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Titanium dioxide (anatase, a-TiO2) films have been prepared by electron beam
sputtering of a TiO2 target in reactive atmosphere and their structural,
microstructural, and optical properties were evaluated by reflection high-
energy electron diffraction (RHEED) and x-ray diffraction (XRD) analyses,
atomic force microscopy (AFM), and spectroscopic ellipsometry (SE). Different
reflection models for determination of film optical parameters were tested and
compared. The dispersive optical parameters were defined using the Tauc–
Lorentz model by SE in the photon energy range of E = 1.12–4.96 eV. The
films were transparent at E< 3 eV, but noticeable absorption was detected at
E> 3 eV. The bandgap was estimated at the level of Eg � 3.44 eV.
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INTRODUCTION

Titanium dioxide (TiO2) usually crystallizes in one
of three polymorphs, namely rutile, anatase or
brookite, amongst which rutile is the commonest
and most thermodynamically stable at temperature
T = 24�C.1 Because of the great importance of rutile
to modern technology, a lot of experimental and
theoretical studies on its microstructural, electronic,
optical, and catalytic properties have appeared in
recent years.2–21 Generally, crystalline TiO2 is
widely applied as a white pigment in paints and
plastics as well as in catalysis, electrochemistry,
microelectronics, and solar cells.22–25 Formation of
amorphous titanium dioxide (a-TiO2) is possible
under nonequilibrium thermodynamic conditions.

TiO2 is characterized by high permittivity value of
e � 80, and this dielectric is considered to be a

promising material for use in microelectronic struc-
tures. In particular, TiO2 has potential for use as a
gate dielectric in next-generation metal–oxide–
semiconductor (MOS) devices.26–31 The high dielec-
tric permittivity of TiO2 enables higher gate dielec-
tric thickness, suppressing the tunneling leakage
currents that appear with scaling of integrated
circuits.32 Another valuable application of TiO2 is as
a high-j dielectric for insulators in storage capaci-
tors of dynamic random-access memory
(DRAM).33,34 Use of TiO2 results in higher DRAM
memory capacity due to the smaller capacitor area
required. Besides, at present, TiO2 is considered a
promising material for use in resistive random-
access memory (ReRAM).35 For application in thin-
film microelectronic structures, the amorphous
modification seems to be the most appropriate,
because amorphous oxides, as a rule, are more
uniform and can avoid (or decrease) leakage cur-
rents along crystalline grain boundaries. Thus,
preparation of a-TiO2 films with reproducible
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physical characteristics is extremely valuable. How-
ever, it is well known that the microstructural,
optical, and dielectric properties of transition-metal
oxide films are highly sensitive to technological
parameters such as the target sputtering condi-
tions, composition of the reactive atmosphere in the
vacuum chamber, and thermal parameters during
deposition. To address this issue, the present study
aimed to evaluate the morphological, structural,
and optical properties of TiO2 films prepared by
electron beam sputtering of a TiO2 target in reactive
atmosphere at low substrate temperature.

EXPERIMENTAL PROCEDURES

Titanium dioxide films were deposited by electron
beam sputtering of a TiO2 ceramic target. Detailed
description of the technology can be found else-
where.36 To avoid occasional film contamination, at
the initial target sputtering stage, the material was
deposited onto a special shutter. The deposited film
thickness was controlled via the sputtering time,
then precise thickness measurement was carried
out by laser ellipsometry. Si(100) wafers were used
as substrates for TiO2 film deposition. Immediately
before insertion into the vacuum chamber, the Si
surface was cleaned by the Radio Corporation of
America (RCA) method.37,38 The substrates were
not intentionally heated, to avoid titanium oxide
crystallization. Two TiO2/Si(100) samples were pre-
pared under the same deposition conditions but
with greatly differing deposition time, denoted
hereinafter as sample 1 (long deposition time,
45 min) and sample 2 (short deposition time,
10 min).

Crystallographic investigation of the oxide film
surface was carried out by reflection high-energy
electron diffraction (RHEED) measurements. Elec-
tron diffraction imaging was performed using a 50-
keV electron beam in a EF-Z4-5 (Carl Zeiss, Ger-
many) setup. Sample preparation and handling
methods for this device can be found elsewhere.39,40

The film bulk structural properties were evaluated
by x-ray diffraction (XRD) measurements. XRD
patterns were recorded on a Shimadzu XRD-7000
device using Cu Ka radiation with a Ni filter.
Diffractograms were obtained in 2h scans from 5�
to 65� in steps of 0.03� for 1 s each. AFM images of
cleaved surfaces were recorded using a Solver P47-
PRO microscope (NT-MDT, Zelenograd, Russia) in
semicontact mode using an NSG 11 (NT-MDT,
Zelenograd, Russia) cantilever with force constant
of 2.5 N/m to 10 N/m.

The dispersive refractive index N(E) = n(E)
� ik(E) and absorption coefficient a(E) of the TiO2

films were obtained as functions of photon energy E
by spectroscopic ellipsometry. The spectral depen-
dence of the ellipsometric parameters W and D was
obtained using a ELLIPS-1771 SA spectral ellip-
someter (ISP, Novosibirsk, Russia) over the E range
from 1.12 eV to 4.96 eV.41 The spectral resolution of

the instrument was 2 nm, the time to record one
spectrum did not exceed 20 s, and the light beam
angle of incidence was 70�. Solution of the inverse
problem of ellipsometry and fitting the spectral
dependence of the ellipsometric angles W(E) and
D(E) were performed in accordance with the basic
equation of ellipsometry:

tgW � e�iD ¼
Rp

Ep

�
Rs

Es

; ð1Þ

where Rp, Rs and Ep, Es are the p- and s-components
of the complex electric vector magnitudes of the
incident and reflected light waves, respectively.42,43

In these calculations, a model of the reflecting
system as Si substrate–uniform film–air was
employed. Thus, in the whole spectral range, the
spectral dependence of the polarization angles was
fit for m points of the spectrum by error function
minimization:

r2 ¼ 1

m
�
Xm
i¼1

Dexp : � Dcalc:

dDerr:

� �2

þ Wexp : �Wcalc:

dWerr:

� �2
" #

;

ð2Þ

where Wexp, Dexp and Wcalc, Dcalc are the experimen-
tal and calculated values of the ellipsometric
parameters, and dWerr., dDerr. are the experimental
error values.

The film thickness was obtained using a laser
(E = 1.96 eV) ellipsometer LEF-3m (ISP, Novosi-
birsk, Russia), solving the inverse ellipsometric
problem in the framework of the Si substrate–
uniform film–air model. The thickness values were
then used in the dispersive optical parameter
calculations. The TiO2 films were transparent at
E< �3 eV. However, at E> 3 eV, noticeable
absorption was detected. Thus, to describe the
dispersive optical parameters, the Tauc–Lorentz
formalism was applied. In accordance with this
model for m oscillators, the following equations
were used44–46:

eiðEÞ ¼
Pm
i¼1

1
E � Ai�Ei�Ci�ðE�EgÞ2

ðE2�E2
i
Þ2þC2

i
�E2

for E>Eg

0 for E � Eg

8<
: ð3Þ

erðEÞ ¼ �erð1Þ þ
XN
i¼1

2

p
� P�

Z 1

Eg

n � eiðnÞ
n2 � E2

dn; ð4Þ

where Ai, Ci, and Ei are the strength, broadening,
and energy position, respectively, of oscillator i, and
Eg is the bandgap.

AB INITIO CALCULATION METHOD

Electronic structure calculations for amorphous
oxides are limited by the unclear atom distribution
over space. However, it is well known that the
physical properties of solids are principally deter-
mined by their elemental composition and short-
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range atomic order.19,47,48 Thus, if the elemental
composition is fixed under the electroneutrality
condition, structural differences between different
phases of the same oxide, as a rule, will have
comparatively little effect on their physical proper-
ties. For this reason, the optical properties of rutile
(r-TiO2) were applied. The optical spectra of r-TiO2

were investigated by density functional theory
using the ab initio simulation code Quantum
ESPRESSO with the B3LYP hybrid exchange–cor-
relation functional.49 This approach correctly
describes the rutile bandgap value of Eg = 3.1 eV.
Six atoms in the tetragonal cell (space group P42/
mnm) were used for the simulation.50 The calcula-
tions were carried out using the following electronic
configuration of the constituent elements: Ti [Ne]
3s2 3p6 4s2 3d2 and O [He] 2s2 2p4, where the core
configurations are shown in parentheses. The plane-
wave cutoff energy was selected to ensure conver-
gence of the total cell energy to 0.001 eV/atom,
taken equal to 75 Ry. The potentials of nuclei and
core electrons were described by atomic norm-
conserving pseudopotentials. The calculations were
performed using a uniform 8 9 8 9 6 grid of k
points in the Brillouin zone. The numerical accuracy
thresholds used to ensure convergence of the self-
consistent field procedure were set to 10�5 eV for
one-electron eigenvalues. The optical spectra were
calculated in the random-phase approximation.

RESULTS AND DISCUSSION

RHEED results indicated amorphous state of the
deposited films. As an example, the RHEED pattern
recorded from the surface of the film fabricated for
long sputtering time (high thickness) is shown in
Fig. 1. It is worth mentioning that very similar
RHEED patterns have been observed previously for
a number of oxide crystals where the amorphous
surface state was formed under Ar+ ion irradia-
tion.51–53 The RHEED pattern obtained from sam-
ple 2 was completely analogous. Thus, the top
surface layers of the TiO2 films were amorphous
over a wide sputtering time interval.

The XRD patterns are shown in Fig. 2. Besides
the narrow diffraction peaks related to the Si
substrate, the patterns contain peaks attributed to
crystalline anatase (a-TiO2). Thus, the film bulk was
formed by anatase phase. However, presence of an
amorphous TiO2 component in the film bulk cannot
be excluded. To avoid effects due to different sample
positioning, the curves shown in Fig. 2 are normal-
ized to make the intensities of the Si substrate peak
at 32.6� equal. In this way, one can compare the
intensity of the anatase signals in the samples.
From the observed patterns, it is evident that the
anatase peaks for sample 1 had higher intensity.
The ratio of the magnitudes of the anatase peak at
�25.3� is �4, similar to the ratio of the deposition
times used to fabricate samples 1 and 2. This
indicates that the TiO2/Si film structure was of

sandwich type. The thermal energy transferred by
sputtered ions was high enough for film bulk
crystallization, while only the top surface layer
was amorphous. Besides, gradual transition is
possible between crystalline and amorphous
regions.

The AFM results are shown in Fig. 3, revealing
evident shallow hillock morphology of the film
surface. In the top right-hand corner of Fig. 2b, a
specific feature can be distinguished, possibly indi-
cating structural ordering. However, there is no
indication of atomic ordering in the RHEED pat-
terns. The hillocks are �20 nm in height and 0.2 lm
to 0.4 lm in diameter. Such a surface can be
considered as optically flat, supporting the use of
the single-layer optical model (air–film–Si sub-
strate) for ellipsometric calculations. It should be
mentioned that the microrelief geometry was prac-
tically the same for both samples. Thus, increasing
roughness with longer deposition time is not a

Fig. 1. RHEED pattern recorded from sample 1.
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Fig. 2. X-ray diffraction patterns recorded from TiO2 films (black for
sample 1, red for sample 2) after background subtraction. Si sub-
strate peaks are indicated by asterisk. The standard peak positions
for anatase are shown in blue (PDF card 010-84-1285).54
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characteristic of the TiO2 film deposition method
used in this experiment.

The spectral dependences of the ellipsometric
parameters W(E) and D(E) obtained for samples 1
and 2 are shown in Figs. 4 and 5. The films can be
considered as transparent at E< 3 eV, while
noticeable absorption (extinction coefficient, k> 0)
was detected at E> 3 eV. The absorption drasti-
cally increased with photon energy above E = 3 eV.
Such behavior is common for transition-metal-based
high-j oxides and it was previously observed for
ZrO2, Y2O3, and V2O5 films.55–57 The curve shapes
in Figs. 4 and 5 are typical of dielectrics. The
thickness d values found for samples 1 and 2 at
E = 1.96 eV were 542.5 nm and 121.5 nm, respec-
tively (Table I).

The dispersive parameters n(E) and k(E) were
calculated using the Tauc–Lorentz model in Eqs. 3
and 4. The best relation between the calculated and
experimental curves for W(E) and D(E) with the
minimal r (Eq. 2) was achieved for the combination
of two oscillators. The dispersion parameters
obtained in the framework of the Tauc–Lorentz
model are enumerated in Table I. Comparing the
parameters calculated for samples 1 and 2, weak
dependence on thickness is evident. The depen-
dences n(E) and k(E) calculated using Eqs. 3 and 4
in the framework of the uniform film model are
shown in Fig. 6 in combination with available
literature data for anatase film.58 Up to E � 3 eV,
the a-TiO2 films were transparent and the refractive
index continuously increased from the 2.2 to 2.3

range to 2.6 with increasing E from 1.13 eV to 3 eV.
At higher E values, optical absorption appeared and
k sharply increased. Regarding the relation between
the optical parameters of a-TiO2 and r-TiO2, the

Fig. 3. AFM surface images of TiO2 layers deposited on silicon: (a)
sample 1 (d = 543.5 nm) and (b) sample 2 (d = 121.5 nm).

Fig. 4. Dependence of ellipsometric angles W(E) and D(E) on pho-
ton energy for sample 1.

Fig. 5. Dependence of ellipsometric angles W(E) and D(E) on pho-
ton energy for sample 2.
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refractive index of a-TiO2 is noticeably lower than the
dispersive indices calculated for r-TiO2. However, the
curve shape and position of refractive index maxi-
mum are very similar for a-TiO2 and r-TiO2. These
similar relations are evident in the k(E) dependence
for a-TiO2 and r-TiO2. The short-wavelength absorp-
tion edgeEg defined by interband electron transitions
is one of the principal parameters for high-j dielec-
trics. The Eg value can be found from the dependence
of (ahx)1/2 on hx by extrapolating the linear part of
the curve to zero absorption (a = 0), as shown in
Fig. 7. From Fig. 7, the bandgap was estimated at the
level of Eg � 3.44 eV for samples 1 and 2, being
characteristic for a-TiO2.59

The film thickness values for samples 1 and 2
were obtained using the Tauc–Lorentz model under

the assumption that the TiO2 films were uniform
and isotropic (Fig. 6 and Table I). This simple
approach is commonly used for ellipsometric deter-
mination of the thickness of transparent films.
However, according to the RHEED measurements
of samples 1 and 2, the top surface layers of the
TiO2 films were amorphous, so an optical model
assuming a uniform TiO2 film would not be precise.
Thus, a more complex optical model should be
constructed to account for the presence of the
amorphous layer covering the a-TiO2 film bulk.
From the practical point of view, it is extremely
valuable to estimate the possible error in film
thickness determination, if the amorphous surface
layer is neglected. Towards this aim, several com-
plex optical models were tested for samples 1 and 2.
These calculations considered the transparency
window of TiO2 from k = 500 nm to 900 nm to
exclude optical absorption. The results are summa-
rized in Table II. The known optical constants of
anatase and amorphous TiO2 were used in the
calculations.58,60

Four optical models were compared: one uniform
layer with Tauc–Lorentz dispersion (1L, TL), one
uniform layer that is a mixture of anatase and
amorphous TiO2 with the refraction index calcu-
lated using the Bruggeman model (1L, BG),61 two
uniform layers (2L), and a three-layer model (3L),
where the upper layer is amorphous TiO2, the
bottom layer is formed by anatase, and the middle
layer is a continuous transition between anatase
and amorphous TiO2. As is evident from the table,
the lowest r values for samples 1 and 2 were
achieved in the framework of model 3L. However,
it is clear that the simple model (1L, TL) also gave
appropriate results, and the difference in integrated
thickness dint. determined using the different opti-
cal models was at the level of 6% to 9%. It seems
that this relation is due to the similarity of the
refractive indices of anatase and amorphous TiO2.
For many applications, a possible error in film
thickness determination at the level of 6% to 9% is
acceptable.

The dispersive refractive index n(k) calculated for
samples 1 and 2 using the model (1L, TL) are shown
in Fig. 8 in comparison with the dispersion of
several representative titanium oxide materials
found in literature. The curves obtained for

Table I. Results of ellipsometric measurements and calculations in accordance with the Tauc–Lorentz
dispersion model (two oscillators)

Sample d (nm)

Tauc–Lorentz model parameters

Eg (eV) e1 (eV) Ai (eV) Ei (eV) Ci (eV) r 3 1022

1 542.5 3.422 1.93 335.56 3.73 0.98 5.5
40.02 6.18 1.20

2 121.5 3.432 2.23 350.47 3.84 1.09 6.7
15.03 5.23 0.05

Fig. 6. Experimental dispersion spectra of refractive index (n),
extinction coefficient (k), and absorption coefficient (a) for samples 1
(red) and 2 (blue), and from Ref. 58 (black), as well as the theoretical
spectra for r-TiO2 for different directions (magenta, dark yellow).
Dotted lines show fits of data calculated using the Tauc–Lorentz
model to experimental data (Color figure online).
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samples 1 and 2 are very close, confirming the
reproducible optical parameters of the deposited a-
TiO2 films. Curves 3 and 4 relate to epitaxial
anatase films,58,62 showing very high refractive
index values close to those of bulk anatase. Curve 5
relates to amorphous TiO2 films fabricated by the
sol technique, for which comparatively low n values
were reported.61 However, after annealing at 700�C,
amorphous TiO2 transforms into polycrystalline
anatase, and the related curve 6 becomes very close
to the n(k) functions obtained for samples 1 and 2.

CONCLUSIONS

a-TiO2/Si films were prepared by electron beam
sputtering of a TiO2 ceramic target in reactive
atmosphere. Within a wide thickness range, this
technique enables fabrication of polycrystalline ana-
tase (a-TiO2) films with amorphous top surface layer.
As expected, completely amorphous TiO2 films can
only be formed in the few-nanometer thickness
range. The film surface was characterized by shallow
hillock microrelief with characteristic height of
�20 nm. When using this deposition technology,
the hillock height did not increase with the sputter-
ing time. Ellipsometric measurements indicated that
the a-TiO2/Si films could be considered in the frame-
work of a one-layer reflection model, which provides
film thickness values with possible error of 6% to 9%.
Thus, the developed electron beam sputtering
method for a-TiO2 film fabrication can be successfully
applied for creation of microelectronic structures.
Precise control of film thickness can be achieved
using ellipsometric methods based on the optical
parameters defined in this work.
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