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A B S T R A C T

We describe the development and characterization of direct current magnetron sputtered titanium dioxide
thin films from ceramic targets mixed with metallic titanium particles. The aim of this article is to assess their
suitability for the application as buffer layer in copper indium gallium diselenide (CIGSe) based solar cells. The
absorber material is produced in a semi-industrial, roll-to-roll hybrid sputter co-evaporation process. A potential
strategy to modify electro-optical properties of TiO2 thin films by controlling the concentration of defects,
such as oxygen vacancies, is investigated by X-ray photoelectron spectroscopy (XPS), transmission/reflection
spectroscopy, spectroscopic ellipsometry, and cathodoluminescence. The presence of oxygen in the plasma
during the sputter deposition process has a crucial impact on the electron transport mechanism in the studied
devices. The source of the changed device characteristic can be found in modified band discontinuities at the
absorber–buffer interface and in an oxidized CIGSe surface, indicated by the presence of cationic selenium, as
detected by XPS. We sketch a tentative band alignment diagram and outline the range of possible modifications.
The harmful effect of oxygen in the plasma forces the omission of oxygen in the process and restricts the
possibilities to modify the material properties of the TiO2 layers, and consequently the prospects for an
application on CIGSe. Nevertheless, the results of this work depict the principal eligibility, albeit optimization
on both sides of the absorber–buffer interface are inevitable for an improved cell performance.
1. Introduction

Copper indium gallium diselenide (CIGSe) is still one of the most
promising absorber materials for thin film photovoltaic (PV) applica-
tion. Besides the operation as absorber in single junction cells, recently
the high potential of CIGSe/perovskite tandem devices on flexible
substrates has been demonstrated with a certified power conversion
efficiency (PCE) of 24.2% in [1].

Cadmium sulfide (CdS) is a well-proven functional buffer layer that
passivates the interface between the 𝑝-type CIGSe absorber and the
𝑛-type front contact, improving the solar cell performance. However,
the high toxicity of cadmium and parasitic absorption, due to its
relatively low bandgap energy (𝐸g) (2.4–2.5 eV), still drives research
towards the substitution of CdS buffer layer by alternative low-cost,
nontoxic materials. Also, the low thermal stability of CdS is one reason
for the degradation of CIGSe based PV, as recently reported in [2].
Many scientific institutions and also the industry invested considerable
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efforts to find suitable materials to replace CdS. The most commonly
used materials, such as Zn(O,S), Zn1−xMgxO, InxSy or Zn1−xSnxOy and
the corresponding deposition techniques are summarized by reviews
in [3,4]. The current world record CIGSe solar cell with an energy
conversion efficiency of 23.35% as presented in [5] is fabricated with
a Cd free Zn(O,S,OH)x/Zn0.8Mg0.2O double buffer layer deposited with
a combination of chemical bath deposition and atomic layer deposition
(ALD), respectively.

Although roll-to-roll (R2R) application of atmospheric spatial ALD,
allowing for large area deposition has been demonstrated [6], mag-
netron sputtering is still a preferred process in the industry, especially
in DC operation mode. Properties of buffer layers, particularly at the
interface to the absorber and the resulting cell performance, not only
depend on the buffer material itself. For instance, the deposition tech-
nique can affect the bulk properties of the thin film and also can change
the CIGSe surface, e.g. by sputter damage. In general, the nature of the
CIGSe surface is decisive. The hybrid sputter co-evaporation process for
vailable online 4 November 2023
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CIGSe absorber production by Sunplugged GmbH has a specific feature:
a process pressure in the range of 0.1 Pa and the presence of argon (Ar)
during absorber synthesis, which results in unique CIGSe growth con-
ditions when compared to conventional thermal co-evaporation. The
morphology of Sunplugged’s absorber layer is characterized by rather
small crystals and a rough surface.

The application of magnetron sputter deposited buffer layers to
Sunplugged’s absorber is purpose of the present investigation. Our
approach is the use of direct current (DC) sputtered titanium dioxide
(TiO2−𝑥) from conductive TiO2 targets mixed with additional metallic
itanium (Ti). DC sputtering enables a higher process stability and
ess complex instrumentation in comparison to radio frequency (RF)
puttering, which is required for insulating oxidic target materials.
LD deposited TiO2 was already demonstrated as an electron selective

ayer for CIGSe solar cells, where a conversion efficiency of 9.9% was
eached [7]. TiO2 was also used as an intermediate buffer layer in
ombination with CdS, which allowed to reduce the thickness of CdS
ithout losses in the open circuit voltage (VOC) and fill factor (FF) [8].
agnetron sputtered TiO2 could therefore be an interesting nontoxic,

ow-cost candidate for CIGSe photovoltaic application, especially for
ndustrial production.

. Experimental and methods

.1. TiO2−𝑥 thin films

TiO2−𝑥 thin films are deposited by DC magnetron sputtering from
eramic TiO2 targets, mixed with additional metallic Ti. TiO2 powder
s mixed with additional (5 vol%) metallic Ti powder and hot pressed
in vacuum) to circular targets bonded to a 2 mm thick copper base
late (produced by RHP Technology GmbH). The TiO𝑥 targets have a
iameter of 7 cm and a thickness of 3 mm (copper plate excluded). The
hin films are produced with and without introducing oxygen to the
r process gas. The pre-process vacuum in the deposition chamber was
enerally in the range < 2⋅10−4 Pa. Process conditions are the following:
he gas flow was kept constant resulting in a process pressure of 0.32 Pa
nd a constant DC power of 50 W was applied to the magnetron, which
s equivalent to a power density of 2.2 W/cm2. The substrates were

rotating over the target with a planetary movement while the distance
from the target surface to the substrates was 50 mm. The samples
referred to as TiO2|4% were produced with 𝐹O2∕(𝐹O2+𝐹Ar ) = 4% (with
asflow 𝐹 ) and the samples referred to as TiO2−𝑥|0% without adding

oxygen to the process gas. A total gas flow of 68 sccm was used for all
samples investigated in this study.

The applied analytical methods require an adaption of substrates
and film thickness. This inevitably insists on the assumption that mate-
rial properties on different substrates and varying thickness are compa-
rable, which might not be clear a priori but the results generally com-
mend it. Table 1 summarizes the sputter conditions for the respective
samples and indicates the applied analytical methods.

Optical spectra acquisitions were performed with highly transparent
Corning Eagle XG glass substrates (24×24 mm2 and 1.1 mm thick;
provided by Präzisions Glas & Optik GmbH) with TiO2−𝑥 films of a
nominal thickness of 60 nm. Transmission/Reflection experiments were
performed with a Perkin Elmer Lambda 1050 with integrating sphere.
A calibrated mirror was used as a reflection standard. Ellipsometric
spectra were recorded at incident angles of 50◦, 60◦, and 70◦ in the
pectral region from 190 nm to 950 nm using a Sentech 850 DUV.
or data analysis we use the code RIG-VM developed at Fraunhofer
ST [9], which enables the simultaneous evaluation of ellipsometric,
ransmission and reflection spectra. Data analysis was performed from
50 nm to 2400 nm as optical properties of the glass substrate are well
nown in this spectral range.

Samples for Cathodoluminescence (CL) and grazing incidence X-ray
iffraction (GI-XRD) were prepared on polished Mo sheets (20×20
m2 and 3 mm thick; provided by Plansee GmbH) with a nominal
2

Table 1
Summarized sputter conditions.

Sample Substrate P (W) p (Pa) t (min) Analytics

TiO2|4% 18 nm CIGSe 50 0.32 60 XPS/SEM/j-V
TiO2|4% 3 nm CIGSe 50 0.32 10 XPS
TiO2|4% 60 nm EAGLE XG 50 0.32 200 UV–VIS/Ellips.
TiO2|4% 250 nm Mo sheet 50 0.32 833 CL/GI-XRD

TiO2−𝑥|0% 18 nm CIGSe 50 0.32 6.5 XPS/SEM/j-V
TiO2−𝑥|0% 3 nm CIGSe 50 0.32 1 XPS
TiO2−𝑥|0% 60 nm EAGLE XG 50 0.32 21.5 UV–VIS/Ellips.
TiO2−𝑥|0% 250 nm Mo sheet 50 0.32 93 CL/GI-XRD

TiO2 film thickness of 250 nm. The increased film thickness is necessary
to maximize the detection volume of the actual sample layer and to
minimize sampling signal of the substrate. CL collection was done in
a Jeol JSM-7610F field emission scanning electron microscope (SEM)
at room temperature. The acceleration energy of the incident electron
beam was set to 5 keV in order to minimize the penetration depth, and
hence to increase the surface sensitivity and still being able to record
sufficient CL. CL spectra were recorded by a Delmic SPARC CL System
equipped with an Kymera 193i spectrometer, an iDus InGaAs 491 in-
frared (IR) camera, and a Zyla 5.5. CMOS detector for the visible (VIS)
and near infrared (NIR) spectral region. Diffraction gratings with 300
lines/mm blazed at wavelengths of 1200 nm and 500 nm, respectively
were chosen.

GI-XRD was performed with a Panalytical Empyrean with parallel
beam optics and a Cu K𝛼 X-ray source (wavelength = 1.54056 Å) to
determine crystallinity. The TiO2|4% and TiO2−𝑥|0% samples are inves-
tigated on a height adjustable stage in high vacuum (Anton Paar HTK
16N). A fixed angle of incidence (𝜔) of 2◦ was chosen for the 2𝜃-scan.

2.2. CIGSe/TiO2−𝑥: Interface and devices

2.2.1. Interface and device fabrication
At Sunplugged GmbH the CIGSe absorber is deposited to a flex-

ible stainless steel foil coated with a glass layer and a multilayer
back contact consisting of titanium, sodium doped molybdenum (Mo),
and pristine molybdenum. The absorber layer is produced in a semi-
industrial, R2R, hybrid sputter co-evaporation process, which combines
magnetron sputtering and thermal evaporation. A detailed descrip-
tion of the semi-industrial process developed by Sunplugged GmbH,
DePro Control GmbH, University of Innsbruck, and University of Milan-
Bicocca can be found in [10]. Recently, it was presented that a double
graded Ga profile can be realized with this setup [11]. Also, the Ga
content, close to the CIGSe surface can be controlled, which is a very
important parameter to optimize the band alignment at the absorber
buffer interface.

X-ray photoelectron spectroscopy (XPS) was performed on bare
CIGSe and TiO2−𝑥 films deposited on CIGSe absorbers, with a nominal
TiO2−𝑥 film thickness of each 3 nm and 18 nm. Device characterization
was done on full layer stacks with 18 nm TiO2−𝑥 films covered by a
100 nm layer of indium-tin-oxide (ITO) front contact.

2.2.2. Material-, interface- and device characterization
Characterization of the surface chemistry and electronic proper-

ties of the bare CIGSe and the TiO2−𝑥 thin films deposited on CIGSe
was done by means of XPS. XPS experiments were performed with a
commercial laboratory-based SPECS NAP-XPS system. The system is
comprised of a μFOCUS 600 NAP monochromatic small spot (300 μm)
Al K𝛼 X-ray source and a hemispherical energy analyzer (SPECS PHO-
BIOS 150 NAP equipped with 1D delay line detector). The samples were
mounted on a sample holder with conductive copper adhesive tape, in
order to reduce charging. Additionally, an electron floodgun was used
to compensate potential charging effects in XPS experiments. XPS was

used to determine the surface-near composition of the CIGSe absorber
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Fig. 1. Absorption coefficient of TiO2−𝑥 thin films, extracted from optical transmission/reflection and ellipsometric spectra are presented in a Tauc plot assuming an indirect
bandgap. The inset shows the wavelength dependent absorption coefficient.
and to probe the valance band offset (𝛥𝐸v) at the absorber–buffer
interface. Due to the changed charge distribution at an interface, the
positions of all energy bands generally deviate from those in the bulk.
Therefore, the determination of valence band (VB) discontinuity at the
absorber–buffer interface was done by a method described in [12,13].
The essential assumption, that the band bending length (typically a few
hundred nm) is significantly greater than the sampling depth of XPS
(a few nm) is valid. Accordingly, the presence of interface states will
shift the energy bands in the same way on both sides of the interface.
Following [13] and Fig. 4(a), 𝛥𝐸v at the interface of material x and y
is given by

𝛥𝐸v = (𝐸x
b − 𝐸x

v ) − (𝐸y
b − 𝐸y

v ) − 𝛥𝐸b, (1)

where 𝛥𝐸b = (𝐸x
b − 𝐸y

b ) is the difference of core level positions at the
interface. In our case 𝛥𝐸b is determined by XPS on samples with a
nominal thickness of 3 nm of TiO2−𝑥 (material x) deposited on CIGSe
(material y), so that both layers can be probed. The binding energy
differences (𝐸x

b − 𝐸x
v ) respectively (𝐸y

b − 𝐸y
v ) between core level and

valence band maximum (VBM) are determined on bare CIGSe (y =
CIGSe) and on 18 nm TiO2−𝑥 (x = TiO2−𝑥) on CIGSe. Therefore, two
deposition processes for each oxygen setting with different deposition
duration are performed for this analysis. For CIGSe, we selected the
In 3d5∕2 and for TiO2−𝑥 the Ti 2p3∕2 core level peaks. As only binding
energy differences are used, it is obvious that the reference energy
can be chosen arbitrarily. We used a common Fermi energy (𝐸F) as
a reference by calibrating the binding energy scale (𝐸F = 0) of the
spectra with the adventitious carbon peak (C1s) at 284.80 eV. As band
bending effects shift all energy bands of each individual semiconductor,
the determination of the core level position with respect to the VBM
(𝐸b − 𝐸v) is invariant to band bending. The knowledge of 𝛥𝐸v, the
surface-near bandgap energy of CIGSe, and the optical bandgap energy
of TiO2−𝑥 layers allows for a rough estimation of the conduction band
discontinuity (𝛥𝐸c) at the absorber buffer interface by

𝛥𝐸c = 𝐸TiO2−x
g − 𝛥𝐸v − 𝐸CIGSe

g . (2)

While XPS experiments target the investigation of surface and in-
terface properties, wavelength-dispersive X-ray fluorescence (WD-XRF)
was acquired with a Rigaku Primus III+ to determine the bulk compo-
sition of the CIGSe absorber.
3

Top-view and cross section SEM imaging is used to characterize the
morphology of absorber and buffer layers. Imaging was done with a
Jeol JSM-7610F field emission SEM. The preparation of cross sections
of a complete layer stack is performed by Ar-plasma etching. CL spectra
of the bare CIGSe were recorded with the same system described in
Section 2.1.

For device characterization, full layer stacks with a sample size
of 5 × 5 cm2 were prepared and 25 cells (0.5 × 0.5 cm2) were laser
scribed for device individualization and subsequently, characterized by
4-point 𝑗-𝑉 (current density–voltage) in the dark and under illumina-
tion. A Keithley 2420 3A was used as a source meter and the voltage
was scanned from −0.5 V to 0.9 V. For illumination a halogen lamp
(HL120SA, 220–240 V, 50 Hz, max. 150 W, R7’s) was used at a distance
of 13.5 cm to the sample, resulting in an irradiance of 785 W/m2.

3. Results and discussion

In the following section, we present and discuss the obtained results.
In the first part we focus on the material characterization of TiO2−𝑥
thin films grown on glass and Mo substrates. Followed by the second
part, where the application of TiO2−𝑥 thin films on CIGSe absorber is
investigated.

3.1. TiO2−𝑥 thin films characterization

First of all, GI-XRD experiments (data not shown) do not show
any crystalline peaks, except the ones of the Mo substrate, for the as
prepared TiO2|4% and TiO2−𝑥|0% thin films. This means that we deal
with X-ray amorphous thin films.

The absorption coefficient 𝛼 of the films, as obtained from fitting
ellipsometric and photometric measurements simultaneously, is shown
in Fig. 1(inset). The optical properties of the TiO2−𝑥 films were modeled
using four Tauc–Lorentz oscillators. Two oscillators are used to model
the absorption onset at the bandgap and higher energy absorption,
one oscillator is used to model a tail behavior and one to model the
defect absorption where needed. A Bruggeman surface roughness was
used for increased accuracy, which yielded reasonable roughness values
of 3 to 4 nm for the TiO2−𝑥 layers deposited on glass. The optical
absorption of the films vary with oxygen addition to the sputtering
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Fig. 2. Normalized CL spectra of (a) TiO2−𝑥|0% and (b) TiO2|4%; Fitting with Pseudo-Voigt functions is used to deconvolute the spectra. The spectra are divided in five regions:
NBE, Blue-CL, Green-CL, Orange-CL, and Red-CL.
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process. The film sputtered without oxygen shows a broad absorption
feature centered around 800 nm, while for the film sputtered with
4% oxygen no defect absorption peak is evident. It is also important
to note, that the observed feature is not a free carrier, Drude-like
absorption, which could also be present in the film, but likely further in
the IR spectral region. In Fig. 1, Tauc plots for TiO2−𝑥|0%, and TiO2|4%
samples are presented. Assuming an indirect bandgap for both samples,
we identify a slightly reduced bandgap energy of 3.28 eV for TiO2−𝑥|0%
in comparison to 3.38 eV for TiO2|4%.

In Fig. 2 the normalized (to the respective intensity maximum of
each spectrum) CL spectra of TiO2−𝑥 layers are presented. Both samples
exhibit a broad emission in the visible region ranging into the near
infrared (NIR), whereas the TiO2|4% sample shows a tendency to-
wards more separated features. Here, we observe near band edge emis-
sion (NBE) (380 nm–420 nm) and emission in the blue range (Blue-CL)
peaking at around 460 nm. A further feature can be identified in the
orange at around 590 nm. Therefore, we used the three distinctive
single features I, II and III of the spectrum in Fig. 2(b) for an initial
peak fitting. In a next step we added a peak in between of features II
and III at around 530 nm in the green and a further one in the red
wavelength region at around 650 nm. In total, we divide the spectrum
in five regions as shown in Fig. 2: NBE, Blue-CL, Green-CL, Orange-CL,
and Red-CL. For better assignment of emitting wavelength to possible
transitions, we decided to use two peaks each, for regions NBE, Green-
CL, and Red-CL. In order to compare both spectra, we calculated the
proportional area contributing to the total area for each of the peaks,
summarized the values in Table 2, and assigned the emission peaks
to presumably involved states/transitions. From that we can see a
significant rise of Peak 2 and 4 in the TiO2−𝑥|0% sample, while we
observe a distinct reduction of Peak 6. The remaining peaks show only
minor differences.

Even though, an assignment of the respective CL contribution to spe-
cific emitting transitions is still remaining a complex challenge, there
are probable emission mechanisms suggested in literature for observed
photoluminescence (PL) and CL [18–20]. Considering the obtained
optical bandgap energies of 3.28 eV (378 nm) and 3.38 eV (367 nm)
for TiO2|4% and TiO2−𝑥|0%, respectively, the emission spectra of both
TiO2−𝑥 layers are dominated by defect transitions and surface effects,
with energies lower than band to band transition.

Generally, undercoordinated Ti3+ is a likely cause for formation
of sites that act as electron (e−) traps, while surface hydroxyls have
been implicated as sites for trapping holes (h+) [21]. In literature,
the reported energetic position of respective defect states and also
bandgap energies vary, and among other properties, strongly depend
4
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Table 2
CL peak positions and contribution to total area.

No. TiO2|4% TiO2−𝑥|0% Involved

Pos. Area Pos. Area states
(nm) (%) (nm) (%)

1 386 2.9 386 3.4 recomb. of NBE and tail
2 408 3.4 416 10.3 states with h+

VB [14]

3 458 23.9 460 20.3 6-fold coord. Ti3+ associated
with surface hydroxyls
recomb. with h+

VB [15]

4 514 11.6 513 19.2 e− trapped at oxygen vac.
recomb. with h+

VB [15] or
mobile e− in CB recomb.
with trapped h+ [16]

5 556 7.6 555 7.8 e− trapped at Ti3+ interstitial
recomb. with h+

VB [16]

6 590 29.5 590 15.0 trapp. e− and h+
VB [16,17]

7 630 10.4 628 11.8 5-fold coord. Ti at surface
8 693 10.6 693 12.3 recomb. with VB h+ [14]

n present crystallinity (e.g. phase and crystal size) and surface en-
ironment. In [14] it is suggested, that NBE emission as observed by
eaks 1 and 2 in Fig. 2 originates from radiative recombination of
ear band-edge or band-tail states of amorphous TiO2. The relative
eight of Peak 2 (peak center at 416 nm) is three times higher in the
iO2−𝑥|0% sample compared to the TiO2|4% sample (see Table 2 and
ig. 2), which we therefore interpret as an increase of defect states
ust below the conduction band. In [15], calculated values of defect
tates associated with Ti3+ are reported from 2.7 eV (460 nm) to 2.2 eV
560 nm) above VB. Whereat, six-fold coordinated Ti3+ associated with
urface hydroxyls, are reported at around 2.7 eV (460 nm) above VB,
nd hence, we assign Peak 3 to the recombination of those surface
tates with VB holes. It is very feasible that surface hydroxyls are
ormed on both of the TiO2−𝑥 surfaces. Therefore, it is consistent that
eak 3 is one dominating emission line in both samples. Whereas,
efects with undercoordinated Ti3+, such as oxygen vacancies and Ti3+
nterstitials are located at 2.3 eV (539 nm) and 2.2 eV (563 nm) above
B, respectively. Those values are in the range of the observed peaks

n the Green-CL at 514/513 nm and 556/555 nm, i.e. associated with
eak 4 and 5, respectively. The increased contribution of Peak 4 (see
able 2 and Fig. 2 in the TiO2−𝑥|0% sample therefore is a strong
rgument for an elevated number of oxygen vacancies. Further, in [16]
t is reported that green PL at around 530 nm can be assigned to
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Table 3
Surface and bulk composition.

Cu In Ga Se 𝐶𝐺𝐼 𝐺𝐺𝐼
(at%) (at%) (at%) (at%) [Cu]

[Ga+In]
[Ga]

[Ga+In]

XPS (surface) 9 33 2 56 0.27 0.04
WD-XRF (bulk) 23 20 6 51 0.87 0.24

the recombination of mobile electrons with trapped holes. The authors
in [16] explain an increased green PL emission by an increased number
of mobile electrons, i.e. n-donors, such as oxygen vacancies introduced
by vacuum annealing. It seems that the absence of oxygen in the plasma
during the deposition process, shows a similar effect. The emission
band at around 590 nm, Peak 6, we assign to the recombination of
trapped electrons with valence band holes, which is also reported in
literature [16,17]. In the TiO2−𝑥|0% sample this emission might be
uppressed by the enhanced green PL due to a higher concentration of
obile electrons. Emission of red luminescence from 1.7 eV (729 nm) to
.0 eV (619 nm) is also reported to originate from trapped electrons at
ive-fold coordinated Ti atoms at the surface recombining with valence
and holes [14], to which we attribute the observed Red-CL (Peak 7
nd 8), which is again feasible that those defect states are present at
he surface of both samples. The interpretation of the CL emission is
ummarized in Table 2.

We want to point out again that the CL spectra shown in Fig. 2
re normalized to their respective intensity maximum. The absolute
ntensity of the respective spectra and therefore the absolute peak
rea cannot be compared quantitatively because signal optimization
e.g. mirror positioning and beam alignment) is done individually for
ach sample. However, a significantly higher emission can be observed
or the TiO2−𝑥|0% sample expressed by a shorter acquisition time for

the spectrum and a smaller entrance slit. This indicates a higher defect
concentration in the TiO2−𝑥|0% sample, which is consistent with the
observed absorption in the optical experiments. Especially the strong
intensity of Peak 4 indicates a higher concentration of oxygen vacan-
cies. The CL emission spectra and the low absorbance of the TiO2|4%
ample might seem contradictory, but one has to consider that CL is
ighly sensitive to defect emission, especially when a material with
n indirect bandgap is investigated. The high sensitivity of CL cannot
e compared to the detection of defect absorption in transmission
pectroscopy. Also the CL is very sensitive to surface defects, such as
urface hydroxyls, which are not visible in the investigated spectral
ange of transmission/reflection and ellipsometric experiments. For
nstance, O-H oscillations are far in the infrared. Those surface defects
re present in both samples, observed by a similar relative intensity of
eak 3 in the spectra.

.2. TiO2−𝑥 application on CIGSe

This study was designed to investigate material properties of DC
agnetron sputtered TiO2−𝑥 thin films for an application as a buffer

ayer in CIGSe solar cells. Hence, we continue with some considerations
nd comments regarding the CIGSe absorber layer. For a start, Table 3
ompares the CIGSe composition, as well as the [Cu]/[Ga+In] (𝐶𝐺𝐼)
nd [Ga]/[Ga+In] (𝐺𝐺𝐼) ratios at the surface and in the bulk, as
btained by XPS and WD-XRF respectively. The data sets in this table
bviously show distinct copper and gallium depletion at the surface,
hich is expressed by a very low surface-𝐶𝐺𝐼 of 0.27 compared to a
ulk-𝐶𝐺𝐼 of 0.87 and a low surface-𝐺𝐺𝐼 of 0.04. We can also observe
slight selenium rich surface.

The absorber material used in this study should be seen as an
xample layer, which can be used to pigeonhole the suitability of the
nvestigated TiO2−𝑥 layers. Controlling the character of CIGSe, espe-
ially at the surface or surface near region is a significant handwheel to
odify the absorber–buffer interface. This is not part of this work, but
5

hould significantly contribute to the demonstration of improved device
characteristics. Nevertheless, in view of the R2R hybrid deposition,
we discuss some typical properties. We have seen copper depletion
at the surface and an overall 𝐶𝐺𝐼 of 0.87 (see Table 3). For high
efficiency solar cells, a 𝐶𝐺𝐼 close to, but smaller than 1 is required.

𝐶𝐺𝐼 < 0.9 is often used in large area deposition to compensate
or potential inhomogeneity in spatial distribution of composition in
rder to prevent secondary phase formation in regions with 𝐶𝐺𝐼 > 1,

which can cause shunting paths in the cell [11]. Notwithstanding, local
defects with copper enrichment cannot completely be avoided and
remain a serious problem in the described CIGSe fabrication process.
Consequences of a low 𝐶𝐺𝐼 , which may be correlated with formation
of vacancy compounds, are discussed in [10].

The top view image of bare CIGSe in Fig. 3(c) shows a granular
surface structure with pronounced pits and partly sharp dips, which is
typical for CIGSe produced with Sunplugged’s hybrid-process. This can
be challenging when full coverage is required while using a directional
deposition technology for buffer layer fabrication. Fig. 3(a) and (b)
show cross-sectional SEM images of an 18 nm thick TiO2−𝑥|0% layer
deposited on CIGSe, covered by a 100 nm thick layer of ITO front
contact, imaged with a secondary electron (SE) and a backscatter
electron (BSE) detector, respectively. The thin TiO2−𝑥 layer is deposited
quite homogeneously all over the rough CIGSe surface and the coverage
seems to be complete, even at sharp and steep dips. However, at very
deep pits in the CIGSe, coverage cannot be assured unambiguously by
the cross-sectional images. This can be critical, may affect the cell per-
formance and hence, must be taken into account for the interpretation
of the presented results, as they could be electronically active.

In Fig. 3(d), a representative CL spectrum of the CIGSe, recorded
from the same area as shown in the top view image in Fig. 3(c), is
drawn. We observe a broad and asymmetrically shaped CL peak, where
two different dominating emission lines are identified. The spectrum
could be fitted satisfactorily with two Gauss–Lorentz peaks, centered at
1165 nm (1.06 eV) and 1239 nm (1.00 eV), respectively. Based on an
empirical equation, presented in [22], the CIGSe bandgap energy can
be calculated in dependence on the 𝐺𝐺𝐼 using the following relation

𝐸CIGSe
g (𝐺𝐺𝐼) = (1 + 0.564 ⋅ 𝐺𝐺𝐼 + 0.116 ⋅ 𝐺𝐺𝐼2) eV. (3)

With a surface 𝐺𝐺𝐼 of 0.04 and Eq. (3) we calculate a bandgap
energy of 1.02 eV, which is in the range of the observed emission
lines. We suggest that the Ga gradient within the excited volume is
responsible for the different emission lines. For this reason, we used
both values (one in brackets) as the surface near bandgap energy of
the CIGSe and to calculate 𝛥𝐸c.

Comparing the XPS spectra in the Ti 2p region of the two TiO2−𝑥
samples (film thickness of 18 nm) deposited on CIGSe in Fig. 4(f) and
(g), we recognize only Ti4+ states for the TiO2|4%, while the TiO2−𝑥|0%
exhibits about 7% of Ti3+. The fact that only Ti4+ states contribute to
the 2p region of Ti for the TiO2|4% sample indicates a stoichiometric
TiO2 surface. This is also consistent with the observed optical properties
in Section 3.1. Considering the low absorption of the TiO2|4% sample,
a layer with lower defect concentration can be assumed (absorption
coefficient shown in inset of Fig. 1). In contrast, the TiO2−𝑥|0% sample
has an additional Ti3+ contribution (about 7%) in the XPS spectrum
and shows enhanced absorption in the VIS and NIR range, which we
assign to defect absorption. Additionally, this is consistent with the
significantly enhanced CL emission at Peak 4, which is associated with
oxygen vacancies. At this point it has to be mentioned that the samples
were exposed to air during the transport from the deposition chamber
to the XPS. Not only the native oxidation of the surface but also the
adsorption of water at the surface can distort the XPS results. To get
rid of this surface contamination, normally Ar+ sputter cleaning is used
in XPS experiments, but in case of TiO2 preferential sputtering can
occur, which leads to a reduction of Ti4+ to Ti3+ [23]. Consequently,
this technique could not be applied here. In [24], we demonstrated a
method for an indirect proof of the existence of Ti3+ contribution in

the bulk, even for samples with stoichiometric surface composition.
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Fig. 3. (a) and (b) cross-sectional SEM images of an 18 nm TiO2−𝑥 layer deposited on CIGSe, covered with indium-tin-oxide (ITO), recorded with (a) secondary electron detector
(SE) and (b) backscatter electron detector (BSE). (c) SE top view image of bare CIGSe and (d) CL spectrum of CIGSe, recorded from the same area as shown in the top view image
(Fig. 3(c)).
Therein, we demonstrate significantly higher percentage of Ti3+ in
XPS depth profiles for samples prepared with oxygen deficiency, when
compared to samples prepared with oxygen. To sum up so far, the
results of XPS, CL, and transmission/reflection experiments suggest
that the defect concentration in TiO2−𝑥 layers can be modified by the
presence/absence of oxygen in the plasma.

Now we continue with the determination of the valence band
discontinuities at the CIGSe/TiO2−𝑥 interface. For the 18 nm samples,
the position of the Ti 2p3∕2 (Ti4+) peak is 458.62 eV and 458.57 eV
for TiO2|4% and TiO2−𝑥|0%, respectively (see Fig. 4(f) and (g) and
Table 4). The spectra of 3 nm TiO2|4% and TiO2−𝑥|0% thin films on
CIGSe are plotted in the region of the Ti 2p and In 3d in Fig. 4(b)
and (c). Therein, the peak positions of the Ti 2p3∕2 and In 3d5∕2 core
levels are determined and hence, the difference of core level positions
is calculated. 𝛥𝐸TiO2|4%

b is 13.76 eV and 𝛥𝐸TiO2−x|0%
b is slightly higher

with a value of 14.19 eV. In Fig. 4(e) the XPS spectra in the VBM
region are shown. Both background and onset regions are fitted with
a linear function, and their intersection determines the valence band
onset (i.e. 𝐸x). All energy values extracted from XPS experiments and
6

v

resultant differences are summarized in Table 4. Using Eq. (1), 𝛥𝐸v is
calculated to −1.98 eV and −2.68 eV for the TiO2|4% and TiO2−𝑥|0%
sample, respectively. The negative sign (on the used binding energy
scale with 𝐸F = 0) means a cliff from the CIGSe valence band to the
TiO2−𝑥 valence band, as indicated in the tentative band diagram in
Fig. 4(a) which summarizes the just presented results graphically.

Using 𝛥𝐸v, the peak center position of the CL spectrum in Fig. 3(d)
at 1.06 eV (and 1.00 eV) as the bandgap energy of CIGSe and the
optical bandgap energies of the TiO2−𝑥 layers, extracted in Section 3.1,
we calculate conduction band discontinuities with Eq. (2) and we get
values of 0.34 eV (0.40 eV) for the TiO2|4% and −0.46 eV (−0.40 eV) for
the TiO2−𝑥|0%. The positive sign for TiO2|4% means a spike, whereas
the negative sign for TiO2−𝑥|0% means a cliff at the interface, as is
also indicated in Fig. 4(a). Additionally, with the determination of
secondary electron cutoff energy (𝐸SE−cutoff ) as shown in Fig. 4(d) and
the valence band onset of the CIGSe, we calculate the position of the
VBM with respect to the vacuum level by

𝐸 = 𝐸 − (𝐸 − 𝐸 ). (4)
VBM Al-K𝛼 SE-cutoff v



Thin Solid Films 786 (2023) 140115D. Stock et al.
Fig. 4. Summary of XPS results for the determination of valence band discontinuities (𝛥𝐸v). (a) Tentative band diagram in view of the CIGSe/TiO2−𝑥 interface. XPS spectra in
the Ti 2p and In 3d region of 3 nm (b) TiO2−𝑥|0% and (c) TiO2|4%, both deposited on CIGSe. (d) XPS spectrum of bare CIGSe in the SE-cutoff region and (e) XPS spectra of bare
CIGSe, 18 nm TiO2−𝑥|0% and TiO2|4% (both on CIGSe) in the valence band onset region. XPS spectra in the Ti 2p region of 18 nm (f) TiO2−𝑥|0%, and (g) TiO2|4% on CIGSe.
With the energy of X-rays from the used Al-K𝛼 source (𝐸Al-K𝛼 =
1486.6 eV), we estimate the position of the CIGSe valence band to
𝐸VBM = 5.41 eV below the vacuum level.

To complete the observations of XPS experiments, the Se 3p region
of the spectra are presented in Fig. 5. We identify a significant shift of
the main contribution of the Se peaks to higher binding energy for the
TiO2|4% (3 nm) (Fig. 5(c)) sample. The positions of the Se 3p3∕2 peaks
are again given in Table 4. It is also conspicuous, that on the 18 nm
TiO2|4% sample the Se peak is still visible, while this is not the case
for the oxygen deficient sample (Fig. 5(d)), even though both samples
have approximately the same film thickness. Here we want to point
out that the In 3d peaks (and also Cu and Ga) are not present in both
samples (18 nm TiO2−𝑥), even though, the relative sensitivity factor
(R.S.F.) is almost ten times higher for the In 3d peak than the one for Se
3p. The position of the Se 3p3∕2 peak of the 18 nm TiO2|4% sample at
165.48 eV is in good agreement with literature values of oxidized Se4+
in SeO2 [25,26]. This means the Se shows, at least partly a cationic
character (peak for anionic Se is still present). Whether the Se4+ is
located in an oxidized CIGSe phase or is incorporated in the TiO2−𝑥
cannot be clarified from XPS experiments. In any case there must be a
missing Se anion in the CIGSe structure which is very likely replaced
by an oxygen anion.

Finally, in order to demonstrate principle transport mechanisms
across the TiO2−𝑥/CIGSe interface and to highlight the distinctively dif-
ferent behavior, 𝑗-𝑉 curves have been recorded for devices completed
from Sunplugged’s absorber with the two different TiO2−𝑥 buffer layers
(18 nm) and an ITO front contact, which are shown in Fig. 6. The
magnitude of the current densities are plotted on a logarithmic scale
in order to emphasize a current blocking in the TiO2|4% sample. The
linear region of the TiO2|4% sample indicates a diode characteristic,
but no photocurrent is present. On the contrary, we detect a shunting
7

behavior in the TiO2−𝑥|0% sample, marked by a sharp slope in the
low bias region, primarily influenced by the shunt resistance response.
Furthermore, there is an illumination-dependent change in resistivity
under reverse bias conditions for the TiO2−𝑥|0% sample. The flat region
in the TiO2−𝑥|0% sample originates from the current limit used to
protect the measurement setup. For comparison the CdS reference cell
is included in Fig. 6, which shows a characteristic diode behavior.

We demonstrated a way to modify the defect concentrations and
hence, to manipulate the electronic properties, resulting in a distinc-
tively different 𝑗-𝑉 behavior of the devices. Considering the estimated
conduction band offset at the absorber–buffer interface (Fig. 4(a)) for
TiO2|4%, a spike of 0.34 eV (0.40 eV) sounds convenient at first, but if
the density of mobile charge carriers (electrons) is low, it could already
account for a barrier for electrons, resulting in a blocked (photo)current
across the interface, the buffer layer or both. On the other hand, we
observed the Se 3p3∕2 peak shifting about 4.79 eV to higher binding
energies (see Fig. 5) after TiO2|4% deposition on CIGSe. As already
discussed, there is a changed surface/interface chemistry, which nor-
mally causes a deviation of electro-optical properties. This would be
another possible explanation for the observed different valence band
offset and also the drastic change in 𝑗-𝑉 behavior, when oxygen is
present in the plasma. Additionally, the fact that the Se 3p3∕2 (Se4+)
peak is also visible on the 18 nm TiO2|4% layer on CIGSe, while no
other XPS signal of the CIGSe was detected, could indicate a diffusion
or incorporation of Se4+ into the TiO2|4% layer. This would change the
opto-electrical properties of TiO2−𝑥, as reported in [27]. For example
in [28] a significantly enhanced absorbance of visible light, resulting
in an increased photo catalytic activity is demonstrated and in [29] a
lowered bandgap energy was observed for Se4+ doped TiO2.

Another point to discuss is the position of the Fermi level with
respect to the VBM. On the bare CIGSe the Fermi level is 0.34 eV above
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Table 4
Summary of extracted energy parameters.

CIGSe Cu 2p3∕2 Ga 2p3∕2 In 3d5∕2 Se 3p3∕2 𝐸v

(

𝐸In 3d5∕2
b − 𝐸CIGSe

v

)

(eV) (eV) (eV) (eV) (eV) (eV)

932.09 1117.81 444.88 160.69 0.34 444.55

3 nm Ti 2p3∕2 Cu 2p3∕2 In 3d5∕2 Se 3p3∕2 𝐸v

(

𝐸In 3d5∕2
b − 𝐸Ti 2p3∕2

b

)

on CIGSe (eV) (eV) (eV) (eV) (eV) (eV)

TiO2|4% 458.69 934.57 444.93 165.48 – 13.76
TiO2−𝑥|0% 458.49 931.54 444.30 160.04 – 14.19

18 nm Ti 2p3∕2 Cu 2p3∕2 In 3d5∕2 Se 3p3∕2 𝐸v

(

𝐸Ti 2p3∕2
b − 𝐸TiO2

v

)

on CIGSe (eV) (eV) (eV) (eV) (eV) (eV)

TiO2|4% 458.62 – – 165.49 2.30 456.32
TiO2−𝑥|0% 458.57 – – – 2.51 456.05
Fig. 5. XPS spectra in the Se 3p and Se LMM region of (a) bare CIGSe and (b)–(d) TiO2−𝑥 deposited on CIGSe. (b) 3 nm of TiO2−𝑥|0%, (c) 3 nm of TiO2|4% and (d) 18 nm of
TiO2−𝑥 on CIGSe.
the VBM. For the 18 nm TiO2|4% sample on CIGSe, the Fermi level
is 2.30 eV above VBM and the VB offset at the interface is −1.98 eV.
This means that the Fermi level position of the CIGSe and TiO2|4% are
very close together, consequently there is hardly a band bending due
to interface formation to be expected. This affects the formation of the
space charge region after front contact deposition. On the other hand,
the VB offset is −2.68 eV for the TiO2−𝑥|0% sample and 𝐸v

TiO2−𝑥|0% =
2.51 eV. This implies that the Fermi level of TiO2−𝑥|0% is lower than
the valence band maximum of CIGSe. This would consequently lead
rather to a flow of electrons from the CIGSe into the TiO2−𝑥 when
forming an interface. This suggests an upwards bending of the CIGSe,
8

making the CIGSe more 𝑝-type. This could lead rather to an ohmic
contact than a diode junction. Further, potential shunt paths due to
copper rich growth defects in the CIGSe in combination with a feasible
higher conductivity of the TiO2−𝑥|0% cannot be ruled out to be jointly
responsible for the observed shunted 𝑗-𝑉 behavior shown in Fig. 6. Also
a possible incomplete coverage of the TiO2−𝑥 layer at deep pits cannot
be excluded, however, the fact, that those deep pits are present in both
TiO2−𝑥 samples, makes them unlikely to be the source of the observed
shunted device characteristic.

However, we have to discuss some limits of the applied character-
ization techniques. It is common practice, to use the position of the
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Fig. 6. Dark and illuminated 𝑗-𝑉 curves of 0.25 cm2 sized cells completed from Sunplugged’s absorber with TiO2|4% (green squares) and TiO2−𝑥|0% (gray circles) buffer layers,
and ITO front contact and CdS reference cell (purple triangles) plotted on a logarithmic scale.
Fermi-level with respect to the VBM after calibration of the binding
energy scale. But the Fermi-level position may not be precisely deter-
mined due to factors like band bending at the interface with vacuum
and chemical bonding variations of the adventitious carbon used for
calibration. Even though, it is common practice [30,31], the estimation
of 𝛥𝐸c by just using the bandgap energies and the valence band offset
has its limits, and therefore, should only be used to approximate the
band alignment. The main problem is that the position of the conduc-
tion band minimum of the materials are determined separately and not
at the actual interface.

In contrast, the determination of 𝛥𝐸v is done by measuring the
actual interface, and therefore includes possible effects due to inter-
face formation (e.g. a shift of Fermi-level position). And as already
mentioned the determination is invariant to potential charging effects
or calibrating to a reference energy. Hence the different values for
𝛥𝐸v confirm different interface properties and band alignment at the
interface for the two TiO2−𝑥 samples and depicts the potential of
modification to improve the resulting device’s performance.

So far, the interpretation of the 𝑗-𝑉 characteristics is not completely
clarified. Anyhow, the presence of oxygen in the plasma during buffer
deposition process seems to be harmful for the electron transport mech-
anism across the device. For instance, besides the discussed potential
explanations, it is also conceivable, that the 𝑗-𝑉 curves contain a tran-
sition from an ohmic to a Schottky contact at the TiO2−𝑥/ITO interface,
due to a modified position of the Fermi level in the TiO2−𝑥. The fact,
that also the TiO2−𝑥/ITO interface is involved, requires further detailed
investigation, including a separate characterization of the buffer/TCO
interface.

4. Summary, conclusion and outlook

In this work, we presented a comprehensive material investigation
of DC magnetron sputtered TiO2−𝑥 layers from ceramic TiO2−𝑥 targets
mixed with metallic Ti particles. We focused on the effect of oxygen
presence/absence during the deposition process on the electrical and
optical properties. The study was construed in view of an application
as a buffer layer in CIGSe based solar cells. With reference to all our
9

findings, we can summarize, that we are able to modify the quantity of
defects within the deposited TiO2−𝑥 thin films, such as oxygen vacancies
by the oxygen content in the process gas, which of course, has an
impact on the opto-electrical properties. We detected a decrease of
the optical bandgap from 3.38 eV to 3.28 eV and significant defect
absorption and emission for the sample prepared without oxygen, in
comparison to the sample sputtered with 4% oxygen. We presented a
tentative band diagram in view of the CIGSe/TiO2−𝑥 interface, in which
the effect of oxygen in the plasma process on the band discontinuities
are apparent. Besides the strongly modified band discontinuities for
the two TiO2−𝑥 samples, the changed interface chemistry due to the
deposition conditions is additionally responsible for the different de-
vice characteristic. We show, that the application of oxygen reactive
sputtering of TiO2−𝑥 thin films is not feasible for buffer layer depo-
sition. Consequently, the options to modify the interface properties
are restricted, but still, this study demonstrates, that it is possible to
overcome the barrier by oxygen deficiency. The identified harmful
impact of oxygen presence in the deposition process on the electron
transfer mechanism at the absorber–buffer interface might also concern
other magnetron sputtered, oxidic alternative buffer materials. There is
the possibility to optimize the TiO2−𝑥 layers by reducing the metallic Ti
concentration in the mixed sputter targets. Additionally, doping with
e.g. niobium (Nb) or Nb2O5−𝑥 is a potential way for band alignment
optimization as it tends to induce defect states just below the conduc-
tion band and to shift the Fermi level closer to the conduction band
minimum. Besides the optimization of TiO2−𝑥 layers, also the CIGSe
surface can be modified, e.g. by post deposition treatments or bandgap
tuning.

Other than that, compact TiO2−𝑥 based thin films can be used as
transparent electron-selective or electron-transport layers in other PV
application, such as organic solar cells, silicon heterojunction solar
cells, dye-sensitized solar cells, perovskite based solar cells or tandem
devices. Another field of application can be found in organic light
emitting diodes (OLED), likewise as an electron selective layer. The
used approach with conductive ceramic targets and the consequential
possibility of DC magnetron sputtering, provides an attractive, easily
scalable and stable industrial process for large area deposition.



Thin Solid Films 786 (2023) 140115D. Stock et al.

L

D

c
i

D

A

S
t
B
m
f
a

CRediT authorship contribution statement

David Stock: Conceptualization, Methodology, Investigation, For-
mal analysis, Visualization, Writing – original draft. Nikolaus Wein-
berger: Project Administration, Visualization, Writing – review & edit-
ing. Florian Ruske: Investigation, Writing – review & editing. Le-
ander Haug: Investigation. Martina Harnisch: Investigation. Roman
ackner: Resources, Supervision, Writing – review & editing.

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared to
nfluence the work reported in this paper.

ata availability

Data will be made available on request.

cknowledgments

The work is part of the project APRIKUS, which is funded by the
tandortagentur Tirol, Austria. The authors would like to thank Chris-
ian A. Kaufmann and Tobias Bertram from the Helmholtz-Zentrum
erlin for fruitful discussions, valuable advice, and for reviewing our
anuscript. Andreas Zimmermann, Daniel Huber, and Christian Perfler

rom Sunplugged GmbH are thankfully acknowledged for fabrication
nd supplying CIGSe absorber material and technical assistance for 𝑗-

𝑉 characterization. D. Stock is also thankful to Nikolai Kraus for all the
technical support and for reviewing.

References

[1] M. Jošt, E. Köhnen, A. Al-Ashouri, T. Bertram, Š. Tomšič, A. Magomedov,
E. Kasparavicius, T. Kodalle, B. Lipovšek, V. Getautis, R. Schlatmann, C.A.
Kaufmann, S. Albrecht, M. Topič, Perovskite/CIGS tandem solar cells: from
certified 24.2% toward 30% and beyond, ACS Energy Lett. 41 (4) (2022)
1298–1307, http://dx.doi.org/10.1021/acsenergylett.2c00274.

[2] H.A. Yetkin, T. Kodalle, T. Bertram, A. Villanueva-Tovar, M. Rusu, R. Klenk,
B. Szyszka, R. Schlatmann, C.A. Kaufmann, Decay mechanisms in CdS–buffered
Cu(In,Ga)Se2 thin–film solar cells after exposure to thermal stress: Understanding
the role of Na, Prog. Photovolt., Res. Appl. 29 (9) (2021) 1034–1053, http:
//dx.doi.org/10.1002/pip.3438.

[3] T. Feurer, P. Reinhard, E. Avancini, B. Bissig, J. Löckinger, P. Fuchs, R. Carron,
T.P. Weiss, J. Perrenoud, S. Stutterheim, S. Buecheler, A.N. Tiwari, Progress
in thin film CIGS photovoltaics - Research and development, manufacturing,
and applications, Prog. Photovolt., Res. Appl. 25 (7) (2017) 645–667, http:
//dx.doi.org/10.1002/pip.2811.

[4] N. Naghavi, D. Abou-Ras, N. Allsop, N. Barreau, S. Bücheler, A. Ennaoui, C.-H.
Fischer, C. Guillen, D. Hariskos, J. Herrero, R. Klenk, K. Kushiya, D. Lincot, R.
Menner, T. Nakada, C. Platzer-Björkman, S. Spiering, A.N. Tiwari, T. Törndahl,
Buffer layers and transparent conducting oxides for chalcopyrite Cu(In,Ga)(S,Se)2
based thin film photovoltaics: Present status and current developments, Prog.
Photovolt., Res. Appl. 18 (6) (2010) 411–433, http://dx.doi.org/10.1002/pip.
955.

[5] M. Nakamura, K. Yamaguchi, Y. Kimoto, Y. Yasaki, T. Kato, H. Sugimoto, Cd-Free
Cu(In,Ga)(Se,S)2 thin-film solar cell with record efficiency of 23.35%, IEEE J.
Photovolt. 9 (6) (2019) 1863–1867, http://dx.doi.org/10.1109/JPHOTOV.2019.
2937218.

[6] A. Illiberi, C. Frijters, M. Ruth, D. Bremaud, P. Poodt, F. Roozeboom, P.J. Bolt,
Atmospheric spatial atomic layer deposition of ZnOs buffer layers for flexible
Cu(In,Ga)Se2 solar cells, J. Vacuum Sci. Technol. A 36 (5) (2018) 051511,
http://dx.doi.org/10.1116/1.5040457.

[7] W. Hsu, C.M. Sutter-Fella, M. Hettick, L. Cheng, S. Chan, Y. Chen, Y. Zeng, M.
Zheng, H.-P. Wang, C.-C. Chiang, A. Javey, Electron-selective TiO2 contact for
Cu(In,Ga)Se2 solar cells, Sci. Rep. 5 (2015) 16028, http://dx.doi.org/10.1038/
srep16028.

[8] J. Löckinger, S. Nishiwaki, T.P. Weiss, B. Bissig, Y.E. Romanyuk, S. Buecheler,
A.N. Tiwari, TiO2 as intermediate buffer layer in Cu(In,Ga)Se2 solar cells,
Sol. Energy Mater. Sol. Cells 174 (2018) 397–404, http://dx.doi.org/10.1016/
j.solmat.2017.09.030.

[9] A. Pflug, V. Sittinger, F. Ruske, B. Szyszka, G. Dittmar, Optical characterization
of aluminum-doped zinc oxide films by advanced dispersion theories, Thin Solid
Films 455–456 (2004) 201–206, http://dx.doi.org/10.1016/j.tsf.2004.01.006.
10
[10] N. Weinberger, D. Stock, C.A. Kaufmann, T. Kodalle, M.D. Heinemann, D. Huber,
M. Harnisch, A. Zimmermann, G.N. Strauss, R. Lackner, New approach for
an industrial low-temperature roll-to-roll CI(G)Se hybrid sputter coevaporation
deposition process, J. Vacuum Sci. Technol. A 38 (3) (2020) 033201, http:
//dx.doi.org/10.1116/1.5142830.

[11] N. Weinberger, D. Stock, J. Mesle, C.A. Kaufmann, T. Bertram, T. Kodalle, R.
Wuerz, D. Huber, A. Zimmermann, G. Strauss, R. Lackner, Realizing double
graded CIGSe absorbers with the R2R hybrid-CIGSe-process, IEEE J. Photovolt.
11 (2) (2021) 337–344, http://dx.doi.org/10.1109/JPHOTOV.2020.3045674.

[12] E.A. Kraut, R.W. Grant, J.R. Waldrop, S.P. Kowalczyk, Precise determination
of the valence-band edge in X-Ray photoemission spectra: application to mea-
surement of semiconductor interface potentials, Phys. Rev. Lett. 44 (24) (1980)
1620–1623, http://dx.doi.org/10.1103/PhysRevLett.44.1620.

[13] R.W. Grant, J.R. Waldrop, E.A. Kraut, XPS measurements of abrupt Ge–GaAs
heterojunction interfaces, J. Vac. Sci. Technol. 15 (4) (1978) 1451–1455, http:
//dx.doi.org/10.1116/1.569806.

[14] D.K. Pallotti, E. Orabona, S. Amoruso, C. Aruta, R. Bruzzese, F. Chiarella, S. Tuzi,
P. Maddalena, S. Lettieri, Multi-band photoluminescence in TiO2 nanoparticles-
assembled films produced by femtosecond pulsed laser deposition, J. Appl. Phys.
114 (4) (2013) 043503, http://dx.doi.org/10.1063/1.4816251.

[15] C. Di Valentin, G. Pacchioni, A. Selloni, Reduced and n-type doped TiO2:
Nature of 𝑇 𝑖3+ species, J. Phys. Chem. C 113 (48) (2009) 20543–20552, http:
//dx.doi.org/10.1021/jp9061797.

[16] C. Mercado, Z. Seeley, A. Bandyopadhyay, S. Bose, J.L. McHale, Photolumines-
cence of dense nanocrystalline titanium dioxide thin films: Effect of doping and
thickness and relation to gas sensing, ACS Appl. Mater. Interfaces 3 (7) (2011)
2281–2288, http://dx.doi.org/10.1021/am2006433.

[17] C. Jin, B. Liu, Z. Lei, J. Sun, Structure and photoluminescence of the TiO2 films
grown by atomic layer deposition using tetrakis-dimethylamino titanium and
ozone, Nanoscale Res. Lett. 10 (2015) 95, http://dx.doi.org/10.1186/s11671-
015-0790-x.

[18] M.M. Mikhailov, S.A. Yuryev, Cathodoluminescence of TiO2 powders, In-
org. Mater. Appl. Res. 5 (5) (2014) 462–466, http://dx.doi.org/10.1134/
S2075113314050128.

[19] D.K. Pallotti, L. Passoni, P. Maddalena, F. Di Fonzo, S. Lettieri, Photolumines-
cence mechanisms in anatase and rutile TiO2, J. Phys. Chem. C 121 (16) (2017)
9011–9021, http://dx.doi.org/10.1021/acs.jpcc.7b00321.

[20] L. Chetibi, T. Busko, N.P. Kulish, D. Hamana, S. Chaieb, S. Achour, Photolumi-
nescence properties of TiO2 nanofibers, J. Nanoparticle Res. 19 (4) (2017) 2807,
http://dx.doi.org/10.1007/s11051-017-3822-x.

[21] C.C. Mercado, F.J. Knorr, J.L. McHale, S.M. Usmani, A.S. Ichimura, L.V. Saraf,
Location of hole and electron traps on nanocrystalline anatase TiO2, J. Phys.
Chem. C 116 (19) (2012) 10796–10804, http://dx.doi.org/10.1021/jp301680d.

[22] S. Ishizuka, K. Sakurai, A. Yamada, H. Shibata, K. Matsubara, M. Yonemura, S.
Nakamura, H. Nakanishi, T. Kojima, S. Niki, Progress in the efficiency of wide-
gap Cu(In1-xGax)Se2 solar cells using CIGSe layers grown in water vapor, Japan.
J. Appl. Phys. 44 (No. 22) (2005) L679–L682, http://dx.doi.org/10.1143/JJAP.
44.L679.

[23] S. Hashimoto, A. Tanaka, Alteration of Ti 2p XPS spectrum for titanium oxide by
low-energy Ar ion bombardment, Surf. Interface Anal. 34 (1) (2002) 262–265,
http://dx.doi.org/10.1002/sia.1296.

[24] D. Stock, N. Weinberger, T. Dimopoulos, R. Adhi Wibowo, A. Zimmermann,
G. Strauss, Material investigation on magnetron sputtered TiO2-x alternative
buffer layers for CIGSe absorber produced in an industrial roll-to-roll hybrid
sputter co-evaporation process, in: 2020 47th IEEE Photovoltaic Specialists
Conference (PVSC), IEEE, 2020, pp. 0905–0908, http://dx.doi.org/10.1109/
PVSC45281.2020.9300577.

[25] S. Badrinarayanan, A.B. Mandale, V.G. Gunjikar, A.P.B. Sinha, Mechanism
of high-temperature oxidation of tin selenide, J. Mater. Sci. 21 (9) (1986)
3333–3338, http://dx.doi.org/10.1007/BF00553376.

[26] G. Malmsten, I. Thorén, S. Högberg, J.-E. Bergmark, S.-E. Karlsson, E. Rebane,
Selenium compounds studied by means of ESCA, Phys. Scr. 3 (2) (1971) 96–100,
http://dx.doi.org/10.1088/0031-8949/3/2/009.

[27] H.H. Ibrahim, A.A. Mohamed, I.A.M. Ibrahim, Origin of the enhanced photocat-
alytic activity of (Ni, Se, and B) mono- and co-doped anatase TiO2 materials
under visible light: a hybrid DFT study, RSC Adv. 10 (70) (2020) 43092–43102,
http://dx.doi.org/10.1039/d0ra07781j.

[28] E.M. Rockafellow, J.M. Haywood, T. Witte, R.S. Houk, W.S. Jenks, Selenium-
modified TiO2 and its impact on photocatalysis, Langmuir :ACS J. Surf. Colloids
26 (24) (2010) 19052–19059, http://dx.doi.org/10.1021/la1026569.

[29] S. Mathew, P. Ganguly, V. Kumaravel, J. Harrison, S.J. Hinder, J. Bartlett, S.C.
Pillai, Effect of chalcogens (S, Se, and Te) on the anatase phase stability and
photocatalytic antimicrobial activity of TiO2, Mater. Today: Proc. 33 (2020)
2458–2464, http://dx.doi.org/10.1016/j.matpr.2020.01.336.

[30] O. Papathanasiou, S. Siebentritt, I. Lauermann, T. Hahn, H. Metzner, M.C. Lux-
Steiner, Band offsets at the ZnSe/Cuins2 interface, MRS Proc. 865 (521) (2005)
http://dx.doi.org/10.1557/PROC-865-F5.21.

[31] D. Kieven, A. Grimm, I. Lauermann, T. Rissom, R. Klenk, Band alignment at
Sb2S3/Cu(In,Ga)Se2 heterojunctions and electronic characteristics of solar cell
devices based on them, Appl. Phys. Lett. 96 (26) (2010) 262101, http://dx.doi.
org/10.1063/1.3457439.

http://dx.doi.org/10.1021/acsenergylett.2c00274
http://dx.doi.org/10.1002/pip.3438
http://dx.doi.org/10.1002/pip.3438
http://dx.doi.org/10.1002/pip.3438
http://dx.doi.org/10.1002/pip.2811
http://dx.doi.org/10.1002/pip.2811
http://dx.doi.org/10.1002/pip.2811
http://dx.doi.org/10.1002/pip.955
http://dx.doi.org/10.1002/pip.955
http://dx.doi.org/10.1002/pip.955
http://dx.doi.org/10.1109/JPHOTOV.2019.2937218
http://dx.doi.org/10.1109/JPHOTOV.2019.2937218
http://dx.doi.org/10.1109/JPHOTOV.2019.2937218
http://dx.doi.org/10.1116/1.5040457
http://dx.doi.org/10.1038/srep16028
http://dx.doi.org/10.1038/srep16028
http://dx.doi.org/10.1038/srep16028
http://dx.doi.org/10.1016/j.solmat.2017.09.030
http://dx.doi.org/10.1016/j.solmat.2017.09.030
http://dx.doi.org/10.1016/j.solmat.2017.09.030
http://dx.doi.org/10.1016/j.tsf.2004.01.006
http://dx.doi.org/10.1116/1.5142830
http://dx.doi.org/10.1116/1.5142830
http://dx.doi.org/10.1116/1.5142830
http://dx.doi.org/10.1109/JPHOTOV.2020.3045674
http://dx.doi.org/10.1103/PhysRevLett.44.1620
http://dx.doi.org/10.1116/1.569806
http://dx.doi.org/10.1116/1.569806
http://dx.doi.org/10.1116/1.569806
http://dx.doi.org/10.1063/1.4816251
http://dx.doi.org/10.1021/jp9061797
http://dx.doi.org/10.1021/jp9061797
http://dx.doi.org/10.1021/jp9061797
http://dx.doi.org/10.1021/am2006433
http://dx.doi.org/10.1186/s11671-015-0790-x
http://dx.doi.org/10.1186/s11671-015-0790-x
http://dx.doi.org/10.1186/s11671-015-0790-x
http://dx.doi.org/10.1134/S2075113314050128
http://dx.doi.org/10.1134/S2075113314050128
http://dx.doi.org/10.1134/S2075113314050128
http://dx.doi.org/10.1021/acs.jpcc.7b00321
http://dx.doi.org/10.1007/s11051-017-3822-x
http://dx.doi.org/10.1021/jp301680d
http://dx.doi.org/10.1143/JJAP.44.L679
http://dx.doi.org/10.1143/JJAP.44.L679
http://dx.doi.org/10.1143/JJAP.44.L679
http://dx.doi.org/10.1002/sia.1296
http://dx.doi.org/10.1109/PVSC45281.2020.9300577
http://dx.doi.org/10.1109/PVSC45281.2020.9300577
http://dx.doi.org/10.1109/PVSC45281.2020.9300577
http://dx.doi.org/10.1007/BF00553376
http://dx.doi.org/10.1088/0031-8949/3/2/009
http://dx.doi.org/10.1039/d0ra07781j
http://dx.doi.org/10.1021/la1026569
http://dx.doi.org/10.1016/j.matpr.2020.01.336
http://dx.doi.org/10.1557/PROC-865-F5.21
http://dx.doi.org/10.1063/1.3457439
http://dx.doi.org/10.1063/1.3457439
http://dx.doi.org/10.1063/1.3457439

	Development of direct current magnetron sputtered TiO2-x thin films as buffer layers for copper indium gallium diselenide based solar cells
	Introduction
	Experimental and Methods
	TiO2-x Thin Films
	CIGSe/TiO2-x: Interface and Devices
	Interface and Device Fabrication
	Material-, Interface- and Device Characterization


	Results and Discussion
	TiO2-x Thin Films Characterization
	TiO2-x Application on CIGSe

	Summary, Conclusion and Outlook
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


