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ABSTRACT: Organic—inorganic hybrid halide perovskite
materials have attracted enormous interest in recent years
due to their excellent photovoltaic properties, which are
strongly limited by their instability. Solar cells based on the
inorganic perovskite materials have been developed rapidly
and exhibit excellent stability. The crystalline quality and
composition of the perovskite layer play the key role in the
efficiency of solar cells. Among the various film deposition
techniques, pulsed laser deposition has the distinctive
advantages of preparation of thin films of high crystalline
quality and close duplication of the composition of the targets.
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In the work, we applied pulsed laser deposition to prepare a CsPbBr; thin film that displays good stability in a high-humidity
environment. Single crystalline CsPbBr; powders were grown first by a solution method to prepare the target. The CsPbBr;
plasma produced by focused pulsed laser can permeate into the mesoporous TiO, layer and distribute uniformly inside. The
thickness of mesoporous TiO, and CsPbBr; layers has a critical influence on device performance. The device with optimization
of the layer thickness can achieve the highest power conversion efficiency of 6.3%.
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1. INTRODUCTION

Solar energy has attracted a lot of interest and has developed
very fast as a clean renewable energy, due to the serious global
environment crisis.' Organic—inorganic perovskite materials
possess outstanding photophysical and electronic properties,
such as high power conversion efficiency (PCE), long charge
diffusion length, appropriate direct band gap, low-density traps,
and low cost, etc.”*™® Hence, organic—inorganic perovskite
solar cells (PSCs) develop rapidly with their PCE increasing up
to 23.2% within several years.””'' ABX; (A = CH,NH,"
(methylammomium, MA*), CH(NH,)," (formamidinium,
FA*), or Cs*; B = Pb*, Sn**; X = 1", Br~, CI") is the most
common formula for the perovskite materials.'”~"> Unfortu-
nately, organic—inorganic perovskite absorbers are susceptible
to moisture corrosion and photo-oxidation that cause
instability and decomposition because of the organic
cations.'*™"® Upon substitution of Cs* for the organic cation,
cesium-based inorganic halide perovskite materials (CsPbX,
(X = halide)) are good candidates which show a similar
crystalline structure and photoelectric properties.'”'” Recently,
the solar cells based on the inorganic lead halide perovskite
have developed very quickly, due to their high stability under

illumination and at an elevated temperature.”’19
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Spin-coating is the most common method for the
preparation of PSCs. However, spin-coating is difficult to use
for deposition of films of high crystalline quality and
fabrication of large-area PSCs for commercialization.”'®
Therefore, we introduce pulsed laser deposition (PLD) to
the preparation of PSCs, which has been widely used in the
deposition of various materials to thin films.””*'There are
many advantages of PLD, such as abundant sorts of target
materials, low cost, convenient operation, controllable
deposition conditions, and so on.”” In addition, high-quality
films can be easily fabricated using PLD by controlling the
substrate temperature, vacuum pressure, laser parameters, and
so on.

In this paper, we apply PLD to prepare CsPbBr; thin films,
instead of the conventional solution technique. PLD
technology is a mature technology that can deposit various
films on a large area with high uniformity and flatness, which is
very challenging for the conventional solution method. Laser
bombardment of the CsPbBr; target to form a densely stacked
CsPbBr; film is of great significance for high-performance
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Figure 1. (a) Schematic diagram of perovskite solar cells. (b) Energy-level diagram of CsPbBr;-based PSCs and charge transportation processes.
(c) Schematic diagram of CsPbBr; thin films prepared by PLD. (d) The plane-view SEM image of CsPbBr; film.

PSCs with high stability. The CsPbBr; film prepared by PLD is
thin and dense with good stability in a high-humidity
environment. It is confirmed that CsPbBr; can permeate into
the whole mesoporous TiO, (m-TiO,) layer. By optimizing
the thickness of m-TiO, and CsPbBr; layers, the short-circuit
current density (J,.) of 6.4 mA cm ™2, open-circuit voltage (V)
of 1.37 V, fill factor (FF) of 72%, and PCE of 6.3% have been
achieved.

2. EXPERIMENTAL SECTION

2.1. Methods. The CsPbBr; target was prepared from CsPbBr;
single crystal powders, which were grown by an inverse temperature
crystallization (ITC) method.”® CsBr and PbBr, (1:2 molar ratio)
were dissolved in dimethyl sulfoxide (DMSO) by heating in a sand
bath from room temperature to 70 °C. Then, 13.6 g of cyclohexanol
(CyOH) and 24.2 g of dimethylformamide (DMF) were mixed and
added into the solution quickly. The solution was heated slowly to
110 °C at the heating rate of 1 °C/min. After 12 h, CsPbBr; single
crystal powders were precipitated from the solution, which were
cleaned by the 100 °C DMF and dried in the vacuum oven at 50 °C.
Then, the crystals were ground and pressed to be the target (see
Supporting Information, Figure S1).

F-doped SnO, (FTO) glass chosen as transport conducting
substrates was cut and cleaned with detergent water, deionized
water, and absolute ethyl alcohol by ultrasound successively. An 80
nm thick compact thin TiO, layer (c-TiO,) was deposited on the
clean substrate by spin-coating a tetrabutyl titanate solution (18% in
absolute ethyl alcohol) at S000 rpm for 30 s, followed by annealing at
500 °C for 40 min. Subsequently, a 200 nm thick m-TiO, layer was
prepared by spin-coating the diluent with a weight ratio of m-TiO,
paste/ethyl alcohol 1/8 at various speeds for 20 s and then annealed
at 550 °C for 1 h.

Then, the substrate and target were put into the PLD chamber with
base pressure of less than 10~ Pa. The distance between target and
substrate was S cm, and the substrate temperature was 320 °C. The
CsPbBr; target was ablated by an excimer laser with wavelength of

2306

248 nm, energy of 100 mJ, and frequency of 5 Hz. The thickness of
films was controlled by the pulse number. After the deposition, the
film was further annealed at 350 °C for 2 h in the chamber.

Finally, a 250 nm thick hole transport layer (HTL) was deposited
by spin-coating the solution, which was mixed with 288 uL of TBP,
175 uL of Li-TFSI solution (520 mg of Li-TSFI in 1 mL of
acetonitrile), 290 uL of Co-TFSI solution (300 mg of Co-TFSI in 1
mL of acetonitrile), and 20 mL of chlorobenzene together, on the
CsPbBr; layer at 4000 rpm for 30 s. After one night in the glovebox, a
110 nm thick Ag layer was deposited on the HTL as back electrode by
thermal evaporation at the rate of 0.2—0.3 A s™" in the chamber under
the base pressure of 107* Pa.

2.2. Measurements. The crystalline structures were studied by X-
ray diffraction (XRD, Rigaku Smartlab3) with Cu Ko radiation. A
scanning electron microscope (SEM, FEI Inspect FS0) was used to
study the surface and cross-sectional morphologies of the films, and
the elemental distribution was studied by the attached energy-
dispersive X-ray dispersive spectroscope (EDX). The absorption
spectra were obtained by an ultraviolet—visible spectrophotometer
(HITACHI U-3900). Photoluminescence (PL) steady-state measure-
ments were performed on a spectrofluorometer (Fluorolog3-TCSPC,
Horiba Jobin Yvon). Time-resolved photoluminescence (TRPL) was
recorded by an FLS920 spectrometer (Edinburgh Instruments).
Atomic force microscopy (AFM) was performed on a BioScope
Resolve. Current—voltage (I—V) curves were measured by the
Keithley 2400 under a solar simulator (Newport oriel 91.192),
which produced the illumination of (AML.5, 1000 W m™) in air.
Incident-photon-to-current conversion efficiencies (IPCE) were
obtained by the IPCE measurement system from the Newport Co.
The fluorescence of the CsPbBr; film was obtained under the
ultraviolet source (ZF-1A) from Shanghai Qinke Analytical Instru-
ment Co.

3. RESULTS AND DISCUSSION

Figure 1a shows the schematic structure of the solar cell device
consisting of FTO/c-TiO,/m-TiO,/CsPbBr;/Spiro-OMe-
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TAD/Ag. Under sunlight illumination from the transparent
FTO glass, photogenerated electrons and holes will be released
by the CsPbBr; layer. Through the local electric field, electrons
will be injected to the conduction band (CB) of TiO, (—4.2
eV) and then to FTO (—4.6 V), and holes to the valence
band (VB) of Spiro-OMeTAD (—5.22 eV) and then to Ag
(—4.3 eV), as the schematic band diagram shows in Figure 1b.
The CsPbBrj; film prepared by the spin-coating method is not
very uniform, and the effective utilization area is rather low. In
order to solve such problems, PLD technology is introduced
into the preparation of the CsPbBr; films. After the deposition
of the m-TiO, layer, the CsPbBr; layer is deposited by PLD.
Figure lc displays the schematic diagram of the deposition
process of PLD. After the ablation of the target, the sudden
higher temperature makes the exposed area of the target
surface form plasma, and ions sprout out toward the substrate.
Due to the collisions among the ions and with TiO, particle
surfaces, the projected ions can also penetrate into the
sheltered spaces in the m-TiO, layer. The complete
penetration of CsPbBr; in the m-TiO, layer with uniform
distribution has been confirmed by the elemental mapping in
Figure 2a,b, and the atomic concentration of Cs, Pb, and Br is

Figure 2. (a) Cross-sectional SEM image of CsPbBr;-based
perovskite solar cell. (b) Elemental distribution mapping images in
the m-TiO, layer.

close to 1:1:3 (see Supporting Information Table S1 and
Figure S2). After the filling of the space inside the m-TiO,
layer, a continuous dense CsPbBr; layer is further formed, as
the SEM image shows in Figure 1d.

In order to prove that the thin film prepared by PLD is
compact and stable, we have grown CsPbBr; thin films on
FTO substrates by spin-coating and PLD, respectively. It can
be clearly seen from the photographs that the film prepared by
PLD is denser and more uniform, as shown in Figure 3a. From
SEM images top views, the CsPbBr; film prepared by PLD
shows no obvious pores during the annealing process, which is
flat and uniform, in comparison with the CsPbBr; film
prepared by the spin-coating method (see Supporting
Information, Figure S3). The organic solvent evaporates
during the annealing process to cause voids.”* In addition,
the target used by PLD is only 2.5 cm in diameter and can be
used many times to save materials. Therefore, PLD technology
is superior to the traditional solution method. For organic
perovskites, oxygen and moisture in air will have an effect on
all (CH;NH;)" species on the surface that will be converted to
water and volatile methylamine, which will not have a
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significant impact on Cs*.** The 80 pulse CsPbBr; film
prepared by PLD emits a distinct green light compared with
the FTO glass by irradiation with a 365 nm wavelength
ultraviolet source (Figure 3b). As shown in Figure 3c, we place
the 80 pulse CsPbBr; film prepared by PLD in an environment
with relative humidity of 80% and temperature of 27 °C to
confirm the stability of the CsPbBr; film by observing the
change of fluorescence with time. It can be seen that no
significant decomposition of the CsPbBr; film was observed
after 15 days of fluorescence intensity. For quantitative
analysis, the fluorescence intensity of the 80 pulse CsPbBr;
film with time is measured by PL in the same environment, and
only a slight decrease is found due to the partial CsPbBr; film
decomposition within 120 h (see Supporting Information
Figure S4). Therefore, a thin and dense CsPbBr; film can be
prepared by PLD, which is very stable in a highly humid
environment.*®

Figure 4a shows the XRD patterns of raw materials of CsBr
and PbBr,, and the precipitated CsPbBr; crystals. The XRD
pattern of CsPbBrj; crystals is significantly different from those
of CsBr and PbBr,, and all the diffraction peaks coincide well
with standard data of the reported CsPbBr; crystal (ICSD card
97851).”> The EDX data and EDX spectra of CsPbBr,
powders are shown in Table S2 and Figure SS in the
Supporting Information. To check the crystalline structure, a
single layer of the CsPbBr; film is directly deposited on the
glass substrate, and the XRD pattern is shown in Figure 4b. As
can be seen, all the diffraction peaks coincide well with those of
CsPbBr; single crystal powders, and the variation of peak
intensities is due to the preferred orientation of the lattice
planes during the film growth. Both the light absorption
spectrum and the steady-state PL spectrum of the CsPbBr; film
(Figure 4c) reveal a peak at around 520 nm, which is close to
the band gap of 2.38 eV.’

Figure 4d shows the TRPL spectrum of a complete device,
which is fitted by a biexponential equation:

I(t) = Iy + Alexp<—t_7t°) + AZeXp<—t;—t")(Io is a constant,
1 2

A is the decay amplitude, and 7 is the decay time.) The
CsPbBr; film with a quenching layer of m-TiO, exhibits an

average decay time of 7,,, = 4.8 ns that can be achieved with

=Y Az*/Y Az > The detailed TRPL
spectrum fitting results are shown in Table S3 (Supporting
Information).

In perovskite solar cells, the full contact of the m-TiO, layer
with perovskite materials ensures the maximum occurrence of
photogenerated charge separation and charge injection.””**
Since the CsPbBr; film prepared by PLD penetrates in the m-
TiO, layer, the effects of m-TiO, thickness and CsPbBr;
thickness on device performance are investigated. Figure S6
(Supporting Information) shows that the root-mean-square
(RMS) values of surface roughness of the m-TiO, layer are
almost the same as that formed under various spin rotation
speeds (1000, 2000, 3000, 4000, 5000 rpm), excluding the
influence of the possible interface roughness of the m-TiO,
layer on device performance. The thicknesses of m-TiO, layers
are measured by SEM from the cross-sectional images to be
250 nm (1000 rpm), 200 nm (2000 rpm), 150 nm (3000
rpm), 120 nm (4000 rpm), and 100 nm (5000 rpm),
respectively (see Supporting Information, Figure S7). We
check the thickness dependence of PCE of the PSCs on the
thickness of the m-TiO, layer by fixing the thickness of the

the equation 7

avg
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CsPbBr,

Figure 3. (a) CsPbBr; films are prepared on the same TiO, layer by spin-coating and PLD, respectively. (b) FTO glass and 80 pulse CsPbBr; film
prepared by PLD are irradiated by the ultraviolet source. (c) The fluorescence of the 80 pulse CsPbBr; film prepared by PLD under ultraviolet
illumination with time in ambient exposure (RH = 79%, T = 27.6 °C).
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Figure 4. XRD patterns of (a) CsPbBr; powders, CsBr, PbBr,, and (b) CsPbBr; thin film. (c) Light absorption spectrum and PL spectra and (d)
transient-state PL spectrum of the CsPbBr; thin film.

CsPbBr; layer to 200 nm. As can be seen from Figure Sa, the dependence of the m-TiO, layer, we measure the resistance
PSCs with a thickness of the m-TiO, layer of 200 nm exhibit between two closed Ag electrodes by evaporating the Ag
the best PCE. To understand the mechanism of the thickness electrodes on the m-TiO, layer, and the resistances of various
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Figure 6. Range of (a) V., (b) PCE, (c) FF, and (d) J,. at the pulse number of 200, 300, 400, S00, and 600.

thicknesses are shown in Figure Sb. The resistance
continuously decreases with an increase in the thickness of
the m-TiO, layer. The PCE of the PSC with an m-TiO, layer
of 250 nm is lower than that with the 200 nm layer, which is
due to the larger resistance of the m-TiO, layer. The electrons
injected into the conducting band of a thick m-TiO, layer are
heavily compounded with the holes in perovskite. Although the
resistance of the m-TiO, layer continuously decreases with an
increase in the rotation speed, PCE continuously decreases
with a decrease in the thickness of the m-TiO, layer below 200
nm, and a sudden drop of the PCE value can be observed with
a decrease in the thickness of the m-TiO, layer from 200 to
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150 nm. This is mainly due to the insufficient charge extraction
capacity of the m-TiO, layer if it is not thick enough.”
Moreover, an m-TiO, layer that is too thin cannot accept a
perovskite thick enough to generate a narrow depletion region
that cannot adequately separate electron—hole pairs.”’ In
addition, the reduction of the m-TiO, layer thickness will lead
to significant hysteresis and device instability which will affect
device performance.”’ Therefore, the optimum thickness of m-
TiO, layer is 200 nm for the following PSCs.

Next, we further study the influence of CsPbBr; film
thickness prepared by PLD on PSCs device performance by
fixing the thickness of m-TiO, layer to 200 nm. The thickness
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Figure 7. (a) J—V curves and (b) IPCE spectrum of the CsPbBr;-based solar cell with the best performance.

of the CsPbBr; film is determined by the number of laser
pulses, as the thickness of the CsPbBr; layer is in linear
dependence on the laser pulse number, which is shown in
Figure S8 (see Supporting Information). The thicknesses of
CsPbBr; films formed according to the different pulse number
are 100 nm (200 pulses), 145 nm (300 pulses), 200 nm (400
pulses), 240 nm (500 pulses), and 290 nm (600 pulses),
respectively. Compared with MAPbI;-based PSCs, Figure 6a
shows that the V. of CsPbBrs-based PSCs is up to 1.37 V
because of a wider band gap of CsPbBr; (2.38 V). With an
increase in the thickness of the CsPbBr; layer from 100 to 200
nm, V,. gradually increases.”*” With a further increase of the
thickness from 200 to 290 nm, the value of V. has not been
significantly affected. Figure 6b shows that FF is also improved
with an increasing thickness and then decreases when the
CsPbBr; film thickness exceeds 200 nm. The average FF value
of devices with a CsPbBr; layer 200 nm thick is the highest
(about 68%). When the thickness increases from 200 to 290
nm, the average FF decreases by about 6%. It has been
reported previously that low recombination resistance is
present in the devices when the perovskite layer is too thin,
which causes low FF and loss in the V,.** Furthermore, the
main reason for an FF decrease is that the series resistances of
cells increase with thickness. For thick CsPbBr; films, Spiro-
OMeTAD hole transport materials are difficult to completely
be in contact with the surface of CsPbBr; films, resulting in
increased contact resistance between the CsPbBry layer and
HTL layer.*>**

Figure 6¢ shows that J increases with an increase in the
thickness up to 200 nm. As the thickness of the CsPbBr; film
increases from 200 to 290 nm, the loss of J. is more significant
than those of FF and V.. From Figure 6d, it is obvious that the
efficiency of the device is significantly dependent on the
thickness of the CsPbBr; layer. When the CsPbBr; layer is too
thin or too thick, PCE drastically decreases to only around
1.5-2.5%. The devices with the CsPbBr; layer of 200 nm
thickness have the best average PCE value of 5.3%, of which
the highest PCE is 6.3%. With the thickness of the CsPbBr;
layer being thinner than 200 nm, the light absorption is
insufficient. A CsPbBry film that is too thin yields fewer
electrons and holes due to insufficient sunlight absorption,
resulting in a low current density.”* The light absorption
efficiency increases with the increase in thickness; as a result,
J.c and PCE are significantly improved.*>*® When the thickness
of the CsPbBr; layer exceeds 200 nm, the predominant reason
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for the reduction of the efficiency of the thicker device is that
the absorption depth of CsPbBr; mismatches the diffusion
length of the carrier.””** The diffusion length of CsPbBr; is
reported to be ~200 nm.”” When the thickness is appropriate,
the TiO, electron transport layer absorbs most of the electrons
before they combine.”> However, when the thickness of the
CsPbBr; layer is larger than 200 nm, exceeding the diffusion
length, the carriers (electrons and holes) generated inside the
CsPbBr; layer combine again before they reach the electrode
and cannot be efficiently collected by the ETL and HTL. Thus,
a sharp decrease of PCE and J,. with increasing thickness is
observed. From the above results, it can be seen that 200 nm is
the optimum thickness of the CsPbBr; layer. Figure 7a,b shows
that the J—V curve and IPCE spectrum of the best devices with
the optimum thickness of m-TiO, layer and perovskite layer,
with J,. of 6.4 mA cm™, V. of 1.37 V, FF of 72%, and PCE of
6.3%, have been obtained.

4. CONCLUSION

In summary, PLD has been successfully applied to prepare the
CsPbBr; layer instead of the conventional spin-coating
method. The thin and dense CsPbBr; films prepared by
PLD display good stability in high humidity. The structural
characterizations have confirmed the preparation of a dense
and uniform CsPbBr; layer, which totally penetrates into the
m-TiO, layer with uniform distribution. By optimizing the
device parameters, the highest PCE value of 6.3% with ], of
6.4 mA cm™ V. of 1.37 V, and FF of 72% under one sun
illumination is achieved, when the thicknesses of the m-TiO,
and CsPbBr; layers are both 200 nm. The successful
application of PLD for preparation of the CsPbBr; layer may
advance the large-area PSC fabrication. Further experiments
are still undertaken to prepare all the layers, including the ETL
and HTL, etc., by PLD to avoid the break of the vacuum
condition during device fabrication for higher performance.
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