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Ion-gated transistors have enabled us to electrically control electronic phase transitions such as supercon-
ductivity in a variety of materials. On the other hand, the carrier doping mechanism, particularly in oxide
semiconductors, still remains elusive. Here, we report on the low-temperature thermopower of two-dimensional
electron systems in ion-gated SrTiO;. We found that the metallic states induced by ionic gating exhibit a large
peak in thermoelectric power to over 1 mV /K at around 20 K. This enhancement of cryogenic thermoelectric
power is ascribed to a phonon-drag effect, which is in general dramatically suppressed by conventional chemical
doping because the phonon mean free path is suppressed by chemical disorder. The large sustained peak,
even in the high carrier density regime of 2x 10 ¢cm~2, strongly indicates that a less disordered process,
i.e., electrostatic charge accumulation, dominates over electrochemical carrier doping in the ionic gating

in SrTiO;3.
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I. INTRODUCTION

Ion-gated transistors, which we employed in this study,
attract much attention because of their ability to tune carrier
densities in the order of 10'* cm~2 and the consequent electric
phase control, including the gate-induced insulator-metal
transition [1,2], ferromagnetism [3], and also superconduc-
tivity [4-7]. Despite such successful manipulations of novel
interface phenomena in a wide spectrum of material systems,
the mechanism of ionic gating is still controversial. If we focus
on oxide-based ion-gated transistors, possible mechanisms are
discussed mainly in two directions. One explanation is the
electrostatic mechanism, in which the charges are accumulated
in electric double layers that work as nanogap capacitors [4].
The other is the electrochemical reaction, in which reversible
creation and annihilation of oxygen vacancies occur near the
material surface due to the large electric field at the electric
double layer [8].

We focused on the Seebeck effect, which reflects not
only the electronic band structure but also the coupling of
the charge transport carriers with phonons. Especially, when
the Seebeck coefficient S (or thermopower) shows a large
enhancement in a cryogenic temperature region due to the
phonon-drag effect [9], the peak height can be a measure of
disorder in the crystal structures. It is known that the peak
height of the low-temperature thermopower is proportional
to the phonon mean free path A, which depends strongly
on the dopant or defect density in crystals [10,11]. For
instance, the phonon-drag effect is weakened very rapidly
by proceeding element substitutions necessary for chemical
carrier doping [11]. This means that in oxide-based ion-gated
transistors, the evaluation of the phonon-drag thermopower is
a touchstone issue for the proposed doping mechanisms: the
electrostatic field effect and electrochemical reaction. More
importantly, if electrostatic carrier doping is dominating in the
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ionic gating, the extremely large thermopower is anticipated
concomitantly with high electrical conductivity. This would
lead to a large thermoelectric power factor in a cryogenic
region, which is required for novel thermoenergy device
applications such as thermoelectric cooling [12,13].

In this paper, we report on the gate tuning of transport and
thermoelectric properties in an oxide semiconductor, SrTiOs3,
which is a thermoelectric material that has been investigated
extensively for decades [11,14—17]. The basic thermoelectric
properties of doped (or reduced) single crystals [11,14-17]
and thin films [11] are already well known, making SrTiO;
the best choice to investigate the effect of ionic gating on
thermoelectric properties.

II. EXPERIMENT

Electric-double-layer transistor configurations were em-
ployed for the gating experiments, where single crystalline
SrTiO3 and InP were used as channel materials. Figure 1(a)
shows a schematic diagram illustrating the gate-induced
metallic layer in SrTiOs. The application of a gate voltage
Vi to a gate electrode induces redistribution of ions in the
gel, resulting in the formation of the electric double layer with
charge accumulated on the surface of SrTiO;3. Figures 1(b)
and 1(c) illustrate the ion-gated transistors prepared for this
study; the configuration in Fig. 1(b) was used for the device
characterization in Secs. III A and III B, and the configuration
in Fig. 1(c) was used for the thermoelectric measurements in
Secs. IIIC and I D. We performed all the experiments in a
vacuum condition with a chamber pressure of ~10~> Torr in
order to avoid the impact of gas molecules on the ion-gated
devices [8,18].

The SrTiO3-based devices were fabricated on an atomically
flat (100) surface. Ti/Au electrodes with thicknesses of 5/50 nm
were evaporated to form drain and source electrodes. The
surface just beneath the electrodes was metallized by ion
milling [19] to make Ohmic contacts. An ion-gel sheet was
used as a gate dielectric, which was prepared in a conventional
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FIG. 1. (Color online) Schematic structures and transfer characteristics of SrTiOs-based ion-gated transistors. (a) Formation of the gate-
induced metallic conduction layer at the electric double-layer interface. When a positive gate bias V; is applied to the gate electrode, ions in
the ion gel redistribute and form the electric double layer with a surface charge accumulated on the surface of SrTiO;. Lower figures show the
chemical structures of 1-ethyl-3-methylimidazolium cation, EMI4-, and bis(trifluoromethylsulfonyl)imide anion, TESI—. EMI-TFSI is used
as conducting ionic liquid in the gel dielectric. (b) Schematic diagram of device structure with Hall bar geometry. (c) Schematic diagram of
a setup used for Seebeck effect measurements. The resistance and the Seebeck coefficient are simultaneously measured in this setup. Here,
Vb, Ip, and TC stand for the source-drain voltage, current, and thermocouple, respectively. (d) Transfer characteristics for devices A, B, and
C obtained with configuration in (b). The values of I, show a sharp rise at Vg ~ 2 V and saturate at Vg ~ 3.5 V. (e) Vi dependence of sheet
carrier density, N = 1/(Ry e), for devices A, B, and C. The values of N exceed 1x 10™ cm™2 at Vg ~ 3 V. (f) Plots of sheet resistance R, vs
N at 200 K. The data for the three devices fall on a universal curve. The solid line is a fitting curve for log R with a fourth-order polynomial

of log N.

way [20,21]. The gel dielectric was cut and put on the
SrTiO; surface, bridging the drain and source electrodes,
as shown in Figs. 1(b) and 1(c). The ion gel contained
the following cation and anion: 1-ethyl-3-methylimidazolium
(EMI+) and bis(trifluoromethylsulfonyl)imide (TFSI—). The
chemical structures of those ions are shown on the bottom of
Fig. 1(a). The typical sizes of the SrTiO3 single crystal, the
drain (source) electrode, and the ion-gel sheet were 5 mm x
3 mm, 0.6 mmx0.7 mm, and 2 mmx 1.5 mm, respectively. The
InP-based device has a similar structure and was fabricated on
a semi-insulating InP (111) substrate.

For the thermoelectric measurements, a heater was attached
on one end of the device, as shown schematically in Fig. 1(c),
and it produced a thermal gradient —V T from the heater to the
cold finger. This configuration allowed us to measure the sheet
resistance Ry and S simultaneously, as reported elsewhere [22].
The values of S were estimated by measuring the temperature
difference AT (0 to 1 K) and the thermal voltage AV between
the drain and source electrodes. Two thermocouples [TC 1 and
TC 2 in Fig. 1(c)] were attached to monitor AT at both edges
of the channel. The values of S were evaluated from the slope
of the AV-AT plots.

III. RESULTS

A. Tunability of conduction electrons in ion-gated SrTiO;

As mentioned above, a large amount of charge carriers can
be accumulated in the electric double layer under a gate electric
field. To evaluate the tunability of the carrier density in our
ion-gated SrTiO;, we prepared three devices (devices A, B,
and C) with the Hall bar configuration shown in Fig. 1(b).
Figure 1(d) shows the transfer characteristics of the three
devices at 230 K when the drain-source bias Vp was 50 mV.
All devices showed a sharp increase in the drain-source current
Ip at Vg ~ 2V and saturation at Vg ~ 3.5 V. The sheet carrier
density N, which is estimated from the Hall coefficient Ry
and the elementary charge e as 1 /(Ry e), is shown in Fig. 1(e).
The maximum value obtained here is 1x 10 to 2x 10 cm~2,
which is comparable with previous reports on SrTiOs-based
ion-gated devices [4,23]. Note here that the plots for R, versus
1/(Ry e) at 200 K fall on a universal curve over a wide range
of four decades both in Ry and 1/(Ry e), as shown in Fig. 1(f).
The experimental relationship between R; and N [=1/(Ry e)]
allows us to estimate N for other ion-gated SrTiO; devices by
using the R, values below.
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FIG. 2. (Color online) Transfer characteristics of ion-gated devices in an O,-gas atmosphere. (a) Transfer characteristics of ion-gated
SrTiOs at room temperature. In a high vacuum (~10~3 Torr) and He gas atmosphere (10 Torr), typical n-type transistor operations are observed.
In an O, gas atmosphere, however, the drain-source current I, was dramatically suppressed. The inset plots Ip against the reference voltage
Vrer- The hysteresis in Ip-Vger characteristics is very tiny, suggesting that the hysteresis in Ip-Vg (the gate voltage) originates from the slow
reformation of ions against V. (b) Transfer characteristics of ion-gated InP at room temperature. The value of I, under Vi was suppressed in

an O, gas environment, as in the case of SrTiOs.

B. Ionic gating in an O,-gas atmosphere

It is important to eliminate possible sources of chemical
reactions, e.g., some kind of gas molecules in the ionic
liquid [8,18], during the carrier accumulation process in
order to evaluate the nature or the ionic gating. In particular,
the effect of O, gas in ionic liquids should be investigated
because it has been reported that I in ion-gated SrTiO3 is
suppressed under an O, gas atmosphere [8]. Before starting
the thermoelectric measurements, we performed a control
experiment on the transistor operations of SrTiO; and InP-
based ion-gated devices under three different conditions: high
vacuum, He, and O, atmosphere.

First, we measured the transfer curve (Ip-Vg characteris-
tics) of the ion-gated SrTiO;3 (device D). Figure 2(a) shows
the transfer characteristics at room temperature for different
gas atmospheres. In a high vacuum condition, where the
pressure in the sample space is ~107> Torr, a nice n-type
transistor operation was observed (black circles). We also
monitored the reference voltage Vg.s to measure the actual
bias voltage applied on the SrTiO3 surface. We prepared a gold
pseudoreference electrode, as reported elsewhere [24,25]. The
inset of Fig. 2 shows Ip against V., in which the hysteresis of
the transfer curve is very tiny. This suggests that the hysteresis
in the Ip-Vg characteristics in Fig. 2 originates from the slow
reformation of ions against V. Then we introduced 10 Torr
of He gas into the sample space. The transfer characteristics
do not change so much (gray circles). After this, we pumped
the He gas in the chamber and introduced a certain amount
of high-purity O, gas (purity >99.99995%). In this case, as
shown in the figure, Ip was dramatically suppressed upon
increasing the O, gas pressure from 1 to 100 Torr (red,
green, and pink circles). Secondly, we conducted the same
experiment on InP single crystal, which is a typical nonoxide
semiconductor. Figure 2(b) shows the transfer characteristics

of the ion-gated InP; we found the suppression of I under an
O, gas environment, as in the case of SrTiOs.

The suppression of Ip by O, gas exposure occurred not only
in SrTiO3 but also in InP-based devices. This result indicates
that the O, gas introduced in the ionic dielectric media would
disturb the charge accumulation at the channel regardless of the
channel materials, resulting in a poor gate response. It has been
widely recognized that the O, gas in ionic liquid induces the
oxygen reduction reaction on the surface of electrodes [26,27].
Under the application of electric voltage through ionic liquid,
an O, molecule receives one electron from the electrode and
ionizes to form a peroxide ion Oi_. This process is probably
the origin of the suppression of the transfer characteristics
shown in Fig. 2. Therefore, in this study, we performed all the
experiments in a vacuum condition with a chamber pressure
of ~1073 Torr in order to avoid the impact of gas molecules
on the ion-gated devices.

C. Field-effect control of diffusive thermopower in SrTiO;

Figure 3 shows the variation of the absolute value |S| for
the ion-gated device, device E, as a function of sheet carrier
density N (lower axis) or volume carrier density n (upper
axis) at 200 K. The values of N were estimated using the
calibration curve between R; and N. The values of n were
evaluated for the charge accumulation layer with thickness ¢
as n = N/t, where we assumed that r was ~10 nm, referring
to the analysis of an anisotropic superconducting critical field
of ion-gated SrTiO3 [28]. The values of | S| exhibited a roughly
linear decrease against a logarithmic increase in n, as observed
in other semiconductors [29]. Also plotted is the n dependence
of | S| for reduced SrTiO3 (SrTiOs_;s) single crystals [14,16],
La-doped SrTiOj [(Sr,La)TiO3] single crystals [15], and thin
films [11]. Here note that the n dependence of |S| at 200 K in
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device E showed a similar trend to that in single crystals and
thin films over a wide range of n.

D. Large phonon-drag response in ion-gated SrTiO;

In spite of the excellent consistency of |S| at 200 K, the
low-temperature part showed a dramatic contrast between
the ion-gated devices and chemically doped single crystals.
The temperature dependence of |S| was measured in the four
devices (devices E, F, G, and H) in the metallic conduction
regime. The main panel and the inset of Fig. 4(a) show the
temperature dependence of |S| and R for device E, respec-
tively, when N is ~1.7x 10 ecm~2 (or n ~ 1.7x10%° cm™3)
at 200 K. Although device E shows a completely metallic
transport [see the inset of Fig. 4(a)], a large enhancement
of |S| was observed at around 20 K. This large evolution is
attributed to the phonon-drag effect [9,14].

It is known that the observed S generally consists of two
independent contributions, namely an electron-diffusion part
Sq¢ and a phonon-drag thermopower S, [9], as § = Sg + S,,.
The first term originates from the built-in electric field that
is produced by the redistribution of charge carriers in the
presence of a thermal gradient. The second term corresponds
to the momentum exchange between charge carriers and
phonons, which drags the charge carriers along the thermal
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FIG. 3. (Color online) Carrier density dependence of the diffu-
sion Seebeck coefficient in SrTiO5;. The Seebeck coefficient S for
an ion-gated device (device E) was measured at 200 K in a wide
range of carrier density. Here, the absolute value |S| is plotted as a
function of sheet carrier density N (lower axis) and volume carrier
density n (upper axis). The values of N were estimated from the sheet
resistance R at 200 K. The values of n are evaluated as n = N/t by
assuming that the thickness of the charge accumulation layer ¢ is
~10 nm, referring to the estimation by Ueno et al. [4,28]. Also
plotted is the n dependence of | S| for the reduced SrTiO; (SrTiO3_s)
single crystals [14,16], the La-doped SrTiO; [(Sr,La)TiO;] single
crystals [15], and thin films [11]. The » dependence of |S| (at 200 K
with a negligible phonon drag effect) in the ion-gated devices shows
a fair agreement with that in single crystals and thin films over a wide
range of n.

PHYSICAL REVIEW B 92, 165304 (2015)

gradient and additively enhances the total thermopower at low
temperatures.

In degenerate semiconductors or metals, the diffusion
part is roughly proportional to temperature, and the phonon
contribution is negligible at high temperatures (for example
at 200 K). The dashed line in Fig. 4(a) depicts the expected
diffusion part |Sq| of device E. We find that the phonon-drag
contribution dominates the diffusion part at low temperatures.
Also plotted are the cases of SrTiO;_; single crystal [16] with
n~16x10° cm™ and (Sr,La)TiO3 single crystal [15]
with n ~ 2.3x10% ¢m™3, which have similar values of n
with device E. Contrary to the ion-gated device, the phonon-
drag effect was totally suppressed in the chemically doped
samples, as shown in the figure. Figure 4(b) summarizes
the low-temperature peak values of |S| for the ion-gated
devices together with the reported data for doped SrTiO; single
crystals [15,16] and thin films [11]. We found that the peak
values of | S| in ion-gated devices were much larger than those
in chemically doped samples, reflecting the amplitude of |Sp].

IV. DISCUSSION

It is known, in general, that |S,| is suppressed by the
disorder in the crystal structure. This is because phonons
are easily scattered by the imperfection of the lattice, and
the momentum transfer to electrons is hindered. There-
fore, the clear contrast of the low-temperature part of |S]
between the ion-gated and chemically doped SrTiOj3 in Fig. 4
should originate from the amount of impurities. In the case of
SrTiO3_;s and (Sr,La)TiO3, oxygen vacancies or dopant atoms
behave as scatterers of phonons, resulting in the reduction of
|Sp|. Indeed, the impurity effect of phonon-drag thermopower
in SrTiO3 has been systematically investigated in La-doped
thin films [11], where the large peak of |S| at ~20 K
rapidly decreases with increasing La concentration. On the
other hand, the low-temperature thermopower in ion-gated
SrTiOj is very large, suggesting that a less disordered metallic
state is realized without additional impurities accompanying
the carrier doping process. It has been suggested that the
metal-insulator transition in ion-gated SrTiO3 occurs as a result
of the formation of oxygen vacancies under the strong electric
field [8]. However, the present observations, combined with the
control experiment on the O, gas exposure in Fig. 2, lead us to
conclude that the surface charge carriers in ion-gated SrTiO3
are accumulated predominantly in the electrostatic manner,
and the electrochemical mechanism is taking a minor role.
In addition, a recent study reported that the ionic gating can
dope conduction electrons into the SrTiO3; channel even when
a thin boron nitride covers the whole channel surface [30],
supporting an electrostatic carrier doping mechanism.

While the ion-gating technique has provided a lot of oppor-
tunities to observe novel and interesting physical phenomena
and also presented possibilities for future electronic device
applications, the mechanism of the carrier accumulation has
remained contentious. The formation of electric double layers
is an interface phenomenon, and it is difficult to trace the
process of the carrier accumulation by simply monitoring
electronic properties. Our approach has focused on phonons
in the conduction channel and successfully extracted the
predominant carrier accumulation mechanism. We may note
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FIG. 4. (Color online) Phonon-drag thermopower in SrTiOs-based ion-gated transistors. (a) Comparison of Seebeck coefficient S between
SrTiO3-based ion-gated transistor (device E), reduced SrTiO; (SrTiO;_;) single crystal [16], and La-doped SrTiO; [(Sr,La)TiOs] single
crystal [15]. Here, the absolute value | S| is plotted as a function of temperature 7. The samples presented here have similar values of n, which is
1x10%° to 2x10% cm~3. The dashed line is the rough estimation of the diffusion part | Sy| in device E, assuming that | Sg| is proportional to T and
that the phonon contribution is negligible at 200 K. The large peak in |S| at low temperatures is attributed to the phonon-drag effect. The inset
figure presents the 7 dependence of the sheet resistance R, in device E, which shows the metallic conduction behavior. (b) Low-temperature
peak values of |S| as a function of n (lower axis) or N (upper axis) for ion-gated SrTiO; (devices E, F, G, and H) and chemically doped
SrTiO; [11,14-16]. These low-temperature peaks are dramatically enhanced in ion-gated devices.

here that the large S, with the metallic charge transport in
ion-gated SrTiOj is similar to the cases in two-dimensional
systems realized at semiconductor heterointerfaces [31-34].
The charge carriers are confined in disorder-free conduction
layers by modulation doping, and they demonstrate large S,
due to the interaction with phonons that have large A.

The field-induced and chemically doped metallic states are
schematically illustrated in Figs. 5(a) and 5(b), respectively,
where electrons and phonons travel along the thermal gradient
—VT. In the case of the ion-gated SrTiOs, A is expected to
be very large at low temperatures because A is proportional
to |Sp|. According to the kinetic theory, A at 20 K is estimated
to be several hundred nanometers, which is comparable to that
in pure SrTiO; single crystal (see the Appendix). On the other
hand, A should be suppressed in chemically doped metallic
SrTiO3, as sketched in Fig. 5(b). The value of A is found to be
several tens of nanometers, which was reduced to one order
of magnitude smaller than that in pure SrTiOs. This striking
difference of the phonon states is highlighted in the power
factor, which is defined from S and the electrical conductivity
o as S’c. Figure 5(c) compares the power factor (S%0)p
for the ion-gated SrTiO; and (S%0)3p for a (Sr,La)TiO; thin
film [11] both withn ~ 2x 1029 cm—3. Here, the values of o for
the ion-gated SrTiO3 were estimated aso = 1/(Rgt), assuming
t ~ 10nm as discussed above. It should be noted that the power
factor in the ion-gated SrTiO;3 is two orders of magnitude
larger than that in the (Sr,La)TiO; thin film at around the peak
temperature (~20 K). Indeed, the peak values of the power
factor are larger than any reported values in chemically doped

bulk SrTiO3 and furthermore are comparable to the highest
recorded value in FeSb, [35]. The large A, which is realized in
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FIG. 5. (Color online) Enhancement of power factor in ion-gated
SrTiOs. (a),(b) Schematic top-view illustration of phonon states at low
temperatures under the thermal gradient —V T'. Field-effect doping
and chemical doping correspond to (a) and (b), respectively. The
phonon mean free path becomes very large at low temperatures in (a)
but is totally suppressed due to the impurity in (b). (c) Comparison of
power factor, S2o, for ion-gated SrTiOs (this work) and (Sr,La)TiO;
thin film [11] both with n ~ 2x10% cm™3. Here, S and o are the
Seebeck coefficient and conductivity, respectively. The power factor
in ion-gated SrTiO; is two orders larger than that in the (Sr,La)TiO;
thin film at around the peak temperature (~20 K).
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TABLE I. Phonon mean free path A at 20 K in nondoped SrTiO3; and Nb-doped SrTiOs [Sr(Ti,Nb)Os] with 3% Nb doping. The volume
carrier density n for Sr(Ti,Nb)Os is 5.48 x 10?° cm~>. The values of A were estimated by using Eq. (A1) and the literature values in this table.
Here, k;,, Cp, and v are the lattice thermal conductivity, the lattice specific-heat capacity, and the averaged sound velocity, respectively, at 20 K.

A (nm) n (10% cm™) K, (WK™'m™) Cp JK ' mol™) v(ms™h)
Nondoped SrTiO; ~740 N/A ~20 [37] ~0.57 [38] ~5400 [39]
Sr(Ti,Nb)O; ~24 ~5.48 [17] ~20 [17] ~0.57 [17] ~5400 [39]

electrostatically induced metallic states, greatly enhances the
cryogenic thermoelectric responses in the ion-gated SrTiOs.

V. SUMMARY

In summary, we have demonstrated the enhancement of the
cryogenic thermopower in the ion-gated SrTiOs. The Seebeck
coefficient increased with decreasing temperature due to the
development of the phonon mean free path and reached as
large as 1 mV/K at 20 K. Through the comparison between
the chemically doped bulk SrTiOs and the ion-gated SrTiOs,
we found that the chemical carrier doping, such as La doping
and oxygen deficiency, totally suppressed the phonon-drag
contribution due to the chemical disorder, while the ionic
gating sustained the large phonon-drag peak even in a metallic
regime with a carrier density as large as 2x 10" ¢cm™2. In
addition, the thermoelectric power factor also clearly reflected
the difference of the carrier doping process, showing that the
power factor in the ion-gated SrTiO; is about two orders
of magnitude larger than that of chemically doped SrTiOs.
These experimental results suggest that the electrostatic carrier
doping is predominantly realized in the carrier doping process
in the ion-gated SrTiOs.
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APPENDIX: ESTIMATION OF THE PHONON
MEAN FREE PATH

The phonon mean free path X is sensitive to the defect or
dopant density in the crystal structure. According to kinetic
theory [36], the lattice thermal conductivity «;, is expressed by

Kp = Cpvh /3, (A1)

where C;, is the phonon contribution to the total specific-heat
capacity, and v is the sound velocity. From literature values of
Kkp [17,37], Cp [17,38], and v [39], we estimated A for nondoped
SrTiO5; and Nb-doped SrTiO3 [Sr(Ti,Nb)Os3] single crystals at
20 K, as listed in Table I. We found that A for Sr(Ti,Nb)Oj3
with 3% Nb doping was drastically suppressed compared to
that for nondoped SrTiOs.

It is known that A is proportional to the phonon-drag
thermopower Sp [9,10]. Although it is difficult to precisely
deduce S, from the total thermopower §, the magnitude of S,
in the ion-gated SrTiO3 would be 10 to 20 times larger than that
in the chemically doped SrTiO; at 20 K in Fig. 4(a). Therefore,
X in the ion-gated SrTiO3 (device E) withn ~ 1.7x10?° cm™3
is roughly estimated to be 240 to 480 nm, assuming that A in the
chemically doped SrTiO; discussed in Fig. 4(a) is comparable
to that of Sr(Ti,Nb)O3; with 3% Nb doping. Surprisingly, A in
the ion-gated SrTiO; is not as reduced from that in nondoped
SrTiOs; this reflects the less disordered nature of the carrier
accumulation process in the ionic gating.
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