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Anatase TiO, is a promising material for a vast array of electronic, energy, and environmental
applications, including photocatalysis, photovoltaics, and sensors. A key requirement for these
applications is the ability to modulate its electrical properties without dominant dopant scattering
and while maintaining high carrier mobility. Here we demonstrate the room temperature
field-effect modulation of the conducting epitaxial interface between anatase TiO, and LaAlO,
(001), which arises for LaO-terminated LaAlO;, while the AlO,-terminated interface is insulating.
This approach, together with the metal-semiconductor field-effect transistor geometry, naturally
bypasses the gate/channel interface traps, resulting in a high field-effect mobility u . of 3.14 cm?
(V s)! approaching 98% of the corresponding Hall mobility Uy~ Accordingly, the channel

conductivity is modulated over 6 orders of magnitude over a gate voltage range of ~4 V.
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1



Applications based on the multifunctional properties of anatase TiO,, including

3,4 5-8

ferromagnetism,!? transparent conductivity,>* and diverse photocatalytic effects,’® are often
limited by a low carrier mobility, arising especially from the effects of the bulk dopants. For
example, dopants in photoelectrochemical (PEC) cells adversely affect the PEC activity by
acting as recombination sites for photoexcited carriers.” Furthermore, the sensitivity of
TiO,-based gas sensors can dramatically decrease with a reduced carrier mobility.!!3 In this
regard, the ability to modulate the intrinsic properties of anatase TiO, without bulk dopants can
be a promising pathway to overcome these limitations. For example, an epitaxial strain can be
used to engineer the facet orientation and crystal structure of TiO, for enhanced photocatalytic
activity.!*!> Another key example is to tune the carrier density using external fields, which can
induce ferromagnetism,? and amphiphilic’ or superhydrophobic!® surfaces in TiO,. More
specifically, electrically tuning the carrier density using a metal-semiconductor field-effect
transistor (MESFET) geometry!” has a natural advantage for our purposes. The carrier mobility
can be significantly improved since the band-bending pushes the carriers away from the
gate/channel interface traps and defects,!”!® as distinct from the conventional
metal-oxide-semiconductor field-effect transistor (MOSFET) geometry.!*-!

Using this approach, here we demonstrate conductivity modulation of epitaxial anatase TiO,
using the MESFET geometry at room temperature. We adopt the recently reported technique??-%3
of atomistically changing the boundary conditions of the anatase TiO,/LaAlO; (001)
heterointerface to introduce the carriers to the channel. Analogous to modulation doping,>* this
approach circumvents dopant and crystal defects present in bulk chemical doping and was shown
to achieve high carrier mobilities in an interface specific manner.?? This heterostructure was
fabricated using pulsed laser deposition (see supplementary material) by first changing the

surface termination layer of the LaAlO; (001) substrate from AlO, to LaO, followed by the
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deposition of ~24 nm thick (001)-oriented anatase TiO, (Figure 1(a) and 1(b)). Single-crystalline
growth of the heterostructure is evident from the atomically flat surface morphology with root
mean square roughness below ~0.3 nm as seen by atomic force microscopy (AFM), and the clear
(4 x 1) surface-reconstructed reflection high-energy electron diffraction (RHEED) patterns
(Figure 1(c) and 1(d)). X-ray diffraction (XRD) measurements further confirm single-crystalline
growth. A clear LaAlO; (002) substrate peak and an anatase TiO, (004) peak are observed, but no
other peaks are present above the noise level (Figure 2(a)). These measurements indicate the
high quality epitaxial growth of (001)-oriented anatase TiO, thin films.!%-2!-23

We first developed and demonstrate successful device isolation using a pre-deposited
amorphous AlO, hard mask, as evident from the Raman spectroscopy (532 nm wavelength)
performed on our devices (Figure 2(b)). Clear anatase peaks*® corresponding to the B, (399 cm™
1, a doublet of 4, and B, (516 cm™), and E, (639 cm™') modes were observed in the channel
region. In contrast, rutile peaks®’ corresponding to the £, (446 cm™') and 4, (611 cm™') modes
superimposed on a large background signal were found in the areas covered by the hard mask.
The broad mid-intensity peak around ~260 cm™' from the hard mask corresponds to two-phonon
scattering.?’” This emergence of rutile peaks emphasizes the importance of the epitaxial
stabilization provided by the atomically flat single-crystalline LaAlO; (001) substrate to
artificially induce crystalline anatase TiO, growth. TiO, grown on top of the hard mask formed in

8 showing a large background signal due to

the thermodynamically more stable rutile phase,?
amorphous TiO, formation. The current flow measured across TiO, grown on top of the hard
mask was below the noise level of the measurement setup (<10 fA at 1.5 V). The amorphous
AlO, hard mask therefore serves as a robust device isolation method.

On these isolated crystalline anatase regions, a Pt gate was further deposited. The Pt/anatase

TiO, gate current—voltage (/-V) characteristics show clear Schottky diode behavior with /;
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increasing exponentially in the forward-bias regime (Figure 3(a)). The saturation of /g at higher
Vs 1s due to the series resistance of the anatase TiO, thin film. Using a thermionic emission
model and an electron effective mass m” of ~1.3 m(2'*° (where m, is the free electron mass), the
extracted mean Schottky barrier height@ and mean ideality factor7 are 1.20 + 0.16 eV and
1.28 + 0.16, respectively. The reverse-bias leakage current was also successfully suppressed
down to the picoamp order, which is essential for the MESFET because it operates in the
reverse-bias regime, i.e. Vgg <0 V.

Using these device structures, MESFET operation is observed from the clear transconductance
of the output characteristics Ip—Vpg with applied Vg ranging from 0 V to =7 V, in 0.5 V steps
(Figure 3(b)). We observe the pinch-off and current saturation behavior expected for an ideal
MESFET. Channel depletion is also evident from the decrease in the saturation current when a
negative Vg is applied. Furthermore, the linear dependence of \/E with a small Vg in the
saturation regime at V'pg = 5 V is consistent with the expected quadratic approximation (Figure
3(c)).!” The mean threshold voltage V1, deduced from the abscissa of the linear fit to \/E—VGS is
—2.53 £ 0.24 V. Notably, one key advantage of using the Schottky gate is that the channel
conductivity can be tuned effectively using the orders of magnitude larger internal electric field
compared to that externally generated in the MOSFET structure with the same applied bias.*® As
a result, the on/off current ratio can exceed 10° within a gate voltage range of ~4 V (Figure 3(d)),
which is substantially smaller than ~20 V to ~100 V required in previously reported MOSFET
geometry based on epitaxial anatase TiO, to fully turn the devices on and off.!"*~2! A significantly
smaller operating voltage combined with high reproducibility would further enable transistor
circuits®! incorporating anatase TiO,. Note that hysteresis between the forward and reverse Vg
sweeps is negligible, illustrating minimal effects from the gate/channel interface traps on the

modulation and conductivity of the channel.



The field-effect mobility u, of the MESFET is extracted in the saturation regime at Vpg =5V

from the following equation for the transconductance g_:'’

g, = 0Ip/0Viss = (ettpy Nap W /L) {1 — [(Vei = V) (Vi — Vin)1'2} (1)

where e is the elementary charge, N,p is the sheet carrier density, W is the gate width, L is the
gate length, and V}; is the built-in potential of the Schottky gate. N,p = 2.42 x 10" cm™ is
extracted from Hall measurements performed on the ungated channel of the device (Figure 4(a)).
Vpi = 1.17 eV is extracted using the full depletion approximation, Vy; = ¢qp + (Er — Ec), where
E¢ is the conduction band edge and Ef is the Fermi level. Here we assume a non-degenerate
semiconductor with the effective density of states N in the conduction band of 2(2zm” kg T/h?)>?,
where kg is the Boltzmann constant, 7 is the operating temperature, and /4 is the Planck constant.
This is consistent with the observed activated form of the temperature dependence of the

resistivity for TiO, structures of this thickness. For a more precise derivation of y., the effective
gate voltage V' incorporating the voltage drop across the ungated source is used:* V'gg =
Vs — IpRs, where Rg = 153.73 kQ is the four-probe resistance of the ungated channel, which
results in a voltage drop of IpRg ~ 0.9 V.

Figure 4(b) shows the ..~V g characteristics of the MESFET. u. continuously increases as
Vs tends to 0 'V, and a maximum g of 3.14 cm* (V's)™! is achieved at Vg = 0 V, which is
significantly higher than ~0.04 cm? (V s)! to ~0.9 cm? (V s)! previously obtained in the
MOSFET geometry."”?! Note that the corresponding Hall mobility s, , of our devices is 3.20
cm? (Vs)™!, which is smaller compared to the value of 25 cm? (Vs)™! observed for thicker films

in the previous report.?

Thus ug,. of our devices can be enhanced by using a thicker channel, but
as a tradeoff requiring higher gate voltages for operation. Furthermore, u. reaches 98% of u; .,

which is again striking compared to ~13% in the MOSFET geometry.?! This illustrates the
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intrinsic advantage of both the MESFET geometry and the absence of conventional bulk
chemical dopants in the channel. In particular, s, , corresponds to the itinerant carrier mobility
because the Hall signal does not probe localized states, whereas u.. can be significantly affected
by carriers localized in the channel.** Therefore, the minimal underestimation of 4, compared to
My, St present in our devices can be interpreted in terms of the carrier localization at intrinsic

defect sites of the anatase TiO, thin film, such as remnant oxygen vacancies** or naturally arising

antiphase grain boundaries’>* due to the existence of the two equally probable epitaxial

relationships between anatase TiO, and LaAlO; (001) substrate.

In conclusion, we show that the conductivity of epitaxial anatase TiO, induced by
atomistically controlling the anatase TiO,/LaAlO; (001) interface boundary conditions can be
effectively modulated in the Schottky gate geometry. The field-effect mobility u . reaches as
high as 3.14 cm? (V s)!, approaching 98% of the corresponding Hall mobility Mypyp» @nd the

channel conductivity can be modulated over 6 orders of magnitude with a small gate voltage
range of ~4 V. This work offers promise for integrating the diverse functionalities of anatase

TiO, in a wide range of heterostructures and device architectures.

SUPPLEMENTARY MATERIAL

See supplementary material for growth, device fabrication, and characterization.
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FIG. 1. Room-temperature MESFET device (a) process flow and (b) schematics. 1 u.c.

deposition of La,0; target flips the surface termination of LaAlO; (001) substrate from AlO, to
LaO, which changes the anatase TiO,/LaAlO; (001) interface boundary conditions. Subsequently
deposited ~24 nm anatase TiO, is used as the active channel of the device, with dimensions of
1.2 mm x 0.29 mm, and a Pt/anatase TiO, Schottky gate is used. (¢) AFM surface morphology of
the anatase TiO, (scan area 5 pm x 5 um). (d) (4 x 1) surface-reconstructed RHEED patterns of
the (001)-oriented anatase TiO,. Arrows show the additional streaks arising from surface

reconstruction.

10



(@) (b)

— 4 pum, 399 cm™!

LaAIO, .,
. I § i
© N
m » Sl 2
g € ==
; : ~@- Channel —@- AlO,
s | Anatase TiO, &5 Anatase
2> (004) 2> A R
k7 7] R
= c
2 2
1S £ Rutile
A
1 Il i
36 40 44 48 50 200 400 600 800
20— (degree) Raman Shift (cm™")

FIG. 2. (a) XRD patterns of the MESFET before Pt Schottky gate deposition showing a LaAlO;
(002) substrate peak and anatase TiO, (004) peak. (b) Raman scattering intensity verses Raman
shift with clear anatase peaks corresponding to the By, (399 cm™), a doublet of 4,, and By, (516
cm '), and E, (639 cm™') modes from the channel region (red closed circles). On the amorphous
AlO, hard mask, rutile peaks corresponding to the E, (446 cm™) and Ay, (611 cm™) modes
superimposed on a large background signal due to the amorphous TiO, were observed (blue

closed circles). Note that the broad mid-intensity peak around ~260 cm™! from the hard mask
corresponds to two-phonon scattering. The inset shows the Raman intensity map of the
corresponding device at the B, mode of anatase TiO, (399 cm™), confirming that anatase TiO,

only forms on the exposed channel.
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FIG. 3. Room-temperature device characteristics of the MESFET. (a) I-J characteristics of the

Pt/anatase TiO, Schottky diode forming the FET gate. For eight MESFETs characterized, the
mean Schottky barrier height @ is 1.20 + 0.16 eV, and the mean ideality factor 77 is 1.28 + 0.16.
The inset shows histograms for ¢, and 7. (b) Ip—Vpg output characteristics with a clear
pinch-off and current saturation behavior. (c) \/E—VGS transfer characteristics in the saturation

regime at Vg = 5 V showing linear behavior. The mean threshold voltage Vo, = —2.53 +0.24 V
is deduced from the abscissa of the linear fit. The inset shows histograms for /'y, and the on/off
current ratio. (d) Ip—Vgg transfer characteristics plotted on a semi-logarithmic scale, showing that

the on/off current ratio can exceed 10°. The arrows indicate the sweep direction of Vg. A gate
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voltage range of ~4 V can fully turn the devices on and off.

12



(@) (b)

200 4
Nop = 2.42 x 10'° em™ 2
Lo Hpan = 3.20cm™ (V's)
ungated channel
100F N _af
&
c =
e of ~_ 21
< 13
i
3
—-100+ 1
Vos =5V
_200 1 1 1 0 1
—6 -3 0 3 6 -1.4 -0.7 0
uoH (T) Ves (V)

FIG. 4. (a) R,y verses u H of the ungated channel of the MESFET at room temperature (red open

circles), and the linear fit (blue solid) used to extract the sheet carrier density N, = 2.42 x 10'?
cm2. (b) Room-temperature Up—V s characteristics (red closed circles) in the saturation regime

at Vpg =5 V. The blue solid line corresponds to x,, ,, of the ungated channel of the same device.
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