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Abstract: CsPbX;-based (X =1, Br, Cl) inorganic perovskite solar cells (PSCs) prepared by low-temperature process have attracted much
attention because of their low cost and excellent thermal stability. However, the high trap state density and serious charge recombination
between low-temperature processed TiO, film and inorganic perovskite layer interface seriously restrict the performance of all-inorganic
PSCs. Here a thin polyethylene oxide (PEO) layer is employed to modify TiO, film to passivate traps and promote carrier collection. The
impacts of PEO layer on microstructure and photoelectric characteristics of TiO, film and related devices are systematically studied. Char-
acterization results suggest that PEO modification can reduce the surface roughness of TiO, film, decrease its average surface potential,
and passivate trap states. At optimal conditions, the champion efficiency of CsPbl,Br PSCs with PEO-modified TiO, (PEO-PSCs) has
been improved to 11.24% from 9.03% of reference PSCs. Moreover, the hysteresis behavior and charge recombination have been sup-

pressed in PEO-PSCs.

Keywords: polyethylene oxide-modified TiO, film; low-temperature process; CsPbl,Br-based all-inorganic perovskite solar cells; photo-

voltaic performance

1. Introduction

Perovskite solar cells (PSCs) have exhibited a bright fu-
ture for the next generation of photovoltaic technology due to
their low-cost, simple process, and high power conversion ef-
ficiency (PCE) [1]. Among them, inorganic cesium lead hal-
ide perovskite has attracted great interests because of their
good thermal stability [2-3]. Efficiency of all-inorganic PSCs
without hole transport layer (HTL) has increased from 2.9%
in 2015 to 18.05% in 2023 [4-5]. Although the CsPbl; has
the most suitable band gap (1.73 eV), it is easy to change
from the cubic phase (a-CsPbls) to non-photoactive -phase
due to its high humidity sensitivity [6]. The CsPbBr; materi-
al reveals high moisture-sustained property, but its band-gap
(close to 2.3 eV) is too large as a light-harvesting layer,
which will seriously decrease the PCE of devices [7]. Fortu-
nately, CsPbl,Br material is a good choice among the cesium
lead halide perovskites due to its appropriate band gap (1.91
eV) and excellent thermal stability. Although the CsPbl,Br is
a particularly popular perovskite material, the PCE of
CsPbl,Br PSCs is lower than its theoretical limit (over 22%)
[6]. Recently, CsPbl,Br-based PSCs develop rapidly. The
CsPbl,Br-based PSCs with SnO,/ZnO bilayer electron trans-
port layer (ETL) have achieved a PCE of 14.6% [8]. There-
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after, the PCE of CsPbLLBr PSCs has been increased to
15.25% by EU(AC); doping into the precursor solution of
CsPbl,Br and 16.42% by using Cs,CO; as interfacial layer at
the ZnO/CsPbL,Br interface, respectively [9—10]. Tang’s
group [11] has achieved a PCE of 14.14% by inserting a dy-
namic healing interface in all-inorganic CsPbl,Br PSCs.

TiO, film is usually used as an ETL in PSCs. However,
the low conductivity and large oxygen vacancy in low-tem-
perature processed TiO, film limit its further development.
Modifying or doping TiO, film is one of the most popular
methods to further enhance the PCE of PSCs based on TiO,
ETL. Yang’s group [12] has used yttrium-doped TiO, to pro-
mote electron extraction and transfer, but the high trap dens-
ity caused by oxygen vacancies at the TiO,/perovskite inter-
face is still unresolved. To solve this problem, some efforts
have been tried. It has been found that TiO, film modified by
RbX (X = Br, I) can prepare high-quality CsPbl,Br layer on it
[13]. Borophene quantum dots can passivate TiO, film and
form a cascade energy alignment to reduce charge recombin-
ation at TiO,/CsPbl,Br interface [14]. Wang et al. [15] have
found that modification of TiO, surface by TiCl, and TiCl,
mixture can increase the PCE of carbon-based CsPbl,Br
PSCs. A Sn-doped TiO, ETL is used to fabricated an effi-
cient all-inorganic CsPbl,Br PSC and improve the stability of
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devices [16]. Furthermore, modification of TiO, film by
amorphous antimony sulfide can prepare a multi-contact
ETL, resulting in an efficient carbon-based CsPbl,Br PSC
with good thermal stability [17].

In fact, the introduction of appropriate organic polymers
such as heparin sodium as a passivation layer can also effect-
ively reduce recombination and improve PCE and stability of
PSCs [18]. Polyethylene oxide (PEO) buffer layer has been
employed to modify CsPbBr; surface to improve crystallin-
ity and prolong carrier lifetime, leading to enhance PCE and
stability of PSCs [19-20]. The mixture of PEO and poly-
ethylene glycol are used as additives to improve the stability
of CH;NH;Pbl;-based PSCs [21]. Based on above reports, it
can be inferred that the PEO can promote the crystallization
and improve the stability of perovskite material. Until now,
PEO has not been used to optimize the TiO,/CsPbL,Br inter-
face. In order to further passivate trap states and promote car-
rier transport, low-temperature processed TiO, ETL has been
treated by PEO in this work. On the other hand, even though
the PCE of PSCs has been greatly enhanced, organic HTL
and evaporated Ag clectrode both increase cost and reduce
stability of PSCs. To address these issues, CsPbl,Br all-inor-
ganic PSCs are studied.

In this work, the F-doped SnO, glass (FTO) is used as
substrate. All-inorganic planar PSCs with a structure of FTO/
TiO,/CsPbl,Br/carbon have been studied. Here, CsPbl,Br
perovskite layer is prepared by a low-temperature process
and annealed only at 160°C. For the convenience of demon-
stration, two kinds of CsPbL,Br films/PSCs are investigated:
the PEO-film/PSC and reference-film/PSC are related to
CsPbl,Br film deposited on TiO, film with and without PEO
modification, respectively. The TiO,/PEO film corresponds
to the TiO, film with PEO modification. The concentrations
of PEO solution have been optimized. The champion PCE of
PEO-PSC is increased to 11.24% from 9.13% of Reference-
PSC at the optimal process. Moreover, PEO-PSCs demon-
strate less hysteresis behavior and better stability. The PCE of
unsealed PEO-PSC can remain close to 90% of its original
value after 20 d stored in air with a (20 £ 5)% humidity at
25°C. The characterizations confirm that PEO passivation
layer can effectively reduce defects and non-radiative recom-
bination at TiO,/CsPbl,Br interface and perovskite film to
promote charge transfer.

2. Experimental

Polyethylene oxide (PEO, M.W. 100000) was purchased
from Alfa Aesar. PEO solutions were prepared by dissolving
the PEO in chlorobenzene (CB) solvent with different con-
centrations and stirred for overnight, respectively. The PEO
solution was deposited on TiO, surface at 4000 r/min for
30 s, then annealed at 100°C for 10 min. The CsPbl,Br pre-
cursor solution with 277 mg Pbl,, 312 mg Csl, and 220 mg
PbBr, in 1 mL DMSO solvent was spin-coated on TiO, films
at 2500 r/min for 30 s. Next, these films were annealed at
160°C for 10 min. The area of PSCs was 0.095 cm’. The
photo-current of PEO/Ti0, and TiO, films were gotten from

conductive atomic force microscopy (C-AFM) measure-
ments under 10 mW/cm? irradiance with a white LED by an
atomic force microscope (AFM) (Asylum Research,
Cypher). Elemental distribution (EDS) mapping images were
studied by a scanning electron microscopy (SEM, ZEISS
ULTRA 55). The photo-voltage (TPV) and photo-current
(TPC) decay were recorded by an electrochemical worksta-
tion (Zahner, Zennium) in dark. Contact angle was measured
by an optical contact angle instrument (Dataphysics OCA
Pro 15). All of characterizations were carried out in air. Oth-
er experimental materials, fabrication process of TiO, film
and carbon electrode, and characterization methods agree
with our reported work [22].

3. Results and discussion
3.1. Microstructure of device and films

Fig. 1 demonstrates structure diagram of PEO-PSC, cross-
sectional SEM micrograph of PEO-PSC, and PEO molecular
structure. As presented in Fig. 1(b), a clear layer-by-layer
structure can be seen in PEO-PSC. According to Fig. S1, av-
erage thicknesses of TiO, and TiO,/CsPbl,Br films are 31
and 339.7 nm, respectively. The PEO layer is too thin to be
seen in this scale. As presented in Fig. S1(c), it is about 4.83
nm. Fig. 2(a) and (b) presents SEM micrographs of Refer-
ence- and PEO-film. Compared to Reference-film, there are
some smaller crystals in PEO-film and their grain boundaries
tightly bound together with almost no pinholes on the sur-
face. This phenomenon can be attributed to the fact that PEO
polymer film uniformly triggers a heterogeneous nucleation
with the perovskite precursor film at the solvent drying stage,
resulting in smaller size and more uniform perovskite films
[23]. On the other hand, the Fourier transform infrared
(FTIR) characterizations confirm the interaction of ETL (or
perovskite layer) and PEO in this report, which can help to
improve electron transfer from perovskite to cathode for the
superior photovoltaic performance of PSCs. This will be dis-
cussed in the following. Meanwhile, the inserted contact
angles in PEO- and Reference-film are 50.0° and 38.0°, re-
spectively. A larger contact angle in PEO-film is beneficial to
improve hydrophobicity and inhibit the water invasion in
perovskite film. Fig. 2(c) and (d) demonstrates the SEM im-
ages of TiO, and TiO,/PEO films. The contact angles
between TiO, (or TiO/PEO) and CB (the solvent of
CsPbl,Br precursor solution) are inserted in Fig. 2(c) and (d).

Fig. 1. (a) Structure diagram of PEO-PSC. (b) Cross-sectional
SEM image of PEO-PSC. (c) Molecular structure of PEO.
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They are 14.4° and 5.5°, respectively. This result indicates
that the TiO,/PEO surface makes the CsPbl,Br precursor
solution easier to wet on it, which will help to prepare better
CsPbl,Br film [19]. In order to confirm the existence of PEO
on TiO, film, Fig. 2(e)~(h) demonstrates EDS mapping im-
ages of TiO,/PEO film. The C element of PEO has been ob-
served, confirming appearance of PEO on TiO,. To further
explore the impact of PEO modification on CsPbL,Br layer.
Fig. S2 demonstrates X-ray diffraction patterns (XRD) and
transmittance spectra of FTO/TiO, and FTO/TiO,/PEO.
Noted that the PEO modification hardly affect the crystallin-
ity and transmittance of TiO, film. Fig. 2(i) demonstrates
XRD of PEO- and Reference-film. The FTO/TiO, refers to
TiO, film deposited on FTO substrate. Diffraction peaks loc-
ating at 14.6° and 29.5° correspond to the (100) and (200)

Int. J. Miner. Metall. Mater., Vol. 31, No. 4, Apr. 2024

crystal planes, respectively [7,22]. The diffraction peak posi-
tion in PEO-film has not changed, indicating that PEO modi-
fication has no effect on perovskite crystal structure. The
peak intensity in PEO-film is generally stronger than that of
Reference-film, confirming that the PEO modification
slightly increases the crystallinity of CsPbL,Br film. The PEO
concentrations have been optimized by photovoltaic (PV)
performance. Fig. S3 demonstrates current density—voltage
(J~V) curves and PV parameters of PEO-PSCs as a function
of PEO concentrations. Specific PV parameters are presen-
ted in Table S1. The PEO-PSCs achieve the best PV per-
formance at the PEO concentration of 0.18 mg/mL. Thus,
this is the condition of PEO-PSC/film from Figs. 3 to 8 in all
our other experiments.

—— Reference-film
— PEO-film

+ FTO/TIO, L

(100)

Intensity / a.u.
=
=3
e

10 20 30 40
20/ (°)

Fig. 2. (a—d) SEM images of Reference-film, PEO-film, TiO, film, and TiO,/PEO film. (e-h) SEM and corresponding EDS mapping
images of TiO,/PEQ film. (i) XRD patterns of Reference- and PEO-films. Insets in (a—d) show the photographs of water contact angle

for of Reference-film, PEO-film, TiO, film, and TiO,/PEO film.

3.2. Photovoltaic Performances of PSCs and mechanism
study

Fig. 3(a) presents J—V characteristics of PEO- and Refer-
ence-PSC measured under reverse (RS) scanning direction.
Noted that the PCE, open circuit voltage (V,.), short-circuit
current density (J,.), fill factor (FF), and the ratio of parallel
resistance to series resistance (Ry/R;) of PEO-PSCs are lar-
ger than those of Reference-PSCs, resulting in an increased
champion PCE of 11.24% in PEO-PSCs compared to the
9.13% of Reference-PSCs. Table S2 lists the reported PV
parameter statistics about carbon-based CsPbl,Br PSCs. Al-
though the champion PCE of PEO-PSCs is not the best, the
PCE of PEO-PSCs has comparability with the reported
works. Moreover, our carbon-based HTL-free inorganic
PEO-PSCs are prepared by a low-temperature process. In fu-
ture work, we will try to further improve the PCE by optim-
izing fabrication process and introducing additives. The FF
correlates with Ry/R; and larger FF in PEO-PSCs can be
mainly owed to higher Ry/R, ratio. Fig. 3(b)~(f) shows the

distributions of PV parameters and Ry/R; from 35 devices for
Reference- and PEO-PSCs. As seen in Fig. 3(b)~(e) and S4,
the PV performance of PEO-PSCs has been improved and
PV parameters distribute narrower in PEO-PSCs compared
to those of Reference-PSCs. Detailed parameters corres-
ponding to Fig. S4 are listed in Tables S3 and S4. The aver-
age PCE values for Reference- and PEO-PSCs are 8.70% and
10.89%, respectively. These results confirm that PEO-PSCs
have better PV performance and reproductivity [24-25]. To
study the impact of PEO modification on hysteresis effect of
PSCs, Fig. 4(a) and (b) presents J—V curves of PEO- and Ref-
erence-PSC measured under RS and forward (FS) scanning
directions. Their specific PV parameters are displayed in
Table 1. Hysteresis index (HI) is usually employed to refer
hysteresis effect of PSCs using Eq. (1) [26]:
_ PCEgs — PCEgs |
B PCEgs M
where PCEgs and PCEgg refer to the PCE measured in RS and
FS scanning directions, respectively. As displayed in Fig.
4(a) and (b) and Table 1, the HI values decrease from 0.220

HI
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in Reference-PSC to 0.085 in PEO-PSC. The HI distribu-
tions from 35 devices for Reference- and PEO-PSCs are dis-
played in Figs. 4(c) and S5. Table S5 lists HI values of Refer-
ence- and PEO-PSCs from 35 devices each batch. The aver-
age HI values for Reference- and PEO-PSCs are 0.214 and
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age HI in PEO-PSCs compare to Reference-PSCs, confirm-
ing that hysteresis effects in PEO-PSC have been inhibited.
The exact reasons and mechanisms about hysteresis behavi-
or are still a controversial issue. Photo-induced ionic migra-
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Fig. 3. (a) J~V curves of champion devices. (b) Efficiency statistics histograms. (c—f) V., Ji, FF, and Ry/R distributions of
Reference- and PEO-PSCs from 35 devices each batch.
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Fig. 4. J-V curves of champion devices characterized under different scanning directions for (a) Reference- and (b) PEO-PSCs. (¢)
Hysteresis index distributions of PEO- and Reference-PSCs from 35 devices. (d) Steady-state current density and PCE curves of
PEO- and Reference-PSCs with a champion PCE. (e) Integrated /. and EQE curves for PEO- and Reference-PSCs with a champion
PCE. (f) Evolution of PCE over days for PEO- and Reference-PSCs.

Table 1. PV parameters of Reference- and PEO-PSCs correspond to Fig. 4(a) and (b) characterized under different scanning
directions
Device Scan direction Voo ! V Jee/ (mA-cm?) FF PCE /% HI
RS 1.104 13.23 0.625 9.13
Reference-PSC 0.212
FS 1.027 13.09 0.535 7.19
PEO-PSC RS 1.213 13.73 0.675 11.24 0.085
FS 1.156 13.71 0.648 10.28




790

tion, charge recombination, ferroelectric properties, and im-
balance of electron and hole mobility are possibly the major
reasons of PV hysteresis [27-28]. The hysteresis behavior
relates to steady-state current density output. The shorter time
to reach steady-state, a smaller HI value is [29]. To verify the
authenticity of J-V results, their steady-state PCE and cur-
rent density (/) output for PEO-PSCs (@0.9198V) and Ref-
erence-PSC (@0.8002V) at their respective voltages and
maximum power point with a standard sun have been meas-
ured. As displayed in Fig. 4(d), the /. in PEO-PSCs reaches a
stable value faster than that of Reference-PSC. Thus, it takes
less time to reach steady-state in PEO-PSCs, which can also
indirectly explain the lower HI in PEO-PSCs [30-31]. At the
same time, the PCE values of PEO- and Reference-PSC sta-
bilize at 11.17% and 8.85%, respectively. Their /. values are
12.14 and 11.06 mA/cm’, respectively. Furthermore, the in-
tegrated /. and external quantum efficiency (EQE) curves of
PEO- and Reference-PSC are demonstrated in Fig. 4(e). The
respective integrated I, are 13.26 and 12.86 mA/cm? which
are very close to their J;, values obtained by the J~V curves
(error less than 5%). To investigate the stability of PEO-
PSCs, the normalized PCE evolution of unencapsulated Ref-
erence- and PEO-PSCs are observed in atmosphere with a
(20 + 5)% humidity at 25°C. As demonstrated in Fig. 4(f), the
PCE of unsealed PEO-PSC still remains close to 90%
(89.1%) of their original values after 20 d, while the PCE of
Reference-PSC only remains 79.5% of their original values.

Int. J. Miner. Metall. Mater., Vol. 31, No. 4, Apr. 2024

This suggests that the PEO modification can improve the sta-
bility of devices.

Fig. 5 displays AFM micrographs of TiO, and TiO,/PEO
films. Root means square (RMS) roughness values for
TiO,/PEO and TiO, are 12.04 and 16.13 nm, respectively.
The result confirms that TiO,/PEO film is smoother com-
pared to TiO, film, which will benefit to improve the contact
at TiO,/CsPbl,Br interface. It is known that Kelvin probe
atomic force microscopy (KPFM) can map surface poten-
tials on local grains and grain boundaries. Fig. 5(b) and (¢)
demonstrates KPFM images of TiO, and TiO,/PEO samples.
Obviously, the average contact potential difference (CPD) of
TiO, (511 mV) is higher than that of TiO,/PEO (303 mV).
The lower average CPD means that the work function is
lower in TiO,/PEO, which is consistent with the reported
work [23]. It is reported that the reduced ETL work function
can increase the built in potential inside the devices. These
will not only increase V., but also promote carrier extraction
and increase J,, [31-32]. This agree with the increased ¥, in
PEO-PSCs. Fig. 5(c) and (f) shows C-AFM images and aver-
age current of TiO, and TiO,/PEO film. Obviously, the aver-
age current in TiO,/PEO film is higher than that of the TiO,
film. As reported, local current agrees with the local photo-
current characteristics of device [33]. The increased photo-
current in C-AFM measurement confirms the enhanced J,, in
PEO-PSCs [32].

0.6

Fig.5. (a,d) AFM, (b, e) KPFM, and (c, f) C-AFM images of TiO, and PEO/TiO, films.

To research the reasons for the increased PCE in PEO-
PSC, trap-state density (V,) of ETL is characterized. The
space charge-limited current (SCLC) method is introduced to
quantify N, of ETL [33-34]. Fig. 6 shows the dark
current—voltage (I-V) curves and the device structure. As
shown in the horizontal coordinate of Fig. 6, the linear region
at the low bias voltage corresponds to the ohmic type re-
sponse. As the bias voltage increases in the middle region, a
significant increase in current injection is considered to be the
trap-filling process (TFL) [35-36]. The intersection between
these two regions is defined as the trap-filling limit voltage
(V1rL)- The Vg can be gotten from the /- measurement, as
displayed in Fig. 6. The N, value can be calculated by the fol-
lowing Eq. (2) [35-36]:

- 2880‘:TFL @)
gL

where g is the element charge (1.6 x 107" C); L is the thick-
ness of TiO,/PEO or TiO, film; the &£ and g, are the relative
permittivity of ETL (about 50) and vacuum permittivity
(about 8.854 x 107> F/m), respectively. As presented in
Fig. 6, the values of Vg in TiO, and TiO,/PEO are 1.313 and
0.803 V, respectively. Therefore, the corresponding N,
values of TiO, and TiO,/PEO are 7.56 x 10" and 3.43 x
10" cm?, respectively. This indicates that PEO modification
can indeed reduce the N, of TiO, ETL to promote electron
transport and collection [35,37].

Fig. 7(a) presents UV—vis spectra of Reference- and PEO-
film. Noted that the PEO modification does not affect the ab-
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Fig. 6. Dark I-V curves of devices based on (a) reference-film and (b) PEO-film. Inset: corresponding schematic diagram of device

structure.

sorbance of CsPbl,Br perovskite layer. Therefore, the PEO
modification hardly influence on the optical absorbance and
bandgap of CsPbL,Br perovskite film [37]. Fig. 7(b) presents
steady-state photoluminescence (PL) of PEO- and Refer-
ence-film. There is a weaker PL peak intensity in PEO-film
than in the Reference-film. As shown in the device structure
diagram inserted in Fig. 7(b), the CsPbl,Br perovskite film
are deposited on the FTO/TiO, and FTO/TiO,/PEO sub-
strates, respectively. The intensity of PL peak in PEO-film
reduces, suggesting that the PEO modification is more con-
ducive to the transport and extraction of electrons at the inter-
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Fig. 7.
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face [37-38]. This result is consistent with J-J measure-
ments. Thus, there is a higher electron extraction efficiency in
PEO-film than the Reference-film.

The electrochemical impedance spectra (EIS) are often
applied to study interface charge transfer and recombination
process. Fig. 7(c) demonstrates Nyquist curves of PEO- and
Reference-PSC measured under illumination with a bias of
—1.1 V. Measured data are fitted by the equivalent-circuit in-
serted in Nyquist plots. The solid lines and dots correspond to
the fitted results and measured data, respectively. Noted that
dots and solid lines in Fig. 7(c) coincide well, indicating that
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- CopoLBr oot
TiO,/PEO-
o TiO,
E
.|
=¥
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(a) UV-vis absorbance spectra of Reference- and PEO-films. (b) Steady-state PL spectra of Reference- and PEO-films de-

posited on FTO substrate. (¢c) Nyquist curves. Inset: equivalent circuit diagram employed to fit Nyquist plots. Dots represent meas-
ured data and solid lines are the fitting results. (d) Histograms of fitted R, and R,...
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the fitting circuit is feasible. In the fitted plots, series resist-
ance (R,) is related to the sheet resistance of FTO substrate
and the contact resistance of PSCs, transport resistance (R,)
refers to the transfer resistance at TiO,/perovskite/C inter-
face, and the recombination resistance (R,) is the composite
resistance of device [39—41]. To better fit experimental res-
ults, the phase angle element (CPE) is employed to replace
original capacitor (C) [42]. The detailed parameters are dis-
played in Table S6. The similar R, indicate that the external
resistance is homologous in Reference- and PEO-PSC.
However, the value of Ry, is lower and R, is larger in PEO-
PSC compared to Reference-PSC, as presented in Fig. 7(d).
In this work, the perovskite/carbon interface is similar. Thus,
the Ry, and R, values correlated with the carrier recombina-
tion and transport process at TiO,/CsPbL,Br interface and
perovskite film. A lower R, and a higher R, in PSCs sug-
gest the promoted charge transport and inhibited carrier re-
combination in PEO-PSC, which can contribute to obtain
better PV performance [43—44]. These confirm that photo-
generated electrons can be extracted easier and there is a
lower recombination rates at the TiO,/CsPbl,Br interface of
PEO-PSC than those of Reference-PSCs.

To further explore charge transport characteristics in the
two different PSCs, Fig. 8(a) and (b) displays the TPC and
TPV curves. The TPC response decrease from 7.01 ps of
Reference-PSC to 5.47 us of PEO-PSCs, indicating that there
is more efficient charge transport in PEO-PSC, which is more
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favorable to increase FF and J,. of device [45]. The TPV de-
cay relates to carrier recombination lifetime. As presented in
Fig. 8(b), the TPV response time increase from 0.47 ms of
Reference-PSC to 0.71 ms of PEO-PSC. The longer lifetime
suggests that charge recombination in PEO-PSC is effect-
ively reduced [46—47]. This result confirms that PEO modi-
fication can effectively reduce carrier recombination rates at
TiO,/CsPbl,Br interface, leading to increasing V. of PEO-
PSC. The curves of V. and J,. change with the natural logar-
ithms of various light intensities (Pjgyy) are tested. The de-
pendence of J,; and V. on Py, follows Eq. (3) [45,48]:

Jeoc Ply (@<1) 3)

where « is an exponential factor. The @ value is nearby 1 in
PSCs if space charges do not have impact on it [45,49]. As
listed in Fig. 8(c), the a values of PEO- and Reference-PSC
are 0.985 and 0.970, respectively. They are all close to 1,
suggesting that the bimolecular recombination is negligible
in PEO- and Reference-PSC. The following Eq. (4) can be
used to study the linear relationship between V,. and Py
[45,50-51].

nkT
Voe = TIH(P light) + € “

where 7 is the ideal factor, T represent the absolute temperat-
ure, k corresponds to the boltzmann constant, and c refer to a

constant [45,50-51]. It is reported that the slope is higher
than that of £7/g, suggesting that additional trap-assisted re-

1.0
(b) —=— Reference-PSC
——PEO-PSC
0.8
>
A~
=0.6
=}
8
5
g 0.4 Ml—= 0.71 ms
“ 0.47 ms
0.2

Time / ms
1.3
()
1.43kT/q
1.2}
1.59kT/q
1.1
L2
1.0}
@ Reference-PSC
@ PEO-PSC
0.9 . . . . .
0.2 0.4 0.6 0.8 1.0

Light intensity, Py,
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combination appears in PSCs [52]. As listed in Fig. 8(d), the
slopes of V, versus Py are 1.59k7/q of Reference-PSC and
1.43kT/q of PEO-PSC, respectively. Obviously, the slope in
PEO-PSC is smaller than that of Reference-PSC. This result
means that the energy loss caused by trap-assisted recombin-
ation in PEO-PSC is lower, confirming that PEO modifica-
tion reduces charge recombination at TiO,/CsPbl,Br inter-
face and perovskite film. All these measurements confirm
that the PEO modification can decrease charge recombina-
tion rates and lead to improving PV performance.

4. Conclusion

In this work, a simple approach is employed to improve
the PV performance and stability of low-temperature pro-
cessed all-inorganic CsPbl,Br PSCs by introducing a facile
and efficient interface passivation material PEO to modify
the TiO,/CsPbL,Br interface. The PEO modification does not
change the morphology and transmittance of TiO, layer.
Moreover, the inserted PEO layer can facilitate electron ex-
traction and inhibit carrier recombination at TiO,/CsPbl,Br
interface and perovskite film. At the optimal PEO concentra-
tion, PEO-PSCs without encapsulation achieve a champion
PCE of 11.24% and steady-state PCE of 11.17% with less
hysteresis behavior and better reproducibility, compare to the
champion PCE 0f 9.13% in Reference-PSC. Furthermore, the
unsealed PEO-PSCs demonstrate better stability in ambient
air than the Reference PSC. This study provides a simple and
efficient interfacial engineering method to fabricate efficient,
stable, and low-cost PSCs by low-temperature process.
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