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Abstract

The ideal electron transport layer of a high performance perovskite solar cell should have a good
percolation while being mesoporous, good optical transparency, high electrical conductivity, and
an energy level alignment well-matched with the perovskite material. In this work, we investigate
the role of TiCls post-treatment of the mesoporous TiO; electron transport layer by varying the
concentration of TiCls and characterizing optical and electrical properties, charge carrier
dynamics, and particularly the film morphology with the special focus on percolation. We
correlate our results with the photovoltaic performance of mesoscopic CHsNHsPbls solar cells. It
is found that the TiCls treatment leads to an additional interconnection between the TiO;
particles, as evident from high resolution cross-section images and chemical maps, improvement
of interfacial contact due to a smoother surface, and a significant reduction in sub-bandgap
absorption with a lower level of electronic disorder determined by photothermal deflection
spectroscopy, leading to higher effective electron mobility in mesoporous TiO,. This contributes
to more efficient charge extraction and suppressed charge recombination in solar cells, resulting
in improved Voc, Jsc, and FF. Moreover, reduced charge accumulation at the interface results in
reduced hysteresis. As a result, the optimized device based on TiCls post-treated mesoporous TiO;
achieved the highest conversion efficiency of 17.4 % compared with 14.1 % for the device with

pristine mesoporous TiO3.



Introduction

Organic-inorganic lead halide perovskite solar cells (PSCs) have drawn rapid widespread attention
in the field of photovoltaics due to their high power-conversion efficiency (PCE), along with low
cost and facile fabrication process. Moreover, the remarkable structural and optoelectronic
properties of perovskite materials, high absorption coefficient with low Urbach energy, long
carrier diffusion length, tunable bandgap, high carrier mobility, and photon recycling ability, are
regarded as the main reason for the impressive improvement of PSC efficiency®. The efficiency
of PSCs has rapidly increased from 3.8% in 2009 to a recently certified record efficiency of 25.2%
in a decade of development via material composition optimization, control of the crystal growth
of the film, and interface and device engineering 7.

The main components of a typical mesoscopic n-i-p PSC structure are a transparent conductive
electrode, an electron transport layer(ETL) including a compact layer and a mesoporous layer, a
perovskite active layer, a hole transport layer(HTL) and a back contact metal electrode. In such a
device structure, the ETL plays an important role in extracting the electrons from the perovskite
layer and transporting them to the conductive electrode and simultaneously assists as a hole
blocking layer 113, To date, several n-type metal oxides, such as TiO, 1415, ZnO 1617 §n(Q, 1819,
Nb>0s2, SrTiOs%!, ZnTiO322, Zn,Sn0423, WO032*, In,032°, BaSn032® and CeOx?’, have been
investigated as ETLs in PSCs. Among these, TiO, based mesoporous layers have generally been
most successful in producing high efficiency in PSCs?%31, Although pristine TiO, possess the
advantages of good chemical stability, high transparency, a well-matched energy level, non-

toxicity and low cost, it always suffers from intrinsic drawbacks such as low electron mobility and



conductivity as well as poor film quality with numerous trap states, leading to significant charge
accumulation and recombination loss 3233,

To address this issue, various approaches have been investigated to improve the properties of
TiO> for efficient carrier extraction and collection using fullerene derivatives3*, amino acids 3°,
metals'™ 3¢, graphene?’, thiols38, carboxyl groups® and TiCls *°. Among the various approaches
investigated for modifying the surface of TiO; film, TiCls post-treatment is one of the methods
most commonly used in the development of dye-sensitized solar cells to reduce the rate of
recombination and improve the charge injection efficiency %42, Similar TiCls post-treatment
methods have been investigated by some researchers in PSCs to improve the device
performance®348. For instance, Liu et al. reported that a uniform and pinhole-free compact TiO;
layer was obtained using TiCls post-treatment, leading to enhanced contact at the TiO2/perovskite
interface, increased charge mobility and suppressed charge recombination®*. However, in terms
of mesoporous TiO; layer, a comprehensive understanding of the role of TiCls post-treatment with
varied conditions is still needed.

In this work, we therefore explore different concentrations of TiCls post-treatment applied to
mesoporous TiO; film and look for changes in morphology, optical properties, level of electronic
disorder and charge extraction. We use scanning electron microscope (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), photothermal deflection absorption
spectroscopy (PDS), space charge limited current technique, steady-state photoluminescence and

time-resolved photoluminescence. We further extend the study by correlating our findings with

the photovoltaic performance of fabricated perovskite solar cells.



Materials and Methods

Materials

Lead iodide (Pbl;) was purchased from TClI Chemicals. Titanium diisopropoxide
bis(acetylacetonate) (75 wt. % in isopropanol), titanium(IV) chloride (TiCls), lithium
bis(trifluoromethanesulfonyl)imide  (Li-TFSI), N,N-Dimethylformamide (DMF), dimethyl
sulphoxide (DMSO), 4-tert-butyl pyridine and anhydrous ethanol were purchased from Sigma-
Aldrich. Titanium dioxide paste (30 NR-D) was purchased from Greatcellsolar and 2,2',7,7'-
tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene (Spiro- MeOTAD) was purchased
from Lumtec. Methylammonium iodide (CH3NHsl) and pre-patterned fluorine-doped tin oxide
(FTO) coated glass substrates (10 ohms/sq) were purchased from Solaronix. All the chemicals
were used as received without further purification.

Fabrication of Perovskite Solar Cells

The glass/FTO substrates were cleaned by sonicating in a 2% solution of Hellmanex detergent
diluted in deionized (DI) water for 30 min. After rinsing with DI water, the substrates were further
cleaned with acetone and then ethanol in an ultrasonic bath for 15 min each, and dried with
nitrogen. A 30 nm compact TiO; layer was deposited on the FTO substrates by spray pyrolysis
using a precursor solution of titanium diisopropoxide bis(acetylacetonate) (75 wt. % in
isopropanol,) in anhydrous ethanol (1/9, V/V) at 450 °C, with O, as the carrying gas. Then the
substrates were sintered at 500 °C for 30 min and left to cool down slowly to room temperature.
A 150 nm mesoporous TiO2 layer was deposited by spin coating a diluted 30 nm TiO; particle paste
(30 NR-D) in anhydrous ethanol (150 mg/mL) at 4000 rpm for 20 s with a ramp of 2000 rpm/s.

After spin coating, the substrates were immediately dried on a hot plate at 100 °C for 10 min and



then sintered at 500 °C for 60 min. After cooling down to room temperature, the coated
mesoporous TiO; substrates were immersed in aqueous TiCls solutions of different concentrations
(20, 40, 80 and 100 mM) at 70 °C for 30 min, then rinsed with DI water and dried with nitrogen.
The substrates were again sintered at 450 °C for 30 min on a hot plate under dry airflow and then
left to cool down to 150 °C. Then the substrates were immediately moved to a nitrogen-filled
glovebox for the deposition of the perovskite films. The perovskite layer was deposited by a two-
step spin coating method. 1M Pbl; solution in anhydrous DMF/ DMSO (9.5/0.5, v/v) was prepared
under constant stirring at 70 °C overnight. The Pbl; solution was first spin-coated on the substrate
at 1000 rpm for 40 s, followed by heating at 70 °C for 10 min. Second, after the Pbl, cooled down,
0.22M CHsNHsl dissolved in 2-propanol was spin-coated on top of the Pbl; layer using a two-step
protocol with 60 s of loading time followed by 40 s of spinning at 4000 rpm. After the spin-coating,
substrates were annealed at 100 °C for 30 min.

After substrates cooled to room temperature, 50 pl of the hole transporting material Spiro-
MeOTAD solution was deposited on top of the perovskite layer by spin coating at 4000 rpm for
30s. The Spiro-MeOTAD solution was prepared by Spiro- MeOTAD in chlorobenzene (72.3 mg/mL)
with the addition of 28.8 L of 4-tert-butyl pyridine and 17.5 uL of Li-TFSI solution (520 mg Li-TSFI
in 1 mL acetonitrile). After storing the devices overnight in a dry box, an 80 nm Au top electrode
was deposited by thermal evaporation under high vacuum using a shadow mask to pattern the

electrodes.



Device and Material Characterization

The surface morphology of samples was probed using a Tescan MAIA3 SEM, equipped with an
ultra-high-resolution regime in high vacuum. XRD measurements were performed using a Rigaku
SmartlLab diffractometer equipped with a 9 kW copper rotating anode X-ray source (CuKa
radiationA= 0.15418 nm). Absorptance measurements were performed by Photo-thermal
deflection spectroscopy (PDS) with a monochromator-based spectrometer with a 150 W xenon
lamp. For these measurements, the samples were immersed in Fluorinert liquid FC- 72 with a
strongly temperature-dependent refractive index (1.25 at room temperature). Steady-state
photoluminescence (PL) measurements were carried out using a Cary Eclipse fluorescence
spectrophotometer under excitation at 300 nm. Time-resolved PL (TRPL) measurements were
performed via a time-correlated single-photon counting (TCSPC) setup (FluoTime 200, PicoQuant
GmbH) excited by a 442 nm (5 MHz) picosecond pulsed laser (LDH-P-C-440B). The current-voltage
characteristics of the electron-only devices (FTO/TiO2/Au) were measured by Keithley 2400
Source in dark conditions. The external quantum efficiency (EQE) measurements were recorded
using Bentham unit equipped with a TMC 300 monochromator, 50 W tungsten halogen lamp, and
a lock-in amplifier. A calibrated Si photodetector was used as the reference cell. The current
density-voltage characteristics (J-V) of the solar cells were obtained using a Keithley 2400 source
meter and a solar simulator (Wavelabs) with AM 1.5G filter under the illumination of 100 mWcm-
2, The light intensity was determined using a calibrated silicon photodiode. The solar cells were
masked with a metal mask (0.09 cm?) to define the active area. All measurements of the devices

were carried out under an ambient atmosphere at room temperature without encapsulation.


https://www.sciencedirect.com/topics/engineering/solar-simulator

Results and Discussion

Figure 1 shows the top view SEM images of mesoporous TiO: films treated with different TiCls
concentrations (0,20, 40, 80 and 100 mM) to elucidate the effect of treatment on layer
morphology (see Figure S1 for lower magnification SEM images). It is evident that pristine
(untreated) mesoporous TiO; features small particles with poor percolation and wide distribution
of pore sizes and that the particles grow and the small pores were gradually filled when the
mesoporous TiO; films were treated with TiCls resulting in better percolation. The improvement

is observed continuously up to 80mM concentrations followed by a growth of non-conformal

overlayer of TiO; on the top of the mesoporous TiO; film appears.

Figure 1: The top-view SEM images of the pristine mesoporous TiO2 and mesoporous TiO; films

post-treated in the aqueous TiCls solution at different concentrations.



TiO; films were prepared for high-resolution electron imaging using a FEI Helios focused ion beam
(FIB). The TEM imaging was performed using a FEI Titan3 electron microscope operating at 300kV
acceleration voltage. Tungsten (W) was deposited as a protection layer for the ion milling process

and was used for the analysis of the changes in porosity of the deposited coatings.

Figure 2: Cross-sectional SEM image and high resolution images of as deposited TiO, on FTO coated

glass (a) and TiCls treated (80 mM) TiO, on FTO coated glass (b).

Figure 2 (a) shows the structure of the as-deposited mesoporousTiO coating on FTO coated glass
and high-resolution images of the mesoporous TiO; film with crystallite size between 10 and 50

nm. The TiO; structure is identified as tetragonal anatase. Voids are observed through the



nanostructure of the film and at the top interface of the coating as shown by arrows in Figure
2(a). The surface irregularities and most of the interstitial space between the TiO; grains are
replaced by the W deposited as a protection film for the ion beam preparation. Figure S2 shows
a high-angle annular dark field (HAADF) image of the TiO, deposited on FTO, the associated EDX
maps and spectrum acquired for the mesoporous coating. Large intrusions of W are observed at
the top interface of the porous. The deposited W is found throughout the thickness of the film
filling the porous structure. Oxygen is concentrated in the Ti-rich regions but it is also found in the
interstitial spaces where it reacts with W. The results of the quantitative analysis performed on

the as-deposited film are displayed in Table S1.

For the TiCls treated (80 mM) TiO, sample, the overall microstructure remains unchanged. As
shown in Figure 2(b), fewer voids are seen along the length of the coating which has a more
compact appearance. The nanostructure of the film remains unchanged with the exception of
large coalesced structures measuring close to 100nm in diameter which are observed. The oxide
is identified as nanocrystalline anatase as shown in the high-resolution image. As shown in Figure
S3, the treated TiO; forms a more compact structure with a decreased size and density of
structural voids. The chemical analysis results (Table S2) show a drop in interstitial W
concentration by a factor 2 pointing towards the formation of a denser TiO; coating. Such
improved morphology is due to the fact that the TiCls treatment results in the deposition of
conformal TiO; layer on the surface of the TiO; particles, leading to an improvement in
interconnection between these particles (percolation) and a smoother surface, facilitating charge
transport to electrode. The formation of large coalesced structures also reduced the size and

density of structural voids in the mesoporusTiO; film, thereby reducing the charge recombination



at grain boundaries. The XRD patterns of pristine and TiCls treated mesoporous TiO; are shown in
Figure S4 together with peak assignments. All the samples show similar anatase crystalline phase
of TiOa. In contrast, there was still a small amount of brookite phase (~ 5 wt%) in the pristine
mesoporous TiO; film, as evidenced by the diffraction peak at 31.65° (211). It is clear that the TiCls
treatment improved the anatase crystallinity of the TiO, mesoporous layer compared to the

pristine material.

The surface morphology of the perovskite films has a substantial influence on the photovoltaic
performance of PSCs. The top-view SEM images of the perovskite films deposited on pristine and
various concentration TiCls treated mesoporous TiO; substrates are shown in Figure 3. All the
perovskite films exhibited pinhole-free surface morphology with similar grain sizes. However,
perovskite films grown on TiCls treated mesoporous TiO; with concentration up to 80 mM showed
a denser and much more homogeneous surface morphology compared to the perovskite film on
pristine mesoporous TiO,. With further increase of the concentration to 100 mM, the surface
morphology of the perovskite films became non-uniform. Consequently, it indicates that the
morphology of the perovskite films was strongly influenced by the morphology of the TiO;
substrates. A homogeneous flat perovskite film can improve contact with HTL, thus decreasing

the interface resistance and facilitating the charge transport®’.



Figure 3: The top-view SEM images of the perovskite films deposited on pristine and TiCls-

treated mesoporous TiO2 substrates for various concentrations of TiCla.

PDS measurements were performed to scrutinize the effect of TiCls treatment with various
concentrations on trap states in mesoporous TiO; films. Figure 4(a) shows the PDS absorptance
spectra of pristine and mesoporous TiO, films post-treated in the aqueous TiCls solution at
different concentrations. It can be seen that TiCls treatment results in a significant reduction in
sub-bandgap absorption and an increase in the density of states near the band edge in
mesoporous TiO, films, which can potentially facilitate the charge transport within the
mesoporous film in a device. An exponential tail in the absorption coefficient at the absorption

edge is termed an Urbach Tail*8. The slope of this sub-bandgap absorption edge varies with the



degree of electronic disorder within the material and is characterized by the Urbach energy Eyas

in equation 1:%4°

a(E) < exp <E£U) (D

where a is the absorption coefficient and E is the photon energy. The estimated Urbach energies
for pristine and TiCls treated mesoporous TiO; films are shown in Figure 4(b) and are 108.5, 106.6,
91.8, 82.8, and 96.6 meV for pristine, 20, 40, 80, and 100 mM TiCls treated mesoporous TiO;,
respectively. The fitting of absorption coefficient data to determine the Urbach energies is shown
in Figure S5. The TiCls treatment resulted in a gradual reduction in Ey up to 80 mM TiCls
concentration, followed by an increase for higher TiCls concentration. The TiCls-treated
mesoporous TiOz (80 mM) has the lowest Ey (82.8 meV), indicating the lowest level of electronic

disorder among these samples.
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Figure 4: (a) PDS absorptance spectra and (b) estimated Urbach energy of pristine and TiCls

treated mesoporous TiO2 (TiCls-TiO7) substrates with various concentrations.




The impact of TiCls treated mesoporous TiO; with various concentrations on the photovoltaic
performance of PSCs was explored by measuring current density-voltage (J-V) curves under
simulated AM 1.5G (100 mW cm?) solar illumination. In this study, mesoscopic PSCs were
fabricated with the FTO/compact-TiOz/mesoporous TiO2/CH3sNH3Pbls perovskite/Spiro-
OMeTAD/Au device structure shown in Figure 5(a). The J-V characteristics of the best performing
PSC devices based on pristine and TiCls-treated mesoporous TiO; with various concentrations are
shown in Figure 5(b). The corresponding photovoltaic parameters are summarized in Table 1. As
shown in Figure 5(b) and Table 1, a continuous increase in PCE is observed with increasing the
TiCls concentration up to 80 mM. However, further increasing the TiCls concentration to 100 mM
results in a decrease of PCE. It is evident that there is an optimum TiCls concentration for the best
device performance at 80 mM. The champion device based on 80 mM TiCls-treated mesoporous
TiO; exhibited an open circuit voltage (Voc) of 1.085 V, a short circuit current density (Jsc) of 22.9
mAcm=, and a fill factor (FF) of 70%, achieving an overall PCE of 17.4%. This represents a
significantly improved performance compared to the PSC device with a pristine mesoporous TiO;

ETL, which showed a PCE of 14.1% with a Vocof 1.010 V, a Jsc of 21.3 mAcm™2, and a FF of 65.7 %.
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Figure 5: (a) Schematic illustration of n-i-p mesoscopic perovskite solar cell architecture and (b)
current density-voltage (J-V) characteristics of the perovskite solar cells fabricated on pristine and

TiCls treated mesoporous TiO; substrates with various concentrations.

Table 1: Summary of photovoltaic parameters extracted from the J-V measurements of best-
performing perovskite solar cells fabricated on pristine and TiCls treated mesoporous TiO;

substrates with various concentrations.

Sample name Voc (V) Jsc (mA/ecm?) FF (%) PCE (%)
Pristine TiO; 1.010 21.3 65.7 14.1
20 mM TiCls-TiO3 1.027 22.1 68.9 15.6
40 mM TiCls-TiO3 1.060 22.6 70.0 16.8
80 mM TiCls-TiO3 1.085 22.9 70.0 174
100 mM TiCls-TiO2 1.072 22.8 69.4 17.0

To determine more precisely the influence of TiCls treated mesoporous TiO; with various

concentrations on the photovoltaic performance, a set of twelve devices for each type (pristine,



20, 40, 80, and 100 mM) were fabricated and characterized. The detailed distribution box plots of
photovoltaic parameters of the PSCs based on pristine and TiCls treated mesoporous TiO, with
various doping concentrations derived from reverse scan measurements are shown in Figure S6,
and average values are listed in Table S3. The average PCE of the PSCs was significantly increased
from 13.3% to 16.8% with increasing TiCls concentration up to 80 mM. However, with further
increase in the TiCls concentration to 100 mM, the average PCE of the PSCs decreased to 16.2%.

It is evident that TiCls treatment substantially enhanced device reproducibility and consistency.

The external quantum efficiency (EQE) of the devices based on pristine and 80 mM TiCls treated
mesoporous TiO, was measured to confirm the improvement in Jsc. Figure 6 (a) shows the EQE
spectra and integrated Jsc for the best performing cells. The 80 mM TiCls treated mesoporous TiO;
based PSC exhibits higher EQE than the pristine mesoporous TiO; based cell over the entire
responsive range of wavelengths, though the improvement is reduced in the UV range. This
indicates that the cell with optimized contact still has limited collection of holes that are
generated close to the front contact. The integrated Jsc values from EQE curves for the devices
based on pristine and 80 mM TiCl, treated mesoporous TiO; are 20.2 mAcm™ and 21.9 mAcm??,
respectively, fairly consistent with the corresponding Jsc values obtained from J-V results (within
5% deviation). A significant improvement in Voc, Jsc, and FF after TiCls treatment can be attributed
to an efficient charge extraction/collection and suppressed charge recombination at the interface
owing to the improvement in interconnection between the TiO, particles, the significant
reduction in sub-bandgap absorption, and a lower level of electronic disorder in the mesoporous

TiO; films?6: 30,
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Figure 6: (a) External quantum efficiency (EQE) spectra and integrated Jsc for the pristine and 80
mM TiCls treated mesoporous TiO, based devices and (b) J-V characteristics of best performing
devices based on pristine and 80 mM TiCls treated mesoporous TiO, under reverse and forward

scan conditions.

The J-V hysteresis behavior is a well-known phenomenon in which the shapes of J-V curves vary
depending on the scan direction, rate, and range of the scan voltage >! during the measurements
of PSCs due to the ferroelectric effect >2, unbalanced charge carrier transport >3, ion and vacancy
migration >*>°, and trap-assisted charge recombination®®. The hysteresis can be quantitatively
described by a hysteresis index (HI), which is often defined by the PCE in various scan directions
according to equation 2, where PCEreverse and PCEforward are power conversion efficiency from

reverse and forward scan, respectively >’.

PCEyeperse — PCEforWClT'd

HI (%) =
(/0) PCETB‘UBT'SB

X 100 2)



Typical J-V curves for the PSCs based on pristine and 80 mM TiCls treated mesoporous TiO; are
shown in Figure 6(b) with reverse and forward scan directions shown to estimate the J-V
hysteresis. The corresponding photovoltaic parameters and Hl are summarized in Table S4. The
cell based on 80 mM TiCls treated mesoporous TiO; exhibited a HI of 8.6%, much lower than that
of the pristine mesoporous TiO; based cell (HI=24.8%). The enhanced interconnection between
the TiO; particles, improved interfacial contact and reduced number of trap states after the TiCls
treatment as mentioned above can contribute to the improved charge extraction and transport
abilities and decreased charge accumulation and recombination loss at TiO2/perovskite interface,

leading to reduced J-V hysteresis 365157,
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Figure 7: (a) Steady-state photoluminescence (PL) spectra and (b) normalized time-resolved
photoluminescence (TRPL) decays of perovskite films deposited on glass, and mesoporous TiO>

/glass samples treated with various TiCls concentrations.



To gain insight into the charge carrier extraction and transport mechanism behind the
enhancement in the device performance, steady-state PL and TRPL measurements were
performed for perovskite films deposited on pristine and TiCls treated mesoporous TiO2 samples
with various concentrations. As shown in Figure 7(a), it is found that the intensity of the PL peak
at 770 nm for the perovskite film deposited on glass was significantly quenched when
incorporating the pristine or TiCls treated mesoporous TiO, between the perovskite film and
glass. Compared to the perovskite film on pristine mesoporous TiO;, the PL emission intensity was
guenched more effectively for the perovskite films on TiCls treated mesoporous TiO, samples and
the strongest PL quenching is shown for the 80 mM TiCls treated sample. Figure 7(b) shows the
TRPL decays measured at the peak emission wavelength (770 nm) for the perovskite films
deposited on pristine and TiCl, treated mesoporous TiO, samples with various concentrations.
The corresponding fitted and calculated parameters are listed in Table S5. The average PL lifetime
of the perovskite film on pristine mesoporous TiO; is significantly decreased compared to
perovskite film deposited on glass, from 60.9 ns to 44.9 ns. It is further reduced to 21.3 ns when
incorporating the TiCls treated mesoporous TiO, with a concentration of up to 80 mM, followed
by an increase (to 24.5 ns) for a higher TiCls concentration (100 mM), which is consistent with
steady-state PL observation. The strongest PL quenching and shortest PL lifetime in the perovskite
film deposited on 80 mM TiCls treated mesoporous TiO, demonstrates that the electron transfer
dynamics are faster from perovskite to 80 mM TiCls treated mesoporous TiO,, which is favorable
for efficient charge extraction and minimized charge recombination at the interface, resulting in

a higher Voc and Jsc, in accordance with the J-V results.



1000

80 mM TiCl, treated Tioz"._ S %03 Pristine TiO, @ Pristine TIO, : u=2.25x 10 em?nvs

52
100 4 100 @ SOMMTICI TIO, p=322% 10" cm Vs

I
S

v, =143V

V. =0.881V
e n, = 3.09x10" cm’®

1] my=238x10"em?

Current (mA)
Current (mA)

014 g
Trap-filled
limited region

Current density ' (m.‘\r:m'zl"z
o
g

Ohmic region

o
S

0.01 4y - T T T T T T T T T T
01 1 10 01 1 10 35 4.0 45 5.0 5.5
Voltage (V) Voltage (V) Voltage (V)

@ (b) (c)

Figure 8: The double logarithmic I-V curves for (a) 80 mM TiCls treated mesoporous TiO; and (b)
pristine mesoporous TiO2 using the space-charge-limited current (SCLC) model with a device

structure of FTO/TiO2/Au and (c) J*/2-V curves in a trap-free SCLC region fit with Mott-Gurney law.

To gain further insight into the influence of TiCls treatment on defect density and mobility of TiO>
films, a space-charge-limited current (SCLC) measurement was performed. Figure 8 (a) and (b)
show the I-V curves of the electron-only devices measured under dark conditions and plotted on
a double logarithmic plot for 80 mM TiCls treated and pristine mesoporous TiOy, respectively. As
shown in Figure 8(a), the dark I-V curve shows three regions of behavior: an Ohmic region at low
bias voltage, a trap-filled limited region at an intermediate bias voltage and a trap free SCLC region
at higher bias voltage. A linear relation represents an Ohmic response at a low bias voltage. The
current suddenly increases nonlinearly and much more rapidly as bias voltage increases,
demonstrating the trap-filled limited region. The transition point between the Ohmic and trap-
filled limited region is recognized as the trap-filled limit voltage (Vre). The trap density (n:) is

estimated according to equation 3:

26,6,V

TFL
nt eLz (3)



where & is the dielectric constant of anatase TiO;, € is the vacuum permittivity, e is the
elementary charge of the electron, and L is the thickness of the TiO; film °%°°. The Vs was
obtained from the transition kink point for 80 mM TiCls treated and pristine mesoporous TiO; as
shown in Figure 8 (a) and (b), respectively. The Vs of device based 80 mM TiCls treated
mesoporous TiO, (0.881 V) is lower than that of pristine mesoporous TiO; (1.143 V). Thus, the
estimated electron trap density of 80 mM TiCls treated mesoporous TiO2 is 2.38 x 107 cm3, lower
than that of pristine mesoporous TiO,, at 3.09 x 10Y ¢cm=3. This is further evidence that TiCls
treatment reduces the number of trap states, which is in agreement with increased Vocand FF. In
addition, the electron mobility of the pristine and 80 mM TiCls treated mesoporous TiO; can be
calculated by fitting the J-V curves of the electron only devices in the trap free SCLC region as

shown in Figure 8(C) using the Mott-Gurney law according to equation 4 6961

9 2
J= 3 HE &g el (4)

where J is the current density, p is the electron mobility, V is the applied voltage, and L is the
thickness of mesoporous TiO,. The calculated electron mobility of 80 mM TiCls treated
mesoporous Ti02(3.22 x10° cm?V-1s1) is higher than that of pristine mesoporous TiO;(2.25 x 10
> ecm?V-1s1), demonstrating that TiCls treatment can efficiently improve the electron transport
within TiO2 film, which is in agreement with increased Jsc. The additional interconnection between
the TiO2 particles, lower number of trap states and higher electron mobility after TiCls treatment
all contribute to improved charge transport and suppressed charge recombination in solar cells,

resulting in an overall enhancement in the PCE. Moreover, superior charge transport and



suppressed recombination contribute to decreased charge accumulation at the interface,

resulting in reduced J-V hysteresis.

Conclusions

We have systematically investigated the role of TiCls treatment on mesoporous TiO; layer in
CHsNHsPbls perovskite solar cells by varying the concentrations of TiCls. It is found that TiCla
treatment led to an improvement in interconnection between the TiO; particles, decreased the
number of trap states and increased the electron mobility, which improved charge extraction,
decreased the charge accumulation and recombination loss at the TiO,/perovskite interface.
Consequently, a significant enhancement in the Voc, Jsc, and FF of devices with TiCls treated
mesoporous TiO, was observed along with reduced hysteresis as compared to device with pristine
mesoporous TiOz. A solar cell with an optimized treatment by 80 mM concentration of TiClsshows
the highest efficiency of 17.4 %, compared with a champion efficiency of 14.1 % for a device with

pristine mesoporous TiO; layer.
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