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ABSTRACT

All-inorganic perovskites, adopting cesium (Cs*) cation to completely replace the organic component of A-sites of hybrid
organic—inorganic halide perovskites, have attracted much attention owing to the excellent thermal stability. However, all-
inorganic iodine-based perovskites generally exhibit poor phase stability in ambient conditions. Herein, we propose an efficient
strategy to introduce antimony (Sb*) into the crystalline lattices of CsPbl,Br perovskite, which can effectively regulate the growth
of perovskite crystals to obtain a more stable perovskite phase. Due to the much smaller ionic radius and lower electronegativity
of trivalent Sb** than those of Pb?*, the Sb*" doping can decrease surface defects and suppress charge recombination, resulting in
longer carrier lifetime and negligible hysteresis. As a result, the all-inorganic perovskite solar cells (PSCs) based on 0.25% Sb**
doped CsPbl,Br light absorber and screen-printable nanocarbon counter electrode achieved a power conversion efficiency of
11.06%, which is 16% higher than that of the control devices without Sb*" doping. Moreover, the Sb** doped all-inorganic PSCs
also exhibited greatly improved endurance against heat and moisture. Due to the use of low-cost and easy-to-process
nanocarbon counter electrodes, the manufacturing process of the all-inorganic PSCs is very convenient and highly repeatable,
and the manufacturing cost can be greatly reduced. This work offers a promising approach to constructing high-stability all-
inorganic PSCs by introducing appropriate lattice doping.
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a smaller band gap (~ 1.7 eV), the stability is not ideal [19, 20].
Therefore, CsPbLBr can be used as a compromise perovskite
material that balances the light absorption performance and
operation stability [21-23]. On the other hand, introducing
foreign metal ions into the B-sites of perovskites also can improve
the stability. For instance, researchers have doped Zn*, Sr**, Mn*,
and In* into the lattices of CsPbI,Br perovskite, obtaining a more
stable inorganic perovskite phase and favorable photovoltaic
performance [24-27]. However, the hygroscopic nature of their
iodide poses a potential risk to the long-term stability of the
devices when exposed to damp air. As a trivalent main-group
metal ion, the Sb* with a small radius has a similar electronic
structure to Pb*, and its iodide exhibits excellent moisture
resistance. Sb-based dopants are promising to be introduced into

1 Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have
attracted widespread attention in the field of photovoltaic research
[1-4]. Since 2009, the photo-conversion efficiency (PCE) of PSCs
has increased from 3.8% to 25.7% [5-7]. However, the stability,
especially the thermal durability of PSCs, is still unsatisfactory [8].
The A-sites of lead halide perovskites usually contain
methylammonium (MA®) or formamidine (FA®), which are
organic components with poor heat tolerance [9-11]. One
effective way to improve the stability of PSCs is to partially or
completely replace MA* and FA* with Cs* [12-14]. All-inorganic
Cs-based perovskites are more stable at high temperatures, but the
Cs-based perovskites might degrade into other phases without
photo-activity at room temperature [15]. To stabilize the effective

crystalline phase of the all-inorganic perovskites, Br~ could be
incorporated into X-sites, since Br-based perovskites have better
stability than I-based perovskites [16]. Pristine CsPbBr; exhibits
good stability, but its band gap is wide (~ 2.3 eV), which is not
conducive to the absorption of sunlight [17, 18]. While CsPbl; has

the B-sites of CsPbl,Br perovskite for enhancing the optical and
electronic properties. Moreover, the presence of labile organic hole
transport materials (HTMs) in PSCs is also unfavorable to the
operation stability. Aiming to stabilize the entire device, some
inorganic materials such as NiO, could be used as HTMs [28], or
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a carbon electrode could simultaneously act a bi-functional role of
both HTM and current collector [29, 30].

Herein, we report the introduction of Sb* into the crystal
lattices of CsPbLBr perovskite, and meanwhile a low-cost and
screen-printable nanocarbon electrode is used to replace organic
HTMs and expensive noble metal counter electrodes. As thus,
HTM-free all-inorganic PSCs with a structure of fluorine-doped
tin oxide (FTO)/c-TiO,/m-TiO,/perovskite/nanocarbon were
fabricated. Since Sb** has a much smaller ionic radius and lower
electronegativity than Pb*, the incorporation of Sb* could
effectively change the crystallization behavior and stabilize the
lattice phase of CsPbLBr films, thus greatly enhancing the phase
stability of the perovskites. With an Sb doping ratio of 0.25%, the
PCE of the all-inorganic PSCs can reach 11.06%, superior to that
of the undoped devices (9.55%). More importantly, the all-
inorganic PSCs based on Sb-doped CsPbLBr exhibited greatly
enhanced thermal and humid stabilities, attributing to a more
suitable tolerance factor of Sb* dopant.

2 Results and discussion

The Sb-doped CsPbl,Br perovskite films were prepared by a one-
step spin-coating approach using Csl, PbBr,, Pbl, and Sbl,

(b)
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precursors dissolved in dimethyl sulfoxide (DMSO), as detailed in
the Methods section in the Electronic Supplementary Material
(ESM). The crystal structure of all-inorganic perovskite CsPbL,Br
doped with Sb* is shown in Fig. 1(a), where the A-sites are
occupied by Cs™ cations, the B-sites are occupied by metal ions
(Pb* or Sb*), and the X-sites are occupied by I and Br~ ions with
a ratio of 2:1. The as-prepared all-inorganic perovskite films,
including pristine CsPbL,Br, 0.25%-Sb CsPbL,Br, and 1%-Sb
CsPbL,Br, were characterized by X-ray diffraction (XRD) to study
the effect of Sb substitution on the crystallinity (Fig. 1(b)). The
XRD peaks of all the as-prepared samples located at 14.6° and
29.5° are assigned to the (100) and (200) planes of cubic CsPbL,Br,
respectively [31]. However, there are still some differences between
the samples. The 0.25%-Sb CsPbL,Br sample has the highest (200)
peak intensity. By comparing the full width half maximum
(FWHM) of the main (200) peaks of these samples (0%-Sb: 0.22°,
0.25%-Sb: 0.21°, and 1%-Sb: 0.27°), it is found that the 0.25%-Sb
CsPbL,Br sample has the lowest FWHM value, indicating its
highly ordered crystal structure. Besides, the pristine CsPbL,Br film
has an additional diffraction peak at 20.9°, which corresponds to
the (110) planes of cubic CsPbLBr. The obvious (110) diffraction
peak of the pristine sample indicates its inferior crystal growth
alignment and lower crystallinity degree. As shown in Fig. S1 in
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Figure1 (a) Crystal structure of Sb-doped CsPbL,Br perovskites. (b) XRD patterns of CsPbL,Br films with different ratios of Sb doping. (c) XPS spectra of pristine
CsPbLBr (black line), 0.25%-Sb CsPbLBr (red line), and 5%-Sb CsPbLBr (blue line) films. High-resolution XPS spectra of the samples at (d) Pb 4f, (¢) Cs 3d, and (f) Sb

3d regions, respectively.
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the ESM, the (200) diffraction peaks of the samples slightly shift to
higher angles, indicating a decrease in the lattice constants due to
the introduction of Sb* ions. These results indicate that a proper
amount of Sb doping could decrease the crystal defects and
enhance the crystallinity of perovskite films, which is conducive to
the transport of photo-generated carriers in the perovskite films.
When the Sb-doping ratio further increases, the intensities of the
(100) and (200) peaks gradually decrease, and the intensity of the
(110) diffraction peak gradually increases (Fig.S2 in the ESM).
Especially, when the Sb-doping ratio increases to a high level (5%
and 10%), the intensities of the (100) and (200) peaks are
significantly decreased, and an obvious impurity peak appears at
25.5°, which is attributed to the (101) planes of anatase TiO,. The
(101) peak of TiO, becomes the main peak at the Sb-doping ratio
of 10%, suggesting a very low crystallinity. This suggests that the
foreign Sb* ions have a great influence on the crystallization
process of CsPbL,Br film. Briefly, a moderate Sb-doping ratio is
beneficial to improving the crystal quality, while an excessively
high doping ratio over the threshold will decrease the crystalline
degree of perovskite film.

X-ray photoelectron spectroscopy (XPS) analysis results of
pristine CsPbL,Br, 0.25%-Sb CsPbL,Br, and 5%-Sb CsPbL,Br films
are shown in Fig. 1(c). The high-resolution XPS spectra at Pb 4f,
Cs 3d, Sb 3d, I 3d, and Br 3d regions are also compared in Figs.
1(d)-1(f), and Fig. $4 in the ESM, and the characteristic binding
energies of these elements are summarized in Table S1 in the
ESM. The presence of two binding energy peaks near 535 eV is
attributed to the Sb 3d core levels, which confirms the existence of
Sb*. Specifically, the two peaks at 530.6 and 539.9 eV are indexed
to Sb 3d, and Sb 3d,, bands, respectively (Fig. 1(f)). In the 0.25%-
Sb CsPbI,Br sample, the Sb 3d peaks are very weak, because the
atomic percentage of Sb is very low and barely detected. The high-
resolution XPS spectrum at Sb 3d region of 1%-Sb CsPbI,Br film
is also presented in Fig. S3 in the ESM. However, the shifts of Cs
3d and I 3d peaks prove that Sb* has been introduced into the
perovskite film (Fig. 1(e), and Fig. S4(a) and Table S1 in the ESM).
Notably, compared to pristine CsPbl,Br, all the XPS peaks of Sb-
doped CsPbLBr samples shift to lower binding energy levels,
which is attributed to the doping effect of Sb* ions and the
resulting change of chemical bonds. It is known that Sb has a
lower electronegativity (2.05) compared with Pb (2.33). In Sb-
doped samples, the binding energy of Pb 4f with halide ions is
decreased due to the strong chemical interaction between Sb** and
X" (X = (], Br, or I). Meanwhile, Sb is more likely to lose valence
electrons, while other atoms such as Cs, I, and Br in the perovskite
crystal tend to get valence electrons and thus reduce the binding
energy of these atoms. In addition, the energy-dispersive X-ray
(EDX) spectroscopy elemental mappings in Fig. S5 in the ESM
show that Sb is uniformly distributed in the 1%-Sb CsPbIL,Br
sample. Similarly, Sb is barely detected in the 0.25%-Sb CsPbL,Br
film by EDX because the content of Sb atoms is almost below the
detection limit.

The morphology features of pristine CsPbL,Br and Sb-doped
CsPbLBr films were studied by scanning electron microscopy
(SEM) (Fig. 2(a)). In comparison to the pristine CsPbL,Br film, the
0.25%-Sb CsPbLBr film demonstrates a reduced number of
pinholes and a more uniform morphology, primarily due to its
improved crystal orientation consistency [32]. However, when the
Sb doping content is increased to 1%, the number of pinholes
increases once again due to decreased crystallinity, which is
consistent to the findings from the XRD analysis. These pinholes
could hinder the transport of electrons and holes and increase the
recombination of them, thereby affecting the photovoltaic
performance of PSCs. Additionally, the doping of Sb* ions with a
small radius into CsPbL,Br perovskite results in a contracted lattice

Nano Res. 2024, 17(3): 1508-1515

volume and enhanced phase stability, making it an effective
stabilizer to maintain the a-phase seeds during the low-
temperature annealing step. Upon annealing at 160 °C, the crystal
seeds undergo complete growth, leading to a significant
enhancement in the crystallinity and quality of the perovskite
films. Hence, the utilization of Sb** was implemented to mitigate
the occurrence of pinholes, reduce defect density, alleviate lattice
strain, and subsequently enhance both the photovoltaic
performance and stability [33, 34].

The effects of Sb** doping on the photo-physical properties were
further studied (Fig. 2(b)). It can be found that as the content of Sb
doping increases, the ultraviolet-visible (UV-Vis) absorption
spectra appear blue shift. The blue shift of the absorption edge can
be observed more clearly in the partially enlarged view (Fig. S6 in
the ESM). The optical band gaps of the perovskite films were
calculated based on the Tauc diagram converted from the UV-Vis
absorption spectra (Fig.2(c)) [35], and the corresponding band
gap values are marked in the plot. With the increase of Sb-doping
content from 0% to 1%, the optical band gap increases from 1.903
to 1.916 eV. Previous studies suggest that the incorporation of Sb
may cause the enlargement of band gap due to the stronger Sb-X
bonds [36,37]. The photoluminescence (PL) spectra of pristine
CsPbLBr, 0.25%-Sb CsPbL,Br, and 1%-Sb CsPbLBr films
deposited on ordinary glass substrates were measured under an
excitation wavelength of 450 nm (Fig. 2(d)). The 0.25%-Sb
CsPbL,Br film exhibits an enhanced PL intensity, indicating highly
improved photo-response properties. Conversely, excessive Sb
doping results in the negative effect on PL intensity, which can be
attributed to the reduction of photosensitive phase. As the Sb-
doping ratio increases, a blue shift is observed with the emission
peaks around 659, 656, and 646 nm, respectively, which is
consistent with the measured optical band gaps in Fig. 2(c). The
UV-Vis absorption spectrum and corresponding optical band gap
of 10%-Sb CsPbl,Br film were also measured (Fig. S7 in the ESM),
showing a band gap widening compared to the other samples.
Theoretically, the valence band maximum (VBM) of ABX;
perovskite is mainly composed of antibonding hybridization B s
and X n’p orbitals with main contribution from X #’p, while the
minimum conduction band (CBM) is determined by the
antibonding mixing of B np and X n’p orbitals with dominant
contribution from B np [38]. On the contrary, the effects of A-site
cations on VBM or CBM are negligible. Therefore, due to the
additional I" ions brought by Sbl; relative to Pbl,, some of the Br-
ions in the crystal structure may be replaced by I" ions, which
makes the VBM move to a higher level. Meanwhile, the CBM
value moves up because of the substitution of Pb** ions with Sb*
ions. To determine the exact VBM values, the valence band XPS
spectra of pristine CsPbLBr, 0.25%-Sb CsPbL,Br, and 1%-Sb
CsPbL,Br films were collected (Fig. 2(e)). The work function of the
spectrometer used for XPS analysis is 4.5 eV (the binding energy
of Ag 4d). By linearly extrapolating the valence band XPS curves,
the VBM values of these three samples are determined as —5.68,
—5.64, and —5.55 eV, respectively. Combining the optical band gap
values of the samples obtained from the UV-Vis absorption
spectra, the CBM values of the samples are calculated to be —3.78,
-3.73,and —3.63 eV, respectively.

To better understand the influence of Sb doping on the
photovoltaic performance, a series of all-inorganic PSCs based on
screen-printable nanocarbon counter electrode and free of HTM
were fabricated, with a structure of FTO/c-TiO,/m-
TiO,/perovskite/nanocarbon  (Fig. 3(a)). Among these all-
inorganic PSCs, the unstable organic HTMs and expensive noble
metal electrodes in traditional organic-inorganic hybrid PSCs are
replaced by screen-printable nanocarbon electrodes with high
stability, easy processability, and low cost. Moreover, nanocarbon
electrode can effectively work for both hole extraction and
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Figure2 (a) Top-view SEM images, (b) UV-Vis absorption spectra, (c) (Ahv)* versus hv curves, (d) PL spectra, and (e) valence band XPS spectra of pristine

CsPbI,Br, 0.25%-Sb CsPbl,Br, and 1%-Sb CsPbI,Br films, respectively.

collection, because it has a suitable work function (-5.0 eV)
similar to gold (-5.1 V). The cross-sectional SEM image of a
typical device is shown in Fig. 3(b), and the thickness of inorganic
perovskite film is approximately 500 nm. Figure 3(c) shows the
energy band levels of HTM-free all-inorganic PSCs based on
pristine and Sb-doped CsPbl,Br light absorber films. Due to the
well-matched energy band levels, both the electron transport from
the CBM of inorganic perovskite to ¢-TiO,/m-TiO, layer, and the
hole transport from the VBM of inorganic perovskite to
nanocarbon electrode, could carry on favorably.

The photocurrent density-voltage (J-V) curves of all-inorganic
PSCs based on CsPbI,Br films with varying amounts of Sb doping
are shown in Fig.3(d). And the corresponding photovoltaic
parameters are summarized in Table S2 in the ESM, including
open circuit voltage (Vi) short-circuit current density (Jgc), fill
factor (FF), PCE, and optical band gaps. The PCE of the HTM-
free all-inorganic PSC based on undoped CsPbL,Br film achieved a
PCE of 9.55%, with a V5 of 1.097 V, a Ji of 14.79 mA/cmy, and
an FF of 0.58. The devices based on 0.25%-Sb CsPbLBr films
exhibited the best performance, achieving a PCE up to 11.06%,
which could be attributed to an increase in correlative
photovoltaic parameters (Ve = 1.146 V, Jic = 15.71 mA/cm?, and
FF = 0.61). However, when the doping ratio was increased to 1%,
the corresponding photovoltaic parameters of the device
decreased, with a PCE of 7.95%, a Vi of 1.035 V, a Jyc of
14.66 mA/cm’, and an FF of 0.52. These results suggest that an Sb
doping ratio of 0.25% is the optimal choice, as it leads to better

crystallinity, film quality, and dense morphology, which in turn
enable higher values of Jsc and V. When 1% Sb was doped into
the samples, a large number of pinholes were observed in the film
which resulted in lower values for both V. and FF. The
photovoltaic parameters of all-inorganic PSCs based on CsPbL,Br
with varying Sb doping ratios are listed in Table S2 in the ESM.
The results indicate that when the doping level is increased
beyond 2%, the performance of the device deteriorates,
particularly with a detrimental V¢ of less than 0.95 V, which can
be attributed to electrical leakage. To verify the repeatability of the
fabricated devices, a total of 20 individual all-inorganic PSCs based
on 0.25%-Sb CsPbL,Br films were produced. The statistical
histogram of the PCEs for these devices is presented in Fig. 3(e),
and their photovoltaic parameters are summarized in Table S3 in
the ESM. The narrow distribution of the PCE values, with an
average value of 10.7% as shown in the histogram, indicates a high
level of repeatability in device manufacturing. As indicated in
Table S4 in the ESM, the 0.25%-Sb CsPbL,Br-based PSCs in our
work possess the highest PCE and current density record
compared to previous literatures on other doped all-inorganic
PSCs.

To characterize the carrier lifetimes in CsPbLBr films with
varying amounts of Sb doping, time-resolved PL (TRPL) decay
curves were measured for these perovskite films, as shown in Fig.
3(f). The decay times (1) were calculated by fitting the TRPL
curves with a double exponential function [39]

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1512

Nano Res. 2024, 17(3): 1508-1515

Pristine
CsPbl,Br
CsPbl,Br

|Carbon

Tio,

10.2 104 10.6 10.8 11.0 11.2
PCE (%)

12 4

| —— 1%-Sb CsPbl,Br
34— 0.25%-Sb CsPbl,Br
—o— Pristine CsPbl,Br

Current density (mA/cm?)
©
1

0 1 1 1 1 1
00 02 04 06 08 10 1.2
Voltage (V)

() 100

2

B

c

(0]

£107" 5

—

o

°

N

51072 4 1%-Sb CsPbl,Br

E ——0.25%-Sb CsPbl,Br

§ Pristine CsPbl,Br

10_3 1 N 1 1 v 1 v 1

0 2 4 6 8 10

Time (ns)
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TiO,/perovskite/nanocarbon. (c) Energy level diagram of all-inorganic PSCs with different light absorbers. (d) /-V plots of the as-prepared HTM-free all-inorganic
PSCs. (e) Statistical histogram of PCEs collected from 20 individual all-inorganic PSCs based on 0.25%-Sb CsPbL,Br films. (f) TRPL spectra of pristine CsPbL,Br, 0.25%-

Sb CsPbL,Br, and 1%-Sb CsPbL,Br films.

(1) = Arexp(—t/7) + Aexp(—t/1,) (1)

where A, and A, are constants obtained from the TRPL curve
fitting, ¢ represents the lifetime, 7, is related to the interface
recombination process, and 7, is attributed to the recombination
process occurring inside the crystal grains. The fitting results are
summarized in Table S5 in the ESM, which shows that the average
carrier lifetimes of pristine CsPb,Br, 0.25%-Sb CsPbL,Br, and 1%-
Sb CsPbL,Br films are 2.064, 4.283, and 0.671 ns, respectively. The
0.25%-Sb CsPbL,Br film displayed a prolonged carrier lifetime,
which suggests that the charge recombination process is highly
inhibited and this is advantageous for improving the photovoltaic
performance of the devices.

To evaluate the electron trap density (n,), we measured the
current-voltage (I-V) curves of electron-only devices in the dark
state by using the space-charge-limited current (SCLC) model, as
shown in Fig. S8 in the ESM. The dark I-V curves were processed
using logarithms to obtain the trap-filled limit voltage (Vg ), and
n, was calculated using Eq. (2) [40]

_2e& Vi
T el?

l )
where e is the electron charge, L is the thickness of perovskite
layer, ¢, is the vacuum dielectric constant, and ¢ is the relative
permittivity of perovskites. The Vi of the electron-only device

EZEA

Tsinghua University Press

based on undoped CsPbl,Br film is 1.22 V, and the corresponding
n is 9.59 x 10 cm™. After adding 0.25% Sb*, the Vg decreased
to 0.98 V, resulting in a lower density of 7.64 x 10° cm™. The
results demonstrate that Sb** doping can effectually passivate the
crystal defects and inhibit charge recombination.

The influence of Sb doping on the chemical stability of
CsPbI,Br based all-inorganic PSCs was assessed under different
conditions. The all-inorganic PSCs based on pristine CsPbl,Br and
0.25%-Sb CsPbL,Br films were subjected to continuous heating at
60 °C in an N, environment. As shown in Fig. 4(a) and Fig. S9 in
the ESM, the devices based on 0.25%-Sb CsPbL,Br films still
maintained approximately 83% of their initial performance after
heating for 450 h. In contrast, the PCE of the device based on
pristine CsPbLBr rapidly decreased to below 50% within only
300 h of continuous heating. Even in ambient conditions, the
devices based on 0.25%-Sb CsPbLBr films exhibited superior
thermal stability. After subjecting the encapsulated PSCs to
continuous heating at 60 °C for a week, the devices based on
0.25%-Sb CsPbLBr films retained 89% of their initial PCE, in
contrast to the rapid degradation observed in pristine CsPbI,Br-
based devices, as presented in Fig. 4(b) and Fig. S10 in the ESM.
When exposed to an ambient environment at 60 °C without
encapsulation under a relative humidity (RH) of 30%, the PSCs
based on 0.25%-Sb CsPbL,Br films maintained 88% of the initial
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atmosphere without encapsulation, (b) continuously heated at 60 °C in an ambient environment with encapsulation, (c) continuously heated at 60 °C in an ambient
environment without encapsulation, and (d) exposed to air (RH = 30%) at room temperature (22 °C) without encapsulation, respectively.

PCE after a continuous exposure period of 14 h. In contrast,
pristine CsPbL,Br-based devices exhibited rapid degradation, with
only 44% of the initial PCE retained after just 6 h, as presented in
Fig.4(c) and Fig S11 in the ESM. Additionally, the moisture
resistance of all-inorganic PSCs based on 0.25%-Sb CsPbL,Br was
evaluated at room temperature (22 °C). Exposure to humid air
with an RH of 30% at room temperature resulted in rapid
degradation of unencapsulated pristine CsPbI,Br devices, which
exhibited only about 42% of the initial PCE after 8 h. Conversely,
the devices based on 0.25%-Sb CsPbL,Br films retained 92% of the
initial PCE after the same duration (Fig. 4(d) and Fig. S12 in the
ESM), and still maintained approximately 45% of the initial value
even after prolonged exposure to humid air for up to 66 h (Fig.
S13 in the ESM). Figure S14 in the ESM illustrates the stability of
PSCs in an N, environment at room temperature, where the
devices based on pristine CsPbLBr and 0.25%-Sb CsPbL,Br films
both maintained over 70% of their initial PCE even after an
extended exposure period of up to 1200 h. Figure S15 in the ESM
shows the stability of the encapsulated PSCs in ambient
environment. Compared to pristine CsPbl,Br-based devices, all-
inorganic PSCs based on 0.25%-Sb CsPbI,Br films demonstrated
greatly improved environmental stability. Collectively, these results
demonstrate that the incorporation of Sb* can significantly
enhance the heat and moisture tolerances of all-inorganic PSCs
based on CsPbLBr. The exceptional thermal and humidity
stabilities observed in the devices could be attributed to the doping
of Sb, which can help maintain a stable CsPb,Br crystal structure
even at high temperatures. The incorporation of Sb will reduce the
size of the [BX] structure and decrease lattice constant, which
improves matching between octahedral voids and Cs cations,
thereby maintaining the structural integrity of CsPbL,Br [41]. On
the other hand, the degree of resistance to heat or humidity can
also be attributed to fewer defects in the perovskite structure
resulted from Sb doping.

The hysteresis characteristics of all-inorganic PSCs based on
pristine CsPbL,Br and 0.25%-Sb CsPbI,Br films were compared by
measuring their J-V curves using forward and reverse scanning
modes, as depicted in Fig. S16 in the ESM. The hysteresis index
(HI) can be calculated using Eq. (3) [42]

HI = (PCE; — PCE;) /PCEy, 3)

where R and F represent the reverse scan and forward scan,
respectively. The calculation results of the HI value were
summarized in Table S6 in the ESM. It indicates that the pristine
CsPbI,Br device exhibited significant hysteresis, with an HI value
as high as 13.61%. In contrast, the incorporation of 0.25%-Sb into
CsPbL,Br films effectively suppressed hysteresis, with the resulting
device exhibiting an HI value of only 5.37%. This improvement in
hysteresis suppression could be attributed to the fact that an
appropriate amount of Sb doping can reduce trap states within the
film, thereby inhibiting charge recombination [43].

The charge transfer characteristics of PSCs were analyzed using
electrochemical impedance spectroscopy (EIS) measurements.
The results of these EIS measurements with the equivalent circuit
are presented in Fig. S17 in the ESM. The fitting parameters
obtained from the EIS measurements are summarized in Table S7
in the ESM. Typically, the arc observed in the high frequency
region represents a transport process that combines charge
transport  resistance and  chemical capacitance  (C,..),
corresponding to the series resistance (R,) from cathode to anode.
Meanwhile, the arc observed at low frequencies is related to
recombination resistance (R,..) and C,. of the device [44]. Due to
the same device architecture, both samples exhibited very similar
series resistance. However, the devices based on 0.25%-Sb
CsPbL,Br films displayed a higher R . value, indicating that charge
recombination was significantly inhibited in this material [45, 46].
This observation is consistent with the higher Vi value and
reduced hysteresis observed in the devices based on 0.25%-Sb
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CsPbI,Br films.

3 Conclusions

In summary, this work successfully incorporated Sb* into the
CsPbL,Br perovskite structures by the partial substitution of Pb*
with Sb* at B-sites. The Sb doping effectively improved phase
stability and resulted in a denser perovskite film structure with
fewer defects and longer carrier lifetime. Compared to carbon-
based PSCs based on pristine CsPbL,Br, all-inorganic PSCs based
on 0.25%-Sb CsPbLBr exhibited an enhanced PCE of 11.06%,
with greatly reduced hysteresis, good thermal stability, and
moisture resistance. By utilizing screen-printable inorganic carbon
electrodes instead of organic HTMs and noble metal electrodes,
the stability of the device can be significantly increased, meanwhile
greatly reducing the complexity and cost associated with device
manufacturing. This study is expected to promote further research
and practical applications of all-inorganic PSCs with high stability
and low fabrication cost.
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