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ARTICLE INFO ABSTRACT

Keywords: We present an in-situ temperature calibration technique for high temperature grazing incident X-ray diffraction
In-situ high temperature XRD experiments conducted in high-vacuum. Thermal lattice extension of a crystalline platinum thin film is used to
In-situ temperature calibration calibrate the temperature in the sample to the control-temperature measured by a thermocouple. This enables

DC magnetron sputtering
Niobium doped titanium dioxide
Thin films

a precise thermal analysis of thin film crystal structures with an uncertainty of less than 10K. Using this
technique, we examine the crystallization behavior of pristine and niobium-doped titanium dioxide thin films,
deposited by direct current magnetron sputtering from metal-ceramic composite targets. Crystallization onset
temperatures and structural evolution were assessed for various target compositions and process conditions,
revealing that increased metal content in the composite target tends to promote rutile phase formation
during vacuum annealing. For the target containing 10"'% niobium - identified as the most promising for
a transparent conductive oxide application — an oxygen flow variation is evaluated. Results reveal significant
differences in the crystal lattice depending on the oxygen flow during deposition. Introducing 0.2 % oxygen to
the argon process gas is sufficient to induce the formation of pure anatase phase during heat treatment, yielding
a minimum resistivity of 1.2 mQcm. Our findings highlight the crucial role of oxygen content in tailoring both
the structural and opto-electrical properties of titanium dioxide based thin films, providing essential insights
for the definition of optimal process windows.

1. Introduction stripe might be sufficient, but when vacuum conditions are present,
the calibration will get invalid. In vacuum, heat transfer is dominated

In high-temperature (HT) X-ray diffraction (XRD) experiments con- by thermal radiation, which can lead to significant temperature aber-
ducted in non ambient environment, a precise calibration of tempera- rations in the specimen. Substrate materials in thin film applications
ture is often challenging. The difference between the actual temper- can cause additional heat loss depending on e.g. thermal conductivity

ature in the specimen and the measured temperature to control the and thickness, leading to a further decrease in the actual substrate
experiment has to be calibrated. Commonly, a thermocouple, welded

to the underside of the heating stripe or in direct contact with the spec-
imen is used to control the temperature. Calibration is performed using
either a single-point calibration material (phase transition standard)
or a multi-point calibration standard, where accurately known thermal
expansion data provides a calibration curve [1]. The position and the
quality of thermal contact of the thermocouple is decisive for the
accuracy of the calibration [2]. In many experiments, a direct contact to

the specimen is not, or only insufficiently possible, and hence it remains ional dords i H hod for in.si
a thermocouple mounted to the heating stripe. In ambient environment conventional standards inaccurate. Here we report a method for in-situ

and for small samples placed directly on the heating stripe, the cali- temperature calibration in thin film applications. We use the thermal
bration of a thermocouple mounted on the underside of the heating extension of lattice spacing in a polycrystalline platinum (Pt) thin film.

temperature. Hence, the choice of substrate material has a direct effect
on the real temperature in the sample thin film. Classical calibration
methods using bulk or powder standard materials are not sufficient
to capture the true thermal conditions of the thin film in vacuum,
as they do not account for the complex thermal decoupling between
heater and sample, especially in radiative regimes. The emissivity and
thermal mass of thin film/substrate stacks differ substantially from
those of typical calibration materials, rendering ex-situ calibration with
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A thin film of interest deposited on top of the Pt film can be investigated
by grazing incident (GI-) XRD. When the angle of incident is adjusted
in a way that both films can be probed, the Pt reflection can be used to
calibrate the temperature in the actual sample thin film. A preliminary
stage of our presented technique is used in [3], where a Pt foil is
placed on the substrate and the temperature is calibrated ex-situ before
investigating the actual specimen. Our approach, in contrast, provides a
direct and geometry-specific measure of the local sample temperature,
enabling improved accuracy and reproducibility in structural studies
under vacuum conditions. The application of our technique is demon-
strated by investigating the crystallization of doped and undoped TiO,_,
thin films deposited by direct current (DC) magnetron sputtering.

TiO, based thin films have an extraordinarily broad variety of
applications, such as photocatalysis [4], thermoelectric devices [5] or
opto-electronic devices like thin film photovoltaic cells. The desired
properties for each application are accordingly manifold. Likewise,
there are many approaches to optimize material properties for desired
application, by doping or different synthesis condition and techniques.
We will focus on compact TiO, films, which can be used in photovoltaic
devices as electron transport layer [6-8], buffer [9] or passivation
layer [10]. Niobium (Nb) doped TiO, deposited on single crystal sub-
strates by pulsed laser deposition (PLD) was initially discovered as a
very promising transparent conductive oxide (TCO) material in [11]
and has since been subject to extensive research.

Another approach is the deposition via magnetron sputtering, which
is particularly interesting for large scale industrial production as mag-
netron sputtering is a well established, robust and an easy scalable
process. TiO, is a non conductive ceramic material, and subsequently
requires radio frequency (RF) sputtering. However, if slightly reduced
TiO,, or composite Ti-TiO, targets are used, DC sputtering is pos-
sible [12]. Apart from that, the films can be prepared by reactive
sputtering from metallic targets. Operating in such an oxidic sputter
mode significantly drops the deposition rate and leads to issues with
a well known hysteresis effect caused by compound formation on the
target [13-15]. Further, this has certainly one major disadvantage,
especially when not fully stoichiometric thin films are required. To
produce TCO like properties, the films must be deposited in an unstable
regime between metallic and oxidic sputter mode and therefore, a
precise active oxygen partial pressure control is crucial [16]. In [17],
discharge voltage was adjusted to control the sputter mode with con-
stant oxygen flow. Our approach is the use of conductive metal-TiO,_,
composite targets, which not only allows for DC sputtering in a quasi-
metallic mode, but also enables a way of doping the thin films with
reasonable deposition rates.

For PV applications, electro-optical properties are decisive, which
are strongly correlated with crystal structure and certain doping con-
centrations. As-deposited thin films are often amorphous or nanocrys-
talline and develop crystalline phases only after thermal treatment. In
this study, we investigate the crystallization of pristine and doped TiO,
based thin films prepared by DC magnetron sputtering from composite
targets by in-situ high temperature grazing incident (GI-)XRD in vac-
uum environment. Correlations of opto-electrical properties and crystal
structure of the thin films are studied.

2. Experimental and methods
2.1. Thin film fabrication and characterization

The investigated thin films, including Pt and TiO,_, based ones, are
deposited in a modified EDWARDS Auto 306 sputter coater, equipped
with two planar circular magnetrons. Four sample/substrate holders
can be mounted, which are rotating in a planetary movement 50 mm
(adjustable) above the target surface. Generally, the pre-process vac-
uum is maintained below 2-10~* Pa before the process gas is introduced.
The Pt thin films are sputtered from a Pt (99.99%) sputter target
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provided by Sindlhauser GmbH with a diameter of 7.6 cm and a thickness
of 3mm.

We select fused silica substrates for their excellent temperature
stability in the investigated range. To mitigate the risk of thin film
delamination due to thermal stress during high-temperature experi-
ments, we roughen the substrates by milling the surface with 9 pm
suspension (Struers MD Largo grinding surface and DiaPro Plan 9 pm
diamond suspension). The substrates, each with a thickness of 2 mm, are
cut into 50 mm x 50 mm sheets, thoroughly roughened, cleaned, and
subsequently coated with a 300 nm layer of Pt (referred to as Pt300"™),
For the fabrication of Pt3%°™™ films, argon (Ar) process gas is introduced
with a constant flow of 68sccm, resulting in a process pressure of
0.32 Pa. A constant DC power of 200 W (equal to 5.2 W /cm?) was applied
to the magnetron for 340s. After Pt deposition, the sheets were cut in
smaller pieces for further experiments.

Niobium (Nb) doped Titanium oxide (Nb:TiO) and pristine TiO,_,
thin films are sputtered from pristine and composite targets produced
by RHP Technology GmbH. The circular targets with a diameter of
7cm and a thickness of 3mm are bonded to a 2 mm thick copper base
plate. The detailed sputter conditions are described in Section 2.3 and
summarized in Table 1.

GI-XRD is performed with a Panalytical Empyrean equipped with a
Cu Ka X-ray source (wavelength 1.54056 A, powered with 50kV and
30mA), an X-ray mirror for parallel optics, and a height adjustable
Anton Paar HTK16N heating stage connected to a turbo molecular
pumping system. All XRD experiments, including all applied thermal
treatments, are generally performed at a pressure lower than 1-10~2 Pa.

Transmission/Reflection experiments are performed with a Perkin
Elmer Lambda 1050 with integrating sphere. A calibrated mirror or a
spectralon is used as a reflection standard. Ellipsometric spectra are
recorded at incident angles of 30, 40, 50, 60 and 70 degree in the
spectral region from 190 nm to 2500 nm using a Sentech SE 850 DUV.

Sheet resistance is measured with a Jandel RM3-AR 4-point probe
system directly after deposition and again after vacuum heat treatment.
The electrical properties of them are further analyzed by Hall effect
measurements in the van der Pauw geometry using an Ecopia HMS-
3000 system. We use a Rigaku Primus III+ wavelength-dispersive X-ray
fluorescence (WD-XRF) setup to measure the composition and thickness
of the thin films. Finally, imaging of the thin film micro structure
is performed with a Jeol JSM-7610F field emission scanning electron
microscope (SEM).

2.2. Temperature calibration using the Pt lattice parameter a

The in-situ temperature calibration is performed by assessing ther-
mal expansion of crystal lattice in a platinum thin film via high temper-
ature GI-XRD measurements. GI-XRD experiments are performed with
an incident angle (w) of 2° and a divergence slit of 1/2°. The lattice
expansion is precisely determined by tracking the shift in the XRD
reflex peaks, analyzed by Le Bail refinement [18] and Bragg’s law.
The calibration is done on Pt3®™™ samples deposited on fused silica
substrates. To ensure stable crystalline quality, annealing via a thermal
pre-treatment at 1273 K for 2 h is applied within the heating stage under
high vacuum and screened via GI-XRD. Subsequently, the temperature
GI-XRD program is done at set, nominal temperatures (T,,): 299K as
well as between 473 K and 973 K in steps of 25 K, furthermore at 1023 K,
1073K, 1173K, and finally at 1273 K. For each temperature step the
Pt lattice parameter «a is extracted by Le Bail refinement. The lattice
dilatation 4a = ar, — ay, with respect to the lattice parameter ay,_
at the real, calibrated temperature T, compared to ar, at reference
temperature (RT) T, = 299K obeys the thermal expansion relationship

A
= = a(Tea) Tt

- Ty), (@)
aTO 0)

with the thermal heat expansion coefficient a(T,), which was deter-
mined for Pt by [19] and more recently by [20]. Following Eq. (1), the
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unknown real temperature T, depending on «a(T,)), is computed using
the measured lattice parameter ay, and ay, A through an iterative least
squares method.

It is important to emphasize, that mirror optics is used to parallelize
incident beam to assure invariance of the peak position to the exact ver-
tical (z-) position of the specimen in the measurement stage. Without
this optical setup, the peaks would additionally shift due to thermal
expansion of the heating stripe in the z-direction.

2.3. Crystallization of TiO,_, based thin films

Here, we apply the above described technique for in-situ tem-
perature calibration to TiO,, based thin films and investigate the
crystallization behavior. TiO,_, based thin films are deposited on pre-
tempered (1273 K for 2 h) Pt300 "™ coated fused silica substrates (12 mm
x 50 mm). In total six M:TiO,_, (M=Ti, Nb) sputter targets with different
metallic Nb or Ti content (0% Ti, 5W'%Ti, 19"'%Ti, 2"“'%Nb,
5Wtos Nb, and 10"'%Nb) are used. Hence, we divide the samples
into two sets, where one set is doped with Nb and the other one is
pristine. The pristine ones are produced either from pure TiO,_, or from
Ti-TiO,_, composite targets. From each target, one sample is produced
without adding oxygen (O,) to the Ar process gas and one with an
oxygen flow Fo, = Fo, /Fa = 3% (Fo, = 2.04scem) during the depo-
sition. Additionally, for the 10%'% Nb:TiO,_, target, an oxygen flow
variation is performed from Fy, = 0.2% (Fp, = 0.14sccm) to Fo, = 1%
(FO2 = 0.68 sccm). We use a sample notation like 1°NTO-0.4, indicating
10"'% Nb in the target and 0.4% oxygen (Fo,) in the process gas.
TO is used for Ti-TiO,, composite targets, accordingly. Pre-process
conditions and setup were identical to the Pt depositions. The total gas
flow is set to Fiyy = Fo, + Far = 68 sccm and the magnetron is operated
with an applied constant 100W (2.6 W/cm?) DC power. We adapted
the deposition time to get a nominal film thickness of 140nm, using
an approximated deposition rate. The detailed sputter conditions are
summarized in Table 1. Subsequently, the samples were investigated
by high temperature GI-XRD experiments including in-situ temperature
calibration. We choose an incident angle (@) of 2° and a divergence
slit of 1/2° for all measurements. With these settings, we are able to
detect both, the Pt calibration layer and the TiO,_, thin film while also
reaching a good illumination of the sample with incident X-rays. The
heating procedure follows the temperature program outlined in Sec-
tion 2.2, with diffraction patterns captured at each temperature step.
Le Bail refinement of Pt reflexes within each pattern gives the lattice
parameter a for each temperature step, which is used to determine
thermal expansion and subsequently, to calibrate the temperature. In
order to determine crystallization onset, temperature evolution of the
TiO, reflexes are investigated by evaluating respective change in peak
intensities.

2.4. Opto-electrical characterization of TiO,_, based thin films

In this section, we investigate the effect of oxygen content in the
process gas on electro-optical properties of 1°NTO thin films. Therefore,
sheet resistance and Hall measurements, as well as transmission/re-
flection experiments and spectroscopic ellipsometry are performed for
10NTO samples with different oxygen content during the sputter pro-
cess. Samples are prepared with the same sputter conditions as for the
deposition of corresponding thin films on Pt coated fused silica sub-
strates (see Section 2.3). Here,'°NTO thin films are deposited directly
on EAGLE XG (24 mm x 24 x 1.1 mm, Prdzisionsglas Optik GmbH) glass
substrates. The samples are characterized both in their as-deposited
state and after vacuum heat treatment under the same conditions as
the corresponding Pt-coated samples.
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Table 1
Sample overview and sputter conditions for TiO,, based thin films.

Sample Target P Fioa Fo, Fo, P t

W scem scem % Pa min
0TO-3 TiO,, 100 68 2.04 3 0.32 300
°TO-0 TiO, 100 68 0 0 0.32 40
5TO-3 5WTI-TiO, 100 68 2.04 3 0.32 290
5TO-0 SWT-TiO, 100 68 0 0 0.32 30
19T0-3 19WTi-TiO, 100 68 2.04 3 0.32 240
19T0-0 19WTi-TiO,., 100 68 0 0 0.32 25
2NTO-3 2"%Nb-TiO,., 100 68 2.04 3 0.32 136
2NTO-0 2"%Nb-TiO, 100 68 0 0 0.32 23
SNTO-3 5W%ND-TiO,., 100 68 2.04 3 0.32 122
SNTO-0 5"%Nb-TiO,., 100 68 0 0 0.32 19
10NTO-3 10" Nb-TiO,., 100 68 2.04 3 0.32 95
10NTO-1 10" Nb-TiO,, 100 68 0.68 1 0.32 35
1ONTO-0.6 10" Nb-TiO, 100 68 0.41 0.6 0.32 26
10NTO-0.4 10" Nb-TiO,., 100 68 0.27 0.4 0.32 20
10NTO-0.2 10" Nb-TiO,, 100 68 0.14 0.2 0.32 17
10NTO-0 10" Nb-TiO,., 100 68 0 0 0.32 12

3. Results and discussion
3.1. Temperature calibration

The initial reference XRD measurement at 7, = 299K of a pre-
tempered Pt3°°"™ js shown in Fig. 1 over the full recorded range
of diffraction angles 20. We recognize an elevated intensity of the
Pt 111 reflex. It is significantly higher than relative peak intensities
of crystallographic information files (CIF) from the Inorganic Crystal
Structure Database (ICSD), indicating a preferential orientation. ICSD
243678 [21] is used for Le Bail refinement and yields a lattice parame-
ter a = 3.924 A, microstrain v of 0.18% and a domain size D larger than
the resolution limit of XRD (D > 130nm). The low value of microstrain
substantiates that the films are low in defects. The roughened glass
surface suppresses potential thermally induced tensions at the glass/Pt
interface. Poor adhesion of the Pt films and the consistency with data
of bulk lattice parameters suggest that thermally induced macrostrain
is insignificant. Due to the fact that the entire diffraction pattern is
refined for all investigated temperatures, an-isotropic expansion would
be reflected by the extracted parameters and its uncertainty of the
refinement. The diffraction patterns in the range of the Pt 111 reflex for
each of the five annealing cycles, tempered up to 1273 K, are shown in
the inset of Fig. 1. During each cycle, the temperature was ramped up
with a rate of 10 K/min starting from 7;, and kept at 1273 K for 10 min,
before cooling down to T, and recording an XRD pattern. Table 2 lists
the peak center positions x, along with their respective uncertainties,
as well as the peak width w of the Kq, fits. The peak position shifts to
smaller diffraction angles with an increasing number of cycles. Conver-
gence is indicated as between cycle number 4 and 5, the difference in
peak position is reduced to 6.9x 10~* degree. The reduction of the peak
width w implies an improvement of crystalline quality after each cycle
or temper time. Therefore, we define the pre-temper time for Pt300"m
thin films to 2h. Under these thermal pre-treatment conditions, we
achieve a peak center position difference of only 6.2x10~* degree before
and after the temperature program. This proofs both the crystalline
stability and the reversible thermal expansion behavior of the samples,
which are essential requirements for the use as a calibration layer in
our application. Taking a closer look at the left shoulder of the Pt111
peak (see inset in Fig. 1), we recognize two additional features at
around 35.8° and 37.9°. These peaks are identified as the copper Kp,
respective tungsten La, wavelength position of the Pt111 plane. The
last mentioned originates from impurities due to the tungsten filament
of the X-ray source.

In Fig. 2, the temperature evolution of the Pt 111 reflex from
299K to 1273K, with respect to the nominal temperature, is pre-
sented. We observe a continuous shift of the peak center x, to smaller
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Fig. 1. Reference XRD pattern at RT after pre-temper treatment; insets display a
magnification of the left shoulder of Pt 111 reflex and Pt 111 reflection after several
heating cycles, respectively.

Table 2
Peak center position x, with uncertainty and peak width w of the Ka, fits in Fig. 1
given in degree.

Cycle X, Error x, w

#1 39.76017 +3.5E-4 0.31298
#2 39.75904 +2.7E-4 0.31014
#3 39.75783 +3.0E—4 0.30773
#4 39.75673 +2.6E—4 0.30456
#5 39.75604 +3.0E-4 0.30366

1273K

11l

Normalized Intensity

I

39.0 39.2 39.4 39.6 39.8 40.0 402 299K
20 (°)

Fig. 2. XRD temperature evolution of Pt 111 reflection from 299K to 1273 K.

diffraction angles with increasing temperature, which is consistent with
an increasing lattice plane distance d and consequently an increased
lattice parameter a due to thermal expansion. Based on these resulting
differences in lattice parameters 4a, the actual calibrated temperature
T, within the thin film is calculated according to Eq. (1). To further
investigate the influence of sample size and positioning of the Pt3%0m
film, five different samples are measured and shown in Fig. 3, illustrat-
ing the variations observed as a function of the nominal set temperature
Tset'

The progression of T, in Fig. 3 is non-linear, with the difference
between nominal and calibrated temperatures increasing at higher
values to a maximum of 340K for the 12 mm x 50 mm sample. A
phenomenon influenced by two primary mechanisms that affect the
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ra = Apear/ A

radiation*

actual temperature in the sample. Namely, thermal radiation and heat
transfer from heating source to the thin film. In vacuum environment,
thermal radiation of the sample surface is dominant and quantified by
the emission power P, depending on the temperature to the power of
4, the emissivity ¢ of the material and the emitting surface area A.
A disparity of T, between different sized samples is identified and
can at first glance be ascribed to the overlap of the sample over the
heating stripe as indicated by the sketch in Fig. 3. Since the sample
width increases, whilst the width of direct contact to the 10 mm wide
heating stripe is constant, the decisive parameter is the ratio of directly
heated area and the radiating area (r, = Ajour/ Aradiation)- We estimate
the ratio by considering geometric surfaces. The respective ratio is
given in the inset of Fig. 3. Another circumstance that effects the
temperature in the sample is the roughness of both, the heating stripe
and the substrate, as heat conductance may be altered due to cavities.
Particularly, the heating stripe is not perfectly flat. The actual contact
area can be different for every sample and even for a re-positioned
sample. Especially at lower temperatures this might have an increased
impact, as heat conductivity of the glass substrate is lower than at
elevated temperatures. Nevertheless, calibration curves of two different
12 mm x 50 mm samples are in good agreement within the uncertainty.

The precision of the computed T, is indicated by the error bars Fig.
3. The uncertainty arises from two main sources: the calculated error in
peak location during Le Bail refinement and due to possible systematic
effects such as sample positioning or instrumental drift. And second,
the precision of thermal expansion coefficient taken from Ref. [20].
Since no precision of the fit of «(T) in [20] is given, an estimation
based on presented variance in Ref. [19] is done here. Assuming the
reference temperature 7, is precise, the uncertainty of T, is calculated
by propagation through Eq. (1) and is of maximal magnitude +10K.
While there remain inherent uncertainties due to potential deviation
of thin film expansion in comparison to reference thermal expansion
data, it provides a reliable local temperature determination. Moreover,
the method ensures excellent reproducibility and spatial relevance, as it
directly probes the temperature within the actual thin film stack under
investigation and is invariant to sample geometry and emissivity. All
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the discussed facts emphasize the necessity of an in-situ calibration
for thin film applications when a measurement stage with a heating
stripe is used. With our presented technique, neither the knowledge of
exact sample size (i.e. radiating surface area), nor the exact position
of the sample with regards to heating stripe is mandatory. It is of
major importance when the surface of the thin film has micro or even
nano structured features and an exact determination of the surface
area is hardly feasible. In particular, emissivity can be very sensible
to surface characteristics. An ex-situ temperature calibration can easily
be misinterpreted or even become invalid.

3.2. Crystallization of TiO,_, based thin films

SEM images of the temperature treated TiO,_, layer on top of the Pt
layer are shown in Fig. 4. The thin films are removed from the glass sub-
strate by a lift-off preparation, in order to reduce charging effects and
to enhance image quality. The images illustrate the rough substrate and
the coverage of the TiO,_, thin films and give a visual impression of its
microstructure. We note that substrate surface roughness can influence
the mechanical coupling at the film—substrate interface, particularly
in high-temperature environments. In our experiments, a moderately
increased surface roughness reduces coherent in-plane strain transfer
by disrupting the continuity of the interface, which facilitates partial
mechanical decoupling. This promotes stress relaxation in both the
Pt calibration layer and the TiO, film, helping to minimize thermal
mismatch effects. While increased roughness may improve local adhe-
sion through mechanical interlocking, it simultaneously decreases the
lateral coherence of stress propagation, which is beneficial for isolating
thermal expansion behavior of the Pt layer. Moreover, the GI-XRD
geometry ensures that the measured out-of-plane lattice parameters are
less sensitive to in-plane constraints and local variations in morphology,
such as the irregular film topography seen in Fig. 4.

In Fig. 5, we reveal XRD patterns recorded at RT after the HT
program of samples deposited from different M:TiO, (MEND, Ti) targets
with 3% oxygen (a) and without adding oxygen (b). In all samples,
irrespective of the metallic Nb or Ti particle content, single phase
anatase structure is observed in the diffraction pattern when oxygen
was present during the sputtering process. In contrast, oxygen free
deposition leads to a mixture of rutile, anatase, and brookite phase,
with only one exception, the °TO-0 sample, where we observe also
single phase anatase. For Le Bail refinement, initial CIF from ISCD
9852 [22], ICSD 9161 [23] and ICSD 36408 [24] are employed for
anatase, rutile, and brookite, respectively. Lattice parameters a, b,
and ¢, domain size D, and microstrain v are extracted for the three
polymorph phases and listed in Table 3. Notice, that an insignificant
microstrain as well as a domain size larger than the resolution limit
(about 130nm) of the XRD system are denoted as N/A.

First, we focus on Nb doped samples with oxygen containing condi-
tions, as shown in Fig. 5(a). The fact that there is no evidence of any
metallic niobium or niobium-oxide phases demonstrates substitution of
Ti by Nb in the lattice of anatase. However, we observe shifted anatase
reflex positions to smaller diffraction angles for increasing Nb content.
This impression can be verified by slightly increased lattice parameters.
For undoped anatase, an average lattice constant a = b = 37934 and
¢ = 9.522A are calculated, which is in good agreement with the used
CIF [22]. In Fig. 6 (a) we see that lattice parameters increase almost
linearly with Nb content, whereas ¢ of the 1°NTO-3 sample deviates
from this trend (¢ = 9.617 10\). This outlier can also be seen in Fig. 6 (b),
where the lattice parameters are presented in dependence on oxygen
flow. For the 3% sample, c is significantly higher, while values at lower
oxygen flow are comparable.

Generally, the lattice expansion is likely caused by a slightly larger
ionic radius of niobium (0.61A for Ti*" and 0.64A for Nb>+ [25]).
However, this is not the only mechanism which has to be considered.
In [26], first principle calculations are reported and it is shown that the
change in lattice size for Nb doped anatase is affected by the presence
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Fig. 4. SEM images of a Nb:TiO, layer on a Pt thin film after a lift-off preparation.

of oxygen vacancies (V) or oxygen interstitials (O;). A lattice with only
Nb on a Ti site (Nby;) shows an enlargement of a, whereas shrinking of
¢ is calculated. In contrast, when Nby; is combined with V, (Nby;-V,,) or
O; (Nby;-0O;), both a and ¢ increase. The elongation of ¢ is significantly
stronger in the case of Nbp;-O; compared to Nby;-V,. This aligns in
good agreement with our observation. Therefore, we suggest that, in
the case of the 3% samples, oxygen excess conditions prevail, favoring
the formation of oxygen interstitials. And at lower oxygen flow, there
is oxygen deficiency and oxygen vacancies are present.

We determine reasonable small values of microstrain, comparable to
literature values of TiO, thin films [27]. This supports the hypothesis
that defects, such as O;, V; and Nb;, are compensated by the change in
lattice parameters. It is worth mentioning, that as Nb content increases,
the domain size also grows. This trend contrasts with the behavior
reported in thin films prepared by sol-gel method in [28], where an
opposite progress is observed, accompanied by strongly elevated strain.
We do not perceive any indication of higher microstrain due to Nb
doping. Notably, we identify larger anatase domain sizes at lower
oxygen flow rates, suggesting that growth is favored under slightly
oxygen deficient conditions. A potential explanation is given by [29],
as oxygen vacancies can serve as active sites for diffusion and hence,
may enhance growth kinetics.

The situation is not entirely clear for the samples prepared with-
out oxygen, where we identify mixed polymorphic phases, as Le Bail
refinement confirms the presence of anatase, rutile and brookite. How-
ever, due to significantly lower intensities and overlapping peaks, the
parameters extracted from Le Bail fits are subject to larger uncertain-
ties. We qualitatively recognize the trend that the intensity ratio of
anatase 101 to rutile 110 decreases with increasing Nb or Ti content
in the target. Rutile phase is characterized by rather small domain
sizes in the range 52 A to 74 A and hence, poor crystalline quality
is indicated. On the other hand brookite phase exhibits larger domain
sizes up to 1214A (for the SNTO-0) with insignificant microstrain.
For the 1ONTO-0 and '°TO-0, the anatase/brookite intensity is hardly
present anymore. Therefore, only the rutile phase has reliable results
from Le Bail refinements.

The situation is very complex, because the interaction between
potential defects such as Ti interstitials (Ti;), O;, V,, and Nby; strongly
depend on the respective defect density. Further, the interaction is
different for each of the three polymorphic phases. Therefore, the in-
terpretation cannot be further clarified without quantified investigation
of potential defects and defect densities, which exceeds the scope of
this work. Nevertheless, our observations suggest a more impeded and
defect-rich integration of Nb due to the absence of oxygen during the
deposition process.
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Fig. 5. XRD pattern of thin films prepared from different M:TiO,,, targets (M=Nb,Ti) with (a) F, = 3% and (b) without addition of oxygen to the process gas (Fy, = 0%). Patterns
are shifted by a constant value of intensity for better visibility; for the same reason, the arrangement of different patterns is switched for (a) and (b).

Table 3
Summarized XRF and XRD results.
Sample h R [Nb] Phase a b c D v T st
nm nm/min at% A A A A % K

0TO-3 141 0.5 0 Anatase 3.793 9.522 330 0.14 529
0TO-0 146 3.7 0 Anatase 3.792 9.522 1115 0.17 525
5TO-3 142 0.5 0 Anatase 3.794 9.522 423 0.22 525

Anatase 3.789 9.615 381 N/A 520
5TO-0 138 4.6 0 Brookite 9.155 5.480 5.158 805 N/A

Rutile 4.607 2.962 74 N/A 531
19T70-3 142 0.6 0 Anatase 3.794 9.519 345 0.23 530
19T0-0 135 5.4 0 Rutile 4.600 2.959 66 N/A 729
2NTO-3 131 0.9 1.24 Anatase 3.802 9.529 582 0.22 528

Anatase 3.800 9.526 413 N/A 530
2NTO-0 139 6.0 1.31 Brookite 9.146 5.500 5.154 401 N/A

Rutile 4.614 2911 53 N/A 547
SNTO-3 146 1.2 2.92 Anatase 3.808 9.534 717 0.16 562

Anatase 3.809 9.505 792 0.5 543
SNTO-0 135 7.1 3.06 Brookite 9.192 5.506 5.146 1214 N/A

Rutile 4.629 2.928 52 N/A 598
10NTO-3 147 1.6 5.86 Anatase 3.817 9.617 822 0.16 617
10NTO-1 127 3.6 6.46 Anatase 3.823 9.537 1190 0.22 664
10NTO-0.6 157 6.0 6.59 Anatase 3.826 9.544 N/A 0.16 663
10NTO-0.4 143 7.2 6.45 Anatase 3.822 9.544 N/A 0.15 633
10NTO-0.2 139 8.2 6.52 Anatase 3.831 9.551 N/A 0.11 637
10NTO-0 127 10.6 5.76 Rutile 4.639 2.919 61 N/A 615

Continuing with the temperature development of crystal structure,
in Fig. 7, XRD patterns recorded from RT to 1273 K (nominal temper-
ature) are presented for °NTO samples with 0% (a) respective 3% (b)
oxygen as examples. The patterns at RT (299 K) are recorded after the
heating cycle. As-deposited TiO,_, based thin films did not show any
crystalline features in the XRD pattern (not shown). Le Bail refinement
was again applied to determine lattice parameter a of Pt for each
temperature step and sample. Following the procedure described in
Sections 2.2 and 3.1, the temperature is calibrated for each sample
individually. We determined integrated peak intensities of anatase 101
(for the 3% oxygen samples) and rutile 110 (for the oxygen free
deposition). Additionally we investigated the anatase 101 respective
brookite 021 and the brookite 121 region in the 0% case. To assess
crystallization onset temperature (7,,,), integrated anatase 101 peak
intensities are plotted against their respective calibrated temperature
in Fig. 8 for different Nb content (a) and the oxygen variation (b).
T, is identified by the intersection of a linear fit in the region of
crystallization and the baseline. The extrapolated onset temperatures,
indicating crystallization temperature, are summarized in Table 3 for

all investigated samples. Generally, we observe elevated crystallization
onset temperatures for anatase with increasing Nb content. In contrast,
for the pure TiO,, films the onset temperature is in the range 525K
to 530K, regardless of the Ti composite content in the target. This
is in good agreement with reported values, for example in [30] for
films with similar thickness. Taking a look at the oxygen variation
(see Fig. 8 b), we recognize similar anatase onset temperature for 0.2%
and 0.4% and slightly elevated temperatures for 0.6% and 1%, and
further a lower one for 3%. In Fig. 9 the relevant XRD patterns at
RT (after temperature program) for !°NTO samples deposited with
different amount of oxygen are presented. The sample without oxygen
is the only one where rutile phase is present. An oxygen flow of 0.2%
during the sputter process is sufficient to produce a pure phase poly-
crystalline anatase thin film via post deposition annealing in vacuum.
Generally, it is understood that the resulting phase depends on the
particle energy during sputtering, which can be controlled by total
pressure, sputter gas species or substrate bias and temperature [31,32].
However the key factor to tailor the growth of a specific phase is still
not clear [33]. In our study, anatase phase is stable at all investigated
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Fig. 6. Anatase lattice parameter a and c, extracted from Le Bail refinement presented
in dependence on atomic niobium percentage (a) and on oxygen flow in the °NTO
samples (b). The symbols are connected with lines for guidance of eyes.

temperatures. When we compare the pattern for different oxygen con-
tent, we notice a significantly elevated intensity for the anatase 101
reflex and disappeared 103, 004, 112 and 105 reflection in the case of
1ONTO-3 sample, indicating a crystallization in preferential orientation.
A potentially higher sputter energy due to an enhanced presence of
high energetic oxygen anions, could be an explanation for a different
crystallization kinetic [33]. Here we want to point out again that the
reflection at around 37.9° in Fig. 9 is the tungsten La; wavelength
position of the Pt 111 plane and is not the anatase 112 reflection. Onset
temperatures for anatase 101/brookite 021 and brookite 121 coincide.
Therefore, it is not possible to distinguish between anatase and brookite
onset in the case of oxygen free deposition. Again, similar to lattice
parameter extraction, for the 1°NTO-0 and 1°TO-0 anatase/brookite
intensities are too low for a reliable onset determination.

3.3. Opto-electrical properties of 1ONTO based thin films

In this section we focus on opto-electrical properties of I°NTO thin
films prepared with varying oxygen flow during deposition. We link
them to the findings of structural analysis presented in the previous
Section 3.2. In Table 3, the Nb content and film thickness A, measured
by WD-XRF, and the resulting effective deposition rate R are given.
We trace comparable Nb content between 6.45at% to 6.59at% for the
1ONTO samples deposited with an oxygen flow between 0.2% to 1%.
The Nb percentage decreases for the sample without oxygen in the
process gas to 5.76at%. Additionally, a lower oxygen to metal ratio
and an elevated Ti content is observed in comparison to deposition
with oxygen. For the 3% sample, we also have a reduced Nb content of
5.86at%. This might be explained by a different effect of oxygen on the
sputter yield of Nb and TiO,_,. Regarding the deposition rate, we want
to emphasize, that we used a sample holder which allows simultaneous
deposition of four samples. Substrate movement is optimized to achieve
homogeneous and fully covered films on rough substrates, even for low
film thicknesses of a few tenth of nm, at the cost of deposition rate.
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Experiments comparing stationary rotating deposition with planetary
movement reveal a higher rate by a factor 2.8. Using this factor leads to
a gross deposition rate of almost 23 nm/min for the 1°NT0-0.2 sample.

It is well known that Nb dopant concentration or more general,
defect densities, are decisive for opto-electrical properties, e.g. re-
sistivity (p), charge carrier density (n,), electron mobility (x,) and
absorption behavior. For the application as a TCO, low absorption
has to be accompanied with high conductivity. In Fig. 10a, absorption
determined by transmission/reflection measurements is presented for
1ONTO samples with different oxygen flow before and after vacuum
annealing. Before tempering, samples prepared with an oxygen flow
of 0.6 % or higher manifest only minor absorption in the investigated
spectral range below bandgap energy. For the 1NT0-0.4 sample, we
observe slightly increased absorption in the visible (VIS) range extend-
ing into the near infra-red (NIR). 1°NT0-0.2 and 1°NTO-0, in contrast,
show significant defect absorption peaking in the VIS. After annealing,
we generally observe enhanced absorption, particularly in the IR, in-
dicating free charge carrier or Drude like absorption. In 1°NT0-0.2,
free charge carrier absorption is superimposed with defect absorption,
which is dominating the spectrum. The oxygen free deposition, in
contrast, shows rather only defect absorption. An enlarged view on the
absorption in the bandgap region (in Fig. 10b) shows a flat and curved
absorption onset in 1°NT0-0.2 after vacuum annealing, however, with
a distinctive blue shift of the band edge in comparison to the other
samples.

To quantify the phenomenologic observations, optical data from
transmission/reflection and spectroscopic ellipsometry were evaluated
simultaneously using RIG-VM code developed at Fraunhofer IST [34].
The dielectric function is modeled with four Tauc-Lorentz oscillators.
Two were used for the bandgap absorption, one for sub-bandgap or
tail absorption and one for defects when necessary. If applicable, an
additional Drude term was used to model free charge carrier absorp-
tion. The resulting fits can be seen in the supplementary. In Fig. 10c we
present the calculated absorption coefficients « in Tauc plots assuming
an indirect transition. E, is determined by an extrapolated linear fit
in the region where Tauc relation is valid and its intersection with
the x-axis. The values are summarized in the inset. In a previous
work [9], we reported bandgap energies of 3.28 eV and 3.38 ¢V for un-
doped TiO,_, thin films (before annealing) prepared with and without
oxygen, respectively. In comparison, slightly higher values of 3.38eV
for 19NTO-0 and 3.41eV for 1°NTO-3 are observed in this study after
vacuum annealing. Samples with an oxygen flow between 0.4% to 3%
show similar bandgap energies in the range from 3.40 eV to 3.44 eV.
However, a more curved behavior is recognized in the onset region for
the 1°NTO-0.4 and 1°NTO-3 samples, indicating increased density of
tail states. We address the presence of tail states to the formation of
oxygen interstitials indicated by XRD in 1°NTO-3. In case of 1°NTO-
0.4, an increased number of oxygen vacancies is likely responsible
for tail absorption. In contrast,'NT0-0.6 and 1°NTO-1 show a rather
sharp rise with a steep slope, indicating a clean band edge and a
low degree of structural disorder or defects. The °NTO-0.2 sample
exhibits distinct characteristics, with a significantly higher band gap
energy of 3.56eV. Although its crystal structure and Nb percentage
are very similar to those of 1°NT0-0.4, 1°NT0-0.6, and °NTO-1, its
conductivity is markedly improved, as shown in Fig. 11 and discussed
below. Therefore, we attribute the increased band gap energy to a
Moss-Burstein shift [35,36], which is an indicator that this sample
is a degenerated semiconductor. In Fig. 10c, two linear regions are
visible around the potential onset points for the 1°NTO-0.2 sample,
complicating a precise evaluation of the bandgap. As a result, only
bounds can be established, with the upper bound indicated above
at 3.56¢eV (dashed line) and the lower bound extrapolated at 3.19eV
(dotted line). The shallow slope of the lower bounds deduces a less
clean edge, due to a high density of defect states on a broader energetic
distribution.
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In Fig. 11, the resistivity p after the vacuum HT program is shown
for different oxygen flow. The behavior is not intuitively clear and each
data point is discussed in the following. The sample without oxygen
flow (1NTO-0) shows a relatively high value of p =76 mQcm. This
can be primarily attributed to the presence of rutile phase, which has
a higher effective electron mass m;kutile ~20m, [37] (m, is the free
electron mass) in comparison to anatase my e ~ 1mg [38], resulting
in a lower electron mobility. Hall measurements suggest a rather low
mobility of 3 x 1072 cm? V-!s~!, however, charge carrier density is no-
table high with 3.8 x 102! cm~3. Besides the enhanced effective electron
mass in rutile, we relate the low mobility to a high concentration of
defects, acting as scattering centers. Poor crystallinity was depicted
for this sample (see Section 3.2) from which one can deduce a high
defect concentration (e.g. Ti or Nb interstitials), which aligns well with
enhanced defect absorption. For an oxygen flow of 0.2%, we observe
lowest resistivity p = 1.2mQcm at the 1°NTO-0.4 sample, indicating
donor like defect states. Hall measurements reveal a charge carrier
density of 2.6x 10! cm=3 and a mobility of about 2cm? V! s~!. Increas-
ing the oxygen flow results in enhanced resistivity, i.e. 14.3mQcm for
1ONTO-0.4 and as high as 127Qcm for 1NTO-1. A lower number of
donor-like defects is anticipated to contribute to the reduced conduc-
tivity. However, due to an unstable and not reproducible Hall voltage,
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Fig. 9. XRD patterns after vacuum annealing for different oxygen flow during deposi-
tion using 1°NTO target.

reliable results could not be obtained to confirm the decreased charge
carrier density. In contrast to the monotony increasing resistivity for
10NTO-0.2 till 1°NTO-1, a certain drop of resistivity is observed for
the 1°NTO-3 sample. XRD results indicate the formation of oxygen
interstitials in 1°NTO-3, favored in oxygen rich conditions, which act
as electron traps and compensate excess electrons introduced by the
Nb5* [39]. The lower resistivity in comparison to 1°NTO-1 might be ex-
plained by an enhanced mobility, due to its crystallographic properties.
This can be correlated to the observed reduction in crystallization onset
temperature, indicating different growth kinetics. A strong preferential
growth with increased overall intensity in XRD analysis could be a
potential origin of enhanced mobility. But, also for this sample, Hall
measurements were not possible due to a fluctuating contact resistance.
We address the problems to an increased resistivity at the surface due
to longer exposure to air during shipping to and storage at the location
of measurement. Nevertheless, a slightly steeper raise of the Drude
absorption indicate an enhanced mobility.
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Oxygen vacancies are often correlated to enhanced charge carrier
densities and conductivity [16,40]. On the other hand, high crystalline
quality is reported to be decisive for elevated mobility [41]. High mo-
bility and conductivity is reported for films by pulsed laser deposition
(PLD). Epitaxial growth on single crystal substrates, resulting in prefer-
ential 004 orientation yields a mobility in the range of 16cm? V=!s7! to
30cm? V! s~! and resistivity between 2x 10~ Qcm to 3x 10~ Qcm (at
room temperature) depending on the Nb concentration [42]. However,
it is not clarified whether the orientation or a high crystal quality is
responsible for the mobility. PLD deposited NTO films on glass with
post deposition treatment reach resistivity as low as 4.6 x 10~ Q cm for
hydrogen annealing and 7.8x 10~* Q cm for vacuum annealing [43]. For
RF sputtered NTO films on heated single crystal substrates resistivity
of 3.3 x 107*Qcm, a carrier concentration of 2.4 x 102! cm™ and a
mobility of 7.6cm? V~! s~ with a strong correlation to the intensity of
anatase 004 reflection is reported [44]. As a matter of fact, there is a
competitive interplay between high carrier concentration induced by
defects (oxygen vacancies or Nb dopants) and high electron mobility
requiring low density of scattering centers. For example, in [42] it is
reported that charge carrier density is increased almost linearly with

Nb content, while electron mobility shows a maximum at lower doping
concentration. Compared to values in literature, 1°NTO-0.2 demon-
strates, that DC sputtered thin films have the potential to compete with
other deposition techniques.

4. Summary, conclusion and outlook

We performed in-situ temperature calibration in high-temperature
XRD experiments conducted in high vacuum, using a crystalline Pt
thin films as calibration standard. The calibration was then applied to
TiO, based thin films deposited on the Pt coated fused silica substrates.
The results identify and emphasize substantial discrepancy of the real
sample temperature from the nominal set temperature, presumably
connected to radiation losses at the surface. Our calibration technique
enables precise thermal XRD analysis with an uncertainty less than 10K
and therefore, a more accurate assessment of crystallization onset tem-
perature is feasible. We presented crystallization onset temperatures
for various deposition conditions of pristine and Nb doped TiO,_, thin
films. The knowledge of crystallization onset temperature for a wide
range of process conditions (including target variation) is essential for
process development with desired properties. In a next development
step, our technique can be used to study the thermal expansion be-
havior of the investigated thin film. Once it is known, the calibration
can also be performed with the reflection peaks of the actual sample
without the Pt layer.

Analyzing crystal structure and correlated material properties (i.e.
opto-electronic), reveals a high sensibility to the oxygen flow during
the deposition. This demonstrates the potential of controlled tuning
of properties with the described deposition process. Especially, the
formation of pure anatase phase by adding minimal amount of oxygen
to the process gas can be used on purpose, if needed. DC sputtered TiO,
based thin films from metal-ceramic composite targets bring extensive
advantages in comparison to commonly used reactive sputtering from
metallic targets. The hysteresis effect is expected to be not present
significantly, as low oxygen flow allows deposition in a quasi-metallic
mode, while still being able to produce near stoichiometric and highly
transparent material. Process control is easier and therefore, stable
process conditions can be achieved with less effort and its scalability
is preserved. With view on industrial application, the investment is
lower and the energy efficiency is enhanced in comparison to RF
sputter-mode. We demonstrated a possible process window resulting
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in considerable conductivity with reasonable deposition rate. Indeed,
for PLD deposited Nb:TiO, films, lower resistivity is reported. PLD is
a highly precise technique, which allows high quality and control of
stoichiometry. However, PLD has typically low deposition rates and
achieving uniform thin films on a large scale is very challenging.
Therefore, it is not an appropriate technique for industrial production
with high throughput. We would like to emphasize that this study does
not focus on process optimization for achieving the best performance as
a TCO. Fine-tuning the oxygen flow or optimizing the annealing process
are clear avenues for further improvement. Regardless, the results of
this work highlight the potential and provide a strong foundation for
future work.
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