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Electronic characteristics were investigated for solar cells (SCs) based on FTO/TiO2/Sb2S3/P3HT/Au structure,
employing TiO, electron transport layers (ETLs) fabricated by two different methods: ultrasonic spray pyrolysis
(USP) and atomic layer deposition (ALD). Regardless of the deposition method, both ALD and USP-TiO; exhibit
the anatase crystal structure. The calculated crystallite sizes, derived from the (101) reflection of TiO, layers
using the Scherrer equation, show minimal variance between the two methods, with values 25 nm for USP and
30 nm for ALD TiO», respectively. Optical band gaps (E;) were found to be 3.31 eV and 3.35 eV for USP and ALD
methods, respectively. Exploring the thickness series of ALD-TiO,, ranging from 100 to 1000 cycles (approxi-
mately 5-75 nm), solar cell performance was evaluated, with the highest power conversion efficiency (PCE) of
3.3 % achieved using ALD-TiOz of 400 cycles (approximately 30 nm thick). Notably, SCs featuring USP TiO2 ETL
layers, with a thickness of approximately 35-40 nm, outperform their ALD-TiO2 counterparts, improving PCE by
15 %, recording 4.0 % versus 3.3 %, respectively. This superiority in PCE is attributed to the more favorable
conduction band minimum (CBM) position of USP-TiO; relative to the Fermi level, as revealed in the band di-
agram. Specifically, a lower CBM spike at the USP-TiO2/-Sb,S3 interface indicates reduced recombination rates
compared to those at the ALD-TiO,/-SbySs interface. This study offers valuable insights into enhancing SC
performance by optimizing deposition methods and synthesis parameters of ETL layers.

1. Introduction

record efficiency of SbySes based solar cell compared to SbeS3 based
device, being 10.60 % and 7.08 %, respectively [1,12]. In order to

In recent years, antimony chalcogenide compounds such as SbyS3
[1-71, SbaSes [8-11], and mixed chalcogenide Sba(S,Se)s [12-14] have
been recognized by scientific community as promising alternative
absorber materials to other popular thin film absorbers, such as CdTe
and Cu(In,Ga)(S,Se),. High absorption coefficient (>10° cm™ ! in the
visible range) [13,15], suitable tunable band gap, long carrier lifetime,
decent carrier mobility, abundance, low toxicity, stability, theoretically
high efficiency of 32 % [14] and thickness dependent semitransparency
make antimony chalcogenide compounds an attractive absorbers for
solar cells [1-8,10-16].

The less toxic and abundant sulfosalt materials are more preferable
as an absorber layer in solar cells, compared to selenide ones [9,16] and
therefore have been chosen for this study in spite of somewhat higher
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improve the device performance, considerable efforts have been devoted
to interface engineering and the development of an absorber layer [1].

Typical, SbyS3 based solar cell, has a simple structure and composed
of a front contact - glass substrate covered with conducting layer (FTO),
electron transport material ETL (TiO5), absorber layer (Sb,Ss), hole, p-
type conductor layer (HTL) and a back contact [2,3,17].

The main function of the ETL layer is to transfer the electrons to the
external electrodes and blocking the backflow of holes at the same time
[18]. A high-quality electron transport layer plays a key role in pre-
venting charge recombination and rapidly extracts photoelectrons at the
interface between the conducting substrate and the absorber active layer
[19]. So far, the most widely used ETL layer for antimony chalcogenide
binary absorber is CdS [13,15,20,21]. It has been shown that CdS has
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excellent heterojunction band alignment with both SbyS3 and SbsSes.
Nevertheless, it exhibits a low band gap energy (Eg) of 2.4 eV, which
leads to significant optical losses in CdS/Sb,S3 via parasitic absorption
in the short wavelength region. Furthermore, chemical intermixing has
been reported between CdS and SboSej at elevated processing temper-
atures, which is thought to introduce a CdSe interface layer that acts as
an electrostatic barrier to electron transport [22,23]. Alternative to CdS
junction partners are ZnO, SnO; and TiO2. Among those, TiO; is a
suitable ETL combining advantages of high stability, and wide band gap
[23,24]. Due to the band gap of above 3 eV, TiO, can efficiently reduce
the parasitic absorption associated with current losses, enhancing the
short circuit current of a solar cell [25,26]. So far, TiOy has demon-
strated the highest efficiency in solar cell devices, compared to ZnO or
SnOy ETLs [1,21]. The device with structure FTO/TiO5/SbsS3/Spir-
0-OmeTAD/Au has gained a record efficiency of 6.8 %, based on
spin-coated TiOy ETL layer [1]. Solution based methods, such as spray
pyrolysis, sol-gel, spin coating, hydrothermal growth are the most
widely used methods for the deposition of TiO5 as ETL layer for various
types of solar cells [1-3,25-29]. As a rule, solution based grown TiOy
exhibit either anatase or a mixture of amorphous and anatase phases. A
phase modification to more stable rutile TiOy usually requires post
deposition annealing temperatures over 600 °C [30,31]. It is well known
that various ways of synthesis affect the films properties including the
morphology, crystallinity and optoelectronical properties that, in turn,
affect the properties of subsequent layers deposited on top of the firstly
synthesized, prior layers [32-34]. So far, ALD method for deposition of
TiO4 as ETL layer is the most widely used in perovskite type solar cells
[35-41]. Among the methods employed to obtain TiO films, ALD
method is proven, highly precise, reproducible, allow to get uniform,
high quality, dense TiOy coverage [42-44]. It was reported in the
literature, that thickness of ALD grown TiOs film largely alters the solar
cell performance, however, optimal thickness of TiO, giving highest
perovskite type SC output parameters varies from 2 to 200 nm from
paper to paper [38]. Therefore, the thickness of the TiO, layer should be
always optimized for every new solar cell configuration and therefore
various thicknesses of ETL layers were tested in this study. Alternatively,
to ALD, there are also other attractive methods to deposit TiO5 thin
films. Namely, spray pyrolysis is another convenient choice to prepare
not only the TiO5 layer, but also SbyS3 absorber layer [2,3,6]. Employ-
ment of spray pyrolysis shows a growing interest among researchers due
to cost-effectiveness, simplicity of the apparatus and ability to deposit
main solar cell component layers sequentially in less than 1 h [2,3,45].
Since the various ways of synthesis may affect the films properties such
as morphology, crystallinity and optoelectronic properties [32-34] the
comparative studies that include multiple preparation methods of the
layers in a single study often provide a better understanding on the
specific characteristics, growth and formation of the targeted layer
dependent on the underneath layer property. So far, the publications on
Sb,Ss solar cells are mainly focused on the optimization of an absorber,
SbySs layer [3,35,40]1, and HTL layer [2,9] rather than on ETL layer [2,3,
6,35,40]. However, the comparative studies that would employ different
synthesis methods of the solar cell components are missing in the liter-
ature. In spite of TiO, plays a paramount role in this type of a solar cell
structure and ALD method is one of the most attractive deposition
methods, there are no studies found so far focused on ALD deposited
TiOs films incorporated into Sb,S3 solar cell.

In this paper we provide a systematic comparative study on ALD and
USP deposited TiO layer performance, as an ETL component of a solar
cell with glass/FTO/TiO2/SbyS3/HTL/Au configuration. We study the
influence of different thicknesses of ALD deposited TiO, on SC device
performance and compare those with spray pyrolysis deposited TiOy
ETL layer with fixed and previously optimized thickness [3]. We study
the morphological, structural and optical properties of the obtained TiO5
films by means of SEM, XRD and UV-VIS spectroscopy techniques. We
explore the effect of ETL TiO; layer grown by USP and ALD methods on
the structural properties of grown on them Sb,Ss absorber layer. The
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output parameters of the complete solar cells by means of
current-voltage (J-V) characteristics. Finally, we compose and compare
band diagrams of solar cells based on ETL layers prepared by USP and
ALD methods using data of Kelvin probe (KP) and Photoelectron Yield
Spectroscopy (PYS) measurements of all the cell component layers to get
deeper insight into the solar cell behaviour. On this basis we draw the
conclusions according to the optimal cell production process
parameters.

2. Experimental
2.1. TiOy layers deposition and SC preparation

First, 1.2 mm thick glass/FTO substrates (Alfa Aesar) covered by 300
nm thick and 7 Q/square resistivity FTO layer were used as substrates to
grow TiO, films. Those conductive layers were cleaned with a detergent
solution, isopropanol and subsequently washed with double deionized
water prior the deposition of TiO,. Next, additionally, to a wet cleaning
procedure, substrates were treated under UV-C light illumination for 30
min.

Then, TiOy ETL layers were deposited by two techniques, either by
an ultrasonic spray pyrolysis (USP TiO3) or an atomic layer deposition
method (ALD TiO2). The USP TiO, films were grown by spraying the
solution mixture of 0.1 mol/L titanium tetraisopropoxide (TTIP) and 0.4
mol/L acetylacetone dissolved in ethanol. USP TiO, ETL was deposited
spraying 75 cycles (35-40 nm thickness). This USP TiO, fabrication
route is chosen based on research group previous intensive studies on
SbyS3 solar cell technological optimization applied for USP TiO5 and the
whole solar cell stack deposition [2,3,6]. Thus, the USP TiO, films
thickness is kept unchanged through this study. The films were depos-
ited at 340 °C in air atmosphere and annealed at 450 °C for 60 min in air.

ALD-TiO; have been deposited by ALD deposition system, model R-
200, PICOSAN. TiCl, and deionized (DE) water were used as precursors
for the deposition. The substrate temperature was set to 125 °C. Volu-
metric flow rate of TiCl4 was 150 sccm, 0.1 s pulsing and 3 s purging
time. Volumetric flow rate of DE water was 200 sccm, 0.1 s pulsing and
4 s purging time. The thickness of the resultant TiO5 layers was adjusted
through the number of pulses and additionally controlled by SEM cross
sectional images of the complete solar cell structure. The number of
pulses were 100, 200, 400, 800 and 1000 cycles corresponding to ca. 5,
15, 30, 60 and 75 nm (Proved by SEM cross-section images, not pre-
sented here). After the deposition of TiOy by ALD, the films were
annealed in air at 450 °C. To preserve the access to the back contact, the
3 mm wide stripe of heat resistant Kapton® tape was temporarily glued
onto a FTO side prior the deposition of TiO5 layers.

In order to study the structural properties, phase composition and
optical properties of TiOy ETL layers separately, TiO, layers were
deposited on FTO/glass and glass substrates applying 400 cycles for ALD
and 70 cycles for USP-TiO,. To keep the synthesis conditions similar to
those used in solar cells, the ALD-TiO; films undergone the annealing
procedure in air at 450 °C.

Further, the absorber layer, Sb,Ss, has been deposited by ultrasonic
spray pyrolysis from a mixture of 0.1 mol/L SbCl3 and 0.3 mol/L thio-
urea (molar ratio of 1:3) at 200 °C with a nebulization frequency of 1.7
MHz and a power of 200 W.

Polythiophene, P3HT, was used as a hole conductor material and was
deposited by spin coating technique on a top of SboS3 layer. Finally, gold
contacts were deposited by vacuum evaporation.

Experimental details on Sb,S3 and P3HT depositions can be found in
earlier papers [3,6].

2.2. Characterization
A Zeiss HR FESEM was used to examine the surface and cross-

sectional morphologies of the layers. The total transmittance and total
reflectance spectra of Glass/FTO/TiO; samples were recorded using a
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Jasco V-670 ultraviolet-visible spectrophotometer (UV-VIS) in the
range of 300-1000 nm. Glass/FTO substrate was used as reference for
total transmittance measurements. The absorption coefficient, a, was
calculated by the equation [46]:

1 1
a=—Zln [((1 —R)*+4T°R%)?2 — (1 *R)Z)/zTRz ' =

where d is the film thickness, R is reflectance and T is transmittance.
Tauc’ plot model [47,48] was used to determine the band gaps of TiO»
assuming indirect band transition.

The phase composition and structure were characterized by X-ray
diffraction (Rigaku Ultima IV, Si strip detector D/teX Ultra, 0-20,
CuKaq, A = 1.5406 A, 40 kV, 40 mA, 5° min’l, step 0,02°). A texture
coefficient (TC) of main crystal planes of SbyS3 were calculated from
equation (2)

Tkl — 2K {

N pkn) ]
Io(hkl) Z } 2
where I(hkl) is the measured intensity of a (hkl) crystal plane, Io(hkl) is a
reference intensity of the respective crystal plane obtained from the
JCPDS Card No. 42-1393, and N is the number of crystal planes included
in the analysis.

Work function (®), ionization energy (E;) and the energy difference
between Fermi level (Eg) and valence band maximum (Eygy) of the TiOy
films were measured by Photoelectron Yield Spectroscopy (PYS) and
Kelvin Probe (KP) techniques at atmospheric pressure under No ambient
by a KP Technology SKP5050-APS02 instrument [49]. The setup was
placed in a Faraday cage to shield external electric fields and enable
controlled illumination of the sample. The samples were contacted with
carbon tape and mounted on a motorized 3-axis stage with a precision of
less than 300 nm. The top counter electrode was a 2.0 mm diameter
electrode with a gold-alloy coating.

KP was performed with the vibrating top reference electrode, i.e.
Kelvin probe, with a work function, ®p, calibrated against a gold
reference sample. The work function of the sample, ®gample, Was deter-
mined according to @gample = Prip + €-:CPD where e is the elementary
charge and CPD is the contact potential difference between the Kelvin
tip and the investigated sample. The CPD was measured with a resolu-
tion of 1-3 mV. The measurements of the surface photovoltage (SPV)
defined as SPV = CPDyjght — CPDgarx Were performed using laser diodes
with wavelength/energy of 405 nm/3.06 eV, 450 nm/2.75 eV, 532 nm/
2.33 eV, and 670 nm/1.85 eV with a light power density of ~100 mW/
cm?. As can be seen, the SPV can be also determined as SPV = ®j;gn¢ —
®gark- The SPV sign is used for determination of the conductivity type of
the measured materials. Due to different types of surface termination
and defects, a p-type material shows usually a downward band bending
at the surface and thus ®jignt > ®gark, resulting in SPV >0 (see detailed
band diagrams in Supporting Information to Ref. 49). An SPV >0 points
in addition to separation of electrons to the measured surface, as driven
by the downward bending of the bands. Similar considerations for an n-
type material led to an SPV <0 and separation of holes to the measured
surface. Thus, when investigating solar cell device stacks, the SPV sign
proves the type of charge carriers which separate to the surface adjacent
to the Kelvin tip.

PYS measurements were performed by using the same Kelvin tip in
static regime at a tip-sample distance of less than 1 mm. A bias voltage of
10 V was applied between the sample and the electrode to collect the
charges. The sample was illuminated by a deuterium light source
coupled with a grating monochromator, providing excitation from 3.4 to
7.6 eV. Measurements were conducted with a step of 1 nm and the
photoemission threshold was determined with a resolution of 30 meV.
The light was guided by a DUV optical fiber and focused on the sample
with an elliptical spot of ~2 x 3 mm?. Further details on the KP-PYS
setup and data evaluation can be found elsewhere [49].
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The current-voltage (I-V) characteristics of the fabricated solar cells
were recorded with a Metrohm Autolab potentiostat PGSTAT302N at
room temperature. For the measurements under illumination, factory
calibrated solar simulator Wavelabs LS-2 LED was applied with the light
source corresponding to the AM1.5G (100 mW cm2).

3. Results and discussion
3.1. Structural and optical properties of ALD and USP TiO layers

XRD patterns of annealed ALD and USP-TiO; layers deposited on
FTO/glass substrates are presented in Fig. 1a. The reflections at 2 theta
of 25.4° and 48.3° correspond to (101) and (200) planes of anatase TiO5
crystalline phase, are present in both XRD patterns of ALD and USP
deposited TiO thin films [50]. No diffraction peaks related to rutile or
brookite crystal phases of TiOz were detected, further indicating the
presence of anatase phase only. That is in good correspondence with
earlier studies on USP [51,52] and ALD deposited TiO5 [53,54]. As can
be seen on Fig. 1a, the XRD patterns are dominated by the FTO substrate.
TiOs films were deposited also onto glass substrates and the results are
presented in SI on Fig. S1. As could be seen that amorphous TiO; is
present in as-deposited stage, and the formation of anatase phase occurs
after annealing the films at 450 °C. Thus, we can conclude here, that
anatase TiO film is formed by ALD an USP methods after annealing,
irrespective of the applied deposition method.

The crystallite sizes, calculated by Scherrer equation from the full
width at half maximum (HWHM) of (101) crystal plane, are close in
values independent of the deposition method used, being 25 and 30 nm
for USP and ALD TiOy, respectively.

The total transmittance and reflectance spectra of ALD and USP
deposited TiO, films are presented as Figs. S2in SI. The total trans-
mittance of the TiO; films is ca 65 % in the visible spectral range, and the
reflectance remains ca 10 %.

Tauc plot method was used to determine the Eg of TiO» films, which
were found by XRD to crystallise in the anatase phase. Since the anatase
TiOy is an indirect band gap (E,) semiconductor [55,56], the band gaps
were determined from (ohv)®> plots as function of photon energy. As
seen in Fig. 1b, two segments (slope 1 and 2) can be observed on both
ALD and USP-TiO, graphs that can provide a linear fitting, indicating
two different optical transitions, both assigned to indirect transitions in
the anatase TiO, indirect band gap. The slope 1, at higher photon en-
ergies, is associated with transition assisted with phonon emission, while
the linear part in the lower energy range, slope 2, is associated with
transitions assisted by phonon absorption [57]. The intercepts of linear
part of slope 1 to x-axis gave values of 3.42 and 3.47 eV, and slope 2 of
3.20 and 3.22 eV for USP and ALD-TiO,, respectively, as shown in
Fig. 1b. Based on the intercepts of those two slopes, we calculate the
so-called medium value for the indirect band gap. The optical E; values
equal to 3.31 eV and 3.35 eV for USP and ALD-TiOs, respectively. Such
approach is usually applied for single crystalline materials [58,59].
However, some reports showed its applicability for polycrystalline thin
films too [47,48]. The obtained Eg values for TiO2 are consistent with
values reported in previous studies, where the E; values for anatase TiOz
have ranged from 3.20 to 3.40 eV as extracted based on Tauc plots [53,
60,61] as well as from the slope of the Kelvin probe contact potential
difference spectra [62].

The cross-sectional HR-SEM images of FTO/TiO2/SbaS3/HTM/Au
stack with USP and ALD-TiO; ETLs in solar cell structure are presented
in Fig. 2a and b, respectively. The thickness of USP-TiO is in the range
of ca. 35-40 nm, and ALD is about 30 nm for the samples obtained from
400 cycles. As can be seen from the figure, the dense and uniform TiOs is
formed independently of the deposition method. The morphology of
USP deposited TiO5 seems to be grainy, whereas the morphology of ALD
TiO4 layer looks smooth.
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Fig. 1. a) XRD patterns of glass/FTO substrate, ALD TiO» (400 ALD cycles) and USP TiO, (70 spraying cycles) films deposited on glass/FTO substrates. b) Tauc’s plots
after subtraction of the baselines for E; evaluation of the ALD and USP-TiO, ETL layers deposited on glass/FTO substrates. The calculations use the UV-VIS total
transmittance spectra measured using glass/FTO substrates as a reference.

Fig. 2. HR- SEM cross-sectional images of FTO/TiO5/Sb,S3/HTM/Au SC stack with a) USP TiO, (75 spraying cycles, corresponding to TiO, film with a thickness of
35-40 nm) and b) ALD TiO, (400 cycles corresponding to TiO, film thickness of 30 nm).
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Fig. 3. a) XRD patterns of FTO/TiO,/Sb,S3 structures with Sb,S3 layers grown on either USP or ALD TiOj, layer. (hkl) correspond to SbySs, x corresponds to TiO b)
Texture coefficient values for respective crystal planes of Sb,Ss.
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3.2. Impact of TiOz ETL on the growth and texture of Sb2S3 absorber
deposited by USP

Structural properties of Sb,Ss films were studied by XRD and texture
coefficient (TC) analysis, which could help determine how the ETL TiO,
film growth method has affected the Sb,Ss film growth. XRD patterns of
glass/FTO/TiO2/SbyS3 structures, with both ALD- and USP-fabricated
TiO4, are shown in Fig. 3a. Regardless of the deposition method used
to fabricate TiOj films, both ETL layers facilitate orthorhombic crystal
growth of SbySs, with reflections at 2 theta of 17.5°, 22.3°, 24.9°, 29.3°
and 32.4° corresponding to the (120), (220), (130), (211) and (221)
crystallographic planes, respectively.

TC analysis for main crystal planes of SbyS3 as shown in Fig. 3b,
indicates that different ETL films grown either by ALD or USP method
can impact the SbyS3 absorber crystal growth and orientation. SboS3 film
deposited onto ALD-TiO show slight increase of TC values for (211) and
(221) planes. In addition, its TC value for (130) plane is five times lower
compared to the TC of SbySs grown onto USP-TiO layer. Facilitating
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grain growth of (hk1) Sb,S3 crystals, while limiting growth of horizon-
tally oriented (hkO) planes, is a growth strategy multiple research groups
have adopted to improve carrier properties of SbyS3 solar cells [20]. It
follows the theory, which states that crystals oriented more toward the
normal of the plane allow electrons to move more freely across the
absorber layer into the ETL. Comparing the crystal growth of the two
TiO, films, the TC values suggest that there is a greater presence of
favorable (hkl) planes in TiOy deposited by ALD method.

3.3. Effect of TiO2 ETL on solar cell device performance

The output parameters of solar cells (SCs) employing TiO, layers
fabricated by ALD and USP methods are demonstrated in Fig. 4 and
Table 1.

Analysis of the data reveals a significant impact of ALD-TiO, layer
thickness on solar cell output parameters. SCs with thin ALD-TiOy ETL
layers (approximately 5 nm, 100 cycles) exhibit comparatively weak
output parameters, with average PCE of 1.8 %, respectively. Low Vo¢
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Fig. 4. Box plots of output parameters of SCs with ALD-TiO, deposited form 100, 200, 400, 800 and 1000 cycles and USP TiO, (70 spraying cycles) a) Voc, b) jsc, ©)
Efficiency, d) FF, e) Rg, f) Rgp. The TiO, film thickness in solar cell devices fabricated by ALD using 400 cycles is ca. 30 nm and by USP is ca. 35-40 nm.
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Table 1
Output parameters of SCs with ALD of various thicknesses and USP -TiO, (ca. 35-40 nm thickness). * 503 + 17 - average -+ stand. deviation values, (521) — maximum
value.
TiO, in SC structure Voc, mV Jsc, mA cm ™2 FF, % Efficiency, % Ry, Qcm? Rgp, Qem? Meas. cells
100 cycles ALD- TiO» 503 + 17(521)* 11.0 £ 0.7 (11.6) 31 + 0.9 (33) 1.7 £ 0.2 (1.9 2.5+ 0.3(3.1) 148 + 25 (182) 13
200 cycles ALD- TiO» 654 + 13 (667) 11.8 £ 0.9 (12.9) 36 + 3.3 (40) 2.8+ 0.4 (3.3) 1.4 +£ 0.5 (2.7) 254 + 31 (293) 15
400 cycles ALD- TiO, 651 + 11 (662) 12.1 + 0.5 (12.6) 34 + 3.0 (37) 2.8+ 0.2(3.2) 1.6 + 1.0 (3.6) 258 + 22 (308) 12
800 cycles ALD- TiO, 658 + 8 (666) 11.7 £ 0.2 (11.9) 35+ 1.2(37) 2.7+ 0.1 (2.8) 2.1+ 0.6 (3.1) 244 + 23 (272) 13
1000 cycles ALD -TiO, 670 + 11 (684) 10.7 £ 0.6 (11.9) 33+ 2.2(36) 2.4+ 0.3(2.7) 2.5+ 0.5(3.6) 224 + 33 (289) 14
USP -TiO, 665 + 4 (670) 11.0 £ 2.1 (12.5) 39 + 2.6 (43) 3.4+0.3(.7) 1.9+ 0.6 (3.2) 301 + 41 (392) 16

and Rgyp, as observed in Fig. 4a and f, may suggest the ALD-TiO; film is
too thin to provide complete coverage, potentially leading to increased
shunting. Films ranging from 200 to 800 deposition cycles (15-50 nm)
yield higher Voc values (~650 mV), as seen in Fig. 4a, which are com-
parable to the optimized Sb,S3 device employing USP-TiOo. Increase can
also be noted for Jsc and FF values for films deposited at 200-600 cycles,
as observed in Fig. 4b and d, resulting in efficiencies around 3 %.
However, thicker ALD-TiO, films (800 cycles and above, >60 nm)
exhibit reduced Jsc values (~11 mA/cm?) and FF (~33 %), thereby
lowering solar cell PCE to 2-2.5 %. Optimal output parameters are
achieved with ALD-ETL layers corresponding to 400 ALD deposition
cycles (or approximately 30 nm thickness), yielding the highest SC
performance (maximum PCE of approximately 3.3 %). The thickness of
30 nm appears to offer best balance between the series resistance and
coverage for good p-n junction formation, evidenced by high Vo¢ and
Rgp, values.

Previous studies have suggested varying optimal thicknesses for TiOy
ETL layers in perovskite-type solar cell structures. Furthermore, ultra-
thin TiO2 ETL-s have been proposed for various device architectures.
Moerman et al. reported that thicknesses of 3-5 nm yielded the best
output parameters, resulting in a PCE of 3.7 %, while a 10 nm ALD TiO,
film resulted in a 1.2 % solar cell efficiency for an organic photovoltaic
(OPV) device with structure ITO/TiO2/OPV/PEDOT/Mo0Os/Ag [38].
Zardetto et al. has reported that ALD-TiO, thickness of 2.75 nm is not
enough to supress interfacial recombination, the TiOy thicknesses of
5.5-45 nm were found to be optimal thicknesses to provide sufficient
blocking behaviour with overall PCE of the device of 6-6,3 % [39].
Shalan et al. reported the optimum thickness of ALD-TiO5 film of 200 nm
for perovskite based solar cell [36]. Thus, our results are in a good
correspondence with many other studies on ALD-TiO; in perovskite type
solar cells [36-39] indicating that TiO thickness is an important factor
for solar cell efficiency and should be optimized for a certain type of
solar cell. These examples further emphasize the need to determine the
optimal thickness for TiO2 ETL, which is fundamental for designing a
high performance Sb,S3 solar cell device.

The various thicknesses of USP-TiO, have already been studied by
our group previously and in present study we rely on long-term estab-
lished, optimized for this type solar cells and already several times
published USP-TiO, thickness of 35-40 nm [2,3,6] which is comparable
to ca. 30 nm thickness of USP-TiO,. Thus, our comparative study con-
firms that for the SC with spray deposited Sb,S3 the TiO5 layer thickness
in the range of 30-40 nm independent of the TiO, deposition method
(ALD, USP) seems to be optimal.

3.4. Electronic parameters and band alignment of solar cell

To understand the current transport mechanism and possible losses
in the FTO/TiO2/SbyS3/P3HT/Au solar cells with USP and ALD-TiO4
ETL layers, the KP and PYS measurements were performed for revealing
the electronic parameters of all the constituent films and plotting the
energy band diagrams. Thus, the absolute values of the work function
() and ionization energies (E;), which define the Fermi level (Ef) and
the valence band maximum (Eygy) positions with respect to the local
vacuum level, were determined from KP and PYS measurements,
respectively. The conduction band minimum (Ecpy) was calculated as

Ecsm = Evem + Eg by using the bandgaps of the respective films [49,
51-54,60-63]. Ecgy determined relative to the vacuum level defines the
electron affinity (EA).

A similar ionization energy of 6.86 eV was found for both ALD-TiO,
and USP-TiO; (see Table 2) indicating an identical surface chemistry.
The work functions, however, show essential differences of about 130
meV changing from 4.05 eV for ALD-TiO; to 4.18 eV for USP-TiO5 (see
Fig. 5a). The electron affinities were calculated at 3.51 eV and 3.55 eV
for ALD-TiO5 and USP-TiOs, respectively. We, thus, find the Fermi level
in ALD-TiO at 0.54 eV and in USP-TiO; at 0.64 eV below the conduction
band minimum.

For the Sb,ySs3 films, the KP and PYS measurements reveal identical
electronic properties irrespective of the deposition method used to grow
TiOs. According to considerations for the SPV in Experimental section,
the recorded negative SPV of —0.277 V indicates the n-type conductivity
of the as-deposited SbyS3 layers on top of both TiOs films. Assuming flat
band conditions achieved under illumination, we find for Sb,S3 the bulk
values of @ = 4.51 eV and Ecpy-Er = 0.79 eV. With the deposition of the
P3HT hole transport layer the SPV of the device stack enhances signif-
icantly to —0.535 V demonstrating the development of the device Vi,
(see Table 2). Note that the recorded negative SPV on the device stack
points to collection of holes to the P3HT layer, which was expected. Not
only the SPV values are identical for both devices with differently pre-
pared TiO; layers but also the dynamics of charge carrier generation and
separation under illumination are similar (see Fig. 5b). Minor differ-
ences are observed for charge carrier recombination dynamics. The
recorded SPV values on devices completed by the Au back contact are
slightly lower than those of the P3HT/Sb,S3/TiO5/FTO/glass stack due
to light intensity losses of the illumination passing through the semi-
transparent gold layer with a thickness of about 10 nm. Otherwise,
SPVs of the order of measured V,.$ are expected.

With the known energy levels of all the films in the Au/P3HT/Sb,S3/
TiO9/FTO/glass solar cell device, we plot the energy band diagrams with
respect to vacuum level alignment in Fig. 6a and relative to Fermi level
in Fig. 6b. The diagrams bring in evidence the similarities and differ-
ences between electronic properties of the solar cells with the USP-TiO4
and ALD-TiOy ETLs. Although the bulk CBM positions of SbyS3 layers in
Fig. 6a and b are almost identical, the different E4 data of the USP-TiO4
and ALD-TiO; layers in Fig. 6a indicate on the existence of different CBM
spikes at the TiOy/SbySs interface as a function of TiO, preparation
method. We thus calculate a AEcgy = EAspas3 — EATioz of 0.18 eV for
USP-TiO; and 0.22 eV for ALD-TiO,. Lower CBM spike at the USP-TiOy/
SbsSs interface would indicate an inferior recombination rate compared
to that at the ALD-TiO/Sb2S3 interface. The mechanism of CBM spike
formation at the ETL-absorber interface has been explained and widely
accepted for CIS and SbySes chalcogenide-based devices. For a small
CBM spike of <0.2 eV the thermionic emission across the junction would
still allow unimpeded charge transport, whereas for a CBM spike >0.2
eV the electrostatic barrier to electrons is high enough impacting the
efficient charge transfer at the main interface [65]. In addition, further
differences in current transport through investigated devices may result
from the large difference in the TiOy doping. Compared to the Fermi
level of the ALD-TiO», the Fermi level in USP-TiO, is by about 100 meV
deeper in the band gap with respect to CBM. As calculated in Table 2 and
shown in Fig. 6b, the Ecpy-Er is of 0.64 eV and 0.54 eV for the USP-TiO4
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Table 2

Electronic parameters of the SC component layers: band gap (Eg), surface photovoltage (SPV), work function (&), ionization energy (E;), electron affinity (EA), valence

Solar Energy Materials and Solar Cells 280 (2025) 113279

band maximum with respect to Fermi level (Er - Eypym) and conduction band minimum relative to Fermi level (Ecpy - Ep).

Sample Top layer Eg (eV) SPV (+0.003 V) @ (+£0.04 eV) E; (£0.03 eV) E4 (£0.03 eV) Eg - Eypy (£0.05 Ecpym - Er (£0.05
eV) eV)
dark  light dark light dark  light
FTO_lit [64]. 4.10 4.60 4.60 8.70 4.60 - - - -
ALD-TiOo/FTO/glass 3.35 0 4.05 4.05 6.86 3.51 —-2.81 —-2.81 0.54 0.54
USP-TiO2/FTO/glass 3.31 0 4.18 4.18 6.86 3.55 —-2.67 —-2.67 0.64 0.64
Sb,S3,ALD-TiO2/FTO/glass 1.70 -0.277 4.79 4.51 5.43 3.73 —0.64 -0.91 1.07 0.79
P3HT/Sb,S3,ALD-TiO,/FTO/glass 1.90 —0.535 4.70 4.17 4.84 2.94 —0.14 —0.67 1.76 1.23
Au/P3HT/Sb,S3/ALD-TiO,/FTO/glass - —0.491 4.74 4.25 4.74 5.67 - —0.49 - -
b —— P3HT/Sb,S,/TiO,-USP/FTO/glass
a , , , , D | — P3HT/Sh,S,/TiO,-ALD/FTO/glass
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Fig. 5. a) Work function of the USP and ALD-TiO, thin films. b) Surface photovoltage of the SC stack with USP (red) and ALD (blue) TiO, ETL layers.
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Fig. 6. a) SC energy level diagrams with ALD (blue box) and USP (red box) TiO, ETLs relative to vacuum energy level (Ey,.). b) Band alignment when Fermi levels of
ETL layers are aligned with that of Sb,S3. Valence band maximum (Eypy) and conduction band minimum (Ecgy) values were calculated based on the work function

measured under illuminated conditions.

and ALD-TiO,, respectively. This points to a lower charge carrier con-
centration in USP-TiO, by approximately two orders of magnitude
which will, consequently, largely extend the space charge region in the
TiO; film for a better charge separation. The higher resistivity of the
USP-TiOs, films shall also have a positive impact on curing the possible
pinholes between the front and back contacts of the devices. Thus, a
higher shunt resistance is expected for devices with USP-TiOs. This
observation agrees with the measured electrical parameters of the solar
cells shown in Table 1. Higher shunt resistances have also a beneficial
effect on the device FF and V,., and as a result, on the solar cell effi-
ciency. Therefore, higher efficiencies recorded on solar cells with
USP-TiOs are explained by the reduced recombination at the TiO2/Sb2S3
interface and enhanced parallel resistance.

At this point, it is worth mentioning that there are relatively few
studies reporting the impact of ALD and USP-TiO: processing conditions

on Sb2Ss solar cell performance. For instance, Pawar et al. [66]
compared two device structures comprising ALD-SnO2/CdS and ALD--
TiO2/CdS as double ETL layers. They demonstrated PCEs of 3.98 % and
4.23 % for the ALD-SnO./CdS and ALD-TiO2/CdS based devices,
respectively. The enhanced PCEs were mainly attributed to improved
charge carrier collection and suitable band offset formation between the
absorber and double ETLs. In a different approach, Kim et al. [67]
employed a 70 nm thick sprayed TiOz ETL in an ALD-processed Sb2Ss
absorber, following a device structure of Au/Poly-3-hexylth-
iophene/ALD-Sb2Ss/bl-TiO2/FTO, with a PCE of 5.77 %. However, their
focus was on optimizing the ALD Sb2Ss absorber rather than the sprayed
TiO2, thus, these results cannot be directly compared.
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4. Conclusions

We presented a comparative study of TiO, ETL layers synthesized by
ultrasonic spray pyrolysis (USP) and atomic layer deposition (ALD)
methods for Sb,S3 solar cells. Both USP and ALD methods led to the
formation of TiO thin films in the crystalline anatase phase. Texture
analysis suggested that ALD-TiOy could enhance the growth of SbySs3
crystals with favorable (hk1) crystal planes. Solar cell characterization
revealed that the performance of ALD-TiO2/Sb,S3 is highly dependent
on the thickness of TiO5 layer. Our comparative study confirms that for
the SC with spray deposited SbyS3 the optimal ETL TiO; layer thickness
is in the range of 30-40 nm independent of the TiO, deposition method
(ALD, USP). A layer that is too thin, at 100 deposition cycles or 5 nm,
does not sufficiently suppress shunting, whereas thicker ALD TiO3 films
at deposition cycles of 800 cycles and above (thicknesses larger than 60
nm) increase series resistance, resulting in lower current yields. The
optimal thickness for ALD-TiOs, resulting in the highest output param-
eters, corresponds to 400 deposition cycles or approximately 30 nm,
yielding a maximum PCE of around 3.3 %. Nevertheless, we found that
the output parameters of solar cells with USP-TiO, are approximately
15 % higher than those of the best-performing ALD-TiO5 samples. The
average values of Voc, Jsc, FF, and PCE for USP-TiO; solar cells are 665
mV, 11.0 mA/cmz, 39 %, and 3.4 %, respectively, compared to 651 mV,
12.1 mA/crnz, 34 %, and 2.8 % for ALD-TiOs solar cells. Photoelectron
yield spectroscopy (PYS) and Kelvin probe (KP) measurements facili-
tated the construction of electronic band diagrams, revealing a lower
doping of the USP-TiO5, layers and a smaller conduction band minimum
spike at the USP-TiO,/Sb,Ss interface. The lower CBM spike at the USP-
TiO45/Sb,S3 interface indicates a reduced recombination rate compared
to that at the ALD-TiO5/SbsS3 interface. In conjunction with an adjusted
doping, this could explain the higher efficiencies observed with USP-
TiOs. While ALD is known for highly reproducible, uniform, pinhole-free
growth of thin films, our findings highlight the suitability of USP-TiOq,
offering cost-effective advantages over ALD and enabling the production
of high-quality electron transport layers for thin film Sb,S3 solar cells.
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