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Selective Transparent Contacts Based on a
Hafnium-Titanium Oxide Alloy with Optimized Band
Alignment for c-Si Solar Cells

Charif Tamin,* Céline Chevalier, Anil Kumar Bharwal,* Claude Botella, Thomas Fix,
Alain Fave, and Erwann Fourmond

In this study, the potential of hafnium-titanium oxide (HfxTi1-xOy, HTO)
thin films is explored and deposited by low-temperature (75 °C) atomic layer
deposition (ALD) as selective contacts for crystalline silicon (c-Si) solar cells.
Through a comprehensive analysis of their selectivity, optical and chemical
properties, and band alignment characteristics, the HTO films are shown to
exhibit remarkable electron selectivity. They formed efficient ohmic contacts
on n-type silicon, while exhibiting diode-like characteristics on p-type silicon,
confirming their selective behavior. Band alignment analysis at the HTO/n-Si
interface revealed a high valence band offset and a low conduction band
offset, facilitating efficient electron extraction and blocking hole transport.
Optical measurements demonstrate the high optical transparency of the HTO
films with a bandgap above 3.5 eV, making them suitable for photovoltaic ap-
plications. A proof-of-concept photovoltaic device is evaluated, and significant
improvements are observed in all solar cell parameters following the incorpora-
tion of HTO, highlighting the potential of low-temperature ALD-deposited HTO
films as efficient electron-selective contacts for next-generation c-Si solar cells.
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1. Introduction

Conventional crystalline silicon (c-Si)
solar cell technologies use doped homo-
junctions to separate photogenerated
charges.[1] This approach involves a
high thermal budget, which is essen-
tial for creating highly doped regions
in the c-Si for charge separation. In
this configuration, the main losses are
still associated with recombination at
the c-Si/metal interfaces and bandgap
narrowing in highly doped c-Si regions.
These problems can be addressed us-
ing an innovative passivated contact
strategy, which enables a single type
of charge carrier (electrons or holes)
to be collected with low resistance,
and reduced recombination losses.
This concept has been implemented in

silicon heterojunction (SHJ) solar cells,
where thermal diffusion forms no heavily
doped regions. Instead, different layers

are applied on the silicon surface to passivate it and create selec-
tive contacts for a specific type of charge carrier. This approach
has outperformed traditional c-Si solar cells, pushing efficiency to
26.81%, close to theoretical limits.[2] In these SHJ architectures,
an ultrathin layer of intrinsic hydrogenated amorphous silicon is
used as a passivation layer, combined with a doped silicon layer
as a selective contact.[3,4] Although these contacts offer a superior
performance, they still present a few limitations. These contacts
involve dopants introduced by toxic gaseous processes, such as
boron for p-type silicon and phosphorus for n-type silicon, via
expensive techniques. In addition, these materials are not fully
transparent, leading to parasitic optical losses.
Transition metal oxides (TMOs) have emerged as highly

promising candidates for both hole- and electron-selective con-
tacts in n- and p-type silicon solar cells.[5]

For hole-selective contacts, materials with a high work func-
tion (WF) are typically used, such as molybdenum oxide (MoOx),
tungsten oxide (WOx), copper oxide (Cu2O), vanadium oxide
(VOx), and nickel oxide (NiOx).

[6–12] Electron-selective contacts
use low WF, such as zinc oxide (ZnO), tin oxide (SnO2), and
titanium dioxide (TiO2).

[13–16] Electron-selective TMOs are of-
ten combined with interfacial layers, such as lithium fluoride
(LiF), to minimize the contact resistance at the interface between

Adv. Mater. Interfaces 2025, 2500083 2500083 (1 of 8) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

http://www.advmatinterfaces.de
mailto:chariftamin@insa-lyon.fr
mailto:anilbharwal@gmail.com
https://doi.org/10.1002/admi.202500083
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202500083&domain=pdf&date_stamp=2025-05-02


www.advancedsciencenews.com www.advmatinterfaces.de

the TMOs and the metal contact.[17] This raises the question of
whether the selectivity is due to the TMOs or to the interfacial lay-
ers. Several studies have shown thatmaterials such as LiF are also
electron selective and can be applied directly to c-Si(n) without
TMOs.[3,18] A key challenge to achieve optimal band alignment
and low contact resistance at the c-Si/metal interface without the
need for additional interlayers is to fine-tune the properties of
standard transition metal oxides (TMOs). Recently, a promising
strategy of stacking different TMOs has been investigated by sev-
eral research groups in the PV community. This approach allows
tuning the optical and electronic properties of standard TMOs by
using atomic layer deposition (ALD) in supercycle mode, which
allows precise control over chemical composition and film thick-
ness. This new approach paves the way for the exploration of new
TMO combinations and provides a rich platform for the discov-
ery of exotic alloys.
New AlxTi1-xOy alloys with alternating TiOx and Al2O3 depo-

sition have been exploited as selective contacts for c-Si solar
cells.[19–22] Excellent electronic selectivity and surface passivation
properties have been demonstrated with these alloys. A similar
approach has also been used to tune the properties of NiOx-based
alloys by alternating NiOx with ZnO and Al2O3, resulting in sig-
nificantly improved hole selectivity.[12,23]

In this study, we developed a new alloying system by combin-
ing the deposition of hafnium oxide (HfO2) and titanium oxide
(TiO2) using the ALD supercycle mode. This approach exploits
the unique properties of TiO2 and investigates the effect of Hf
incorporation on the optical, electronic, and electrical properties
of this alloy for potential application in all TMOs-based c-Si solar
cells.

2. Results and Discussion

2.1. Chemical Characterization

X-ray photoelectron spectroscopy (XPS) characterization was
performed on multi-supercycle hafnium-titanium oxide (HTO)
films (≈7 nm thick) to investigate their bulk chemical composi-
tion, as well as on ultrathin HTO films (≈0.7 nm) with a single-
supercycle to closely examine the interface with silicon. The core-
level spectra of the films are presented in Figure 1.
The high-resolution Ti 2p spectra provided valuable informa-

tion about the titanium oxidation states and bonding. For the
thicker sample, two distinct peaks were observed: the first at
459.2 eV, corresponding to Ti 2p3/2, and the second at 465 eV,
corresponding to Ti 2p1/2. In the thinner sample, these peaks
shifted to higher energies, with Ti 2p3/2 at 459.5 eV and Ti 2p1/2
at a slightly higher energy. These values correspond to Ti(4+), as
reported for titanium oxides (TiO2).

[24–27]

High-resolution spectra ofHf 4f were also present in both sam-
ples, even in the ultrathin sample, which contained only one Hf
cycle during preparation. The Hf 4f spectra exhibited a charac-
teristic doublet with peaks at approximately 17.6 eV for Hf 4f7/2
and 19.25 eV for Hf 4f5/2. In the thinner sample, these peaks also
shifted to higher energies: 17.8 eV for Hf 4f7/2 and 19.4 eV for
Hf 4f5/2. These values correspond to Hf(4+), as reported in the
literature for haffinium oxyde (HfO2).

[28,29]

High-resolution spectra of O 1s were also analyzed in both
the bulk and interface samples. In the bulk sample, a doublet

was observed, with a dominant peak at 530.67 eV and an atomic
concentration of ≈ 65%, corresponding to metal-oxygen bonds,
specifically Ti-O and Hf-O. A less prominent secondary peak
was observed at 532.09 eV, with an atomic concentration of ≈

35%. At the interface, for the ultrathin film, the dominant peak
shifted to 532.45 eV with an atomic concentration of ≈ 68%,
indicating the presence of hydroxyl groups or oxygen-related
defects.[27,30] The peaks around 532 eV can ve attributed to SiO2
or hafnium silicate.[31–33] The secondary peak at the interface ap-
peared around 530.1 eV, with an atomic concentration of ≈ 32%.
XPS analysis revealed that the chemical composition and oxi-

dation states of the HTO films are consistent with Ti4+ and Hf4+

species. Shifts in the binding energies were observed at the sil-
icon interface, indicating changes in the chemical environment
and the presence of hydroxyl groups or oxygen-related defects.

2.2. Band Alignment

To determine the band alignment at the HTO/c-Si heterointer-
face, a series of measurements was conducted to characterize the
optical properties, work function, and surface photovoltage (SPV)
of the HTO films.

2.2.1. Optical Measurements

Ellipsometric measurements were performed on the samples
grown on siliconwafers in the 1.4 – 5.9 eV spectral range. The dis-
persion formula used was based on the Tauc-Lorentz formula.[34]

The model consisted of a single HTO layer on top of the c-Si
substrate. The goodness-of-fit value (Chi-Square 𝜒2) was lower
than 0.09 for both films HTO-5C and HTO 10C for a calculated
thickness of 3.44 ± 0.03 and 6.99 ± 0.02 nm respectively. Figures
S3 and S4 (Supporting Information) show the quality of the fit
between the measured and simulated data, where Is = sin(2Ψ)
sin(Δ) and Ic = sin(2Ψ) cos(Δ). Figure 2a shows the n and k
values for the films and Figure 2b the Tauc plot for an indirect
bandgap material with an extracted bandgap value of 3.79 and
3.58±0.07 eV forHTO-5C andHTO-10C respectively. The choice
of an indirect bandgap model is supported by the higher propor-
tion of TiOx in the films, which is known for its indirect bandgap
nature, and the recent investigations by Shehata et al. on the dif-
ferent TMOs stacks.[22,35]

2.2.2. Work Function and Surface Photovoltage

Kelvin probe (KP) and SPV measurements were performed on
HTO films and a clean n-type c-Si (HF-cleaned prior to measure-
ment).
Figure 3a shows the dark WF of HTO films of different thick-

nesses compared with c-Si and Ag references. The c-Si (n) sub-
strate showed a WF at 4.22 eV. After the deposition of the HTO
films, the WF increased to values between 4.40 and 4.42 eV, de-
pending on the film thickness. Figure 3b shows the SPVresponse
after illumination. TheWFmoves back to≈ 4.22 eV, which corre-
sponds to theWF of the c-Si(n) substrate. This change indicates a
realignment at the interface, possibly leading to a flat band state
after illumination.[36]
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Figure 1. Core-level XPS spectra of Ti 2p, Hf 4f, and O 1s for HTO films: a) bulk HTO-10C, b) HTO-1C at the c-Si interface.

2.2.3. Energy Levels

The valence band position was further investigated using XPS
to estimate the band offset at the c-Si(n)/HTO heterointer-
face. Three XPS spectra were collected to analyze the valence
band maximum (VBM): one for a thicker HTO layer (10 cy-
cles, ≈7 nm), one for an ultrathin HTO layer (one supercycle,
<1 nm) to examine the interface characteristics, and one for a
cleaned silicon substrate as a baseline reference. The VBM po-
sitions were determined by fitting the valence band edge us-
ing the “Edge Down” background type in CasaXPS,[37] allow-
ing for precise extrapolation from the linear region near the
edge.

Kraut et al method is used to calculate the valence band offset
(VBO) using the Equation (1):[38–40]

VBO = E(b)VBM − E(a)VBM + Vbb (1)

Here, E(a)VBM and E(b)VBM represent the valence band maximum
(VBM) energies of c-Si(n) and HTO, respectively, and Vbb is the
band bending at the interface. The bend bending Vbb can be de-
termined using the following Equation (2):

Vbb =
(
EaCL − EaCL (i)

)
+
(
EbCL (i) − EbCL

)
(2)
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Figure 2. a) simulated n,k values; b) Tauc plot for a indirect bandgap material for HTO-5C and HTO-10C on c-Si(n).

Here, EaCL and E
b
CL represent the core level energies of bulk c-

Si(n) and HTO respectively, while EaCL(i) and E
b
CL(i) are the core

level energies at the heterointerface c-Si(n)/HTO. To reliably ex-
tract information about the core levels at the interface, the HTO
film should ideally be ultrathin (i.e., much thinner than themean
free path of the photoelectrons) to allow the simultaneous collec-
tion of data from theHTO layer and the underlying c-Si substrate.
The Fermi level was defined as the reference point at 0 eV, with
binding energies below this level treated as negative values.
Figure 4a shows the VBM positions of HTO bulk, c-Si(n) bulk

and c-Si(n)/HTO interface. The VBM of the thick HTO layer was
positioned at 3.5 eV relative to the Fermi level. At the interface,
the contributions from the HTO film and the underlying silicon
substrate are clear, with a stronger influence from the c-Si sub-
strate, resulting in a VBM position of ≈0.64 eV. The VBM of n-
type bulk c-Si was determined to be ≈ 0.78 eV. Figure 4b shows
the core level spectra for the overall HTO layer and c-Si(n)/HTO
interface. The Ti 2p3/2 core level of the HTO layer is situated
at 459.18 eV, shifting to 459.51 eV at the interface. The Si 2p
core level of the c-Si substrate also shifts from 99.37 eV in the
bulk to 99.47 eV at the interface. Based on these deviations, the
calculated band bending (𝑉bb) is approximately 0.23 eV. These
shifts in core levels and band bending can be attributed to in-

terfacial fixed charges and dipole formation at the HTO/c-Si(n)
interface. The presence of interfacial oxygen-related defects may
contribute to the built-in dipole. In addition, the observed shift
in the work function after illumination, as shown in Figure 3b,
supports the hypothesis that charge redistribution occurs at the
interface. This effect can be attributed to the generation of mi-
nority carriers under illumination, which contribute to interfa-
cial charge rearrangement, partially realigning the bands at the
interface as shown in Figure S5 (Supporting Information).
The CBO can also be estimated using the VBO and the differ-

ence in bandgaps (Eg) between theHTO and c-Si according to the
following Equation (3):

CBO = (E(b)g − E(a)g ) + VBO (3)

Here, E(a)g and E(b)g are the bandgaps of c-Si and HTO, respec-
tively. In this study, the bandgap of c-Si is taken as 1.12 eV, and
that of HTO is 3.79 eV, which is consistent with the results ob-
tained from ellipsometry measurements.
From the results, the calculated VBO is -2.95 eV, while the CBO

is – 0.28 eV.
We can deduce from the above analyses the band structure of

the c-Si/HTO contact. Figure 5a shows the energy levels of bulk

Figure 3. a) Steady-state dark work function of Ag reference, clean n-type c-Si and HTO films of different thicknesses (HTO-3C, HTO-5C and HTO-10C)
recorded for 100 sec. using a Kelvin probe; b) Surface photovoltage (SPV) results illustrating the change in work function before and after illumination.
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Figure 4. a) Valence band spectra for c-Si(n), the c-Si(n)/HTO interface, and bulk HTO; b) Core-level spectra showing Si 2p for c-Si(n), Ti 2p and Si 2p
at the interface, and Ti 2p far from the interface.

c-Si and HTO separately, where the Fermi level of c-Si(n) is po-
sitioned at 4.22 eV, and the WF of HTO is positioned at 4.42 eV
as determined by the KP measurement in Figure 3a. Here, 0 eV
corresponds to the vacuum level.
Figure 5b shows the band alignment of the c-Si(n)/HTO

heterointerface, where the Fermi levels align at 4.42 eV.
The CBO was negative, indicating a type-II heterointerface
with a small cliff-like CBO. This configuration facilitates
the transport of electrons from the silicon conduction band
to HTO. The high VBO acts as a reflector for holes, en-
abling the application of HTO as a selective contact for
electrons.

2.3. Contact Resistivity Optimization

To assess the selectivity and contact resistivity of the materi-
als, transmission line measurements (TLM) were conducted on
the c-Si(n)/HTO-xC/Al and c-Si(p)/HTO-xC/Al configurations,
as shown in Figure 6a. For the n-type c-Si(n) configuration, the
super-cycles of HTO deposition were varied between 1 and 5.
The I-V characteristics of the p-type silicon configuration

demonstrated a non-linear behavior, giving diode-like character-
istics. As a result, HTO appears non-hole selective. For n-type
configurations, the I-V curves show a linear behaviour for all
samples, as shown in Figure 6c for the HTO-4C sample. The
other samples with supercycles of 1, 2, 3 and 5 also showed lin-
ear behavior for all film thicknesses. The contact resistivity was
extracted from the TLMmeasurements, using pad spacings rang-
ing from 100 to 500 μm, as shown in Figure 6d.The best con-

tact resistivity of ≈15.6 mΩ·cm2 was obtained for the HTO-4C
sample.
Our results reveal that the HTO layer provides an effective

electron-selective contact for n-type silicon, achieving low con-
tact resistivity without the need for additional interlayers. This
clearly distinguishes this study from other studies of TiO2-based
selective contacts, which often include materials such as Ca or
LiF between TiO2 and Al to improve the performance.[19,21] Al-
though these intermediate layers can improve the overall device
behavior, they confound the precise origin of selectivity, making
it unclear whether the observed effects originate from TiO2, the
intermediate layer, or their combination influence. In our case,
the clear linear I-V characteristics of the n-type configuration and
the nonlinear behavior of the p-type configuration directly con-
firm the electron selectivity of HTO, which can be attributed to a
favorable band alignment at the c-Si(n)/HTO interface, where the
low conduction band offset facilitates efficient electron extraction
while blocking holes.
A proof of concept for functional solar cells was realised us-

ing HTO-4C as an electron selective contact on the rear of n-
type silicon.In this configuration, the junction was formed on
the front side by rapid thermal diffusion of boron to achieve the
forward junction. The schematic diagram of the solar cells and
the I-V characteristic are given in Figures S7 and S8 (Support-
ing Information). As shown in Figure S7 (Supporting Informa-
tion), the I-V characteristics of the devices were obtained before
and after the deposition of HTO-4C layer at the c-Si(n)/metal in-
terface. Before the incorporation of HTO, the solar cell exhib-
ited an extremely high series resistance, resulting in an open-
circuit voltage (Voc) of 443 mV, a fill factor (FF) of 25%, and a
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Figure 5. a) Energy levels of the individual materials (c-Si(n) and HTO)
with respect to the vacuum level; b) Band alignment at the c-Si(n)/HTO
interface, illustrating valence and conduction band offsets.

power conversion efficiency (PCE) of only 3.34%. After the incor-
poration of the HTO-4C film, a significant improvement in de-
vice performance was observed, with Voc increasing to 565 mV,
FF increasing to 62%, short circuit current density (Jsc) reaching
≈34mA cm−2, and efficiency increasing to 12.26%. These results
clearly demonstrate the beneficial role of HTO films in improv-
ing all key solar cell performance parameters, despite the non-
optimized device architecture. The relatively low Voc observed in
the device can be attributed to the modest passivation on both
sides of the wafer. The front-side junction was fabricated by rapid
thermal diffusion of boron without the application of a passiva-
tion layer such as Al2O3, which likely resulted in significant sur-
face recombinations. In addition, some of the boron atoms intro-
duced during diffusion may not have been fully activated. This
is due to the short annealing time of only 5 s. A longer ther-
mal treatment is typically used to ensure complete dopant acti-
vation and minimize recombination losses in high efficiency so-
lar cells with heavily doped p++ emitters.[41] On the backside, in-
jection level-dependent minority carrier lifetime measurements
on c-Si(n) wafers with double-sided HTO-4C deposition, shown
in the supplementary material (Figure S9, Supporting Informa-

tion), indicate an extracted lifetime of ≈ 140 μs at 1 × 1015 cm−3

excess carrier density. This relatively modest lifetime highlights
the need for further investigations on passivation strategies to
minimize recombination losses and to fully exploit the potential
of HTO as an electron-selective passivating contact. One promis-
ing direction to improve passivation quality would be to replace
the titanium precursor with a chloride-based precursor during
ALD growth of HTO, as demonstrated in previous studies on
aluminum titanium oxide (ATO), where Cl− incorporation sig-
nificantly improves the passivation quality.[20–22] Future improve-
ments could also focus on texturing the silicon for more effective
light management and incorporating dopant-free hole-selective
contacts to further boost the device performance.

3. Conclusion

This study provides an in-depth investigation of the chemical,
electronic, and interfacial properties of HTO thin films on n-
type c-Si substrates and establishes their potential as effective
selective contacts for Si-based optoelectronic devices. The films
were deposited by low-temperature ALD, a process compati-
ble with temperature-sensitive applications and scalable toward
large-scale engineering. This low-temperature process ensures a
minimal thermal budget, making it suitable for advanced photo-
voltaic technologies.
Using X-ray photoelectron spectroscopy (XPS), we character-

ized the valence and conduction band offsets at the c-Si/HTO
heterointerface, revealing a type II band alignment with a valence
band offset (VBO) of 2.95 eV and a cliff-like conduction band off-
set (CBO) of ≈ -0.28 eV. This band alignment facilitates efficient
electron transport from silicon to HTO while effectively block-
ing hole transport, thus meeting the requirements for selective
contact functionality.
Electrical characterization via transmission line measure-

ments (TLM) demonstrated a contact resistivity as low as 15.6
mΩ·cm2 for the HTO-4C configuration with an Al metal contact,
highlighting its high performance without needing intermediate
layers, such as Ca or LiF. A proof-of-concept solar cell with HTO-
4C between the aluminum and c-Si(n) showed a significant im-
provement in performance, with an increase in the open circuit
voltage (Voc) from 443 to 565mV and an increase in the efficiency
from 3.34% to 12.26%.
These results highlight the potential of HTO thin films for

integration into silicon photovoltaic and optoelectronic applica-
tions, offering a favorable energy band structure and superior
charge carrier selectivity. Future research should focus on opti-
mizing the interface quality, reducing oxygen-related defects and
integrating these selective contacts instead of junction into com-
plete silicon devices based on transition-metal oxides.

4. Experimental Section
Synthesis of HTO Thin Films: Double-side polished n- or p-type float-

zone (FZ) silicon wafers with a resistivity of 1–5 Ω·cm and a thickness
of ≈250 μm were used for the deposition of HfxTi1-xOy (HTO) films. The
wafers were first cleaned with 5% HF solution, rinsed in deionized water,
and treated with ozone (O3) for 15 min. The resulting oxide was then re-
moved with 5% HF. The samples were then rinsed in deionized water and
dried under nitrogen (N2) flow.
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Figure 6. a) Illustration of the TLM measurement configuration. b) I–V curves for HTO-4C on c-Si(p). (c) I–V curves for HTO-4C on c-Si(n) with varying
pad spacings. d) Total resistance as a function of electrode spacing.

The deposition of HTO films was carried out using an
Ultratech Fiji F200 atomic layer deposition (ALD) system.
Tetrakis(dimethylamido)hafnium(IV) (TDMAH) was used as the Hf
precursor, Tetrakis(dimethylamido)titanium(IV) (TDMAT) as the Ti
precursor, and deionized water (H2O) as the oxidizing agent. The Hf and
Ti precursors were heated to 75° C, while the water was kept at room
temperature. During this process, the temperature of the chuck and the
chamber were kept at 75 °C. The chuck and chamber temperature were
selected based on recent studies on the deposition of aluminum-titanium
oxide alloys, which demonstrated optimal film quality.[20–22]

The deposition was performed using a sequence of supercycles. Each
supercycle consisted of one cycle of Hf precursor followed by the oxidant,
and then five cycles of the Ti precursor followed by the oxidant. These su-
percycles were repeated multiple times to evaluate the effect of film thick-
ness on selectivity and contact resistance. In this manuscript, HTO films
are referred to as HTO-xC, where “x” refers to the number of supercycles
completed.

Contact Engineering: For contact engineering, 1 mm x 5 mm trans-
fer length method (TLM) pads were fabricated on p-type and n-type c-Si
substrates, with pad spacings ranging from 100 to 500 μm.[42] Initially,
HTO films were deposited on clean silicon wafers. A 200 nm thick alu-
minium (Al) layer was then evaporated over the HTO film surface. The
lithographic patterns of the TLM pads were defined on the aluminum layer
using AZ5214 positive photoresist, whichwas exposed toUV light using an
UV EVG 620 photomask aligner. Once the lithography process was com-
pleted, the aluminum film was etched with an aluminum etching solution.
The exposed HTO films were then etched by reactive ion etching (RIE) us-
ing a mixture of SF6 and Ar gases at a chamber pressure of 50 mTorr and
an RF power of 100 W. Finally, the contact resistivity as a function of HTO
thickness was investigated by measuring the I–V characteristics using a
Keithley 2400 source meter.

Characterization: The surface morphology and roughness of the films
were characterised by atomic force microscopy (AFM) (AFM Bruker

Dimension Icon) (Figure S1, Supporting Information). The chemical
environment of the HTO thin films was analyzed by X-ray electron
spectroscopy (XPS) using a hemispherical energy analyzer (EA15-HP)
equippedwith an aluminummonochromator (incident energy of 1486 eV).
Pure gold metal (Au 4f at 84 eV) was used as a reference. The optical
properties and thickness of the films were investigated by spectroscopic
ellipsometry using a HORIBA Uvisel Lt M200 FGMS (210–880 nm). Kelvin
probe (KP) and SPVmeasurements were performed using a single compo-
nent setup (APS03, KP Technology).[43,44] Tip calibrationwas performed by
determining the contact potential difference (CPD) with a silver reference.
For SPV measurements, illumination was provided by a quartz tungsten
halogen light source with a maximum irradiance of ≈19 mW cm-2. Finally,
the contact resistance as a function of HTO thickness and the efficiency
of the solar cells were investigated by measuring the I–V characteristics
using a Keithley 2400 source meter and AM1.5 solar simulator.
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the author.
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