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The development of novel electron transport layers to improve the effi-
ciency and stability of perovskite solar cells

Azat F. Akbulatov', Polina G. Novkina', Nikita A. Emelianov’, Nikita A. Slesarenko?,
Olga A. Kraevaya', Sergey A. Kuklin?1, and Pavel A. Troshin3

' Federal Research Center of Problems of Chemical Physics and Medical Chemistry of the
Russian Academy of Sciences, Semenov Prospect 1, Chernogolovka, 141432, Russia
2 A. N. Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sci-
ences, Vavilov Str. 28, 119991 Moscow, Russia
3 Zhengzhou Research Institute of HIT, 26 Longyuan East 7th, Jinshui District, Zhengzhou,
Henan Province, 450000 P. R. China
E-mail: gweas89@mail.ru

Electron transport layers (ETLs) play a critically important role in enhancing the efficiency and
stability of perovskite solar cells (PSCs). Therefore, the development of novel ETLs with tai-
lored properties is a key factor for the commercialization of this technology. This study system-
atically investigated small-molecule, dimeric (PDI-X-PDI), and polymeric (-PDI-X-)n perylene-
diimide (PDI) derivatives as electron transport layer materials in p-i-n configured PSCs. It was
revealed that macromolecular systems significantly outperform their small-molecule counter-
parts. The best devices employing polymeric ETLs achieved an efficiency of 16.4%, which is
2.2-fold higher than PSCs utilizing small-molecule PDI (7.6-7.8%). Dimeric PDI derivatives also
demonstrated improved characteristics compared to monomers. These findings underscore
the potential of polymeric and dimeric PDI as highly efficient non-fullerene ETLs.
Furthermore, the application of PDI derivatives as additives to enhance the morphology and
reduce the defectiveness of PCBM films was investigated. While the incorporation of mono-
meric PDI into the ETL did not outperform pure PCBM in terms of efficiency, it also did not
reduce device performance. However, composites incorporating polymeric PDI derivatives sig-
nificantly enhanced the efficiency and stability of the solar cells. It is hypothesized that poly-
meric PDI act as linking agents, contributing to the formation of more homogeneous and less
defective PCBM-based films, thereby explaining their superiority over monomeric analogues.
For n-i-p configured PSCs, the influence of the zinc oxide deposition method on the chemical
composition of the ETL surface was studied. It was established that the traditional sol-gel
method (based on zinc acetate) leads to the formation of residual CHzCOO groups on the ZnO
surface, causing rapid degradation of MAPDbI3s perovskite. Conversely, the use of aqueous so-
lutions of ammonia or methylamine enables effective passivation of the ZnO surface with amide
end groups, significantly enhancing perovskite stability under prolonged light exposure.

Thus, a comprehensive approach to the development of novel ETLs and the optimization of
their formation methods is crucial for achieving high efficiency and operational stability of per-
ovskite solar cells.

This work was supported by the Ministry of Science and Higher Education of the Russian Fed-
eration (Project No. FFSG-2024-0008 / 124013000743-3).
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CTpyKTypa camocobuparLmnxca MOHOCIIOEB Ha UHTepdencax MHBEPTU-
pPOBaHHbLIX NEePOBCKUTHbIX COJNIHEYHbIX GaTapeun

H. A. EmenbsaHos’, L. Llao?, C. Cion?, C. M. AngowwH’, MN.A. Tpowunn®1
' denepanbHbIi UCCreaoBaTenbCKUM LIEHTP NPO6BIemM XMMUYeckon Usnkn U MeauLUHCKON
xummn PAH, YepHoronoska, Poccus
2 MHCTUTYT npeobpa3oBaHuns aHeprm Kutanckon akagemumn Hayk, MNyaHuxoy, Kutaii
3 ccnenoBaTtenbCkuin MHCTUTYT YOxkaHYWKOY, XapOUHCKUIA MHCTUTYT TEXHOMOTUM, YXKIHWKOY,
Kutan
E-mail: emelianov@icp.ac.ru

Camocobupatowmecs moHocnon (SAM) WMPOKO UCMONb3YHTCA ANs CO34aHus Obl-
POYHO-TPAHCMNOPTHBIX CFI0EB NEPOBCKUTHBIX COMHEYHbIX 6aTapen. VX npyuMeHeHne no3sonset
AO0CTUraTb XOPOLLEro CorfiacoBaHUs 3HEPreTUYEeCcKUX YpoBHEN C NEPOBCKUTHLIM abcopbepom,
CHWXEHUS KOHLIEeHTpauumM noByLLEK HOCUTENEN 3apsiaa Ha nHTepdencax, a Takke Mogynupo-
BaTb AMHaMUKy KpucTtannusauuum neposckuta [1]. 4-(3,6-aumetnn-9H-kapbason-9-mun)oy-
Tnn]docdoHoBas kucnota (Me-4PACz) asnsaetcs Hambonee WMPOKO ncnonbdyemon. Ho eé
Kapba3orbHbIN (hparMeHT NPOoSBNSET OrpaHNYEHHY 3(PPEKTUBHOCTL: crnadas cnocobHOCTb
docaTHbIX rpynn k 3akpenneHnto Ha noBepxHocTn NiOx cnocobcTByeT obpasoBaHuio gnme-
POB N ONIMrOMEPOB, YTO NPUBOAUT K UX arnoMmepauuu [2]. CkaHupytowasa 6nmkHenonsHaa VK-
MMKPOCKONUA AEMOHCTPUPYET, 4TO coocaxaeHmne Me-4PACz ¢ SAM Ha oCcHOBE TMOJSOB, B TOM
yncrie 2-mepkantoataHorniom (ME), 3-mepkantonponvoHoson kucnoton (MPA) u (3-mepkanTo-
nponun) TpumeTokcucunaHom (MPTMS) npuBogut k obpasoBaHuio rmbpuaHbIX MOHOCIOEB,
PopMMpPYIOLLMX NNOTHOE N OAHOPOAHOE NoKpbITME Ha noBepxHocTu NiOx. OcTpoBkoBas Mop-
donormna rnbpungHbix SAM gencteyeT kak WwabnoH ans gopMmmpoBaHna 06 bEMHOro retepone-
pexofa B NepoBCKUTHOM abcopbepe, COCTosLWEero n3 B3aMMornpoH1KamLmnx JoMeHoB, bora-
Tbix MA 1 FA katnoHamu. Takasi CTpykTypa cnocobcTByeT appekTMBHOM reHepaumm 3apsaa,
OLHOBPEMEHHO NnofaBnsas GUMONEKYNAPHYIO pekoMOnHaumio, TEM CaMbiM MNOBbIWAA CTOW-
KOCTb NepOBCKUTHOro abcopbepa k aerpagaumm, Bbi3BaHHOW 3NeKTpudeckum nonem [3].

PaboTta nogaepxaHa Poccurcknm Hay4vHbiM poHaoMm, npoekT No. 19-73-30020P.

1. X. Luo et al. Recent Advances of Inverted Perovskite Solar Cells. ACS Energy Lett. 2024,
9, 4, 1487-1506.

2. Q. Tan et al. Stabilized hole-selective layer for high-performance inverted p-i-n perovskite
solar cells. Nature 2023, 620, 545.

3. S. Cao et al. Hybrid Self-Assembled Molecular Interlayers for Efficient and Stable Inverted
Perovskite Solar Cells. Adv. Energy Mater. 2025, 2405367.
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MHoroypoBHeBbIW aHanu3 pagmaumoHHbIX 3peKkToB B rubpuaHbIX

nepoBCKUTaX: OT IKCNepuMeHTa K moaerimpoBaHuUio

UBaH CepreeBuy Xugkos
Ypanbcknn egepanbHbli yHuBepcuteT umenn b. H. EnbumHa, MHCTUTYT pn3mkm metannos

nmeHn M.H. Muxeesa YpO PAH, Poccusa



UccnepgoBaHMe TPpaHCNOPTHLIX CMOEB Ha ocHoBe SnO, Anda rmdkux nepos-
CKUTHbIX COJNTHEeYHbIX 3/IeMEHTOB, N3roTOBJIEHHbIX METOA4OM CroT-Aau

HaHeCeHusA
Acxat HypkaHaToBud4 JKXymabekoB

Haszapbaes yHuBepcuteT, Pecnybnuka KaszaxctaH



OetekTnpoBaHue (hOTOMHAYLNPOBAHHbIX MPOLLECCOB B NEPOBCKUTHbIX

COJIHEeYHbIX JJyieMeHTax

AnekcaHgp Bacunbesu4 MasaHuk

WMHCTUTYT aHepreTMkn HaumoHanbHon akagemun Hayk benapycu, Pecnybnuka benapycb



KomMno3uTbl Ha OCHOBe yrnepoaHbIX HAHOTPYOGOK U NONIMAHMUITUHOB Kak
MaTepuarnbl ANA OPraHN4YeCKOW INIEKTPOHUKN U aKKyMyNATOPOB

Axat NasusbaHosuy MycTtacpuH
YPUMCKU yHMBEpCUTET HAYKN N TEXHOMOMNK, Ypumckumn peepanbHbIn
nccneposartenbckun ueHTp PAH, Pecnybnuka bawkopTtoctaH, Poccus



KoHTaKkTbl B yCTPOMCTBaX OpraHN4eCcKkomn 35fIeKTPOHUKN

Omutpun IOpbeBuny Mapaluyk

MockoBckui rocygapcteeHHbIn yHuBepcuteT nmeHn M. B. JlomoHocoBa, Poccus
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MOHUTOPUHI TeneMeTpuiyeckon MHopMaLmMmn Kak cnocob uccnenoBaHusi CBOUCTB

nepcnekTUBHbIX ¢poTonpeobpasoBaTenen

Cepreun BayecnasoBuu lNywko

Poccunckas aspokocmundeckas komnanus “Kb1440”
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nepcneKTMBbl ncnonb3oBaHus opraHN4YeCKNX  NnepoBCKUTHbLIX COJIHEeY-

HbIX 6aTapen B KocMoce

NMaBen AHaTonbeBuY TpoLwwUH
depnepanbHbIN UCCneoBaTeNbCKUIA LEHTP NPOGAEM XMMUYECKOW (PU3NKN N MEANLUHCKON
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Perovskite photovoltaics for solar-to-hydrogen production

Oleg Shevaleevskiy', Oleksii Omelianovych?, Olga Alexeeva', Sergey Kozlov',
Anna Nikolskaia', Liudmila Larina'2, Ho-Suk Choi?
'Solar Photovoltaic Laboratory, Emanuel Institute of Biochemical Physics, Russian Academy
of Sciences, Kosygin St. 4, 119334 Moscow, Russian Federation
2Department of Chemical Engineering and Applied Chemistry, Chungnam National Univer-
sity, Yuseong-Gu, Daejeon 34134, Republic of Korea
E-mail: shevale2006@yahoo.com

To date, research in the field of photovoltaics for solar-to-hydrogen (STH) production
has been focused on developing highly efficient, scalable, and cost-effective devices. The so-
lar-driven sub-module must generate the appropriate photo-potential to meet the thermody-
namic and kinetic requirements for the water-splitting reaction. Crystalline silicon (c-Si), CIGS,
and perovskite solar cells (PSCs) [1] are potential candidates for this purpose, with PSCs
showing great promise due to their high photo-potential under solar illumination. Notably, PSCs
exhibit superior performance under low light conditions without significant reduction in power
conversion efficiency and open circuit voltage [2], making them particularly suitable for stable
STH production systems.

Efficient water splitting relies on the use of electrodes in the electrolyzer, and the choice
of electrode materials plays a crucial role in enhancing STH production efficiency. While noble-
metal electrodes such as Pt, RuOz2, and IrO2 are excellent catalysts, their high cost and limited
availability hinder their widespread adoption. One conventional method to enhance the reac-
tivity of pure metal catalysts is through alloying with other transition metals [3]. Alloying alters
the bonding geometries of adsorbents and modifies the electronic structure of the pure metal
surface.

In this study, we present the development of a stable and scalable PV-electrolysis sys-
tem for water splitting, comprised of a PSC module and bifunctional catalytic electrodes based
on nanoporous transition metal alloys. We prepared and evaluated the performance of a PSC
sub-module, consisting of two PSCs with the following cell architecture:
glass/FTO/TiO2/CH3sNH3Pbls[Pb(SCN)2)/spiroMeOTAD/Au, connected in series. Additionally,
we synthesized and examined the properties of a number of electrode materials which were
utilized as bifunctional electrocatalytic electrodes in the STH system, including NiCoPt/Gra-
phene-dot catalyst with low Pt loading and Pt-free Ni@C core-shell nanoparticles [4].

The constructed electrolyzer based on the bifunctional Ni@C catalyst required approxi-
mately 1.5 V to operate, while the voltage from the two connected PSCs in series was nearly
2 V. The STH system demonstrated a water splitting efficiency of 8.5% under AM1.5G illumi-
nation (1000 W/m?). Stability tests conducted under variable illumination intensities ranging
from 10 to 1000 W/m? confirmed the reliability of the achieved STH efficiencies.

This work was supported by Russian Science Foundation (Grant No. 20-69-47124).

[1] J.-W. Schuttauf, M. A. Modestino, E. Chinello, D. Lambelet, A. Delfino, D. Dominé, A. Faes,
M. Despeisse, J. Bailat, D. Psaltis, C. Moser, C. Ballif, J. Electrochem. Soc. 2016, 4, F1177—-
F1181

[2] S. S. Kozlov, O. V. Alexeeva, A. B. Nikolskaia, M. F. Vildanova, O. I. Shevaleevskiy, J.
Phys.: Conf. Ser. 2020, 1697, 012190

[3] V. Ponec, Adv. Catal. 1983, 32, 149.

[4]1 Q. T. Ngo, O. Omelianovych, V. T. Nguyen, B. T. Ahn, K. B. Lee, G. J. Lee, L. L. Larina, H.
S. Choi, J. Mater. Chem. A 2021, 9, 23828-23840
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Intrinsic stability challenges in design of absorber materials for lead hal-
ide perovskite solar cells

Azat F. Akbulatov', Lyubov A. Frolova', Vyacheslav M. Martynenko', Sergey A.
Tsarev?, Sergey M. Aldoshin’, Pavel A. Troshin3!
' Federal Research Center of Problems of Chemical Physics and Medical Chemistry of the
Russian Academy of Sciences, Semenov Prospect 1, Chernogolovka, 141432, Russia
2 Skolkovo Institute of Science and Technology, Nobel St. 3, Moscow, 143026, Russia
3 Zhengzhou Research Institute of HIT, 26 Longyuan East 7th, Jinshui District, Zhengzhou,
Henan Province, 450000 P. R. China

E-mail: gweas89@mail.ru

We report the first systematic assessment of intrinsic thermal and photochemical stability of a
large panel of complex lead halides APbXs incorporating different univalent cations
(A=CHsNHs*, [NH2CHNH2]*, Cs*) and halogen anions (X=Br, |) using a series of complemen-
tary analytical techniques such as UV-vis spectroscopy, x-ray diffraction, x-ray photoelectron
spectroscopy, EDX chemical analysis, atomic force and scanning electron microscopy, elec-
tron spin resonance spectroscopy and mass spectrometry. We show that both heat stress and
light soaking can induce a severe degradation of perovskite flms even under well-controlled
inert atmosphere in the absence of oxygen and moisture. The stability of complex lead halides
increases in the order MAPbBrs<MAPbI3<FAPbIs<FAPbBr3<CsPbl3s<CsPbBrs, thus featuring
all-inorganic perovskites as the most promising absorbers for stable perovskite solar cells.

An important correlation was found between the stability of the complex lead halides and the
volatility of univalent cation halides (AX) incorporated in their structure. In particular, MAPbBr3
has the lowest stability since it is comprised of PbBr2 and the most volatile MABr. On the con-
trary, all-inorganic CsPbXs compounds show remarkable stability since CsBr and Csl are non-
volatile under the solar cell operation conditions. The established relationship provides useful
guidelines for designing new complex metal halides with immensely improved stability.

This work was supported by Russian Science Foundation (project 22-13-00463-1).
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Fullerene-Based Interface Passivation Coatings for n-i-p Perovskite Solar
Cells

Valeriya S. Bolshakova', Azat F. Akbulatov', Olga A. Kraevaya', Lyubov A. Frolova',
Sergey M. Aldohsin', Pavel A. Troshin?1

' Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry of the
Russian Academy of Sciences
2 Zhengzhou Research Institute of HIT
E-mail: valeriya.bolshakova.0l(@mail.ru

Perovskite solar cells (PSCs) have become a highly promising photovoltaic technology, offering
power conversion efficiencies (PCE) on par with conventional silicon-based solar cells, along
with the advantages of low-cost, solution-processable fabrication. In n-i-p device configurations,
the electron-transport layer (ETL) is essential for efficient charge extraction and transport, di-
rectly affecting critical performance metrics such as open-circuit voltage, fill factor, and device
stability. Thus, selection of the optimal ETL— considering factors like energy level alignment,
charge carrier mobility, and interfacial defect passivation—is key to achieving high PSC effi-
ciency and long-term reliability.

In this work, we present the synthesis of novel fullerene derivatives functionalized with hydroxyl
and carboxyl groups, designed to passivate ITO and SnOz2 surfaces [1]. By comparing five
fullerene derivatives as passivation layers, we identified a correlation between their molecular
structure and PSC performance. Additionally, the introduction of an optimized passivation in-
terlayer using a monocyclopropanated fullerene derivative with a carboxylic acid group signifi-
cantly enhanced the device performance as compared to the reference PCBA-based devices.
This research highlights the critical importance of tailored molecular design of fullerene-based
SAM ETLs for improving charge extraction in n-i-p PSCs.

This work was supported by the Ministry of Science and Higher Education of the Russian Fed-
eration (Project No. 0089-2019-0010/AAAA-A19-119071190044-3).

References

1. Akbulatov, A.F., Kraevaya, O.A., Bolshakova, V.S., Frolova, L.A., Troshin, P.A.: Design of
fullerene-based interface passivation coatings for n-i-p perovskite solar cells: Addend size mat-
ters. Synth. Met., 299, 10.1016/j.synthmet.2023.117468 (2023)
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CTpyKTypa camocobuparLmnxca MOHOCIIOEB Ha UHTepdencax MHBEPTU-
pPOBaHHbLIX NEePOBCKUTHbIX COJNIHEYHbIX GaTapeun

H. A. EmenbsaHos’, L. Llao?, C. Cion?, C. M. AngowwH’, MN.A. Tpowunn31
' denepanbHbIi UCCreaoBaTenbCKUM LIEHTP NPO6BIemM XMMUYeckon Usnkn U MeauLUHCKON
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Kutan
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Camocobupatowmecs moHocnon (SAM) WMPOKO UCMONb3YHTCA ANs CO34aHus Obl-
POYHO-TPAHCMNOPTHBIX CFI0EB NEPOBCKUTHBIX COMHEYHbIX 6aTapen. VX npyuMeHeHne no3sonset
AO0CTUraTb XOPOLLEro CorfiacoBaHUs 3HEPreTUYEeCcKUX YpoBHEN C NEPOBCKUTHLIM abcopbepom,
CHWXEHUS KOHLIEeHTpauumM noByLLEK HOCUTENEN 3apsiaa Ha nHTepdencax, a Takke Mogynupo-
BaTb AMHaMUKy KpucTtannusauuum neposckuta [1]. 4-(3,6-aumetnn-9H-kapbason-9-mun)oy-
Tnn]docdoHoBas kucnota (Me-4PACz) asnsaetcs Hambonee WMPOKO ncnonbdyemon. Ho eé
Kapba3orbHbIN (hparMeHT NPOoSBNSET OrpaHNYEHHY 3(PPEKTUBHOCTL: crnadas cnocobHOCTb
docaTHbIX rpynn k 3akpenneHnto Ha noBepxHocTn NiOx cnocobcTByeT obpasoBaHuio gnme-
POB N ONIMrOMEPOB, YTO NPUBOAUT K UX arnoMmepauuu [2]. CkaHupytowasa 6nmkHenonsHaa VK-
MMKPOCKONUA AEMOHCTPUPYET, 4TO coocaxaeHmne Me-4PACz ¢ SAM Ha oCcHOBE TMOJSOB, B TOM
yncrie 2-mepkantoataHorniom (ME), 3-mepkantonponvoHoson kucnoton (MPA) u (3-mepkanTo-
nponun) TpumeTokcucunaHom (MPTMS) npuBogut k obpasoBaHuio rmbpuaHbIX MOHOCIOEB,
opMMpPYIOLLMX NNIOTHOE N 0OgHOPOAHOE NOKpbiTUE Ha noBepxHocTn NiOx. OcTpoBkoBas Mop-
donormna rnbpungHbix SAM gencteyeT kak WwabnoH ans gopMmmpoBaHna 06 bEMHOro retepone-
pexona B NepoBCKUTHOM abcopbepe, CoCTosWwero n3 B3aMMOnpoHUKaLWwmx JomMeHoB, bora-
Tbix MA 1 FA katnoHamu. Takasi CTpykTypa cnocobcTByeT appekTMBHOM reHepaumm 3apsaa,
OLHOBPEMEHHO nofaBnsas GUMONEKYNAPHYIO pekoMOnHaumio, TEM CaMbiM MNOBbIWAA CTOW-
KOCTb NEePOBCKUTHOro abcopbepa k aerpagaumm, Bbi3aBaHHOM 3NIEKTPUYECKMM nonem [3].

PaboTta nogaepxaHa Poccurcknm Hay4vHbiM poHaoMm, npoekT No. 19-73-30020P.

1. X. Luo et al. Recent Advances of Inverted Perovskite Solar Cells. ACS Energy Lett. 2024,
9, 4, 1487-1506.

2. Q. Tan et al. Stabilized hole-selective layer for high-performance inverted p-i-n perovskite
solar cells. Nature 2023, 620, 545.

3. S. Cao et al. Hybrid Self-Assembled Molecular Interlayers for Efficient and Stable Inverted
Perovskite Solar Cells. Adv. Energy Mater. 2025, 2405367.
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Thin reduced graphene oxide based films for nanoelectronics and sen-
sors

S.l. Babenko', A.S. Bryleva', K.V. Kanaev', O.A. Kudryavtsev', R.R. Nigmatullina', K.A.
Rayanova’, A.D. Sudakova' and I.A. Komarov'2
' Moscow Polytechnic University, B. Semenovskaya st., 38, Moscow, 107023, Russia
2 Federal Research Center of Problems of Chemical Physics and Medical Chemistry of the
Russian Academy of Sciences, Semenov Prospect 1, Chernogolovka, 141432, Russia

E-mail: master_kom@mail.ru

Flexible and organic electronics are becoming an increasingly popular field of science and
technology due to the wide possibilities for integration into new wearable electronic devices,
wide possibilities for creating new sensors, as well as radiation-resistant devices for space
exploration. One of the promising classes of materials used in flexible and organic electronics
are graphene derivatives, in particular graphene oxide (GO) and reduced graphene oxide
(RGO).

To create electronic devices based on graphene derivatives, a method is required that allows
controlling the electrical properties of the formed films by changing the number of functional
groups on their surface, which in turn leads to a change in the band gap in these materials.
There are various methods for reducing GO, but the most promising for local modification is
the use of lasers.

In this study, a laser with a wavelength of 405 nm was used. The GO film on the surface of
PET substrates was formed by spin coating (100 uL, 1000 rpm). It should be noted that at low
fluence values of about 24 mJ/cm?, the presence of a peak at ~1730 cm-1 is observed in the
Fourier-IR spectra, which indicates the presence of carboxyl and carbonyl functional, which is
important for sensorics tasks, since it allows binding various small organic and biomolecules
to rGO. At the same time, a diffuse 2D peak containing various overtones is observed in the
Raman spectrum, which indicates a low structuring of the film. Raman spectra for GO films
reduced at 48 mJ/cm? fluence indicates an increase in the intensity of the 2D peak (~ 2700 cm-
1), as well as a decrease in the resistance of the film. At a fluence of more than 60 mJ/cm?,
significant deformation of the GO film is observed, which indicates overheating of the film.
We used two abovementioned fluence parameters for formation of a sensitive area (24
mJ/cm?) and contacts (48 mJ/cm?) of a biosensor with further immoblisation of amine-modified
thrombin aptamer Am-TBA with the nucleotide sequence 5'-GGTTGGTGTGGTTGG-3' which
showed selective response on thrombin protein with detectable concentrations in range from
0,1 uM to 5 yM and fast response time in range from 35 to ~80 seconds.

18



Dopant-free polymeric hole-transport materials for perovskite solar cells:
simple is best!

Ekaterina A. Komissarova,' Victoria V. Ozerova,! Azat F. Akbulatov,! Nikita A. Emeli-
anov,' Lyubov A. Frolova', Pavel A. Troshin?1

'Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Acad. Semenov str. 1, Chernogolovka 142432, Russian Federation
2Zhengzhou Research Institute of HIT, Jinshui District, Zhengzhou, 450003, China

E-mail: ekaterina.komva@inbox.ru

A series of (BDD-X)n conjugated polymers comprised of 5,7-bis(2-ethylhexyl)benzo[1,2-
c:4,5-c'ldithiophene-4,8-dione (BDD) and X =B (P1), X=TBT (P2) and X = TBTBT (P3), where
T = thiophene, B = benzo[c][1,2,5]thiadiazole, have been synthesized and applied as dopant-
free hole-transport layer materials in perovskite solar cells (PSCs). We explored the effect of
the molecular structure of the block X on the optical and electronic properties of the polymers,
nanoscale morphology of their films, and the impact of all these parameters on the performance
of the polymers in PSCs. As a result, using the polymer P1 with the simplest molecular archi-
tecture provided the power conversion efficiency (PCE) of 20.1% in solar cells thus outper-
forming the devices assembled with more sophisticated polymers P2-P3 or the reference
poly(triarylamine)-based hole-transport materials. The enhanced device performance is at-
tributed to a better HOMO alignment of P1 with respect to the perovskite valence band, low
concentration of defects and suppressed carrier recombination at P1/perovskite interface and,
most importantly, highly uniform film structure as revealed by atomic force microscopy and
infrared scattering near-field optical microscopy (IR s-SNOM) techniques. The supramolecular
interactions of the building blocks of polymers P1-P3 with the perovskite films resulting in the
passivation of surface defects were further studied by density functional theory calculations.

This work was supported by the Russian Science Foundation (projects No. 23-73-01196).
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CuHTEe3 NONNKapOOoKCUIbHbLIX NPOU3BOAHLIX pynnepeHa — NnepcneKkTuB-
HbIX MaTepuanioB CaMOOPraHU3YOLWMXCS MOHOCIOEB h-TUNa Ans nepoB-
CKUTHbIX COJTHeYHbIX 6aTapemn

E.A. Kyna6una'2, B.C. BonblakoBa', A.C. Neperynos3, O.A.Kpaesas', N.A.TpowuH 41
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MponssogHble bynnepeHoB akTUBHO NPUMEHSAIOTCA B NEPOBCKUTHBLIX CONMHEYHbIX 6aTa-
pesx Kak 3MeKTPOH-TPaHCMopTHble Matepuansl, 6narogapa CBOEN BbICOKOM MOABMXHOCTU
3SIEKTPOHOB N XOPOLLEMY COrfiacoBaHMIO AHEPreTUYECKNX YPOBHEN C BariEHTHOM 30HOM U 30-
HOW MPOBOAMMOCTWN MEPOBCKUTHBLIX MaTepuanos. NonmkapbokcusbHble NPoM3BOAHbIE ABNSA-
IOTCA NEePCNEKTUBHBLIM KITaCCoOM COeUHEeHUN Ansi POpPMUPOBAHUSA CaMOOPraHU3YOLMXCA MO-
HocnoeB (SAMs) n-Tnna. Hanuyune Heckonbknx KapboKcubHbIX rpynn obecneymBaeT NpovHoe
3aKkpensieHne MOreKyn Ha MOBEPXHOCTU oKcupa MeTanna, cnocobctBysi (hOPMUPOBAHUIO
NMOTHOrO MOHOCHOSA, YTO NO3BONSAET APIPEKTUBHO NACCMBMPOBATL NOBEPXHOCTHbIE AeeEKTHI,
yMeHbLlas pekoMbuHaumio 3apsaoB.

CwuHTe3 nonukapbokcurbHblx nponsBogHbix Ceo M Cr7o ocyllecTBnseTcs nocpencTsomM
dyHKUMOHanNu3auum ynnepeHoBoro kapkaca nytemMm npncoeguHeHns aToMoB xsiopa ¢ nocrie-
AYLWNM 3aMeLleHneM NX Ha MeTUIoBble 3upbl TMOPOKOPUYHON KMCAOTbI U TMOPOSN30oMm
apmpHbIX rpynn [1]. CuHTE3 amuaHbIX NPOM3BOAHBLIX NpeanonaraeT NosyYeHne TpMMeTUncun-
nnoBoro achmpa aMMHOKUCIIOTHI U ero nocneaytowee aobasneHue K xnopaHrugpuay dynne-
PEHOBOW KMCNOTbI, 0bpasytowlerocs in situ [2]. Hamn 6bino CMHTE3MPOBAHO LWECTb HOBLIX MO-
nukapbokcunbHbIX NpomnsBoaHblix dynnepeHa Ceo M Cro (cxema 1), UX cOCTaB U CTpOeHue
ObIn noaTBEPXKAEHBI C Ucnonb3oBaHnemM cnektpockonun AMP 1 MAJIOW macc-cnekTpomet-
pun. lNnaHupyeTcs uccnegoBaHue MNOMyYeHHbIX MatepuanoB B KayecTBe CaMOOpraHu3yto-
LLIUXCS MOHOCIOEB N-TUMa B NEPOBCKUTHBIX COMHEYHbIX GaTapesx.

O N p COOH

cooct; ¢

CH,00K

FeCl,

Cxema 1. CuHTe3 nonmnkapbokcunnbHbIX NpondsodHbix dynnepeHa Ceo 1 Cro
Paboma noddepxxaHa npoekmom MuHucmepcmea HayKu u 8bicuie2o obpasosaHusi Poc-
cutickou ®edepayuu Ne FFSG-2024-0008 (124013000743-3)
NuTepartypa:

1. Khakina E. A., Troshin P. A. Halogenated fullerenes as precursors for the synthesis of
functional derivatives of Ceo and C7o // Russ. Chem. Rev. 2017. Vol. 86 (9). pp. 805—
830.

2. Bolshakova S.V. et al. Facile synthesis of amino acid decorated water-soluble fuller-
ene derivatives with anti-influenza activity // Chin. J. Chem. 2023. Vol. 41. pp. 1803—
1808
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Figure 1. Molecular structures of the studied model polymers P1-P9

We have designed and presented here a possible research methodology for the systematic
screening and assessment of the radiation hardness of organic semiconductors. We propose
to use three indices, each based on one type of spectral data (Fig. 1b). First, we have com-
pared the absorption of the semiconductor film before and after irradiation, which gives us the
parameter F1 (Eq. 1, Fig. 1b): the lower its value, the less stable is the material. Similarly, the
parameter F2 (Eq. 2, Fig. 1b) is based on the comparison of the radiation intensity of the poly-
mer thin films before and after irradiation, so higher F2 values indicate a reduced susceptibility
to radiation-induced defects and, therefore, a higher stability of the material. The parameter F3
(Eq. 3, Fig. 4) reflects the accumulation of radicals in the material after radiation irradiation.
Parameter F2 does not correlate well with two other parameters. Most probably, this is due to
very deep quenching of the photoluminescence of polymer films after receiving a huge dose of
radiation (16 MGy): emission is almost absent for all the samples except P5 and P4. Therefore,
it may be recommended for future studies to determine F2 value for samples that received a
smaller dose of gamma rays, e.g., 1-5 MGy instead of 16 MGy. Parameters F1 and F3 show
quite a decent correlation with each other if we exclude from consideration the extremely high
value suspiciously obtained for P6. The correlation could be fitted with a linear equation with
the Pearson’s correlation coefficient r = 0.86 (Fig. 4). This finding suggests that both F1 and
F3 provide rather adequate benchmarking of the radiation hardness of the polymers P1-P9.
Very exciting was the observation that polymers P1-P9, being good representatives of organic
semiconductors, have demonstrated higher radiation hardness than the vast majority of the
commodity-type non-conjugated polymers, such as polypropylene, PET, PVDF, etc. This find-
ing points to the bright future of organic semiconductors in the design of a new generation of
electronics with supreme radiation hardness for application in harsh aerospace or terrestrial
environments.

This work was funded by the Russian Science Foundation (grant No. 25-13-00235)
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Perovskite solar cells (PSCs) have attracted significant attention from the scientific com-
munity due to their remarkable progress in power conversion efficiency (PCE). Since their initial
report in 2009 with a PCE of 3.8%, their performance has rapidly advanced, surpassing 26%
by 2025. PSCs now outperform various established photovoltaic technologies, including or-
ganic, thin-film chalcogenide, amorphous silicon, and multicrystalline silicon solar cells, and
are approaching the efficiency levels of crystalline silicon-based photovoltaics. [1,2]. Perov-
skite-type semiconductors exhibit a unique combination of solution processability with excep-
tional defect tolerance, coupled with highly tunable bandgaps, large extinction coefficients, and
long charge carrier diffusion lengths.[1-3]. The high efficiency and potential for low-cost pro-
duction of PSCs highlight their significant commercial promise as an emerging photovoltaic
technology. However, their widespread adoption is currently hindered by stability-related chal-
lenges. Addressing these limitations through the development of novel advanced materials and
optimized fabrication techniques represents a key pathway toward their successful commer-
cializations.

In this presentation, we report on the results of a long-term collaborative effort between
FOMaterials Ltd. and the FRC PCP RAS. Our joint work has been focused on the development
of a comprehensive set of key functional materials for PSCs. Starting ten years ago with the
synthesis of high-purity, photovoltaic-grade precursor materials such as Pbl,, MAI, and FAI,
the collaboration has since progressed to the design and optimization of advanced charge-
transport materials. Notably, we have developed novel polymer-based hole-transport materials
and fullerene-based electron-transport materials, which have enabled significant improve-
ments in both device performance and operational stability. State-of-the-art PSCs fabricated
using these materials demonstrate power conversion efficiencies more than 24% under stand-
ard test conditions, marking a substantial step toward their practical implementation [4-13].
While being the exclusive supplier of FRC PCP MC RAS within a half of the decade, FOMateri-
als also emerged as the leading producer of organic and perovskite PV materials within Russia.
At the current stage, we are looking for an extension of our network of collaborations and sup-
porting global research activities focused on the development and commercialization of organic
and perovskite PV technologies.

[1] A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J. Am. Chem. Soc., 2009, 131, 6050 —
6051

[2] https://www.nrel.gov/pv

[3] B. Cai, Y. Xing, Z. Yang, W.-H. Zhang and J. Qiu, Energy Environ. Sci., 2013, 6, 1480 —
1485

[4] E. H. Jung, N. J. Jeon, E. Y. Park, C. S. Moon, T. J. Shin, T.-Y. Yang, J. H. Noh and J.
Seo, Nature, 2019, 567, 511 —515

[5] J. Tong, Z. Song, D. H. Kim, X. Chen, C. Chen, A. F. Palmstrom, P. F. Ndione, M. O.
Reese, S. P. Dunfield, O. G. Reid, J. Liu, F. Zhang, S. P. Harvey, Z. Li, S. T. Christensen, G.
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Complex lead halides incorporating simultaneously a few univalent cations such as ce-
sium (Cs*), methylammonoium (MA*) and formamidinium (FA™) represent highly promising ma-
terials for perovskite solar cells delivering record-high power conversion efficiencies. Unfortu-
nately, these materials demonstrate insufficient stability, which limits their practical implemen-
tation; therefore, improving the photochemical and thermal stability of multication lead halide
perovskites is an urgent task, which needs to be addressed to achieve sufficiently long opera-
tional lifetimes of perovskite solar cells which are required for their massive real-life applica-
tions.

Herein, we present a comparative study of two azaadamantane-based molecular mod-
ifiers as stabilizing additives for Cso.10MAo.15FAo.75Pbls and Cso.12FAo.8sPbls perovskite formu-
lations. An iodide of N-methylated 1,3,5,7-tetraazaadamantane known as urotropine (MAdI)
showed a modest stabilizing effect reflected in a decreased amount of Pbl2 formed as the
decomposition product from Cso.10MAo.15sFA0.75Pbls and suppressed light-induced crystalliza-
tion of Cso.12FAo0ssPbls. On the contrary, 4,6,10-trihydroxy-3,5,7-trimethyl-1,4,6,10-
tetraazaadamantane hydrochloride (NAdCI) strongly enhanced the stability of both lead halide
perovskites and prevented the formation of metallic lead Pb° as a photolysis product. Different
stabilizing effects caused by MAdI and NAdCI were related to their different localization within
the perovskite films as evidenced by nanoscale infrared (IR) s-SNOM microscopy.

This work was supported by Russian Science Foundation Russian Science Foundation
(Project No. 25-43-00162) at FRC PCP MC RAS.
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Organic semiconductor materials are being developed and researched very actively,
which opens up opportunities for the development of many modern fields of science and tech-
nology. Before the synthesis of new substances, it is extremely important to competently con-
sider their structure, as it will depend not only on the conductive and electrochemical properties
of future compounds, but also on their phase behavior, solubility, the ability to certain types of
packing in the crystal, which affects the electrical characteristics and the possibility of creating
devices based on them[1]. The structures represented by the combination of electron-donor
(D) and electron-acceptor (A) parts (D-A) are very interesting, since the variation of different
strength and nature of D and A units makes it possible to control in a wide range of molecular
energy levels, achieving the desired properties in the resulting compounds[2]. Organic mole-
cules consisting of condensed heteroaromatic links are of particular interest. The rigid structure
of such compounds provides TT-conjugation with good conductivity, high oxidation stability and
dense molecular packing[3].

A number of semiconducting oligomers of D-A structure have been obtained, which have
donor heteroaromatic units in their basis: the well-known benzothieno[3,2-b]benzothiophene
[4] and indole[3,2-b]indole; acceptor functional groups (keto- and dicyanovinyl); benzene con-
jugated 1r-spacers as a connection between the D and A parts of the molecules.

Synthesis schemes of new oligomers and results of studies of electrochemical, optical
and thermal properties, phase behavior of substances will be presented. Based on the obtained
data, the interrelationships between the structure and properties of the obtained series of oli-
gomers will be revealed and presented, namely, how the replacement of individual parts of the
molecule affects the final properties. Prospects of application of the obtained materials in ap-
plications of organic and hybrid electronics will be evaluated.

The work was carried out with financial support from the Ministry of Science and Higher
Education of the Russian Federation (contract No. 075-15-2024-532-2 within the framework of
grant No. 075-15-2024-532).

[1] Bronstein H., Nielsen C.B., Schroeder B.C. Nature Reviews Chemistry. 2020, 4, 66-77.
[2] Toshiki H., Takehiko M. Phys. Chem. Chem. Phys. 2022, 24, 9770-9806.

[3] Zhang W., Liu Y., Yu G. Advanced Materials. 2014, 26, 6898-6904.

[4] Fedorenko R.S., Poletavkina L.A., Trukhanov V.A., Kuklin K.N., Balakirev D.O., Dyadish-
chev L.V., Saratovsky N.S., Bakirov A.V., Ponomarenko S.A., Luponosov Yu.N., Paraschuk
D.Yu. and. Sosorev A. Phys. Chem. Chem. Phys. 2025, 27, 12119-12128.
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Three-component composites [poly(3-hexylthiophene) (P3HT) - Ceo — mono/dimeric
zinc phthalocyanine complex] were used to assemble photovoltaic cells. The photovoltaic prop-
erties were investigated on model solar cells where we are using the already known bulk het-
ero-junction concept as an active layer which consists of a mixture of monomer | or dimer I,
(fig.1) fullerene (Ces0) and the well-known polymer P3HT. [1, 2]

tBu J-type dimer
(1) (I1)
Fig. 1. Monomer | and dimeric phthalocyanine zinc complex of 2-hydroxy-
9(10),16(17),23(24)-tri-tert-butylphthalocyanine

Previously, sensitization of the internal photoelectric effect was detected during irradia-
tion of PCM (MEH-PPV/Ceo-MPc) in the near IR region, which is explained by photogeneration
of charge carriers from phthalocyanine molecules. It was shown that in bulk-heterojunction
photovoltaic converters (PVC) based on PCM (MEH-PPV/Cso-PcBuZn), the photoconductivity
current density increases by an order of magnitude compared to PVC based on PCM (MEH-
PPV/C60).[3] In order to increase the conversion efficiency of solar cells by increasing absorp-
tion in the near IR region, PCMs containing ZnPc(t-Bt)4 or the dimer ZnPc(t-Bt)3(OH) with an
absorption maximum in the spectral region greater than 700 nm were studied.

The photovoltaic properties of three-component composites of P3HT, Ceo, and phthalo-
cyanine complexes | or Il were studied. The experimental data obtained in this work show that
monomer | and the dimer Il zinc phthalocyanine complex are of interest for further investiga-
tions since they are promising compounds for use as materials in photovoltaic devices.

This work was partially supported by the Ministry of Science and Higher Education of
the Russian Federation (State task, state registration no. 124013100858-3).
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Energy Chem., 42, (2008), 45

[2] S.L. Nikitenko, N.G. Spitsina, M.G. Kaplunov, L.G. Tomilova. Fullerene, Nanotubes, and
Carbon Nanostructures, 2010, 56.

[3] N.A. Davidenko, S.V. Dekhtyarenko, A.S. Lobach, E.V. Mokrinskaya, N.G. Spitsyna, S.L.
Studzinsky, L.S. Tonkopiyeva, N.G. Chuprina, Theor. & Experim.Chem. 2010, 46, 89.
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Perovskite solar cells (PSCs) are a rapidly evolving technology, with their efficiency soaring
from 3.8% in 2009 to over 25% by 2025, allowing them to compete with and even outperform
traditional silicon solar cells in laboratory conditions [1]. These characteristics, combined with
low-cost materials and ergonomic manufacturing methods, have made PSCs a promising pho-
tovoltaic technology. A major problem standing in the way of commercialization and scaling of
PSCs is their low stability, as well as degradation during operation of the device. The solution
to this problem is the use of auxiliary layers in the PSC architecture, the so-called interface
layers based on organic semiconductor materials. The feature that allows such materials to
effectively "treat" defects in the perovskite structure is the presence of special functional groups
(anchor groups) capable of specific interactions with the perovskite material and other charge-
transport layers, as well as of self-assembly. However, the variety of possible surface and
volume defects in perovskite, leads to the problem of finding optimal structure of the self-as-
sembled materials. An important part of these materials is the terminal group, which is oriented
toward the perovskite layer and responsible for specific interactions with the active layer. In
addition, the terminal group affects the surface properties of the film formed by the material;
the combination of all properties, including optical, electrochemical, etc., has a significant im-
pact on the efficiency and stability of PSCs and perovskite solar modules (PSMs), as we have
shown previously [2,3]. Nevertheless, the selection of structural blocks for this group, as well
as the search for optimal substituents in it, is currently an unexplored area of scientific
knowledge.

In this work, a comprehensive study is conducted to identify a number of patterns of influ-
ence of substituents at the terminal group on the properties of compounds. For this purpose,
an effective scheme of the synthetic route of a series of compounds differing in the substituent
at the terminal group was developed, a set of their physicochemical properties (such as optical
and electrochemical properties, thermal stability and phase behavior) was studied. The surface
properties of films formed by the materials were investigated, and the influence of substituents
and their donor-acceptor nature on the complex of properties of the obtained compounds was
revealed. The possibility of using these materials in PSCs was assessed — for all materials,
efficiency indicators of more than 20% and good stability were achieved.

This work was supported by the Russian Science Foundation (grant No. 22-19-00812-I1).
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// Joule. 2021. Vol. 5, Ne 5. P. 1033-1035.
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In recent years, significant progress has been made in improving the power conversion effi-
ciency (PCE) of organic solar cells (OSCs) that is coming close to 20% now. [1] OSCs on
flexible plastic substrates have attracted particular attention due to their multiple advantages,
such as compatibility with the high-throughput roll-to-roll production process, lightweight de-
sign, mechanical flexibility, and the potential for large-scale production. [2] High specific power
of up to 40 W g' reached for organic solar cells in combination with unique mechanical char-
acteristics makes promising their application in space missions. Therefore, one of the main
issues defining the suitability of OSCs for space applications is their stability under the influ-
ence of cosmic radiation.

This paper presents the results of our systematic study on the resistance of OSCs to several
types of ionizing radiation. The obtained results confirm that organic solar cells can tolerate
quite significant doses of radiation. In particular, they withstand 20 kGy dose of y-rays without
any significant change in the efficiency. The exposure to high-energy electrons (8.5-10 MeV)
with a fluence of 10'* e/cm? causes the decrease in the device PCE by ca. 30% from the initial
value. Comparable aging effects were observed after device exposure to accelerated protons
(18 MeV) with a fluence of 10" p/cm?. Oit should be emphasized that the corresponding doses
of radiation are accumulated in the low earth orbit (LEO, International Space Station orbit)
within several decades. Furthermore, we have revealed a clear "self-healing" effect of OSCs
after radiation exposure, which should substantially increase their lifetime in space. Thus, the
obtained results confirm exceptionally high potential of organic solar cells as an emerging PV
technology for space applications.

This work was supported by the Ministry of Science and Higher Education of Russian Feder-
ation (project Ne 075-15-2024-532)
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Currently a wide range of organic hole-transport materials based on triphenylamine
(TPA) derivatives, which are important components of organic electronics and photonics de-
vices, have been developed. Among them special attention is paid to polymers [1, 2], since
compared with low molecular weight compounds TPA-based polymers have better thermal
stability, good film-forming properties, and improved adhesion to the substrate.

The optoelectronic properties of conjugated polymers can be effectively controlled by
intramolecular charge transfer via donor—acceptor (D-A) interactions [3, 4]. The introduction of
electron-withdrawing groups makes it possible to change the light absorption region, vary the
energy of the HOMO and LUMO levels, and reduce the band gap of hole-transport materials.

The currently known examples of D-A polymers based on triphenylamine, as a rule, are
obtained by cross-coupling reactions using expensive catalysts [4]. The simplest method for
synthesizing such polymers is oxidative polymerization with FeCls [3].

In this work, D-A polymers based on TPA were obtained by oxidative polymerization
with FeCls (Fig. 1). The properties of the obtained compounds were studied. The data obtained
in the study of polymers as hole-transport layers of perovskite solar cells are presented.
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Figure 1 - Structural formulas of D-A homopolymers
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Gel-polymer electrolytes (GPEs) are promising functional materials combining the ad-
vantages of solid and liquid electrolyte systems, including high ionic conductivity, mechanical
stability, and enhanced operational safety. Due to their unique combination of physicochemical
properties, GPEs possess significant potential for application in a wide range of electrochemi-
cal devices, such as lithium-ion batteries, supercapacitors, electroanalytical sensors, electro-
chromic systems, and physiological parameter monitoring devices. A critical factor in the de-
sign of such devices is ensuring uniform deposition of functional layers, which is essential for
stable and accurate performance of GPE electrolyte layers.

Liquid-phase deposition is the dominant methodological approach for forming thin-film pol-
ymeric structures, including methods such as inkjet printing, slot-die coating, spray coating,
and other specialized deposition methods. A significant limiting factor in achieving uniform lay-
ers through liquid-phase deposition is the coffee ring effect (CRE), which occurs during solvent
evaporation. This phenomenon involves the migration of dissolved or dispersed particles in an
evaporating liquid to the droplet periphery, forming characteristic ring-shaped deposits, leading
to non-uniform material distribution and, consequently, spatial anisotropy in ionic conductivity
within the GPE layer. The drying of applied inks, which forms a dry deposit, is a critical stage
influencing the morphology of printed structures. The final profile of the resulting deposits is
determined by the properties of the inks and the drying conditions. Understanding and control-
ling this process are crucial for ensuring the specified functional properties of structures ob-
tained via liquid-phase deposition. This study investigates the deposition mechanisms of lignin-
based gel polymer electrolyte (GPE) solution using dimethyl sulfoxide (DMSQO) as the main
solvent and glycerol (10 vol. %) as a co-solvent to suppress the coffee ring effect (CRE).

The results of studying the dynamics of sessile droplet evaporation at different temperatures
revealed key patterns of deposit formation. It was shown that the addition of 10 vol. % glycerol
as a co-solvent is an effective strategy for suppressing the coffee ring effect. This approach
regulates viscosity and creates a surface tension gradient, leading to a significant suppression
of the CRE. So, the coffee ring index (CRI) increased from 0.27 (pure DMSO) to 0.51 (DMSO-
glycerol) at 90 °C, with optimal homogeneity already achieved at 70 °C. Modeling of internal
Marangoni flows and radial capillary flows revealed their mutual influence on the formation of
final deposit profiles. It was found that the balance of these flows plays a decisive role in en-
suring uniform distribution of the material during solvent evaporation. Mathematical description
of the radial distribution of the polymer concentration on the droplet surface taking into account
the evaporation flow profile allowed a deeper understanding of the physical processes under-
lying the formation of inhomogeneities. The obtained results are of great practical importance
for the development and optimization of production technologies for various electrochemical
devices.

This work was supported by the Russian Scientific Fund of the (RSF project No. 25-23-
20167).
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Huskasa akcnnyaTtaumoHHas ctabunbHOCTb TMOPUAHBLIX NEPOBCKUTHBIX COMHEYHbIX are-
MEHTOB B HACTOsILLiEE BPEMS ABNAETCA OCHOBHbLIM NPENSATCTBMEM 4115 UX NPAKTUYECKOro BHe-
peHns. 3aMmeHa opraHn4ecknx oparMeHToB HEOPraHNYEeCKUMU KaTMoOHaMu NpeacTaBnsaeT co-
6on MHoroobeLlLarLWwmMn Nogxoa K co3gaHunto bonee ctabunbHbIX NOrMoLWaKLWmMx MaTepmanos.
HeopraHuyeckne nepoBCKnTbI Ha ocHoBe ranoreHngos cenHua CsPblsxBrx (x=0-3) npogemon-
CTPMpOBanuM Yny4yleHHYI0 TEPMUYECKYID M (POTOXMMMYECKYHD CTabunbHOCTb. Cpegn Hux
CsPbl2Br cuntaetca Hanbornee nepcnekTUBHbIM (POTOAKTMBHBIM MaTtepuanom u3-3a onTu-
ManbHOM KOMBMHaUMM ha3oBon CTabUTbHOCTU U LUMPUHBI 3anpeLLEHHON 30HbI.

Mol npeanoXxunu rpynny nepcrnekTMBHbIX MogmudunkaTopoB, 3OMEKTUBHO NOAABIISOLLNX
asoBble npespalleHns B nneHkax CsPbl2Br B TeueHne 6onee 4em 10 000 4 npu HenpepbIB-
HOM OBGry4yeHMn CBETOM, a TaKkKe Npu BO3AENCTBUM raMMa-nsnydeHnss (M30TOMHbIN UCTOYHUK
60Co).

CpaBHUTENbHBIN aHann3 cTabnnuanpyowmnx adPEKTOB CTPYKTYPHO BNnN3KNx mogmdm-
KaTOpOB BbISABMIT NPEMMYLLECTBO A400aBOK C ABYMSI KATUOHHBIMU LIEHTPaAMK, YTO MOXET ObITb
00bsICHEHO Gonee BbICOKOW CTPYKTYPHOW CTabUIIbHOCTBLIO MEPOBCKUTHBLIX MaTepuanoB CO
CTPYKTYPHbIM TUNom [noHa-AkobcoHa, 3a cHeT 6onee KOPOTKMX MEXKCNOEBLIX PAaCCTOSIHUI MO
CpaBHEHUIO C UX aHanoramu, obpasyrowmumm cTpykTypbl PaganecaeHa-lNonnepa.

OGHapyXeHo, YTO Hanuune B MoamdurkaTope AAMHHBLIX ankubHbIX 3amMecTuTenemn cno-
cobecTByeT 6onee GbicTpon gerpagauum npyv obnyyeHuUr ramma-uanyvyeHmem, BEpOSTHO 3a
cyeT 06pa3oBaHUA 4ONONHUTENbHbBIX paankanoB. ConHeYHble aniemMeHTbl ¢ Hanbonee addek-
TUBHbIMW CTABUNU3NPYIOLLMMKM areHTaMn No3Bonunn coxpaHntb 6onee 90% nepBoHavanb-
Horo KI[ nocne o6ny4yeHnsa ramma-nydamm ¢ cymmapHoun goson 1300 klp, a Takke ynyyLleH-
HOW 3KCNIyaTaumMoHHOM CTabunbHOCTBIO NPU 06Ty4YEHNUN CONHEYHbIM CBETOM.

PaboTa BbinonHeHa npu noaaepxke Poccuickoro HayyHoro gpoHaa (npoekt 22-13-00463-11).
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All-inorganic perovskite materials, such as CsPbXs (X = |, Br), have garnered significant atten-
tion due to their chemical robustness and optoelectronic properties, enabling high power con-
version efficiencies (PCE) in solar cells. Among these, CsPbl2Br, achieved through partial sub-
stitution of iodide with bromide ion, offers an optimal balance between bandgap (1.92 eV) and
stability, making it suitable for optoelectronic applications, including tandem solar cells. How-
ever, CsPbl2Br is prone to light-induced halide segregation, leading to the formation of bro-
mide-rich and iodide-rich domains. This issue can be mitigated by incorporating organic pas-
sivation molecules, such as crown ethers, ammonium salts, and amino acids. While these
strategies have achieved PCEs of over 17%, they compromise the thermal and chemical sta-
bility of all-inorganic perovskites, limiting their operational stability in tandem configurations
with silicon or CIGS technologies. Alternative approaches, such as B-site modification (partial
substitution of Pb?*), have also demonstrated effectiveness.

Despite significant progress, a comprehensive understanding of the relationship between sub-
stituent cation types and their impact on device efficiency and stability remains lacking. This
study systematically investigates the partial substitution of Pb?* in CsPbl2Br with a wide range
of metal cations, focusing on their effects on photostability, radiation robustness, and re-
sistance to halide phase segregation.

A series of CsPbo.osMo.1/mBr systems, involving 30 different substituent cations M"™*, was
examined. The results demonstrate that light-induced phase segregation can be effectively
suppressed through appropriate compositional engineering. Additionally, the incorporation of
certain cations significantly enhances radiation stability, a critical factor for applications in harsh
environments, such as space or high-energy radiation settings. This study provides valuable
insights into optimizing the performance and durability of all-inorganic perovskites for advanced
optoelectronic applications.

This work was supported by the Russian Science Foundation (project No. 22-13-00463-P in
the part related to radiation stability) and by the Ministry of Science and Higher Education of
the Russian Federation (No. 075-15-2022-1217 (13.2251.21.0163) in the part related to pho-
tostability).
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