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ABSTRACT

It is important to prevent the decomposition of
perovskite by UV-radiation in air environment for
commercialization. The structure of a mesoscopic
perovskite solar cell has great potential for the solar cell
industry. It is wvulnerable to UV-radiation due to
reversible performance deterioration that has been
observed in this structure. In this study, perovskite solar
cells (PSCs) were prepared using an Al-doped TiO;
buffer layer as electron transport layer combined with a
mesoporous-TiO; layer in order to prevent this problem.
The Al concentration of 7 mol% in Al-TiOx buffer layer
was shown to enhance the performance of the
perovskite solar cell, as these solar cells exhibited a
power conversion efficiency of up to 11.87%.
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layer, Electron transport layer

1. INTRODUCTION

Separated charges each have different electrode
arrival carrier mobility owing to some electron
transferred from perovskite to MP-TiO, which uses less
than 50 nm pore size, being trapped and detrapped in
the Mesoscopic structure. The above-mentioned
phenomenon leads to |-V hysteresis. In order to
overcome this problem, efforts have been made to
achieve high performance and stability for the scan
direction and speed to reduce the hysteresis of the I-V
curve. Therefore, there is a demand for low trap
density, high conductivity and mobility by changing the
surface morphology of the ETL. Related studies, such as
those examing nanorods [1], dendritic structure [2],

nanowire structure [3], nano tube [4], floral patterns
[5], and inverse opal [6] were conducted it attempts to
solve these problems. Another alternative idea,
involved changing the property of ETL by replacing
other metal ions such as ZnO [7], Zn,Sn04[8], NiO [9],
CuO [10], and SnO [11]. Some metal oxides doped with
hetero metal ions include Li-doped TiO,[12], Zn-doped
TiO; [13], Nb-doped TiO; [14], Alkali-doped TiO, [15],
and Sn-doped TiO; [16]. The doping method of metal
oxide has been approached in various ways in the past.
These metal ions are an especially promising material,
due to their large band gap, high conductivity and
reduced sensitivity to ultraviolet light. This effort has
reduced the hysteresis of the |-V response and has
obtained high PCE. The effects of aluminum doping TiO;
have already been reported in various fields. Al** ion
penetrates into TiO, in the aluminum doping process
through substitution, resulting in the appearance of
new energy levels that can affect the charge transport
property in semiconductors [17]. According to the
density functional theory calculations, it was reported
that the holes are strongly localized in the O 2p
nonbonding orbital of a three-coordinated O ion.
Dopants reduce carrier mobility due to photogenerated
carriers being trapped by extrinsic defects [18].
However, replacing the MP-TiO, with an insulating
material such as Al,0s; increases the open-circuit
voltage. Non-stoichiometric TiO, existence has deep
electron trap sites, thus reducing the splitting of the
quasi Fermi-energy level.

Solar cells work based on the photoelectric effect.
When solar light enters the solar cell, the carriers in the
valence band absorb photon energy greater than the
energy band gap of material, and the electrons and the
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holes are separated, and the electrons are excited to
the conduction band. If photon energy absorption
occurs in the spatial region of the p-n junction,
electrons move to p-type region and holes move to n-
type region through depletion region by drift due to the
electric field formed inside. This phenomenon causes
current and voltage to be generated from the
separation of at quasi Fermi-energy level formed by p-
type and n-type semiconductor junction.

When light reaches the perovskite material,
electron-hole pairs are created in the material and
inject carriers into the charge transport layer (figure 1).
Charge separation and injection can occur in the
perovskite through two pathways: electrons are
injected into electron transport layer (ETL) (Equation-
1a) and holes are injected into the hole transport layer
(HTL) (Equation-2a). The carrier injected into the charge
transport layer lead to exciton annihilation by
photoluminescence (PL) (Equation-3) or non-radiative
recombination (Equation-4). Back charge transfer
occurs at ETL/perovskite layer interface (Equation-5)
and perovskite layer/HTL interface (Equation-6). Charge
recombination occurs by recombination of electrons in
the ETL and holes in the HTL (Equation-7). Due to
equations 3, 4, 5, 6, and 7 degrade the efficiency of
PSCs, the carrier lifetime of perovskite should be long.
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Figure 1. Schematic diagram of carrier transfer
processes in perovskite solar cells (PSCs).

Electrons are injected into ETL
(e --- h*)perovskite - ew (ETL) + h* (perovskite)
(Equation-1a)
h* (perovskite) > h* (HTL) (Equation-1b)
Holes are injected into the HTL
(e --- h*)perovskite = h* (HTL) + e’(perovskite)
(Equation-2a)
e (perovskite) > eq (ETL) (Equation-2b)
Exciton annihilation
(e"--- h*)perovskite > photoluminescence
(Equation-3)
(e"--- h*)perovskite - non-radiative recombination
(Equation-4)
Back charge transfer
e« (ETL) + h* (perovskite) = recombination
(Equation-5)
h* (HTL) + e’(perovskite) - recombination
(Equation-6)
Charge recombination occurs
e (ETL) + h* (HTL) - recombination (Equation-7)
As the recombination rate of charge decreases, the
efficiency of the PSCs increases. The passivation effect is
used to reduce charge recombination of MAPDI;3
extracted charges (figure 2). MAPbI; has two interfaces.
One is the interface between the ETL and the MAPbI;
layer. The other is the interface between the MAPbDI;
layer and the HTL. It is important to reduce the
recombination rate of electrons and holes at each
interface. It is necessary to adjust the energy level of
the conduction band and the valence band using self-
passivation, doping process, and interlayer passivation.
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Figure 2. Passivation effect of perovskite solar cells
(PSCs).

Here, we prepared PSCs with Al-TiO, as buffer layer
in mesoscopic structure lead to passivation effect.
Carrier recombination of buffer layer was reduced at
buffer layer/MAPbI; interafec due to HOMO-enegy level
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of ETL is increased. Buffer layer greatly also reduced
interfacial resistance. Vo was improved due to the band
gap of Al-TiO, was wider and energy level of conduction
band was enhanced. In particular, it showed the optimal
conditions at 7 mol% Al-TiO; buffer layer. MAPbI; layer
was deposited on the MP-TiO, combined with Al-buffer
layer and cell performance was achieved 11.87%.

2. EXPERIMENTAL DETAILS
2.1 Synthesis of Al-doped TiO;

Titanium precursor sol was prepared by adding 1.54
mL titanium (IV) isopropoxide (Sigma Aldrich, 99.999%)
to 0.49 mL hydrochloric acid (35.0~37.0%) under
vigorous stirring for 30 min. 16 mL of 2-propanol (IPA)
add to Titanium precursor sol. After stirring, 0, 3, 5, 7
and 10 mol% aluminum isopropoxide (Sigma Aldrich,
98.00%) pre-cursor was added to previous solution for 3
h.

2.2 Fabrication of PSC

The FTO substrate was etched using ZnO powder
and 2 M hydrochloric acid aqueous solution and
cleaned with acetone and IPA for 10 min respectively.
The substrate was dried with nitrogen and subjected to
OPT. To prepare CP-TiO, on FTO substrate, 0.15 M
titanium diisopropoxidebis (acetylacetonate) (Sigma-
Aldrich, 75 wt%, in IPA) solution was coated by spin
coating method, which was dried at 155 C. The MP-
TiO, layer was deposited on CP-TiO,/FTO using TiO;
paste (Dyesol, DSL 18NR-tTiO;). In order to make a
buffer layer, Al-doped TiO; solution was coated by spin
coating method, which was dried at 125 C and then
annealed at 500 C for 1 h. To obtain the MAPblI; film,
1 M Pbl, (467 mg / mL, in DMF) and CHsNH;sl (7 mg / mL,
in IPA) were deposited on the mp-TiO, layer
sequentially, which was dried at 100 C. The HTL was
[contained 28.8 uL of Spiro-MeOTAD (Lumtec) (72.3 mg
/ mL in chlorobenzene), 4-tert-butylpyridine (Sigma-
Aldrich, 96% The TSFI stock solution (Sigma-Aldrich,
99.8%) was stirred for 24 h deposited on the MAPbI;
layer. A gold electrode was thermally evaporated on the
HTL.

2.3 Characterization

Film XRD (Bruker D8 Advance system) measurement
was performed using Cu Ka radiation (A=1.5416 A)
with a 40 kV beam voltage and a 30 mA beam current.
SEM was performed using a JEOL, JSM-7100F under 15

keV at 7.12x107 Torr. The optical absorbance
characteristic was recorded using a UV-vis-NIR
spectrometer (Shimadzu, UV-3600) in the wavelength
range of 300-900 nm. The PL was measured by utilizing
Fluorescence Spectrometer FluroMate (FS-2) under an
excitation laser with a wavelength of 570 nm. J-V curves
(SUN 2000) were measured using a xenon lamp under
AM 1.5 filter at 100 mW/cm? illuminations in open
circuit conditions. Electrochemical impedance
spectroscopy (EIS) was performed in a frequency range
from 1 MHz to 100 mHz using an SUN 2000 Instruments
under AC voltage with a perturbation amplitude of 10
mV was applied in the EIS measurement.

3. RESULTS AND DISCUSSION

Figure 3 illustrates each device structure used in
this study, where non-porous TiO;, MP-TiO; and buffer
layer are combined with electron acceptor between
active layer and ETL. We prepared with mesoscopic PSC
structure with the various selective contacts. All
architectures will show the collect of different
electrons. Generated electron has different mobility
while passing the ETL due to trap sites of electron are
different because of nonporous-TiO;, MP-TiO; and
buffer layer. We have studied the 4 type structures
shown in figure 3, which was find out which structure is
best.

(a) (b) (t) (M

Au Au
Au HTL Au HTL
HTL MAPbI, HTL MAPbI,
MAPbI, MP-Ti0, MAPbI; Buffer layer
MP-Ti0, Buffer layer Nonporous-Ti0, MP-Tio,
CP-Ti0, CP-TiO, CP-TiO, CP-Ti0,
FT0 FT0 FT0 FT0

Figure 3. Device architectures with different buffer
layer or non-porous TiO, layer in mesoscopic structure.
(a)FTO/CP-TiO2/MP-TiO,/ MAPbIs/HTL/Au  (b)FTO/CP-
TiO,/Buffer layer/MP-TiO,/MAPbI3/HTL/Au (c)FTO/CP-
TiOy/non-porous  TiO2/MAPbI3/HTL/Au  (d)FTO/CP-
TiO,/MP-TiO,/ Buffer layer/MAPBI3/HTL/Au

J-V curves of the all structures (see figure 3) were
shown in figure 4(a) and summarized in Table 1. The
structure (b) shows the best efficiency compared to
other structures. It was confirmed that the Js, Vo, and
FF were improved compared with the other samples,
and the cell efficiency was also improved. However, cell
performance was dropped in the types (c) and (d). In
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particular, it has been found that the FF of type (c) is
reduced by about 20% compared with the other FF of
devices, which is considered to be less stable.
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Figure 4. (a) J-V curves of mesoscopic PSCs with
different type (b) Nyquist plots of mesoscopic PSCs with
type FTO/CP-TiO2/MP-TiO,/  MAPbIs/HTL/Au  and
FTO/CP-TiO,/Buffer layer/MP-TiO,/MAPbI3/HTL/Au.

Table 1. PV performance parameters summarized J—
V measurements with different architectures.

sample m A’/Sccmz) Vo(V)  FF(%)  PCE(%)
(a) 1466 08980 6565  8.640
(b) 1512 09163 66.65 9.234
(©) 1284 09076 5462  6.366
(d) 13.64 09126 6472  8.055

In order to analyze the reasons for the enhanced
efficiency and to understand the charge transfer
behavior of the solar cells, EIS was measured. Figure
4(b) shows the Nyquist plots of Mesoscopic PSCs with
(a) and (b) of low impedance frequency region. The EIS
contains two RC arcs. One is related to the contact
resistance of the interfaces at high frequency and the
other is attributed to recombination resistance and
chemical capacitance of the device at low frequency
[19]. Thus, EIS results can supply the informations such
as charge transfer resistance and recombination at the
ETL/MAPDbI; interfaces and MAPbIlz/counter electrode in
the field of PSC. The structure (b) of PSC presents
smaller series resistance and larger recombination
resistance than base sample (a). This proves that the
carrier transport ability was improved and the
recombination rate of carrier was reduced for the
device (b) due to buffer layer. This result corresponds to
the V.. difference in Table 1. It was guess that when
TiOz-buffer layer was combined with the MP-TiO,, the
trap site in the ETL was reduced thus leading to less

recombination. On the other hand, the Fermi-energy
level of ETL was increased due to a higher conduction
band energy level compared with MP-TiO,, which lead
to a reduced recombination rate and an increased V..
Therefore, we conducted an XRD analysis and SEM
analysis in order to know why the cell efficiency was

decreased in the case of structures (c) and (d).
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Figure 5. (a) XRD patterns and (b) SEM images of
the MAPbI; layer with different type.

We made all structure of perovskite PSCs without
HTL to confirme the XRD and SEM as shown in figure 5.
Figure 5(a) show the XRD pattern of MAPbI; that
revealed the intensity of Pbl, at about 12° and the
intensity of MAPbI; at about 14°, respectively. When
the MAPbI; layer was fabricated on the ETL based types
(a) and (b), no change was observed in the XRD results.
However, the intensity of the MAPbI; peak was reduced
and the intensity of Pbl, peak was increased at samples
(c) and (d). In particular, the peak intensity of Pbl, was
greatly increased in sample (c). Then, we confirmed that
MAPDbI; did not grow properly at structures (c) and (d),
so that the Pbl, and MAPbI; coexist in the active layer
and the cell performance was deteriorated. The growth
of MAPbI; crystal heavily depends on the thickness of
non-porous TiO,, which can be disturb by cause a defect
of the MAPbIs;, which makes it less efficient than other
type devices. These defects induce disability of carrier
transfer ability and carrier recombination rate at the
ETL/MAPbDI; interfaces. Figure 5(b) showed SEM images
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of MAPbI; film. Compared to the XRD results,
morphology images of types (a) and (b) show the well
growth of MAPbI; crystals. However, non-growing Pbl,
is bound between the crystal and the crystal in sample
(c), and SEM image of sample (d) shows the
intermediate state between samples (a) and (c).

We confirmed the change of the electron transper
ability of carriers separated from the active layer
through PL analysis in figure 6. The rate of carrier
recombination is influenced by substance, structure and
property of ETL. The area of the PL spectrum means the
carrier recombination rate or carrier mobility. The
results of PL are affected by both amount of exciton
generation and mobility of carrier. The results showed
that the area of the PL decreased in sample (b) compare
to the other samples. This indicates that generated
electrons can move smoothly to electrode through the
MAPbI3/ETL interface due to buffer layer. That is, the
carrier lifetime was increased as recombination
resistance was also increased. As a result, it can be seen
that when the PSC was made using buffer layer, the
ability of electron acceptor was enhanced, as
comfirmed by the PL and EIS analysis. On the other
hand, crystals do not grow properly because of this
electrons can not be generated properly in the (c) and
(d) structures. In a crystal that has not grown properly,
electron and hole separation does not occur properly,
so charge injection (Equation-1 and -2), bach charge
transper (Equation-5 and -6) and charge recombnation
(Equation-7) is not possible, and exciton annihilation
(Equation-3 and -4) will happen at a very high speed.
These results adversely affect the recombination rate,
ETL and cell performance.
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Figure 6. PL of MAPbI; films with different type.

When oxygen vacancies or Ti interstitials occur in
the TiO, lattice, Ti ions are substituted for Al ions. Ti(IV)
transforms to both Ti(lll) and Ti(IV)* + e~ forms due to

defect site. Ti (Ill) is replaced by Al(lll) which is relatively
more stable. As mentioned above, the Al-doped TiO;
buffer layer is beneficial to the enhancement of
recombination  resistance. We  measured the
photovoltaic performance of PSCs. The parameters of
PV performance are summarized in Table 4-2. As shown
in figure 7(a), Js, Vo, and FF was increased gradually
until Al 7 mol% doping concentration, which contribute
to improved cell performance from 9.234% to 11.87%.
As the concentration of Al doping increases, the
electrons transfer well from the MAPbI; layer to
electrode through the ETL. The ability of electron
acceptor was enhanced by doping process. As a result,
Voc Was increased due to the Fermi-energy level was
also increased and rate of recombination was reduced.
When comparing the J-V results with the
electrochemical impedance spectroscopy in figure 7(b),
10 mol% Al doing sample of PSC increased series
resistance and reduced recombination resistance than 7
mol% Al doping sample. It means that the carrier
transport ability was decreased due to the Fermi-energy
level of ETL was high that the electrons cannot go over
energy barrier. Exciton annihilation (Equation-3 and -4)
and back charge transper (Equation-6) rather than
injection of electrons will absolutely occur. As a result,
the electrons recombine with the hole. As the amount
of Al doping increases, the HOMO-energy level of ETL
will gradually increase, which will infer from the ABS
results. The Al 7 mol% doping sample shows the most
efficient charge injection (Equation-1) and low back
charge transper (Equation-5) due to passivation effect.
Therefore, we confirmed that the cell parameters of Al
7 mol% doping sample were improved and the best cell
performance was obtained 11.87% compared to the
non-doping sample. However, the cell performance was
dropped at the doping concentration of 10 mol%. This is
attributed that an energy level of conduction band
seems to be too high to make the electrons harder to
move through the ETL, resulting in an increase the
recombination rate.
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Figure 7. (a) J-V curves of Mesoscopic PSCs with
different Al-doped TiO; buffer layer (0, 3, 5, 7, and 10
mol%). and (b) Nyquist plots of Mesoscopic PSCs with
0,7, and 10 mol% Al-doped TiO, buffer layer.

Table 2. Photovoltaic performance parameters
summarized J-V measurements with different Al-doped
TiO; buffer layer (0, 3, 5, 7, and 10 mol%).

Jsc

Sample no. (mA/cm?) Voc (V) FF(%) PCE (%)
Pure TiO; 15.12 0.9163 66.65 9.234
3 mol% Al 15.63 0.9193 67.68 9.722
5 mol% Al 16.93 0.9274 67.84 10.66
7 mol% Al 18.79 0.9405 67.14 11.87
10 mol% Al 17.50 0.9343 67.30 11.00
4. CONCLUSION
The TiO, buffer layer for the fabrication of

mesoscopic PSCs introduced provides a means to
enhance excellent PV performance. Our studies
approach to the reduce the interfacial resistance and
increase the recombination resistance. The energy level
of conduction band was increased by Al-doping TiO; to
induce electrons to reach the electrode well. We
obtained the efficiency of 11.87% with the PSC using a
Al 7 mol% doping TiO, buffer layer to controlled the
interfacial resistance and it influence cell parameter for
good.
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