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ABSTRACT

Redshift of the absorption onset and amplitude increase in the ultraviolet complex dielectric function (DF) of corundum-like o-(Ti,Ga; ,),03
with increasing Ti content is presented. «-Ga,Oj; thin film samples alloyed with Ti up to x = 0.61 are grown from plasma enhanced atomic
layer deposition. They are characterized by ultraviolet spectroscopic ellipsometry, transmission electron microscopy, and x-ray photoelectron
spectroscopy (XPS). The samples are shown to be crystalline up to x = 0.053. Ellipsometry is employed to obtain the ordinary complex DF,
where the absorption onset shows a strong red shift with increasing Ti content as well as an increase in amplitude, which is associated with a
successive take over of Ti related 3d-states in the density-of-states. Valence band XPS results lead to the conclusion that the strong red shift in
the absorption onset with increasing Ti content is mainly due to conduction band lowering and less from the valence band.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0139725

Ultra-wide bandgap semiconductors are promising materials for
applications such as power electronics, solar-blind UV detectors," or
chemical and biological sensing devices.” Ga,Os, in particular, plays an
important role here since it is already used successfully in, e.g., power
electronics or solar-blind UV detectors.”” > At least four different
poly-types open up a wide range of possible applications. The stable
form of Ga, 03 is the monoclinic -phase (C2/m), but it also crystalli-
zes in the cubic y-(Fd3m) and J-phase (Ia3), the orthorhombic e-
(P63mc) and x-phase (Pna2,), and the rhombohedral corundum-like
a-phase (R3c)." The a-phase especially offers the possibility of
bandgap engineering by replacing the group III element fractionally,
eg, by In and/or AL°’ Titanium oxide also has a metastable
corundum-like crystal structure. While it stabilizes as TiO, in the
tetragonal rutile (P4, /mnm), anatase (14, /amd), or the orthorhombic
brookite (Pbca) phase,”” it also occurs as a-Ti,Os in the corundum-
like rhombohedral phase (R3¢)."" «-Ti,O; is a narrow-gap semicon-
ductor/semi-metal with a bandgap only between 0 and 0.1eV."”'°
Hence, alloying a-Ti,O3 with o-Ga,O; (fundamental indirect gap at
5.0-5.4 €V, " first direct gap at ~ 5.6eV)*"”" yields the possibility

to tune the bandgap from the UV spectral range to basically zero.
Even though ¢-Ti,0; has been arousing increasing interest lately,”* >
only scarcely reports on the (Ti,Ga;_,),Os3 alloy system can be found.
There are some theoretical calculations on f-Ga,O5 doped by Ti** as
well as experimental investigations””** and reports on corresponding
optical properties. For example, Liu et al.”’ found a red shift of the
absorption edge by ellipsometry. Also, Ti doped e-Ga,O; was investi-
gated.}0 However, no comparable results on a-(Ti,Ga;_,),05 are
available so far.

Therefore, in this work, we study spectroscopic ellipsometry on
o-(TiGa,; _,),0s3 to obtain the optical properties in form of the dielec-
tric function, which is supported by transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS) results.

We investigated six thin film samples consisting of o-
(Ti,Ga; _,),03 on 0.25° miscut c-plane (0001) sapphire substrates,
grown by plasma enhanced atomic layer deposition (ALD). More
details on the growth process are found elsewhere.’’ In that study, the
Ti fraction x was obtained by Rutherford backscattering spectrometry
(RBS). It was found that x varies from 0 up to 0.61 from sample to
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sample. Up to x = 0.053, the samples are reported to have the
corundum-like crystal structure (R3c); for higher x, they are amor-
phous, i.e., no x-ray diffraction (XRD) signal from the layer could be
detected in 20 — o scans. The layer thickness varies in the range from
13 to 29 nm. All samples including some of the experimental results of
this work are listed in Table I.

In this study, ultraviolet (UV) spectroscopic ellipsometry was
employed to investigate the optical properties of a-(Ti,Ga;_,),03 in
the form of the complex dielectric function ¢(fiw). Additional observa-
tions by TEM allowed to verify the film thickness, crystalline proper-
ties, and layer homogeneity. Finally, XPS was used to investigate the
structure of the valence band.

UV ellipsometry was performed in the spectral range from 0.5 to
6.5eV using a scanning variable-angle spectroscopic ellipsometer
based on a grating monochromator equipped with an autoretarder.
The measurements were taken at angles of incidence @ of 50°, 60°,
and 70° for each sample. Even though the samples are only 10 to
30 nm thick, they are measurable by ellipsometry with high accuracy
in contrast to normal incidence transmission experiments.
Spectroscopic ellipsometry provides the ellipsometric angles ¥ and A,
which correspond to the amplitude ratio and the phase shift of the par-
allel and perpendicularly polarized components of the reflected light
to the plane of incidence. For the analysis of the experimental data, we
apply the approach™ used to study c-plane 2-Ga,O; on a c-plane
ALO; substrate. A multi-layer model leads to the complex dielectric
function (DF) &(hw). The model contains the c-plane o-Al,O; sub-
strate, which is taken into account anisotropically, based on a model
dielectric function from Malitson.”> On top of that, the o-
(Ti,Ga;_,),0; layer follows, and the surface is defined by an effective
medium approximated layer (EMA) using Bruggeman’s formalism™
to take into account surface roughness and further possible surface
effects like band-bending, adsorption of organic molecules, or a varia-
tion of the composition over the top few nm. By modeling for the
Fabry-Pérot oscillations, the thicknesses of the epitaxial layer and the
EMA can be determined (see Table I). In the a-(Ti,Ga;_,),03 layer,
which is our layer of interest, a so-called point-by-point fit (pbp) was
used in the final analysis step, which fitted the calculated optical

TABLE |. Roughness (r) and thickness (d) for all six investigated o-(Ti,Ga_,),03
samples from ultraviolet spectroscopic ellipsometry (UVSE) and transmission elec-
tron microscopy (TEM) are listed. UVSE errors from numerical fitting are below 1%
for all samples except the x=0.61, and their corresponding maximum TEM error,
from image analysis, is 6%. RMS roughness and x values by RBS from Barthel

et al.”" are given as well supplemented by the x values determined from XPS.

XRBS xxps RMS r d d+r
nm nm nm nm

Ref. 31 Ref. 31 UVSE TEM UVSE TEM UVSE TEM

0.0 0.0 0.71 4.7 99 239 187 286 286
0.037  0.067 0.49 55 46 159 167 214 213
0.053 0.045 0.30 5.7 6.8 147 138 204 20.6
0.128 0.093 0.22 53 7.1 151 149 204 220
0.231 0.170 0.19 6.4 .- 127 - 19.1

0.61 0.483 0.16 8.8 5.7 45 131 133 188

scitation.org/journal/apl

response of the multi-layer model to the experimental ¥ and A until
the best match was achieved, by varying ¢; and ¢, at every energy hc.
As a result, we obtain the pbp-DF with real ¢; (fiw) and imaginary parts
&(hw) corresponding to the square of the refractive index and the
absorption, respectively. A more detailed discussion on the analysis of
the ellipsometric experimental data along with a justification that the
pbp-DF fulfills the Kramers—Kronig relationship (Fig. S1) can be found
in the supplementary material. It should be noted that for the crystalline
samples, only the ordinary DF, i.e., with the electric field vector perpen-
dicular to the c-axis of the crystal, is attainable because of the c-plane
orientation of the samples. There are certain differences between the
ordinary DF of an anisotropic analysis and an isotropic one attained
from c-plane samples as done here (in the o-(Ti,Ga;_,),0; layer).™
Therefore, an anisotropic evaluation is often used for c-plane samples in
ellipsometric investigations.”””° However, this is not necessary here,
due to the very small thickness of the samples, which, combined with
the choice of the angle of incidence, reduces the influence of the extraor-
dinary component in our measurements to nearly zero and, thus, gives
us a perfect agreement between measurement data and model. In the
case of amorphous samples, no anisotropy is expected, and the pbp-DF
will represent the true optical response of the system.

The samples were observed in cross section by bright field trans-
mission electron microscopy (BF-TEM) and high angle annular dark
field scanning transmission electron microscopy (HAADF-STEM)
using a Tecnai Osiris (for the sample with x = 0, HAADF-STEM), an
FEI Titan operated (x = 0.037, HAADF-STEM), and a JEOL 2100F
(x > 0.053, BE-TEM) operated at 200kV. The samples with x = 0.0
and x = 0.037 were prepared for imaging using standard mechanical
grinding followed by Ar* ion milling procedure, while the samples with
x > 0.053 were prepared using focused ion beam (FIB) in an FEI
Quanta200 3D DualBeam and Zeiss Crossbeam 550. In the case of the
sample with x = 0.231, FIB lift out for TEM analysis was attempted, but
it was not successful, and, thus, no results can be provided for this one.

XPS was performed using a Kratos AXIS ULTRA LiPPS instru-
ment with a monochromated Al Ka X-ray source (1486.6 eV) operated
at 10mA emission current and 12kV anode potential (120 W).
Spectra were acquired with the Kratos VISION II software. The analy-
sis chamber pressure was <6 x 107 mbar. A survey scan was
acquired with a binding energy range from 1400 to —5 eV, a step size
of 0.5eV, a pass energy of 80¢eV, and a sweep time of 20 min. High
resolution scans of detected elements and the valence band were per-
formed at a pass energy of 20 €V, a step size of 0.1eV, and a sweep
time of 10 min. Spectra were converted into VAMAS format for fur-
ther analysis (CasaXPS version 2.3.24 PR1.0).

Exemplarily, the experimental ¥ and A in comparison to the
pbp-fit for the sample having x = 0.037 are illustrated in Fig. 1, show-
ing that the fit and data are in excellent agreement.

The thicknesses of o-(Ti,Ga;_,),0; (d) and of the Bruggeman
EMA layers (r) found from modeling ¥ and A are compared to corre-
sponding TEM results in Table 1. The uncertainty for the ellipsometry
thicknesses and roughnesses is below 1% for all samples except the
sample with x = 0.61. The maximum TEM uncertainty is at about 6%.
Note here that the Ellipsometry uncertainties only are the numerical
mean squared error, which is minimized using a Levenberg-
Marquardt algorithm while fitting the multi-layer model mentioned
earlier onto the experimental data. The TEM error origins from
obtaining thickness measurements of several images, which will by far
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FIG. 1. The ellipsometric angles ¥ and A measured by spectroscopic ellipsometry in the ultraviolet and visible spectral range for the o-(Ti,Gas_,)203 sample having
x = 0.037, along with its associated point-by-paint it (pbp) for three different angles of incidence ®.

be the main source of error, since instrumental error is small in com-
parison. Cross-sectional observation of the samples by TEM (Fig. 2)
revealed that the films contain two main parts. The main part of the
films, of thickness d, shows a uniform contrast. On the other hand, the
upper part, of thickness r, exhibits a non-uniform contrast, which
slowly decays toward the surface. We can rule out sample preparation
damage as a potential reason for this feature, as there is still a thick
(several hundreds nm) Pt layer to protect the top surface of the foil,
plus damage was prevented by using low voltage ion beams at the end
of the preparation. Such variation, in contrast, could have various and
compounded origins, such as topographical roughness as well as varia-
tions in material crystallinity and density—for example, previous
reports have shown for x = 0.0 that while the film was in the o-phase,
the near-surface region contained -, e-, and amorphous GazO3.37
Astonishingly, the results for the sum (d + r) of thickness and rough-
ness agree very well for both methods, especially for the samples

AlLO,

BF intensity (a.u.)

25 nm

FIG. 2. BF-TEM cross-sectional view of the sample with x = 0.053. The inset is
the same image but displayed with a temperature color-scale to highlight the
change in contrast across the film.

x = 0,0.037, and 0.053, which are those having a corundum-like crys-
tal structure according to XRD. This shows that even for such thin
samples, the ellipsometric method using Fabry-Pérot oscillations and
an EMA layer for the roughness provides excellent results for thin
film sample thicknesses. The roughnesses r, being in the same order
of magnitude in ellipsometry and TEM, are clearly much higher than
the ones obtained from atomic force microscopy.”’ However, this is
not surprising, since the EMA roughness layer, as an optical rough-
ness, also takes into account contaminants on the surface or surface
band-bending. It is noticeable that the x=0.61 sample is the only
sample with more roughness than thickness in ellipsometry on the
one hand and, on the other hand, the sample with the biggest devia-
tion between ellipsometry and TEM thickness (d + r). This is, in our
view, an indicator that this sample is becoming “porous” on the top
since the roughness modeled with an EMA layer is filling the o-
(Ti,Ga;_,),03 layer partly with void. However, this should, in gen-
eral, not be a problem for determining the DF because in the evalua-
tion process, it is possible to differentiate between effects that
originate from layer thickness or roughness on the experimental data
and the dielectric function itself, since these different parameters
influence the modeling process differently, especially with three differ-
ent angles of incidence measured.

The resulting pbp-DFs for all six samples are shown in Fig. 3. In
&, we find the absorption onset related to the first direct band-to-
band transitions of the indirect x-Ga,Os, lowered by Coulomb interac-
tion, i.e., excitonic effects. The pbp-DF of the x = 0 sample (Fig. 3, red
curve) is in agreement with previous DFs of 0-Ga, 032" There
are, however, some slight deviations to the literature DFs, which
mainly originate from the fact that an isotropic model was used here.
This makes sense not only because of, as explained earlier, film thick-
ness and different angles of incidence measured, but also because it is
unclear how the extraordinary DF would change with increasing Ti
content, as we only have c-plane samples. However, this produces
slight errors in broadening and amplitude, which are mainly responsi-
ble for this small deviations to the literature,”””" "%’ since these are

Appl. Phys. Lett. 122, 092101 (2023); doi: 10.1063/5.0139725
© Author(s) 2023

122, 092101-3

Jpd-auluo LT L01LZ60/LEL€829L/SZL6€L0°G/E90L 0 L/10p/spd-ajoe/de/die/bio-diersqnd//:dny woy papeojumoq


https://scitation.org/journal/apl

Applied Physics Letters

ARTICLE scitation.org/journal/apl

N

W

=3

©

o

F 30 35 40 45 50 55 60 E >
Photon energy (eV) 2 ©
£

1 <)

©

{1 E

7
6
s |
=
[
o
©
s |
®5
—— x=0.037
—— x=0.053
I — x=0.128
— x=0.231
4 f — x=0.61
Ml B B B | P |
1 2 3 4 5

Photon energy (eV)

6 30 35 40 45 50 55 6.0

Photon energy (eV)

FIG. 3. Point-by-point (pbp) dielectric functions (DFs) of o~(Ti,Gas_,),05 in the visible and ultraviolet spectral range, alloyed from x = 0 to x = 0.231. The real part ¢ is
shown on the left and the imaginary part &, on the right. The inset again shows the same pbp-DFs, supplemented by the result from the x = 0.61 sample.

based on anisotropic models. With increasing Ti content, a red shift of
the absorption onset and the corresponding peak in &; is visible.
This is related to the fact that both «-Ti,O; and TiO,, in several
polymorphs, have a significantly smaller bandgap than «-Ga,Os,
which has, like mentioned above, its indirect gap at about
5.0-5.4€V'"" and the first direct gap at &~ 5.6€V.”"*' The bandgap
of «-Ti,O;, as a narrow-bandgap semiconductor or semi-metal, is
found at 0-0.1 eV, '° and the ones for anatase, brookite, and rutile
TiO, are reported to be 3.4,"" 3.27,” and 3.06 €V, respectively. Thus,
it is expected that the first direct transition as well is red shifted for Ti
containing oxides compared to «-Ga,O3. On the other hand, in addi-
tion to the red shift, there is a clear increase in amplitude with increas-
ing Ti content in both ¢; and &,. This fits to the dielectric functions of
rutile-,"* anatase-,”” and brookite-TiO,," which all show significant
higher amplitudes in the dielectric functions, compared to Ga,Os.
Looking at the density-of-states (DOS) of corundum-like o-Ti,0;
(Fig. 1 in Ref. 47), it shows that the upper valence band (VB) and the
conduction band (CB) mainly consist of the Ti 3d-states and only little
of the O 2p-states in contrast to the VB or CB of a-Ga,O;, which is
dominated by Ga 4s- and 4p-states.'” Between the lower VB in o-
Ti,0; and the VB in a-Ga,Os, there is no significant difference. Both
DOS consist mainly of O 2p-states. Since the DF relates to the joint
density-of-states, we understand that the partly filled and unfilled d-
states of Ti are responsible for the massive amplitude increase in the
DF of Ti,O; as well as in the DF of the different TiO, polytypes, and
the alloys of Ga,05 with Ti. Other than in Ga,Os, it is expected that
for Ti,Os, the upper VB near the Fermi level is not completely filled
due to the small bandgap of 0-0.1eV. Also, the comparable metal
oxide V,0; (Eg < 1 eV"") whose upper VB and CB DOS show a domi-
nation of V 3d-states as well likewise has a significantly higher &(hw)
amplitude, at the absorption onset, than Ga,05."" '

VB spectra from XPS measurements are displayed in Fig. 4.
(Note that the wide scans are also shown, in a supplementary material
(Fig. S3) together with further explanations regarding the XPS results.)
It can be stated that the x = 0 spectra agree well with «-Ga,O;

literature,” as does the x = 0.61 sample to a-Ti,O; by Chang et al.””
Increasing Ti content and decreasing Ga can be seen in the wide scans
(Fig. S3, Ti 2p and Ga 3d peaks) and reflected in the VB spectra with
Ga 4s and 3d peaks at binding energies of ~ 9 and 4eV.”* Also based
on the wide scans in Fig. S3, there is a simplified quantification of Ti
and Ga listed in Table I. Carbon and oxygen have been removed, and
Ti 2p and Ga 3p peaks have been used to estimate the alloy composi-
tion. This fits reasonable to the RBS data from Barthel et al,”" just the
x = 0.61 sample has a considerably deviance of over 10%. Regarding
the VB spectra, it is important to note here that they were taken sepa-
rately to the wide scans and with no charge reference peak (e.g., C 1s),
so we can only estimate their position based on a photoelectron spec-
tra taken previously and align to the VB in the wide scans. The VB
spectra were acquired under the same conditions as the spectra, so this
is reasonable. Because of the uncertainty in the charge state of the sur-
face, we are cautious of attributing any trend to the peak positions in
the VB, but since no obvious shift of the VB edge is detectable, we
argue that since the absorption onset from ellipsometry, ie., the

300."'I"'I"‘l"'I"'I“‘I"'.
[ x=0 ]
250 F—— (Sooes >
3 x=0.128
—~ [ x=0.231
éZOO;
2150 |
2] N
S [
£ 100
50
NI B IR R BN SR R

0
14 12 10 8 6 4 2 0
Binding energy (eV)

FIG. 4. XPS valence band spectra of o-(Ti\Ga;_,),03, alloyed from x =0 to
x = 0.61, aligned to the VB in the wide scans (Fig. S1).
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fundamental direct transition does shift strongly with increasing Ti
content, mainly the CB lowers. This fits to the fact that the VB DOS
mainly consists of the O shells,"”*” while CB DOS mainly consists of
Ga shells,"” being replaced with Ti d-shells with increasing x.*’

In conclusion, we presented ultraviolet spectroscopic ellipsometry
results on o-(Ti,Ga;_,),O; samples, grown by ALD, yielding the
dielectric functions (DFs), along with transmission electron micros-
copy (TEM) and x-ray photoelectron spectroscopy (XPS). The layer
thicknesses determined by ellipsometry are well confirmed by the
TEM measurements. In the imaginary parts of the DFs, we find a clear
redshift of the absorption onsets, along with a massive amplitude
increase with increasing Ti content. We associate this amplitude
increase with a domination of Ti 3d-states in the density-of-states.
Ellipsometry and valence band XPS results led to the conclusion that
mainly, the conduction band lowers with increasing Ti content and
less the valence band.

See the supplementary material for a comparison of the
Kramers—Kronig fulfilling model dielectric functions used as starting
point for the point-by-point fit and the found point-by-point dielectric
functions itself. Based on the absorption onset of this dielectric func-
tions, the shift of the absorption onset vs Ti content is displayed.
Furthermore, we provide a table with the uncertainties of the thick-
nesses and roughnesses from ellipsometry and TEM for all samples.
At last, the XPS wide scans that have been obtained are shown.
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