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Abstract: In TiOy-based perovskite solar cells (PSC), the preparation of the CH3NH;3Pbl3/TiO;
composite layer is very important, since the morphology of the perovskite adsorbed onto the surface
of the TiO; nanoparticles has decisive significance for the absorption of the incident sunlight and
separation of the generated carrier. The traditional two-step spin-coating method for the deposition
of CH3NH;3PbI; into the porous mesoporous TiO; layer usually suffers from filling block problems.
In this study, the PbO-TiO, mesoporous layer was prepared with various ratios of Pb:Ti in the
raw materials. Morphological, optical, and element analysis of the prepared thin films indicated
that Pb was gradually mixed into the TiO, mesoporous layer with the increased Pb:Ti ratios. The
element distribution characteristics of the optimal thin films showed that the distribution of Pb was
uniform throughout the whole TiO, thin film, which indicates the successful mixing of Pb into the
TiO, electrode layer. Combined with dip coating, the PbO-TiO, mesoporous layer was prepared
into a CH3NH3Pbl3/TiO, composite layer and subsequently to a solar cell device. The prepared
solar cell shows a short-circuit photocurrent density of 16.4 mA/cm?, an open-circuit voltage of
900 mV, a fill factor of 61%, and a power conversion efficiency (PCE) of 9.00%. The PCE of the PSC
is promoted by nearly 25% when compared with that prepared with the traditional method. The
proposed preparation method that combines TiO, nanoparticle electrode with a mixing and dip
coating provides a new effective way to improve the deposition of perovskite into the mesoporous
TiO; layer, which is very helpful for the fabrication of high-efficiency and low-cost PSC.

Keywords: perovskite absorption layer; PbO-TiO, mesoporous layer; CH3;NH3Pblz /TiO, composite
layer; photoelectric properties

1. Introduction

The perovskite solar cell [1], with material properties and a preparation process similar
to traditional dye-sensitized and compound thin film solar cells (such as Culn,Gaj4(S,Se),
CupZnSn(S,Se)s) [2], has attracted much attention and made great progress in recent
years. Perovskite materials have very important excellent properties, such as: (1) Strong
optical absorption. The energy band gap value of perovskite is about 1.5 eV, which can
absorb almost all visible light for photoelectric conversion [3]. (2) Good carrier transport
characteristic. Perovskite has unique bipolar carrier transport properties [1], which can
transport electrons and holes generated by absorption of the incident sunlight at the same
time, and the carrier diffusion length can reach 1 pm [4]. (3) Low preparation conditions and
cost. Perovskite and other functional thin films included in the solar cells can be prepared
using a solution route at low temperatures and a low cost. The excellent properties of
perovskite coupled with its compatibility with low-cost preparation technologies result in
extremely rapid developments of perovskite solar cells. In 2009, the efficiency of perovskite
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solar cells was only 3.8% [5], but at present its efficiency has reached 25.7% [6,7]. It can
be said that perovskite solar cells are one of the most outstanding solar cells with a high
efficiency and low costs.

The perovskite absorption layer is usually deposited into the TiO, porous mesoporous
layer to fabricate solar cells with good properties. Under sunlight, the carriers generated
in the solar cell are determined by the perovskite absorption layer and are subsequently
separated at the interface of the perovskite and TiO, thin films, so the morphology of the
deposited perovskite absorption layer is significant for the properties of the prepared solar
cells [8-13]. At present, the perovskite thin film is mostly prepared by a two-step spin-
coating method [14,15]. The perovskite is expected to be deposited into the pores of the
entire electrode transport layer during the fabrication process [13,16,17]. However, it usually
suffers from filling block problems. The bottom side of the electrode transport layer usually
cannot be filled by the perovskite and therefore leaves gaps. This could result in a reduction
in the absorption of incident sunlight and, moreover, an increase in carrier recombinations
at the gaps [9]. Han H. group also reported the perovskite filling problem in perovskite solar
cells [18]. The researchers changed the traditional perovskite raw material CH3NHj3I to
HOOC(CH,)4NHj3l, and filled the perovskite material with a one-step spin-coating method.
The results showed that the perovskite prepared by HOOC(CH;)4NHj3l has a better filling
into the TiO; electrode than that prepared traditionally by CH3NH;3Pbls. In addition, the
perovskite filling rate of the prepared solar cell is also much higher. Therefore, perovskite
filling of the porous TiO; electrode could be extremely important for the fabrication of
high-efficiency perovskite solar cells. Additionally, in order to prepare high-efficiency
solar cells, some researchers designed the electrode transport layer as a nanorod array
to increase the filling amount of perovskite [8,9,19]. However, it is difficult to prepare
the nanorod array electrode with good morphology and stability. The upper side of the
prepared nanorod array electrode is often staggered, which hinders the filling of perovskite
into the bottom side.

Different from the nanorod array electrode, the mesoporous electrode is composed of
nanoparticles, which are distributed uniformly and are closely arranged in the electrode.
The formed pore space between the nanoparticles is therefore controllable and stable,
which is conducive to the deposition and morphological control of the perovskite. TiO,
nanoparticle electrodes are classically used as an electron transport in dye-sensitized solar
cells, and its preparation method is mature and simple. At present, TiO, nanoparticle
electrodes have also been widely employed as the electron transport layer for perovskite
solar cells [3,5,10-13]. TiO, nanoparticle electrodes play the same role in dye-sensitized
solar cells and in perovskite solar cells. They serve as both the skeleton for the absorption
layer deposition and the transport path of the generated carrier. However, when the
popular spin-coating method is used, the filling of absorption materials in perovskite solar
cells is not as good as that in dye-sensitized solar cells. In the dye-sensitized solar cell, the
filling process of the dye does not include chemical reactions. As the dye is used in the
formation of a solution, it can be fully adsorbed onto the whole TiO, nanoparticle electrode
with a good uniformity. However, in the perovskite solar cell (such as CH3NH;3Pbls), the
deposition of perovskite into the TiO, nanoparticle electrodes often includes the chemical
reaction of Pbl, and CH3NHj;I. In the deposition process, Pbl; is infiltrated first, then the
CH3NHjsl is infiltrated. Subsequently, CH3NH3I reacts with Pbl, to generate the perovskite
CH;3NH;Pbl;. However, the solubility of Pbl; is not so good, so it is not easy to infiltrate
the bottom of the TiO, nanoparticle electrode using the spin-coating method. Furthermore,
CH3NH;1 will react fast with Pbl; to form solid perovskite CH3NH3Pbl; at the upper side
of the electrode when CH3;NH31 is deposited onto the Pbl;-included TiO; nanoparticle
electrode by spin-coating [12]. As a result, the formation of solid perovskite in the upper
side of the electrode hinders the further filling of perovskite into the bottom side. This is
not good for the fabrication of high-efficiency and low-cost solar cells [20].

In this study, based on the formation mechanism of a perovskite absorption layer, a
facile and efficient fabrication route combining TiO, nanoparticle electrodes with a mixing
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and dip coating was proposed, to improve the deposition of perovskite into the TiO,
nanoparticle electrode. The morphological, optical, and crystal structure and photoelectric
conversion properties of the prepared thin films were studied using scanning electron
microscopy equipped with an X-ray energy dispersive spectrometer, a UV-vis-NIR spec-
trophotometer, a power X-ray diffraction, and an I-V test system, respectively.

2. Experiment
2.1. Preparation of Precursor Solution

The materials used in this study were purchased from commercial sources without
further purification. The TiO, solution was prepared by diluting commercial TiO, slurry
in ethanol. Under stirring at 70 °C, 0.461 g Pbl, (99.99%) was dissolved in 1 mL N,N-
dimethylformamide (DMF) to prepare Pbl, solution. A CH3NHj3I solution of 10 mg/mL
was prepared by dissolving CH3NH3I in isopropyl alcohol (IPA). To prepare the hole trans-
port layer (HTL), 723 mg 2,2/,7,7-tetrakis(N,N-di-p-methoxypheny-amine)-9,9'-
spirobifluorene (spiro-OMeTAD), 28.8 uL ter-butylpyridine (TBP), 17.5 uL of pre-prepared
solution from 52 mg lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) in 100 puL ace-
tonitrile, and 1 mL chlorobenzene were mixed. The main materials used in this study are
also listed in Table 1 below.

Table 1. The list of main materials used in this study.

22,77 Lithium
NN- Tetrakis(NN-Di-P- — y 5 ) Ter- bis(trifluorome
Name Pbl, Dimethyl CH;3NH;I Methoxypheny- Propy ‘s u . Acetonitrile Chlorobenzene
F . , Alcohol butylpyridine thanesulfonyl)i
formamide Amine)-9,9'- id
Spirobifluorene mide

Purity 99.99% 99.9% 99.5% 99.8% 99.9% 96% 98% - 99.5%
Cgr?:ri‘r‘;t/m 0461g 1mL 500 mg 723 mg 50 mL 28.8 ul. 52 mg 100 uL 1mL

2.2. Preparation of Pb-TiO, Electrode, CH3NH3Pbl3/TiO, Composite Layer, and Perovskite
Solar Cell

When compared to the traditional methods, the main difference in the proposed
method lies in the preparation of the perovskite absorption layer. Figure 1 shows the prepa-
ration diagram of the perovskite solar cell using the proposed method. The fluorine-doped
tin oxide (FTO) glass was first etched by machining and was then cleaned by a standard
process. The TiO, was deposited by spin-coating in accordance with previously published
articles [21,22]. First, a compact TiO, (c-TiO;) layer was spin-coated at 5000 rpm for 30 s and
was then annealed at 500 °C for 30 min. A mesoporous TiO; (m-TiO;) layer with various
PbO powder (99.99%) mixings (Pb:Ti was set at mole ratio of 1:10, 1:8, 1:6, 1:4, 1:2, and 1:1)
was then deposited onto the c-TiO, /FTO glass by spin-coating at 3000 rpm for 30 s. After
that, the prepared sample was annealed at 500 °C for 30 min again. The annealing process is
a key step in the preparation of a TiO; electrode, which directly affects the crystallinity, mor-
phology, adsorption, adhesion, and element mixing of the prepared electrode, and further
affects the adsorption of the perovskite absorption layer, the lifetime of electrons in the TiO,
nanoparticle electrode, the interface carrier separation/recombination, and the effect of
elemental mixing. Then, the prepared and annealed PbO-TiO, nanoparticle electrode was
immersed in a hydriodic acid (HI) solution (55% in water) to convert PbO into Pbl,. After
drying at 125 °C, the Pbl, /m-TiO,/c-TiO, /FTO glass sample was immersed in a CH3NH;31
solution with isopropyl alcohol for 20 s to prepare CH3NH;3Pbls/m-TiO, /c-TiO, /FTO
glass. The prepared sample was rinsed with an IPA solution and was then annealed at
70 °C for 5 min on a hot plate for the subsequent deposition of HTL and Au, and finally the
solar cell device.
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Figure 1. The preparation diagram for the PbO-TiO, mesoporous layer, CH3;NH3Pblz /TiO, compos-
ite layer, and solar cell.

For a traditional two-step spin-coating method, the Pbl, layer was deposited onto
the m-TiO, layer by spin-coating at 2000 rpm for 5 s and 5000 rpm for 20 s. Then, the
sample underwent the annealing process at 70 °C for 10 min. After cooling down to room
temperature, the CH3NHj3I solution was spin-coated onto the sample at 3000 rpm for 5 s
and 5000 rpm for 20 s to form CH3NH;3Pbls/m-TiO, /c-TiO, /FTO glass. The prepared
sample was also rinsed with an IPA solution and was then annealed at 70 °C for 5 min on a
hot plate.

After that, for both samples prepared by the proposed and traditional methods,
the HTL was spin-coated onto the annealed CH3NH3Pblz/m-TiO;/c-TiO, /FTO glass
at 5000 rpm for 30 s. All these steps were conducted in ambient air. Finally, Au back contact
(0.33 cm x 0.33 cm) was thermally evaporated onto the top of the HTL/CH3NH3Pbls /m-
TiO, /c-TiO, /FTO glass to finish the fabrication of the perovskite solar cell.

2.3. Characterization

Scanning electron microscopy (SEM, S-3400N, JEOL, Tokyo, Japan) equipped with an
X-ray energy dispersive spectrometer (EDS, JEOL, Tokyo, Japan) was employed to analyze
the surface morphology and structure of the prepared samples. Power X-ray diffraction
(XRD, 18KW/D/MAX 2550 VB, RIGAKU, Tokyo, Japan; Cu K« radiation) was used to
study the crystalline property of the samples. The ultraviolet-visible (UV-vis) absorbance
spectra of the prepared samples were measured with a UV-vis-NIR spectrophotometer
(Lambda 950, Varian, Perkinelmer, MA, USA). The photocurrent density-voltage (J-V)
property of the fabricated solar cell devices was obtained with a keithley model 2400 digital
source meter and a solar simulator (Oriel Sol3A, Newport, State of California, USA), which
was calibrated to AM 1.5, 100 mW-cm~2 by a standard silicon photodiode before the
J-V test.

3. Results and Discussion
3.1. The Effect of Pb:Ti on the Properties of Prepared PbO-TiO, Composite Thin Films

The top view and optical properties of the thin films prepared from a PbO-TiO, mix-
ture, as mentioned in Section 2.2, were studied. Figure 2a shows the top view of TiO,
thin films prepared with different ratios of Pb:Ti. The color of the PAO-TiO, nanoparticle
electrode slowly changed to yellow as the Pb content increased, which indicates the gradual
mixing of Pb into the TiO, nanoparticle electrode. However, when the mixing of Pb reaches
1:1 of Pb:Ti, the prepared nanoparticle electrode seems loose and is easily peeled off from
the substrate, as can be seen from the sample in the lower right corner of the 1:1 picture in
Figure 2a. Therefore, the mole ratio of 1:1 for Pb:Ti was not suitable for the fabrication of
solar cells and was not chosen for the subsequent experiments. Figure 2b shows the repre-
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sentative TiO, /Pbl, thin film prepared by dipping the PbO-TiO, nanoparticle electrode
with Pb:Ti of 1:2 into the HI solution. The thin film changed to golden yellow, with the PbO
transforming to Pbl,. Figure 2c shows the top-view picture of the CH3NH3Pbl;/TiO, thin
film by dipping the Pbl,/TiO, thin film into a CH3NHj3I solution. As can be seen from the
figure, the color of the sample has obviously changed to black, indicating the successful
formation of CH3NH3Pblz compounds.

Figure 2. The top-view pictures of (a) the TiO, thin film prepared from different ratios of Pb:Ti;
(b) the Pbl, /TiO; thin film prepared by dipping the PbO-TiO, nanoparticle electrode into HI solution;
(c) the perovskite/TiO, thin film prepared by dipping the Pbl, /TiO, thin film into CH3NH3I solution.

Figure 3 shows the optical absorption characteristics of the CH3NH;3Pbl; /TiO, com-
posite thin films prepared from the PbO-TiO, with Pb:Ti ratios of 1:10, 1:8, 1:6, 1:4, and 1:2
in the raw materials (sample with Pb:Ti ratio of 1:1 was not measured since it is not suitable
to fabricate solar cells as mentioned above; sample prepared by the proposed method with
no Pb mixed with TiO, (sample 0), and another sample prepared by the traditional two-step
spin-coating method were also included). As can be seen from the figure, the absorption
of the samples was enhanced by Pb mixing, indicating that the CH3NH3Pbl; compound
was successfully formatted in the composite thin film. Comparing the UV-vis absorption
of the prepared CH3NH;3Pbl3/TiO, composite thin films with different ratios of Pb:Ti, the
absorption of the samples generally becomes stronger with an increasing ratio of Pb:Ti,
and it reached the top in the visible spectrum range when Pb:Ti was 1:2. The EDS analysis
confirmed that the content of Pb in the CH3NH3Pbl3/TiO, thin films increases with the
increasing ratio of Pb:Ti in the raw material, as shown in Table 2. The Pb:Ti reached 0.388
in the prepared CH3NH;3Pbls /TiO; composite thin films when the ratio of Pb:Ti was set
to 1:2 in the raw materials, as shown in Tables 2 and 3. As can be seen from the figure,
the absorbance of the CH3NH3Pbl3/TiO, composite thin films prepared by the proposed
method with Pb:Ti of 1:2 is stronger at the visible spectrum range when compared with
that prepared by the traditional method. This could be due to the increase in perovskite
being filled into the TiO, electrode using the proposed method than that prepared by the
traditional method. Therefore, Pb:Ti with a ratio of 1:2 was chosen for the following study.

0.9
—1:10
—1:8
— 1:6
—14
;0.6 12
=
o —0
@
2 traditional
g method
3
2 034
0.0 T T T
200 400 600 800 1000

Wavelength/nm

Figure 3. UV-vis absorbance spectrum of the CH3NH;3Pbl3 /TiO, composite thin films prepared from
PbO-TiO; thin film with different ratios of Pb:Ti.
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Table 2. EDS analysis of the CH3NH3Pblz /TiO, composite thin films prepared from PbO-TiO; thin
film with different ratios of Pb:Ti.

Pb:Ti EDS Result
1:10 0.037
1:08 0.1
1:06 0.097
1:04 0.125
1:02 0.388

Table 3. The weight (%) and atomic (%) for each element in the sample with Pb:Ti of 1:2.

Element Wt% At%
CK 02.27 07.01
OK 23.93 55.57

NaK 01.78 02.88
MgK 00.45 00.69
SiK 05.09 06.73
PbM 41.17 07.38
CaK 00.77 00.72
TiK 24.53 19.02

The elemental distributions of Pb and Ti in the CH3NH;3Pbl;/TiO, composite thin film
prepared from Pb:Ti of 1:2 are given in Figure 4. Figure 4a shows the measured field of the
sample. According to Figure 4b—d, the distribution of Pb and Ti is very uniform throughout
the whole thin film, which demonstrates that perovskite was uniformly filled into the
TiO, nanoparticle electrode. Perovskite solar cells prepared by the traditional two-step
spin-coating method often suffer from the inadequate filling of perovskite at the bottom
side of the electrode, which not only reduces the absorption of the incoming sunlight but
also increases the recombination of carriers at the gaps [9,18,20]. Therefore, the uniform
adsorption of perovskite onto the surface of TiO, nanoparticles through the whole electrode
is quite important, and would improve the performance of the solar cells. In addition, the
atom ratio of Pb and I in the prepared CH3NH3Pbl3/TiO, composite thin film was also
estimated by the EDS to be 1:2.58, which is between 1:3 of CH3NH3Pbl; and 1:2 of Pbl,.

(a) (b) (c) (d)

Figure 4. EDS images of Pb and Ti in the CH3NH3Pbl3/TiO, composite thin film prepared from
Pb:Ti of 1:2. (a) characterization region; (b) Pb; (c) Ti; (d) Pb and Ti.

3.2. Optimization of Dip Coating for the Preparation of Perovskite Absorption Layer

The prepared CH3NH3Pbl;/TiO, composite thin film was studied using XRD, and
the result is shown in Figure 5. The 1ci-MAPbI3/TiO, sample is obtained by dipping the
Pbl, /TiO; thin film into a CH3NH3I (for the convenience of picture display; it is expressed
as MAI, the same goes for below) solution once, the 2ci-MAPbI3 /TiO, sample is obtained by
dipping the Pbl, /TiO; thin film into the MAI solution twice, while 10 days MAPbI3 /TiO,
sample stands the 2ci-MAPbI3/TiO; sample after placing it for 10 days to observe the
change in the perovskite crystal phase. As can be seen from the XRD pattern, TiO, has a
main peak at 25.3°, which belongs to the 101 crystal phase (PCPDF #21-1272). For PbO,
the peaks at 22.1°, 32.4°, 39.6°, 46.2°, and 57.3° correspond to the 110, 200, 121, 030, and
230 crystal phases (PCPDF #38-1477), respectively. As for Pbl,, the peaks at 12.6°, 25.7°,
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34.0°, 39.5°, 45.2°, 52.3°, 68.4°, and 73.2°correspond to the 001, 002, 102, 110, 101, 004,
212, and 301 crystal phases (PCPDEF #07-0235), respectively. The peaks at 14.2°, 28.5°, and
31.9°correspond to the 110, 220, and 310 crystal phases of MAPbI3, respectively, which
demonstrate the successful formation of tetrahedral perovskite [12,23-25]. However, the
prepared perovskite thin film still contains a Pbl, phase at 12.6°, indicating that Pbl, may
exist in the prepared composite thin film (consistent with the EDS discussion above). There
is also a PbO phase at 22.6° and 39.6°, which may come from the oxidization of Pbl, into
the open-air ambience. In the prepared composite thin film, there also exists a crystal
phase that is difficult to identify. Compared with the one-dipping process, the sample
prepared by dipping twice shows better crystallinity, which indicates that more perovskite
could be obtained from the sample. The full width at half maxima (FWHM) of the MAPbI3
phases 110, 220, and 310 are about 0.07°, 0.19°, and 0.89°, respectively, as shown in Table 4.
The FWHM of the MAPDbI; crystal phases 110 and 220 are small, while the FWHM of
crystal phase 310 is a bit big, which indicates that the crystallinity of MAPbI3 can be further
improved in the future. As can be seen from the figure, the prepared perovskite is also
stable after 10 days, although the diffraction peak intensity is slightly weakened.

I *Unidentified phase
‘ Lke * R 10days-MAPDI/TiO,
’. s ke ? - 2¢i-MAPDI/TiO,
S | 220310 X .
(:‘;. .110 . g ¥ X 1C|-MAF’bI3/T|O2
= e o
‘B 2004 5
§ | 110"_”“ - -;l,‘ P121 A030l 4230 PbO/TIO2
I001 9210 |110 101 H004 Pbl, /TiO,
1 W A
101 TiO
oA 2
. Ll 1 * I » 1 . 1 . T

10 20 30 40 50 60 70 80
20

Figure 5. XRD diffraction patterns of the prepared CH3NH3Pbl3/TiO, composite thin film.

Table 4. The FWHM of MAPbI3 phases 110, 220, and 310.

Crystal Phase FWHM/°
110 0.07
220 0.19
310 0.89

The SEM morphology of the CH3NH;3Pbl; /TiO, composite thin film prepared by the
proposed method with dipping twice was compared with that prepared by the traditional
two-step spin-coating method, as shown in Figure 6. As can be seen from the filling of
pores in the TiO, nanoparticle electrode, the sample prepared with the proposed method is
more compact than that prepared by the traditional method. It is shown that the proposed
method is helpful for the deposition of perovskite into the TiO, nanoparticle electrode
throughout the whole electrode, which would increase the absorption of incident light and
reduce carrier recombination [12,26,27]. In addition, as can be observed from the sample,
the interface between the composite thin film and the substrate prepared by the proposed
method is also more closely connected than that prepared by the traditional two-step
spin-coating method. This is helpful for the smooth extraction of electrons outside of the
CH;3NH;3Pbl;/TiO, composite layer, and therefore further reduces carrier recombination.
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Figure 6. SEM morphology of the CH3NH3Pbl3/TiO, composite thin film (a) prepared by the
proposed method; (b) by the traditional two-step spin-coating method.

The above sample was fabricated into solar cells by sequential deposition of the
HTL and Au electrode. The J-V results of the CH3NH;3Pbl3/TiO; composite thin film
prepared by the proposed method and the traditional two-step spin-coating method were
compared, as shown in Figure 7. The black curve in the figure is the photoelectric conversion
characteristic of the solar cell prepared by the proposed method and the red one in the
figure is the solar cell prepared by the traditional two-step spin-coating method. The slight
irregularities in the J-V curves may come from the uneven interfaces between the prepared
solar cell thin films. The power conversion efficiency (PCE) of the solar cell prepared by
the proposed method is 9% with a short-circuit photocurrent density (Jsc) of 16.4 mA /cm?,
an open-circuit voltage (Voc) of 0.90 V, and a fill factor (FF) of 61%. Meanwhile, the PCE of
the solar cell prepared by the traditional two-step spin-coating method is 7.2% with a Jsc
of 14.1 mA /cm?, a Voc of 0.88 V, and an FF of 58%. The PCE of the solar cell prepared by
the proposed method is about 25% higher than that prepared by the traditional two-step
spin-coating method. The improved conversion efficiency is mainly due to the increase
inJs from 14.1 mA/cm? to 16.4 mA /cm?, which may be caused by more perovskite being
filled into the TiO, nanoparticle by the proposed method, increasing the absorption of the
incident light, and therefore generating more carriers. The increased filling of perovskite
into the bottom of the TiO; nanoparticle electrode can also improve the V. of the solar cell,
since it avoids the recombination of electrons and holes at the gaps that usually appear in
the bottom side of the CH3NHj3Pbls3 /TiO; composite thin film fabricated by the traditional
two-step spin-coating method [18]. In this study, the thickness of the CH3NH;PbI3/TiO,
composite thin film prepared by the proposed method is similar to that prepared by the
traditional two-step spin-coating method, which is around 2.2 pm. The thickness of the
CH;3NH;3Pbl3/TiO, composite thin film is bigger than that in a high-efficiency perovskite
solar cell, whose thickness is around 850 nm (which also can be increased to 1150 nm for
easy fabrication [28]). The present PCE of the prepared solar cell is not so high, which may
be due to the excessively thick CH3NH;3Pbl;/TiO; composite thin film that results in more
carrier recombinations [28,29]. Next, the fabrication process for the PSC will be further
optimized to promote the performance of the solar cell.
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Figure 7. J-V curve of the CH3NH;3Pbl3/TiO, composite thin film prepared with the proposed
method and the traditional two-step spin-coating method.

4. Conclusions

In this study, a facile fabrication method to improve the perovskite deposition into
the TiO; nanoparticle electrode was proposed, and it has proven to be effective. It has
been shown that Pb can be successfully mixed into the TiO, nanoparticle electrode and its
content increases with the Pb:T ratio that is increased in the raw materials. The effect of
Pb:Ti on the properties of the prepared PbO-TiO; thin film was optimized. The atom ratio of
Pb and I was estimated to be 1:2.58 in the perovskite absorption layer prepared from Pb:Ti
of 1:2. The prepared perovskite/TiO, composite thin film has a uniform Pb/Ti elemental
distribution, and its optical absorption is also excellent. The obtained perovskite/TiO,
composite thin film shows the 110, 220, and 310 crystal phases at 14.2°, 28.5°, and 31.9°,
demonstrating the formation of tetrahedral perovskite. Moreover, the sample prepared
with dipping twice shows more compact morphology and better crystallinity (especially at
crystal phases 110 and 310). The morphology and crystallinity of the prepared perovskite
improve the short-circuit photocurrent density and open-circuit voltage of the fabricated
solar cell when compared to that prepared by the traditional two-step spin-coating method.
The PCE of the solar cell prepared by the proposed method is 9% (Jsc of 16.4 mA /cm?, Voc
of 0.90 V, and FF of 61%), about 25% higher than that prepared by the traditional two-step
spin-coating method. This could be due to more perovskite that is filled into the TiO,
nanoparticle in the proposed method, which not only increases the absorption of incident
light and therefore can generate more carriers, but also reduces the carrier recombination
in the prepared perovskite/TiO, composite thin film. The proposed method also has an
important value for the fabrication of other relative photoelectric functional thin films
or devices.
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