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TiO2 thin films have been deposited on glass and Si(100) by atomic layer
deposition (ALD) technique using tetrakis(diethylamido)titanium(IV) and
water vapor as reactants. Thorough investigation of the properties of the
TiO2/glass and TiO2/Si thin films was carried out, varying the deposition
temperature in the range from 100�C to 250�C while keeping the number of
reaction cycles fixed at 1000. Physical and material property analyses were
performed to investigate optical and electrical properties, composition, struc-
ture, and morphology. TiO2 films grown by ALD may represent promising
materials for future applications in optoelectronic devices.
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INTRODUCTION

Atomic layer deposition is a unique technique to
grow thin films with excellent uniformity, confor-
mity, and thickness control down to atomic mono-
layer scale.1 It can be implemented in scalable
fluidized bed reactors to treat nanoparticle sur-
faces.2 The ALD method utilizes self-limiting sur-
face chemistry to achieve growth rates typically on
the order of 1 Å/cycle, varying with chemistry and
deposition conditions.3 Under appropriate condi-
tions, deposition can be limited to the number of
functional groups on the surface.4 Underexposure of
either precursor can lead to nodule growth, or
islanding, a stochastic process that underutilizes
available surface nucleation sites. With increasing
number of cycles, nodules tend to grow together
such that an effective growth rate can be defined,
which will necessarily be lower than growth rates
for the proper ALD window for given ALD chem-
istry. Overexposure, however, does not increase

precursor adsorption beyond the surface-saturated
threshold value,5 but increases manufacturing costs
and process time.6 Typical applications for ALD
films include semiconductor devices such as high-
dielectric-constant gate oxides in metal–oxide–semi-
conductor field-effect transistor (MOSFET) struc-
tures, copper diffusion barriers in backend
interconnects, energy applications, as well as micro-
and nanoelectromechanical systems (MEMS/
NEMS).7–9 Specifically, application of ALD in solar
cell research has received increasing attention in
recent years.1

TiO2 thin films are used in a wide variety of
applications including photovoltaic devices,10,11 cor-
rosion-resistant coatings,12 photocatalytic applica-
tions,13 water purification agents,14 antifogging
coatings,15 superhydrophilic coatings,16 as well as
antibacterial,17 antifungal,18 and antialgal19 sur-
face treatments. Related to TiO2 thin-film charac-
teristics, performance and practical usability are
highly dependent on good interfacial properties,
such as the film–substrate adhesion of coatings.20

There are several methods for deposition of TiO2

thin films, such as sol–gel,21 vacuum sputtering,22

and hydrothermal23,24 growth. The ALD technique
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offers unrivaled thickness control and uniformity
compared with traditional TiO2 deposition
techniques.25–31

In the work presented herein, the physical prop-
erties of TiO2 thin films grown by ALD technique
were investigated. TiO2 thin films were deposited on
glass and Si(100) substrates. Tetrakis(diethy-
lamido)titanium(IV) (TDMAT) 99.999%
([(C2H5)2N]4Ti) and water vapor were used as
precursor gases. Comprehensive investigation on
the properties of the TiO2/glass and TiO2/Si film was
carried out, varying the deposition temperature in
the range from 100�C to 250�C while keeping the
number of reaction cycles fixed at 1000. Ultraviolet–
visible (UV–Vis) spectroscopy and ellipsometry were
used to determine optical properties of the grown
films. X-ray diffraction (XRD) analysis and x-ray
photoelectron spectroscopy (XPS) were used to
determine physical properties of the grown films.
Electrical properties were investigated based on
device current–voltage measurements, supported by
XPS and XRD analyses.

EXPERIMENTAL PROCEDURES

TiO2 thin films were grown on 4-inch p-type (100)
single-side-polished (SSP) silicon wafers with thick-
ness of 525 ± 20 micrometers and standard glass
slides (ca. 0.5 mm). Films were grown in an
OkyayTechALD T4 reactor. The process pressure
was about 450 mtorr with constant flow (20 sccm) of
nitrogen (99.999% purity) through reactant lines as
carrier gas. One full ALD cycle consisted of (1)
100 ms TDMAT pulse, (2) 10 s purge to remove
unreacted species, (3) 15 ms H2O pulse, and (4) 10 s
purge.

Si wafers were cleaned using acetone, alcohol, and
deionized water to remove organic contaminants.
The ALD chamber was preheated to 200�C. After
cleaning, the wafer was immediately loaded into the
reaction chamber. TDMAT has low vapor pressure
at room temperature. To increase the TDMAT vapor
pressure, the precursor bottle was heated to 75�C. A
growth rate of 0.4 Å/cycle was calculated from
optical measurements.

RESULTS AND DISCUSSION

AFM measurements revealed that the growth
rate was slightly higher on silicon than glass
substrates. This is mainly attributed to the higher
tendency of the surface of the silicon substrate to
adsorb water molecules. XRD results showed that
thin films grown on silicon substrates had higher
level of crystallinity compared with those grown on
glass substrates. This difference in crystallinity is
believed to be related to the crystallinity of the
starting substrate. Silicon wafer is single crys-
talline, whereas glass substrate is amorphous. On
a single-crystalline substrate such as silicon, the
first few cycles result in larger grains, while films
grow amorphous on glass substrate.

Electrical measurements on grown TiO2 films
showed that those grown on silicon exhibited higher
electron mobility compared with those grown on
glass substrate. However, the electron concentra-
tion was higher for the case of TiO2 layer fabricated
on glass substrate. This is mainly attributed to
increased oxygen defects inside the bulk of the TiO2

layer. As explained above, the film made on glass
showed smaller grain size with overall crystallinity
close to amorphous, while TiO2 grown on Si exhib-
ited polycrystalline nature with significantly larger
grain boundaries. In general, formation of a larger
number of grains increases the probability of elec-
tron recombination. Consequently, the electron
mean free path is shorter, which results in lower
electron mobility. However, these grains are proper
sites for adsorption of chemisorbed oxygen groups.
These oxygen radicals attach to the surface and
release their electron to the bulk material. There-
fore, films grown on glass substrate have higher
carrier concentration. Furthermore, it was reported
earlier that anatase crystal phase has significantly
higher electron mobility compared with rutile phase
of TiO2. Our analysis also shows that, depending on
the growth and sintering conditions, the phase mix
in TiO2 films can be tailored. This approach can be
used to engineer the electron mobility by controlling
the anatase/rutile phase in TiO2 films.

Another property that defines the overall perfor-
mance of the layer is its optical behavior. The
optical behavior of the two films was therefore also
compared. UV–Vis–near infrared (NIR) spec-
troscopy was performed on the samples to under-
stand the absorption capability of both structures.
Based on the obtained results, the film grown on
silicon substrate showed quite similar absorption
property compared with that grown on glass sub-
strate. This is expected considering the fact that
formation of oxygen deficiencies does not impact on
the light absorption capability of the design but only
its transport properties.

The phase structure of the obtained samples was
identified using a PANalytical (X’Pert PRO MPD)
instrument. The XRD patterns were collected over
the 2h angle range from 10� to 80� in Bragg–
Brentano geometry (with Cu Ka source, primary and
secondary Soller slits, 0.1 mm divergence slits,
0.3 mm receiving slit, and secondary graphite
monochromator). Rietveld refinement of the XRD
data was carried out using the TiO2 structure to
measure the amount of anatase and rutile phase.32

The surface chemical composition of the TiO2

films was monitored by x-ray photoelectron spec-
troscopy (XPS) measurements, performed with a
Thermo device in vacuum of 3 9 10�9 Torr (Ka-
monochromated high-performance XPS
spectrometer).

Figure 1 presents the XRD results for the TiO2

films after sintering at different temperatures. All
diffraction peaks could be indexed to anatase or
rutile phase of TiO2.
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Figure 2 shows the Rietveld pattern determined
from x-ray powder diffraction data for TiO2 film
sintered at 475�C for 1 h. The plots denote the
observed data, while the red line denotes the
calculated profiles, and the green line denotes the

difference. Vertical lines indicate possible Bragg
peaks of TiO2 phase.

Table I summarizes the anatase and rutile phase
contentsobtained by Rietveldquantitativeanalysis for
TiO2 films after sintering at different temperatures.

Fig. 1. XRD patterns of TiO2 films after sintering at different temperatures.

Fig. 2. Rietveld pattern determined from x-ray powder diffraction data for TiO2.
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The surface composition of the TiO2 films was
characterized by XPS technique. The data analysis
involved spectra normalization, Shirley background
subtraction, and curve-fitting with Gaussian–Lor-
entzian (30% Lorentzian) line shape.33 The best fits
were determined using a root-mean-square measure
with line shape, peak width (full-width at half-
maximum, FWHM), and binding energy as
adjustable parameters. Shirley backgrounds were
used in all fits to narrow-scan spectra.34

The XPS survey-scan spectrum of the TiO2 films
is shown in Fig. 3a. All the XPS peaks were fit using

Thermo Scientific Avantage software. Theory
requires that O 1s and C 1s spectral lines consist
of a single peak (singlet), whereas the Ti 2p
spectrum consists of two peaks (spin–orbit doublet).
The C 1s spectral line was standardized to 285.0 eV,
and the O1s and Ti 2p spectra were adjusted to this
energy.

Table I. Anatase and rutile phase contents (%) in
TiO2

Sintering temp. (�C) Anatase Rutile

300 73.56 26.44
330 84.99 15.01
475 98.81 1.19
550 88.21 11.79
600 96.42 3.58

Fig. 3. (a) Wide-scan survey XPS spectrum of TiO2 film, (b) XPS spectrum in O 1s region, (c) XPS spectrum in Ti 2p region, and (d) narrow scan
of O 1.

Table II. Atomic concentrations calculated from
XPS results for TiO2 films

Sintering
temperature

Atomic percentage (%)
from peak regions

O–H/Ti–O
ratio530.31 531.84 532.94

300 11.28 3.4 – 0.301
330 10.1 4.85 – 0.480
400 9.64 4.92 – 0.510
475 7.08 5.56 – 0.785
550 6.75 3.11 2.24 0.461
600 9.26 4.57 – 0.494
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The O 1s spectrum of TiO2 film can be deconvo-
luted into two peaks, one at 530.2 eV and another at
531.84 eV. However, the O 1s spectrum of the
obtained TiO2 film sintered at 575�C could be
resolved into three peaks, one at 530.2 eV, and
another two at 531.84 eV and 532.4 eV, respec-
tively. Based on literature, the main peak at
530.2 eV is due to the oxygen lattice and Ti–O
bond, while the peak at 531.2 eV corresponds to
water (O–H) and hydroxide absorbed on the surface
and the peak at 532.9 eV is probably due to water
and hydroxide Ti or basic OH on the surface.35–41

Table II summarizes the atomic percentage for the
samples and the O–H/Ti–O ratio.

Figure 4 depicts calculated energy band diagrams
for anatase and rutile TiO2 with alignment offsets
with Al2O3 obtained from literature. Alumina–tita-
nia junctions are very common in electrical device
applications such as thin-film MOS transistors,
where alumina is the gate oxide.42

Optical characterization of the ALD-grown TiO2

films was performed to obtain their spectral trans-
mission using the UV–VIS–NIR technique, and the
optical bandgap using the photoluminescence tech-
nique. Figure 5a shows transmission versus wave-
length for 50-nm-thick ALD TiO2 film deposited on
quartz (chosen instead of glass to avoid background
absorption due to the substrate at these wave-
lengths). The strong peak observed at 360 nm
(� 3.4 eV) is close to reported values for direct-
bandgap energies for anatase-phase (3.3 eV) TiO2.
Figure 5b shows photoluminescence spectra of 50-
nm-thick ALD TiO2 film deposited on quartz sub-
strate. A significant drop in transmission is
observed at UV wavelengths lower than 375 nm,
in agreement with main direct-bandgap optical
absorption.

CONCLUSIONS

Comprehensive study was carried out on the
impact of substrate type on the structural, electri-
cal, and optical properties of ALD-grown TiO2 film.
The results demonstrate that formation of defects is
more likely in the case of glass substrate, which
could negatively affect the electrical properties of
ALD TiO2 film. It can be concluded that the choice of
substrate could provide an option to control the
electrical properties of such layers.
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