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Precise Control of Broadband Light Absorption and
Density of Ti*" States in Sputtered Black TiO, Thin Films

Dennis Berends,* Dereje H. Taffa, Hosni Meddeb, Patrick Schwager, Kai Gehrke,

Martin Vehse, and Carsten Agert

Defect-rich black titanium dioxide (B-TiO,) has been extensively studied over the
past decade due to its enhanced photoelectrochemical efficiency compared to
titanium dioxide (TiO,), which is known for its outstanding photocatalytic sta-
bility. So far, most of the B-TiO, material is obtained by hydrogenation of
crystalline TiO,, resulting in a disordered outer layer of a few nanometers
thickness. Recently, a new sputtering process has been introduced to produce
B-TiO, thin films without the usage of hydrogen. Herein, the influence of the
sputtering process on the creation of Ti>" defect states within the films is dis-
cussed. Comprehensive optical, structural, and electronic studies of the thin film
suggest that increasing the density of Ti* ' states enhances the conductivity of the
films and results in increased and broadband light absorption. In addition, the
new sputtering method can also be used to alter the density of the defect states in
the film in a controlled manner, allowing the optical and electronical properties of
the thin film to be changed in a precise and controllable way.

water purification (increasing the amount
of drinkable water), and water splitting
for hydrogen production (long-term stor-
age of energy).[s_m] However, due to its
wide bandgap of 3.3 eV, using stochiomet-
ric TiO, for these processes results in low
photocatalytic efficiencies. By increasing
the spectral absorptivity of the material,
the efficiency of the respective photoelec-
trochemical process can be increased.
Generally, this is done by reducing the
bandgap, either by doping with additional
elements like carbon, vanadium, iron or
by self-doping, where defect states
within the bandgap are introduced.'"
Depending on the types of deposition
methods and the amount of defect states

1. Introduction

Thin films of titanium dioxide (TiO,) are attractive for various
modern applications, of which photocatalytic processes are
among one of them. The thin films can be prepared in many
different ways, for example, reactive sputtering, ultrasonic spray
pyrolysis, sol-gel process, electrochemical deposition processes,
or pulsed laser deposition.!"™ The number of possible photoca-
talytic processes is at least as large as the number of possible
deposition methods. TiO, has been widely used for reduction
of carbon dioxide (preventing or reducing the climate change),
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present, the optical absorption and thus
the color of TiO, change. When the density
of defects is high enough, the layer turns
black and shows broadband absorption.*? Chen et al. were
the first to report a synthetic approach to prepare defect-rich
black TiO, (B-TiO,). Through hydrogenation of TiO, nanopar-
ticles in a high-pressure hydrogen atmosphere, the outer layer
became disordered and turned black, resulting in a so-called
core—shell particle. Since then, the interest in B-TiO, has
increased and several different methods for the preparation of
black TiO, have been published."*'”) One of the most common
methods to create these defects is the controlled treatment of
TiO, in a reducing atmosphere, for example, hydrogen plasma
or annealing in hydrogen gas."®2% Only a few reports have dem-
onstrated the creation of defect-rich B-TiO, without the use of
hydrogen, for example, by reactive sputtering of substoichiomet-
ric TiO, layers.*') Moreover, several applications have been
identified where B-TiO, shows an increased efficiency compared
to TiO,, for example, photoelectrochemical water splitting,
carbon dioxide reduction, water purifications, or cancer treat-
ment.®1¢?223 I plack TiO, free charge carriers occur mainly
through Ti*" states. These states are considered to influence
the catalytic behavior of the material during photoelectrochem-
ical reactions. Thereby, an increase in the Ti*" states correlates
with an increase in reactivity and efficiency.**?> Controlling the
amount of these states is therefore of great interest. To our
knowledge there are no other reports that show precise control
of the Ti*" density via a single process parameter during
deposition.
In this study, we demonstrate a bipolar reactive sputtering
method of B-TiO, and show that the absorption and the amount
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of Ti*" states can be precisely adjusted. The process does not
require hydrogen and only one sputtering parameter is changed.
The sputtering process is driven within oxygen hysteresis, result-
ing in substoichiometric thin films. The samples are character-
ized by UV-vis spectrophotometry, X-ray photoelectron
spectroscopy (XPS), and X-ray diffraction (XRD) measurements.
To investigate the band structure of the samples, the
O’Leary-Johnson-Lim (OJL) and the extended Drude model are
fit to the measured transmission and reflection data.”® The
results show that the increase of the free charge carrier occurs
through the formation of defect states within the bandgap, lead-
ing to a new valence band maximum (VBM) and an increased
penetration of the band tails into the bandgap.

2. Results & Discussion

As described in more detail in Experimental Section, the power
distribution (duty cycle, DC) between the two metallic titanium
targets gradually increased, from 71% to 83%. The optical
absorption spectra (A= 1—T—R) as well as the measured trans-
mission and reflection spectra of the samples prepared with
increasing DC are shown in Figure 1.

It can be seen that the transmission decreases steadily with
increasing DC (Figure 1b). The reflection (Figure 1a), in contrast,
shows two regimes. At lower wavelengths (up to 800 nm), the
reflection decreases as well. Above 800 nm, however, the reflec-
tion increases again. The following experiments indicate that the
layer properties change from an isolator-like into a metallic-like
material with increasing DC, although neither a pure isolator or
metal layer is produced by this inhomogeneous process. This was
also confirmed by our previous study.”! From Figure 1c, it can be
seen that the broadband absorption becomes more pronounced
with increasing DC. The peaks around 450nm can thereby
directly be related toward defect states inside the thin film.!*”!
However, for the sample sputtered at 79% DC, the absorption
starts to slightly decrease again for wavelength 1> 800 nm.
Here, the increased reflection due to the metallic behavior of
the layer gets more dominant, which also explains the broaden-
ing of the peak around 450 nm. For DC > 81%, no change in the
optical properties can be observed. This can be seen as the curves
for the 81% and 83% DC samples overlap. In addition, it can be
seen in Figure 1 that the pure TiO, sample absorbs only at wave-
lengths below 380 nm.

The bandgap of the pristine TiO, sample, as calculated by the
OJL model, is E,=3.5140.02eV. This is in good agreement
with literature.!?®’! The bandgap values of the samples sputtered
within the low-oxygen regime remain almost the same
(3.54+£0.03eV). It can be concluded that the band edges
(without defect tail states) remain fixed and the increased absorp-
tion may have another reason. To gain further insight into the
structure of the samples, we studied their crystal phases. The
XRD measurements of the samples along with images of
the respective samples are shown in Figure 2.

Figure 2 shows that the color of the B-TiO, changes as DC
increases. While the TiO, sample (Figure 2 bottom row) is trans-
parent, the nonstoichiometric sample sputtered at 71% DC has a
purple color. With increasing DC, the color changes from blue to
black. The XRD measurements for the TiO, sample indicate a
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Figure 1. a) Reflection and b) transmission curves of the samples.
c) Absorption (1—R—T) measurement and corresponding fits of the
respective samples. For better illustration, only every second DC is dis-
played. The black dots represent the fitted curves of the corresponding
measured values (solid line).

dominant anatase crystal structure (Figure 2, highlighted in
green). Being within the oxygen hysteresis, the sample sputtered
at 71% DC exhibits a mixture of anatase and rutile structures, as
indicated by the XRD measurement. However, the intensity of
the rutile phase increases drastically at 71% DC compared to
the TiO, sample and decreases again until 75% DC. This behav-
ior can be explained by the increased amount of titanium inside
the layer, as shown in our previous publication.!”’ Through this
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Figure 2. Left: Images of the samples corresponding to the XRD measure-
ment. Right: XRD measurements of the samples. In the bottom row,
theoretical values for anatase (ICDD reference code: 00-021-1272) and
rutile (ICDD reference code: 00-016-0934) peaks are shown.

additional implementation, the thin films become more dense
which promotes rutile phases above anatase phases.*”
Increasing the DC further broadens the main peaks. At 77%

www.adpr-journal.com

DC, only some small rutile peaks with no anatase structures
can be seen. The samples do not exhibit a dominant crystal struc-
ture and seem to be amorphous.*”! The further increase of tita-
nium atoms in the layer disturbs the formation of crystal
structures.

To get more insight into the morphology of the samples, SEM
measurements were done. For selected samples, these images
are shown in Figure 3.

From the SEM images in Figure 3 it can be concluded that the
samples consist of grains in the submicrometer range. With
increasing DC the size of the grains decreases, which is sup-
ported by the decreasing intensity of the XRD peaks, as shown
in Figure 2.

To understand the increasing of absorption shown in Figure 1,
the plasma frequency for each sample has been calculated using
the Drude-Lorentz model. In addition, XPS measurements were
performed and the ratio of the peak area of Ti*" to Ti** states was
calculated. The Ti*" states can be associated with defects formed
inside the bandgap.”*?! Furthermore, the dark conductivity of the
samples was measured. The results are presented in Figure 4.

The Ti 2p XPS envelope spectra of the samples are shown in
Figure 4a. For each peak, the Ti*" and Ti** states were fit, exem-
plarily shown in Figure 4b. No Ti*" states were detected for the
TiO, sample, which correlates with the absence of defects, and
therefore no plasma frequency could be calculated.”® With
increasing DC, the Ti’" peak centered at 457V increases.
The ratio of the peak areas of the Ti*" states to the Ti*" states
confirms this trend (Figure 4c). At 75% DC the ratio converges.
However, as the DC increases, the plasma frequency increases
until 76% DC, where it reaches saturation, supporting the trend
as seen for the amount of free charge carriers. However, the dark
conductivity in Figure 4d shows an exponential increase whereas
the crystal size decreases (as shown in Figure 3) for increasing

DCs, as shown in Figure 3. To understand this phenomenon of

increasing absorption shown in Figure 1; especially for samples

Figure 3. SEM images of the sputtered samples, taken at 100 k magnification. a) 71% DC; b) 73% DC; c): 75% DC; d) 79% DC.
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Figure 4. a) XPS measurements of the Ti 2p spectra; b) fitting of the Ti** and Ti*" states to the corresponding peaks, exemplarily shown for the sample
sputtered at 75% DC; c) ratio of the Ti** and Ti*" states of the investigated samples, derived from the fitted peak area (inserted table) of the XPS
measurements (black) and the plasma frequency of the samples calculated through the Drude—Lorentz model with error given by the software

(red); d) dark conductivity of all samples.

with a DC of more than 75%, the OJL model must be studied in
more detail. Since the number of defect states does not continue
to increase with higher DC, as shown in Figure 4c, the damping
constant calculated with the gamma function y must be consid-
ered first. The gamma function of the OJL model is helpful to
describe the tail states that enter the bandgap. A decreasing value
reflects a decreasing distance between the band tails.**! The
value of this function is shown in Figure 5.

The plot of the gamma function from the OJL model shows
that the samples between 71% and 75% DC have an increased
amount of band tail states compared to the TiO, sample
(1025 cm ™!, not shown). These samples were sputtered within
the oxygen hysteresis and are therefore defect rich as expected.’*”!
A further decreasing gamma function for samples above 75% DC
can also be seen. As the DC increases, the band tail states
penetrate deeper into the bandgap even though the number of
defects is saturated. For samples sputtered with a DC of more
than 79%, the gamma function value saturates (not shown).
Different kinds of defect states inside the bandgap can be the
reason for the increased tail states and thus provide the explana-
tion for the increased absorption and dark conductivity of the
samples. In another study, the influence of the different degrees
of localization was investigated.* Di Valentin et al. claimed that
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Figure 5. Gamma function, derived from the OJL model.

different defect states are created within the bandgap depending
on localization. While the amount of Ti** states remains, their
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Figure 6. VBM, activation energy, and bandgap (derived by the OJL
model) of the samples relative to the CBM (set to 0eV).

localization can change, giving the explanation for the increased
band tail states. However, the bandgap derived by the OJL model
does not consider these tail states. Therefore, the VBM was deter-
mined by XPS measurements and can be related to the conduc-
tion band minimum (CBM). Figure 6 shows the VBM, the
activation energy, and the calculated bandgap of the OJL model
in relation to the CBM (set at 0 eV).

It should be noted that the VBM refers to the Fermi level of the
corresponding sample.*”) Therefore, dark conductivity measure-
ments were performed to calculate the activation energy. It indi-
cates the Fermi level relative to the conduction band. The
activation energy of our TiO, sample is in good agreement with
reported literature.*® In addition, a clear decrease in the activa-
tion energy from 0.97 eV for the TiO, sample toward 0.24 eV for
the sample sputtered at 71% DC can be observed. With further
increase of the DC, a decrease in the activation energy can be
seen. Above 77% DC, the values tend to saturate.

For the TiO, sample, the bandgap energies given by the dif-
ference of CBM and VBM and by the OJL model show a small
offset. The OJL model calculates the bandgap without the pres-
ence of the band tails. However, band tails were calculated for
this sample by the Drude model. Therefore, the bandgap derived
from the VBM measurement is lower than what was calculated
with the OJL model, as the band tails are considered at the
former method. The difference between CBM and VBM
slightly decreases for the samples prepared at different DCs
and at 16 x 10~ ® mbar oxygen partial pressure, although it is
significantly smaller than the VBM for the TiO, sample.
Tan et al. reported a change in the crystalline structure from
anatase-to-rutile phase with the VBM rising of about 1.0-
1.5 eV.*¥ The crystal structure of the samples shown here exhib-
its a similar change as indicated by the XRD measurements in
Figure 2.

3. Conclusion
A systematic analysis of the structural, optical, and electrical

properties of black TiO, samples prepared by a modified bipolar
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reactive magnetron sputtering technique was performed. It was
demonstrated that the absorption of B-TiO, can be precisely
changed by varying only the power distribution between the
two titanium targets. These findings provide further insights into
the properties of sputtered black TiO, thin films without hydro-
gen treatment and without a coreshell structure. Fitting of the
optical data with different models suggests that the density of the
Ti*>" states can be modified in a controlled manner up to a certain
duty cycle. Above this duty cycle, the width of the tail states
within the bandgap increases, explaining the increased absorp-
tion and enhanced dark conductivity. Furthermore, the reduced
bandgap can help to fabricate a material suitable for various
applications, for example, tandem photoelectrochemical cells.
In addition, the catalytic efficiency of many different reactions
can be improved through the controlled implementation of
the Ti>* states. It can also be assumed that, on the one hand,
a change of the oxygen partial pressure shifts the position of
the duty cycle at which the maximum of Ti*" states are reached.
On the other hand, a lower oxygen partial pressure can lead to a
further decreased bandgap and thus increase the variability of the
black TiO,.

4. Experimental Section

Sample Preparation: The samples were prepared by closed-loop reactive
bipolar magnetron sputtering using the in-line vacuum system Vistaris 600
(Singulus Technologies AG, Germany). Two cylindrical titanium targets
(purity 3 N) with a length of 600 mm and a diameter of 155 mm were used.
The total power of 8 kW was distributed between the two targets from 71%
toward 83% DC to deposit samples (10 x 10 cm) with varying defect den-
sity. Through closed feedback control, the oxygen flow was kept inside the
oxygen hysteresis, resulting in a constant oxygen partial pressure and in
nonstoichiometric films. A detailed description of the process can be
found in the study by Berends et al.”) The produced layer thicknesses
was in the range of 240-270 nm. For the electrical measurements, two
1 x 1cm? silver contacts were deposited on top of the via electron beam
evaporation (VTD Vakuumtechnik Dresden GmbH, Germany). An area of
0.1 x 1 cm was left uncoated in the middle of the two silver contacts.

Characterization Methods: Transmission (T) and reflection (R) meas-
urements were carried out in a Cary 5000 UV-vis—NIR spectrophotometer
using an integrating sphere (Agilent Technologies Inc., USA) in the wave-
length range from 300 to 2000 nm. The thickness (d) of the deposited films
was measured using a Dektak 150 stylus profilometer (Veeco, USA). The
thin-film optic software CODE/Scout (WTheiss Hardware and Software,
USA), which uses the 1D transfer matrix method, was used to create opti-
cal models of the samples, using transmission and reflection measure-
ments. The OJL model as well as the Drude-Lorentz model were
chosen in the software. The OJL model describes the bandgap transition
using the bandgap energy E; o) as well as a parameter to account for the
exponential tail y penetrating into the bandgap.”® The Drude-Lorentz
model allows for calculating the plasma frequency w, using the
free-electron density n, for example, w, = \/n.€*/m.e,. This parameter
represents the density of defect states in the thin film. The remaining
parameters describe the electron charge e, the material related effective
electron mass m,, and the vacuum permittivity £o.1*%

Chemical state (oxidation state) analysis was performed through XPS
measurements in an ultrahigh-vacuum setup. The ESCALAB 250 Xi
(Thermo-Fisher, UK) was equipped with a monochromatic Al Ka X-ray
source (hv=1486.6eV). High-resolution spectra were recorded for the
C1s, O 1s, N 1s, and Ti 2p photoelectron lines. A pass energy of 10eV
and a step size of 0.02 eV was chosen. Valence band XPS spectra were
measured at a pass energy of 20eV with an energy resolution of
0.05 eV. The binding energy scales were calibrated to the most intense
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C 1s peak at 284.8 eV. The Avantage software (version 5.9925, Thermo
Fisher Scientific, USA) was used to analyze the spectra.

Dark conductivity (o4) measurements were performed using the two-
point probe technique. A constant bias voltage of 5 V was applied, and the
current was measured using a Keithley 2636 A (Keithley Instruments,
USA). The samples were heated in vacuum up to a temperature T of
120 °C and then passively cooled to 50 °C. The temperature was measured
with a Pt100 probe. According to the Petritz model, the dark conductivity
can be calculated using the relation 64 = 6o exp(—E,k'T'), where oy is
a constant, k the Boltzmann constant, and E, the activation energy.[“] The
activation energy contributed to localized states close to the Fermi level.*?)

To get insights of the crystal structures and phase composition of the
samples, grazing-incident X-ray diffractograms measurements were
performed with a PANalaytical Empyrean diffractometer (Malvern
PANalytical, Netherlands) with CuKoa=1.54 A radiation at an incident
angle of 0.2°. The diffractograms were recorded over a range of
20 =15°-80°.

To create images of the sample, a Zeiss Neon 40 EsB crossbeam
scanning electron microscope (Carl Zeiss Ag, Germany) was used.
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