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1 Introduction

Organic-inorganic metal halides (Organometal) based
perovskite solar cells (PSCs) have received great atten-
tion due to their process-ability from solutions, low
cost, and ability to be grown on flexible substrates [1,
2]. The phenomenal increase in the power conversion
efficiency (PCE) of PSCs from 3.8% (in 2009) to 26%
(in 2022), has drawn more attention from research-
ers in this area [3-5]. Ever since the first report on the
photovoltaic effect in the PSCs, many organometal
perovskite materials have emerged in response to a
continuous effort to improve performance [6]. The
most frequently used active absorber perovskite for
PSCs is methyl ammonium lead iodide (MAPbL;), and
this is due to their properties such as direct bandgap
transition, high absorption coefficient, broad absorp-
tion spectrum in the visible region, weak exciton (elec-
tron-hole pair) binding energy, long carrier diffusion
length, and low intrinsic defects [7-9]. In recent years,
various methods, both in air and under vacuum pro-
cessing conditions, used to fabricate the perovskite
absorber layer have been reported [9, 10]. Spin-coat-
ing, dip-coating, chemical vapor deposition, or a com-
bination of the two methods have been used to fab-
ricate an optimized pinhole-free perovskite absorber
layer [11, 12]. The solution-based processing by spin-
coating and dipping-coating has shown to be the most
affordable and the easiest method to make perovskite
absorber layers in small and large areas. However, the
photovoltaic performance of the PSC depends on the
method of deposition and growth condition used [13,
14]. The spin-coating and dip-coating parameters such
as spin-time, spin-speed, and dip-time as well as the
annealing temperature play a major role in the out-
come of the PSC devices. In addition, the concentra-
tion of the lead iodide (Pbl,) and methyl ammonium
iodide (MAI) dissolved in a solvent also determines
the physical and chemical properties of the MAPDbI,
[15]. PSCs are divided into three major components,
and they include the electron transporting layer (ETL),
the active absorber layer, and the hole transporting
layer (HTL). The three fundamental processes of the
PSCs are the generation of electron-hole pair in the
active absorber layer, the separation of electron and
hole, and the collection of electron and hole [16]. The
photo-generated charge carriers are required to be
extracted through the transporting layers to avoid
recombination or accumulation in the interfaces
between the active layer and transporting layers [17,
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18]. Efficient ETL and HTL are those that prevent the
photo-generated charge carriers from recombining or
piling at the interfaces between the layers before trans-
porting them to the ETL and HTL.

The ETL is an important component of the PSC
in all device architecture such as in the planar and
mesoporous structures [19]. Numerous metal oxides
and methods have been used to fabricate the ETL of
the planar or mesoporous structure PSCs. Currently,
TiO, has proven to be the most stable and effective
ETL used aside from zinc oxide (ZnO) and tin oxide
(SnO) for the extraction of electrons in PSC [20]. To
achieve a stable and efficient TiO, ETL, the method
of deposition plays a vital role. Several methods such
as wet chemical, SILAR-induced gel method, doctor-
blade, spin-coating, ion-beam evaporation, sputtering,
and atomic layer deposition have been reported [21,
22]. The spin-coating method is the most widely used
for the fabrication of TiO, ETL in the PSC due to its
less complexity, cheaper, and fewer energy require-
ments. Despite the desirable properties possessed by
TiO,, the material suffers from low conductivity due
to the oxygen vacancies at the lattice site. Moreover,
the energy level offset show that the conduction band
of the TiO, is lower than the conduction band of the
perovskite absorber layer, causing less flow of elec-
trons from the perovskite layer [23-25]. To address
these issues of low conductivity and band offset to
improve the electron extraction, doping is required to
modify the vacancies at the lattice site and fermi-level
[24, 26]. The electron extractions have been improved
by doping TiO, with niobium (Nb-doped TiO,), zinc
(Zn-doped TiO,), magnesium (Mg-doped TiO,), and
aluminum (Al-doped TiO,), etc., but more studies are
needed to further improve them [1, 24, 27-30]. An
increase in the open-circuit (V,,) and short-circuit cur-
rent density (J,.) has been observed by suitably doping
TiO, with transition metals in many soar cell configu-
rations in which they form an ETL [31-33].

In this study, we synthesized pure, Ba, Cs and Y
doped c-TiO, layer as an effective electron extraction
layer by sol-gel combined spin-coating deposition on
a patterned fluorine doped tin oxide (FTO) substrate.
The three dopants (Ba**, Cs”, and Y**) have valences
less than +4 of the host titanium ion, and they are
p-type dopants to TiO, which is an n-type semicon-
ductor. The p-type doping in TiO, reduce oxygen con-
centration which improves the electrical conductivity
of the resulting material. The perovskite active layers
were deposited on this optimized doped c¢-TiO, by
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two-step spin-coating sequential deposition. The elec-
tron transporting, perovskite absorber, and hole trans-
porting layers were all fabricated by the spin-coating
method, which further encourages the reduction in the
cost of the PCS. We also studied the structural, surface
morphology, electrical and optical properties of the
Ba-doped TiO,, Cs-doped TiO,, and Y-doped TiO, and
the perovskite active layer on different doped c-TiO,.
The motivation behind the p-type doping adopted in
this work is to reduce the oxygen atom concentration
when Ba?, Cs**, and Y*' replaces the Ti*" ions in the
TiO, lattice. Lowering of oxygen atom increases the
metallicity and hence the electrical conductivity of
the resulting materials [33]. The PCE of the completed
PSC devices was studied and discussed. This work is
expected to add more understanding to the method of
spin-coating for the preparation of perovskite active
layer and suitable ETL to be used for efficient PSCs.

2 Experimental details

2.1 Preparation of the compact TiO, layers
and the fabrication of MAPbDI, perovskite
solar cells

The perovskite solar cells were fabricated by a two-
step spin-coating process on the c-TiO, layer which
is deposited on the FTO substrate as shown in Fig. 1.
The FTO substrates were etched with Zn powder
and 2.0 M of hydrochloric acid (HCL), and then
they were cleaned in the following steps: washed
in detergent, sonicated in warm deionized water,
isopropanol alcohol (IPA) for 30 min, and finally in

Fig. 1 Experimental steps
for the deposition of perovs-
kite solar cell by spin-coating

FTO
Substrate
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warm deionized water. The clean etched FTO sub-
strates were dried for 20 min in the air. The titanium
precursor solution for the ¢-TiO, was prepared by
dissolving 375 pL of titanium isopropoxide (TTIP)
in 2500 pL of ethanol (99% alcohol), 35 uL of 2.0 M
HCI mixed with 2500 uL ethanol (99.9% alcohol), and
then add the acidic-ethanol solution into the titanium
solution. The titanium precursor solution was stirred
at room temperature for 2.5 h until the transparent
solution was obtained. For doped titanium precur-
sor, 54 mg of barium oxide (BaO) for Ba-doped,
60 mg of cesium chloride (CsCl) for Cs-doped, and
80 mg of yttrium (III) oxide (Y,O;3) for Y-doped TiO,
was dissolved in 2500 pL ethanol to obtain 0.14 M
doping concentration and added into the acidic-tita-
nium ethanol solution under constant stir at room
temperature until the solute dissolves completely.
The compact layers of pure, Ba-doped, Cs-doped,
and Y-doped TiO, were deposited by spin-coating
the obtained titanium precursor solutions on the
cleaned etched FTO substrates at 3000 rpm for 30 s,
pre-heated for 10 min, and annealed at 400 °C for
30 min. The Pbl, precursor solution was prepared
by dissolving 390 mg of Pbl, powder in a mixture
of 900 uL dimethylformamide (DMF) and 100 puL
dimethylsulfoxide (DMSO), transferred into capped
bottles, and then heated at 65 °C for 3 h under con-
stant stirring. 40 uL of the Pbl, solution at 65 °C was
spin-coated on the c-TiO,/doped-TiO, substrates
at 7000 rpm for 35 s on a substrate temperature of
40 °C, preheated at 40 °C for 4 min and dried at
105 °C for 5 min to form a yellow layer in the first
step, followed by the conversion of the Pbl, layer to
MAPDI; by spin-coating the solution MAI dissolved

/7,.‘I\

Pbl, MAPbDI;
Layer Layer ’l
= Spiro-OMeTAD
Layer

-

Silver
—— contact
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in IPA. Further details of the completed FTO/c-TiO,/
MAPDbI,/spiro-OMeTAD/Ag device can be found in
this report [34].

2.2 Characterization of c-TiO, and MAPDbI,
perovskite absorber layers

The structural information of the synthesized pure,
Ba-, Cs- and Y-doped TiO,, and MAPbI; layers were
obtained by X-ray diffraction technique (XRD, per-
formed with D8-Brucker powder diffractometer
with a theta-theta goniometer, and CuK, radiation
A ~0.154 nm). The optical bandgap and absorbance
of the bulk and films were analyzed in Agilent Cary
7000 UV-vis NIR universal measurement spectro-
photometer. Carl Zeiss mA 10 model field-emission
scanning electron microscope was used to study the
surface morphology, average grain size, and chemi-
cal composition of the microstructure synthesized.
The carrier concentration and mobility of the synthe-
sized ¢-TiO,/doped TiO, layers were studied using the
ECOPIA hall effect measurement system (HMS-3000
VER 3.5). Solar cell parameters were obtained by the
J-V characteristics measurement under irradiation of
100 mW/cm? AM 1.5 standard simulated sunlight at
room temperature by Keithley 2420 source meter. The
shadow mask used for the solar testing and the active
area of the solar cells was 0.0512 cm® These characteri-
zations were carried out at iThemba-LABS, National
Research Foundation and University of Western Cape,
South Africa.

3 Results and discussion

3.1 Structural, surface morphology, and optical
properties of pure/doped TiO,

The XRD patterns of the dried titanium precursor
annealed at 500 °C for 30 min for (a) pure, (b) Ba-, (c)
Cs- and (d) Y-doped TiO, exhibit the anatase phase of
TiO, as shown in Fig. 2. The observed XRD pattern was
all crystalline, with the anatase main peak appearing
at the 2theta value of 25.45°, 25.33°, 25.28°, and 25.30°
corresponding to the (101) crystal plane of the anatase
phase of pure, Ba-, Cs- and Y-doped TiO,. There is no
peak from the other phases of TiO,. The indexed dif-
fraction peaks of the four doped-TiO, correspond to
the body-centered tetragonal structure, with unit cell
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Fig. 2 X-ray diffraction patterns of a Pure, b Ba-doped, ¢ Cs-
doped and d Y-doped TiO,

lattice parameters of a=b=3.79 A, c=9.51 A (PDF #:
00-021-1272).

The estimated lattice parameters are (a=b=3.77 A,
=929 A), (1=b=3.78 A, c=9.41 A), (a=b=3.78 A,
c=9.51 A)and (a=b=3.79 A, c=9.44 A) for the pure,
Ba-, Cs-, Y-doped TiO, respectively. The average crys-
tallite size (D) of the synthesized pure and doped TiO,
nanoparticles were estimated using Scherrer equation
as shown in Eq. (1) [35, 36];

KA
- pcosl 1)

where K is the Scherrer constant, A is the wavelength
of the X-ray source (0.154 nm), § is the full width at
half maximum (FWHM) and 0 is the Bragg diffraction
angle. The D of pure and doped TiO, nanoparticles
as well as their lattice parameters are summarized
in Table 1. As the K was assumed, the calculated D
values are estimates. In this paper, K=0.94 was used,
considering that the present crystals are spherical as
shown in Fig. 3. The crystallite sizes of the nanoparti-
cles decrease when the dopant was added to the host
titanium precursor, and there is a significant change
in the size when doped with Ba. However, the three
metal dopants which are a p-type, generate oxygen
deficiency in the p-orbitals thereby uplifting the fermi-
level to improve the electrical conductivity. This con-
ductivity depends on the grain size, surface morphol-
ogy, chemical properties, and doping [33]. The ionic
radii of Ba%, Cs*, Y*', and Ti** are 0.135 nm, 0.175 nm,
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Fig. 3 SEM image for a Pure, b Ba-doped, ¢ Cs-doped and
d Y-doped TiO,

0.101 nm, and 0.088 nm respectively. The shift in the
c-axis of the lattice parameter is correlated with the
ionic radii of the dopant. The Cs dopant with the larg-
est ionic radius possesses the largest size in the c-axis
of the lattice parameters, and vice versa to pure TiO,
without doping. The nanoparticles are spherical-like
in shape as shown in Fig. 3.

The surface morphological visual study in Fig. 3
reveals that the nanoparticles of the pure and doped
TiO, are spherical, and there is cluster observation in
the Ba-, Cs-, and Y-doped TiO,. The cluster could be
a result of the dopant added during synthesis. The
SEM images of (b), (c), and (d) showed that more
nanoparticles are grown in the doped TiO, than the
pure TiO,. Figure S1 shows that the estimated grain
size for pure, Ba-, Cs-, and Y-doped TiO, are 58.13 nm,
46.93 nm, 46.24, and 56.86 nm respectively. The cluster
of the nanoparticles in the doped TiO, can affect the
electron extraction from the perovskite absorber layer,
and the performance of the perovskite solar cell can be
improved [30, 33, 37]. However, the energy-dispersive
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X-ray spectrum reveals the dopants are present in the
materials except for Ba-doped which shows no dopant
present in Fig. S2.

Figure 4 shows the optical bandgap energy for indi-
rect band transition obtained by the Tauc relation in

Eq. (2);
@)/ = B(hv - Eg) )

«a is the coefficient of absorption, hv is the pho-
ton energy, Eg is the optical bandgap, B is the fac-
tor dependent on the transition, and # is the power-
dependent of the optical absorption. [38]

The estimated optical bandgap energy for pure-
TiO,, Ba-doped, Cs-doped, and Y-doped TiO, are
3.52 eV, 3.44 eV, 3.50 eV, and 3.48 eV respectively as
shown in Fig. 4. The bandgap of pure TiO, show the
highest among them, and Ba-doped TiO, possesses the
lowest bandgap energy. The bandgap energies of the
pure and doped TiO, show an increase of 0.24-0.32 eV
more than the optical bandgap of pure and doped
TiO, synthesized by other methods as reported in the
literature [19, 21]. The lowering of the optical band-
gaps on doped-TiO, could be attributed to the shift in
the conduction band and valence band of the parent
material. The Ba- and Y-doped TiO, show a lower-
ing in the optical bandgap, which can be understood
from the shifting of the valence band and conduction
band towards the lower energy orbitals and the higher
energy orbitals respectively. However, the increase in
the optical bandgap of Cs-doped TiO, than Ba- and
Y-doped can be attributed to the shifting of the con-
duction band shift towards the higher energy orbitals
such as the 4d-orbital than the 3d orbitals in Ti [33, 39].
In addition, the bandgap widening and reduction are
related to how transparent the c-TiO, layer appears
visually. The doped Ba- and Cs-doped TiO, appeared
dim in color compared to the pure and Y-doped
TiO,. This transparency in pure and Y-TiO, layers is
related to the optical bandgap widening. No relation-
ship between the crystallite size of the synthesized

Table 1 Summary of

) Sample 2theta (°) FWHM (°) Crystallite size lattice parameters (A)
the pure, and doped TiO, (D) (nm)
(anatase phase) main peak
position, crystallite size, and Pure TiO, 25.45 0.58 15 a=b=3.717,¢=9.29
lattice parameters Ba-doped TiO, 25.33 0.82 11 a=b=3.78,c=9.41
Cs-doped TiO, 25.28 0.60 14 a=b=3.78, c=9.51
Y-doped TiO, 25.30 0.65 13 a=b=3.79,c=9.44
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nanoparticles and the optical bandgap energies was
observed. These results suggest that the metal ions
effectively doped in TiO, and the resulting material is
expected to show doping-induced electrical properties
when they are used as an ETL in PSCs [27].

The electrical measurement was carried out using
the Van der Pauw four-probe contact method to obtain
bulk carrier concentration. The pure, Ba-doped Cs-
doped, and Y-doped TiO, layers measuring thick-
ness ~ 50 nm and area ~ 1.0 cm? deposited on glass
substrates were the sample for the electrical property
measurements. 5.0 nA current was applied to one
end of the sample holder and the voltage drops were
measured across the other end of the sample by apply-
ing 0.550 T perpendicular to the plane of the c-TiO,
layers. The bulk carrier concentration for the pure,
Ba-doped TiO,, Cs-doped TiO,, and Y-doped TiO,
were estimated to be 7.64 x 10'%/cm?®, 1.09 x 10'3/cm?,
2.99 x 10"%/cm?, and 2.75 x 10" /cm? respectively. The
carrier concentration for the Ba-TiO,, Cs-TiO,, and
Y-TiO, improved due to the p-type doping in the TiO,
generating oxygen deficiency that contributes to the
improved electrical conduction. This improvement of
the electrical conductivity is possible because the three
dopants (Ba®", Cs*, and Y°*) have valences less than
Ti*" of the host titanium ion, and the fermi-level of
the host TiO, is modified due to lattice strain caused
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by the dopant. Consequently, the fermi-level shifts
towards the conduction band, thereby promoting the
movement of electrons to the conduction band. The
carrier concentration obtained for the doped c-TiO,
increases, which is an indication that the doped sam-
ples are more conducting than the pure, and electrons
from the perovskite active layer can effectively be
transported.

3.2 Structural, surface morphology, and optical
properties of the MAPbI; on pure/doped
TiO,

Figure 5 shows the XRD pattern of the spin-coated
Pbl, layer and converted MAPDbI; deposited on the
compact pure, Ba-, Cs-, and Y-doped TiO, layer. The
XRD spectra of the Pbl, and perovskite absorber layer
deposited of pure, Ba, Cs, and Y-doped TiO, are all
the same for the four c-TiO, layers. Figure 5a shows
the X-ray diffraction pattern of the Pbl, layer which
was first deposited on the c-TiO, before conversion.
Pbl, layer XRD spectra show all the major peaks from
Pbl,, with the main peak appearing at the 2theta posi-
tion of 12.70° corresponding to the (001) crystal plane,
indexed to be a hexagonal crystal structure. Figure 5b
shows the converted MAPDI;, which is the second
deposition by spin-coating. Aside from the remnant
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Pbl, peak at 12.70° observed in the MAPbI; X-ray
diffraction pattern, the sets of peaks that emerge on
conversion Pbl, into MAPbI; layer are 13.80°, 14.20°,
19.95°, 28.79°, 31.88°, 40.72°, and 43.15° corresponding
to the reflection from (002), (110), (112), (004), (213),
(224), and (314) planes.

These observed X-ray diffraction patterns of
MAPDI; are consistent with the XRD pattern of the
MAPDI; reported in the literature [4, 36]. The crystal
structure of the MAPDI; layer is related to the tetrago-
nal perovskite structure. There is no unknown peak
observed in the X-ray diffraction of the Pbl, and
MAPDI, layer and no phase of perovskite structure
was observed. Figure 5b shows that the conversion
from Pbl, to MAPDI; was complete. However, the XRD
patterns of the Pbl, and MAPDI; layers are accompa-
nied by the main peak of the FTO substrate. The cal-
culated average crystallite size of the Pbl, and MAPbI;
are 42 and 81 nm respectively. The average crystallite
size of MAPDbI; was found to be larger than the size
of Pbl,.

Figure 6a—d shows the SEM image of the MAPbI,
deposited on the Pure, Ba-doped, Cs-doped, and
Y-doped TiO,. The morphology of the MAPbI; on
the pure TiO, nanostructure shows a combination of
nanosphere and nanorods, with little particle clus-
ter present in the SEM image. The nanostructure of
the MAPbI; on the Ba-doped TiO, is nanosphere and
nanorod-like shape particles. The SEM image of pure
TiO, and Ba-doped TiO, shows an irregular shape
of particles. The nanosphere-like shape of the parti-
cles observed for MAPbI; grown on Cs-doped and
Y-doped TiO, is an indication of well-formed and reg-
ular nanoparticles. The photo-generated charge carri-
ers are expected to be generated in these absorber lay-
ers. The cross-sectional SEM micrograph of the layers
of FTO substrate, TiO,, MAPbI;, and Spiro-OMeTAD

m [(b) MAPDI3 layer -I

I N

Intensity (a.u)

50 60 70 10 20 30 40 50 60 70

are shown in Fig. 6e. The interfacial overlap of layers
was not observed in the cross-sectional SEM image
and there is no interfacial diffusion of layers in the per-
ovskite solar cell. The visual thickness of the MAPbI;
layer on the SEM image is larger than the thickness of
the ETL (TiO,) and HTL (Spiro-OMeTAD). The per-
ovskite solar cell was designed in such a way that the
thickness of ETL and HTL is thinner than the absorber
layer, and to allow effective transport of photo-gener-
ated charge carriers to the top and bottom electrodes
[40, 41].

Figure 7 shows the UV-vis absorption spectra of
the MAPDI; layer on Pure TiO, (black), Ba-doped TiO,
(red), Cs-doped TiO, (blue), and Y-doped TiO, (green).
The absorption intensity shows that the MAPbI; layer
on pure and Cs-doped TiO, are the highest, and lower
absorbance was observed for MAPbI; on Ba- and
Y-doped TiO,. The lower absorbance could be related
to the ionic radius of ETL, as the ETL with a small
ionic radius shows lower absorption. The absorption
edges in the MAPDI; layers of the absorbance spectra
are uniform and occur at 755 nm (1.64 eV). However,
the optical bandgap estimated from the Tauc plot for
the MAPDI, layer on the different c-TiO, for direct
band transition is 1.63 eV as shown in Fig. S3. This
value is the same for the MAPDI; layer on Ba-, Cs-,
and Y-doped TiO,. The obtained optical bandgap is
consistent with values reported for the Pb-based per-
ovskite absorber layer [10, 42, 43].

3.3 Photovoltaic performance of the perovskite
solar cells

The best-performing perovskite solar cells fabricated
on different c-TiO, layers by spin-coating are pre-
sented in this section. Figure 8 shows the J-V charac-
teristics of MAPDI; solar cell on different ETLs. The
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Fig. 6 SEM image of the
solution-based MAPbI,

layer on a Pure, b Ba-doped,
¢ Cs-doped, d Y-doped TiO,,
e Cross-sectional SEM image

of MAPbI; layers by spin-
coating
—
3.0 -
——MAPbDI3/Pure-TiOg
—+— MAPbl3/Ba-TiOp
25. - MAPbl/Cs-TiOp
—+— MAPbI3/Y-TiOp
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Fig.7 UV-vis absorption spectra of MAPbI; layer on a Pure
TiO,, b Ba-doped TiO,, ¢ Cs-doped TiO, and d Y-doped TiO,
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perovskite solar cell parameters were obtained from
the photocurrent density-voltage curve of the MAPbI,
on pure, Ba-, Cs- and Y-doped c-TiO, layers as device
(#1, #2), device (#3, #4), (#5, #6) and device (#7, #8)
respectively. The current density (J,.), open-circuit
voltage (V,,), fill factor (FF) and PCE were obtained
from the photocurrent density-voltage curve and
are summarized in Table 2. The photovoltaic param-
eters are influenced by the type of ¢-TiO, layer used
for the deposition of the MAPbI; layer. From Table 2,
the MAPbI; on Y-doped TiO, shows the highest PCE
(3.99%, 4.50%) than that MAPbI; grown Pure-TiO,, Ba-
doped TiO, and Cs-doped TiO, layers. The MAPbI,
grown on pure and Ba-doped TiO, show the lowest
PCE (0.80%, 0.89%). In addition, the ], V. and FF of
the MAPbI; on Y-doped TiO, also show larger values
than the other type of c-TiO, layers. Device #2 and
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Table 2 Photovoltaic parameters of MAPbI; grown on Pure
TiO,, Ba-Ti0,, Cs-TiO, and Y-TiO,

MAPb;on  Device Jsc (mA/em?®) Voc (V) FF  PCE (%)
c-TiO,
Pure TiO,  #1 11.07 043 027 129
#2 5.78 044 021 080
Ba-doped #3 8.62 045 023 0.89
TiO, #4 10.23 046 022 1.03
Cs-doped #5 10.57 0.76 0.35 2.81
TiO, #6 9.05 073 034 225
Y-doped TiO, #7 14.82 082 037 450
#8 12.34 077 042 3.99

o

.54

MAPDI3/ TiO2-#1
= MAPDI3/ TiO2-#2
= MAPDI3/Ba-TiO2-#3
= MAPDI3/Ba-TiO2-#4
= MAPDI3/Cs-TiO2-#5
== MAPbI3/Cs-TiO2-#6
= MAPDI3/Y-TiO2-#7
= MAPDI3/Y-TiO2-#8
0.2 0.4 0.6 0.8 1.0
Voltage (V)

N
(3]
A

Photocurrent density (mAIcmz)

o
)

Fig. 8 Photocurrent density-voltage characteristics for devices
(#1- #8) MAPDI; on different c-TiO, (pure and doped TiO,)

device #3 of the perovskite absorber layer grown pure
TiO, and Ba-doped TiO, show the lowest photocurrent
density respectively. The V. of device #2 of the one
grown on the Ba-TiO, is more than that of device #3
grown on the pure-TiO,. However, the performance
of the current devices is significantly lower than the
state-of-the-art PSCs, which is likely to result from
the non-ideal fabrication conditions during this work.
Nevertheless, one of the primary objectives of this
work is to track the relative advantages of the doped
TiO, in its role as an ETL in PSCs for the un-doped
analog. Therefore, within the limitations of fabrica-
tion conditions, this primary objective has a positive
outcome.

This result indicates that the PCE can be improved
by doping TiO, ETL with yttrium. The incorporation
of metal dopant is vital for the electron transport from
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the absorber layer, and this was noticed in the values
of |, V,,, and FF for Cs- and Y-doped TiO, layers. The
reduction in the FF lower than 50% is due to the con-
tact resistance of the individual device. The improve-
ment in the V. from 0.43 V for perovskite grown on
pure TiO, to 0.82 V for perovskite on Y-doped TiO, is
an indication that there is a modification on the Fermi-
level, which could be responsible for the increase in
conduction. The increase in conduction also improved
the electron extraction from the photo-absorber layer.
Moreover, the thickness of the ETL was compact to
improve the electron transport, and to avoid recom-
bination of the photo-generated charge carriers in the
photo-absorber layer. There is a correlation between
the results observed in the photovoltaic parameters
and the SEM micrograph of the perovskite absorber
layer grown on different c-TiO,/doped-TiO,. The SEM
micrograph of the perovskite absorber layer grown on
the pure TiO, and Ba-doped TiO, layer shows a clus-
tered nanorod-like particle. This clustered nanorod
observed in the SEM image can trigger the recombina-
tion of photo-generated charge carriers in the perovs-
kite absorber layer before extraction. The nano spher-
ical-like particle observed in the perovskite absorber
layer grown on Cs- and Y-doped TiO, shows better
photovoltaic parameters as shown in Table 2. This is
an indication that for a perovskite solar cell to perform
efficiently, the particle shape should be a spherical-like
particle. A nanorod perovskite absorber layer formed
results in poor photovoltaic performance.

Despite the reduction in the photovoltaic param-
eters of the overall perovskite solar cells, the p-type
doping of the TiO, ETL influences the optical and elec-
trical properties of the PSCs. The yttrium-doped TiO,
is more promising than the other in improving the
electronic properties of the ETL, and thereby enhanc-
ing the photovoltaic parameters. The PSC grown on
Y-doped TiO, show an enhanced J,, and V,, when
compared with pure, Ba- and Cs-doped TiO,. The PCE
results show that the photovoltaic parameter can be
modified better by doping with transition metal ions
with 3d orbitals close to oxygen 2p orbital to improve
the electron extraction from the photoactive layer.
The values of the V. for perovskite grown on the Cs-
doped TiO, is an indication of the electronic medica-
tion induced by the Cs-ion dopant in the ETL. The Cs-
and Y-doped TiO, fit properly with the p-type doped
model as shown in their optical and electrical proper-
ties of the ETL layers while the Ba-doped TiO, shows
an inconsistent behavior to the former. However, the

@ Springer
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method of deposition for both c-TiO, and the perovs-
kite absorber layer could also determine the outcome
of the photovoltaic parameter.

4 Conclusions

The perovskite solar cells were successfully fabricated
by a two-step sequential deposition process using pure
and p-type metal (Ba, Cs, and Y) doped TiO, as a com-
pact electron transport layer (c-TiO,) on a pattern FTO
substrate. An increase in the c-axis lattice parameter
of TiO, and lowering of crystallite size confirmed the
doping of these metal ions in the parent TiO, lattice.
The photovoltaic performance of the devices varied
with the metal dopant of c-TiO, layers. The effect of
Ba-, Cs-, and Y-doping on the changes induced by the
p-type dopant on the perovskite absorber layers was
studied. The average PCE for the perovskite absorber
layer on pure, Ba-, Cs-, and Y-doped TiO, are 1.69%,
0.96%, 1.92%, and 4.25%, respectively. The PCE for the
perovskite absorber layer on Cs- and Y-doped TiO,
show the maximum PCE of 2.81 and 4.50% respec-
tively, and with an improved J,, and V,.. However,
the SEM image of the perovskite absorber layers with
spherical-like shapes shows better performance than
those with nanorod-like shapes. These results suggest
that the grain formation of the perovskite absorber
layer assists in producing high-quality photovoltaics.
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