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Abstract. Among all double perovskites, Cs, AgBiBr, has proven to be the most
promising and commercially viable. The methods of obtaining of double halide
perovskite, such slow crystallization method, solution deposition method, spin-coating
method were considered. Results of band gap calculation are presented in the work. The
range of it according to different studies includes from 1.6 eV to 2.25 eV depending
on calculation method. Valuable review was done in the direction of efficiency, which
is dependent on the architecture of solar cell and layers combination. Different solar
cells based on Cs,AgBiBr, were analysed. Optoelectronic properties — absorption,
luminescence, photocurrent, luminescence kinetics were considered from different
papers. Absorption coefficient of Cs,AgBiBr, is 10°, an absorption spectrum (350-610
nm), charge carrier mobility (1 cm*V''s™), and charge carrier lifetime of 1.4 ms, which
is an order of magnitude longer than that in lead-based perovskites. Additionally, they
exhibit notable luminescent properties, with a luminescence spectrum in the range of
400-600 nm and decay times up to 600 ns. The performance of solar cells is influenced
also by the values of photocurrent and voltage exhibited by the sample. The voltage
considered in different works varied from 1.03 V to 1.07 V, and the photocurrent ranged
from 0.78 to 1.78 mA-cm™.

Keywords: Cs,AgBiBr,, solar cells, efficiency, band gap, absorption, photocurrent,
luminescence, luminescence kinetics
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AnHoTaumus. bapiaplKk KOC TIEPOBCKUTTEPIIH IMIIHAE TIEPCIEKTUBTI JKOHE
KOMMEPUMAIIBIK ~ TYPFBIIAH THIMAI  Marepuaniapabie  Oipi 6onbm  Cs,AgBiBr,
Ta0bUTabl. COHFBI KBULIAPBI OYJI MaTepuaj SKOJOTHSUIBIK Kayilci3miriMeH, yKOFaphl
TYPaKTBUIBIFEIMEH JKOHE KOJIAHJIBI OMTOAICKTPOHIBIK KACUETTEPIMEH 3epTTEYIIIep
HazapblH epekie ayaapyna. JKyMbicTa KOC TallOMITI TEPOBCKUTTI ally JicTepi,
MbICaNbl, Oasy KpHUCTaJJaHy oici, epiTIHMIHI TYHABIPY OJici >KoHE aWHAIABIPY
(spin-coating) omici KapacTBIPBUIAABI. OpOIp TOCLT KPHUCTAIAAPILIH CalachlHa, JKYKa
KalarTapablH OIpTEKTUIITIHE JKOHE MaiiblH KYH DIIEMEHTTEpiHIH cumnarramaapblHa
e3iHIiK ocep Oepeni. Makamana Kollak apajibIFbIH €CENTey HOTIIKENepl YChIHBIIFaH.
OpTypai 3epTTeyiep OOMbIHINA OHBIH JUANIA30HbI eCerTey dJliciHe OaiianbicThl 1.6 3B-
TeH 2.25 3B-ka jeiiiHri apaibIKThl KaMTH bl COHIali-aK KYH 3JIEMEHTI KYPbUIBIMBIHBIH
TUHIMZUIIN MEH Kabarrap KOMOMHAIWSICHIH TajijjayFa apHajfaH IOy KYPri3iireH.
Cs,AgBiBr, wmerisingeri oprypni KyH Oarapesyiapsl Ja TaHaaigrad. FeuibivMu
OacwIIBIMIAp JAepeKTepiHe CyHeHe OTHIPHIN, MaTepHaIbIH HETi3r ONTOIEKTPOHIBIK
KacHeTTepi — JKapBIKTBI KYTY, JEOMUHECICHIIUSA, (OTOTOK JXOHE JTFOMHHECIICHIIUS
xkuHeTuKachl Tanganaasl. Cs AgBiBr, xyTbuty kospduumenti 10°, sxyThily criekTpi
350-610nM apanbIFbIHIA OpHATACKAH. 3apsi TAChIMAAAY IIBUIAPABIH KO3FAITKBIII THIFbI
mamMamen 1cm*Blc! skame 3apsa TackIMaNIay IBIHBIH KBI3MET €Ty Mep3imi 1.4mc, oy
KOPFachIH HETi31HAETi MEpOBCKUTTEPMEH CalIbICThIpPFaH/Ia YIKEHIpEeK OOJNBIN Kelei.
CoHBIMEH KaTap, MaTepHall allKbIH JIOMUHECIICHTTIK Kacuertepre ue: onap 400-600 am
JTaITa30HbIH/A IIOMUHECIICHITNS CTICKTP1 %oHe CoHy yakbIThl 600 HM nefiin xereni. Kyn
OarapesutapbIHBIH KYMBIC OHIMALUTITIHE (POTOTOK TIEH YITiHIH KepHEY MOHJIEPI JIe acep
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eTeni. Oprypii 3eprreyiepiae kepuey 1.03 B-tan 1.07 B-ka neitin sxereni, ain poTOTOK
0.78- 1.78 MA-cm™ apanbirbinaa Gosranbel kepcetinre. byn kepcerkim Cs,AgBiBr,
MaTepUabIH JKOFapbl TUIMJII KOHE SKOJOTHSUIBIK Ta3a KYH TEXHOJOTHSIAPBIH AAMBITY
YILIiH YJIKEH MEePCIEKTHBTI HET13 peTiHe KopceTeTi.

Tyiiin cesnep: Cs,AgBiBr,, xyn Garapesnapsl, THIMILUTIK, KOJIAK apallbIFbl, KYTY,
(hOTOTOK, IIOMHUHECLEHIINS, TIOMUHECICHLUS KHHETHKACHI
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Annoramus. Cpean Bcex JBOHHBIX IEPOBCKHTOB OIHUM M3 HauOolee
MEPCTIIEKTUBHBIX M KOMMEPUYECKHU JKU3HECTIOCOOHBIX Marepuainos npusHan Cs,AgBiBr,,
KOTOPBIH B OCTIETHHUE OBl MPUBIIEKAET 0CO00E BHUMaHUE HcCieoBareneii onaroaaps
COYETAaHHMIO DSKOJOTWYECKOW Oe30MacHOCTH, CTaOWJIBHOCTH UM OJaronmpusTHBIX
OIITORNIEKTPOHHBIX XapaKTepUCTHK. B paboTre paccMOTpeHBl OCHOBHBIE METObI
MOJTYYEeHHUs] JBOWHBIX TaJOUAHBIX MEPOBCKUTOB, TaKHE KaK METOI MEAJICHHOM
KpUCTaJNTM3alM1, OCaXIEHHE W3 pacTBopa M METOA LEHTpUQyrupoBaHus (spin-
coating). Kaxxplii 13 3THX METOI0B 00J1alaeT CBOMMH NPEUMYILIECTBAMH, BIUSIOLIIMU
Ha Ka4YeCTBO KPHUCTAIJIOB, OAHOPOAHOCTD IJIEHOK M KOHEYHBIE TTapaMeTPhl COIHEUHBIX
9NIEMEHTOB. B craTbe mpuBeAeHBI pe3ylbTaThl Pacuy€TOB LIMPHHBI 3alperéHHOM
3oubl Cs,AgBiBr,. ComiacHo pasiv4HbIM HMCCIIENOBAHUAM, OHA BAPBUPYETCS OT
1.6 mo 2.25 3B B 3aBucumocTH oT MeTona pacuéra. [IpoBeaena o63opHas pabora mo
ouieHKe S(P(PEKTHBHOCTU CTPYKTYpBI COJHEYHOIO 3JEMEHTa W KOMOWHAIMU CIIOEB.
[Tpoananu3nMpoBaHbl pasIUYHbIE CONHEYHBbIE dNeMEHThl Ha ocHoBe Cs,AgBiBr.. Ilo
JaHHBIM HAayYHBIX MyOIMKalMi paCCMOTPEHBI ONTOAIEKTPOHHBIE CBOMCTBA MaTepHara:
MOTJIONICHNE, JTIOMUHECHEHIH, (OTOTOK M KWMHETHUKa JoMHHecHeHInH. Koaddu-
nuent norsomenus Cs,AgBiBr, cocrasnser 10°; nmuanazon crexrpa moriomeHus —
350- 610 HM; MOABMIKHOCTH HOCHTENEN 3apsiga — okoyio 1 cm? B'-c'; Bpems KuU3HU
HocuTened — 1o 1.4 Mc, 4YTO Ha MOPSOOK BHINIE, YeM Y CBHHLIOBBIX IEPOBCKUTOB.
Marepuan Taxke 00J1aaeT BEIpaKEHHBIMH JTIOMUHECIIEHTHBIMHA CBOHCTBAMU: CIIEKTP
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JIFOMUHECICHIIUU JIexkuT B auarnazoHe 400-600 um. Ha 3ddexTuBHOCTL CONHEUHBIX
9IIEMEHTOB JIOMOJHUTENBHO BIUSIOT 3HaYEHHsI (POTOTOKA W HANIPSDKEHUS: B PA3THUHBIX
HCCIIeIOBaHUX HanpsbkeHne Bappuposaiock oT 1.07 mo 1.30 B, a ¢pototok — ot 0.78
no 1.78 MA-cM?. DTu mokasarenu MOATBEPKIAIOT nepcnektuBHOCTh Cs,AgBiBr, B
KauecTBE OCHOBBI JJIsl Pa3BUTHsI BBICOKOI((PEKTUBHBIX M IKOJOTHMYECKH Oe30MacHbIX
COJIHEUHBIX TEXHOJIOTHH.

Kawuesbie caoBa: Cs,AgBiBr,, conneunbie OGarapen, >(p(EKTUBHOCTS,
LIMPHHA 3alpelieHHON 30HBI, IMOMIONIeHUE, (OTOTOK, JIOMHHECHCHLUS, KHHETHKA
JIIOMHUHECLCHLIUH

Introduction. As photovoltaic elements and materials for solar cells, materials are
primarily evaluated based on their band gap properties, absorption coefficient, and
stability. The band gap should correspond approximately to the solar spectrum, in the
range of about 1.1 eV to 1.7 eV. The absorption coefficient must be sufficiently high to
enable the use of extremely thin material layers. On average, this value ranges from 10?
to 10° cm™ (Robert L.Z. et al., 2018).

Double halide perovskites are promising candidates as materials for solar energy
applications. They are called “double” because, whereas a simple perovskite has
the formula ABX,, a double perovskite follows the formula A B B, X , where B
is a monovalent cation and B, is a trivalent cation. A 2x2x2 supercell is formed, in
which combinations of cations can produce a material with unique physicochemical
properties, a large band gap, high absorption coefficient, and long carrier lifetimes (Sirtl
Maximilian T. et al., 2022)

For example, when time-resolved photoluminescence was measured, the charge
carrier lifetimes in these materials exceeded 100 ns, which is an order of magnitude
greater than the required minimum (Slavney A. H. et al., 2016). Another advantage of
double perovskites is that they are lead-free and therefore less toxic.

Among all double perovskites, Cs,AgBiBr, has proven to be the most promising and
commercially viable. Substituting Cs™ cations at the A-site increases the decomposition
energy of the perovskite from — 0.111 eV (for MAPbL)) to — 0.069 eV (for CsPbl,),
thereby improving material stability. Toxic lead is replaced with silver (Ag") and bismuth
(Bi*") cations. This not only reduces toxicity but also enhances stability by increasing
the Coulombic interaction energy (Alkhammash H. 1. et al., 2023).

Cs,AgBiBr, has an optimal crystal structure, long charge carrier lifetimes, and
greater stability compared to lead-based analogues (Yang J. et al., 2018). Another
notable feature is that Bi*" shares the same electronic configuration as Pb?*, which is
crucial for light absorption and prolonged charge carrier lifetimes (Ji F. et al., 2023).

This review article discusses the structure, synthesis methods, and key optoelectronic
properties of Cs,AgBiBr,, which make it a strong candidate for use in solar cell materials.

Materials and methods. The efficiency of a solar cell, the value of the band gap,
and the charge carrier lifetime depend on the crystal growth method. Generally, solution
deposition, slow crystallization from solution, and spin-coating methods are used.

In the slow crystallization method, the solution is first saturated with CsBr, AgBr,
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and BiBr, salts, then cooled to approximately 4°C, leading to crystal formation. The
solvent is HBr or another acidic solution. This method is suitable for obtaining single
crystals.

For obtaining the purest crystals with good optical properties, the solution deposition
method is used. In this method, a mixture of precursors is first placed in solvents such
as Isopropyl Alcohol (IPA), Hydroiodic Acid (HI), Dimethyl Sulfoxide (DMSO), or
Chlorobenzene (CB) at high temperature. Then the solution is cooled, or the solvents
are evaporated, leaving behind crystals.

For film formation, the spin-coating method is suitable. In this method, the dissolved
Cs,AgBiBr, powder in DMSO (0.5 mol/L) is applied to a substrate using spin-coating,
then cured under low pressure (LPA).

Let us consider the various methods used in studies.

In study (Robert L.Z. et al., 2018), a Cs,AgBiBr, crystal was grown by the slow
crystallization method at low temperature from a saturated solution. The precursors
CsBr, AgBr, and BiBr, were mixed in HBr. After stirring for one hour, the solution was
slowly cooled and placed in a refrigerator at 4°C. Crystals grew over one week using
vacuum filtration, followed by immersion in acetone.

In work (Yang J. et al., 2018), Cs,AgBiBr, powder was dissolved in DMSO at a
concentration of 0.5 mol/L, forming a clear light-yellow solution. A uniform Cs,AgBiBr,
film was obtained using an optimized LPA method, similar to methods used for the
fabrication of organic—inorganic hybrid perovskite films under standard conditions.
The solution was deposited onto a glass/ITO substrate using the spin-coating method,
after which the film was transferred to a low-pressure chamber for further solidification.
Compared to traditional thermal annealing (TA), the LPA method gave a film with
higher uniformity and good crystallinity, as confirmed by microscopic images. The
lattice constant of the crystal synthesized in this way was a = 11.2640(8) A.

The most common method for obtaining crystals is the method of precipitation in
solution. BiBr,, CsBr, AgBr are dissolved in isopropanol (IPA, 99.5%), hydroiodic
acid (HI, 57% in H,0, 99.95%), dimethyl sulfoxide (DMSO, anhydrous, 99.8%) and
chlorobenzene (CB, 99.8%). The composition of the mixture is thoroughly stirred at a
temperature of 120 °C, until the solvents evaporate, leaving behind raspberry-colored
crystals. The mixture is then gradually cooled at a rate of 5 °C per hour. The entire set of
components is left to stand overnight. After precipitation, the crystals are separated by
filtration and washed with ethanol, dried in a vacuum at 60 °C, resulting in Cs,AgBiBr,.

Results and discussion. Structure. Slavney et al. were the first to successfully
synthesize the cubic Fm3m double perovskite Cs,AgBiBr, with an indirect band gap of
1.95 eV (Li Z. et al., 2020), (Savory Ch.N. et al., 2016). The crystal structure is shown
in Figure 1.
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Figure 1. The structure of Cs,AgBiBr,

The green spheres represent Cs* ions, which occupy the large voids between the
octahedra. The grey and violet atoms are Ag™ and Bi*", respectively; they alternate
within the octahedra formed by Br atoms. The brown Br spheres are located at the
vertices of the octahedra, coordinating the silver and bismuth cations. In this structure,
both Ag™ and Bi*" are surrounded by six Br anions.

The conduction band minimum of Cs,AgBiBr, originates from antibonding Bi 6p—
Br 4p orbitals at the L point, and the valence band maximum from Ag 4d—Br 4p at the
X point (Ji F. et al., 2023).

The valence band consists of silver cations and bromide anions, while the conduction
band includes silver and bismuth cations.

The band gap width plays an important role for a solar cell material, and it depends
both on the method of crystal synthesis and on the method of measurement, whether
theoretical or experimental.

In work (Yang J. et al., 2018), the band gap width of the crystal, calculated from the
ultraviolet region of the absorption spectrum, is 2.05 eV.

According to HSE06+SOC calculations, the direct and indirect transition energies
in the investigated material are 2.45 eV and 1.79 eV, respectively. The conduction band
width is calculated to be 0.75 eV, and the Spectroscopic Limited Maximum Efficiency
is at the level of 7.92% (Savory Ch.N. et al., 2016).

A range of values has also been obtained for the band gap width of the investigated
material: 1.95 eV (Slavney A. H. et al., 2016), 2.19 eV — (Li Z. et al., 2020) 2.25 eV
— (Yang J. et al., 2018), 1.95—2,19 eV (McClure E. T. et al., 2016), 1.91 eV (A.Ullah
etal., 2024).

According to first-principles calculations, the band gap in the material is indirect and
was found to be 1.654 eV. This value is lower than that of Cs,AgBiCl (2.77 ¢V) and
Cs,AgInCl, (3.23 €V). - (McClure E. T. et al., 2016).

Band gap engineering of Cs,AgBiBr, has been achieved through the introduction
of defects and doping with trivalent metals (Yang J. et al., 2018). In order to create a
direct band gap material from Cs,AgBiBr, it is necessary to introduce an impurity with
valence s-electron states that can occupy the silver site. These can be In or Tl ions. For
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example, the addition of 0.075% TI(I) enabled the formation of a direct band gap of
1.57 eV for Cs,AgBiBr, and 1.86 €V for Cs,Ag(Bi,.c2sSb,.375)Br,. However, according
to studies, the decomposition energies of such structures were found to be negative,
indicating their instability, whereas the decomposition energy of the base material with
silver is 0.38 €V, and for Cs,AgBiCl, it is 0.57 eV (Savory Ch.N. et al., 2016).

Hydrogenation technology is also applied to tune the band gap width and significantly
improve the optoelectronic properties of perovskites. Before plasma treatment for
hydrogenation, the Cs,AgBiBr, samples were indirect semiconductors with a band
gap of 2.18 eV. However, after treatment, a reduction in the band gap to 1.91 eV was
observed (Alkhammash H. I. et al., 2023).

In principle, a direct band gap is not a strict requirement for solar cell materials;
thicker layers can be selected to ensure effective optical absorption.

Nevertheless, despite the fact that this structure is lead-free and ideal for optoelectronic
applications, the challenge in commercialization lies in the fabrication of thin films for
use as solar cell components.

Efficiency improvements

The first solar cell based on Cs,AgBiBr, had the following layer structure: FTO/ETL/
PAL/HTL/Au. Instead of ETL — AZnO, CdZnS, LBSO, and Nb,Os; HTL — CZTSe,
CdTe, PTAA, TiO,:N, NiCo0,04, Sb,S;, nPB, GaAs, ZnTe, CNTS.

Among previous studies, Alkhammash et al. achieved the highest PCE (21.88%)
using the structure FTO/ZnO/Cs,AgBiBrs/NiO/Au (Alkhammash H. I. et al., 2023).

At the same time, experimental works using the structures FTO/TiO,/Cs,AgBiBrs/
Spiro-OMeTAD/Au and FTO/TiO,/Cs,AgBiBrs/Spiro-OMeTAD/MoQOs/Ag demon-
strated PCEs of 1.66% (E. Greul et al., 2017) and 2,51% (Igbari F. et al., 2019), respec-
tively, which do not meet the expectations of Greul E. et al., 2017, Igbari F. et al., 2019.

However, in the study main, by combining ten different HTLs and four ETLs, an
outstanding efficiency of 23.50% was achieved for the proposed structure FTO/AZnO/
Cs,AgBiBre/CNTS/Au, which is an exceptional result.

In (Yang J. et al., 2018), the solar cell architecture with the base element was chosen
as n-i-p type with ETL — SnO, and HTL — poly(3-hexylthiophene-2,5-diyl) (P3HT).
However, this cell demonstrated an efficiency of 1.44% at an annealing temperature of
250 °C. According to experiments, poly(3-hexylthiophene-2,5-diyl) as a hole transport
material showed significant instability. In contrast, the architecture without HTL
exhibited greater stability.

In (Alkhammash H. I. et al., 2023), a hydrogenated sample of Cs,AgBiBrs was used,
and hydrogenation through the plasma method, depending on the duration of treatment,
increased the degree of hydrogen penetration from the surface to the middle layer. Here,
instead of the hole transport material, Spiro-OMeTAD was used, and SnO, served as the
ETL. The highest achieved efficiency was 6.37%.

Despite the stability of perovskite solar cells, the exciton binding energy in
Cs,AgBiBrs is an order of magnitude higher than in the classical MAPbITJ, which
explains the relatively low efficiency of the former (Yang J. et al., 2018).

In recent years, several experiments have been conducted to improve the
characteristics of Cs,AgBiBrs:
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* Greul and co-authors experimentally studied this material and achieved a PCE of
1.66% (Greul E. et al., 2017).

* Igabari and his team conducted further research and achieved a PCE of 2.51%
(Igbari F. et al., 2019).

* Theoretical studies also played an important role. Zhang and Alanazi combined
SnO, and Spiro-OMeTAD with Cs,AgBiBrs, achieving PCEs of 6.37% (Zhang Z. et al.,
2022) and 14.29% (Alanazi T. L. et al., 2023), respectively.

* [slam and co-authors applied a combination of TiO, and Cu,O, which resulted in a
PCE of 7.25% (Islam M. T. et al., 2020).

* Alkhammash and his group used ZnO and NiO, achieving an impressive PCE of
21.88% (H. I. Alkhammash et al., 2023).

 Chabri and his team also studied Cs,AgBiBrs and achieved a PCE of 7.16% (1.
Chabri et al., 2023).

Thus, further research on Cs,AgBiBrs is necessary to identify the best material
combinations and further enhance its photovoltaic properties in order to unlock the full
potential of this perovskite solar cell (PSC).

The benchmark HDP Cs,AgBiBr; for solar cells was first introduced in 2017 (Greul
E.etal., 2017).

The characteristics of solar cells based on Cs,AgBiBrs with different layer
combinations have been analyzed and are shown in Figure 2 (McClure E. T. et al.,
2016).

PCE — the efficiency of the solar cell, V_, J , FF — voltage, current density, and
fill factor, i.e., the ratio of maximum power (P_ =V _x1 ) to the product of V. andJ_.

Comparison of Key Parameters for Cs:AgBiBrs-based Solar Cells

-®- PCE (%)
Voc (V)
Jsc (mA/cm?)
- FF (%)

Value

FT0/Zn0/Cs2AgBIBr6/NIO/AU
ITO/CAS/Cs2AgBIBr6/Ca/Au

ITO/Sn02/Cs2AgBIBI6/Spiro-OMeTAD/Au
Glass/FTO/TIO2/Cs2AgBIBr6/Cu20/AU
FTO/AZNO/Cs2AgBIBr6/CNTS/Au
FTO/CAZNS/Cs2AgBIBr6/CNTS/AU
ITO/CdZnS/C52AgBIBr6/CNTs/Au
FTO/Nb205/C52AgBIBr6/CNTs/Au

FTO/TIO2/CS2AgBIBr6/Spira-OMeTAD/Au
ITO/SN02/Cs2AgBIBI6/Spiro-OMeTAD/AU

FTO/TIO2/Cs2AgBIBr6/Spiro-OMeTAD/MoO3/Ag

Device Structure

Figure 2. The characteristics of solar cells based on Cs,AgBiBrs

Ascanbe seen from the figure, the voltage values, in principle, do not vary significantly,
unlike the photocurrent density. The combination of layers has a significant effect on
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the latter. To provide specific values, for the structure in work 5, the voltage varied from
1.03 V to 1.07 V, and the photocurrent ranged from 0.78 to 1.78 mA-cm™. This was a
cell with an n-i-p structure, where the film of the main material was applied to tin oxide
(ETL), and poly(3-hexylthiophene-2,5-diyl) (HTL). Hydration improves the transport
properties of the material; the hydrated material showed an initial photocurrent of 1.03
mA-cm™ and 11.4 mA-cm™ after treatment. The voltage increased from 0.88 V t0 0.92 V
(Alkhammash H. I. et al., 2023).

In work (Ullah A. et al., 2024), photocurrent values of 5.01 mA-cm™ and voltage of
0.89 V were obtained. Here, TiO, was used as the ETL and Spiro-OMeTAD as the HTL.

The voltage values are directly influenced by the differences in the conduction band
energies of the acceptor and the valence band of the donor.

Based on the values of the bandgap and the intensity of the absorption peaks, the
photocurrent should lie in the range from 6 to 17 mA-cm™, and the above-shown results
generally fall within this predicted range (Tress W. et al., 2022).

The next figure describes the efficiency of Cs,AgBiBr, solar cells.

Efficiency (PCE) of Cs2AgBiBre-based Solar Cells
PCE (%)

20

1s

PCE (%)

10

r0-ONeTAD/Au

FTO/T02/Cs2AgBIBré/Spiro-OMeTAD/Au
TO/Sn02/Cs2AgBIB6/5piro-ONETAD/Au
Glass/FTO/TI02/Cs2AGBIBI6/CU20/Au
FT0/Zn0/Cs2AgBIBI6/NO/AU
ITO/CdS/Cs2AqBiBr6/CalAu
FTO/AZNO/CS2AGBIBI6/CNTS/Au
FTO/CAZnS/Cs2AQBIBr6/CNTS/Au
TO/CZNS/CS2AGBIBIE/CNTs/AU
FTO/NE203/CS2AgBIBI6/CNTS/AL

FTOITIO2/C52AgBIBr6/Spiro-OMeTAD/Mo03/Ag
TO/Sr02/Cs2AgBiBr6/5pir

Device Structure

Figure 3. Efficiency of Cs,AgBiBr, solar cells

Optoelectronic properties. Absorption

We have reviewed studies on absorption, luminescence parameters, and the obtained
values of voltage and current density.

Calculations and measurements of absorption, dielectric function, refractive index,
reflectivity, and conductivity play a major role in determining the optoelectronic
properties of the samples. In work (Sirtl Maximilian T. et al., 2022), it was concluded
that the real and imaginary parts of the dielectric permittivity are high at low photon
energies and significantly decrease with increasing photon energy. This value provides
information about the speed of light in a dense medium. Dielectric permittivity is
more related to the excitation of electrons for intra-band transitions, with its maximum
occurring at 6.5 eV. The real part of the refractive index has its maximum value at 2.5
eV, which fully satisfies the requirements for use as a component in solar cells. The
value of the refractive index is 2.74 (Ullah A. et al., 2024).
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A typical absorption spectrum for Cs,AgBiBrs samples is shown in Figure 4, and in
many studies, this shape remains consistent, with the peak shift differing by only +5 nm.
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Figure 4. A typical absorption spectrum for Cs,AgBiBrs samples (Ji F. et al., 2023)

The absorption consists of three parts. The first is a flat and broad absorption region
at wavelengths below 350 nm, associated with absorption due to direct forbidden
transitions. This range is close to the value of the bandgap. A characteristic and strong
peak around 438-450 nm accounts for more than 20% of the total light absorption in
Cs,AgBiBrs films. This absorption is related to the optical transition from the ground
state 1S, to the excited state of the triplet 3P, of the Bi** ion in Cs,AgBiBrs. The third
region is a weak and broad absorption zone at higher wavelengths with an edge around
610 nm, which arises due to absorption from indirect forbidden transitions (Ji F.et al.,
2023).

In study (Robert L.Z. et al., 2018), the absorption peak maximum for the crystal
was located at 2 eV. The tails of the absorption spectrum are usually associated with a
high degree of disorder, meaning the presence of defects due to silver ions or vacancies
caused by cesium.

The maximum absorption intensity is observed at a temperature close to 100°C, and
it decreases as the temperature continues to rise.

In work (Yang J. et.al., 2018), the absorption peak is at 438 nm with a weak tail at
610 nm, which corresponds to 2.8 eV and 2 eV, respectively. The first one is attributed
to excitonic absorption. The 440 nm peak was also attributed to excitonic absorption in
work, while peaks below 400 nm correspond to intra-band transitions.

Samples treated with plasma hydrogenation technology showed an increase
in absorption intensity around 496 nm with increasing treatment time up to 1200 s
(Alkhammash H. 1. et al., 2023). As the degree of hydrogenation increased, the
concentration, mobility, and lifetime of charge carriers also increased, which explains
the enhanced absorption around 496 nm.

Results from transient absorption spectroscopy showed photoinduced absorption
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centered at 2.14 eV. Photoinduced absorption in Cs,AgBiBrs decayed with a similar
time characteristic to the bleaching of the ground state, which further confirms the
slow decay of photocharged particles on a microsecond timescale, as photoinduced
absorption can only arise from states formed after excitation.

The absorption coefficient begins at 1.6 eV, and generally, for use in solar cells, a
coefficient value at the level of 10° is sufficient. The maximum measured absorption
coefficient is 22.5x10° at an energy of 14.65 eV. Conductivity in the material begins at
1.85 eV and peaks at 9.71 eV, which corresponds to the low-energy part of the spectrum.
This is quite acceptable for optoelectronic applications.

Luminescence

Photoluminescence (PL) in Cs,AgBiBrs exhibits intriguing features due to its
electronic structure and defect states. The nature of luminescence in the material is
evidently associated either with spatially localized centers of coloration or with intra-
band transitions. According to various studies, the peaks are concentrated in the 600—
700 nm range, which corresponds to an energy of around 2.0—2.1 eV. This peak is
usually attributed to transitions associated with defect states in the material’s forbidden
band. The position of the peak depends on the method of material preparation, excitation
technique, material treatment, and temperature conditions.

Additionally, a significant Stokes shift is observed between the absorption and
emission peaks, indicating strong electron-phonon interaction and possible exciton self-
localization. Temperature studies show that PL intensity increases as the temperature
decreases, which is linked to the suppression of non-radiative recombination processes.

Material processing, such as doping or altering synthesis conditions, can significantly
affect the spectral characteristics of PL, allowing for tuning the optical properties of
Cs,AgBiBrs for potential optoelectronic applications.

In work (Ji F. et al., 2023), thin films were found to have two main peaks: a broad
one at 1.87 eV (663 nm) and a narrow one at 1.98 eV (627 nm) at 22,6 K. The forbidden
band width for these samples was calculated to be between 1.95-2.19 eV.

In work (Tress W. et al, 2022), photoluminescence was observed at 545 nm. Notably,
in these samples, the luminescence was red-shifted compared to the absorption. This
large Stokes shift indicates significant electron-phonon interaction, leading to self-
localized excitons or emission from coloration centers. While the luminescence between
500-600 nm is characteristic for thin films and single crystals, for nanocrystals, the
emission peaks are centered around 460 nm.

In work (Alkhammash H. I. et al., 2023), photoluminescence was observed at 761 nm,
and upon applying the hydrogenation technique, the intensity of PL at 761 nm tended
to increase. The transitions responsible for PL may involve phonons or be localized at
defects. With hydrogenation, due to changes in the band structure (e.g., compression
or expansion of the forbidden band), a shift in the PL wavelength may be observed.
Additionally, as the degree of hydrogenation increased, the concentration, mobility, and
lifetime of charge carriers also increased.

Time-resolved spectroscopy experiments have revealed that luminescence appears
after about 1 ns following excitation (Robert L.Z. et al., 2018). The method of time-
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resolved absorption spectroscopy allowed for the recording of charge carrier dynamics
and their radiative recombination. The carrier lifetime in thin films of the material was
recorded at 1.4 ms, which is an order of magnitude longer than in lead-based perovskites.
Similar acceptable transport properties were found in larger samples.

It was concluded that most recombinations are non-radiative, while radiative
recombinations occur due to defects. To confirm this, Particle Size Distribution (PSD)
calculations were made, indicating that the valence band is below the Fermi level, with
its maximum at 1.5 eV, suggesting a p-type material. This is due to acceptor impurities,
such as silver vacancies or cesium vacancies.

These experiments allowed for the calculation of charge carrier mobility, which was
found to be 1 cm? V! s, a relatively high value, contributing to the high quantum
efficiency of solar cells based on Cs,AgBiBrs.

From time-resolved spectroscopy results in work (Yang J. et al., 2018), two
photoluminescence quenching times were recorded: 1 ns and 30 ns. The first corresponds
to the time of bimolecular recombination, where an electron from the conduction band
recombines with a hole from the valence band. The second corresponds to the exciton
lifetime.

In work (Ji F. et al., 2023), two luminescence decay times were also recorded: a rapid
decay of 50—150 ns, which is emission from traps or temporary states, and a slower
decay of up to 600 ns, which is emission from fundamental electron-hole recombination
in the material.

According to theoretical predictions, in thin films, photoluminescence should decay
relatively slowly, around 200 ns, while in single crystals, it should decay longer than
500 ns.

In work (Sirtl Maximilian T. et.al., 2022), results show that density functional theory
calculations indicate a derivative nature of the band structure, suggesting low charge
carrier mobility due to the relatively large effective mass of the charge carriers.

Photocurrent

The performance of solar cells is influenced not only by the bandgap width and
charge carrier mobility but also by the values of photocurrent and voltage exhibited
by the sample. For the structure in work (Yang J. et al., 2018), the voltage varied from
1.03 V to 1.07 V, and the photocurrent ranged from 0.78 to 1.78 mA-cm™2. Hydration
improved the material's transport properties, and the hydrated material showed an initial
photocurrent of 1.03 mA-cm?, which increased to 11.4 mA-cm? after processing. The
voltage increased from 0.88 V to 0.92 V (Alkhammash H. . et al., 2023).

In work (Tress W. et al., 2022), photocurrent values of 5.01 mA-cm™ and voltage of
0.89 V were obtained.

Voltage values are directly influenced by the differences in the conduction band
energy of the acceptor and the valence band of the donor.

Based on the values of the bandgap width and absorption peak intensity, the
photocurrent is expected to fall in the range of 6 to 17 mA-cm-2, and the reported results
are within this predicted range.

Conclusion. Double halide perovskites Cs,AgBiBrs represent a new generation of
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materials for solar cells due to their outstanding optoelectronic properties. Specifically,
these include an optimal bandgap width (1.6 eV — 2.19 eV), an absorption coefficient
of 10°, an absorption spectrum (350 - 610 nm), charge carrier mobility (1 cm?V-'s™),
and charge carrier lifetime of 1.4 ms, which is an order of magnitude longer than that in
lead-based perovskites. Additionally, they exhibit notable luminescent properties, with
a luminescence spectrum in the range of 400-600 nm and decay times up to 600 ns.

Of course, these parameters are strongly dependent on the sample preparation method
and fabrication process. Solution crystallization, solution deposition, and spin-coating
methods allow the production of high-purity Cs,AgBiBrs samples. The bandgap width
and its nature (direct or indirect) are influenced by the crystal defect structure and the
use of additional technologies.

However, researchers continue to produce various samples and test their optoelectronic
properties to improve the stability and efficiency of solar cells. The architecture and layer
combinations also play a significant role. As of today, the highest efficiency achieved is
23.5% for the combination of FTO/AZnO/Cs,AgBiBrs/CNTS/Au.
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