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ABSTRACT: Epitaxial brookite TiO, (B-TiO,) film was
deposited on (110) yttria-stabilized zirconia (YSZ) substrate
using plasma-enhanced atomic layer deposition, and its
structural, optical, and gas sensing properties were investigated.
As-deposited TiO, film was a pure brookite and (120)
oriented. The determined in-plane orientation relationships
were [210]p_1i0,//[110]ysz and [001]5_1i0, //[001]ys;. The
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B-TiO, film showed ~70% transmittance and the optical band gap energy was 3.29 eV. The B-TiO, film-based gas sensor
responded to H, gas even at room temperature and the highest magnitude of the gas response was determined to be ~150
toward 1000 ppm of H,/air at 150 °C. In addition, B-TiO, sensor showed a high selectivity for H, against CO, EtOH, and NH;.
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T itanium dioxide (TiO,) is a well-known multifunctional
material for a wide range of technological applications
such as photocatalysis, photovoltaics, transparent conducting
oxide (TCO), gas sensor, and lithium-ion battery (LIB)."” In
nature, TiO, exhibits three polymorphs: anatase (A-TiO,,
tetragonal), brookite (B-TiO,, orthorhombic), and rutile (R-
TiO,, tetragonal).® Rutile is the thermodynamically stable form
of TiO,, whereas anatase and brookite are metastable and
transform to the rutile phase upon heating.” Each crystalline
phase has different optical, electrical, and photochemical
properties, and the performance of TiO, strongly depends on
the crystal structure, morphology, and size of the particles.'”"!
Anatase and rutile phases have been extensively studied and
widely used in the form of powders and thin films. On the
contrary, pure brookite phase is difficult to prepare in either
form and there are a few reports on its electrochemical,
photocatalytic, photovoltaic, and gas sensing properties.”'>'¢
B-TiO, showed higher photocatalytic activity, better photo-
induced hydrophilicity, and higher volumetric energy density
than the other phases, which suggest the potential applications
as photocatalyst and anode for LIB.>'¥'®

B-TiO, thin films have been prepared by various methods
including pulse laser deposition (PLD),"” dip-coating,"™>°
spin-coating,">*"** metal organic chemical vapor deposition
(MOCVD),” plasma-enhanced chemical vapor deposition
(PECVD),** electron beam evaporation,”® and matrix-assisted
pulse laser evaporation (MAPLE).'® However, most reported
B-TiO, films contain the anatase or rutile phase as a secondary
phase. In particular, epitaxial brookite TiO, film has not been
reported yet, although epitaxial anatase and rutile TiO, films
have been successfully fabricated on the singl-crystal sub-
strates.”>™>’ Among the various substrates, yttria-stabilized
zirconia (YSZ) is suitable for epitaxial brookite considering the
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lattice mismatch,”® but anatase or mixed (anatase and brookite)
TiO, has been epitaxially grown on (100) YSZ.*>*” In our
previous work, epitaxial SnO, films were successfully grown on
sapphire, TiO,, and YSZ substrates by plasma enhanced atomic
layer deposition (PEALD).**7° To the best of our knowledge,
PEALD has not been applied for depositing an epitaxial
brookite TiO, film.

In this work, B-TiO, film was epitaxially grown on a (110)
YSZ substrate by PEALD and its in-plane orientation
relationships with the substrate were determined using X-ray
pole figure and high resolution transmission electron
microscopy (HRTEM). The optical and gas sensing properties
of obtained B-TiO, films were investigated, particularly
focusing on the low temperature detection of H, gas because
there is a tremendous demand for H, thin film gas sensors with
high sensitivity, selectivity, and fast response, which can operate
at room temperature and be integrated into the semiconductor
devices such as portable electric noses.>"*>

TiO, thin films were deposited on (110) YSZ substrate by
PEALD. Titanium Isopropoxide (TTIP) (Ti(OCH(CH,),),)
was used as a Ti precursor, which was evaporated at room
temperature and transported to the deposition chamber by 10
sccm Ar (99.99%). The 50 sccm O, (99.99%) and Ar (99.99%)
were used as plasma and purge gases, respectively. The time
sequence for the source pulse, first purge, O, pulse, O, plasma
pulse, and second purge was 1, 12, 2, 10, and 12 s, respectively.
The deposition was conducted with an rf power of 100 W at
220 mTorr for 1000 cycles, and the substrate temperature was
maintained at 300 °C. The structural characteristics and the
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Figure 1. (a) Surface morphology observed by AFM and (b) cross-sectional TEM image of as-deposited TiO, film grown on (110) YSZ. (c) XRD
patterns of as-deposited and annealed (at 700 °C for 1 h) TiO, films grown on (110) YSZ. The reference is the standard diffraction pattern of
brookite TiO, (ICDD #29—-1360). (d) {120} pole figure of as-deposited TiO, film grown on (110) YSZ.

optical and H, gas sensing properties of as-deposited films were
examined. (for more experimental details, see the Supporting
Information).

The surface morphology of as-deposited film observed by
AFM is shown in Figure la. The surface was relatively rough,
exhibiting an elongated granular morphology. The root-mean-
square (RMS) value of the surface roughness was 4 nm (scan
area 1 ym X 1 ym). The surface roughness was much improved
when the substrate temperature was reduced to 100 °C (see
Figure S1 in Supporting Information), but the crystallinity of
the film decreased and thus, the substrate temperature was fixed
to be 300 °C. The cross-sectional TEM image showed that the
film thickness was ~80 nm (Figure 1b), which was also
confirmed by X-ray reflectivity (XRR). The film density
determined by XRR was ~3.95 g/cm?®, which was ~96% of
the theoretical density for brookite TiO, (4.13 g/cm®).** The
chemical states of Ti and O in as-deposited film were
determined by XPS (see Figure S2 in the Supporting
Information). The film exhibited a Ti 2p doublet with a Ti
2ps,, at 458.5 eV and a single peak of O 1s at 530.05 eV, which
match well with those for stoichiometric TiO,.>* The XRD
patterns of as-deposited film at 300 °C and annealed film are
shown in Figure 1c. The deposited film was crystalline and only
one peak was observed except the peak for YSZ substrate. The
diffraction peak of film was indexed as (120) based on the
orthorhombic brookite (B-TiO,, ICDD #29—1360). Thus,
highly oriented (120) B-TiO, was grown on the (110) YSZ
substrate. The substrate temperature affected the structure of
the TiO, film on YSZ. When the substrate temperature
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increased to 500 °C, B-TiO, was changed to the mixed phases
of B-TiO, and R-TiO, (see Figure S3 in the Supporting
Information). In order to investigate the thermal stability, as-
deposited film (300 °C) was annealed at 700 °C for 1 h, but no
phase change was observed. Thus, the obtained B-TiO, film
was thermally stable, which is believed to be due to the
constraint from the substrate (epitaxial relationship). It is
known that a brookite phase is transformed into an anatase or
rutile phase at over 500 °C.*>*® In addition, Raman
spectroscopy was employed to further confirm the brookite
phase,*” but the signals were very weak and overlapped with
those of the YSZ substrate and thus, the phase identification
was not possible. The in-plane orientation relationship between
the film and substrate was investigated using an X-ray pole
figure. The {120} pole figure of B-TiO, film is shown in Figure
1d, where the substrate orientation is indicated next to the pole
figure. The reflections from {120} family planes ((120) and
(120)) appeared with additional contributions from 180°
rotation marked as T1 in the figure. The appearance of 180°
rotated reflections is due to the 2-fold symmetry of (110) YSZ
and the nonsymmetry of (120) B-TiO,, implying two variants
in the film. The 180° rotated contribution has been frequently
observed in epitaxially grown TiO, films.*® In the pole figure,
the reflections from the {111} family of planes were detected
because the diffraction angles of (111) and (120) were very
close (25.689° vs 25.339°). The in-plane relationship was
determined to be [210]3_ri0,//[110]ys; and [001]5_ri0,//

[OOI]YSZ'
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To confirm the epitaxial growth, we further examined the B-
TiO, film by high-resolution transmission electron microscopy
(HRTEM). Images a and b in Figure 2 show the cross-sectional
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Figure 2. HRTEM images and FFT patterns for B-TiO, film and YSZ
viewed along (a) [00I] and (b) [110] directions of YSZ. (c)
Schematic diagrams of in-plane atomic configurations for (120) B-
TiO, film and (110) YSZ substrate.

HRTEM images of TiO, film along with fast Fourier
transformation (FFT) patterns from the film and substrate.
The interfaces between the film and substrate were well-defined
and atomistically sharp. The HRTEM image, viewed along the
[001] direction of YSZ (Figure 2a), exhibited a (120) lattice
fringe parallel to the interface and a (120) lattice fringe with an
angle of 99.8° to the interface. The FFT patterns confirmed
that the (120) B-TiO, film grew epitaxially on the (110) YSZ
substrate with the orientation relationship of [210]p_1;0,//

[110]ysz and [001]5_ri0,//[001]ys;. In the some parts of the

film, 180° rotated (120) B-TiO, film was observed with (120)
B-TiO,, which was consistent with the X-ray pole figure (see
Figure S4 in the Supporting Information). The HRTEM image,

viewed along the [110] direction of YSZ (Figure 2b), exhibited
(120) and (002) lattice fringes parallel and perpendicular to the
interface, respectively, and the obtained in-plane orientation
relationship between film and substrate was also confirmed.
Based on the determined epitaxial relationship, the in-plane
atomic configurations of (120) B-TiO, and (110) YSZ are
schematically shown in Figure 2c. The estimated Ilattice
mismatch in each direction was —1.91 and 0.06%, respectively,
based on the reported lattice parameters of a(TiO,) = 5.45S,
b(Ti0,) = 9.181, ¢(TiO,) =5.142, (B-TiO,, ICDD #29—1360),
and a(YSZ) = 5.139 A (YSZ, ICDD #30—1468). The lattice
mismatches in both directions are quite small, and thus (120)
B-TiO, can be heteroepitaxially grown on (110) YSZ substrate.

Figure 3 shows the optical transmittance spectra of as-
deposited B-TiO, film on (110) YSZ and bare (110) YSZ
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Figure 3. Optical transmittance spectra of B-TiO, film and bare YSZ
substrate. The inset shows a plot of (aE)* vs E for B-TiO, film.

substrate as a function of wavelength in the range of 200—800
nm. The average transmittance in the visible region (400—700
nm) was about 70%, which was slightly lower than that of the
bare YSZ substrate. The film showed a strong absorption in the
UV region (250—400 nm). From the plots of (aE)* vs photon
energy (E), the optical band gap energy (E,) was determined
by extrapolating the straight line portion of the plot. The
determined E, was ~3.29 eV, which was close to the reported
value for the B-TiO, nanorod and still higher than that for
rutile (3.0 €V) and anatase (3.2 eV).'%*

Figure 4a shows a typical response transient of the B-TiO,
film sensor toward H, gas balanced with air measured at 150
°C. The H, concentration was varied from 1000 to 100 ppm in
discrete steps. The sensor exhibited a decrease in resistance
upon injecting the H, gas and recovered to the original level
after removing the H, gas. The sensing signal was stable and
reproducible. The magnitude of the gas response (S) was
defined as the ratio (Rair/RgaS) of the resistance in air (R;,) to
that in a sample gas (Rgas). It was determined to be ~150 at
1000 ppm of H,/air and decreased with decreasing H,
concentration. The determined magnitude of gas response
(S) toward 1000 ppm of H,/air is shown in Figure 4b as a
function of sensing temperature. For comparison, the gas
response of (200) R-TiO, film coated on a-cut (110) sapphire
in the same deposition conditions was included (see Figure SS
in the Supporting Information). The B-TiO, film sensor
detected the H, gas even at room temperature and the highest
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Figure 4. (a) Typical response transient of the B-TiO, film toward H,
gas/air (1000—100 ppm) measured at 150 °C. (b) Magnitude of gas
response toward 1000 ppm of H,/air in the films grown on (110) YSZ
and (110) AL O; substrates as a function of sensing temperature. (c)
Electrical resistances of the films grown on (110) YSZ and (110)
Al O; substrates in air and 1000 ppm of H,/air as a function of
operating temperature. (closed circles: resistance in air (R,;), open
circles: resistance in 1000 ppm of H,/air (Rgas))

H, gas response was obtained at 150 °C, which is a
characteristic behavior of semiconductor-type gas sensors.*’
The magnitude of gas response obtained at room temperature
was lower than the best value reported in the TiO, nantube-
array sensor,>> but the present B-TiO, film sensor was one of a
tew TiO,-based gas sensors, which can detect the H, gas in air
balance. As mentioned earlier, the brookite phase was stable up
to 700 °C and thus, the B-TiO, film sensor is expected to be
more thermally stable than the other nanostructure-based TiO,
sensors. The optimum working temperature of 150 °C in B-
TiO, film sensor was much lower than the previously reported
rutile TiO, film sensors and comparable to that of the A-TiO,
nanotube sensor.*”*"** On the other hand, the (200) R-TiO,
film sensor showed the H, gas response above 150 °C and the
magnitude of gas response was comparatively lower. At 150 °C,

the magnitude of gas response was 2 orders of magnitude lower
than that of B-TiO, sensor.

To further investigate the low temperature H, detection of
B-TiO, sensor, the temperature dependence of the electrical
resistance is shown in Figure 4c. The electrical resistance of R-
TiO, sensor was beyond the detection limit of the equipment
(>1 x 10" Q) and thus, the sensor measurement was possible
above 150 °C and the resistance change with H, exposure was
small resulting in the lower magnitude of gas response.
However, in B-TiO, sensor, both R, and Ry, were within
the detection limit even at room temperature and the sensor
stably responded to H, gas at low temperatures. R, was
relatively constant with temperature whereas Ry, decreased
with increasing temperature from room temperature to 150 °C
and then increased with a further increase of temperature,
which resulted in the highest gas response at 150 °C.
Consequently, B-TiO, film had the lower resistance and higher
resistance change with H, exposure or adsorption/desorption
of oxygen species than R-TiO, film, which lead to the superior
H, gas detection at low temperature. We have also deposited
the TiO, films on (100) and (111) YSZ and examined the H,
gas sensing properties. The film deposited (100) YSZ was
oriented anatase-brookite mixture consistent with previous
report’ whereas the film deposited on (111) YSZ was
nonoriented anatase-brookite mixture (see Figure S6 in the
Supporting Information). The magnitude of H, gas response in
TiO, film deposited on (100) YSZ was comparable to that of
B-TiO, and the film deposited on (111) YSZ exhibited the very
low H, gas response (see Figure S7 in the Supporting
Information). At this stage, it is difficult to relate the H, gas
sensing performance to the crystallographic orientation in B-
TiO, film because of mixed phases. The sensing properties of
B-TiO, film sensor toward CO, ethanol (EtOH), and NH,
gases were also investigated (see Figure S8 in the Supporting
Information). The magnitude of gas response for CO, EtOH,
and NH; was an order of magnitude lower than that for H, gas.
Thus, B-TiO, film sensor showed a high selectivity for H,
against CO, EtOH, and NHj, particularly at low temperature.
The high selectivity for H, against other gases in TiO,—based
gas sensors has been attributed to the catalytic effect of Pt
electrode and hydrogen chemisorption which acts as an
electron donor.>"*

In summary, B-TiO, film was successfully deposited on
(110) YSZ substrate at 300 °C by PEALD. TiO, film was
epitaxially grown on YSZ substrate, and the heteroepitaxial
relationships were determined by XRD, pole figure, and
HRTEM. As-deposited film was thermally stable, and the
brookite phase was maintained up to 700 °C. The average
transmittance of B-TiO, film was about 70% in the visible
range, and the optical band gap energy was estimated to be 3.29
eV. The B-TiO, film sensor stably responded to H, gas in air at
a relatively low temperature. The maximum gas response
toward H, gas was observed at 150 °C and B-TiO, film sensor
exhibited the high selectivity for H, against CO, EtOH, and
NH,.
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