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ABSTRACT

Ultrathin molybdenum oxide films are promising as transparent carrier-selective layers in photovoltaic cells, yet the electronic structure of
sputtered molybdenum oxide (MoOx) and, therefore, the nature of electronic transport remains insufficiently understood. In this study,
we show that magnetron-sputtered MoOx thin films exhibit a largely invariant energy-level structure across variations in thickness, target
material, and underlying layer, while remaining electrically nonmetallic. Films with thicknesses of ~5 nm and ~20 nm were prepared from
either a metallic molybdenum target in a reactive process or a ceramic MoOy target on glass and, for some samples, on germanium or alu-
minum doped zinc oxide coated glass. The results from Kelvin probe force microscopy, ultraviolet photoelectron spectroscopy, UV-Vis—-NIR
spectroscopy, optical modeling, and four-point probe measurements were combined to determine the work function, valence-band edge
energy, optical bandgap, and derived conduction-band edge energy. Neither film thickness, target type, nor underlying layer seems to create a
clear systematic shift of the energy levels. Additional occupied states were observed at binding energies of about 1.0-1.6 eV and are consistent
with defect-related intra-gap states. The Fermi level is found to be ~0.1-0.5 eV above the conduction-band edge derived from the optical
bandgap. The results are discussed with respect to the mechanisms underlying the carrier-selective transport in functional MoOx thin films.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/6.0005792
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I. INTRODUCTION

Semitransparent photovoltaics can be used in large glass areas
in building facades not only for daylight and solar heat gain con-
trol but also for electricity generation." Conventional solar-control
glazing typically reduces solar heat gain in buildings through thin,
optically functional coatings that reflect or absorb part of the inci-
dent radiation.” These coatings are manufactured industrially using
large-area inline sputtering systems. This creates the possibility of
using existing production infrastructure to manufacture semitrans-
parent photovoltaic layer stacks, provided that all functional layers
can be deposited using compatible sputtering processes.” Previ-
ous work has already shown that ultrathin sputtered germanium
films can be used as absorbers in thin-film solar cells and that a

sputtered absorber represents an important step toward fully sput-
tered semitransparent solar cells.! Furthermore, a fully sputtered
layer stack with a thin germanium absorber was shown to provide
nearly color-neutral transmission and suitable optical properties for
facade applications.” In addition to the absorber and transparent
conductive oxides, carrier-selective contacts are important for the
operation of such a device.’

Some transition-metal oxides are particularly attractive for
this purpose because they achieve wide bandgaps, low parasitic
absorption in the visible spectral range, and suitable energy levels
for selective carrier extraction.”” Molybdenum oxide is frequently
discussed as a hole-selective contact material.” " Its electronic struc-
ture depends strongly on its composition. Stoichiometric MoO3
is a wide-bandgap oxide with high transparency, a large work
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function, and Mo centers with reduced oxidation states.!' The
resulting combination of high optical transparency and a defect-
dependent electronic structure makes molybdenum oxide (MoOx)
an attractive material for transparent electronic contacts and func-
tional layers.'” " An especially relevant technological context is
the use of MoOy as a carrier-selective contact material in thin
photovoltaic layer stacks without being dependent on doping.'*'°

High work functions and a strong dependence of the elec-
tronic properties on oxygen stoichiometry, oxidation state, and
defect structure have been reported for MoOy.”® Battaglia et al.
demonstrated that ultrathin MoOx can be used as a transparent,
dopant-free, hole-selective contact to n-type silicon and that it is
characterized by a large work function and defect states within the
bandgap.'’ The role of such defect states is particularly relevant
for MoOy because oxygen vacancies and reduced Mo states can
affect the work function, band alignment, and charge transport."””’
Further studies have shown that the defect distribution in MoOx
depends on processing and post-treatment conditions and that
both the work function and the defect density are key parameters
governing the function of MoOy as a selective contact.”!

Despite this prior work, the energy-level structure of sputtered
MoOx thin films remains insufficiently understood, particularly in
the context of fully sputtered solar cells. Many studies of MoOx as
a selective contact are based on other deposition methods.”>”’ For a
fully sputtered solar cell, however, sputter deposition of MoOy itself
needs to be analyzed. The resulting film properties may differ from
MoOy deposited by other techniques because the oxygen stoichiom-
etry can be affected, thereby changing the electronic energy levels.”*
This can be attributed to the different energies of the incident ions,
which are typically significantly higher in sputtering than in other
deposition methods, such as evaporation. This is particularly rele-
vant for films only a few nanometers thick, as used for contact layers
in solar-cell stacks, where interface effects dominate the resulting
electronic properties. In a previously modeled fully sputtered layer
stack, MoOyx and TiOx were already considered as selective contact
materials with a MoOy thickness of ~5 nm.*

The research objective of this work is to gain a better under-
standing of the transport of charge-carrier-selective contact materi-
als in the context of MoOx by investigating the energy levels. The
MoOy films were deposited on glass and on underlying germanium
or aluminum doped zinc oxide (AZO) relevant to a solar-cell stack in
order to examine both intrinsic material properties and the influence
of realistic layer configurations. These two underlying materials were
chosen to simulate two different deposition methods for a poten-
tial future solar cell, in which either the hole-selective contact or
the electron-selective contact is sputtered first. Depending on the
order in which the layer stack is sputtered, either AZO or germa-
nium serves as the underlying layer. In addition, two possible sputter
processes were compared: reactive sputtering from a metallic Mo
target and non-reactive sputtering from a ceramic MoOx target. This
comparison is relevant because both approaches are technologically
applicable but differ, especially in the need to introduce additional
oxygen during sputtering when using the metallic target to achieve
MoOy. This could result in different oxygen stoichiometries and
defect structures.””

The measurement results of Kelvin probe force micro-
scopy (KPFM), ultraviolet photoelectron spectroscopy (UPS), and
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UV-Vis-NIR spectrophotometry were combined to determine the
energy-level structure. KPFM was used to derive the relative work
function or changes in the surface potential, whereas UPS pro-
vided the valence-band position and information on occupied states
near the Fermi level. UV-Vis-NIR spectrophotometry was used to
determine the optical bandgap. With this approach, a consistent
energy-level diagram of the sputtered MoOy films was derived.

Il. EXPERIMENTAL DETAILS
A. Sample preparation

Thin molybdenum oxide films were deposited on glass,
glass/germanium, and glass/AZO substrates by magnetron sputter-
ing. The sample preparation was designed to produce MoOx films
with relevant thicknesses and sublayers, enabling the energetic posi-
tions of the work function, valence-band edge, optical bandgap, and
conduction-band edge to be derived. A Vistaris 600 inline mag-
netron sputtering system from Singulus Technologies was used for
the MoOx depositions. Two different processes and targets were
used for the deposition of MoOx: a metallic molybdenum target
and a ceramic molybdenum oxide target. For deposition from the
metallic molybdenum target, a planar Mo sputtering target with a
purity of 99.95% from Avaluxe International was used. The films
were deposited in a DC sputtering process at a sputtering power of
4 kW and a process pressure of ~3.4 x 107> mbar, using an oxygen
plasma with an O, flow of 200 sccm.

For deposition from the ceramic molybdenum oxide target, a
planar molybdenum oxide sputtering target with a purity of 99.9%
from Avaluxe International was used. The target has a composition
specified by the manufacturer of MoOx, ranging from x = 2.7 to x =
2.8. The films were deposited in a DC sputtering process at a sput-
tering power of 1 kW and a process pressure of ~4.5 x 10™> mbar,
using a plasma generated from 300 sccm Ar and 20 sccm O,.

For selected samples, an additional germanium or AZO inter-
layer was deposited between the glass and MoOx. The sputter-
ing parameters for the AZO and germanium layers are described
elsewhere.”

The nominal MoOx film thicknesses were 5.4 and 21.6 nm.
They were determined by measuring dedicated calibration samples
with integer multiples of these thicknesses using a Bruker Dektak XT
profilometer. The thinner film corresponds to the thickness range
relevant for selective contacts in ultrathin photovoltaic layer stacks,
whereas the thicker film enables a more robust determination of the
optical and photoelectronic properties.

The resulting samples comprise different MoOx film thick-
nesses, substrates, and target types. This enables an assessment of
whether observed changes or specific features are primarily caused
by the film thickness, the substrates, or the sputtering route.

B. KPFM measurements

Kelvin probe force microscopy measurements were performed
to determine the local surface potential of the samples and to derive
the effective work function of the MoOx surface. The measurements
were performed using an NX10 system from Park Systems and an
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ElectriMulti75-G cantilever from BudgetSensors. Before measuring
the MoOy samples, the measurement system was calibrated using
a reference sample consisting of alternating aluminum and gold
lines deposited on an oxide covered silicon substrate with a known
work function. This allowed the measured contact potential differ-
ence between the probe tip and the sample to be converted into a
relative or calibrated work function of the sample surface. As a sur-
face probe, KPFM is a highly surface-sensitive measurement that is
hardly affected by the thickness of the layers.

For each sample, a square area of 100 ym”* was measured with
256 data points per scan line and a scan rate of 0.7 Hz. The median
and other statistical measures of the surface potential were deter-
mined from the measured surface-potential maps. In addition, the
KPFM measurement also records the z-height, which allows us to
characterize the morphology.

C. UPS measurements

The electronic structure of the MoOx films was analyzed by
ultraviolet photoelectron spectroscopy (UPS). A helium lamp and
the helium I line were used as the excitation source. The spectra were
recorded at a pass energy of 1 eV, and 10 scans were accumulated for
each measurement. The step size was 0.02 eV.

To determine the energetic position of the valence-band edge,
the rising region of the valence band was fitted linearly. The inter-
section of the fitted line with the intensity baseline was taken as the
valence-band maximum relative to the Fermi level.””** All bind-
ing energies were referenced to the Fermi level. In addition, the
near-Fermi-level region of the UPS spectra was analyzed to identify
possible occupied states within the bandgap.

The KPFM measurements were performed under ambient con-
ditions, whereas the UPS spectra were acquired under ultrahigh-
vacuum conditions. Consequently, the two techniques may probe
surfaces with different adsorbate coverages. These can modify the
surface and, thus, the work function measured by KPFM, whereas
desorption and surface equilibration under ultrahigh vacuum may
result in a different surface potential during UPS analysis. The abso-
lute energy-level alignment obtained by combining both techniques
should, therefore, be regarded as a nominal approximation.

5.491eV

‘c m" l }?" A

5.45eV

5.4eV

5.35eV

5.3eV
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D. UV-Vis-NIR measurements and optical modeling

UV-Vis-NIR transmission and reflection spectra were
recorded using an Agilent Cary 5000 spectrophotometer. The
spectral range was 250-2500 nm for transmission measurements
and 350-2500 nm for reflection measurements. The measurements
were used to determine the optical properties of the MoOy films
and to derive the optical bandgap. For samples in which MoOx
was deposited directly on glass, the measured transmission and
reflection spectra were additionally used for optical modeling. The
results of these samples were assigned to the others accordingly.

The modeling was performed using Code/Scout version 4.85
from W. Theiss Hardware and Software. A virtual layer stack con-
sisting of the glass substrate and the MoOy film was constructed.
The dielectric function of the MoOy film was described using
a Tauc-Lorentz model. The software uses the one-dimensional
transfer-matrix method to calculate the reflection and transmission
of the layer stack. The parameters of the Tauc-Lorentz model were
fitted to reproduce the measured transmission and reflection spec-
tra as closely as possible. The optical bandgap of the MoOy film was
extracted from the fit.

E. Sheet-resistance measurements

The lateral sheet resistance of the MoOy films deposited directly
on glass was evaluated by four-point-probe measurements using a
Jandel RM3-AR measurement system.

lll. RESULTS

Kelvin probe force microscopy measurements were performed
to analyze the electronic surface potential of the samples. Figure 1(a)
shows a KPFM work function map of the scanned area of a ~20 nm
thick MoOx film sputtered from the ceramic target onto glass. The
qualitative behavior of the measured values and their distribution
is very similar for all KPFM measurements. The surface potential
is rather uniform in the scanned area. Despite the slow scan rate
of 0.7 Hz, a weak line-to-line variation in the slow-scan direction
is visible, which is, however, small compared to the overall con-
trast. Furthermore, the typical amplitude of a line scan in terms
of height for this sample is ~0.5 nm, which is also typical for the

_| I Interquartile range, 25-75% | 5.50
T Whiskers: data within 1.5 x Interquartile range b) ’
Median
-5.45 0,
S
-5.40 =
(6]
5
“—
-5.35 ~
[
o
-5.30 =
5.25

FIG. 1. KPFM work-function map of a MoO, sample in (a) and the corresponding work-function distribution with an embedded box-and-whisker plot in (b).
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other samples. The layers should, therefore, be completely closed.
Figure 1(b) shows a corresponding distribution of the same KPFM
measurement, which is almost symmetric and normally distributed.
The median is at 5.37 eV, and the standard deviation of this sin-
gle measurement is 0.03 eV. Because the standard deviation is so
small, it is not separately displayed as an error bar. It is important
to note that this deviation refers only to the deviation within a sin-
gle measurement and, therefore, does not provide any information

pubs.aip.org/aip/adv

about possible errors between different measurements. The investi-
gated sample configurations and the corresponding work functions,
including the standard deviation of the work function, valence band
position from the Fermi level and the bandgap, are shown in Table I.

Figure 2 shows the sections of the normalized UPS spectra,
restricted to the area of the valence band edge. The spectra are plot-
ted as a function of binding energy relative to the Fermi level. A
pronounced linear region can be identified in all measurements and

TABLE I. Overview of investigated MoOx samples and the extracted electronic and optical parameters.

MoOx Median work  Work function  Valence band
thickness function std. dev. maximum Bandgap
Mo-target  Substrate (nm) (eV) (eV) (eV) (eV)
Metallic Glas 54 5.38 0.03 3.15 2.78
Metallic Glas 21.6 5.18 0.03 3.36 2.84
Metallic Glas/Ge 5.4 5.19 0.02 3.08 e
Metallic Glas/Ge 21.6 5.24 0.02 3.37
Metallic Glas/AZO 5.4 5.33 0.02 2.92
Metallic Glas/AZO 21.6 5.44 0.02 3.01 e
Ceramic Glas 5.4 5.29 0.03 2.92 2.75
Ceramic Glas 21.6 5.37 0.03 3.02 2.83
Ceramic Glas/Ge 54 5.47 0.02 3.33 e
Ceramic Glas/Ge 21.6 5.63 0.02 3.05
Ceramic Glas/AZO 5.4 5.46 0.02 3.36
Ceramic Glas/AZO 21.6 5.35 0.03 3.17

Intensity [a.u.]

Intensity [a.u.]

FIG. 2. Normalized UPS spectra of MoOy
films with different thicknesses, sput-
ter targets, and substrates: (a) 5.4 nm
MoOy deposited from the metallic tar-

get, (b) 54 nm MoOy deposited from

the ceramic target, (c) 21.6 nm MoOx
deposited from the metallic target, and
(d) 21.6 nm MoOy deposited from the
ceramic target. Black lines represent lin-
earfits to the valence-band onset used to
determine the valence-band maximum.
Binding energies are referenced to the
Fermi level.

5.4nm
MoOx

21.6nm
2+ F 1 MoOx .

Intensity [a.u.]

Intensity [a.u.]

Metallic Target: Solid line

0 T T Y T

Ceramic Target: Dotted Line
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FIG. 3. Near-Fermi-level UPS spectra of MoO films with different thicknesses and
substrates. Energies are referenced to the Fermi level.

can be clearly distinguished from the adjacent curved regions. To
determine the valence-band edge, the rising flank of the UPS sig-
nal was fitted linearly. Due to the large number of data points in the
fit range and the high quality of the fit, no significant uncertainties
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arose. The intersection of the fitted line with the x-axis corresponds
to the energy separation between the valence-band edge and the
Fermi level.”** All samples show a pronounced increase in photoe-
mission intensity within the displayed energy range. The separation
between the valence-band edge and the Fermi level ranges from 2.8
to 3.4 eV for the different samples. The qualitative shape of the spec-
tra remains comparable, and the main difference is the position of
the valence-band onset.
Figure 3 shows the near-Fermi-level region of the normalized

UPS spectra. This enlarged region represents the left most part of the
plots in Fig. 2 and permits an assessment of occupied states between
the Fermi level and the valence-band edge. A weak signal intensity
is observed near the Fermi energy for all samples, as expected, and
increases with increasing binding energy. In addition to this onset,
some samples deposited from the metallic sputtering target onto ger-

manium, as well as the sample with the thicker MoOx film on glass,
exhibit additional distinct local peaks at binding energies between

1.0 and 1.6 eV. A systematic pattern cannot be observed in the selec-

tion of samples. These peaks appear as additional near-Fermi-level,

intra-gap-like states and are not part of the valence-band onset. The

near-Fermi-level region, therefore, indicates that the investigated

MoOx films differ not only in the energetic position of the valence-

band edge but also in the density and distribution of additional

occupied states within the bandgap.

Figures 4(a) and 4(b) show selected UV-Vis-NIR transmission

and reflection measurements for the MoOx films, deposited using
the metallic target, on glass. The fit from the optical model used to

100 1 1 1 1 1 1 1 1 30
a) b)
= . 25
E 754 + o\T
® e
e On R F20 &
8 5. |_Glas §
= 5.4nm
g MoOx 1 F15 E
c Y
© 21.6nm . &
‘|: 25 MoOx r _¥ L10
Metallic Target
0 T T T T T T T T 5 ) . .
250 500 750 1000 1250 1500 500 750 1000 1250 1500 FIG. 4. UV-Vis transmission spectra in
(@) and reflection spectra in (b), each
Wavelength [nm] Wavelength [nm] with the dielectric-function fit shown in
26 : : : : black, together with the refractive index
c) 1 d) L0.8 in (c) and extinction coefficient in (d)
= derived from optical modeling.
o
S 2.4 S L06 O
2 b=
£ 5
[0) o
2 E L0.4 g
§ 2.24 r g
“— (8]
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determine the dielectric function is additionally shown as a black
line. The measurements of the sample with the thicker MoOy film
can be clearly distinguished from those of the thinner MoOx film. As
expected, the thinner film shows a larger transmittance and smaller
reflectance than the thicker film for the entire spectral range.

Figures 4(c) and 4(d) show the refractive index and extinction
coefficient derived from the dielectric function. The refractive-index
curves are of similar shape, and both exhibit a maximum at ~325 nm.
The refractive index of the thicker MoOx film is ~0.06 higher than
that of the thinner film over the entire spectral range. For both sam-
ples, the extinction coefficient decreases approximately linearly with
increasing wavelength and is zero from 440 to 1500 nm.

Figure 5 shows the combined results of the KPFM, UPS, and
UV-Vis-NIR measurements and, thus, the energy-level structure
of the MoOy films for the different samples relative to the vacuum
level. The Fermi level Egerm; = —@ relative to vacuum was obtained
from the KPFM work function, the valence-band position Eygence
was obtained by combining this work function with the UPS onset
Eups-onset (EValence = Efpermi — EUPS-Onset): and the conduction-band
position Econduction Was derived by adding the optically determined
bandgap Epanggap to the valence-band position (Econduction = EFermi
— Eups-onset + Eandgap)- Each vertical set of levels represents the
energy scheme of one sample. The corresponding sample structures
are shown schematically in the lower part of the figure.

For all samples, the valence band lies deep relative to the vac-
uum level, in the range from —8.0 eV to —8.8 eV. Based on the
nominal values obtained from the UPS valence-band onset and the
optically determined bandgap, Erermi — Econduction ranges from ~0.1
to 0.5 eV. Thus, the Fermi level is nominally located close to or above
the derived conduction-band edge.

No clear systematic dependence of the nominal energy lev-
els on the investigated deposition parameters is evident. Neither
the MoOx thickness, which varied between 5.4 and 21.6 nm, nor
the use of a metallic Mo target in a reactive process or a ceramic

1 1 1 1 1 1 1 1 1 1 1 1
-5.2 —_—— —_— L
-5.6 L
-6.0 L
=6.4 4 5.4nm -

% metallic target

—-6.8 1 21.6nm =
é; metallic target - 3
?g -7.2 5.4nm — Fermilevel -
w ceramic target Conduction band| |
-7.6 21.6nm L
ceramictarget | —— Valence band |
-8.0 L
-8.4 — L
-8.8 —_— —_ L

T T T T T T T T T T T T

Glas
[MoOX Moox  Ge AZO  Moox[iiSON  Ge AZO
MoOx|JBBK Moo [MB0X|

FIG. 5. Energy levels determined for MoOx films on different substrates and with
different film thicknesses, referenced to the vacuum level.
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MoOxy target leads to a clear systematic shift of the energy lev-
els. Similarly, the presence of an additional germanium or AZO
layer beneath the MoOy does not strongly alter the resulting energy
scheme. This suggests that the surface electronic structure is gov-
erned mainly by the MoOx layer itself rather than by the underlying
substrate. In particular, the similarity of MoOx on glass, germanium,
and AZO suggests that the Fermi-level position is governed by a
mechanism within the MoOy, most likely related to intrinsic defect
states and oxygen nonstoichiometry. However, because KPFM is a
surface-sensitive technique, this conclusion primarily applies to the
near-surface region of the MoOx films.

IV. DISCUSSION

The magnetron-sputtered MoOx has been studied to analyze its
optoelectronic properties. The films show a broadly similar energy-
level structure across the different thicknesses, sputter conditions,
and substrates that have been used. In all cases, the Fermi level is
located close to, or nominally above, the derived conduction-band
edge.

Given the position of the Fermi level, the studied MoOx films
might be expected to exhibit metallic behavior. In a conventional
crystalline semiconductor with delocalized parabolic bands, such
an energetic configuration would correspond to degenerate n-type
doping and should result in a high density of free electrons and
measurable electrical conductivity. This is not observed here. Four-
point-probe measurements on MoOy films deposited directly on
glass did not yield a measurable conductivity inside the measure-
ment range. Therefore, the constructed energy diagram cannot be
interpreted as that of a simple crystalline metal or degenerately
doped semiconductor.

Unlike UPS, which is performed under UHV conditions,
KPFM measurements are performed under ambient air. This raises
the question of whether adsorbed water has any significant influ-
ence on the measured work function. Wrana et al. found an effect
of 0.2 eV for adsorbed surface species on a TiO metal oxide under
ambient KPFM measurements.”” This would suggest that the effect
is rather small. Moreover, this circumstance should not affect the
energy level differences, since it only shifts the entirety of them and
should affect all samples equally. Accordingly, the effect does not
influence Epermi — Econduction Decause this quantity is determined
from the UPS valence-band onset and the optical bandgap and is,
therefore, independent of the KPFM work function.

The optical bandgap was determined only for MoOx on glass
substrates. This raises the question if substrate induced differences
in film growth for the Ge and AZO substrates can be expected,
ultimately altering electro-optical properties. The fitting of UV-Vis
measurements was restricted to MoOx films on glass because the
additional Ge or AZO layers dominate the optical response of the
multilayer stacks and prevent a reliable independent extraction of
the MoOy dielectric function and bandgap. Since the sputtered Ge
layer is amorphous and does, therefore, not provide a crystalline
template, no differences to the glass substrate are expected." How-
ever, sputtered AZO could be present in a polycrystalline structure,
which could change the growth of MoOyx."”” In combination with
the absence of a clear substrate-dependent trend in the KPFM and
UPS results, this suggests that large changes in the MoOx bandgap
cannot be excluded but remain unlikely.
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Most importantly, the discussed points above do not change
the central physical statement of this study. The exact sign of Erermi
— Econduction cannot be resolved reliably for nominal separations of
only about 0.1 eV. The relevant observation is that the Fermi level
lies close to the derived conduction-band edge, which would nor-
mally result in a metallic like conduction. This is not what we have
measured in our lateral conductivity measurements. This conclu-
sion is already drawn for the MoOx/glass samples, where the optical
bandgap was determined directly.

Coming back to the discussion of the electronic structure, espe-
cially the substoichiometric and amorphous MoOy character, has to
be considered. As described in the Introduction, MoOy is known
to contain oxygen-vacancy-related defect states within the bandgap.
Battaglia et al. report MoOx as a high-work-function material with a
low density of states at the Fermi level originating from the tail of an
oxygen-vacancy-derived defect band within the bandgap.” They also
reported that MoOx can act as a hole-selective contact even though
its electronic structure differs from that of a simple wide-bandgap
semiconductor.” In the same work, defect features were assigned
to oxygen vacancies and Mo 4d-derived states. Importantly, the O
2p-derived valence-band edge did not shift significantly upon the
creation or annihilation of oxygen vacancies, indicating that these
vacancies do not behave as conventional shallow donors in MoOy.”
Thus, the defects do not primarily provide free charge carriers for
lateral transport.

The additional states near the Fermi level are qualitatively con-
sistent with defect-related states reported for MoOy. Battaglia et al.
reported defect states in thin MoOy films at an energy of 1 eV below
the Fermi level, which were attributed primarily to oxygen vacan-
cies.” Scire et al. likewise reported a defect band or additional defect
features at ~1.1 and 1.2 eV below the conduction band.”' In that
study, the defect states were also associated with oxygen vacancies.
These energy values are not directly equivalent because the former
are UPS binding energies referenced to the Fermi level, whereas the
latter are defect positions referenced to the conduction-band edge
and were obtained from optical analysis. Nevertheless, the compara-
ble energy scale supports an assignment of the observed UPS features
to occupied defect-related states.

This distinction is crucial for the interpretation of the present
data. The conduction-band edge shown in Fig. 5 is derived from an
optical bandgap and should be understood as an effective band edge
rather than as a direct measurement of extended conducting states.
In amorphous and defect-rich oxides, band tails and localized defect
states can extend into the nominal gap. As a result, the Fermi level
may appear energetically close to the conduction band or even above
an optically extrapolated conduction-band edge, while the electronic
states at the Fermi level remain localized. Metallic conduction, how-
ever, requires delocalized states at the Fermi level that extend across
the sample.’!

The defect band mentioned above, located ~1.1 eV below the
conduction-band edge, is relevant in the context of silicon het-
erojunction solar cells. Such defect states have been discussed as
important for trap-assisted tunneling, whereas the wide bandgap
and band alignment of MoOy provide electron blocking and hole
selectivity.”‘32 ** Thus, defect states in MoOyx do not necessar-
ily imply metallic conduction. Instead, they can provide localized
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intermediate states that assist vertical charge transfer across a
contact layer only a few nanometers thick.

Four-point-probe measurements were performed on the MoOx
samples deposited directly on glass. For none of the samples could
a conductivity within the measurement range of the instrument be
obtained. This observation is consistent with literature values for
highly oxidized MoOy or MoOs3. Using the transfer-length method,
Gerling et al. determined a sheet resistance of ~5 x 10'2 Q/o for 15-
nm-thick thermally evaporated MoOs films on glass.” This value is
well above the measurement range of the instrument used here, for
which a range from 107 Q/0 to 5 x 10* O/ is specified.”

This supports the previous measurement that the lateral sheet
resistance of the present MoOyx films lies above the accessible
measurement range.

A comparison with sputtered MoOy films further shows that
measurable sheet resistances occur primarily in substantially more
reduced films. He et al. reported a strong dependence on oxygen
content for 400-nm-thick reactively sputtered MoOx films.”° A sheet
resistance of 120 /0 was measured for oxygen-poor films, whereas
the sheet resistance increased strongly at higher oxygen contents and
also exceeded the measurement range.

Oh et al. likewise reported very low resistivities for strongly
reduced, post-treated MoOx films, which were associated with the
formation of a MoO,-rich phase.’” By contrast, the absence of mea-
surable lateral conductivity in the thin MoOx films investigated
here argues against a continuous metallic or MoOs-like transport
pathway.

The absence of measurable conductivity is, therefore, not in
conflict with the use of MoOx as a hole-selective contact. On the con-
trary, it supports the picture that the sputtered MoOy films analyzed
here do not show metallic conductivity, even though the constructed
energy diagram places the Fermi level close to the conduction-band
edge. The relevant states near the Fermi level are likely localized
defect or band-tail states rather than extended conduction-band
states. This interpretation is also consistent with the four-point-
probe results because such states do not give rise to extended metallic
conduction-band transport. This may also explain why no pro-
nounced dependence on thickness, substrate, or target material is
observed. If the near-surface Fermi level is predominantly influ-
enced by a similar distribution of oxygen-vacancy-related states in
all samples, moderate variations in the underlying layer stack or
deposition route may shift the absolute energy levels only weakly.

These states may be beneficial for charge extraction if their
density is sufficient to support trap-assisted transport, but exces-
sive defect densities may also increase recombination or lead to
unfavorable transport barriers.”®”’ Therefore, the role of defects is
ambivalent. They can enable contact functionality, but they do not
necessarily produce high conductivity and may become detrimental
if their density or energetic distribution is not controlled.

Overall, the results indicate that sputtered MoOy forms a high-
work-function, wide bandgap contact material whose energy levels
are only weakly affected by the investigated film thicknesses, sub-
strates, and target materials. The position of the Fermi level near or
above the derived conduction-band edge should not be interpreted
as evidence for metallic conductivity in MoOx. Instead, the data are
more consistently explained by a disordered oxide with localized
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defect and band-tail states, while the extended-state conductivity
remains low. This reconciles the constructed energy diagram, the
absence of measurable lateral conductivity, and the established use
of MoOx as a hole-selective contact in solar cells.

V. SUMMARY AND CONCLUSION

In this work, the electronic and optical properties of
magnetron-sputtered MoOx thin films were investigated by using
KPFM, UPS, UV-Vis-NIR spectroscopy, and four-point probe mea-
surements. Using these measurements, it was possible to analyze the
energy levels of different sputtered MoOy thin films and thereby gain
insights into the transport mechanism of charge-carrier-selective
contact materials. Within the present sample set, no clear system-
atic dependence of the nominal energy-level alignment on MoOx
thickness, sputter target, and underlying glass, Ge, or AZO layer
was observed. This indicates that the near-surface electronic struc-
ture is comparatively robust with respect to the investigated sample
configurations.

The Fermi level was found to lie slightly above the conduction-
band edge derived from the UPS valence-band position and the
optical bandgap. However, no measurable lateral conductivity was
obtained for the MoOx films deposited directly on glass. The appar-
ent discrepancy between the energy-level diagram and conductivity
is consistently explained by a disordered electronic structure con-
taining localized defect and band-tail states rather than extended
metallic states. Additional UPS peaks within the bandgap support
the presence of occupied defect states, most likely associated with
oxygen deficiency and reduced Mo centers. These states may con-
tribute to defect-assisted vertical charge transfer without producing
metallic lateral transport. Overall, the results provide a consistent
description of sputtered MoOx as a high-work-function, wide-
bandgap, and electrically resistive material whose defect-mediated
electronic structure is compatible with its use as a hole-selective
contact. The material exhibits robust properties with respect to the
sputtering parameters and appears suitable for incorporation into
a solar cell. This represents another important step toward a fully
sputtered transparent thin-film solar cell without dopant dependent
contact materials.
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