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The TiO: layer plays an important role in organic lead-halide perovskite solar cells (PSCs) as an elec-
tron transport layer as well as a blocking layer to prevent carrier recombination at the interface of fluo-
rine-doped tin oxide (FTO) and a perovskite layer. TiOs thin film was successfully grown on FTO substrate
using the liquid phase deposition method. In this work, TiO: layers were grown at a temperature of 50 °C.
The first layer was grown for 2 h and the second layer was subsequently grown at different durations, i.e.
1, 2, 3, and 4 h. The optical, structural and morphological properties of the samples were characterized us-
ing UV-vis spectroscopy, XRD and FESEM/EDX, respectively. The TiO: thin film was then applied as an
electron transport material (ETM) in the PSC n-i-p configuration. The UV-vis characterization results
showed that the peak absorption spectrum of TiO:z thin films occurred in the wavelength range of 300-
450 nm for all samples. The XRD pattern indicated that the sample is anatase TiO: structure with the
crystal orientation of (100), (004), (200) and (105) at the diffraction peak angle of 26 25.50° 37.92°, 48.04°
and 54.84°, respectively. FESEM characterization showed that the TiOz nanostructure has a rod-like mor-
phology. The PSC device fabricated utilizing the TiO2 sample with a second layer grown for 2 h exhibits the
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highest power conversion efficiency of 0.23 %.
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1. INTRODUCTION

Perovskite solar cell (PSC) is a new generation of so-
lar cells with promising performance as a result of ex-
cellent photophysical properties of the organo-lead hal-
ide perovskite materials. Initially, Miyasaka group ap-
plied CHsNH3Pbls organometal halide perovskite over
TiOz as a substitute for light-absorbing material (dye)
on DSSC and successfully achieved a cell efficiency of
3.8 % [1]. The device of PSCs has been developed based
on the organic lead halides or mixed halides perov-
skites, e.g. CHsNHsPbls or CH3NH3Pbls-.Cl: by anoth-
er research group [2]. The power conversion efficiency
(PCE) of PSCs has rapidly increased in the past few
years from 9 to 22.1 % [3]. In general, PSCs consist of
an electron transport layer (ETL), perovskite layer and
hole transport layer (HTL). The high-performance PSCs
commonly used TiOz thin film as ETL incorporating
CH3NH3Pbls perovskite as a light absorber material [3].

There are two types of TiO2 used as an ETL in PSC
in terms of its porosity, i.e. compact and mesoporous
TiOz2. The compact TiO2 layer will transfer photo-
generated electrons from perovskite and, at the same
time, it will act as a blocking layer to prevent direct con-
tact between a hole and FTO which results in a decrease
in cell efficiency [4]. The mesoporous TiOz is preferable
to gain more contacts between ETL and the organic per-
ovskite material [2]. The properties, structure and mor-
phology of TiO2 are strongly dependent on the prepara-
tion technique. The preparation method may influence
the morphology and structure of TiOz film and indirectly
influence the power conversion efficiency of solar cells.
Several techniques have been reported to fabricate TiO2
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as ETL, e.g. the hydrothermal method [5], screen-
printing [6], DC magnetron sputtering, natural dropping
[7] and sol-gel followed by spin-coating [8]. In many cas-
es, those methods required expensive equipment and
complicated procedures to obtain a required nanostruc-
ture of TiOsz. The liquid phase deposition (LPD) method
is a simple wet-chemical process to grow metal oxide
thin film. The liquid phase deposition method has the
advantage that can be carried out under atmospheric
conditions at room temperature without using any spe-
cial equipment [9]. The LPD can be done by reacting
metal-fluoro complex with fluor anion scavenger of boric
acid [10]. In this paper, the LPD technique has been
employed to fabricate rod-like TiO2 nanostructure with-
out any directing agent. TiOz thin layers were fabricated
in various growth times and then applied as ETL in
PSC. The effect of variation in growth time on the optical
properties, morphology, structure, and efficiency of PSC
was then analyzed and discussed.

2. EXPERIMENTAL
2.1 Material and Method

Ammonium hexafluortitanate ((NH4)2TiFs) (AHT),
boric acid (HsBOs), lead (II) oxide (Pblz), poly[bis(4-
phenyl) (2,4,6trimethylphenyl)amine] and fluorine-doped
tin oxide (FTO) glass were purchased from Sigma Al-
drich and methylammonium iodide ((CHs3NHs)lz) was
supplied from Dyesol Ltd. Australia. (NH4)2:TiFs and
HsBO3 were used as precursors and anion scavenger,
respectively, for the synthesis of TiOs. Pblz and methyl-
ammonium iodide were used as a starting material for
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synthesis of organo-metal halide CH3NH3PbIs perov-
skite. Poly[bis(4-phenyl) (2,4,6trimethylphenyl)amine]
(PTAA) was used for the hole transport material (HTM),
while dimethylformamide was used as solvent. Fisrt, the
FTO substrate was cut and cleaned by consecutive ultra-
sonication in acetone, ethanol and deionized water. The
preparation procedure of TiO2 thin films referred to the
method published previously [9]. Typically, 5 ml of 0.1 M
(NH4)2TiFs and 5 ml of 0.2 M H3BOs aqueous solution
were mixed and then used as a growth solution. The
FTO substrate was placed vertically in the growth solu-
tion at a temperature of 50 °C. The TiO: films were
grown twice with the same growth condition. For all
samples, the first layer was grown for 2 h. The second
layers were grown at different times, i.e. 1, 2, 3 and 4 h.
The prepared thin film of TiO2 was then taken out of the
solution, washed with an abundant of DI-water, dried
with nitrogen flow and annealed at 400 °C for 30 min.
The samples were named according to their first (x) and
second (y) growth time in hours, i.e. Tx-y. The organic
perovskite coating was done by the two-step method. In
the first step, 400 mg/ml of Pblz in dimethylformamide
was spin-coated onto the TiOz layer at a speed of
3000 rpm for 10s. This layer was then annealed at
100 °C for 5 min. In the second step, 40 mg/ml of me-
thylammonium iodide (MAI) in 2-propanol was spin-
coated at a speed of 3000 rpm for 10 s. The samples were
then annealed at 100 °C for 30 min. The HTM layer is
prepared by spin-coating 20 mg/ml PTAA on the perov-
skite layer. Samples were annealed at 100 °C for 10 min.
The final step was fabricating metal electrodes by sput-
tering the platinum metal over the sample with an ac-
tive area of 0.23 cm?.

2.2 Characterization

Optical properties of thin films were characterized
using Hitachi U-3900H UV-vis spectroscopy (Lambda
900 Perkin-Elmer) and surface morphology was charac-
terized by Field-Effect Electron Scanning Microscopy
(FESEM) (Zeiss SUPRA 55VP). The structure and crys-
tallinity of the samples were characterized using X-ray
diffraction (BRUKER D8 Advance) with CuKa radia-
tion (4 =0.154 nm) and a scan step of 2°’min. The PSC
performance utilizing the samples with various growth
times was recorded by high-voltage source (Keithley
model 237). The current-voltage measurements were
carried out under AM 1.5 simulated light illumination
with an intensity of 100 mW/cm2.

3. RESULTS AND DISCUSSION

Fig. 1 shows the UV-visible optical absorption spec-
trum of TiO2 sample grown using a liquid phase deposi-
tion method with different growth times. The UV-vis
absorption spectrum of the sample shows the dominant
absorption peak in the UV region. The absorption peak
occurs in the range of wavelengths 300-350 nm [11].
This result was also observed in [12]. The sample pre-
pared without the second layer (T2-0) possesses the
lowest absorption peak in the UV light range, while the
highest absorption peak belongs to the sample pre-
pared for 3 h of second-growth time (T2-3). It is also
obvious that the absorption area varies with the
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growth time of the secondary layer. The sample pre-
pared for 4 h of the second layer (T2-4) demonstrates
the largest absorption area, and the sample without
the secondary layer (T2-0) has the smallest absorption
area. The peak of UV-vis absorption of TiO2 layer that
grew more than 1 layer was observed to shift towards
larger wavelengths and was at a wavelength of around
350-380 nm (near visible light).

The magnitude of the energy band gap of all the
samples was calculated. The UV-vis absorption spec-
trum produced by semiconductor samples provides a
correlation between the absorbance and the photon
energy needed to excite the electrons from the valence
band to the conduction band. The relationship between
the photon beam energy of excitation and the band gap
energy (band gap, Eg) is given by the Tauc equation:

(Ahvy = A-(hv - E,). 1)

The power of n for indirect energy gap is equal to 1/2
and 2 for direct energy gap. The energy of the optical
band gap Eg for TiO:z is obtained by extrapolating the
curve hvvs (ahv)2, The intercept of the straight line for
the x-axis is defined as the value of E; (Fig. 1b). The val-
ue of energy gap for all the samples is listed in Table 1.
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Fig. 1 — UV-vis spectra (a) and energy band gap calculation (b)

Table 1 - Energy band gap of TiO: at different growth times

No Sample Energy band gap (eV)
1 T2-0 3.45
2 T2-1 3.35
3 T2-2 3.37
4 T2-3 3.17
5 T2-4 3.11
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Fig. 2a, f show the top view FESEM images of TiOs
samples grown for 2 h (T2-0) as a basis layer with 1.000
and 50.000 times magnification, respectively. Fig. 2b-e
are FESEM images of the sample subsequently grown
for the second layer for 1, 2, 3 and 4 h at a temperature
of 50 °C. It is obviously noticed that the morphological
shape of the sample changes with growth time. It can be
seen that for 2 h of growth time, the TiO2 rod-like struc-
ture has been obtained. This result agrees well with the
morphology of TiOz film prepared by LPD by Umar and
his group [9]. As the first layer subjected to the second-
growth process, it can be seen that the precursor initi-
ates another structure on the surface [12]. As the
growth time for the second process increases, a bigger
grain size was obtained. FESEM images of as-deposited
films observed the existence of cracks. Cracks generally
occur due to the intrinsic high surface tension of the
TiOz layer [9].The presence of the crack might increase
the porosity of the film.

Fig. 2 - FESEM image of the samples: T2-0 (a), T2-1 (b), T2-2
(c), T2-3 (d), T2-4 (e), T2-0 (f) with magnification of 50.000x

The EDX spectrum of sample T2-0 is shown in
Fig. 3. The picture also displays the percentage of the
weight of the constituent atoms contained in the sam-
ple. Based on EDX data, there are elements Sn, C and
Si in the sample. The Ti and O content in TiOz2 sample
with the growth time of 2 h (T2-0) are 9.4 and 27.77
(wt. %), respectively. The appearance of Sn element
comes from the FTO substrate due to the fact that T2-0
is the sample with the thinnest layer, with a percent-
age of atomic weight of 59.7 %. In addition, there are
also carbon and silica elements derived from combus-
tion (annealing), each of which has a percentage of
atomic weight of 2.7 % and 0.6 %, respectively.

Fig. 4 shows the XRD spectra of two selected sam-
ples, i.e. single layer and double layer samples, namely
T2-0 and T2-4, respectively. It indicates that sample
T2-0 (single layer) still reveals strong diffraction from
FTO. After the addition of the second layer grown for

J. NANO- ELECTRON. PHYS. 12, 03019 (2020)

4 h, that is sample T2-4, strong diffraction from (101)
plane was observed, which agrees with the JCPDS card
file no. 96-900-9087 [13].
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Fig. 3 — EDX spectrum of TiO2 with growth time of 2 h
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Fig. 4 — XRD spectrum of TiOz with growth time of 2 h

Table 2 — Material properties used in this study

Sample | (°) | FWHM (rad.) | Crystallite size (nm)
T2-0 37.92 0.464 29.56
T2-4 38.20 0.942 14.56

Thus, X-ray diffraction peaks at 25.50°, 37.92°
48.04°, and 54.84° correspond to (101), (004), (200), and
(211) plane of anatase TiOs, respectively. The calculated
lattice parameters of anatase TiO2 are a =0.37796 nm
and ¢=0.94858 nm. Anatase-TiOz is preferable to be
applied as an electron transport layer in PSC due to its
high photoactivity properties. The crystalline size can be
calculated from the FWHM value of X-ray diffraction
peak using the Scherrer’s formula. The FWHM values of
(400) plane of T2-0 and T2-4 samples were obtained us-
ing the Origin Pro 2016. FWHM values and calculated
crystallite sizes are listed in Table 2. According to XRD
spectra, T2-0 sample has a large crystallite size com-
pared to the T2-4 sample in [400] direction. Constructive
interference that occurs due to the crystalline plane will
be higher if the crystalline size is also large.

Fig. 5a, b demonstrate the -V curve of the fabricat-
ed PSC device using TiO:z film grown with different
growth times in dark and under 100 mW/m2 illumina-
tion, respectively. In dark conditions, the J-V curves
show typical semiconductor diode characteristics. The
smaller the potential difference required by the elec-
tron to be excited (a rapid increase in current), the bet-
ter the solar cell will work.
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Fig. 5 — J-V curve (a) in dark and cell configuration for the PSC
performance measurement (insert) and (b) under illumination
of 100 mW/m? for the PSC with different growth time of TiO2

The thickness of the ETM was found to influence
the PSC performance, as expected. We assumed that
TiOz2 electron selective growth time is related to their
layer thickness. Table 3 summarizes the photovoltaic
properties of PSC utilizing LPD prepared TiO2 samples
based on the J-V curves from Fig. 5b. Sample with a
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single TiO: layer (T2-0) has the highest open-circuit
voltage (Vo) but the lowest short-current density (Js)
and the lowest efficiency, i.e. 0.1 %.

Addition of the second layer grown for 1 h has signif-
icantly increased the efficiency up to 0.19 %. The sample
prepared by double layer deposition for 2 and 2 h (T2-2)
possesses the lowest Vo but the highest Isc and resulted
in the highest solar cell efficiency, i.e. 0.23 %.

Table 3 — Measurement data and calculation of PSC based on
TiOz with variations in growth temperature

Sample| Voe (V) | Jsc (mAlcm?) FF 1 (%)
T2-0 0.56 0.329 0.526 0.10
T2-1 0.54 0.720 0.483 0.19
T2-2 0.47 1.071 0.453 0.23
T2-3 0.55 1.033 0.377 0.22
T2-4 0.51 1.036 0.395 0.21

4. CONCLUSIONS

In this work, TiO2 thin films were successfully
grown on FTO by using the liquid-phase deposition
method with various growth times and were applied as
an electron transport material to the PSC device. It
was observed that the morphology and the optical ab-
sorbance of the samples were influenced by the TiO:
growth time. The highest Js of 1.071 and 7 of 0.23 %
were obtained for PSC utilizing the sample grown at
50 °C for 2 h each.
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Ocamsxennsa pigkoi dasu maisok TiO:z 1/1a €JI€KTPOHHO-TPAHCIIOPTHOTO WIAPY
IEePOBCKITHUX COHAYHUX €JIEMEHTIB
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[Map TiO: Bimirpae BasKJINBY POJIb B OPraHIYHHUX CBUHIIEBO-TAJIOT€HITHUX IIEPOBCKITHUX COHSIYHUX
enemenTax (PSCs) sk eleKTPOHHO-TPAHCHOPTHUIM IIap, 4 TAKOK SK OJIOKYIOUHN IIap A 3aro0iraHus
peKoMOIHAIIT HOCIIB Ha Mesl Io/iay jeroBaHoro gropom oxcumy ojiosa (FTO) ta meposckirToro mapy.
Toury mmsky TiO: ycmimuo Bupomysamm Ha makiaamimi FTO meromom ocamxeHus pigkol dasu. ¥ Imiit
pobori mapu TiO:z BupouryBanu B na 3axonu mnpu temieparypi 50 °C. Ilepmwmii map BuporyBamu mpo-
TSATOM 2 TOJI, & IPYTUH 1Iap 3r0I0M BUPOLILYBAJIH 3 PI3HOI0 TPHUBAJIICTIO, & caMe IIpoTsiroM 1, 2, 3 ta 4 roz.
OrmrtryHi, CTPYKTYPHI Ta MOP(OJIOTiUHI BJIACTUBOCTI 3PA3KiB XapaKTepUa3yBaJIA BIAIIOBIIHO 3a JOIOMO-
roo YO-crexrpockomii, XRD ra FESEM/EDX. ITorim Torky miiBky TiO2 3acTocoByBaIH sIK €JI€KTPOHHO-
rparcnoptauit marepian (ETM) y PSC 3 koudirypartieo n-i-p. Pesyasratn Y@-crieKTpockomil mokasa-
JIY, TI0 CIeKTP MAaKCHMAaJIbHOTO MOTJIMHAHHSA TOHKUX ILTiBoK TiO:z BifmoBimae miamas3oHy JOBKUH XBUJIb
300-450 am muis ycix apaskis. Ha mudpakrorpami BUSBIIEHO, 110 3pa3oK € CTPyKTyporo aHarady TiO:z 3
Kpucrasidaoio opierTartieo (100), (004), (200) 1 (105) mpm kyTax mKOBOI gudpakrini 20, piIBHUMHA BIIIIO-
BigHo 25,50°% 37,92°% 48,04° 1 54,84°. FESEM xapaxrepucruka mokasaJsia, 1o HaHocTpykrypa TiOz mae
crprrHenoaibHy mMopdosorio. [Tpucrpiit PSC, BuroroBnenwmit 3 Bukopucranuam 3paska TiO: 3 npyrum
IapoM, BHPOIIEHUM IIPOTATOM 2 TOJI, TeMOHCTPYE HAWBUILY eQeKTUBHICTH IEePEeTBOPEHHS IIOTYKHOCTI,
pieay 0,23 %.

Kmrouori cmoma: TiO2, Ocamkenus pinkoi dasu, Emexrponmo-rpamcuopramii martepian, FESEM,
IlepoBcKiTHI COHAYHI €JIEMEHTH.
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