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ABSTRACT: Homoepitaxial growth of highly ordered and pure layers of rutile on rutile
crystal substrates and anatase on anatase crystal substrates using atomic layer deposition
(ALD) is reported. The epilayers grow in a layer-by-layer fashion at low deposition
temperatures but are still not well ordered on rutile. Subsequent annealing at higher
temperatures produces highly ordered, terraced rutile surfaces that in many cases have
fewer electrically active defects than the substrate crystal. The anatase epitaxial layers,
grown at 250 °C, have much fewer electrically active defects than the rather impure bulk
crystals. Annealing the epilayers at higher temperatures increased band gap photocurrents in both anatase and rutile.
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Atomic layer deposition (ALD) is a powerful, low-pressure
vapor deposition technique of increasing interest in

industrial applications, particularly semiconductor process-
ing.1−3 ALD has the ability to produce highly conformal,
pinhole free thin films on high-aspect-ratio surfaces.2 Although
polycrystalline layers have been routinely grown, to the best of
our knowledge ALD has not been applied to the growth of
homoepitaxial layers of rutile and anatase TiO2.

1−3 Techniques
such as molecular beam epitaxy (MBE) and pulsed laser
deposition (PLD) have already been successfully used to grow
homoepitaxial layers on rutile and anatase TiO2 surfaces but are
often more expensive and less flexible than ALD.4,5

Homoepitaxy is widely used in the semiconductor industry to
produce the highest performance devices because even the
available large high-quality III−V or Si crystals do not have the
purity or low defect densities necessary for devices that require
high carrier mobilities.6 Thermodynamic native defects, such as
vacancies, are always present in crystals grown near equilibrium
at the high temperatures needed for growth from the melt.
High-temperature defects would be expected to be more

problematic for oxide single crystals that are often grown at
temperatures in excess of 1300−1800 °C.7,8 Therefore, we
decided to investigate the ability of ALD to grow homoepitaxial
layers on rutile and anatase TiO2 crystals at lower temperatures.
Synthetic melt-grown rutile (melting point 1843 °C) crystals
are often contaminated with elements from the growth
crucibles or other materials that contact the growing crystal
at such high temperatures. Techniques to grow large synthetic
anatase crystals have not been developed, but naturally
occurring anatase crystals that likely grew under hydrothermal
conditions have been used by our group to investigate
fundamental processes in photoelectrochemical energy con-
version, such as dye and quantum dot photosensitization of
large-band-gap semiconducting oxides.9−13 Nevertheless, the
purity, perfection, and doping densities of the natural crystals
are uncontrolled, often resulting in sorting through many

natural crystals to find suitable doping densities and/or surface
properties. However, the lower-temperature ALD growth
conditions, use of highly pure precursors, layer-by-layer control
of deposition, and ability to control the location and amounts
of dopants may result in superior electronic properties for
epilayers.
The precise control of the epilayer growth would allow for

the control of space charge layer thickness and the electric field
gradients that are important for the collection of photo-
generated carriers regardless of their origin, either injected from
a sensitizing species or direct band gap photoexcitation in
photoconversion devices.
ALD layers were deposited, using 99.99% purity TiCl4 and

18 MΩ water as precursors, on a flat rutile TiO2 (110)
substrate with terrace widths in some areas of hundreds of
nanometers as shown in the AFM image in Figure 1a. An AFM
image of the same crystal after ALD of 20 nm (∼32 unit cells in
the (110) direction) of TiO2 at a 250 °C substrate temperature
is shown in Figure 1b. The terraced structure remains, but the
terraces are not as smooth as the substrate and show fingering.
Subsequent annealing of the crystal in air for 1 h at 600 °C
results in the coalescence of the fingers into more compact
smooth terraces as seen in Figure 1c where there are still some
small islands of TiO2 on the terraces. A further hour of
annealing at 600 °C continues to coalesce the terraces leaving
some pits, as seen in Figure 1d, that presumably would
disappear with further annealing. Low-angle X-ray diffraction
indicates that the rutile form of TiO2 is templated at these low
temperatures despite the fact that rutile is the high-temperature
form of TiO2.
We also attempted ALD homoepitaxy on natural anatase

crystal substrates because it is especially desirable to produce
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higher-purity anatase surface layers, and to be able to control
any impurities that may influence the doping level and carrier
mobilities. Epilayers on natural anatase crystals would be
especially useful because large synthetic crystals are not
commercially available and natural anatase has high levels of
impurities that can be detected by XPS as well as lower levels of
electrically active impurities acting as n-type dopants. Figure 2a

shows an AFM image of a typical region of a polished and
annealed anatase (101) surface showing small ragged terraces
<100 nm in width. Depositing 5 nm of TiO2 resulted in a
similar terraced morphology that is maintained after 15 nm
(Figure 2b, c) of additional titanium dioxide deposition (∼28
unit cells of the 101 plane). Subsequent annealing for 2 h at 350
°C results in a decrease of surface roughness and coalescence of
the fingers (Figure 2d), similar as to what is observed on rutile
TiO2 (110). Low-angle X-ray diffraction indicated that the
epilayers were anatase again template by the substrate crystal.
Silicon, a nonelectrical active impurity, is usually observed in
XPS spectra of natural anatase because it is naturally abundant
and hydrothermally grown anatase crystals are often found with
quartz. XPS analysis of the epilayers did not show any SiO2

impurity, as was detected on the natural anatase crystal prior to
deposition, indicating that a higher-purity anatase layer was
prepared (see Figure S2 in the Supporting Information).
To further ascertain the purity and level of electrically active

impurities, weperformed Mott−Schottky analysis on electrodes
with epilayers prepared on a rutile TiO2 (110) substrate that
was highly doped by heating in vacuum according to the
experimental procedure described in the Supporting Informa-
tion.
Figure 3a shows the doping density, determined from the

slope of the nicely linear Mott−Schottky plots, increased from

2.5 × 1018 cm−3 to 2.1 × 1020 cm−3 in the epilayer after
deposition of a 20 nm ALD TiO2 layer.

14 Subsequent annealing
in vacuum decreased the doping density from 2.1 × 1020 cm−3

down to 2.8 × 1019 cm−3. The AFM results showed nicely
formed terraces indicating the surface area of the crystal was
not substantially changed by the epilayer growth and annealing.
However, some of the decrease in apparent doping density
could be caused by annealing out the surface roughness like
that shown in Figure 1b prior to annealing (see Figure S1b in
the Supporting Information). After a 20 nm deposition, anatase
exhibits a different behavior with a decrease of the doping
density from 3.9 × 1020 cm−3 to 6.4 × 1019 cm−3 even without
annealing with a further decrease to 1.1 × 1019 cm−3 with air
annealing (Figure 3b). The identity of the electrically active
dopants in the annealed samples is not known but could be due
to residual chloride from the TiCl4 precursor on oxygen lattice
sites at levels not detected by XPS analysis. Previous reports of
pulsed laser deposition (PLD) of homoepitaxial layers of TiO2
onto Nb-doped TiO2 substrates resulted in an increase in the
doping density.15

Figure 1. AFM images of a rutile TiO2 (110) rutile single crystal: (a)
prior to deposition; (b) after 20 nm of TiO2 deposition; (c) after 1 h
annealing at 600 °C; (d) after an additional 1 h at 600 °C.

Figure 2. AFM images of an anatase TiO2 (101) natural crystal: (a) as
prepared; (b) after 5 nm of TiO2 deposition; (c) after 20 nm of TiO2
deposition; (d) after annealing of the 20 nm film for 2 h.

Figure 3. Mott−Schottky plots for a) rutile (110) and b) anatase
(101) TiO2 single crystals: prior to deposition (blue lines), after 20 nm
of ALD (red lines) and after post-deposition annealing in vacuum
(black lines). The orange lines are an extrapolation to determine the
flat band potentials. Voltammetric (I−V) curves for (c) rutile and (d)
anatase, where the green and blue lines are the dark current and
photocurrent, respectively, for the substrate crystals and red and black
are the photocurrent responses after 20 nm of ALD before and after
annealing, respectively, with 370 nm LED illumination for rutile and
arc lamp illumination for anatase.
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The apparent flat band potentials, for both anatase and rutile
crystals with as deposited ALD layers, also substantially shifted
from values of around −1.0 to −1.5 V for rutile and from
around −1.2 V to −1.4 V for anatase. Annealing shifts the flat
band potential back to less negative potentials (−1.2 V for
rutile and −0.5 V for anatase) perhaps due to removal of
charged impurities or defects.
Dark and photocurrent voltage curves for the rutile crystals

with and without a 20 nm epilayer are shown in Figure 3c. The
TiO2 substrate crystal shows a typical sigmoidal photocurrent
voltage curve for oxygen evolution with a plateau current of
around 38 μA/cm2 under illumination with 60 μW of 370 nm
from a UV-LED. The photocurrent decreased from 38 μA/cm2

before deposition to 5 μA/cm2 after deposition. Vacuum
annealing of the epilayers resulted in the recovery of the
photocurrent to a value of 42 μA/cm2. Current−voltage curves
for anatase were measured using an arc lamp since the 370 nm
UV-LED is just below the anatase band gap (Figure 3d). Unlike
rutile the photocurrent increased after both deposition and air
annealing. The upward slope in the plateau region of the
photocurrent voltage curve indicates that photogenerated
carriers are primary being collected from the space charged
layer at the semiconductor/electrolyte interface.
IPCE spectra (Figure 4a), for a 20 nm epilayer on a rutile

crystal, shows a decrease of the photocurrent at all wavelengths

compared to the initial vacuum doped crystal but IPCE
increases at all wavelengths after vacuum annealing. The
photocurrent response for epilayers was more reproducible
than on the vacuum doped substrate crystals (see Figure S3 in
the Supporting Information). The calculated width of the space
charge layers at the measured doping densities is 10−15 nm for
the doped and annealed samples compared with the
penetration depth of the 370 nm illumination of 20−50 nm;
however, the light penetration depth is substantially less at
shorter wavelengths.16,17 Photocurrent, Mott−Schottky and
IPCE results with 40 nm epilayers on rutile are similar to those
from the 20 nm layers (see Figure S3 in the Supporting
Information).
The anatase showed increases in IPCE at all wavelengths

both immediately after deposition as well as with air annealing
(Figure 4b) as was also seen in the I−V curves. The
photocurrent increase on unannealed layers may be due the
ALD growth occurring at temperatures similar to those for
growth of natural anatase crystals, the stable low-temperature
form of TiO2, albeit with much fewer impurities present. The
highly doped natural substrate crystal is also much more
conductive reducing the resistance to current flow through the
bulk crystal and providing a good contact to the epilayer.

In summary, we have shown that ALD can produce pure and
highly ordered homoepitaxial layers on both rutile and anatase
crystals. The reproducibility of the epilayers, when compared to
the variation in substrate crystal quality and impurity levels,
makes these epilayer films attractive for fundamental studies of
these materials especially in the case of anatase. where high-
quality synthetic single crystals are not commercially available
but the naturally occurring crystals provide an excellent
substrate.
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