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Tailoring Cg¢ for Efficient Inorganic CsPbl,Br Perovskite

Solar Cells and Modules

Chong Liu, Yuzhao Yang,* Cuiling Zhang, Shaohang Wu, Liyu Wei, Fei Guo,
Gowri Manohari Arumugam, Jinlong Hu, Xingyuan Liu, Jie Lin, Ruud E. I. Schropp,

and Yaohua Mai*

Although inorganic perovskite solar cells (PSCs) are promising in thermal
stability, their large open-circuit voltage (Vo() deficit and difficulty in large-
area preparation still limit their development toward commercialization.
The present work tailors Cgq via a codoping strategy to construct an
efficient electron-transporting layer (ETL), leading to a significant
improvement in Vo of the inverted inorganic CsPbl,Br PSC. Specifically,
tris(pentafluorophenyl)borane (TPFPB) is introduced as a dopant to lower
the lowest unoccupied molecular orbital (LUMO) level of the Cg, layer by
forming a Lewis acidic adduct. The enlarged free energy difference provides
a favorable enhancement in electron injection and thereby reduces charge
recombination. Subsequently, a nonhygroscopic lithium salt (LiCIO,) is
added to increase electron mobility and conductivity of the film, leading

to a reduction in the device hysteresis and facilitating the fabrication of

a large-area device. Finally, the as-optimized inorganic CsPbl,Br PSCs

gain a champion power conversion efficiency (PCE) of 15.19%, with a
stabilized power output (SPO) of 14.21% (0.09 cm?). More importantly, this
work also demonstrates a record PCE of 14.44% for large-area inorganic
CsPbl,Br PSCs (1.0 cm?) and reports the first inorganic perovskite solar
module with the excellent efficiency exceeding 12% (10.92 cm?) by a self-

The open-circuit voltage deficits (Ey/q-Voc)
of the state-of-the-art organic—inorganic
hybrid perovskite solar cell (PSCs) have
been minimized to the level of =0.3 V[l
which is comparable with the industrial
crystalline silicon (c-Si) solar cells,? leading
to the realization of certified power conver-
sion efficiency (PCE) up to 25.2% within
a relatively short period of time.B-8 At the
same time, increasing attention has been
paid to the drawbacks of organic—inorganic
hybrid PSCs, such as stability,””! toxicity,1
and scalability.''?l As a potential solution
to address the thermal instability issue
of organic-inorganic hybrid PSCs,[13-1]
the inorganic counterparts have gained
a rapid development in the past several
years.3-26l Among them, CsPbl; owns the
most appropriate bandgap (E, = 1.73 eV)
but suffers from unstable structure, while
CsPDbBr; has superior stability but has a
large bandgap (E, = 2.3 eV). CsPbl,Br, with
the bandgap of 1.92 eV, is regarded as the

developed quasi-curved heating method.
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best compromise after comprehensively

balancing the trade-off between bandgap

and structural stability.!’ Nevertheless,

according to a statistic of PCE as a function
of Vo, the large V¢ deficit still limits a further improvement in
PCE of inorganic CsPbl,Br PSCs, especially for the inverted archi-
tecture (Figure Sla and Table S1, Supporting Information).?”-1
In addition, a severe decline in PCE will happen when the cell
areas are scaled up (Figure S1b, Supporting Information),%-34
which can be ascribed to the deteriorating quality and uniformity
of the perovskite film. Consequently, the high efficient large-area
inorganic PSCs is a challenge, let alone the inorganic perovskite
solar modules. As far as we known, no inorganic perovskite solar
modules have been reported so far.

In general, the V¢ deficits in the PSCs are mainly ascribed
to leakage loss in bulk films, trap states at interfaces, and
mismatched band alignment. Several approaches including
increasing grain size,?’ interface passivation,'”l and grain
boundary passivation®®! have been applied to address these
aforementioned issues. For instances, Yang et al. found that
molecules with carboxyl, amine, and aromatic functional groups
can interact with perovskite and realize passivation of grain
boundaries, leading to the record low V¢ deficit of 0.34 V.U In
addition, the Vq¢ is also determined by the quasi-Fermi level

(10f9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Typical J-V curves of inorganic CsPbl,Br PSCs with varying TPFPB dopant concentrations. b) The best performed inorganic CsPbl,Br PSC
obtained at the 4 wt% TPFPB dopant concentration; the scan directions of black line and red line are reverse scan (RS) and forward scan (FS), respec-

tively. c) EQE spectrum and a relevant integrated current density curve. d)

splitting of electrons and holes under illumination. In this
respect, obtaining high quality perovskite absorber layers is not
the only essential concern, charge transporting layers (CTLs)
with suitable energy levels that are highly capable of charge
injection are regarded as another essential concern to fabricate
high-performance PSCs.%3] Recently, we reported an electron
transporting bilayer of ZnO@Cg, which significantly enhanced
the Vg of inverted all-inorganic PSCs.['*3% On the one hand,
the ZnO layer (ETL;) has an aligned conduction band edge but
high valence band offsets with the perovskite layer that pro-
motes the splitting of quasi-Fermi levels and prevents holes
from flowing to the cathode. On the other hand, the Cg, layer
(ETL,) with deep LUMO level is favorable to extract electrons
from the perovskite/ZnO layers (Figure S2b, Supporting
Information).’®3% Based on these considerations, the electron
extraction ability can be further strengthened by tailoring Cg,
to a deeper LUMO level. In general, introducing a dopant with
an electron-accepting group may be an effective strategy.*”! The
tricoordinated organoboron compound tris(pentafluorophenyl)
borane (TPFPB) with a vacant p-orbital of the boron atom is a
widely used Lewis acid to coordinate with large m-conjugated
carbon skeleton materials in organic solar cells.*!l Recently,
Luo and co-workers utilized the TPFPB as a Lewis acidic dopant
into the Lewis basic poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] (PTAA) hole transporting layer (HTL) in PSCs, which
formed a PTAA-TPFPB adduct to enhance hole mobility and
shifted its HOMO/LUMO level downward.*2!

In this study, we propose a codoping strategy using TPFPB
and LiClO, to tailor the Cg4, for fabrication of highly effi-
cient inorganic CsPbI,Br PSCs with lower hysteresis. The
optimized inverted inorganic CsPbI,Br PSCs achieved a
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SPO as a function of time held at 0.95 V forward bias.

champion PCE of 15.19% for a small-area device (0.09 cm?)
with =100 mV V¢ improvement due to the enhancement
of charge extraction and reduction of trap states. Notably, a
maximum PCE of 14.44% was obtained for large-area device
(1.0 cm?), which is the highest PCE reported for inorganic
CsPbI,Br PSCs. More importantly, by a self-developed large-
area inorganic CsPbI,Br perovskite film preparation method
called quasi-curved heating method, an inorganic perovskite
solar module with a prominent PCE beyond 12% was obtained
for the first time.

The reference inverted all-inorganic PSCs have a structure of
FTO (fluorine-doped tin oxide)/NiO,/CsPbI,Br/ZnO@Cyy/Ag
in our previously published works (Figure S2a, Supporting
Information).'*3% In this work, we innovatively introduced the
Lewis acidic dopant of TPFPB into the Cg, solution and care-
fully studied the corresponding photovoltaic performances. The
typical J-V curves and parameters of inorganic CsPbI,Br PSCs
with varying dopant concentrations of TPFPB are represented in
Figure 1a and Table S2 (Supporting Information), respectively.
It can be observed that the Vi is significantly enhanced from
1.09 to 1.21 V with increase in dopant concentration of TPFPB
from 0 wt% to 4 wt% and then slightly decreases upon further
increase of the dopant concentration from 4 wt% to 8 wt%. The
optimized device showed a best performance of PCE of 15.0%,
with Voc of 1.23 eV, Jgc of 15.56 mA cm™2, and FF of 0.78 for
4 wt% dopant concentration of TPFPB (Figure 1b). Moreover,
the external quantum efficiency (EQE) spectrum has been
recorded to confirm the accuracy of the Jsc obtained from the
J-V curves (Figure 1c). The integrated Jsc was 14.8 mA cm™,
which is fairly close to the value of 15.56 mA cm™ from
J-V curve (deviation less than 5%). We then performed

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) The molecular structures and calculated ESP images of Cgo, TPFPB, and CgTPFPB complex. b) The FTIR spectra for Cgo, TPFPB, and
TPFPB-doped Cgy powder. c) The XPS spectra of F1s, Cls, and Bls in the TPFPB film, 4 wt% TPFPB-doped Cg, film, and pristine Cq film. d) The
optimized molecular orbital graphs of the Cgy and Cq- TPFPB complex. e) The UPS cutoff spectra of the C4y and 4 wt% TPFPB-doped Cq, films. f) The
TRPL spectra of the perovskite film with different ETLs. g) The dark J-V characteristics of the electron-only perovskite devices (FTO/ZnO/perovskite/

ZnO@Cgp/Ag) with and without incorporation of TPFPB.

capacitance-voltage (C-V) characterizations to elucidate the
underlying physics of the V¢ improvement. The intercept with
the x-axis can be associated to the built-in potential (V4;) by
Mott—Schottky analysis. The extracted Vi; increased from 0.95 V
in the control device to 1.05 V in 4 wt% TPFPB-doped device
(Figure S3, Supporting Information), which means that the
TPFPB-doped ETL can facilitate charge separation and prevent
carrier recombination.*3] However, we found that the TPFPB-
doped inorganic CsPbI,Br suffered from severe hysteresis and
it became more pronounced with increasing dopant concentra-
tion (Figure S4, Table S2, Supporting Information). In order to
quantitatively evaluate the J-V hysteresis effect, we calculated
the hysteresis index (H-index) with the equation of H-index =
(PCEgg — PCEgg)/PCEgs, where the PCERg and PCEgg represent
the PCE from reverse scan (RS) and forward scan (FS), respec-
tively.*] The estimated H-index for the best performed device
is =12.87% as depicted in Figure 1b, which is considered to
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be too large for a properly working PSC. As a result, the stabi-
lized power output (SPO) displayed inferior PCE and declined
rapidly from 13.3% to 12.7% within 150 s (Figure 1d).

We performed electrostatic potential (ESP) analysis by the
density functional theory (DFT) method to explore the mecha-
nism behind both improved PCE and induced hysteresis effect
with respect to incorporation of TPFPB.*! The molecular
structures and calculated ESP images of Cg, and TPFPB are
displayed in Figure 2a. Both Cg, and TPFPB have an electron-
deficient area (positive area) as well as an electron-accepting
area (negative area), which possibly provides a favorable con-
dition for coordination with each other. In the Cg, molecule,
the negative areas are mainly distributed at the edges and ver-
texes, which shared by two adjacent rings, while the positive
areas are mainly located above and below the center of the
fiveemembered and six-membered rings.*¢! Concomitantly,
the positive areas in TPFPB are associated with fluorine, and

(3 of 9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

the strongest negative area is located around the boron atom
due to its vacant p orbit. It seems that the Cg,- TPFPB complex
has two types of configurations: i) C—F- - - C4, configuration, in
which one or more C—F bonds joint(s) to the five-membered
or six-membered rings; ii) B- - - Cgo configuration, in which the
negative areas in Cg, are attracted by boron atom in TPFPB.
Nevertheless, we found the C—F---Cg, configuration is not
stable because the energy of the structure C—F- - - Cq is not at
a minimum point. A more stable structure of Cgy- TPFPB com-
plex with B- - -Cg, configuration is illustrated in Figure 2a and
the values of combining energies are listed in Table S3 (Sup-
porting Information). The interaction is mainly dominated by
dispersion and the total combining energy is —18.6 kcal mol™.
The interaction between TPFPB and Cg, molecule has been fur-
ther verified by Fourier transform infrared (FTIR) spectroscopy
measurements. As shown in Figure 2b, the peaks located at
526.6 and 576.0 cm™ are corresponding to Cgy molecule which
has almost same wavenumbers after TPFPB doping, whereas
the peaks located at 1647.4, 1519.0, and 1468.7 cm™ that belong
to the fluorinated benzene ring were shifted to lower wavenum-
bers. This can be explained by the rigid body of Cg, and interac-
tion effect between TPFPB and Cg, molecule. In addition, the
stretching vibration of C—B bond in TPFPB is shifted from
1103.6 cm™! to lower wavenumber of 1084.9 and 1083.1 cm™
for 20 wt% and 4 wt% of TPFPB-doped C4, samples, which
indicates a decrement in bond strength between C and B due to
the formation of coordination adduct.l*’]

In order to further understand the interaction between Cg,
and TPFPB, X-ray photoelectron spectroscopy (XPS) have been
performed. We investigated the peaks of Fl1s, Cls, and Bls in
the XPS spectra (Figure 2c). It can be observed that the Cls
peak from Cg is shifted toward higher binding energy while the
F1s and B1s peaks belonging to the TPFPB are shifted to lower
binding energy after the incorporation of TPFPB into Cg film,
suggesting that the electron density around the boron atom
was increased, due to the donation of electrons to the carbon
atom.2!l Moreover, the HOMO and LUMO energy levels of Cq
without or with TPFPB doping have been calculated to under-
stand the changes of frontier electron orbitals, as the molecular
orbital configurations are depicted in Figure 2d. The LUMO
image of TPFPB-doped Cg, intuitively exhibits less delocaliza-
tion across the n-conjugated framework, which means that the
electron density was withdrawn from the Cg, and shifted to
the TPFPB molecule. As a consequence, the obtained LUMO
level is decreased from —3.22 to —3.34 eV with the attachment
of TPFPB. Note that the calculated value of HOMO and LUMO
are only used for internal comparison as the orbitals are one-
electron approximations.

To verify the above simulation, the ultraviolet photoelectron
spectroscopy (UPS) has been used to calculate the energy levels
of TPFPB-doped Cg thin film. The measured HOMO levels of
Cgo with and without TPFPB are 21.22 eV — (19.94-5.12 eV) =
6.4 eV and 21.22 eV — (19.34-4.44 eV) = 6.32 eV, respectively.
The bandgaps of the pristine Cq, and TPFPB-doped Cg, films
are 1.79 and 1.80 eV, derived from the absorption spectra
(Figure S5, Supporting Information). Thus, the calculated
LUMO energy of the 4 wt% TPFPB-doped Cg film is 6.4-1.8 eV =
4.6 eV (LUMO = HOMO - E,), which is 70 meV deeper than
4.53 eV (6.32-1.79 eV) of a pristine Cg4y film (Figure 2e). A
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deeper LUMO level of TPFPB-doped Cg, allows to provide a
larger free energy difference in efficient electron injection.®!
Time-resolved photoluminescence (TRPL) spectra have been
conducted on the samples of glass/CsPbl,Br and glass/CsP-
bI,Br/ETLs (ETLs: ZnO@C¢, ZnO@4 wit% TPFPB-doped
Ceo) to examine the electron extraction capabilities of corre-
sponding ETL bilayers. Obviously, the bare perovskite thin
film possesses the longest lifetime, and the ETL-containing
samples show the reduced fluorescence lifetimes. The 4 wt%
TPFPB-doped device has a shorter lifetime (1.76 ns) than the
pristine Cqp-based sample (4.47 ns) (Figure 2f), which indicates
an enhancement in electron extraction capability of ZnO@Cg,
bilayer after the doping of TPFPB. In addition, the electron
trap states of the electron-only devices before and after doping
TPFPB have been compared (Figure 2g). Typical J-V curves
with ohmic current region and trap-fill limited (TFL) current
region have been observed. The electron trap densities n. can
be calculated by n, = (2 Vg €,6)/eL?, where Vg is the trap-fill
limit voltage, L and ¢, are the thickness and relative dielectric
constant of CsPbI,Br active layer, &, is the vacuum permittivity,
and e is the electron charge. The trap density is reduced from
2.72 x 10'°® cm™ to 2.33 x 10'® cm™3 upon incorporation of
TPFPB.B2 Therefore, the improvement in V¢ through incor-
poration of TPFPB can be associated with the enhanced charge
extraction effect and decreased trap states.

In order to further find out the reason that causes the anom-
alous hysteresis, conductive atom force microscopy (c-AFM)
analysis has been carried out and a space-charge-limited cur-
rent (SCLC) model has been applied to characterize the film
conductivity and electron mobility.*849 According to the 2D tap-
ping-mode height images, a different topographic morphology
is observed after doping of TPFPB, as the root-mean-square
(RMS) roughness is slightly increased from 0.68 nm of the
Cyo film to 1.24 nm for the 4 wt% TPFPB-doped Cg thin film
(Figure S6a,b, Supporting Information). In addition, the c-AFM
images exhibit a significant difference, as more blue area is
observed in Figure 3a when compared to Figure 3b, which indi-
cates the occurrence of a larger current flow in the pristine Cg,
thin film as compared with in the 4 wt% TPFPB-doped Cg, thin
film. The mean current is decreased from 100.30 to 95.39 pA
after quantifying the current maps (Figure 3d,e), confirming
the reduction in conductivity after the incorporation of TPFPB.
The current-voltage response also shows the reduced slope for
the TPFPB-doped device (Figure S7, Supporting Information),
which is consistent with the results of the c:AFM current maps
(Figure 3d,e). In addition, the electron mobility of Cg, and
4 wt% TPFPB-doped Cg films have been evaluated by means
of the SCLC model with the equation of j = (9uge, V?)/8L3,
where u is the electron carrier mobility, &, is the vacuum per-
mittivity, &, is the relative permittivity of Cg, V is the applied
voltage, and L is the film thickness.® The mobility of the 4 wt%
TPFPB-doped Cg film is reduced from 1.67 to 0.39 cm? V-1 57!
(Figure S8, Supporting Information). It is well known that the
Cgo molecule has 60 delocalized 7 electrons and the transporta-
tion of electrons is generally related to the 7 conjugation. In
this work, the hopping of the delocalized 7 electron may be hin-
dered due to the interposition of TPFPB between adjacent Cg,
molecules, resulting in the decrease of electron mobility and
conductivity. As a result, the charge transport may be slowed

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a—f) c:AFM images and quantized photocurrent statistics of Cgq film (a,d), 4 wt% TPFPB-doped C¢, film (b,e), and codoped C¢, film (c,f).

down and cause charge accumulation, which is likely to be
responsible for the pronounced hysteresis effect.

To suppress the negative effects of TPFPB doping and
increase the electron mobility and conductivity at the same
time, a controlled amount of lithium salt (LiClO,) has been
added into the TPFPB-doped Cg, solution. The LiClO, has
been used as the addictive for lithium salt instead of the widely
used lithium Dbis(trifluoromethanesulfonyl)imide (LiTFSI)
because of its less hygroscopic nature. As shown in Figure S9
(Supporting Information), LiTFSI powder changed into liquid
within 45 min in air due to its strong hygroscopic nature, while
the LiClO, powder possessed a negligible change when placed
in air for more than 1 week (relative humidity: =70%). The
electron mobility is increased from 0.39 to 1.21 cm? V! s7!
(Figure S8, Supporting Information) as well as the quanti-
fied current from the c-AFM images is increased from 95.39
to 106.50 pA (Figure 3e,(f) after the introduction of LiClO,
into TPFPB-doped Cg, film. The increase of slope of codoped

Adv. Mater. 2020, 32, 1907361 1907361

device is also consistent with the results of c-AFM current
images (Figure S7, Supporting Information). In addition, the
Lewis acidic TPFPB also undergoes hydrophilic character,
since water molecule can act as a Lewis base (Figure S10, Sup-
porting Information),P!l which may reduce water resistance
of the ETL capping bilayers. Fortunately, the ClO,~ anions
can coordinate with the dissociative TPFPB, which not only
hinder the deliquescence of TPFPB, but also increase the
film conductivity by releasing the Li* ions.l’ However, exces-
sive LiClO4 will weaken the effect between TPFPB and Cg,
which make it necessary to optimize the dopant concentra-
tion of LiClO,. Figure S11 (Supporting Information) shows
the statistics of parameters of the PSCs with different LiClO,
dopant concentrations into the Cgq layer. All solar cell param-
eters are improved to some extent as the dopant concentra-
tion is increased, and the optimal performance is obtained
with a dopant concentration of 0.1 wt%. Subsequently, the
TPFPB and LiClO, codoped PSCs are fabricated. Figure 4a and

(5 0f9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Typical J-V curves of inorganic CsPbl,Br PSCs with fixed 4 wt% TPFPB additive and varying dopant concentrations of LiClO,. b) The J-V
characteristics of the best performed inorganic CsPbl,Br PSC obtained in 4 wt% TPFPB and 0.01 wt% LiClO4 codoped Cg condition. c) SPO measure-
ment as a function of time held at 0.95 V forward bias. d) The -V curves of the best performed large-area PSC; inset is the corresponding photograph
of PSC with electrode area of 1.1 x 1.1 cm?. e) The SPO measurement as a function of time held at 0.9 V forward bias. f) Long-term storage stability

of the large-area PSCs (stored in nitrogen environment and tested in air).

Table S4 (Supporting Information) respectively exhibit the
typical J-V curves and parameters of inorganic CsPbI,Br PSCs
with fixed 4 wt% TPFPB additive and varying dopant concen-
trations of LiClOy4. The best solar cell is obtained at the LiClO,
dopant concentration of 0.01 wt%, while higher dopant con-
centration leads to a decrease in V¢, which can be related to
weakened coordination effect between TPFPB and Cg. Finally,
a champion PCE of 15.19% (RS) is achieved after repeated
optimization with V¢ of 1.23 V, Js¢ of 15.87 mA cm™2, and
FF of 0.78. Additionally, the PCE obtained from forward scan
is 14.23% with Ve of 1.19 V, Jsc of 15.77 mA ¢cm~2, and FF
of 0.76 (Figure 4b). Encouragingly, the H-index is reduced to
=6.32%, which is significantly less than that of single TPFPB-
doped PSC as well as control PSC. The corresponding SPO
performance has been recorded at a forward bias of 0.95 V and
achieved a stabilized PCE of 14.21% without obvious decline
(Figure 4c). The EQE spectrum and the corresponding inte-
gral current density as a function of wavelength are shown in
Figure S12 (Supporting Information) with integrated current
density of 15.1 mA cm™2. Statistics of photovoltaic parameters
of PSCs fabricated with pristine and doped Cg, ETLs is shown
in Figure S13 (Supporting Information), indicating a good
repeatability. A square-centimeter area (1.0 cm?) PSC has also
been fabricated and a high PCE of 14.44% has been obtained
(Figure 4d), which is the highest PCE reported for inorganic
CsPbI,Br PSC with an active area of =1.0 cm? as far as we
know (Figure S1b, Supporting Information). Interestingly, the
large-area device showed a Vo of 1.25 V, which is 20 mV larger
than the PSCs with small area. The corresponding SPO perfor-
mance has been recorded at a forward bias of 0.95 V around
the maximum power point and achieved a stabilized PCE of
13.02% within 120 s (Figure 4e). Subsequently, the storage sta-
bility of the large-area PSCs has been monitored. The devices
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without any encapsulation still retain about =91.8% of its ini-
tial PCE after being tracked for 72 d (Figure 4f).

As mentioned above, the incorporation of LiClO, is bene-
ficial in that it weakens the hygroscopicity of TPFPB, which
is expected to improve the humidity stability of the PSCs.
Figure S14 (Supporting Information) shows the water contact
angle measurements carried out on the devices FTO/NiO,/
perovskite/ZnO@Csy, (TPFPB-doped Cq, or TPFPB + LiClO,
codoped Cgyo). The water contact angle is decreased from
118.5° to 110.5° after the incorporation of 4 wt% TPFPB and
then increased to 114° with sequentially addition of 0.01 wt%
LiClO,. These results suggest that the enhanced surface energy
of the ETLs upon introduction of LiClO, can improve the
moisture resistance of inorganic PSCs. Thus, thermal stability
measurements of the PSCs (Au electrode) with and without
dopant have been conducted at 60 °C both in air and in N,
environment. As can be seen in Figure S15 (Supporting Infor-
mation), the control devices possessed the most stable perfor-
mance with nearly no decline within 23 h, which is consistent
with our previous report.3% At the same time, the TPFPB-
doped device exhibits the fastest decline as the PCE decreases
by half within 8 h. In comparison, the codoped CsPbl,Br PSC
still maintains 70% of its initial PCE after being heated in air
for 19 h (Figure S15, Supporting Information). In order to
visualize different degradation behaviors of the corresponding
PSCs, the photographs are displayed in Figure S16 (Supporting
Information). Negligible changes are observed for the control
device after 23 h annealing in air whereas a severe degradation
is observed for TPFPB-doped device just after 4 h of annealing.
Concomitantly, the codoped device began to degrade after
10 h, which indicates its increased stability when compared to
TPFPB-doped PSCs. In contrast, the TPFPB-doped PSCs dis-
play about 10% decline of their initial PCE after being heated
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at 60 °C in N, for 132 h (Figure S17, Supporting Information).
The PCE of codoped devices increased slightly in the first 12 h
of heating, which can be attributed to the decreased trap-state
density and improved interface charge-transfer properties.>!]
Subsequently, the thermal stability of the codoped devices
exhibited about 15% decline after heated for 132 h when
compared with their initial PCE. We further tracked the long-
term 1 sun light soaking lifetime of the PSCs. As shown in
Figure S18 (Supporting Information), the PCE of the control
and the codoped devices increase slightly in the first 24 h of
light illumination, which can be attributed to the light-induced
defect healing effect in the PSC.>} Subsequently, the efficiency
begins to decline, but the PCEs are retained (codoped devices)
or higher (control devices) than the initial PCEs after 132 h of
light illumination. In contrast, the TPFPB-doped devices dis-
play a fast decline of PCE with about 30% decline of its ini-
tial PCE when aging for 132 h under light illumination in N,.
These results indicate that TPFPB-doped devices are more sen-
sitive to humidity in the air and to light illumination, and the
codoped device is assumed to be a compromise between effi-
ciency and stability.

www.advmat.de

We further fabricated an inorganic perovskite solar module
with 4 subcells connected in series (Figure 5c). However,
with the increase of substrate size (from 2.5 x 2.5 cm? to
5 x 5 cm?), the phase transition process at the center region
will lag far behind the edge region (Figure 5by), resulting in
nonuniform perovskite film (Figure S19a,c, Supporting Infor-
mation). To solve this problem, we have upgraded the thermal
radiant heating method (TRHM)!% by placing a curved glass
under the sample substrate to form a quasi-curved heating
surface of hotplate (Figure 5a). The heated curved glass accel-
erates the phase transition of the center region so that the
whole substrate can undergo the phase transition process
at the same time (Figure 5b,), thus ensuring the uniformity
of the perovskite film (Figure S19b,d, Supporting Informa-
tion). We name this upgraded method as the quasi-curved
hotplate thermal radiation heating method (for short: quasi-
curved heating method). The thermal infrared videos (Sup-
porting Information) were applied to in suit monitor the dis-
tribution of the heat field during the phase transition heating
process. The area of each subcell is 0.75 X 4.4 cm? and each
dead area is 0.25 x 4.4 cm?, leading to geometric fill factor of

Nonuniform phase transition process

(a)

Curved gl

| Hotplate

(bl)

Hotplate

Unlform phase transition process

(b,

Hotplate

Ehxt (| W

J

12
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Figure 5. a) Schematic view of quasi-curved heating method to fabricate CsPbl,Br thin film on large substrate. b) Side view to understand the changes
in thermal radiation patterns after placing the curved glass under the sample substrate. ) A schematic diagram of inorganic perovskite solar module
with four subcells connected in series. d) Photograph of the inorganic CsPbl,Br perovskite solar module. e) Statistical histogram of the PCE of CsPbl,Br
perovskite solar modules, represented for 32 data points. f) The J-V characteristics of the best-performing CsPbl,Br perovskite solar module.
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75% (Figure S20a, Supporting Information).l'2l The size of
each mask is 0.65 X 4.2 cm?, giving the total active area of the
module of 10.92 cm? (Figure S20b, Supporting Information).
The photograph of as-fabricated inorganic perovskite solar
module was shown in Figure 5d and Figure S21 (Supporting
Information). We optimized the thickness of the ZnO layer, as
the typical J-V curves are shown in Figure S22a (Supporting
Information). Compared with solar cells, the solar module
needs a thicker ZnO layer to avoid leakage loss (Figure S22b,
Supporting Information) due to the inherent unevenness of
the spin coating applied to a large substrate. Subsequently,
32 solar modules were fabricated and their parameters were
statistically calculated (Figure Se and Figure S23, Supporting
Information). Inspiringly, the solar modules show low perfor-
mance loss compared with the solar cells, which leads to the
best-performing solar module showing a PCE of 12.19% (Isc =
41.30 mA, Voc =4.56 V, and FF = 0.71) (Figure 5f). To the best
of our knowledge, this is the first solar module reported with
inorganic perovskite absorber. In addition, the inorganic solar
module without any encapsulation can retain about =86.5% of
its initial PCE after being stored for 75 d in nitrogen atmos-
phere (Figure S24, Supporting Information).

In conclusion, our work demonstrated significant improve-
ments in Vo and overall photovoltaic performances of inorganic
CsPbI,Br PSCs by tailoring of Cg via our codoping strategy. The-
oretical calculations and experimental measurements including
FTIR and XPS were applied to verify the coordination between
Lewis acid TPFPB dopant and Cg. The Lewis acid TPFPB mol-
ecule attracts the electrons from the Cgy, molecule, resulting in
an occurrence of a lower LUMO level of Cg,. TRPL spectra dem-
onstrated enhanced electron extraction ability, and the charac-
terization of trap states indicated a reduced electron trap density.
The as-fabricated inverted inorganic CsPbI,Br PSC with TPFPB-
doped Cg yielded a V¢ as high as 1.23 V, which is much larger
than that of the PSCs with pristine Cq. However, the hysteresis
effect became more pronounced with increasing dopant concen-
tration of TPFPB. The severe hysteresis can be ascribed to the
decrement in electron mobility and conductivity, due to the for-
mation of a Cy4y- TPFPB complex that inhibits the hopping of the
delocalized 7 electron within the ETL. Subsequently, the intro-
duction of a certain amount of LiClO, enhanced the conductivity
of film as well as the humidity stability and light illumination
stability. The as-optimized inorganic PSCs with codoped Cgq
ETL showed a champion PCE of 15.19% (stabilized efficiency
of 14.21%) with acceptable J-V hysteresis for a small-area
(0.09 cm?) device. Nevertheless, we believe that further work is
needed to eliminate the hysteresis effects especially on the opti-
mization of the inorganic perovskite material. Furthermore, a
high PCE of 14.44% was obtained for a large-area device with
square centimeter active layer, which is the highest PCE reported
for an inorganic PSC with an area of 1.0 cm? The large-area
PSCs retained =91.8% of their initial PCE after having been
stored for 72 d. More importantly, for the first time, an inorganic
perovskite solar module as obtained by the quasi-curved heating
method is reported with an efficiency exceeding 12% (10.92 cm?).
We Dbelieve that this present work can provide a facile approach
toward the fabrication of high-efficiency, inorganic CsPbI,Br
PSCs with low hysteresis and may make the fabrication of larger
area inorganic perovskite solar modules feasible.
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