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Wide-bandgap Perovskite Solar Cells for Multi-junction Solar Cells
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All perovskite tandem solar cells employing indium zinc oxide interconnect
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Introduction

All perovskite tandem solar cells (APTSCs) are now showing power conversion efficiencies (PCEs) more
than the highest reported single-junction perovskite and silicon solar cells [1,2]. The rapid rise in the
performance of APTSC can be ascribed to the improvement in the performances of both top (wide bandgap,
WBG) and bottom (narrow bandgap, NBG) cells. Recently, the focus has been on the reduction of halide
segregation and improvement of open circuit voltage (Moc) in WBG cells which led to an immense increase
in Voc of APTSC to 2.2V [2,3]. We noticed that most of the recent reports on efficient APTSCs utilize
SnOx (prepared by atomic layer deposition) coated with Au (1-2nm) as an interlayer. However, the
optical loss due to the use of Au nanoparticles can’t be ignored. Therefore, in this work, we focused on the
preparation of indium oxide doped with zinc oxide (IZO) as an interconnecting layer in place of Au

nanoparticles to reduce the optical loss and improvement of facile hole and electron recombination at the

SnOx layer.
Results and discussion 200 -
We obtained PCE of 26.39% for APTSC with a Voc of £ 100 - 227 e
< - -
1.94V, Jsc of 17.18 mA/cm2, and FF of 0.79. APTSC EM% s
i 1(2)8 i :%i 22.14%, 22.32%
employing Au nanoparticle interlayer showed an inferior § g0 | - - -170R
PCE of 22.32% with a Voc of 1.84V, Jsc of 15.4 mA/cm2, § oo
and FF of 0.79. Moreover, in this work, we will support ~ “ (2,:8 I
the increase in device performance with the use of 0.0 0.2 0.4 0.6 0\',21;; [1\,5 1416 18 20

different 1ZO interconnect by evaluating the carrier mobility, Figurel. Current-voltage  characteristics  of

diffusion length, charge transport time, and recombination time. different solar cells fabricated.

References

1. https://www.nrel.gov/pv/cell-efficiency.html, NREL chart accessed on 6" June.

2. Q.Jiang and K. Zhu et al, Compositional texture engineering for highly stable
wide-bandgap perovskite solar cells, Science, 378, 1295-1300 (2022).

3. H.Chenand E. H. Sargent et al, Regulating surface potential maximizes

voltage in all-perovskite tandems, Nature, 613, 676-681 (2023).

© 2023F I[CRAYEER 100000000-133 CS.13


mailto:gauarvkapil.ece@gmail.com
https://www.nrel.gov/pv/cell-efficiency.html

21a-D903-3 ERABG MBS AKELMB RS BETFHE (2023 BAHA—ILIEN328IE)

T4 F¥vyTROTRAA MHITH40 - BiHHE & EfrEmE i & OHEERR
Compositional and Underlayer Dependence on Crystallinity and Charge Dynamics of
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BRABEL !, BRX ICS-0TRIZ OFHAR #4h 12 Yieon Park!, {£{H BB#C "2
Osaka Univ.1, Osaka U. ICS-OTRI ?, °Ryosuke Nishikubo!?, Yieon Park?!, Akinori Saeki??

E-mail: nishikubo@chem.eng.osaka-u.ac.jp

T A KX T 204 MLHP)IAES MBI 7 v A TIERICE 5 — 5 C, T OB 1T
B (A A b0 X YA hOfAAE DY) WAL RS e Sk x foegﬂa SR MERED
BACIZ D723 D, & DO H T b HE A PEC K i B I XTI O RS B OB RS A 0 (PRI B L
FAMHRENELT RN E 2D, LLRND, T OMEREEME %EEE’]& B LAY
A & OFBO IR R BEICITE > TWRY, £ T, A7 AX Y1 MK & 872 2 2558k

DAL DRI DG IERCEM LA F 2 7 2% WS~ A 7 0 RS EE(TRMC) 72 £ D
FEE RO OB B O 2R Tz, 72, EERFINFIOZE L H - ICHE L,

Y O LHP % (A YA b :FA0sMA0.15CS0.05, FA0.9CS0.1, FA0.8sMAo.15, X A | : Br 20%, 33%,
50%) . 2 TR REATEE (IS © mp-TiO,, #Wi% : PTAA/PFN-Br) % W CiE% /ER L(B a), X
FRIBIPTIC & DRSS RG> TRMC (2 X BRI XA T 7 A7 & &21T- 7=, X BREHTCIE
mp-TiO, & AW =54 3 1 F 4 2 (FAMACS) S LS R & WS A X & Rr Li=Dloxt L,
PTAA/PEN-Br Ti% 2 1 F 4 L/ (FACS) TR m W it ga MEM G H A7z, & BT TRMC #Hlli Tl Wi
D Br LBV TS, mp-TiO/LHPs Tix FAMACs T. PTAA/PFN-BI/LHPs Tl FACs (23T
FWX vy U T7HEMBELN(ED), EEINOOMBIIHE RS L T2 L LML
7=(& ¢),

Fo, TEARE L ORGSR IINENC X 2PERER ERR N SN T D, ARRFE T
RWIANC &2 WG B 7 27 A N FE7-MEREm R OFE R, 6 L OVER ¥ A I 7 AFHIC
KoM 1T o 72(B e). Y HIZIN O OREL LOBLEICE LAk~ 5,

a) ) . .
Regular Wlt/h additive
Spiro- 18 ]
OMeTAD ; Inverte
16| [ s “\
. X \
TIOI_’ x % L
u| O
b) s N %
30 2 FANIA oz |
FAMACs mpTIO,/Perovskite oTio perokite] S | .
2 < 20 1 / regular o
20 . 0] "8 ¥
T - 15 1 | “
e ES A
5 . @ \ Al
" Perovskite only ~ 10 4 Perovskite only 8 \
1.0
- regular
PTAA/PFN-Br/ 05 4 —
0.5 ¥ Perovskite 7 , 6
— PTAA/PFN-Br/Perovskite
00 0.0 y FAMACs FACs FAMA

15 20 25 30 35 40 45 50 S5 15 20 25 30 35 40 45 50 55 15 20 25 30 35 40 45 50 55
Br ratio (%) Br ratio (%) Br ratio (%)

[ a) KR L UPTAA, PEN-Br D77 1H§1E,b) 4 A, X A R OfHAGHEIZEITH TRMC
f55# (). ¢)Br33%iZisif 5% LHP O 1-HHE,

[1] Yieon Park, Ryosuke Nishikubo, Akinori Saeki J. Photopolym. Sci. Technol. 2023 accepted.

© 2023F I[CRAYEER 700000000-134 CS.13



21a-D903-4 BB AMBEAKS LM AR HETHE (2023 BEAHA—ILIFH3LIE)

EEE-WEERTIA FNY FX vy TIROTRHA FABEROBRSR
High-voltage inverted perovskite solar cells based on a wide-bandgap perovskite
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Light-induced phase separation in mixed halide perovskite thin film
investigated by space- and time-resolved photoluminescence spectroscopy
RAALH
OM2) K& #4r, WWHE KR, IR B, o B,
&F EZ, EE EE FE EZE &% 8B
ICR, Kyoto Univ
°Yusuke Daikoku, Takumi Yamada, Ai Shimazaki, Tomoya Nakamura,
Ryuji Kaneko, Hideki Hirori, Atsushi Wakamiya, and Yoshihiko Kanemitsu
E-mail: daikoku.yusuke.83r@st.kyoto-u.ac.jp

Na G ACERRe T A A MEIEBIERNT S ZEE L GEFIRS ER 28D TV D[],
Z DA 72 AT ABX3 [A = Cs, CHsNH3 (MA), HC(NHy), (FA), B =Pb, Sn, X = I, Br, CIJ & =L
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STV DAL, T O O EER ST RIGE M O L ENECER T 2RE TH 5 &[RRI,
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Influence of Substrates on CsPbBr; Perovskite Deposited by Solution Process, a Step to

Photon Up-conversion Solar Cells.
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In 2017, two-step photon up-conversion solar
cells (TPU-SCs) were experimentally achieved
after the theoretical study has been proposed. The
TPU-SCs are single-junction solar cells consisting
of two different bandgap semiconductors
functioning as main light absorbers. A wider
semiconductor is deposited on top of a narrow one
to create band discontinuity at the heterointerface.
In practice, Aly3Gag;As and GaAs form the
heterointerface where a layer of InAs quantum dots
(QDs) are grown aiming to relax the optical
selection rule. In other words, the existence of InAs
QDs induces in-plane electronic transition which
allows below-bandgap photon absorption, hence,
the intraband excitation in addition to the interband
excitation in the main absorbers [1].

It is interesting to apply the same idea to
perovskite/III-V  semiconductor-based  hybrid
photon up-conversion solar cells. The reasons are
the increase in popularity of perovskite
semiconductors due to their exceptional
optoelectronic properties. This might improve
energy conversion efficiency in general. Moreover,
the study of the influence of the perovskite-GaAs
interface on the photon up-conversion process
might lead to new interesting physics. Hence, we
came up with the idea of CsPbBr;/GaAs-based
photon up-conversion solar cells. The reasons for
the utilization of CsPbBr; is the extraordinary
optoelectronic properties and stability over all
perovskites that have been reported so far [2].

We started our fabrication by studying the effect
of substrate on morphological, structural, and
optical properties since the deposition of CsPbBr;
is almost done on glass substrates with transparent
electrodes. We synthesize CsPbBr; film using
multistep spin coating [3] deposited on crown glass
and GaAs substrates. We varied the number of CsBr
deposition times and study the properties of
CsPbBr; film.

CsPbBr; films deposited on glass substrates
with CsBr deposition times of 5, 6, and 7 indicate
yellowish semi-transparent films. The morphology
of CsPbBr; films show a smooth surface with
good coverage. In addition, with an increasing
number of CsBr deposition times, the surface

gradually becomes rough. However, UV-visible
spectrograms demonstrate the highest absorbance
when CsBr solution was dropped 6 times.
Photoluminescence (PL) spectra coincide with the
absorption spectra since PL intensity is the largest
for the sample with 6 times CsBr deposition.
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Fig.1 Absorption (a) and PL (b) spectra of CsPbBr; deposited on
crown glass substrates with various CsBr deposition times.

The same fabrication recipe was used to grow
CsPbBr; films on i-GaAs (001) substrates. We
observed that the morphology of the films is
different from the ones on the glasses. CsPbBrs
the surface of GaAs shows worse coverage which
might be caused by the different wettability of GaAs
and the crystal properties of GaAs. The UV-visible
spectrograms indicate relatively weak exciton
absorption differently from CsPbBr; films on
glasses. Note, that the measurement was done by
measuring reflectance since GaAs is opaque for
UV-visible light. Therefore, the scattering might
have a strong effect on the absorption spectra.
Meanwhile CsPbBr; film on glass with 6
deposition cycles shows the highest absorption, the
same condition applied on GaAs substrates
indicates less absorption than 5 deposition cycles.
This coincides PL spectra of CsPbBr; on GaAs
which show relatively small emissions.
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Fig.2 Absorption (a) and PL (b) spectra of CsPbBr; deposited on
GaAs substrates with various CsBr deposition times.
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Formation of perovskite films on textured Si surfaces formed by MPAT
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Inverstigation of the hydrogen evolution of perovskite solar cells with the annealed MoO3 layer
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AR, ALAREHI R D872 e = kL X —1R, KEEEHE TS S AL R E /12 & 5 H )il
DOREEMFRIT K L CORF T 2L F—R & L TKENER STV LU, KR EC £ /LD fiiEE)
TEBIER 1.5V IZx LTXu 7 24 MPVK)/Si ¥ > 7 LK EMOBEEELITM 1.5~1.7V 258
fFC& %, PVK/SI # 7 L KBHEM TIE PVK 6 KEG A B iATe %, ITO % OFE IS Bk
MLBARAIR TH D, EDOHE, ITO BIERED RSy 2 2 X — U ~ORGER & L CIEfLiEE k-
\Z MoOs 72 E X FET 2N B D EE X HiILD,

AT TIL, BAEBAE L LT PVK/SE ¥ 7 LAKBGEMAERT 223, Anafes LT_Xa 7 2h
A N KBEEH(PSC)Z MoOs ZFRIE L, 7 =— /VILBREEIZ & 0 2 OLRFEIEE & L C OMSREME AR & 7k
FRERFEREIT- T2,

ITO JAR EIZ SnO, FE 7k 2 B L. Cso.os(FA0s3MA0.17)00sPb(lo.83Bro17)s “X 027 A B A k%
SCHRENZHE VAR L 72, Z AU IEFLIGRESE T 5 spiro-OMeTAD J& % ikl L 7=, & 512 MoOs & Au
B A E2E %5 L(X 1), HELABEEELZFE L=, PSC OEMEETIZR 0.6V TH o725, Koy
fRZATI2 D ZITINBEIRIZ LY 09V Iz, 15V ICheD X HFE L, TDk, RLEKEL%E

SRS LK 21TV KGR 38 = kL F—Z5 #1528 STH (solar to hydrogen) % K67z,

212 MoOs Z B L 7= PSC DOEE E—EElhf A4 ~"d, £z, AFEBRTH LN STH X
2.4% Co o7z, PSC DIYEREZ LT 2 & | MoOs &4 TR ITARNEWZN R 2R L=, 7 =—
JVALERIC X0 SRS BB N L, B 12.0%E T LA L, MoO; 28 EikHiE & LCIEA
L7edd, 7 =— VIR 21T 5 2 & TIRIPUL PN EA T L E X b D,

25

Au o
MoO, B 20 120°C54HBH7 = — ik
. < &
Spiro-OMeTAD £ 100°C55 P = —ILig 037 AERRE
- LAMXRRE
15
PVK Z
2
B0 Foon o
5“02 . £ 100°Cs9 7 =—
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Fig 1 Structure of perovskite solar cell Fig2 Photocurrent density-voltage curves of PSC with the

annealed MoO; layer

[1] N. Akihiro et. al, Appl. Phys. Express, 2015, 8, 107101.
[2] M. Saliba et. al, Energy Environ. Sci., 2016, 9, 1989.
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Investigation of the Mechanisms behind Enhanced Efficiency and Thermal Stability in Tin-Lead
(SnPb) Perovskite Solar Cells
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In the latest studies, the enhancement in terms of the performance and the stabilities of the tin-lead (SnPb)
perovskite solar cells (PSCs) were achieved via addition of a dopant material and interfacial engineering.
Doping technigque has been used widely in order to improve the performance of the PSCs because doping
materials are able to rectify defects and passivate the perovskite surface to produce high efficiency PSCs.
Meanwhile, various research has demonstrated positive impact on the performance of the PSCs via interfacial
engineering due to the good energy alignment for effective carrier extractions, reduced interfacial
recombination and also a barrier for ions migration. However, these strategies are still not well explained
especially in term of the stability in the SnPb PSCs. It is well known that the stability of the SnPb PSCs is
governed by the presence of the Sn. The easily oxidized Sn component in the SnPb perovskites, especially
in high humidity and high ambient temperature makes the SnPb PSCs not reliable and are at disadvantage
when competing with other forms of solar cells. The chemical and the physical structure of the perovskite
films will be altered upon oxidation which in turn compromising the PSCs performance. However, there are
also other factor such as the ions migration which has proven to be harmful in the PSCs. By implementing
the above strategies, the highest efficiency of more than 21% along with high photo and thermal stabilities
were demonstrated. The SnPb PSCs which was stored in the nitrogen filled air are able to retain more than
99% of their efficiencies after 1 month of storage. In term of thermal stability, the PSCs are able to retain
100% of their initial efficiencies after subjected to the temperature of 85 °C for over 700 hours in nitrogen
atmosphere. Our exploratory of the successful treatment of the doping and interlayer engineering were
followed with series of investigations which includes the morphological, structural and elemental of the SnPb
thin films before and after exposure to thermal heating via SEM, XRD and XPS. We will also demonstrate
the effects of doping and interlayer engineering via impedance spectroscopy technique by extracting the
electronic parameters in the SnPb PSCs such as the series and recombination resistances, and also the
capacitance of the investigated devices which could help to interpret the ionic activities. Our research
concludes that the most important factor that prevent the degradation in the SnPb PSCs underlies in the
physical barrier that can restrict the ions migration. This valuable knowledge could help us in the fabrication

of the SnPb PSCs with high efficiency and excellent performance stabilities.
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Light illumination stability improvement for Sn-Pb mixed perovskite solar
cells through surface modification
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Perovskite solar cells (PSCs) have attracted much attention because of the fast progress of their power
conversion efficiency (PCE), from 3.8% to 25.7% in the past 14 years.[1] However, the highest efficiency of
the PSCs is close to the theoretical efficiency limit (around 31 %) of the single junction PSCs. To overcome
the efficiency limit of the single junction PSCs. All perovskite tandem solar cells should be focused on. Sn-
Pb mixed PSCs are the key points for achieving all perovskite tandem solar cells. Recently, the best Sn-Pb
mixed PSCs have achieved over 23 % efficiency.[2] However, the stability of the Sn-Pb mixed PSCs is
relatively low compared to pure Pb-based PSCs, which limits the practical use of the tandem solar cells.

Suppression of Sn?* oxidation is one of the most crucial points for achieving high performance and stability
of Sn-Pb mixed PSCs. According to recent studies, the Sn?>" oxidation is more dominant on the perovskite
surface.[3] The oxidation of Sn?>* even occurs during the formation of perovskite film in the inert
atmosphere.[4] Therefore, suppression of Sn oxidation of the Sn-Pb mixed perovskite surface is important to
achieve highly stable Sn-Pb mixed PSCs.

In this work, a Pb-contained solution was used for perovskite surface treatment, leading to improved light
illumination stability of Sn-Pb mixed perovskite solar cells.

Figure 1 (a) shows the current density-voltage (J-V) curves of the control and surface-modified PSCs. The
power conversion efficiency (PCE) of the control and surface-modified PSCs is 20.8 % and 21.2 %,
respectively. The PCE of the control and surface modified PSCs did not present significant variation.
However, under light illumination, the control PSCs presented poor stability. The PCE decreased to around
30 % of the initial PCE within 5 hours. On the other hand, the PCE of the surface modified PSCs maintained
80 % of the initial PCE after 50 hours of light illumination. Without surface modification, Sn** oxidation
may easier occur on the perovskite surface. After Pb>*-contained solution surface modification, the Pb*" ratio
increases due to the introduction of the Pb?*, which can suppress the oxidation of the Sn?>* on the perovskite
surface. Therefore, the surface modified PSCs by the Pb?"-contained solution achieved better stability.

In conclusion, the stability of the Sn-Pb mixed PSCs improved significantly compared to the control
devices. This work will contribute to developing the stability of Sn-Pb mixed PSCs and all perovskite tandem
solar cells.
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Figure 1. (a) J-V curves, (b) light illumination stability test of the control and the modified PSCs.
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