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B aT0i1 paboTe coobmiaeTcst 0 mporecce U3roTOBIECHHUS TEPOBCKUTHBIX TUIEHOK ¢ MOpQoIoTHei
XOpOIIETO KayeCcTBa M ONTHMAIbHOM TOJIIMHBI C MOMOIIBIO MIPOCTOTO IIporecca Oojee deM
OHOTO CIHMH KOAaTHHTa WIM MeToJa MHOKecTBeHHoro cmmH koatuara (MSC). Cremyet
OTMETHUTbh, YTO NIEPOBCKUTHBIE IJICHKU C XOpolied MOp(oJIorueil 1 ONTUMaIbHOH TONIIMHON
MOJIy4yaroTcss 0e3 MPUMEHEHHUs] aHTHPACTBOPUTENCH B YCIOBHSAX IMOJHOrO BO3ayxa. B atoit
paboTe MBI MOJYYMWJIM ONTUMAJIBHOE XOpollee 3HaueHue APQPEeKTUBHOCTH NpeoOpa3zoBaHMs
sHeprun i CsPbl; TEpOBCKUTHBIX COJHEYHBIX 3JeMEHTOB Ha ypoBHe 11.69%. Xots
pe3ynbrar 3QQEKTUBHOCTH NPeoOpa3oBaHUsl SHEPIUH HEAOCTATOYHO BBICOK, TEM HE MeHee
sT0T MeTox MSC obecrieunBaeT IPOCTOI M HECIOKHBINA MOJX0]] K U3TOTOBJICHUIO NIEPOBCKUT-
HBIX COJTHEYHBIX HJIEMEHTOB.

Karouessie cioBa: nepoBckut CsPbl;; MHOTOKpaTHOE MOKPBITHE, COMHEYHBIE 3JIEMEHTBI; MO-
JI(UKaKs TOBEPXHOCTH, aHTUPACTBOPHUTEIb.

This work reports the fabrication process for preparation of perovskite films with good quality
morphology and optimal thickness by a simple process of more than one spin coating or mul-
tiple spin coating (MSC) method. It should be noted that perovskite films with good quality
morphology and optimal thickness are prepared without antisolvent engineering in full air
conditions. In this work, we obtained an optimal good power conversion efficiency (PCE) val-
ue for CsPbl; perovskite solar cells (PSCs) at 11.69%. Although, the PCE result is not high
enough, however, this MSC method provides a simple and uncomplicated approach for fabri-
cation of PSCs. (PCE) value for at 11.69%. CsPbls.

Keywords: CsPbl; perovskite; multiple coating; solar cells; surface modification; antisolvent
engineering.

I. Introduction

Perovskite materials are among the most abun-
dant elements on Earth, and perovskites are notable for
their low cost and low energy consumption in the
manufacturing of solar cells. So, it will be very suita-
ble for large-scale production techniques in the future.
There has been considerably large amount of attention
paid to improvement of performance and simplifica-
tion of manufacturing processes based on perovskite

photovoltaic technology. However, there are many
challenges in the field of PSCs for achieving these
goals. The major challenge is to prepare quality pe-
rovskite solution and its coating for perovskite films
with high quality morphology. The issues like limited
solubility of perovskite materials in solution and very
complex fabrication process stand in the way of solv-
ing this problem [1-5]. To solve such problems and
improve the efficiency of organic and inorganic PSCs,
various techniques have been developed to uniformly
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coat the perovskite active layers (PAL), for example,
heating, gas flow in the vacuum conditions, antisolvent
engineering [6-10], one step and two steps coating me-
thods, chemical additives such as acid additives [11]
and surface modification via different fabrication me-
thods [12]. In recent times, inorganic perovskite mate-
rials have attracted great attention due to good thermal
stability as compared to hybrid and organic perovskite.
Notably, PCE of PSCs is also impressively high, but
complex device fabrication method and high tempera-
ture for annealing process are key problems [4]. Some
researchers reported the fabrication process employing
complex multiple solvent engineering process, exces-
sive energy and tedious steps [13-15]. For instance, the
synthesis of Pbl,>xDMALI (dimethylammonium iodide
(DMAI)) (x=1.1-1.2) was done by Pbl, and 57% w/w
hydroiodic acid (HI) (molar ratio 1:1.2) in dimethyl-
formamide with treatment of excess HI to guarantee
completion of reaction. After the product purification
processes like precipitation, evaporation under high
vacuum, centrifugation and washing, the coating of la-
ser patterned FTO (TEC-7) substrate was done with a
dense TiO, layer by spray pyrolysis of 0.2 M
Ti(IV)bis(ethyl acetoacetate)-diisopropoxide. Later on,
the annealing process was done at 450 °C for 1 h. The
preparation of 0.6M CsPbl; perovskite precursor by
dissolving stoichiometric Csl, Pbl,>xDMAI with 1:1
molar ratio was succeeded by the CsPbl; active layer
spin-coating by pre-warmed c-TiO,/FTO substrate
with 210°C annealing treatment for 5 min in a dry box.
Afterwards, the spin coating of 0.5CHI-CsPbl;, CHI-
CsPbl;, 2CHI-CsPbl;, respectively, was done on the
annealed perovskite films. It is very important to men-
tion that the fabrication process in this work was per-
formed with complex more step process in dry air box,
rather than in open full air conditions and one more
key detail, cathode zinc, silver or gold were used in
there was employed [16-18]. Here in this work, freshly
synthesized CsPbl; was employed for preparation of
PSCs and a facile coating method was adopted in
combination of fabrication for high-grade perovskite
films without antisolvent solution at low temperature
in air condition.

II. Description of the object and research
mthods
I1.1. Materials

Indium tin oxide (ITO) coated glass substrates
with a sheet resistance of 15 Q/sq' were purchased
from Shenzhen Display (China). Hydroiodic acid (HI)
was purchased from Sino pharm chemical reagent Co
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Ltd. (China). Cesium iodide (Csl) and lead iodide
(Pbl,) were bought from Xi’an polymer light technol-
ogy Inc. (China). The poly(3,4-ethylenediox-
ythiophene/poly(styrenesulfonate) (PEDOT:PSS) so-
lution (Clevios PVP AI4083) and [6.6]-phenyl-Cg;-
butyric acid methyl ester (PCq;BM) were purchased
from H.C. Starck (Germany.

I1.2. Device fabrication method

In the first step, Csl and Pbl, perovskite material
were dissolved in dimethylformamide (DMF) solution
with 1:1 M ratio (0.4 M) and stirred overnight at room
temperature in full air condition. Then, HI acid (66
microL) was added into CsPbl; precursor solution be-
fore two hours of preparing perovskite film. ITO glass
was cleaned via ultrasonic bath in acetone, deionized
water and isopropyl alcohol for ten minutes each, after
finishing all process dried by highly pure nitrogen gas.
Subsequently, the ITO glasses were cleaned with oxy-
gen plasma for six minutes. Afterwards, PEDOT:PSS
was spin coated on the ITO glass and baked in an
oven at 150°C for 15 minutes under full air condition.
A simple MSC process was used for fabrication of
good quality CsPbl; PALs in ambient condition. The
ITO glass/PEDOT:PSS/CsPbl; perovskite substrates
were thermally annealed at 100°C for 10 minutes on
hot plate under ambient conditions (humidity is
~30%) and without antisolution treatment.

: . by g
Figure 1. Photo of (a) black phase or cubic structure of pe-
rovskite films and (b) yellow phase or orthorhombic struc-
ture of CsPbl; perovskite films.

The color of perovskite films changed from yel-
low phase or orthorhombic structure to black phase or
cubic structure (Fig. 1). After thermal annealing
process of perovskite films, PC;;BM (concentration of
20 mg/mL in 1.4-Dichloro-benzene) was spin coated
on the CsPbl3 PALs. Finally, cathode lithium fluoride
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(LiF) (thickness of ~1 nm) and Al (thickness of ~100
nm) was deposited in vacuum conditions at 5x107* Pa
via thermal evaporation method, a simplest form of
physical vapor deposition (PVD). The active area 0.1
cm’ of Al cathode device is denied by a shadow mask.

I1.3. Characterization

The absorption spectra of CsPbl; perovskite films
on the quartz glass were obtained by spectrophotome-
ter (Shimadzu, Japan). Bruker D8 Advance was em-
ployed to get the X-ray diffraction (XRD) spectra for
CsPbl; perovskite. The analysis of defects and pin-
holes of perovskite films was done by Hitachi S-4800
scanning electron microscopy (SEM). The Current
density-voltage (J-V) characterization of PSCs was
performed by a Keithley 2420 source measurement
unit under simulated 100 mW/cm® (AM 1.5G) irradia-
tion from a Newport solar simulator.

III. Results and discussion

The absorption spectra of the CsPbl; films are
shown in Fig. 2, which were synthesized with Csl and
Pbl, (molar ratio 1:1) in DMF solution prepared pe-
rovskite films by MSC method and annealing at
100°C temperature in ambient condition. Absorption
spectra (shown in Fig. 2) is very poor of perovskite
film of yellow phase (orthorhombic structure) and the
optical band gap Ey of orthorhombic structured
CsPbl; perovskite was ~2.81 eV [19].
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Figure 2. Absorption spectra of the perovskite films pre-
pared under different conditions.

The perovskite film with orthorhombic shaped
molecular structure shows an absorption peak indi-
cated at ultraviolet wavelength and other device pa-
rameters (PCE=0.09%) are also very poor [20]. After

annealing yellow phase perovskite films, the absorp-
tion area of black phase was higher than absorption
area of yellow phase, and optical band gap is Eg4
~1.72 eV of black phase perovskite films [21,22]
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Figure 3. XRD patterns of the perovskite films prepared by

different coatings at 100 °C temperature
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Figure 3 shows XRD spectra that were obtained
to characterize the CsPbl; perovskite structures pre-
pared by multiple spin coating method. By using once
spin coating method for preparation of perovskite
films, there were too many pinholes and defects with
low cubic crystallinity, but XRD spectra peaks at dif-
fraction angles 14° (100) and 28.8° (200) indicated
formation of black phase structure of CsPbl; perovs-
kite. We propose that this low cubic crystallinity
could be due to the rapidly dried very thin film.
Hence, device parameters are not good due to the rea-
sons of thin thickness and poor morphology of
perovskite films. In XRD analysis results, we could
see that after two times spin coating of perovskite
films, the crystallinity was comparatively improved
than once spin coated perovskite films.

It should be noted that large grain size of
perovskite black phase structure contributed to an
excellent charge separation and assembly. So, these
results also improved device parameters of PSCs.
However, we controlled improvement of crystal
structured phase by increasing thickness via MSC
(once more) method, which resulted in perfect trans-
formation into high quality morphology without anti-
solvent engineering. Our method shows that the exis-
tence of the pinholes and defects is completely
dependent on the MSC method [23-27]. These results
indicated that CsPbl; perovskite films attain good
surface morphology and crystallinity by MSC method
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and thermal annealing at low temperature in ambient
condition.

For analysis of grown size (not thickness of
perovskite film) of perovskite structure, the particle
size of CsPbl; perovskite black phase structure was
calculated by Scherrers equation. Therefore, the line
broadening at half of the maximum intensity
(FWHM) was taken from highest intensity of the dif-
fraction peaks at (200) with diffraction angle 20 of
28.8° (Fig. 4 and Table 1). The Scherrer equation can
be written as:

— ki}\‘ , (1)
BcosO
where t is mean size of domains in perovskite structure,
k is a dimensionless shape factor value of about 0.9,
A is X-ray wavelength value of 1.5406 A, B is the
FWHM, and 0 is the Bragg’s angle.

The average crystallite size of perovskite struc-
ture formed for multiple coated active layers was
calculated as: 39.46 nm for one time coating,
39.49 nm for two times coating, 40.46 nm for three
times coating, and 39.96 nm is for four-times coating
(Table 1). The XRD spectra explain that the positions
of the spectra peaks of X-ray did not change after
once more spin coating process, but the peak intensity
and crystal size of CsPbl; perovskite structure did
change due to MSC method (Fig. 4 and Table 1) [26].

Table 1. Average crystallite size of CsPbl; calculated by
using Scherrer equation annealed at 100°C.

Spin 20(°) | A(A) | K | hkl | FWHM |t (nm)
coating (rad)

One 28.8 1.5406 0.9 200 0.001155 39.46
time

Two 28.8 1.5406 0.9 200 0.001154 39.49
times

Three 28.8 1.5406 0.9 200 0.001126 40.46
times

Four 28.8 1.5406 0.9 200 0.00114 39.96
times

In Fig. 4, we can see SEM images to assess pin-
holes and defects in PALs. The image in Fig. 4a
shows many pinholes and defects, that means the sur-
face morphology with defects and density of traps as
recombination centers, low shunt resistance leads to
poor device parameters of PSCs. After two times spin
coating process, quality of surface morphology of
perovskite active layers (PALSs) is less than once time
coated perovskite film (Fig. 4b).
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Figure 4. The SEM images of the perovskite layers with
(a) one, (b) two, (c) three and (d) four times coating and
annealing at 100°C temperature.

As we employed three times coating process for
preparation of PALs modified film thickness and
fixed defects greatly improved with nearly complete
eradication of pinholes and regrown sizes in perovs-
kite structure. Perovskite film were prepared by four
times coating method, and the quality of surface mor-
phology and crystal size was lesser than other coating
PALs. The morphological characteristics were not
very high-grade like two and three times coated films.
Therefore, the XRD spectra peaks and SEM patterns
were poor for four times coated CsPbl; perovskite
films.

The device parameters based on CsPbl; PSCs
prepared by multiple coating methods are shown in
Table 2 and Fig. 5.

Table 2. Device performance under different conditions
and annealing at 100°C.

Spin coating Voc Jsc FF PCE
V) | (mA/em®) | (%) (%)
One time 0.98 11.7 71.8 8.23
Two times 1.02 14.2 72.2 10.33
Three times 1.05 15.4 72.3 11.69
Four times 0.99 15.7 65.5 10.18

The one-time coated PSCs showed lower open
circuit voltage (V,.) values at 0.98 V and four times
coated PSCs also had lower V., value at 0.99 V. It
should be noted that one-time coated PCSs exhibited
almost same V. value with four times coated PSCs.
By using two times coating method for preparing
PSCs films, the PSCs notably had good V.. value at
1.02 V, and three times coated PSCs also resulted
high V, value at 1.05 V. The PSCs device parameter
results indicated that PAL’s thickness and surface
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morphology improved by increasing number of coat-
ing times. Hence, PSC’s current density (Js.) parame-
ter values also increased and J-V curve optimal area
of Fill Factor (FF) of PSCs with three times coating
(Fig. 5). In detail, the J;. values were 11.7, 14.2, 15.4,
and 15.7 mA/cm® of CsPbl; PSCs prepared by one-
time, two times, three times and four times coating
(MSC) methods, respectively. Consequently, the PCE
value of CsPbl; PSCs prepared by MSC method were
8.23,10.33, 11.69, and 10.18 %, respectively.
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Figure 5. The current density-voltage characteristics of the
CsPbl; annealing at 100°C temperature.

We noted that although, the parameters and fa-
brication method of CsPbl; PSCs shown are not
exceptionally efficient, but with further optimization,
it could perform well like the silicon photovoltaic
devices. However, the J,. values of devices prepared
by three and four times coated CsPbl; PSCs stay
almost same (15.4 and 15.7 mA/sm’, respectively),
but their FF values are very different. In detail, FF
values of three times coating CsPbl; PSCs are higher
than other (one time, two and four times) MSC me-
thods (Table 2).

The FF values are nearly similar (FF~72%) for
two and three times spin coated CsPbl; PSCs. The FF
values, SEM and XRD results suggest that the quality
of surface morphology and crystal size are very simi-
lar for two and three times coated CsPbl; PSCs. The
Je. value of four times coated CsPbl; PSCs are better
than other (one, two and four times) MSC methods
(Table 2). We can explain these Js. results by attribut-
ing it to the increased thickness of PSCs by all MSC
process, but with increased thickness, the quality of
surface morphology was broken due to more than
three times coating on CsPbl; PSCs. Hence, the FF,
V.. and PCE values are lower than other MSC CsPbl,

PSCs (Table 2 and Fig. 5). The lower FF values and
SEM results suggest that surface morphology quality
1s low for four times coated CsPbl; PSCs. It should
be noted that all spin coating processes are accom-
plished in ambient condition (humidity is ~30%) and
without antisolution treatment (see device fabrication
method).

IV. Conclusion

In conclusion, in order to get better results in the
organic and inorganic perovskite semiconductor
technology, we need to find optimal approaches for
the device fabrication process, for example, low cost,
scalability, long time stability, low V. loss and sol-
vent/solution compatibility, etc. It is demonstrated
that the planar structured inorganic CsPbl; PSC can
be processed with high performance by simple me-
thods at low temperature and without antisolution
treatment. The MSC method has optimized surface
morphology of CsPbl; perovskite film. It displayed
that uncomplicated process of multiple coatings is
key in device fabrication for good quality surface
morphology of CsPbl; perovskite films under am-
bient conditions. As shown by results, the defects and
pinholes were repaired in perovskite structures and
the thickness along with the quality of film was im-
proved by MSC method. In addition, our results re-
veal that such MSC method is promising for simpli-
fying device fabrication processes and designing
highly efficient PSCs.
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Hoopranuk mepoBCKUT KYE€HI 3JeMEHTJIAPUHUHT
napaMeTpJIapHHU OUP HeUYTa CIHH KOMJIaMa ycy-
J OMJIaH AXIIHIAIT

9. 3axunos', I1I. Hemartor?, A. CanapﬁaeBI’3, N. Tapxu-
GaeBl, JL. HypyM6eTOBal, b. Xmmposl, H. Bomiasaposl,
A. Typryn6aes', ®@. Py3ues'

W3POA Hon-mmasma Ba Jla3ep TEXHOJIOTUsUIapy MHCTUTYTH, [yp-
MoH itynu 33, 100125, TorkeHT, V36exucron

*Uenom KapumoB HOMuzarun TOIIKEHT JaBiaT TEXHUKA YHUBEPCH-
Tetd, YHuBepcuTeT Kydacu 2, 100174 TomkeHT, V36ekncron
*Mupzo ViyrGex Homumarn Y3bexucron MU YHEBEPCHTETH,
Vuupepeuter kyuacu 4, 100174 Tomkent, Y36exucTon

Yuby makosnana Oup Hewa CIMH KOATUHT EKH KYTT KaT/IaMJIH
CIIMHJIM KOIUIaMa yCYJIM OpKaIu sIXIM cupania Mopdoio-
rHsira Ba ONTHUMaJl KATMHIMKKA 9Ta NEPOBCKHUT IUIEHKAIAPH-
HM W00 YMKApUII KapaHM Xakua MablIyMOTIap
kentupwirad. LIyHu TabKUOmall Kepakkd, XA CHU(aTIH
MOpQoJorHs Ba ONTHMAT KAJWHIUKIATH MEPOBCKUT IUIEH-
Kalapd TYJIMK XaBO IIApOUTHIA OJPHTYBUYMIa KapIIH
MYXaHAWUCIUKCH3 Taiépiaanamu. YmoOy wmma O6m3 CsPbl;
MIEPOBCKUT KyEII ANIEMEHTIAapH yayH ontumalt sxmu 11.69%

sHeprus  y3raprupwimm  camapagopiurura  (9YC)
spummian. bupok, OYC Harwkach erapanda IOKOpH
Oymmacama, Oy Kym KaTigamiId CIOHH KOATHHT YCYIH

HEPOBCKUT KY€ 3JIEMEHTIapu Tal€piall ydyH OAJIUi Ba
Mypakkab OyaMaraH €HIanryBHU TaAbMHHIANIN.

Kamur cy3map: CsPbl; mepoBckur; Oup Hewa Komwiama; Ky€mr
SNIEMEHTIIApH; CHPT MOU(HKALISACH; aHTUCOIBEHTIAPCHU3.



