Downloaded from orbit.dtu.dk on: May 15, 2024

DTU Library

=
=
—

i

Gate-tunable Thermoelectric Effect in Oxide Thin Films at Room Temperature

Chatterjee, Arindom; Lobato, Carlos Nunez; Rosendal, Victor; Anhgj, Thomas Aarge; Grivel, Jean
Claude; Trier, Felix; Christensen, Dennis Valbjgrn; Pryds, Nini

Published in:
Advanced Electronic Materials

Link to article, DOI:
10.1002/aelm.202300683

Publication date:
2024

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Chatterjee, A., Lobato, C. N., Rosendal, V., Anhgj, T. A., Grivel, J. C., Trier, F., Christensen, D. V., & Pryds, N.
(2024). Gate-tunable Thermoelectric Effect in Oxide Thin Films at Room Temperature. Advanced Electronic
Materials, 10(3), Article 2300683. https://doi.org/10.1002/aelm.202300683

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1002/aelm.202300683
https://orbit.dtu.dk/en/publications/e7239b82-8d10-4577-b9d6-5354c01cc1f2
https://doi.org/10.1002/aelm.202300683

RESEARCH ARTICLE

A DVAN -gmck for updates

ELECTRO IC
MATERIALS

0 L Open Access]

www.advelectronicmat.de

Gate-tunable Thermoelectric Effect in Oxide Thin Films at

Room Temperature

Arindom Chatterjee, Carlos Nunez Lobato, Victor Rosendal, Thomas Aarge Anhgj,
Jean-Claude Grivel, Felix Trier, Dennis Valbjern Christensen, and Nini Pryds*

Over the past several decades, major efforts have been directed toward the
optimization of carrier concentrations to maximize thermoelectric
performance. Chemical doping is an effective way to control carriers, but
electrostatic gating provides a continuous tuning knob that enables effective
and dynamic changes to the carrier density. Here, a method is reported that
uses an electric-double-layer (EDL) transistor-based ionic liquids gating to
adjust the thermoelectric properties of thin films made from Nb-doped SrTiO,
(Nb-STO). This technique allows us to effectively change these properties at
room temperature by varying the concentration of charge carriers within a
broad range. A combination of lower film thickness and intrinsic carrier
concentration leads to an enhanced ionic liquid-gated response, resulting in
an 18-fold enhancement in power factor at room temperature for a 14 nm thin
4% Nb-STO film at gate voltages within +3.0 V. The present study offers new
insights and strategies toward enhanced gate tunable thermoelectric

The dimensionless figure-of-merit, 2T, is
a parameter that defines the thermoelec-
tric conversion efficiency and is desir-
able to be as high as possible. The zT
is defined as zT = (6S%/x)T, where S,
o, k, and T denote the Seebeck coeffi-
cient, electrical conductivity, thermal con-
ductivity, and temperature, respectively.
One of the challenging objectives of ther-
moelectric research is to optimize zT by
balancing and optimizing these parame-
ters simultaneously through the charge
carriers in the material. A proper balance
between the Seebeck coefficient and the
electrical conductivity controls the maxi-
mum power factor (6S?), while the bal-
ance between the power factor and ther-

properties in thin films.

1. Introduction

Thermoelectric generators (TEGs) convert waste heat into elec-
tricity through the Seebeck effect. TEGs are noiseless, require no
maintenance, and are highly reliable with no moving parts and
a long lifespan. TEGs can generate sufficient energy output for
powering low-power electronic devices with small footprint sizes
(<1 cm?), which makes them one of the attractive on-board pow-
ering devices for internet-of-thing (IoT) applications.!'"}] Here,
thin film-based thermoelectric research is very important in the
context of the miniaturization of the devices.[*]
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mal conductivity determines the figure of
merit.[1011]
Electrostatic gating is potentially
an ideal method for voltage-controlled
tuning of a wide range of carrier concentrations. Efficient charge
depletion and accumulation can be accomplished by employing
gate insulators with high dielectric constants. Conventional di-
electrics such as SiO,, HfO,, and SrTiO; can generate capaci-
tance in the order of ~10 nF cm~2, which generally can modu-
late charge carriers within the range of 10" — 10" cm=2.['?) This
approach has been used to improve the thermoelectric power fac-
tor of SiGe nanowires by applying negative gate voltages across
SiO, dielectric.['*) However, in some cases, the maximum tun-
able limit of carriers by conventional gate dielectrics is limited
by the dielectric breakdown of the gate. This is the case for Nb
doped-SrTiO; (Nb-STO), an n-type material often used as a ther-
moelectric material, where the high sheet carrier densities of the
materials do not allow significant changes of charge carriers with
conventional dielectric gate.[1*]

By using chemical doping, the power factor for 5-100% Nb-
doped SrTiO; thin films was tuned between 0.4-t0-2.6 mW m™!
K2 by varying the carrier densities between 10*! and 10%? cm 3.8
This corresponds to a sheet carrier density between 10°-101°
cm~2 for 100 nm thin films,®! which makes it impractical to tune
the carrier density with conventional electrostatic gating. In con-
trast, ionic liquid gating provides an alternative way to tune ma-
terials with high carrier densities.'>! The use of electric-double-
layer (EDLT) enables the exertion of a substantial electric field at
the junction between liquid and solid which leads to pronounced
depletion of the carrier density at the solid side. Certain lig-
uid electrolytes, like 1-ethyl-3-methylimidazolium-bis (trifluoro

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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sulfonyl) amide, known as EMIM-TFSI,'7] can generate large
capacitances as high as ~#10 — 50 pF cm~22. This allows the elec-
trolytes to either deplete or accumulate charge carriers in the or-
der of 10" cm~2.'8] Ionic-gating has proven to be an effective
way to tune the thermoelectric properties with, for example, lig-
uid ionic-gating applied on black phosphorus crystal showing a
steep increase in thermopower from a value of #150 to ~550 uV
K1 due to gate-voltage-driven strong depletion of the conducting
channel.”! Tonic liquid gating on the same material system, also
showed that tuning both the carrier density and the mobility is
possible without affecting the Seebeck coefficient significantly.1"!
Similarly, a high power factor of 50 pW cm~! K~2 was obtained by
ionic-liquid gating at the surface of a ZnO single crystal.[?] Ionic
liquid gating on SrTiO; single crystal surfaces also shows re-
markable tuning abilities, which results in an insulator to a metal
transition,[?! an insulator to a superconductor transition,?? non-
linear transport in SrTiO; nanowires,[*! tunable Kondo scatter-
ing at lower temperatures,!?*l and modulations of the thermoelec-
tric power.>26] However, so far, the gate tunability of the ther-
moelectric power factor of doped-SrTiO; thin films has not been
exploited at temperatures relevant to thermoelectric energy har-
vesting.

In this paper, we report the tunability of the thermoelectric
power factor of Nb-STO films at room temperature by ionic lig-
uid gating. The tunability of the charge carrier concentration and,
therefore the transport properties, were carried out for a set of
two different Nb-STO films with variable film thicknesses grown
on (LaAlO;),;(Sr,AlTaOy),, (100) substrates (LSAT (100)). We
found that a combination of lower Nb-doping and reduced film
thicknesses leads to an enhanced tunability of the ion-gated ther-
moelectric power factor, resulting in an 18-fold enhancement.

2. Results and Discussions

Two sets of Nb-doped SrTiO; thin films with variable film
thicknesses were synthesized on LSAT (100) single crystal sub-
strates: the first setis 6% Nb-doped SrTiO; (i.e., StTij o,Nby ;4 O0;)
films, and the second set of films is 4% Nb-doped SrTiO; (ie.,
StTi) 9o NDg,0403)-

We choose LSAT (100) substrates for three different reasons:
i) Growth of Nb-STO films on SrTiO, (100) substrates may gen-
erate conductive interfaces, while growth on LSAT substrates en-
sures that there is no interfacial conductance at the interface be-
tween the LSAT substrate and the Nb-STO films, [’ ii) the lattice
mismatch between the Nb-STO and the LSAT is small (= —1%)
resulting in good epitaxial growth of films with only slight com-
pressive strain(?®); and iii) thermal conductivity of LSAT substrate
is lower than SrTiO; (100) or LaAlO, (100), and hence, relatively
larger temperature gradients can be generated for thermoelectric
measurements.?’]

Figure 1a depicts a schematic illustration of the ionic liquid-
gated device structure. In this setup, we conducted gate-tunable
measurements of the electronic conductivity, Hall coefficients,
and thermopower of Nb-STO conducting channels. A real im-
age of the photoresist-patterned device is shown in Figure 1b
prior to the metal evaporation process on our chips. Hall bar
patterning of Nb-STO films was done by making use of amor-
phous La-doped CaMnO; thin films (La,Ca; ,MnO;, x = 0.1) as
hard mask®* and necessary metal electrodes were evaporated for
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thermoelectric transport coefficients measurements by electron-
beam metal evaporation technique. Experimental details of the
device patterning and transport measurements are documented
in Figures S1-S4 of Supporting Information.

An example of the evaluation of the temperature differences
(AT) and thermoelectric voltages (A Vo) Obtained between
two thermometers (Thl and Th2 in Figure 1a) as a function of
heater current (Iy,.,) is depicted in Figure 1c. These measure-
ments were performed at 300 K. A range of currents from —14
to 14 mA was applied to the resistive heater, resulting in a max-
imum AT = 1.25 K on the LSAT substrate. Both quantities (AT
and AVg,,.) show parabolic behavior at both positive- and neg-
ative heater currents due to the quadratic dependence of the Joule
heating on the current. The linear dependence between AT and
AV e 18 a signature of thermoelectric effects, resulting in a
Seebeck coefficient of —165.2 uV K~!. Information on thermome-
ter calibrations and the measurements of AT as well as A Vg, p.a
can be found in the Supporting Information.

Figure 2a depicts high-resolution X-ray diffraction patterns of
~37 nm thin 6% and 4% NDb-STO films. It shows clear appear-
ances of film reflections between 42 to 50 degrees in 26 along
with the high intensity (002) substrate reflections, as indicated
by arrows. The appearance of the Keissig fringes on both sides of
(002) film reflections assures high-quality interfaces between the
film and the substrate. We found that the (002) film reflections
of 4% Nb-STO film are slightly shifted towards the right at a 20
angle. This indicates a decrease of the c-parameter on decreasing
the concentration of the Nb doping in STO film lattice. The c-
parameters for the 6% and 4% doped films are determined to be
~3.948 and 3.920 A, respectively. The decrease in c-parameters
with reduced Nb doping is due to Nb having a larger atomic ra-
dius than Ti therefore, replacing Ti in the STO lattice expands the
unit cell according to Vegard’s law.33] The X-ray reflectivity mea-
surements of film thicknesses for the two Nb-doped samples are
displayed in Figure 2b.

Figure 2¢,d displays the effects of thickness and doping on elec-
tronic conductivity, and sheet carrier density (and carrier mobility
in Figure S5b, Supporting Information), all measured at room
temperature. The highest values were measured for 37 nm 6%
Nb-STO films with a conductivity of 445 S cm™!, a sheet carrier
density of #4.6 X 10 cm™% and a mobility of #2.2 cm? V-1 571
As the film thickness reduces from 37 nm to ~14 nm, the con-
ductivity drops continuously from 445 to 83 S cm™!, as shown by
the black squares in Figure 2c. Films thinner than 10 nm (specif-
ically at 6 and 4 nm) have resistances so high that they surpass
our equipment’s measurement capabilities. The decrease in con-
ductivity is associated with a decrease in both the carrier concen-
tration and mobility (Figure S5, Supporting Information). For the
6% Nb-STO films with thicknesses ranging from 37 to 14 nm, the
carrier concentration steadily drops from ~4.6 X 10*° t0 9.1 x 10*
cm~2. Within the same thickness range, the carrier mobility also
declines from 2.5 to 0.75 cm? V! s71. Similar trends are found
for the 4% NDb-STO films but with an overall lower conductivity
and sheet carrier density.

Figure 3a shows the electronic resistance of films with differ-
ent film thicknesses and gate voltages as a function of time. Mea-
surements were taken at room temperature at a range of voltages
of —1.0V<V,;<+1.0 Vin vacuum. To estimate the electronic con-
ductivity or resistivity, we make two assumptions: 1) The film’s

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. Gate tunable thermoelectric properties. a) Schematic illustration of the ionic liquid-gated thermoelectric device, b) a real image of the
photoresist-patterned device, and c) an example of temperature differences (AT) and thermoelectric voltages (AVseepeck) produced as a function of
heater current in the device.
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Figure 2. Structural and electronic properties. a) Standard X-ray diffraction patterns, and b) X-ray reflectivity patterns of ~37 nm thick of 4%- and 6%
Nb-doped SrTiO; films. ¢) and d) are thickness and doping concentration dependent on electronic conductivity and carrier concentration, respectively.

volume remains unchanged when gate voltages are applied and
2) Electron depletion or accumulation does not affect the entire
volume of the film. We used a fixed current source of 1 x 107 A
between the source and the drain contact for measuring the re-
sistance as a function of liquid gating. Within the voltage range of
—1.0 <V £ +1.0V, the leakage current through the gate was <
1 nA. The electronic resistance of the 37 nm film drops instantly
from its initial value to a lower value when a small positive voltage
of Vi = +0.3 V is applied to the gate. The decrease in resistance
when applying positive gate voltage confirms the n-type conduc-
tivity in our Nb-STO film, which is consistent with the sign of
the Hall coefficients. The resistance turns back to its initial value
when the gate voltage is turned off, showing the reversibility of

Adv. Electron. Mater. 2024, 10, 2300683 2300683 (4 of 8)

this process. When a small negative gate voltage of V; = —-0.3V
is applied to the gate, the resistance increases and then drops
non-hysteretically when the voltage is turned off. We observed a
similar behavior at higher gate voltages. All cycles were fully re-
versible within the —1.0 < V| ; < +1.0 Vrange, and the changes in
resistance scaled with the magnitude of the applied gate voltage.
For the 37 nm film, we observed a resistance change of ~7-8%
within +1.0 V. Similar trends were noted for the 17 and 14 nm
films. However, thinner films exhibited a more pronounced ion-
gated response compared to the thicker ones. As gate voltages are
adjusted to +3.0 V, resistance either increases or decreases. It is
important to note that at gate voltages beyond +4 V, the repro-
ducibility of the process tends to diminish. We want to highlight

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Gate-tunable electronic transport properties. a) Kinetics of the gate voltage- and film thickness-dependent electronic resistance for 6% Nb-STO
films at room temperature. b) Hall effect measurements at 200 K. Gate voltage dependence on the sheet carrier’s concentration. c) Carrier’s mobility for

17 and 37 nm thick 6% Nb-doped SrTiO; films, respectively.

that there was no chemical interaction detected between the lig-
uid used for gating and the film in our experiments.

The variation in electronic resistance when using ionic liquid
gating could be linked to changes in carrier concentration, mo-
bility, or both. To address this, we performed ionic liquid-gated
Hall measurements at 200 K. We conducted Hall measurements
below the ionic liquid freezing point (%235 K) to minimize ion
thermal fluctuations and ensure a static electric field with pA-
level leakage current. Samples were heated to 250 K for ionic
liquid polarization using gate voltages, then cooled to 200 K for
precise Hall assessments. Figure 3b compares the tunability of
sheet carrier concentrations for 37 and 17 nm 6% Nb-STO films.
The density of sheet carriers increases linearly from 3.2 x 10" to
3.7 X 10* cm™? for the 17 nm thick film when gate voltage varies
from —3.0 to +3.0 V with no sign of saturation. For the 37 nm
film, the carrier density increases from 3.6 x 10" to 3.9 x 10'
cm~? within the range of —1.0<V;<+3.0 V.

Figure 3c displays the mobility of the 37 nm and 17 nm films
as a function of gate voltage. Interestingly, the carrier mobility
for both films shows a continuous increase as the gate voltage
increases from —2.0 V to +3.0 V for the 37 nm film whereas
the effect is somewhat nonlinear for the 17 nm film, yet still
monotonously increasing with the gate. The mobility as a func-
tion of gate voltage is steeper for the 37 nm film than the 17 nm
one. These results indicate that the mobility contributes signif-
icantly to the conductivity of the thicker film compared to the
thinner film. Indeed, our results show that for the 37 nm film,
the increase in mobility with the gate is more pronounced than

Adv. Electron. Mater. 2024, 10, 2300683 2300683 (5 of 8)

the rise in carrier concentration. It is worth noting that films
with thicknesses < 6 nm could not be gated by ionic liquid but
remained insulating probably due to the so-called dead layers
(see Figure S5 in Supporting Information). Overall, we find that
both carrier concentration and mobility boost the electronic re-
sistance/conductance.

The Hall capacitance (Cy,;) was also calculated from the
slope of the sheet carrier density versus gate voltage curves as
shown in Figure 3b, resulting in a similar Hall capacitance of
Chyan = 15.740.6 uF cm™2 for the 17 nm thick film compared
to Cyy = 14.3+0.8 pF cm™ for the 37 nm film. Film thick-
ness has a subtle influence on Hall capacitance. The capacitance
of other EMIM-TFSI-gated structures measured by impedance
spectroscopy show values in the range of 20-35 pF cm™2 at room
temperature,['>1%] which is in reasonable agreement with our
Hall capacitance measurements.

We studied the gate tunability of the thermoelectric power fac-
tor in the 6% and 4% Nb-STO films, focusing on the 14 nm thick-
ness since these films exhibited the most pronounced gate re-
sponse. Figure 4a,b shows how the electronic conductivity and
thermopower at room temperature are influenced by gate volt-
age and doping. In the absence of any gate voltages, the 6% Nb-
STO film shows a conductivity of ~53 S cm™, and a Seebeck
coefficient of ~ —165 pV K! with a carrier density ~9.1 x 10
cm~2, while the 4% Nb-STO film shows a conductivity of 23 S
cm™!, a Seebeck coefficient of —292 uV K1, and a carrier density
5.1 X 10** cm2. The increase in the conductivity and simulta-
neous decrease in the thermopower for higher doping levels is a

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Gate-tunable a) Electronic transport- b) thermopower, and c)
temperature.

consequence of the increased sheet carrier density, since the con-
ductivity is proportional to the carrier concentration, while ther-
mopower has an inversely proportional relationship to the carrier
concentration.

The conductivity is found to increase continuously from ~40
to ~#74 S cm~! when the gate voltage sweeps from —3.0 to +3.0 V
for the 6% Nb-STO film, as shown in Figure 4a. Interestingly, the
thermopower continuously increases from —169 to —164 pV K~!
with increasing the gate voltage (see Figures S6 and S7, Support-
ing Information for the enlarged data version).

Similarly, the conductivity increases rapidly from ~4 to 64 S
cm™! for the 4% NDb-STO film when gate voltage sweeps from
—2.0 to +3.0 V. On the other hand, the thermopower increases
almost linearly from —300 to —282 pV K~! within the same range
of gate voltages. For the 4% Nb-STO film, the response of the
conductivity and the thermopower to the gate are much more
pronounced than the 6% Nb-doped films.

The thermoelectric power factor as a function of gate voltage
is presented in Figure 4c. At room temperature with zero gate
voltage, the power factor is ~ 1.46 uW cm~! K2 for the 14 nm
thick 6% Nb-STO film and ~ 1.98 uW cm™~! K2 for the 14 nm
4% Nb-STO film. The power factor for the 6% Nb-STO film can
be adjusted by the gate voltage, changing by a factor of 1.7, from
~1.18 t0 2.06 uW cm~! K72, as gate voltages are swept from —3.0
to +3.0 V. In contrast, the power factor for 4% Nb-STO film is
tuned continuously from 0.26 to 5.09 pW cm~! K2 by sweep-
ing gate voltages from —2.0 to +3.0 V, resulting in an 18.5 times
increase. The effect of applying gate voltage on the thermoelec-
tric power factor is significantly higher for 4%-Nb-STO film than
for the 6% Nb-STO film. Overall, the combination of lower film
thickness and lower Nb-doping concentrations leads to a much
higher enhancement in the ionic liquid to tune the thermoelec-
tric power factor. Oxygen migration induced by ionic gating is a
plausible mechanism that could impact the thermoelectric prop-
erties, and this possibility cannot be disregarded in our current
study. Investigating this mechanism further could be a valuable
direction for future research.

To investigate the role of carrier mobility on the electrical con-
ductivity and thermopower, Hall effect measurements were car-
ried out as a function of gate voltages (between 0 to 3 V) for 14 nm
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power factor of 14 nm thick 4%- and 6% Nb-doped SrTiO; films at room

thick 4% NDb-STO. Figures S9 and S10 (Supporting Information)
summarize the data. Within the same gate voltage range, carrier
concentration rises steadily from 4.9 X 10 to 7.7 x 10" cm~2 (a
1.57-fold increase), while electron mobility nearly doubles from
0.41 to 0.75. This enhanced mobility elevates the electrical con-
ductivity without impacting the Seebeck coefficient, leading to a
sharp rise in the power factor. Using ionic liquid gating to tune
mobility in thermoelectric thin films offers advantages in perfor-
mance not achievable with traditional chemical doping.

To analyze the Seebeck coefficient’s variation with gate voltage,
we charted it against volumetric carrier concentration (Figure
S10 in the Supporting Information). These concentrations were
derived from gate voltage-dependent Hall effect measurements
and adjusted for film thickness. Our experimental findings
were paired with theoretical thermopower calculations, based on
Boltzmann transport theory and electronic density of states from
ab initio simulations (represented by black lines). These calcu-
lations also factored in energy-dependent scattering rates in a
phenomenological manner. Detailed calculations are available in
the Supporting Information. While there is a good alignment be-
tween DFT trends and experimental results, DFT tends to under-
value the magnitude of the Seebeck coefficient. This discrepancy
might arise from the GGA level of DFT not adequately address-
ing electron-electron correlation or overlooking polaron forma-
tion. Both factors can amplify the effective mass,**l leading to a
higher Seebeck coefficient shown in Figure S10 (Supporting In-
formation) when compared to the calculated value.

To deepen our understanding, we also numerically calculated
thermopower using a parabolic band model, parameterized by
the effective mass (m*) and scattering parameter ( ) as detailed
in the Supporting Information and in reference.*! By varying
the reduced chemical potential, we generated a spectrum of car-
rier concentrations. We then computed the thermopower across
different effective electron masses and scattering parameters, all
at a fixed temperature of 300 K. In Figure S10 (Supporting In-
formation), specifically subfigure r = 2.0, the nature of the ther-
moelectric transport remains consistent across doping and gate
voltages. There is no notable divergence in experimental trends
from those predicted by DFT and the parabolic band model. This
consistency indicates that gate-voltage-driven thermoelectric
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properties predominantly follow a 3D charge transport mecha-
nism. Significant deviations would have hinted at other trans-
port mechanisms, such as gate voltage-induced conducting layer
thinning(?!! or the emergence of a 2D electron gas.[?2%7:28]

3. Conclusion

In conclusion, we demonstrated the effect of ionic liquid-based
gating on the electronic and thermoelectric properties of doped
Nb-SrTiO, thin films grown on LSAT substrates. Ionic gating en-
hances both carrier concentration and mobility, elevating elec-
tronic conductivity without a major impact on the Seebeck co-
efficient. The strength of the gating effect is significantly influ-
enced by the thickness of films and the intrinsic carrier concen-
trations. We discovered that reducing the thickness of the film
and decreasing the number of inherent charge carriers improves
its thermoelectric properties. In our study, we achieved an 18-
times increase in power generation efficiency at room tempera-
ture for a 14-nanometer-thick film of 4% niobium-doped stron-
tium titanate (Nb-STO) when applying a voltage between plus
or minus 3 volts. This research provides additional understand-
ing and innovative approaches for enhancing the thermoelectric
properties of thin films that can be adjusted by applying an exter-
nal voltage.

4. Experimental Section

PLD Targets: Polycrystalline PLD targets of compositions
Lag1CaggMnO; (i.e., 10% La-CMO), SrTiggsNbgosO; (i.e., 6% Nb-
STO), and SrTigosNbgyosO; (i.e., 4% Nb-STO) were purchased from
SurfaceNet. The diameters of these targets are 1inch and thicknesses are
4 mm.

Thin Film Fabrications: Thin films of Nb-STO were fabricated with
pulsed laser deposition (PLD) using 5 x 5 x 0.5 mm? single-side
polished LSAT-001 substrates with a lattice constant a = 3.870 A.
The substrates were purchased from CrysTec and were cleaned in an
acetone bath sonicator followed by washing several times with iso-
propanol before inserting them in the growth chamber. Film deposi-
tions were carried out at 650 °C in a background pressure of 1.24
(£0.2) x 107* mbar oxygen pressure with a laser fluence of ~1.15
(£0.03) J.cm™2 and a repetition rate of 1 Hz. The distance between
the target and the substrate was fixed to 45 mm. No post-annealing
treatments were performed in any of the samples presented in this
paper.

Structural, Thickness, and Morphological Characterizations: The crystal
structure of thin films and their surface morphologies were analyzed by X-
ray diffraction (XRD) and atomic force microscopy (AFM) techniques, re-
spectively. The thickness of the patterned Nb-STO Hall bars was measured
by analyzing the height profile of topographic-AFM images (see Figure S2
in the Supporting Information).

Device Fabrications: Hall bar patterns of Nb-STO films were prepared
by using optical lithography- and wet-etching techniques. The advan-
tage was taken from the fact that La-doped CaMnO; (La-CMO) films
could be etched wet-chemically using XX,[31 while Nb-STO films and
the LSAT substrate could not be etched the same way. This selective
etching behavior allowed the use of a thin layer of amorphous La-CMO
as a hard mask for preparing Hall bars of Nb-STO. The details of the
Hall bar fabrications are documented in Figure Sla, in the supporting
information.

Electronic Transport and Hall Coefficients Measurements: ~ For electronic
transport, Hall coefficients, and thermoelectric power measurements
against gate voltages, Hall bars of the Nb-STO films were metalized
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with patterned Ti/Au electrodes. The process of metallization is shown
in Figure S1b, Supporting Information. The details of the device config-
uration for electronic conductivity and Hall measurements are depicted
in Figure S3a—d, Supporting Information. It was assumed that the thick-
nesses of the Hall bar channels of Nb-STO films do not change during
the application of a high electric field and the field is uniform through-
out the whole volume of the channel. A fixed current source at 1 x
107% A was employed between the source and the drain contact for re-
sistance measurements against liquid gating and the leakage current
through the gate was <1 nA within —1.0<V|;<+1.0 V. All measurements
were performed in a vacuum to avoid any effect of oxygen. These mea-
surements were performed below the freezing point of the ionic liquid
to avoid any thermal fluctuations on the ionic liquid and to achieve a
static electric field with low leakage current in the order of pA. Sam-
ples were warmed up above the melting point of ionic liquid in order
to change gate voltages and then cooled down to 200 K for accurate
Hall measurements. Figure S6 in Supporting Information depicts ion-
gated Hall measurements for a 17 nm 6% Nb-STO thin film. Hall resis-
tances were linear within 5 tesla magnetic field. The slope of “Hall resis-
tance versus magnetic field” gives an estimation of the Hall coefficients.
The slope increased monotonically when the gate voltage changed from
+3.0to —2.0 V.

Thermoelectric Seebeck Coefficients Measurements:  The Seebeck coef-
ficient (S) was defined as the ratio of voltage output (AV) pr. unit Kelvin
difference in temperature (AT) across a material; S= —% . The direction
of thermoelectric current or potential was opposite to the charge diffusion
from the hot to the cold end, and hence, the negative sign. Therefore, it
was necessary to create a gradient of temperatures across the thin films
for thermoelectric measurement. A metal line-heater (5 nm Ti/50 nm Au)
was fabricated at one side of the LSAT substrate (see Figure 1a,b in the
main text and Figure S3e-h in the Supporting Information for details),
denoted as Ijjeer- A set of AT was created by applying a range of con-
stant currents to the metal heater, and Seebeck voltages were collected
at the same time. For accurate temperature difference measurements at
any two points, two 4-point resistors were fabricated, denoted as Th1 and
Th2. The electronic resistance of novel metals such as Au was very sen-
sitive to temperatures: it increases linearly with increasing temperature
(see Figure 4a in the Supporting Information). From there, the temper-
ature coefficient of resistance was calculated. The variation of resistance
was used to estimate the relative change in temperature for both Th1 and
Th2 when a range of currents was applied to the heater. These resistors
were also used to measure the open circuit Seebeck voltages. The heat-
ing effect mainly originates from the Joule s effect. A real-time Seebeck
coefficient measurement is depicted in Figure S4 in the Supporting Infor-
mation.

lonic Liquid Gating: 1-ethyl-3-methylimidazolium-bis (trifluoro sul-
fonyl) amide ionic liquid was used, abbreviated as EMIM-TFSI. It was
mixed with poly (styrene-block-methyl methacry-late-block-styrene, abbre-
viated as PS-PMMA-PS, to form a highly viscous gel. A micro drop of this
gel was spread over the Nb-STO Hall bar channel and the gate contact pad
(“c").

DFT Calculations and Numerical Analysis:  The thermopower was eval-
uated using BoltzTrap2[3'! on the electronic structure calculated using
the Vienna Ab initio Simulation Package (VASP).32! For simplicity, un-
doped cubic SrTiO; was used as the model structure, and the lattice
parameter was set to 3.896 A. The generalized gradient approximation
(GGA) xc-functional PBE was used.33! A plane-wave cutoff of 550 eV was
set and the self-consistent field solution was converged below 1076 eV.
The Brillouin zone was sampled using an 8 X 8 x 8 and 50 x 50
X 50 I'-centered k-mesh, in the self-consistent charge and band struc-
ture calculation, respectively. The Seebeck constant was calculated at
300 K on an interpolated k-grid with a five times higher density using
the Fourier interpolation algorithm in BoltzTrap2. The influence of energy-
dependent scattering rates was modeled phenomenologically by includ-
ing a scattering time 7 = 70 (E—Ecgy)(r-1/2), see reference.[3*] Note
that the prefactor was irrelevant for the Seebeck coefficient and the def-
inition of the scattering parameter, r, differs by %2 from some literature
(references).
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