously, similar effects were observed
for solar cells based on ferroelectric transition-metal oxides and were explained by the electromigration
of charged defects (oxygen vacancies) and switching the ferroelectric polarization [20]. Also in contrast
to state-of-the-art PSCs with TiO, ETL there is no compact layer in BFWO-based samples what
indicates good blocking properties of BFWO thin films.
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Fig. 3. Stability test of the PSCs under continuous illumination (AM1.5, 1000 W/m?)
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PV parameters of PSCs with BFWO and TiO, ETLs were investigated under continuous standard
illumination conditions (AM1.5, 1000 W/m?) and under ambient conditions. The appropriate results
are presented in Fig. 3. The data obtained revealed that BFWO-based samples demonstrate more stable
behavior than TiO,-based devices.

We have shown that ternary complex oxides such as BixFeyWOq with cubic pyrochlore structure
demonstrate semiconductor properties and can be successfully used as ETL materials for the fabrication
of high efficient and stable PSCs. These new inorganic materials have shown the better resistance to
the degradation under continuous UV radiation than state-of-the-art ETLs. More of it their optical
and photoelectrical properties can be easily tuned by synthetic conditions, especially by changing pH
value of hydrothermal fluid.

Conclusion

In this paper complex oxide phases formed in the ternary system Bi,0,—Fe,O,—WO, were obtained
by hydrothermal synthesis at different pH values of hydrothermal fluid and were used to fabricate
the ETLs for PSCs. The BixFeyWO powders (BFWO) were examined by X-ray and optical methods.
Energy bandgaps values were calculated and were found to be 2.3—2.6 eV depending on pH value of
hydrothermal fluid. PSCs with the cell architecture of FTO/BFWO/CH,NH,Pbl,/Spiro-OMeTAD/Au
were fabricated under ambient conditions. The highest PCE value was demonstrated by the PSC
samples with BFWO ETL obtained at hydrothermal fluid pH 2 and it was ~ 4% (rel.) higher than
for TiO,-based device. We have shown that BFWO-based PSCs possessed higher tolerance to the
degradation under continuous illumination conditions (AM1.5G, 1000 W\m?) in comparison with
conventional PSCs. The obtained results revealed a new approach to develop efficient PV devices with
the increased resistance to UV radiation.
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