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Abstract

Since their discovery in 2009, perovskite solar cells (PSCs) have demonstrated rapid
progress. Ambient-processed, carbon-based PSCs utilizing a pre-heating step offer a cost-
effective fabrication route. Nevertheless, the role of the compact titanium dioxide (TiO,-c)
layer in ambient conditions has remained under-explored and inconsistently reported in
the literature. This study then investigated the impact of TiO,-c layer thickness, ranging
from 70 nm to 155 nm, on the performance of PSCs fabricated entirely in ambient air with
high relative humidity (RH > 70%). The layers were deposited via the sol-gel spin-coating
method. Experimental results then revealed that the thinnest layer (70 nm) yielded the
lowest average power conversion efficiency (PCE) of 2.05% due to diminished Js. and V¢
values. The optimized TiO,-c thickness was also identified at 95 nm, achieving an average
PCE of 2.95% and a peak efficiency of 4.5%. Structural analysis via XRD confirmed the
presence of both anatase and brookite phases. Notably, increasing the thickness from 70 nm
to 155 nm resulted in a slight reduction in the anatase peak and a corresponding increase in
the brookite peak. The superior performance at 95 nm could be attributed to a balanced
crystal intensity between these two phases. Furthermore, TiO,-c thickness was found to
correlate with larger aggregate formation, better uniform shape grains, and reduced surface
roughness, significantly influencing the morphology of the subsequent mesoporous TiOp-m
layer. These findings then provided critical insights into how thickness variation in the
TiO,-c layer could influence the performance of ambient-processed carbon-based PSCs.

Keywords: TiO,-c effect; perovskite solar cells; carbon-based solar cells; C-PSCs; electron
transport layer effect

1. Introduction

The amount of energy that reaches the surface of Earth from solar irradiation each
second is approximated to be 1.08 x 10'* kW [1,2]. Notably, the abundance of solar energy
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places significant attention on exploiting solar cell technologies as a form of renewable
energy. In 2022, solar power constituted 31% of the total renewable energy installed [3].
While monocrystalline and polycrystalline silicon solar cells are the leading commercially
used solar technologies, their material and energy-intensive production hinders their
worldwide adoption [4,5]. Organic photovoltaic [6], dye-sensitized solar cells [7,8], and
quantum dot solar cells [9] are among the technologies that gained some research interest
in the past few decades.

Perovskite solar cells (PSCs) are one of the newest emerging technologies that gained
a big interest in the research community due to their unmatched rapid progress in power
conversion efficiencies (PCE) from 3% in 2009 to over 26% in 2024 [10,11]. Low cost of the
resource materials, low-energy fabrication processes, and the wide absorption wavelength
that ranges between 400 nm and 750 nm, with some perovskites reaching the 1100 nm range,
are among the reasons that set perovskite technology ahead of its competitors [12,13].

A perovskite layer is typically sandwiched between an electron transport layer (ETL)
and a hole transport layer (HTL). A transparent conductive layer (TCO) is used as the
front electrode, while either a metal or carbon-based material is used as the back elec-
trode. Some commonly used ETL materials include titanium dioxide (TiO,) [14], tin
oxide (SnO;) [15], zinc oxide (ZnO) [16], niobium oxide, and (6,6) phenyl-Cg4;-butyric
acid methyl ester (PCBM) [17]. Meanwhile, HTL materials that have been investi-
gated are 2,2/,7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (Spiro-
OMeTAD) [18], poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) [19], copper thio-
cyanate (CuSCN) [20], poly(3-hexylthiophene) (P3HT) [21], copper lodide (Cul) [22], vana-
dium oxide (V,0s) [23], and nickel oxide (NiO) [24].

The difference between a planar (n-i-p) structure and the inverted structure (p-i-n)
lies in the placement of the ETLs and HTLs in the PSC device. In an n-i-p structure, the
ETL is deposited above the TCO and below the perovskite layer, followed by the HTL and
the back electrode. On the other hand, an inverted p-i-n structure places the HTL above
the TCO, and the ETL below the back electrode. The consideration of using n-i-p or p-i-n
structure depends on the materials and the techniques used in the fabrication of the PSC
device. For example, the high-temperature requirement (200 to 400 °C) for the annealing of
titanium dioxide (TiO;) makes it a suitable ETL material for n-i-p structure only. If used in
an inverted structure, it can lead to degradation and destruction of the perovskite layer.

Metal-based back electrode perovskite solar cells (M-PSCs) are among the most investi-
gated types, with the highest reported PCEs using gold (Au) [11,25,26] for (n-i-p) structure
or silver (Ag) [27,28], aluminum (Al), or copper (Cu) [29] for inverted structured. Gener-
ally, metal electrodes are deposited using thermal evaporation, requiring high vacuum
conditions, which consecutively reduces their potential for commercial use [30]. Likewise,
carbon-based back electrode perovskite solar cells (C-PSCs) are more favorable due to the
lower production cost associated with the use of carbon as an electrode and the low energy
consumption of the deposition techniques employed, such as doctor blading [31,32], inkjet
printing [33], and screen printing [34].

The research community primarily utilizes two distinct types of C-PSCs, differentiated
by their structure and fabrication. Mesoporous carbon-based PSCs feature a multi-layered
architecture of compact TiO,, mesoporous TiO,, mesoporous zirconium dioxide ZrO,, and
a carbon layer (TiO;-c/TiOp-m/ZrO,-m/carbon). Due to the high annealing temperature
of 500 °C required for these layers, the perovskite solution must be infiltrated (drop cast)
from the carbon side after annealing [30]. In contrast, paintable carbon-based PSCs are dis-
tinguished by their use of a carbon paste that allows for low-temperature annealing (80 °C
to 130 °C). Their structure resembles a planar n-i-p configuration, typically comprising the
ETL, the perovskite layer, the HTL, and finally, the carbon electrode [35]. The use of an HTL
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in paintable C-PSCs can increase the performance of the device; for example, a structure of
FTO/TiO, /perovskite/spiro-OMeTAD/ carbon achieved a PCE of 19.2%.

The use of an HTL in paintable C-PSCs can increase the performance of the device;
for example, a structure of FTO/TiO, / perovskite/spiro-OMeTAD/carbon achieved a PCE
of 19.2% [36]. On the other hand, a number of investigations have focused on HTL-free
paintable C-PCSs due to their lower fabrication costs and high potential for commercial
applications. This is primarily because spiro-OMeTAD—one of the most commonly used
hole transport materials—is highly expensive to synthesize, with prices ranging from
$170 to $475 per gram [37]. The cost of using a spiro-OMeTAD layer as HTL and Au
as electrode has been estimated to be 33.9% and 18.39% when fabricating a 1 m? PSC
module with the structure FTO/TiO, /Spiro-OMeTAD/ Au [38]. HTL-free structure offers
a reduction in production cost and design simplification. However, the use of carbon as
an electrode results in further cost savings [39]. Huiyun Wei et al. reported in 2015 HTL-free
paintable C-PSCs with PCEs ranging from 10.27% to 13.53% by changing the graphite and
carbon black composition ratio in the carbon layer [40]. Another HTL-free paintable C-PSC
study in 2016 reported improvement from 4.47% to 6.16% in their PCEs by modifying the
carbon layer composition [41]. Some of the recent studies in this field include the work by
Shoaib Igbal et al. in 2023, reporting devices with PCEs ranging between 9.65% to 14.17%
by optimizing the N2 pressure used in the fabrication process [31].

While perovskite solar cells (PSCs) have achieved remarkable efficiencies, their com-
mercial viability relies heavily on transitioning away from strict, inert-environment man-
ufacturing. Because the perovskite crystallization process is highly vulnerable to oxygen
and moisture, ambient-air fabrication remains a significant challenge. To overcome the
detrimental effects of high environmental humidity, researchers have developed targeted
ambient-processing strategies such as antisolvent bathing [42]. For instance, pre-heating
the substrate prior to deposition has emerged as a highly effective method to control
crystallization kinetics in open air. Notably, Tai et al. demonstrated that this pre-heating
technique successfully mitigated moisture degradation, nearly doubling the device’s power
conversion efficiency (PCE) from 8.78% to 15% even under severe high-humidity conditions
(RH > 70%) [43].

TiO, is one of the most used ETLs in planar PSCs and can be divided into two types,
namely compact (TiO;-c) or mesoporous (TiOp-m) layers. TiO,-c acts as a hole-blocking
layer to prevent holes from reaching the electrode. The energy bandgap of a TiO,-c layer
acts as an energy barrier for holes, simultaneously reducing the energy levels the electron
would need to jump from the perovskite to the electrode layer [44]. TiO,-m is deposited
above the TiO;-c layer, and functions as a support platform for the perovskite layer. The
mesoporous structure of TiO; allows the infiltration of the perovskite material, resulting in
a rise in the contact area between TiO, and the perovskite material. High interfacial contact
area clears the path for rapid electron extraction [45].

A compact TiO; layer has been deposited using different deposition techniques such as
DC sputtering [46], chemical bath deposition (CBD) [47], atomic layer deposition (ALD) [48],
spray pyrolysis [49,50], pulse layer deposition [51], and spin coating [52-54]. The spin coat-
ing method has been considered the preferred method for deposition by many researchers
due to its minimal setup, fast deposition, and easy control that can deliver relatively precise
thickness control [55].

Elaine Teixeira Veiga et al. investigated the TiO,-c thickness effect using the layer-by-
layer deposition technique with a device structure of FTO/TiO,-c/TiO2-m/MAPbI; /spiro-
OMeTAD/Au. They controlled the number of cycles from five to 30 cycles, resulting
in a thickness from 9 nm to 58 nm. They also reported an extreme PSC performance
dependency with thickness variation from a PCE of as low as 2.7% at 58 nm, increasing to
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12% at 31 nm [56]. In a different study, TiO,-c of 20 nm to 600 nm were investigated using
spray pyrolysis for PSCs with the structure FTO/TiO5-c/TiO-m/CH3NH3Pbls Clx/spiro-
OMeTAD/Ag. It was found that the best PCE was achieved at 100 nm, while at 600 nm,
PCE dropped to 1.7%.

It is worth noting that PSCs with a thickness below 30 nm demonstrated volatile
and weak PV performance, which they attributed to the incomplete TiO,-c coverage [57].
Muhammad Talha M. et al. found that the optimized thickness of the TiO,-c fabricated with
the dip coating technique was 32 nm, achieving a PCE of 8.6% using PSC with the structure
FTO/TiOy-¢/TiOy-m/MAPDbI; /spiro-OMeTAD/Au. The range of thickness variation was
between 5 nm and 50 nm. They noted that the roughness of the FTO substrate can influence
the optimum TiO;-c thickness required [44]. In a study by Huijing Liu et al., the TiO,-c
layer was fabricated using the spin coating method to study its thickness effect on PSCs
with the structure FTO/TiO,-¢/TiO;-m/MAPDbI3 /spiro-OMeTAD/Ag. The study used
variation in the volume ratio of the precursor solution to control the thickness from 15 nm
to 54 nm. They found that the optimized thickness was between 26 nm and 31 nm, yielding
a PCE of 12.8%, while 8.25% was recorded for the 40 nm to 50 nm range [58].

A similar study with the same PSC structure and TiO,-c fabrication method by
Weifu Sun et al. found that 152 nm was the optimized thickness, with 56 nm and 250 nm
delivering lower PCEs [59]. Nevertheless, a study with a similar fabrication method
for the ETLs, with a slightly different structure, compromising of TiO,-c/MAPbI; /spiro-
OMeTAD/ Au, examined the effect of different TiO,-c thicknesses from 10 nm to 120 nm.
A PCE of 13.59% was achieved at 19.5 nm; in comparison, further increase in the thickness
to 124.2 nm led to a steep decrease in PCE to 7.29% [60]. Elshimy et al. investigated the ef-
fect of TiO,-c layer thickness on PSCs with an FTO/TiO,-c/MAPbI3 /C structure. Although
they reported the number of layers rather than direct thickness measurements, they found
that a six-layer configuration yielded an optimized PCE of 2.55%. Any deviation—either
a higher or lower number of layers—resulted in a significant reduction in Js¢, Voe, and
FF [61].

A number of researchers have investigated the TiO,-c thickness effect on HTL-based
M-PSCs. These studies often report inconsistent optimized TiO,-c thicknesses due to varia-
tions in deposition methods, with no consensus even among similar fabrication techniques.
However, these varying reports do not indicate a lack of repeatability; rather, the ideal
electron transport layer thickness is strictly dependent on the specific device architecture,
the TiO, synthesis precursors, the deposition methods, and the perovskite materials uti-
lized. Additionally, the deposition technique itself plays a crucial role; as Zhang et al.
demonstrated, varying the TiO,-c fabrication approach—such as utilizing CBD, sol-gel
spin coating, or screen printing—yields distinctly different photovoltaic outcomes [62]. Cru-
cially, less research has been targeted towards the TiO;-c thickness impact in the HTL-free
C-PSC structure. Thus, investigating this gap is essential, considering the huge economic
and scale-up benefits offered by the HTL-free carbon-based structure.

This study focused on the impact of the TiO;-c layer thickness for paintable HTL-free C-
PSC, a device architecture that has received limited academic attention despite its potential
for scalability. The TiO;-c layer was fabricated using the sol-gel spin coating method with
a PSC structure comprising glass/FTO/TiO,-c¢/TiO;-m/MAPDbI3 /carbon, in which the
whole fabrication process, including the perovskite material, was performed in ambient
air with high humidity (RH > 70%) conditions. To facilitate the deposition of functioning
perovskite material within this high-humidity environment, a substrate/perovskite solution
pre-heating method was employed. Within this processing framework, the TiO,-c layer
thickness was systematically varied to evaluate its influence on device performance and to
elucidate how the resulting morphological, optical, and structural changes correlate to the
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overall photovoltaic characteristics of the PSC. Although previous studies have examined
the effect of compact TiO; thickness across various fabrication methods, this work uniquely
investigates the TiO;-c thickness effect within an HTL-free C-PSC structure fabricated
entirely in high-humidity ambient air, where the perovskite layer was specifically fabricated
utilizing a pre-heating method. A PSC’s architecture and its fabrication environment are
critical factors that directly influence its commercialization costs. Therefore, since our
chosen fabrication environment and device structure reduce the overall manufacturing
costs, the results of this study can help guide future research toward lowering production
expenses and advancing the commercialization of PSCs.

2. Materials and Methods

The substrate employed was fluorine-doped tin oxide (FTO)-coated glass (1.6 mm
thickness, 15 (2/sq). The chemicals and reagents employed in this experiment included
Ti-nanoxide BL/SC, Ti-nanoxide T600/SC, and methylammonium iodide (MAI), all
supplied by Solaronix (Aubonne, Switzerland). While lead (II) iodide (Pbl;) 99% and
dimethyl sulfoxide (DMSO) anhydrous 99.9% were procured from Sigma-Aldrich (Dorset,
UK/Rockville, MD, USA), dimethylformamide (DMF) was sourced from Bio Basic Canada
Inc. (Markham, ON, Canada), and the DM-CAP-4703S carbon paste was acquired from
Dycotec (Wiltshire, UK).

Zinc oxide (ZnO) powder and hydrochloric acid (HCL) were utilized to etch the FTO
glass substrates with dimensions of 2 x 2 cm. Upon the completion of the etching process,
the FTO samples were washed and cleaned in a 5-step process that included 10 min of
sonication using soap, deionized (DI) water, acetone, ethanol, and one final round of DI
water. Subsequently, the samples were dried in an oven (100 °C for 40 min) and using
a nitrogen gun.

In order to control the TiO;-c thickness, both the concentration and the rotation speed
of the spin coater were varied. TiO,-c solutions with 6 wt% and 3 wt% were prepared from
the commercial Ti-nanoxide BL/SC solution by diluting with ethanol. In total, 5 different
variations have been performed to control the thickness of the ETLs. TiO;-c solution with
6 wt% was deposited on FTO glass using the spin coating method for 30 s, with varying
the rotation speed from 2000 rpm to 4000 rpm, 6000 rpm, and 9000 rpm, while TiO,-c with
3 wt% was spin coated only at 9000 rpm. The model used is a Specialty Coating Systems
model 6808 programmable spin coater. The deposition of TiO;-c layer and the subsequent
layers was performed in ambient air with relative humidity (RT) of 70% to 85%. In the next
step, the TiO,-c sample was subjected to a 30 min annealing at 475 °C using a hotplate.

A TiO, mesoporous layer was deposited using the spin coating method with a 3 wt%
of Ti-Nanoxide T600/SC solution. The spinning was set at 3000 rpm for 30 s, followed by
the annealing of the samples at 475 °C for 30 min using a hotplate. In order to synthesize
methylammonium lead iodide solution MAPbI; (CH3NH3Pbl3), 1 step deposition method
was used. A mixture of 1.5 mol of MAI and Pbl, in a DMF/DMSO solution of a 9:1 ratio
was employed. In order to prepare perovskite material in an ambient air high humidity
condition, the samples and the perovskite solution underwent at least 5 min pre-heating
at 70 °C before the spin coating of the MAPDbI; layer. The perovskite layer was deposited
using spin coating at 4000 rpm for 25 s. Chlorobenzene was used as an anti-solvent solution
with 1000 uL dropped at the end of 4s. Afterward, the sample was annealed at 70 °C
for 1 min and 100 °C for 5 min. The doctor blade method was employed to deposit the
carbon paste material, followed by a 20 min annealing on a hotplate at 100 °C. To ensure
the repeatability of the study and enable the plotting of statistical distributions, a total of
32 complete PSC devices were fabricated across the five different TiO,-c thicknesses—with
at least five devices per thickness—and evaluated for their photovoltaic response.
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A step profilometer model, MarSurf M400, was employed to perform the thickness
measurements. For optical characterization, an ultraviolet—visible (UV-Vis) spectropho-
tometer model AvaSpec-ULS3648 together with a light source model AvaLight-DHC were
used, sourced from Avantes (Apeldoorn, The Netherlands). In order to extract the morphol-
ogy data, a Nanosurf Atomic Force Microscope (AFM) sourced from (Liestal, Switzerland)
was employed. Fourier transform infrared spectroscopy (FTIR) Bruker Invenio R FM
sourced from (Billerica, MA, USA) was conducted to examine the chemical compounds. The
measurement area used in AFM was 10 x 10 um, with a SICON-A cantilever and EZ2-AFM
heat type. Each AFM image was obtained using a 256-point/line, and a 0.5 s scanning rate
per line. In order to examine the surface morphology of the samples, an FEI NanoSEM 450
field emission scanning electron microscope (FESEM) sourced from (Hillsboro, ON, USA)
was utilized with a 10kV operating voltage. Electrochemical impedance spectroscopy (EIS)
was recorded using a 1010E Gamry potentiostat instrument sourced from (Warminster, PA,
USA). The fabricated PSCs were measured in a dark environment with a frequency range
between 100 mHz and 1 MHz. The sinusoidal AC potential employed was 10 mV with a DC
bias of 0.8V. For photovoltaic measurements, a Keithley series 24,000 source meter was used
alongside a solar simulator model Oriel Sol2A. The standard AM1.5 100 mW/cm? was
used in the solar measurements, and it was calibrated using a reference solar cell system
model 91150V sourced from Oriel Instruments.

3. Results
3.1. Structural Properties

Figure 1 represents the thickness measurement results regarding the spin coating
rotation speed and the TiO,-c concentration. Increasing the rotation speed from 2000 rpm
to 4000 rpm, 6000 rpm, and 9000 rpm resulted in a reduction in thickness from 159.3 nm to
133.25 nm, 114.28 nm, and 96 nm, respectively, for 6.0 wt% TiO-c concentration. Reducing
the concentration to 3.0 wt% with a 9000 rpm rotation speed resulted in a further decrease
of TiO,-c thickness to 67 nm. The spin coating method permits the control of thin film
thickness through changing the concentration of the solution and the rotation speed [60].
According to the Mayerhofer model, the thickness of the layer depends on many factors,
such as the density and viscosity of the solution, the density of the solvent, the rate of
evaporation, and the angular speed. Higher rotation speed increases the angular velocity,
which is inversely proportional to the thickness of the material. Lower concentration would
reduce the density of the total solution relative to the pure solvent, which will decrease the
final thickness [60,63].

Figure 2a depicts the XRD pattern of the TiO-c (70 nm), TiO-c (95 nm), TiO,-c
(135 nm), and TiOy-c (155 nm). Utilizing XRD identifies thickness-dependent changes in
TiO;-c crystallinity and phase purity that dictate electron transport characteristics. Corre-
lating these structural properties with device data explains the impact of thickness on the
overall photovoltaic performance of the PSCs.

All TiO,-c thicknesses exhibited small overlapped peaks at 25.3 and 25.7, which
correspond to the anatase and brookite TiO, phase with Miller indices of (101) and (111)
according to ICSD Nos.: 96-720-6076 and 96-900-4140. A different small brookite peak at
31.2 can also be noticed for some TiO,-c thicknesses. The results showcase a mixed phase
for the TiO,-c. The thinnest TiO,-c of 70 nm exhibits a relatively larger anatase peak at
25.3 compared to the brookite peak at 25.7°. At 95 nm, the two peaks overlap, making it
harder to distinguish between them. Increasing the TiO;-c thickness to 135 nm and 155 nm
results in an increase in the brookite peak intensity at 25.7° with a reduction in the 25.3 peak
intensity. The current results highlight the mixed-phase crystalline structure of the compact
TiO,. The literature indicates that the XRD peaks for TiO, compact blocking layers typically
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Figure 1. The impact of deposition parameters (RPM and concentration) on TiO;-c film thickness.
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Figure 2. The XRD pattern for (a) TiO,-c (thickness variation deposited on FTO) and (b) MAPDbI3
deposited on FTO/TiO;-c/TiOp-m.

Quantitative XRD analysis using the Reference Intensity Ratio (RIR) method reveals
that at a thickness of 70 nm, the TiO,-c layer consists of a mixed phase (approx. 27 wt%
anatase, 73 wt% brookite). Thicker TiO,-c of 95 nm, 135 nm, and 155 nm resulted in further
phase composition shift, where the anatase ratio is reduced to 26 wt%, 21 wt%, and 19 wt%.
As the film thickness increases from 70 nm to 155 nm, the brookite phase ratio increases
from 73 wt% to 81 wt%.
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The anatase phase has the lowest surface energy in comparison to the brookite and
rutile phases [65,66]. The critical radius required for the anatase nucleation is smaller in
comparison to that of brookite [67]. Due to the thinner film thickness of 70 nm obtained
by reduction in the precursor concentration and higher spin coating speed, a spatial
confinement restricts the growth of the TiO, material, in which the nucleation is easier
for the anatase grains. The higher material volume obtained by increasing the precursor
concentration and reducing the spin coating speed results in slower solvent evaporation,
allowing the nuclei to grow larger in comparison to the thinnest TiO,.

The coexistence of both phases and the shift toward brookite for thicker TiO;-c films
can be explained by the size-dependent thermodynamic stability of the TiO, polymorphs,
also known as the Zhang-Banfield crossover model [68]. The competition between surface
energy and volume energy is what drives the shift in the TiO,-c phases noticed in the
XRD. Anatase is more thermodynamically preferred at small sizes because it possesses the
lowest surface energy (~0.44 Jm~2 for anatase, 0.70 Jm 2 for brookite [65,66]), making it the
dominant phase in the thinner TiO; film (75 nm), where the low precursor concentration
and high spinning speed constrain the growth of the crystals. However, as film thickness
increases, the higher precursor concentration and lower spin coating speed allow for grain
coarsening, which pushes the crystal size past the critical thermodynamic crossover point,
rendering the brookite phase energetically favorable.

Figure 2b illustrates the MAPbI3; XRD pattern. The MAPbI5 thin film exhibited peaks
at 14.2°,20.2°, 23.47°, 24.47°, 28.37°, 31.78°, 34.93, 40.56°, and 43.14° corresponding to the
(110), (200), (221), (202), (220), (114), (312), (224), and (314) planes confirming the existence
of MAPDbI3 material [69]. In order to calculate the crystalline size, the Debye—Scherrer

formula can be used [70]:

0.9A
D= rwam cos() " @

where A is the wavelength, FWHM refers to the full width at half maximum, and 6 is
the diffraction angle. The crystalline size at the (110) prominent peak is estimated to be
26.30 nm.

Figure 3 depicts the Fourier transform infrared spectroscopy (FTIR) for the TiO,-c
layer with a thickness of 115 nm (black color) and the MAPbI; layer (red color). FTIR was
utilized to identify the characteristic vibrational modes and functional groups present on
the surfaces of the TiO,-c and MAPDbI; thin films. This analysis provides experimental
evidence for the formation of the Ti-O-Ti lattice and confirms the presence of the organic
CH3NH;3" components within the perovskite layer.

It is possible to observe a slope dropping starting from 400 cm ™! to 900 cm~! with the
peak observed at 825 cm !, which is evidence of the absorption from the Ti-O-Ti and Ti-O
bending vibrations for the TiO; lattice [71,72]. A band at 3428 cm ! can be observed as
evidence of the stretching vibration of the O-H group [73].

The MAPbI; sample depicts an absorption peak at 669 cm ! and 817 cm ™! correlating
to the C-O and C-N stretching vibration [74]. A rocking vibration peak at 902 cm~! and
966 cm ™! is related to CH3"NH3*. A high peak at 1186 cm ™! can be noticed, proving
the existence of NH3 rocking vibrations. The IR peak at 1471 cm™! is related to the
NH;~ bending vibration. A small peak at 1575 cm ™! and 1635 cm ™! corresponds to the
asymmetric NH3 ™~ bending vibration of the methylammonium group [69,75].
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Figure 3. The FTIR pattern for TiO,-c (115 nm) deposited on FTO (black) and MAPbI; deposited on
FTO/TiOs-¢/TiOy-m (red).

3.2. Optical Measurements
Transmittance Data

Figure 4a illustrates the transmittance spectra of the TiO;-c layer deposited on FTO-
coated glass. Characterizing the optical properties of the TiO;-c and TiO,-c/TiO,-m stacks
reveals how variations in the compact TiO; layer thickness introduce changes in overall
transparency. This analysis allows for the selection of the most transparent TiO;-c baseline,
thereby increasing the amount of light that reaches the MAPbI; layer.
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Figure 4. Transmittance spectra over the wavelength range from 150 nm to 1200 nm for (a) FTO/TiO,-
¢ (varied thicknesses), (b) FTO/TiO,-c (varied thickness)/TiO,-m deposited on TiO,-c layer.

The TiO,-c transmittance exhibits a transmittance range between 70% and 89% in the
wavelength range from 390 nm to 1100 nm. The TiO,-c transmittance is between 0 and 70%
for the wavelength range between 200 nm and 390 nm. This is true for all TiO,-c samples
irrespective of their thickness. It is possible to observe a ripple behavior for all TiO;-c sam-
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ples. The ripple effect is a consequence of Fabry—Pérot interference [76]. As TiO,-c thickness
rises, the entire interference fringe pattern exhibits a clear red shift. While the macroscopic
red shift in the transmission fringes is strictly governed by the increased optical path length
in thicker films—consistent with standard Fabry-Pérot interference—the distinct red shift
observed at the absorption edge is governed by a different physical mechanism. The fringe
shift is a purely optical artifact of thickness; however, the absorption edge shift reflects
an intrinsic microstructural evolution within the film itself. Specifically, thicker TiO;-c films
facilitate the growth of larger crystallites and subsequent larger aggregate sizes, which
narrows the optical band gap and red-shifts the absorption edge [77,78]. At 750 nm, the
TiO,-c (70 nm) sample exhibits the highest transmittance of 89%, followed by 82%, 81%,
79%, and 78% for TiO,-c thicknesses of 95 nm, 115 nm, 135 nm, and 155 nm, respectively.

Since the light-absorbing layer is deposited on the TiO,-m layer in the solar cell
structure adopted in this study;, it is essential that the transmittance data, including the
TiO,-m layer, are analyzed. The transmittance of FTO/TiO;-c (different thicknesses)/TiO,-
m is depicted in Figure 4b. The TiO,-m deposited on TiO;-c exhibits a similar transmittance
pattern in comparison to TiO;-c, with extremely low transmittance in the 200 nm to 380 nm
region and high transmittance in the visible and near-infrared region. However, the level
of the transmittance is comparably lower than that of the TiO2-c-only layer. The red shift
can also be observed with a reduction in the transmittance of the previously observed
ripples for TiO,-c thickness variation. The transmittance of FTO/TiO;-c/TiO,-m illustrates
a decreasing pattern with the increase in the thickness of the TiO,-c layer in the visible and
infrared region. At the 750 nm wavelength, the FTO/TiO;-c (150nm)/TiO,-m exhibit 80%
transmittance, followed by 84.6%, 87.8%, 87.2%, 87.5% for 135 nm, 115 nm, 95 nm, and
70 nm TiO,-c thicknesses.

3.3. Morphology Data
3.3.1. Atomic Force Microscopy Data

Figure 5a—e illustrates 2D Atomic Force Microscopy (AFM) images of TiO,-c layer at
varying thicknesses. It is observed that the TiO,-c morphology consists of dense aggregates
at a thickness of 70 nm. AFM characterization is essential to monitor the growth of the TiO,
aggregates at the 10 um scale, which provides a morphological explanation for changes
in charge extraction for the TiO;-c layer. This analysis identifies how the morphology
of the transport layer dictates the resistive landscape of the PSC, directly impacting the
short-circuit current and the open-circuit voltage.

Increasing the thickness from 90 nm to 135 nm is associated with larger TiO, aggregates,
with the most significant coarsening observed in the 155 nm samples. This coarsening
behavior is consistent with the growth mechanisms reported by Dundar et al., who observed
that while primary crystallite sizes remain relatively stable during thickening, the physical
aggregate size increases significantly (from ~40 nm to over 100 nm). This phenomenon
is attributed to a Volmer—Weber 3D island growth mode, where initial nucleation islands
coalesce and agglomerate into larger clusters as the deposition time and film thickness
increase [77].

Figure 5f-k depicts the TiOp-m structure deposited on the various TiO;-c layers; the
morphology of the TiOp-m consists of larger aggregates with circular shape. TiO,-m
deposited on the 70 nm TiO,-c reveals a uniformly distributed aggregate. Increasing the
TiO,-c thickness to 90 nm results in a comparably similar structure of uniformly distributed
TiO,-m aggregates. However, smaller aggregates can be observed. The TiO, mesoporous
layer for the 115 nm TiO;-c thickness manifests slightly different TiO, grains with irregular
shapes that are less uniformly distributed. The TiO;-m for TiO,-c (135 nm) conveys a similar
morphology to the previous thickness, with the appearance of larger grains in some spots.
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The morphology of the TiO,-m for the thickness of the TiO,-c layer showcases a more
uniform, larger TiO, aggregate structure.
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Figure 5. TiO,-c surface Atomic Force Microscopy 2D images for (a) TiOp-c thickness of 70 nm,
(b) TiO,-c thickness of 95 nm, (c) TiO;-c thickness of 115 nm, (d) TiO,-c thickness of 135 nm, and
(e) TiOy-c thickness of 155 nm. AFM 2D images for TiO,-m deposited on TiO,-c layer with different
thicknesses: (f) TiO,-c (70 nm)/TiO,-m, (g) TiO,-c (95 nm)/TiO,-m, (h) TiO,-c (115 nm)/TiO-m,
(i) TiOz-c (135 nm)/TiO,-m, and (j) TiOz-c (155 nm)/TiO,-m. (k) AFM image of a bare FTO substrate.

Figure 6a presents the extracted TiO,-c and TiO,-m roughness from the AFM images.
Analyzing the roughness of both TiO, layers reveals a structural cascade where TiO,-c
thickness dictates the smoothness of the TiO,-m interface, a key factor in reducing trap-
assisted recombination and maximizing the current density of the PSCs. The thinnest TiO;-c
highlights a roughness of 3.8 nm, followed by TiO,-c (95 nm) with 3.64 nm. Increasing the
thickness of TiO;-c can be associated with a further decrease in roughness from 2.93 nm to
2.63 nm for 115 nm to 150 nm TiO,-c.

A similar decreasing pattern is noticeable for TiO,-m layer roughness. The slight
change in TiO;-c roughness is associated with a decrease in the TiO,-m roughness. TiO;-
m deposited on the thinnest TiO;-c layer embodies the highest roughness of 28.67 nm.
Increasing the thickness of TiO,-c further produced a decrease in the roughness of the
TiOp-m layer with a value of 26.46 nm. Further increase in the TiO,-c thickness from 115 nm
to 135 nm seems to have a more prominent decrease in the TiO,-m roughness with 23.56 nm
and 22.82 nm. However, the roughness of TiO,-m for the thickest TiO;-c layer is increased
slightly to 23.91 nm.
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Figure 6. Extracted AFM roughness for (a) FTO/TiO,-c (various thicknesses) in black, and FTO/TiO,-
¢ (various thicknesses)/TiO,-m in blue; (b) extracted aggregate size of TiO,-m deposited on varying
TiO;,-c thicknesses.

Figure 6b depicts the TiO,-m average aggregate size extracted from the AFM images.
The average aggregate size for all samples is between 493 nm and 639 nm. The TiO,-
m deposited on the thinnest TiO,-c layer portrays an average aggregate size of 523 nm,
followed by 493 nm for the TiO;-c (90 nm) sample. The mesoporous TiO; layer manifests
a continuous increase in the aggregate size with the increase of TiO,-c thickness from 90 nm
to 150 nm, with an average aggregate size increasing from 493 nm to 639 nm.

Increasing the thickness of the TiO;-c compact layer, TiO;-c plays a dual role in the
morphology and performance of perovskite solar cells. As thickness increases, the aggregate
size typically grows, and the film becomes more continuous, leading to a significant
reduction in surface roughness [79].

3.3.2. Field Emission Scanning Electron Microscopy Data

Figure 7a—c showcases the FESEM surface morphology of the TiO,-c at varying thick-
nesses, while Figure 7d—f are the zoomed images of the varied TiO,-c thicknesses. The TiO,-
¢ (70 nm) and (95 nm) depict a similar morphology, combining the existence of long TiO,
grains that range in length between 100 nm and 250 nm, and smaller circular-shaped grains.

The likelihood of the longer TiO, grains appearing seems to decrease with the increase
in the TiO,-c thickness, as can be observed in the zoom-in FESEM image for the 70 to
155 nm TiO,-c sample. The existence of both long-shaped and circular-shaped grains
suggests that as the TiO,-c layer thickness increases, a well-crystallized continuous bulk
network of circular-shaped TiO, grains is formed. The thin TiO,-c layer is characterized
by a non-continuous network that is filled with a mixture of different-sized and shaped
TiO, grains.

In terms of grain size, the thinnest TiO;-c has the smallest average size of 60.28 nm,
followed by the 95 nm and 155 nm TiO;-c thicknesses with average sizes of 61.2 nm and
70.3 nm. The TiO,-c grain distribution is more uniform in size and shape at the thickest
sample, while it is extremely non-uniform at the thinnest sample.
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(b)

(e) (f)

Figure 7. FESEM images for the TiO,-c layer at different thicknesses: (a) TiO,-c (70 nm), (b) TiO,-c
(95 nm), (c) TiOy-c (155 nm). (d—f) represent the zoom in FESEM picture for the 70 nm, 95 nm, and
155 nm samples.

3.4. Charge Transport and Recombination Kinetics

Electrochemical impedance spectroscopy (EIS) characterization has been performed in
dark measurements at a 0.8V bias for frequencies between 1 MHz and 100 mHz.

The Nyquist plot and the fitted plot for the 70 nm, 95 nm, and 155 nm samples are
shown in Figure 8. All samples are characterized by two frequency arcs, with a positive
high-frequency semicircle and a negative low-frequency semicircle. The shape showcased
in this paper is similar to that reported in previous studies, and it has been labeled as the
elephant feature by Will Clarke et al., showcasing a negative capacitance behavior at the
low-frequency range [80]. According to Neupane et al., the negative capacitance is due to
recombination due to trap states in PSCs [81], while Khan et al. attributed it to the discharge
of accumulated charge to the defect states.

The apparent observation is that the high-frequency arc resistance increases as the
TiO,-c thickness decreases. This means increased thickness is associated with increased
interfacial charge-transfer/charge-transport resistance.

The low-frequency semicircle is reducing with increasing TiO,-c thickness. This means
a higher thickness promotes more charge recombination.

An equivalent circuit has been used to fit the measured impedance data. The equiva-
lent circuit that is used for the fitting was reported by Francisco et al., and it is defined as
Rg + (C1 I H(R1+(Cy I IL11Ry))), where R1C; is related to the HF semicircle, while the R,C;
is related to the LF arc [82]. R; is the resistance that can be attributed to charge transfer
resistance at ETL /perovskite interfaces. R; is attributed to recombinant resistance.
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circuit fits for the Nyquist plot for the TiO;-c at 70 nm, 95 nm, and 155 nm thicknesses.

Table 1 contains the parameters extracted from the equivalent circuit fitting for the
varied TiO, thickness C-PSCs. The series resistance Rs was the lowest for the 95 nm
thickness at 117 (), and the highest at 155 nm thickness at 126 ().

Table 1. Extracted parameter from the equivalent circuit fitting for varying TiO,-c thicknesses.

70 nm 95 nm 155 nm
Rur (Q) 2130 1544 916
Cue (F) 1.62 x 1078 1.15 x 1078 9.24 x 107°
Lip (H) 4.044 2.3226 1.3256
Reeries (Q) 123 117 126
Rir (Q) 562.3482 211.8684 70.3789
Cir (F) 8.11 x 10~8 221 x 1077 1.86 x 1077
TrE (S) 456 x 107> 4,67 x 107° 1.31 x 1075
THE (S) 3.44 x 107° 1.78 x 107 8.46 x 107°

The increase in TiO,-c thickness is associated with a decrease in the charge transfer
resistance from 2130 () at 70 nm to 916 () at 155 nm. The data suggest that the kinetic
barrier for charge transfer at the TiO,/perovskite is reduced with the increase in the
TiO,-c layer. A decreasing trend is observed for the high-frequency resistance regarding
the augmentation of TiO;-c thickness. Lower R values suggest better carrier extraction
capabilities [83]. According to the FESEM surface morphology of the TiO;-c (155 nm),
the thicker films were associated with a more uniform, well-crystallized bulk network of
mostly circular grains. On the other hand, the FESEM images of the thinner TiO,-c, such as
those of 70 nm and 95 nm, are of a non-uniform network of different grain shapes, with the
occurrence of elongated TiO, grains more often, which would result in higher Rc;.

The Cpr is the lowest at the TiO;-c (70 nm), followed by TiO;-c (155 nm). The highest
Crr is recorded at the 95 nm TiO,-c thickness. The low-frequency resistance is attributed to
the recombination resistance of the carriers. Thinner TiO;-c PSCs have higher recombination
resistance. The relaxation time at the low-frequency arc was found to increase from 45.6 ps
at 70 nm to 46.7 ps at 95 nm, then reduce to 13.1 us for 155 nm.
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3.5. Photovoltaic Data

Figure 9 depicts the box plot of the different photovoltaic parameters. A total of
31 PSCs have been fabricated. It can be noticed that the open-circuit voltage (V) is the
highest in the TiO,-c thickness range of 95 nm to 115 nm, decreasing for thicknesses outside
this range. The short-circuit current (Jsc) increases with the TiO;-c thickness increasing
from 70 nm to 135 nm. At 155 nm, the J, is reduced slightly. The fill factor (FF) exhibits
values in the range of 30 to 40 at all TiO;-c thicknesses. However, the highest FF of 42 was
achieved for the 95 nm TiO,-c thickness, while the lowest value was recorded at the 70 nm
layer. The power conversion efficiency (PCE) pattern significantly increases from the 70 nm
to 95 nm layer, then continues slightly decreasing as the TiO,-c thickness increases from
115 nm to 155 nm. In the following paragraphs, the correlation of the TiO,-c properties
with the PSCs’ photovoltaic performance will be discussed.
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Figure 9. Boxplot of photovoltaic parameters of C-PSCs with variation of TiO;-c thickness, including
(@) Voe, (b) Jse, (c) FF, (d) PCE where the black, red, blue, purple, and green filled diamonds represent
the individual data points for the 70 nm, 95 nm, 115 nm, 135 nm and 155 nm TiO,-c thicknesses.

The XRD results showcase the existence of the TiO, material in two phases, namely
the anatase and the brookite phases. The lowest TiO; thickness exhibited higher intensity
for the anatase phase in comparison to the brookite phase, followed by the TiO-c (95 nm)
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displaying an overlap peak intensity between the anatase and brookite peaks. As the
thickness is increased, the brookite peak relatively intensifies while that of the anatase
phase is reduced, which is more apparent in the TiO;-c (155 nm) case.

The conduction band of brookite is slightly more cathodic (higher energy) than that of
anatase. This allows photo-exited electrons to fall from brookite into anatase, while holes
may stay in the brookite side, which ultimately helps in the charge separation. When both
brookite and anatase phases exist in TiOj, electrons and holes are forced into different TiO,
phases [84].

Md. Shahiduzzaman et al. found that the slightly higher conduction band of brookite
(—3.9 eV) than that of anatase (—4.2 eV) creates a favorable energy cascade. The Type-II
band alignment allows photo-excited electrons to transfer efficiently from brookite into
anatase, while holes are blocked from back transfer, effectively promoting spatial charge
separation. When both brookite and anatase coexist in the electron transport layer, this
thermodynamic driving force segregates charge carriers, reducing interfacial recombination.
It was reported that the heterophane junction can boost the PCE, outperforming the single-
phase anatase devices [85].

While the phase evolution is fundamentally driven by thickness-dependent crystal-
lization kinetics during film growth, this structural shift directly dictates the electrical
properties of the electron transport layer. The nearly equal XRD peak intensities observed
at the 95 nm thickness with a phase ratio of 26 wt% anatase/74 wt% brookite indicate
an extensive interfacial area between the anatase and brookite phases. At this specific ratio,
the favorable energy cascade from the slightly higher conduction band of brookite into
anatase is maximized. This anatase-brookite interaction effectively promotes spatial charge
segregation and yields optimal electron extraction compared to films dominated by a single
phase. When the thickness is increased, the brookite ratio increases to 81%, minimizing the
anatase ratio to 19%, and creating a less favorable energy cascade.

Table 2 illustrates the average and champion photovoltaic parameters for the fabricated
PSCs. The increase in short-circuit current density Js. from 7.64 to 9.91 (mA/ cm?) for TiO,-c
thickness between 70 nm and 135 nm can be attributed to the larger aggregates observed
from the AFM images. While AFM primarily reflects surface morphology, for thin films in
this nanometer regime, laterally larger surface aggregates are indicative of larger crystalline
domains extending through the bulk of the film. This has been confirmed by the FESEM
results. Thicker TiO,-c was associated with the nucleation of a well-crystallized continuous
bulk network of circular-shaped TiO, grains with an average grain size of 70.3 nm. The thin
TiO;-c layer was characterized by a non-continuous network that is filled with a mixture
of different sizes and shapes of TiO, grains with an average grain size of 60.2 nm. From
an electrical standpoint, the larger aggregates associated with thicker TiO,-c film are highly
advantageous. As reported by Jena et al., larger aggregates facilitate superior inter-particle
connectivity, creating a robust network for electron percolation. They confirmed that
such enhanced physical coalescence minimizes the resistance at grain boundaries, which
promotes faster electron transport and correlates directly with improved Js. [86].

However, according to the fitting parameters from the EIS characterization performed,
thicker TiO;-c resulted in reduced Ryec for the three characterized cases of 70 nm, 95 nm,
and 155 nm. This means that thicker TiO,-c results in an increasing recombination rate
due to the continuous decrease in the recombination resistance. However, a question can
arise of why the average Js. increases with the increase of TiO,-c thickness up to 135 nm.
A possible explanation can be suggested from the reduced R resistance that is correlated
to the increased of TiO,-c thickness. Lowered charge-transfer resistance results in easier
charge extraction at the TiO, / perovskite interface. The charge extraction mechanism seems
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to be outcompeting the recombination mechanisms; therefore, it results in improved Js. up

to the thickness where the higher recombination mechanism dominates the dynamics.

Table 2. Photovoltaic parameters of champion cells and the average for varying the TiO,-c thickness.

TiO;-c Thickness

70 (nm) 95 (nm) 115 (nm) 135 (nm) 155 (nm)
Champion 3.38 4.5 3.43 3.24 3.64
PCE (%)

Average 2.05 4+ 0.99 2.95 4+ 0.89 2.79 +0.32 2.69 +0.47 2.38 = 0.74

Voo (V) Champion 0.90 0.96 0.95 091 0.97
o Average 0.79 & 0.12 0.89 £ 0.05 0.90 £ 0.039 0.85 £+ 0.04 0.82 = 0.09

) Champion 11.47 11.19 10.56 11.60 10.27

Jsc (mA/Cm )

Average 7.64 +2.70 9.16 +1.43 9.38 4+ 0.92 991 +1.54 8.59 4+ 1.33

- Champion 39.06 42.02 37.20 32.99 36.62
Average 32.85 + 3.65 35.60 + 4.40 33.66 + 2.54 31.90 £+ 0.90 33.23 + 2.88

In order to isolate the mechanism driving the short-circuit current, the variation in the
transmittance spectra for the FTO/TiO;-c/TiO,-m reported earlier in the paper was used to
estimate the expected theoretical Js.. In order to perform the estimation of Js., the maximum
theoretical photocurrent was calculated by assuming that every photon that passes through
the FTO/TiO;-c/TiO,-m stack was perfectly absorbed by the MAPbI; layer and converted
into an extracted electron. The following formula was used for the Js. estimation:

A
Jse expected — Q //\ g PAM15 (A).T(A)dA
where Q is the elementary charge, A, is the lowest wavelength measured, Ag is the
absorption onset for the perovskite, ¢ 4p15(A) is the AM 1.5G spectral photon flux, and
T(A) is the measured transmittance of the FTO/TiO,-c/TiO,-m stack.

Table 3 represents the expected Js. calculated from the measured transmittance spectra
for different TiO,-c thicknesses. It can be observed that the expected Js. increases slightly
from 21.92 mA /cm? at 70 nm to a maximum of 22.82 mA /cm? at 115 nm, before reducing
to 22.38 mA /cm? at the highest thickness of 155 nm. While the actual fabricated PSCs
follow a broadly similar trajectory, there are two critical deviations that clarify the domi-
nant performance limitations. First, there is a massive deficit between the expected optical
Jse (~22 mA/cm?) and the actual measured Js. (~7 to 9.9 mA /cm?), indicating that para-
sitic photon absorption is not the primary bottleneck. Second, the variation between the
highest and lowest expected Js is only 0.9 mA/ cm?, whereas the actual device Jq. varies
significantly by 2.27 mA/ cm?.

Table 3. Expected Js for different TiO,-c thicknesses for the FTO/TiO,-c/TiO,-m stack.

TiOz-C
Thickness (nm) 70 nm 95 nm 115 nm 135 nm 155 nm
Expected Joc 21.92 22,53 22.82 22.57 22.38
(mA /cm*)

Furthermore, while maximum optical transmittance is expected at 115 nm, the actual
device Js continues to increase, peaking at an average of 9.91 mA/cm? at 135 nm before
sharply reducing to 8.59 mA /cm? at 155 nm. This shift demonstrates that increasing the
TiO,-c thickness to 135 nm provides electrical benefits that outweigh the minor reduction
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in light transmittance. Consequently, it can be concluded that while optical properties
have a marginal effect, the dominant limitations dictating PSC performance at varying
TiO,-c thicknesses are of electrical origin—specifically carrier collection efficiency and
interfacial recombination.

The results for the 155 nm film present a trade-off between morphological quality
and geometric constraints. The increased path length can also explain the overall device
performance reduction. Kotwica et al. demonstrated that thicker electron transport layers
introduce higher bulk resistance and probability of recombination. Thus, the increased
path length of the 155 nm TiO,-c layer introduces a greater accumulation of bulk trap states.
This increased trap density likely reduces the charge carrier lifetime before extraction,
causing the layer to act as a resistive barrier, ultimately lowering the Js. [60]. However, the
dominant dynamics that control the Js. at 155 nm in this study are the competition between
the fast carrier extraction and higher-recombination mechanisms.

From a different perspective, the reduction in TiO,-c roughness is associated with
a reduction in the subsequent TiO,-m layer roughness while increasing the thickness of the
TiO,-c layer. The reduction in roughness of the TiO,-m layer can also be used to explain
the higher J for the thicker film. It has been reported by Nukunudompanich et al. that the
reduction in the TiO,-c layer roughness reduced the surface area available for nucleation,
which in turn promoted lower trap densities within the perovskite layer. They reported
that the highest roughness of 9.7 nm achieved with the ethanol solvent resulted in a PCE
of 4%, while a reduced surface roughness of 3.9 nm achieved with 1-butanol resulted in
a 9% PCE. It should be noted that they were able to achieve a mixed-phase anatase rutile
TiO, [50].

The highest average V,. was observed for TiO,-c films within the thickness range
of 95 nm to 115 nm, while thicknesses outside this window were associated with lower
average Vo values. This behavior likely stems from a combination of structural and
optical factors.

First, XRD analysis of the 95 nm film revealed an overlapping of anatase and brookite
phase peaks; as noted by Shahiduzzaman et al., such mixed-phase TiO; structures are often
correlated with higher power conversion efficiencies. Second, optical data confirms that
films thinner than 115 nm maintain high transparency (~87%), allowing the maximum
light transmission to the perovskite layer. In contrast, the 70 nm films exhibited extreme
Vo variation (0.6 V to 0.9 V, average 0.79 V). This instability suggests incomplete surface
coverage, where peaks of the FTO substrate may remain exposed or covered only by
a permeable, ultra-thin layer, leading to shunting pathways. Conversely, while the thicker
films (135 nm to 155 nm) showed less V. variation, their average voltage decreased. This
decline can be attributed to the excessive thickness, which likely increases series resistance,
causing charge carriers to accumulate and recombine at the perovskite/TiO, interface.

4. Conclusions

The optimization of the compact TiO;-c layer is a critical factor for the successful
ambient-air fabrication of carbon-based perovskite solar cells, particularly in high-humidity
environments (RH > 70%). This study demonstrated that TiO;,-c thickness significantly
influences the morphological, structural, and photovoltaic properties of the device. Pho-
tovoltaic performance was highly sensitive to these structural changes, with the 95 nm
thickness identified as the optimal threshold, achieving a peak power conversion efficiency
(PCE) of 4.5%. This enhancement is attributed to the synergistic presence of both anatase
and brookite phases, larger aggregate formation with improved grain shape uniformity,
and reduced surface roughness. In contrast, the lowest performance was recorded at the
70 nm baseline (2.05% average PCE), primarily due to incomplete FTO substrate coverage
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and smaller and non-uniform grain sizes, which collectively increase charge trapping and
decrease Vo and Jgc.

Furthermore, this study reveals a critical trade-off between charge extraction, recom-
bination rate, and transport distance. While increasing the TiO,-c thickness improves the
charge extraction mechanism, both the higher carrier recombination and the increased phys-
ical distance ultimately reduce efficiency due to the shorter carrier lifetime. Because 95 nm
provided the optimal balance, the results suggest that future optimizations should pair
TiO,-c thickness engineering with perovskite material improvements to extend carrier dif-
fusion lengths. Ultimately, controlling phase composition and surface morphology through
precise thickness tuning allows high-performance PSCs to be realized under challenging
ambient conditions, providing a clear pathway for low-cost, paintable solar cell production.
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