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Abstract: All-inorganic perovskites consisting of only inorganic elements have been recently consid-
ered as highly stable semiconductors for photoactive layer of optoelectronics applications. However,
the formation of high-quality thin film and trap-reduced interface has still remains an important
task, which should be solved for improving the performances of all-inorganic perovskite-based
photovoltaics. Here, we adopted facile method that could reduce charge-carrier recombination
by depositing a passivation agent on the top surface of the CsPbBrj all-inorganic perovskite layer.
We also found that the CsPbBr3 perovskite photovoltaic prepared from surface treatment method
using n-octylammonium bromide provides an improved stability in ambient environment and 1-sun
illuminating condition. Therefore, the perovskite photovoltaics fabricated from our approach offered
an improved power conversion efficiency of 5.44% over that of the control device without surface
treatment (4.12%).

Keywords: CsPbBrj all-inorganic perovskite; interfacial traps; surface passivation; device stability

1. Introduction

Perovskite photovoltaics (PPVs) have been enormously explored as next-generation
energy harvesting devices during the last decades. Their power conversion efficiencies
(PCEs) have been reported to be over 25% [1], which is competitive with the efficiencies
of conventional silicon photovoltaics. Hence, investigations on module fabrication [2],
device encapsulation [3] and cost-effective production [4] of materials have been initiated
in order to realize large-scale manufacturing as well as a highly stable operation under
light illumination, which are required for the commercialization of PPVs.

All-inorganic perovskites have recently emerged as considerable approaches for
achieving long-term stable PPVs. They have been developed by introducing inorganic
cation instead of thermally decomposable organic cations that cause the limited stabilities
in organic-inorganic hybrid perovskites and thus have possibly provided a significantly re-
tarded degradation at the elevated temperature generated by light exposure during device
operation [5]. Therefore, several studies on perovskite component [6], film fabrication [7]
and device structure have been continuously attempted so far for improving the qualities
of all-inorganic perovskites and the performances of its corresponding PPVs.

However, the efficiencies of PPVs fabricated by employing all-inorganic perovskites
as photo-active layer materials have not still reached those of devices fabricated with
organic-inorganic perovskites. One of suggested reasons for these limited efficiencies in
the all-inorganic PPVs is the high density of interfacial traps [8], inducing large loss of
photocurrent through recombination of charge-carriers [9]. Particularly, CsPbBr3, which
has been regarded as a promising wide bandgap photo-absorber with exceptional stability,
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and its corresponding PPVs have shown efficiencies up to 11.08% [10,11]. Moreover,
CsPbBrs PPVs have been typically investigated by adapting the device structure with the
direct junction between perovskite layer and carbon electrode [12], and as a result, these
PPVs have still afforded the inadequate contact accompanied by insufficient interfacial
interaction, leading to large open-circuit voltage (Voc) deficit of ~0.6 eV [13].

Here, we report efficient and stable all-inorganic CsPbBr; PPVs by incorporating
surface treatment using n-octylammonium bromide (OABr) [14-17]. It was observed that
the CsPbBr; PPV with surface treatment provides a higher PCE of 5.44% compared with
the control device without treatment (PCE = 4.12%). Then, the enhanced performance of
CsPbBr3 PPV after surface treatment was investigated using light-intensity dependent pho-
tovoltaic performances, photoluminescence (PL) measurements, and trap density analysis.
From the systematic analysis, we revealed that the trap density of CsPbBrs PPV is reduced
after surface treatment using OABr, leading to the facilitated charge transfer and extraction
at perovskite/top electrode interface in PPV. Therefore, it could be demonstrated that sur-
face treatment is an efficient strategy for improving device performances of all-inorganic
CsPbBrj3 PPVs.

2. Materials and Methods
2.1. Materials

CsBr, PbBr;, 2-propanol (IPA), dimethyl sulfoxide (DMSQO) and chloroform (CF) were
procured from Sigma-Aldrich. OABr was purchased from Greatcell solar. Fluorine-doped
tin oxide (FTO) on glass (7 Q2 sq_l) was obtained from Asahi. Compact TiO;, (c-TiO;,
SC-BT 060), mesoporous TiO, (m-TiO,, SC-BT 040) were procured from ShareChem Co.,
Ltd. (Hwaseong, South Korea). Carbon electrode was purchased in Solaronix Co., Ltd.
(Aubonne, Switzerland).

2.2. Photovoltaic Fabrication

Detergent, deionized water, and IPA were used to clean the FTO substrates. To
form the c-TiO; layer on the FTO substrates, the SC-BT 060 solution diluted in ethanol
(1:2 v/v) was spin-coated at 3000 rpm for 30 s, followed by sintering at 450 °C for 30 min.
The m-TiO; layer was deposited by spinning the SC-BT 040 paste mixed with ethanol and
IPA (1:1:4 v/v/v) at 3000 rpm for 30 s and then was sintered at 500 °C for 30 min. CsPbBr3
precursor solution was made by dissolving 110 mg of CsBr and 190 mg of PbBr; in 1 mL
of DMSO. The perovskite layer was spin-coated at 2000 rpm for 60 s from the precursor
solution and then was annealed for 30 min at 150 °C. The surface treatment was performed
by spin-coating of the OABTr solution (15 mM in CF) and subsequent annealing at 100 °C
for 5 min. Finally, the carbon electrode was formed by doctor-blade coating using carbon
paste, followed by drying at 150 °C for 30 min.

2.3. Characterization

The morphologies of perovskite layers were studied using scanning electron micro-
scope (SEM) (Hitachi S-3000N, Tokyo, Japan). UV-VIS absorption spectra was obtained
using UV-VIS spectrophotometer (Scinco S-3100, Seoul, South Korea). The intensity of
solar simulator (Xenon lamp, McScience, Seoul, South Korea) was calibrated by a standard
mono-5Si PV device (PVM-396, PV Measurements Inc., Boulder, CO, USA) certified by the
National Renewable Energy Laboratory. Hysteresis index (HI) was calculated from the
from the equation of (Pmaxrev — Pmax fwd)/Pmaxrev. External quantum efficiency (EQE)
spectra were measured via photo-modulation spectroscopy (McScience, K3100 Spectral
IPCE Measurement System, Seoul, South Korea) under a monochromatic xenon light source
with calibration using a Si photodiode certified by the National Institute for Standards
and Technology. The J-V measurement under the simulated lights was performed from
1.4 V to —0.1 V with the scan rate of 150 mV s~ !. Steady-state PL measurements were
carried out with cary eclipse fluorescence spectrophotometer (Varian). Time-resolved PL
measurements were recorded using a single photon counting system coupled with a single
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photon counting detector (wavelength of laser source for excitation = 435 nm) (FlouTime
300, PicoQuant, Berlin, Germany).

3. Results and Discussion

In this work, CsPbBr3 PPVs were fabricated with the device structure of FTO/TiO, /
CsPbBr3/carbon electrode, as shown in Figure 1. The surface treatment of CsPbBr; per-
ovskite layer was performed by depositing OABr solution in CF on the top surface of
CsPbBr; layer and consecutive annealing process. No significant variation of morphologies
of CsPbBr; films before and after surface treatment were identified by measuring SEM
(Figure S1). Thus, the morphological effects were excluded when comparing the device
performances of PPVs with and without surface treatment [18,19].

CsBr + PbBr,
é In DMSO 1
10, CsPbBr;
q # Z
FTO Calcination Annealing

m Passivated /
S CsPbBr,

Annealing

¢

Figure 1. Schematic illustration of CsPbBr; PPVs.

The effects of OABr surface treatment on the performances of CsPbBrz PPVs were
investigated by measuring J-V curves under AM 1.5 G illumination, as shown in Figure 2a
and Table 1. Control CsPbBr3 PPV showed a PCE of 4.57% with an Vgoc of 1.17 V, a
short-circuit current density (Jsc) of 6.33 mA cm ™2 and a fill factor (FF) of 61.7%. After
introducing the surface treatment using OABt, the CsPbBrs PPV provided an improved
PCE of 5.63% with a Voc of 1.34 V, a Jsc of 6.35 mA cm 2 and an FF of 66.2%. Then, the
energy losses (Ejoss) of CsPbBrs PPVs were obtained from the difference between Voc
from J-V characteristics and optical bandgap (2.31 eV) of CsPbBr; from UV-Vis optical
spectra [20]. The calculated E)uss values were 1.14 eV for the control device and 0.97 eV for
the OABr-treated device. Since the OABr surface treatment did not lead to the shift of the
absorbance edge of the CsPbBrjs films, as shown in Figure S2, the suppression of Ejy in
OABr-treated PPV would imply that OABr surface treatment contributes to the reduced
trap density. Additional possible reason for the reduced Ej,s5 of PPVs after OABr treatment
is the low dipole moment arising from the long alkyl chains, leading to the facilitated
charge transfer at perovskite/carbon electrode interface in the PPV by inducing the better
energy alignment [21-25].

Hysteresis index (HI) were also calculated through the comparison between J-V curves
in forward and reverse scan [26]. Notably, the control device without treatment exhibited
a large HI of 0.197, while the OABr-treated PPV provided a highly reduced HI of 0.0675
(Table S1). From these results, OABr surface treatment is suggested to be an effective
approach for passivating wide band gap all-inorganic perovskites for PPV applications.
The verification of current density was carried out using EQE measurement. The integrated
Jsc from EQE spectra were 6.18 and 6.22 mA cm ™2 for control and OABr-treated devices,
as shown in Figure 2b. The low differences (<10%) between Jsc from J-V curve and EQE
indicate that our photovoltaic measurements are done without critical error [27].
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Table 1. Photovoltaic parameters of CsPbBrz PPVs with and without surface treatment using OABr in reverse scan *.
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Figure 2. (a) J-V characteristics of control and OABr-treated CsPbBrz PPVs under AM 1.5 G illu-
mination (100 mW cm™2). Solid and dashed lines are the data measured in reverse and forward
scans, respectively. (b) EQE spectra, (c) light intensity dependent Voc and Jsc trend and (d) dark J-V
characteristics data of control and OABr-passivated CsPbBrz PPVs.

1

Voc (V) Jsc (mA cm—2) FF (%) PCE (%) R-F Avg. (%) 2
Control 1.17 (1.15) 6.33 (5.69) 61.7 (57.8) 4.57 (3.78) 412
OABr 1.34 (1.35) 6.35 (5.87) 66.2 (65.1) 5.63 (5.17) 5.44

1 Data in brackets are averaged values from 16 devices. 2 Calculated from R-F avg. = (PCErgy + PCErwp)/2.

The enhanced performances of PPVs after introducing OABr surface treatment were
further explored by measuring the light intensity-dependent photovoltaic parameters, as
shown in Figure 2c [28]. The ideality (1) and the power factor («) of PPVs were extracted
using the below equations.

_ 4. 4Voc
"= kT dinp, )
- dln]sc
&= dlnPl-n (2)

where g is the elementary charge, k is the Boltzmann constant, T is the absolute temperature,
and Pj, is the power density of input light. The n values for control and OABr-treated
CsPbBr; PPVs were 1.78 and 1.60, respectively. The a values were calculated to be 0.927
for control device and 0.947 for the OABr-treated device. The reduced n and the increased
« of OABr-treated PPV compared with those of the control device indicate the efficient
suppression of charge carrier recombination after introducing OABr surface treatment. This
was also supported by J-V curves measured under dark condition, where the OABr-treated
PPV afforded a lower dark current density than the control device, as shown in Figure 2d.

To gain deeper insight on the trap passivation of OABr on the CsPbBr; films, steady-
state and time-resolved PL analyses were carried out. As shown in Figure 3a, the increased
intensity and blue shift were observed in the emission peak of steady-state PL spectra after
the top surface of the CsPbBrj film was treated with OABr [29]. The enhanced PL intensity
referred to the suppression of non-radiative recombination [30], and the blue shift of PL
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peak possibly indicated the reduced trap density of the CsPbBr3 film by the interaction
between CsPbBrz and OABr after surface treatment [31].
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Figure 3. (a) Steady-state and (b) time-resolved PL measurements for CsPbBrs films before and after OABr surface treatment.
Dots in time-resolved PL measurement represent the experimental data and lines are the fitted data. (c) SCLC measurement
of electron-only device with architecture of FTO/TiO, /CsPbBr; /PCBM/Ag.

Figure 3b shows the time-resolve PL spectra of CsPbBrj; films before and after OABr
surface treatment. The data were fitted by using below bi-exponential equation.

t t
I=A exp(ﬁ) + Ay exp(ﬁ) (©)]

The CsPbBr; film after OABr surface treatment showed a prolonged PL lifetime of
247 ns compared with the control films (213 ns) (Table 2). The longevity of the charges on
the surface would indicate higher chances of photo-generated charges being extracted from
the photoactive layer to counter electrode [32]. The passivation of CsPbBrj film after OABr
surface treatment was further confirmed by fabricating the space charge limited current
(SCLC) electron-only devices of FTO/TiO;,/CsPbBr3/PCBM/Ag, as shown in Figure 3c.
The trap densities of devices were calculated from the Vpy, using the below equation.

2VrRLErE
= (4)
L is the thickness of active layer (350 nm), g is the elementary charge, ¢, is the rel-
ative dielectric constant of the perovskite layer, g is the vacuum permittivity, n; is the
defect density. From the SCLC measurement, the defect densities were estimated to be
3.96 x 10'® cm~3 for the control device and 3.70 x 10'® cm~3 for the OABr-treated device.
This reduced trap density after OABr surface treatment would result in the improved device

performances of OABr-treated PPVs compared with the control device without treatment.

Table 2. Time-resolved PL parameters extracted from Figure 3b.

Aq 71 (ns) Ay T, (ns) Tavg ! (ns)
Control 419 128 58.1 245 213
OABr 31.7 155 68.3 272 247

1 Calculated from Tavg = [(A] X T]z) + (A X Tzz)l/[(Al X T1) + (Ap X TZ)].

The long-term stabilities of CsPbBrz PPVs were tested under ambient condition
(~30 °C temperature and 25~35% relative humidity) without any encapsulation. As shown
in Figure 4a, the control CsPbBr; PPV without surface treatment showed a faster decay of
photovoltaic performance and provided 80% of its initial PCE after storage test. However,
the OABr-treated PPV showed an enhanced shelf-lifetime and retained 90% of its original
PCE after 30 days of storage. The lengthened storage lifetime of the OABr-treated PPV
would have originated from the hydrophobicity of long alky-chains from OABr [33] and
reduced interfacial traps in PPVs. Additionally, maximum power point tracking of PPVs
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under 1-sun illumination were studied under a temperature of ~45 °C and constant bias of
1.0V, as shown in Figure 4b. The OABr-treated CsPbBrs PPVs preserved ~90% of initial
power output after 18 h, while the control device showed ~70% of initial value. These
stability results show the passivating CsPbBrj films through OABr surface treatment is
beneficial for preserving the device performance of PPVs.

(a) (b)
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Figure 4. (a) Storage stability test for control and OABr-treated CsPbBr; PPVs. Devices were kept
in air condition without encapsulation. (b) Maximum power point tracking measurement. Devices
were measured under 1.0 V bias and AM 1.5 G illumination (100 mW cm—2).

4. Conclusions

In conclusion, we introduced the OABr surface treatment for improving photovoltaic
performances of CsPbBrz PPVs. The OABr-treated PPV showed a higher PCE of 5.44%
as compared with the control device without treatment (4.12%), attributed to the effi-
cient passivation of traps on the surface of CsPbBrj layer after OABr surface treatment.
The enhancement majorly resulted from a dramatic increased Voc from 1.17 V to 1.34 V.
Furthermore, when stored in ambient or practical conditions, the OABr-treated PPV
showed enhanced stabilities compared to the control device. This work demonstrates that
the passivation of wide bandgap all-inorganic perovskites with OABr surface treatment
could efficiently provide the practicality of all-inorganic PPVs for real-world applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11121588/s1. Figure S1: Top view SEM images of (a) control and (b) OABr-treated
CsPbBr3 films, Figure S2: (a) UV-Vis spectra of CsPbBr3 films on glass substrates and (b) its corre-
sponding Tauc plot, Figure S3: Detailed distribution data of (a)VOC, (b) JSC, (c) FF and (d) PCE for
control and OABr-treated CsPbBr3 PPVs, Table S1: Photovoltaic parameters of CsPbBr3 PPVs with
and without OABr surface treatment. Table S2: Photovoltaic parameters of reported CsPbBr3 PPVs.
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