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ABSTRACT: Plasma-enhanced atomic layer deposition (PE-ALD) is a promising
method to grow conformal, epitaxial films at low temperatures (<300 °C). In this
study, PE-ALD was used to deposit high-quality, epitaxial anatase and rutile TiO2
thin films on sapphire substrates with various orientations (c-, m-, and a-Al2O3). For
all substrate orientations, the influence of ALD growth temperature and plasma gas
chemistry on the film morphology, phase, and crystallinity was investigated. On c-
Al2O3, using a mixed Ar−O2 plasma, the phase selectivity between anatase and rutile
TiO2 could be achieved by simply controlling the growth temperature from 150 to
350 °C. By using a pure O2 plasma, single-phase rutile TiO2 was grown independent
of temperature or substrate orientation. Additionally, using a pure O2 plasma resulted in higher crystalline quality films as
growth temperatures were reduced, resulting in single-phase crystalline films at 150 °C. Although high-quality rutile films were
attained on c- and m-Al2O3, only low-quality crystalline rutile films were produced on a-Al2O3. These results demonstrate the
benefits of a PE-ALD approach toward depositing epitaxial TiO2 under low-temperature conditions that is of high quality, phase
and strain selective.

■ INTRODUCTION

TiO2 is a well-studied material due in part to its high structural
stability and tunable electronic properties.1 The most common
crystalline phases, anatase and rutile, present a promising low-
cost material for a wide range of applications including catalysis,2

semiconductor coatings,3,4 photovoltaics,5,6 and gate dielec-
trics.7 Although there are a wide variety of techniques for
depositing TiO2, atomic layer deposition (ALD) has been
shown to be a particularly useful method to achieve low-
temperature, thin conformal films,8 which has been deposited on
a large variety of materials and architectures. Additionally, ALD
is uniquely capable of adjusting simple growth conditions to
achieve desired materials properties and crystalline quality, but
often many deposition techniques require postdeposition
annealing to achieve the desired crystallinity.
Although there are many reported methods for growing TiO2

by ALD, there are significantly less on-growing crystalline TiO2
and only a few based on depositing epitaxial TiO2. Current
reports on the conventional thermal ALD growth of epitaxial
TiO2 require either the use of halogenated Ti precursors9,10 or
elevated temperatures to achieve crystallinity,8 both of which
can be detrimental for certain applications. The drawback of
halogenated precursors, such as TiCl4, stems from the corrosive
acidic byproduct when water is the co-reactant.11−13 For
example, the presence of HCl byproduct during the ALD
growth with TiCl4 can either incorporate Cl impurities or etch
the underlying substrate, which can negatively impact the
electronic properties for semiconductor applications. Growing

TiO2 at temperatures above 300 °C has been reported to reduce
impurities for TiO2 ALD processes using halogenated
precursors12,13 and facilitate the growth of crystalline TiO2

using organometallic precursors, which produce less corrosive
byproducts during ALD.8,14 However, deposition at such
elevated temperatures significantly limits the types of substrates
with which TiO2 can be integrated, such as InN, which is
unstable at temperatures greater than 300 °C. Furthermore,
many metals undergo migration and deleterious eutectics, and
silicides can form at temperatures above 350 °C. Hence, there is
still a need to develop a method for depositing epitaxial TiO2 at
lower deposition temperatures with less aggressive precursors.
Plasma-enhanced ALD (or PE-ALD) is a promising

alternative process to enable the growth of crystalline TiO2 at
lower growth temperatures and allows for the use of organo-
metallic Ti precursors. Currently, PE-ALD has been utilized to
deposit the crystalline anatase TiO2 using titanium tetraisoprop-
oxide and tetrakis(dimethylamido)titanium (TDMAT).15,16

However, to obtain the metastable rutile phase requires the
use of specific substrates, such as Ru17,18 or RuO2,

18−20 or
substrate biasing.21,22 There is, however, a little reported
research on the effects of the underlying substrate orientation
on the phase and quality of the crystalline TiO2 grown. Using
PE-ALD, this study will demonstrate a controlled epitaxial
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growth of rutile and anatase crystalline phase TiO2 and elucidate
the effects of the underlying substrate orientation, growth
temperature, and gas chemistry on the resulting film
morphology, phase, and crystallinity.

■ EXPERIMENTAL SECTION
All ALD TiO2 films were deposited on double-side polish, on-axis
sapphire substrates (c-, m-, and a-plane orientedMTI Corp) in a
commercial Veeco Fiji G2 system using high-purity tetrakis-
(dimethylamido)titanium (TDMAT, 99.99%-Ti, Strem Chemical) as
a Ti source, an ultrahigh purity O2 plasma as the co-reactant, and
ultrahigh purity Ar as a carrier gas for the Ti source. All gases were
purified further at the point of use. The TDMAT was heated to 75 °C
and dosed for 25 ms with 10 s purge, whereas a 20 sccm O2, 300 W
plasma was dosed for 6 s with a 5 s purge. To investigate the impact of
plasma gas chemistry, some films were deposited using the
manufactured recommended gas conditions using a 4:1 Ar/O2 gas
flow ratio, which is labeled Ar−O2 throughout the text. The rest of the
films was deposited using a pure O2 plasma, labeled O2 throughout the
text, and does not use Ar as a carrier gas during plasma operation. For all
plasma gas compositions used, the total flow was kept at 20 sccm
through the plasma source. Ar was always flowing through the plasma
source during TDMAT dosing to ensure no precursor back flow.
During TDMAT dosing, the Ar carrier gas was set to a flow rate of 30
sccm through the manifold and set to 10 sccm during plasma exposure.
For both gas chemistries, ALD growths were conducted at growth
temperatures (Tg) ranging from 150 to 350 °C. Additionally, for each
deposition,∼43.2± 3.5 nm films were simultaneously grown on a set of
c-, m-, and a-Al2O3 substrates along with a Si(100) witness substrate
simultaneously.
To elucidate the impact of various parameters on the resulting

materials properties of TiO2 films, a variety of characterization methods
were implemented. Film thickness was measured by spectroscopic
ellipsometry on Si witness samples using a J. A. Woollam variable angle
α spectrometer. Atomic force microscopy (AFM) was used to analyze
the film morphology using a Dimension Fastscan (Bruker) in the
tapping mode. Film phase, strain, and crystallinity were characterized
using Raman spectroscopy and X-ray diffraction (XRD). Micro-Raman
spectroscopy was conducted on a DXRxi Raman Imaging Microscope
(Thermo Scientific) using a 532 nm laser with a power of 4 mW and a
spot size of 0.7 um. XRD spectra were acquired on two different
systems. Initial identification of film phase and orientation was
accomplished with a low-resolution powder XRD (Rigaku) instrument
with Cu Kα1 radiation and a high-intensity point detector. 2θ spectra
were collected by scanning from 15 to 90° with a step size of 0.02° at a
scan speed of 0.04°/s. The high-resolution (HR) X-ray set up (Rigaku)
consists of an 18 kW rotating anode and a four-circle diffractometer.
The incident X-ray beam is a monochromatic Cu Kα1 radiation
obtained from two channel-cut Ge(220) crystals located on the
incident beam optics. This arrangement provides the best resolution for
accurate 2θ diffraction profiles. The diffraction profiles were collected
by counting on each 2θ step of 0.1° for 50 s in a step-scan mode. For the
asymmetric diffraction, the two high-order sapphire peaks, (0,2,10) and
(2,1,10), were selected for the c-Al2O3 substrate, whereas only one
sapphire peak, (2,2,6), was used for the m-Al2O3 substrate. The angles
between (001) and (0,2,10) and (2,1,10) were 32.3 and 39.9°, with the
angle of incidence for the X-ray beam and the substrate surface being
12.22 and 10.66°, respectively. The angle between (100) and (2,2,6)
was calculated to be 40.6° with a corresponding angle of incidence of
7.06° between the substrate surface and the incident X-ray beam. The
ω, ϕ, and ψ were optimized for the substrate peaks, and the X-ray
profiles were obtained in 2θ−Ψ where Ψ = θ − ψ and ψ is the angle
between (001) and the sapphire peaks for the c-plane sapphire and the
angle between (100) and the corresponding sapphire peaks for the m-
plane sapphire. Grazing incidence diffractions (GID) were also
measured using a Bruker three-circle platform diffractometer equipped
with a PHOTON 100 CMOS detector. Substrates were suspended in
Cargille NVH immersion oil, mounted on a MiteGen MicroMesh and
irradiated using a 1 μs microfocus Cu Kα1 source (λ = 1.54178 nm)

with aHelios optics. Data was collected at room temperature (20 °C) to
verify if there is any evidence of texturing or the presence of
characteristic diffraction rings of a polycrystalline material.

Strain (ε) was calculated by the percentage difference (eq 1) of the d
space (d) of the peak positions in XRD to the relaxed d spacing (dr) of
anatase [PDF 01-084-1285 (ICSD, 2017)]23 and rutile [PDF 01-078-
1508 (ICSD, 2017)]24 TiO2.

d d
d

100r

r
ε =

−
×

(1)

Using eq 1, a negative strain is indicative of a compressively strained
film, whereas a positive strain indicates the film under the tensile strain.
XPS spectra were obtained using a Thermo Scientific K-Alpha system.
To counter any charging that could occur in these oxide films, a flood
gun was implemented, and the C 1s peak was aligned to 289 eV. Both
low-resolution survey and high-resolution core peak scans were
measured. To confirm the impurities at the surface and within the
film, samples were etched with a monotonic Ar ion gun at 1 keV with a
low current for 30 s.

Finally, cathodoluminescence (CL) was used to study the defectivity
of the deposited TiO2 films. The CL set up consists of a commercial
electron gun and a cold finger cryostat installed in an ultrahigh vacuum
chamber with a vacuum typically ≤10−10 torr. The electron gun, fitted
with a LaB6 cathode to allow a small spot size (from 70 to 100 μm) and
current up to 5 μA, can be operated on continuous-wave or pulsed
mode with a beam energy between 0.1 and 20 keV. The sample
temperature can be varied from 2 to 320 K. We used an accelerating
voltage of 3 keV and current of 3 μA, to optimize the thin film excitation
and reduce film heating. The light emitted by the sample under the
electron beam excitation was dispersed by a single-grating fiber optics
spectrometer, fitted with an extended UV sensitive charge-coupled
device coupled to a computer for data acquisition and manipulation.
The spectrometer calibration is verified with calibrated lines from anHg
lamp.

■ RESULTS AND DISCUSSION
The as-deposited TiO2 film composition and impurity
concentration were assessed by XPS (Figure 1 and Table 1).

Figure 1 shows the C 1s scan from typical TiO2 films deposited,
showing that after 30 s of ion etching, the carbon is below the
detection limits of XPS. The surface carbon detected in the as-

Figure 1. XPS C 1s spectra of TiO2 as deposited (black) and after 30 s
Ar ion etch (red).

Table 1. XPS Results for Films Grown with Both Ar−O2 and
O2 Plasma Gas Chemistries

plasma gas Tg (°C) [Ti] (atom %) [O] (atom %) Ti/O2

Ar−O2 150 32.81 67.19 0.49
250 32.84 67.16 0.49
350 32.98 67.02 0.49

O2 150 32.77 67.23 0.49
250 32.84 67.16 0.49
350 32.98 67.02 0.49
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deposited films likely results from the atmospheric transfer of the
sample from the ALD chamber to the XPS chamber. However,
there is no indication of the residual carbon from the metal
organic precursors in the bulk of the films deposited. The
concentrations of Ti and O, from Ti 2p and O 1s scans,
respectively, are shown in Table 1 and demonstrate a nearly
stoichiometric Ti/O ratio of 0.49 for all TiO2 films.
By depositing on c-, m-, and a-Al2O3 substrates simulta-

neously, the effect of the underlying substrate can be accurately
evaluated along with the effect of growth temperature and gas
chemistry. To better demonstrate and compare the effect of
these growth variables (i.e., temperature, gas chemistry, and
substrate orientation), all XRD will be plotted together, see
Figure 2. The films grown using traditional Ar−O2 plasma
chemistry to address the effect of temperature will be evaluated
first (Figure 2A), whereas the effect of O2 plasma chemistry
(Figure 2B) will be addressed later.

■ EFFECT OF TEMPERATURE
Previously published work demonstrated that epitaxial TiO2 on
c-Al2O3 could be attained using PE-ALD and TDMAT at
temperatures as low as 250 °C, and the phase grown was
dependent on the reaction temperature.16,18 Similar parameters
were explored here as a function of the sapphire substrate
orientation. As the XRD data in Figure 2 illustrates, the
underlying substrate can cause significant variations in the film
quality. All films deposited were highly oriented with only one
out-of-plane peak corresponding to the TiO2 film present. For
the rutile films on c-Al2O3, the second-order peak, (400) 84.43°
indicating the high crystalline quality of these thin films. Since 2θ
measurements were only taken to 90°, no second-order peaks
were detected for TiO2 on m-plane, and the poor crystallinity of
films on a-Al2O3 prevented higher order peaks from being
identified. Table 2 summarizes the peak location, film
orientation, and strain for all data shown in Figure 2.

Figure 2A shows the structure of TiO2 films grown using a
typical Ar−O2 mixed plasma for various sapphire substrate
orientations. Although crystalline films were achieved at all
temperatures on c-Al2O3 substrates, there was a large phase
dependence on temperature. In comparison, there is no phase
change observed on the other planes of the sapphire regardless
of the growth temperature indicating that the behavior observed
on c-Al2O3 substrates is unique to that plane. At 150 °C, the films

Figure 2. XRD of TiO2 grown by ALD on c-, m-, and a-Al2O3 using (A) Ar−O2 and (B) O2 plasma at 150, 250, and 350 °C. Solid and dashed lines
correspond to the relaxed peak position for the labeled anatase and rutile TiO2, respectively. Features due to the sapphire substrate are labeled with *.

Table 2. XRD Peak Values and Calculated Strain from Figure
2

substrate
plasma
gas

phase
(peak)

Tg
(°C)

20
(deg)

FWHM
(deg) ε (%)

c-Al2O3 Ar−O2 anatase
(004)

150 37.97 0.48 −0.43

anatase
(004)

250 37.96 0.39 −0.41

anatase
(112)

250 38.84 0.33 −0.67

rutile (200) 350 39.74 0.3 −1.31
O2 rutile (200) 150 39.36 0.26 −0.39

rutile (200) 250 39.43 0.29 −0.56
rutile (200) 350 39.37 0.32 −0.41

m-Al2O3 Ar−O2 rutile (002) 150 63.44 0.95 −0.93
rutile (002) 250 63.12 0.7 −0.48
rutile (002) 350 63.02 0.62 −0.34

O2 rutile (002) 150 62.44 0.55 0.49
rutile (002) 250 62.49 0.61 0.42
rutile (002) 350 62.53 0.63 0.36

a-Al2O3 Ar−O2 NA 150
rutile (200) 250 39.68 0.48 −1.16
rutile (200) 350 38.54 2.13 1.65

O2 rutile (101) 150 36.14 0.97 −0.13
rutile (101) 250 36.12 0.68 −0.08
rutile (101) 350 36.07 0.7 0.05
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are anatase, as indicated by the (004) peak at 37.97°. Comparing
this peak location to the relaxed anatase (004) at 37.80°,23

results in a compressive strain of −0.43% (Table 2). Increasing
the temperature to 250 °C results in a polycrystalline anatase
phase with orientations (004) at 37.97° and (112) at 38.84°.
However, by 350 °C, only a sharp rutile (200) peak observed at
39.74°. The rutile (200) peak is noticeably shifted to higher 2θ
equating to a compressive strain of −1.3%.24 It should be noted
that the anatase phase exhibits broader peaks than the higher
temperature rutile phase, with full width half maximum
(FWHM) of 0.48 and 0.39° for anatase (004) at 150 and 250
°C, respectively, and a FWHMof 0.3° for rutile (200) at 350 °C.
This suggests a higher crystalline quality for the rutile TiO2 films,
though it is difficult to determine if this is an effect of the higher
growth temperature or the phase itself. More importantly, these
results show that for TiO2 grown on c-Al2O3 using an Ar−O2
plasma, the phase can be tuned between high-quality single-
phase anatase and rutile simply with growth temperature.
Unlike TiO2 films on c-Al2O3, films deposited on m-Al2O3

result in the rutile phase with Ar−O2 plasma at all temperatures.
The lack of phase selectivity in this orientation can be attributed
to closer lattice matching of the rutile TiO2 to m-Al2O3, −3.5%,
which is significantly less than the 6% mismatch to c-Al2O3.

25

However, the film crystallinity and strain are temperature
dependent. At 150 °C, a low-intensity, broad peak at 63.44° is
indicative of a rutile (002) phase with little crystallinity and
compressively strained −0.93%. By increasing the temperature
to 250 °C, the rutile (002) peak increases in intensity and shifts
to 63.12°, representing a decrease in the compressive strain to
−0.48%. This more intense peak had a FWHM of 0.7°, which is
smaller than the FWHM of 0.95° for TiO2 grown at 150 °C.
Further increasing the growth temperature to 350 °C yields a
sharper, more intense, rutile (002) peak, with a FWHMof 0.62°,
located at 63.02°, indicating the lowest compressive strain of
−0.34% for TiO2 onm-Al2O3. The increase in the peak intensity,
the decrease in FWHM, and the reduction in the compressive
strain suggest that better TiO2 film quality is achieved when
films are grown at higher temperatures using Ar−O2 plasma on
them-plane sapphire. Nevertheless, to deposit the anatase phase,
TiO2 films would require excluding m-Al2O3 as a possible
substrate.
TiO2 grown on a-Al2O3 shows a different scenario to films

grown on c- andm-Al2O3, with all films resulting in a low degree
of crystallinity (Figure 2A). At 150 °C, there is no noticeable
peak present, but TiO2 films grown at 250 °C yield a peak at
39.68° indicating a small fraction of rutile (200) phase with a
compressive strain of −1.16%. Increasing the growth temper-
ature further to 350 °C results in a reduction in the intensity of
the rutile (200) peak and a shift to 38.54°, signifying a tensile
strain of 1.65%. The low-intensity peaks in the XRD would
indicate a film of low crystallinity, and the broadness of the peaks
suggests that the crystallinity is highly defective (i.e., nonuni-
form strain). The proximity of the underlying sapphire peaks
makes it difficult to resolve the low-intensity rutile (200) peaks,
but HRXRD (Figure 3A) was used to confirm the presence of
the rutile (200) peak for films grown at 350 °C. These results
show that the influence of the substrate on the ability to achieve
crystalline films at low temperatures with the phase selectivity is
highly dependent on the underlying substrate.
Raman spectroscopy was also used to evaluate the crystalline

phase of the TiO2 deposited in this study. Figure 4A shows the
Raman spectra of TiO2 grown on c-, m-, and a-Al2O3 using Ar−
O2 plasma as a function of the deposition temperature. As with

the XRD spectra in Figure 2, the Raman spectra of films
deposited with O2 plasma, Figure 4B, will be addressed later. In
general, the change observed in the Raman peak position and
intensity correlates well with the trends in XRD. Films deposited
at 150 and 250 °C on c-Al2O3 showed a pure anatase phase with
peaks at 637, 519, 399, and 143 cm−1, corresponding to bonding
modes Eg, A1g + B1g, B1g, and Eg.

26 The peak intensities increase
with the increasing temperature from 150 to 250 °C, similar to
the XRD peaks above. At 350 °C, films exhibited a pure rutile
phase with peaks at 595, 425, and 149 cm−1, which correspond
to bondingmodes A1g, Eg, and B1g.

26 A peak at 320 cm−1 was also
detected, and although the peak is associated with TiO2 films, it
does not correspond to a known bonding mode. However, these
Raman results confirm the XRD results that crystalline films are
achieved at all temperatures, and the phase selectivity can be
controlled with the growth temperature.
For TiO2 films on m-Al2O3, Raman spectra show only the

rutile phase at all temperatures, with peaks at 614 and 448 cm−1,
corresponding to the A1g and Eg bonding modes.26 The 614
cm−1 peak increased in the intensity with the increasing growth
temperature similar to the XRD results (Figure 2A). The Raman
spectrum of TiO2 grown on m-Al2O3 at 250 °C also has a small
rutile peak at 144 cm−1, corresponding to a B1g and observed for
rutile TiO2 films grown on c-Al2O3, but this peak was not
observed in any other rutile spectrum of TiO2 on m- or a-Al2O3
substrates. Additionally, the peak at 448 cm−1 (matched to the
symmetric Eg bonding mode) decreases in the intensity with the
increasing deposition temperature until it is no longer present in
at 350 °C. Films deposited at 350 °C showed the highest degree
of crystallinity, suggesting that the 448 cm−1 peak is a structural
defect, rather than an Eg bonding mode, which is no longer
present in films deposited at higher temperatures.
Similar to the Raman spectra of TiO2 on m-Al2O3, TiO2

grown using Ar−O2 plasma on a-Al2O3 indicated that the rutile
phase was present at all temperatures, with small peaks at 612
and 448 cm−1, corresponding to the A1g and Eg bonding modes.
Despite the low-intensity XRD peaks (Figure 2A), the Raman
spectrum in Figure 3A confirms that the films grow purely rutile
TiO2 on a-Al2O3 for all conditions. Also, themost clearly defined
Raman intensities of the TiO2 films grown on a-Al2O3 were
grown at 250 °C, which correlates well with XRD. Although

Figure 3.HRXRD of TiO2 grown at 350 °C on a-Al2O3 using (A) Ar−
O2 and (B) O2 plasma.
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XRD would indicate no long-range order in the TiO2 films
grown on a-Al2O3, this does not rule out nanocrystallinity in the
deposited films.
AFM images in Figure 5 demonstrate the impact of that

substrate and growth temperature, using Ar−O2 plasma, on the
TiO2 film morphology. For TiO2 grown on c-Al2O3, the
roughness decreases with the increasing temperature from

1.44 nm at 150 °C to 1.38 nm at 250 °C and 1.05 nm at 350 °C.
The reduction in roughness between 150 and 250 °C for TiO2

films grown on c-Al2O3 is modest; however, there is a larger
reduction in the roughness at 350 °C, the temperature at which
films deposit rutile. Given that the TiO2 deposited on c-Al2O3

changed from anatase to mixed orientation to rutile from 150 to
350 °C, the decreasing roughness from Figure 5 suggests that
rutile TiO2 films are less rough. TiO2 onm-Al2O3, which were all
determined to be rutile, further demonstrates this with a lower
roughness of 0.54 nm for the film deposited at 150 °C. However,
there was a significant increase in the film roughness to 1.60 nm
for films grown at 250 °C (Figure 5), followed by a decrease in
the roughness to 0.67 nm when the TiO2 films are grown at 350
°C. TiO2 on a-Al2O3 substrates show a similar behavior to films
grown on m-Al2O3. TiO2 film on a-Al2O3 at 150 °C had a
roughness of 0.58 nm, which is similar roughness to TiO2 grown
on m-Al2O3 and lower than TiO2 grown on c-Al2O3. Increasing
the growth temperature to 250 °C increases the roughness to
0.85 nm, but the roughness was then reduced to 0.60 nm when
grown at 350 °C. With the exception of the TiO2 film on m-
Al2O3 at 250 °C, the lower roughnesses of films deposited onm-
and a-Al2O3 compared to TiO2 on c-Al2O3 at 150 and 250 °C
suggest that in general rutile films result in smoother
morphologies than anatase films.
From the above results, it is clear that the growth temperature

plays an important role in the film quality and phase. For c-
Al2O3, TiO2 grows in different phases depending on the growth
temperature, whereas films grown on m- and a-Al2O3 only grow
rutile, but the quality and strain vary with growth temperature,
demonstrating that the underlying substrate also plays an
important role.

Figure 4. Raman spectrum of TiO2 grown on c-,m-, and a-plane Al2O3 using (A) Ar−O2 and (B) O2 plasma at 150−350 °C. (*) indicated peaks from
the underlying sapphire and the solid and dashed lines indicate anatase and rutile peaks, respectively.

Figure 5. AFM of TiO2 grown on c-, m-, and a-plane Al2O3 using Ar−
O2 mixed plasma at 150−350 °C. The root mean square (RMS)
roughness of image displayed in the top left-hand corner of each image.
All scale bars (lower right of each image) are 600 nm. Scan size was 3 ×
3 μm2.
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■ EFFECT OF GAS CHEMISTRY

Increasing the concentration of atomic oxygen in the plasma
chemistry also has a significant impact, thus examining the effect
of gas chemistry on TiO2 phase, and the crystallinity was
investigated as a function of the substrate orientation and
deposition temperature, (Figures 2B and 4B). As evidenced in
the XRD spectra in Figure 2, TiO2 films grown on c-Al2O3 with
an Ar−O2 plasma (Figure 2A) or an O2 plasma (Figure 2B)
result in vastly different evolutions of the phase with temper-
ature. Films produced using a pure O2 plasma yielded rutile
(200) for all growth temperatures and, in general, exhibited a
less compressive strain (Table 2). For example, the direct
comparison of rutile films grown at 350 °C with the two gas
chemistries have compressive strains of−0.41 and−1.3% for O2
and Ar−O2 plasmas, respectively. Specifically for films grown
with O2 plasma on c-Al2O3, the compressive strain was small,
ranging from −0.39 to −0.56% with a minimal deviation with
the changing deposition temperature. However, the rutile (200)
peak does have a substantial variation in the intensity and
FWHM with the growth temperature. The crystalline quality of
the films decreases with the increasing growth temperature,
inferred by the reduction in the XRD peak intensity and the
FWHM to increase from 0.26 to 0.32°. This indicates that higher
quality rutile films are achieved at lower temperatures than
previously published methods using Ar−O2 plasma chemistry
where crystalline films were only attained at 250−300 °C.18,20,22
TiO2 films deposited on m-Al2O3 substrates using a pure O2

plasma have a rutile (002) orientation for all growth temper-
atures, similar to that achieved with the Ar−O2 plasma. The
primary difference between films grown with different gas
chemistries is the strain state, which switches from compressive
with Ar−O2 plasma to tensile strain with pure O2 plasma. For
example, films deposited at 350 °C changed from a compressive
strain of −0.34% to a tensile strain of 0.49% for an Ar−O2 or O2
plasma, respectively. Furthermore, increasing the growth
temperature leads to a slight reduction in the tensile strain,
decreasing from 0.49 to 0.36% from 150 to 350 °C. These results
demonstrate that gas chemistry has a greater effect than the
growth temperature on TiO2 strain for films grown on m-Al2O3.
Similar to the rutile films grown on c-Al2O3 using O2 plasma,
increasing the deposition temperature also causes a decrease in
the peak intensity and the FWHM to increase from 0.55 to 0.63°
from 150 to 350 °C, suggesting that higher quality films are
attained at lower temperatures.
Films grown on a-Al2O3 show a different rutile orientation

depending on the plasma chemistry used (Figure 2). For TiO2
grown using Ar−O2 plasma (Figure 2A), a weak rutile (200)
peak is observed only at higher temperatures (250−350 °C).
However, for films deposited with a pure O2 plasma, a rutile
(101) peak is observed at 36.0° for all growth temperatures
implemented in this study, and the peak intensity increases with
increasing growth temperatures. A direct comparison of the
HRXRD in Figure 3 clearly indicates a change in the TiO2
orientation with a low-intensity rutile (200) peak at 39.0° for
films grown using Ar−O2 plasma and a rutile (101) peak at 36.2°
for films grown using O2 plasma. The broad shape and low
intensity of the peaks in both low-resolution XRD and HRXRD
(see Figure 3) indicate that TiO2 films grown on a-Al2O3 are of
lower crystalline quality, than films grown simultaneously on m-
and c-Al2O3. The broadness of the peaks makes it difficult to
determine the film strain, but a-Al2O3 is the only substrate for

which TiO2 changes orientation between Ar−O2 and O2 plasma
gas chemistry.
Raman spectroscopy of TiO2 films grown using O2 plasma

confirms that only rutile phase films are grown independent of
the temperature or substrate orientation, Figure 4B. Raman
spectra of TiO2 grown on c-Al2O3 using pure O2 shows the same
rutile peaks (149, 320, 425, and 595 cm−1) observed for films
grown at 350 °C using Ar−O2 plasma (Figure 4A). It should be
noted, similar to the XRD spectrum in Figure 2B, the Raman
spectrum for TiO2 on c-Al2O3 did not change with the increasing
temperature when grown with O2 plasma. On m-Al2O3
substrates, the Raman spectra of TiO2 films grown using O2
plasma showed only the A1g peak at 614 cm−1 and does not
exhibit the Eg peak at 448 cm

−1, which is similar to the TiO2 films
grown using Ar−O2 on m-Al2O3 at 350 °C, suggesting that all
TiO2 films grown on m-Al2O3 are less defective when using O2
plasma. The TiO2 films grown on a-Al2O3 using O2 plasma have
similar Raman spectra to their Ar−O2 counterparts, with peaks
at 612 and 448 cm−1. However, for the films grown with O2
plasma, the A1g peak at 614 cm

−1 increases in the intensity with
higher growth temperature correlating with an increasing rutile
(101) peak intensity seen in Figure 2B. In addition, Raman
spectra of TiO2 on a-Al2O3 confirms crystallinity at even the
lowest growth temperature (150 °C), though only a minimal
peak is exhibited in the XRD spectra.
The XRD and Raman spectra shown in Figures 2 and 4 are

strong evidence that the TiO2 grown using PE-ALD can grow
crystalline, as deposited. To assess the epitaxial nature of the
films grown asymmetric, HRXRD scans were taken on the high-
quality TiO2 films on the c- and m-plane sapphire deposited at
150 °C using O2. From Figure 6A,B asymmetric scans, we can

see that TiO2 films on c-Al2O3 have the following alignments:
(0,2,10)//(400) and (2,1,10)//(411). These alignments
correspond to the out-of-plane alignment (006)//(200)
observed in the XRD spectra in Figure 2B. Figure 6C shows
that the TiO2 film deposited onm-Al2O3 yielded an alignment of
(226)//(330), which correspond to the out-of-plane alignment
(300)//(002) (Figure 2B). As Figure 6 illustrates, the
asymmetric measurements result in only a single TiO2 peak
for each condition corresponding to the rutile phase. Addition-
ally, the rutile peaks shown only appear when the sample is tilted
to the specific corresponding sapphire peak. GIDmeasurements
(not shown) conducted on TiO2 film on c-Al2O3 in Figure 6A,B
produced only slightly elongated spots with no trace of
diffraction rings, characteristic of textured or polycrystalline

Figure 6. Asymmetric HRXRD spectra of PE-ALD TiO2 films grown
using O2 plasma at 150 °C on (A + B) c-Al2O3 and (C)m-Al2O3. (*) kβ
peak from the X-ray source.
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films. Thus, from these asymmetric and GID results, the as-
deposited TiO2 films are epitaxial and not textured. This shows
that the deposition technique demonstrated here using a pure
O2 plasma is capable of growing epitaxial rutile TiO2 films as low
as 150 °C.
A pure O2 plasma also affects the TiO2 film morphology.

Figure 7 shows AFM images of TiO2 grown with O2 plasma for

all substrate orientations and deposition temperatures. Unlike
with an Ar−O2 plasma, there is a very little change due to the
deposition temperature on the TiO2 film morphology when
using O2 plasma. For instance, on c-Al2O3, films demonstrated a
roughness reduction of only 0.06 nm from 1.01 to 0.95 nm as the
growth temperature was increased from 150 to 350 °C.
Similarly, there was a negligible difference in the film roughness
for TiO2 grown on m-Al2O3, indicating that the growth
temperature has a minimal effect on the film morphology
whenO2 plasma is used. On a-Al2O3, there was a slight reduction
in the film roughness with the increasing growth temperature
when using O2 plasma, but the overall roughness was similar to
films grown using Ar−O2 plasma. Addressing the effect of gas
chemistry, films deposited on c- andm-Al2O3 with an O2 plasma
are smoother than films produced with the Ar−O2 plasma,
whereas the roughness of TiO2 films on a-Al2O3 is independent
of plasma gas chemistry. An example of this can be seen for films
grown at 150 °C, with O2 plasma showing a roughness of 0.26
nm, which is nearly half of the 0.54 nm for films grown using Ar−
O2 on m-Al2O3. As seen in Figure 7, the underlying step
morphology is clearly visible for TiO2 grown on m-Al2O3 at 150
°C. Given the minimal effect of the growth temperature when
using the O2 plasma, the underlying substrate has a greater effect
on the film roughness, withm-Al2O3 yielding the smoothest film
and c-Al2O3 yielding the roughest.
The above results show that using a pure O2 plasma instead of

ArO2 plasma gas chemistry is beneficial to facilitate high-quality,
epitaxial rutile TiO2 films at low temperatures with a lower film

roughness. Assessing the effect of the plasma composition on the
films grown is an ongoing study, but the preliminary optical
emission spectroscopy analysis (not shown) of the plasma
source indicates that the ratio of excited atomic oxygen over
excited molecular oxygen is 3 times for the pure O2 plasma case
relative to the Ar−O2 plasma case. Additionally, preliminary
Langmuir probemeasurements indicate that the O2 plasma has a
significantly higher plasma potential compared to the Ar−O2
plasma. At these relatively low operating pressures, this likely
leads to a higher ion energy at the growth surface. The
combination of these effects resulted in higher quality films
being deposited using pureO2 plasma over films grown using the
Ar−O2 plasma, especially at very low temperatures. However,
when using theO2 plasma, there is no control over the phase and
little control over the strain under these conditions, with strain
relying more on the substrate than the temperature when using
O2 plasma.

■ EFFECT OF PHASE ON OPTICAL PROPERTIES
CL was implemented to analyze the defects present in the TiO2
films grown on c-Al2O3 by measuring deep level states.
Cryogenic (5 K) CL spectra shown in Figure 8 indicate no

band-to-band transitions for any of the spectra measured. As
Figure 8 demonstrates, anatase and mixed orientation films
grown at 150 and 250 °C with Ar−O2 plasma exhibited the
largest sub-bandgap luminescence. In contrast, rutile TiO2,
grown at 350 and 250 °C using Ar−O2 and O2 plasma,
respectively, showed a negligible luminescence. The similarities
in luminescence for both rutile films in Figure 8 demonstrate
that the gas chemistry used during the ALD process does not
affect the optical properties of the rutile films grown. The
presence of a higher luminescence peak for anatase films
indicates a higher density of structural defects in the TiO2
film.28,29 Previous reports have indicated that an incomplete or
strained coordination between Ti and O atoms in the structure
will cause sub-bandgap states to form in the bandgap of the
TiO2.

15,27 Hence, CL demonstrates that anatase films contain
more point defects than the rutile films grown in this study.28,29

■ CONCLUSIONS
PE-ALD was utilized to achieve high-quality epitaxial TiO2 films
at temperatures as low as 150 °C. Substrate, growth temper-
ature, and gas chemistry had varying levels of impact on phase

Figure 7. AFM of TiO2 grown on c-, m-, and a-plane Al2O3 using O2
plasma at 150, 250, and 350 °C. The RMS roughness of the image
displayed in the top left-hand corner of each image. All scale bars (lower
right of each image) are 600 nm. Scan size was 3 × 3 μm2.

Figure 8.Cathodoluminescence of TiO2 grown on c-Al2O3 at 150, 250,
and 350 °C using Ar−O2 plasma and O2 plasma. The phase is listed in
the parenthesis for each condition. CL measured at 5 K, with an
operating (accelerating) voltage of 3 keV and 3 μA beam current.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b05282
Chem. Mater. 2019, 31, 3900−3908

3906

http://dx.doi.org/10.1021/acs.chemmater.8b05282


selectivity of TiO2. TiO2 grown using a typical Ar−O2 plasma
yield very different phases and structures depending on the
sapphire substrate orientation it was deposited on and the
growth temperature. On c-Al2O3, TiO2 phase selectivity is
attained by varying the deposition temperature, resulting in
single-phase anatase films at 150 °C and rutile films at 350 °C.
The same plasma conditions on m- and a-Al2O3 produced only
rutile TiO2 independent of the growth temperature, but
increasing the deposition temperature improved the crystalline
quality and reduces strain. Using Ar−O2 plasma, c-Al2O3 was the
only substrate to observe the phase selectivity, demonstrating
the importance of the underlying substrate on the deposited
TiO2 film. Employing a pure O2 plasma resulted in rutile phase
films for all substrates and growth temperatures explored,
showing the inability to attain phase selectivity with this plasma
gas chemistry. However, a pure O2 plasma was important in
achieving higher crystalline quality at low growth temperatures,
with the confirmed epitaxial alignment of (0,2,10)//(400) and
(2,1,10)//(411) on c-Al2O3 and (226)//(330) on m-Al2O3.
Additionally, varying the gas chemistry and substrate orientation
allows the adjustment of the film strain from tensile to
compressive, enabling the ability to tailor strain in TiO2 films
for different applications. Finally, TiO2 films on a-Al2O3
exhibited significantly less crystallinity than other sapphire
orientations independent of the growth temperature and gas
chemistry, emphasizing the importance of consideration in the
underlying substrate to promote the desired material quality.
These results demonstrate the benefits of the PE-ALD method
to control TiO2 film crystallinity, phase, strain, and morphology
through tuning of basic growth conditions.
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