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Observation of Mobility Above 2000 cm?/V s in 2DEG at
LalnO;/BaSnO; Interface by Electric-Double-Layer Gating

Jaehyeok Lee, Hyeongmin Cho, Jisung Park, Bongju Kim, Darrell G. Schlom,
and Kookrin Char*

The LalnO;/BaSnO; heterostructure has recently emerged as a promising
platform for realizing 2D electron gas (2DEG) with unique transport
properties, including excellent field-effect at room temperature. However,
there is a limit to improving its mobility due to intrinsic defects including

the threading dislocations occurring during film growth. In spite of such high
density defects at present, as an effort to increase the mobility of the 2DEG,

the 2D carrier density to 10'* cm=2 by ionic-liquid gating is increased and
=

the progress of the fabrication process.
In the case of the AlGaAs/GaAs Sys-
tem, Si dopants are intentionally doped
into the AlGaAs layer, which is called
modulation doping, and they are ion-
ized by band bending near the inter-
face and the resulting free electrons are
transferred to the quantum well formed
in the GaAs layer. The quantum well is
formed at the interface due to the con-

we found the resulting 2DEG mobility enhancement up t0 2100 cm? V' s
at 10 K, which is consistent with the fact that 2-dimensionality

offers more effective screening for defects. This findings offer insights
into the properties of 2DEG formed with perovskite oxide semiconductor
BaSnO; as well as highlight its future potential for applications.

1. Introduction

For decades, research on 2DEG has been carried out in a va-
riety of material systems owing to their high electron mobility
transistor (HEMT) device applications!'?] and intriguing quan-
tum phenomena.>! These are well-known conventional 2DEG
heterostructures, such as AlGaAs/GaAs,!"®7] AlGaN/GaN, 2810l
and MgZnO/ZnO heterostructures,[''"'* where 2D carrier den-
sity (n,p) is reported to be ~10" cm=2 at AlGaAs/GaAs inter-
face and to be ~10'® cm™? at AlGaN/GaN and MgZnO/ZnO in-
terfaces, and the electron mobility (¢) has increased up to more
than 10° cm? V=! s7! as the defect density decreases along with
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duction band offset (CBO) between GaAs
and AlGaAs.[®’] In the case of the Al-
GaN/GaN and MgZnO/ZnO systems, on
the other hand, deeper quantum wells
form from the sum of CBO and po-
larization discontinuity, which is due to
the generation of piezoelectric polariza-
tion in strained AlGaN and MgZnO at
each interface in addition to the spontaneous polarization
discontinuity.®*l In these heterostructures, the unintentional
donors act as dopants. The unintended donors in the larger band-
gap material layer come from vacancies or impurities such as N
vacancies or O impurities in AlGaN, and O vacancies in MgZnO.

Like the conventional heterostructures in which a quantum
well is formed at the interface by CBO and polarization dis-
continuity, it has been reported that 2DEG is also formed at
the polar/non-polar interface of two perovskite oxides, BaSnO,
(BSO) and LaInO, (LIO).-221 BSO is a cubic perovskite with
a wide band gap of 3.1 eV and has a bulk lattice constant of
4.116 A.[2) This material is easily doped with n-type dopants such
as La dopant,!*»] and has high carrier density (nyp ~ 102 cm™)
and high electron mobility (4 ~ 300 cm? V= s7!) as well as
high oxygen stability.[?6-*) LIO is an orthorhombic perovskite of
a GdFeO;-typel*” with a wide band gap of 5.0 eV13!l and its pseu-
docubic lattice constant (a,) is calculated as 4.117 A, which is
almost matched to the lattice constant of BSO.[3233] When de-
positing the LaInO, /BaSnO, (LIO/BSO) double layers on SrTiO;,
NdScO,, and MgO substrates, sheet conductance enhancement
by four or five orders of magnitudes, compared to that of a single
BSO layer, was observed even at room temperature.l'>77-22] [t was
experimentally derived that the CBO between the two materials
is 1.6 eV,21] but since both the cubic BSO and the orthorhom-
bic LIO are centrosymmetric, these materials cannot have spon-
taneous polarization in the bulk state and it is difficult to in-
troduce the concept of polarization discontinuity described in
conventional 2DEGs. Nevertheless, to explain the conductance
enhancement of the LIO/BSO interface, a newly defined “inter-
face polarization” model was introduced, in which polarization
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in polar orthorhombic LIO exists only in the four unit cells near
the interface with cubic BSO.["2% Inversion symmetry break-
ing at the orthorhombic/cubic interface would cause polar per-
ovskite LIO to possess polarization near the symmetry-broken
interface, which shows up experimentally as the peak in the spe-
cific sheet conductance and n,; of the heterostructures when
measured as a function of LIO thickness.['”] Furthermore, the
energy band structure and the corresponding quantum well at
the interface in the “interface polarization” model were calculated
using the self-consistent Poisson—Schrédinger (P—S) formalism
simulations.?”! In the simulation, the confinement length of the
quantum well was calculated to be 21 to 2 nm, and the following
previous experimental results prove that the carriers are indeed
confined to the 2-dimension: thermopower measurement!2’]
and capacitance-voltage (C-V) profiling!??! of the LIO/BSO
heterostructures.

These 2D carriers are generally expected to have higher mo-
bility than those of the BSO film because high carrier den-
sity can be obtained without dopants which act as a scattering
source. However, the mobility of BSO-based 2DEG reported so
far has not exceeded 100 cm? V1 711571734 Defects within
BSO including threading dislocations, other cation vacancies
and anti-site defects significantly limit the ultimate mobility of
this system.3>-7] Additionally, any BaO-InO, interface termina-
tion, different from the ideal Sn0O,-LaO, will generate local po-
tential variations, also resulting in extra scattering.[?"*8] Various
methods have been attempted to reduce such defects and en-
hance mobility, including the development of high-quality crys-
tal growth techniques, optimization of synthesis conditions to
minimize defect formation,[?”3°*2] optimization of substrates
and buffer layers,*~*¢1 and active control of the interface ter-
mination layer.[2138] Alternatively, one way to increase mobility
that can be combined with structural improvements is to mod-
ulate carrier density to a higher level.[*’] As the carrier density
increases, the charged defects become better screened, dimin-
ishing the resistance felt by electrons and thereby enhancing
mobility.

Ionic-liquid (IL) gating is one of the methods to modulate high
carrier density.**-2] Tonic-liquid gating uses a liquid which con-
tains ions as a gate, unlike conventional field effect transistors
that use solid gates. When a gate bias is applied to the gate pad in
the liquid, an electric-double-layer (EDL) is created on the sur-
face of the film and modulates the carrier of the film. Using
such liquid gating, a strong electric field can be applied to an
area of 1 nm or less, enabling high carrier density modulation
exceeding 10 cm=2.[*8] However, this method presents a prob-
lem where the ionic gate and material can react chemically and
physically at the surface, potentially creating defects such as oxy-
gen vacancies,[*8] especially at high bias. These newly formed
defects can act as scattering sources for the modulated carriers,
thereby causing a reduction in mobility. Fortunately, 2DEGs are
relatively free from this issue compared to single-layer films. This
is because the region where carriers accumulate and flow is away
from the surface where such interaction can take place. Defects
formed on the surface do not directly disrupt the flow of elec-
trons. Ironically, while oxygen vacancies and similar defects near
the oxide surface leave scattering sources at the surface, they
can also act as donors in LIO, facilitating the transfer of carri-
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ers into the 2DEG at the surface of BSO and enabling higher
mobility.>]

In this work, to achieve high mobility, we modulated a
2DEG based on MBE-grown BSO with reduced defects us-
ing EDL. This enabled us to achieve a mobility exceeding
2000 cm? V-! s7! at 10 K, which is a level previously un-
reported in BSO systems. Such large improvement in mo-
bility suggests that 2DEG at the LIO/BSO interface could
be suitable for various applications, such as HEMTs, and
also indicates the potential for observing diverse quantum
phenomena.3-!

2. Results and Discussions

2.1. lonic-Liquid Gating

The heterostructural LIO/BSO samples were fabricated into
Hall-bar geometry through photolithography and Ar-ion milling.
The fabrication process is shown in Figure 1a detailed descrip-
tion is provided in the methods section following the conclu-
sion. In order to construct the LIO/BSO using electric-double-
layer, the following steps were added to the Hall-bar patterned
LIO/BSO sample: First, an additional Au wire as a gate elec-
trode to apply the gate voltage (Vg) was placed directly above
the channel region with a gap of #1 mm. Second, a drop of
ionic-liquid (IL) was dropped on the sample immediately before
loading it into the PPMS (Physical Property Measurement Sys-
tem) to minimize water contamination. Before use, the IL was
baked in a hot plate at 110 °C for 12 h to remove moisture.
The liquid used in these experiments was diethylmethyl ammo-
nium bis(trifluoromethylsulfonyl)imide, which is also known as
[DEMEJ*[TFSI]~. When a positive Vg is applied, anions of the
IL move toward the gate electrode and accumulate while cations
of the IL move toward the surface of the sample and accumulate.
Then, charges are balanced by accumulation of electrons on the
side of the interface between the sample and the [DEME]*, form-
ing an electric-double-layer.

Figure 2a shows a schematic of the Hall-bar patterned
LIO/BSO sample with gate electrode and IL. Before carrying out
full-scale temperature- and gate voltage-dependent transport ex-
periments, some basic tests were performed to demonstrate the
feasibility of gating using IL. The sheet resistance (R,) of the
channel and the leakage current (I.¢) between the channel and
the gate electrode were tested when the V¢ was applied. When
the V¢ was applied at 220 K (above the freezing temperature of
180—190 K) we held it for 20 min before measurement in order
to stabilize IL and give enough time for [DEME]* and [TFSI|~
the liquid to align.l®?! Figure 2b shows change of R, and I as
a function of Vg at 220 K, where V5 was swept from 0 to 8 to
0 V at 2 V intervals, and a time interval of 20 min was set per
voltage. It is confirmed that the R, of the sample decreases as the
applied Vg increases, and the R, increases with a similar slope
as the applied V¢ decreases. We also confirmed, after sufficient
time at 0 V on returning, that R, is almost reversible to the pre-
bias R,. The I¢ maintains less than 2 pA up to 8 V, which is a
negligibly small value compared to drain-source current (Ipg) of
10 pA. Based on these tests, the feasibility of IL could be demon-
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Figure 1. a) Fabrication process of Hall-bar pattern. BSO is deposited using MBE, followed by the deposition of LIO using PLD. Hall-bar geometry is
fabricated through ion milling. Contact pads of 4% BLSO are deposited using PLD with a stencil mask. Areas not intended for modulation are covered
with photoresist, and for measurements, gold wires are affixed to the pads using silver paste. b) A top view image of the finished sample with a Hall-bar

geometry and 4% BLSO pads, as seen through an optical microscope.

strated, and temperature- and gate voltage-dependent transport
experiments of the LIO/BSO sample were then carried out.

2.2. Electrical Properties Under Electric Field

To investigate the effect on the carrier density (n,;) and elec-
tron mobility () by ionic-liquid gating, the transport properties
were measured while varying the gating bias and temperature.
Figure 3a shows temperature- and gate voltage-dependent trans-
port properties of the sample, where the specific resistance R,
is plotted as a function of T at different V5 (0 to 8 V at inter-
vals of 1 V). Each V4 was applied at 220 K and kept for 20 min
for [DEME]* and [TFSI]™ ions in the liquid to align and settle.
Subsequently, after cooling the sample to 2 K while keeping the

a

lonic-ilquid
(IDEMEJ'[TFSIT) Gate electrode

Vxx I /
Vs

Ips

Vs constant, all measurements were performed as we raised
the temperature. Considering the instability of E-field applied IL
around room temperature, the range of temperature during mea-
surements was set from 2 to 220 K. Each change of bias volt-
age of V¢ was applied at 220 K. The anomalies observed in R,
within the temperature range from 150 to 220 K are observed in
other IL gating.[*®] The R, decreases as Vg increases, showing
a decrease by 3 orders of magnitude at 8 V from the 0 V value.
Temperature dependence of R, indicates that there is a transition
from a semiconducting to a metallic behavior around Vg ~ 2V,
where the corresponding R, value is #10 kQ, in agreement with
the Mott’s criteria for metal-insulator transition.[**] Interestingly,
in the metallic regime (Vg > 2 V) there exists a very slow and
slight upturn in R, at low temperatures almost in the shape of
log T — see Figure S1 (Supporting Information). These results

105 T T ' T ' T ' 1 5
T=220K
4 -, o R, i
10 ® R (After 7 days)
I
—~ 4n3 d3
g 10 3 e
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10’ 1
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Figure 2. a) A schematic diagram with the addition of the ionic-liquid ([DEME]*[TFSI]™) for the Hall-bar patterned sample for liquid gating. A sealant
to prevent gating of un-doped BSO and a gate electrode for top gating were added. b) Change of sheet resistance (R;) and leakage current (Igs) as a
function of gate voltage (V) at 220 K. V55 was swept from 0 to 8 to 0 V at 2 V intervals, and at the time of application, a time interval of 20 min per
voltage was set to provide enough time for [DEME]* and [TFSI]™ in the ionic-liquid to align. After 7 days, the change in R, (purple circle) was observed.
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Figure 3. Temperature-dependent transport properties of LIO/BSO heterostructures. a) Change of sheet resistance (R), and b) electron mobility (u)
and sheet carrier density (n,p) as a function of temperature (T) at different gate voltages (0 to 8 V at intervals of 1V). As Vs increases, R, decreases,

but n,p continues to increase, approaching 10'* cm

suggest that even with the increase of n,;, by IL gating and the
corresponding increase of y, the effects of weak localization (WL)
remains visible at low temperatures. In Figure 3b n,, and u as
a function of T at different V¢ (0 to 8 V at intervals of 1 V) are
plotted. The n,, was calculated by Hall measurements which re-
mained linear up to 7 T for all the bias voltages and temperatures.
(Figures S2 and S3, Supporting Information). Such linearity in
our LIO/BSO 2DEG is different from the non-linearity observed
for the LaAlO, /SrTiO; (LAO/STO) interface.>>! The n,, for each
gate bias applied is almost temperature-independent, which is
also seen in Figure S4 (Supporting Information). The slight ten-
dency for the n,, to decrease at lower temperatures at high bias,
but not at lower biases, is not well understood at this point. As
Vs increases, n,, continues to increase, and the maximum mod-
ulation of n,, reaches up to ~10' cm=2, which is higher by 1
order of magnitude than that modulated in conventional solid-
gate FETs.[16:31345657] Furthermore, it is confirmed that u also in-
creases along with the increase in n,;, and the value increases
up to 22102 cm? V- s7! at 10 K (see Figure S1, Supporting
Information), which is the largest reported mobility for BSO-
based systems including heterostructures to date.[!>-17:21:345051]
This demonstrates that IL gating can be exploited effectively for
2D carrier accumulation and electron mobility enhancement in
the 2D LIO/BSO system.

In particular, when the Vg of 8 V was applied, a mobility
value of 1999 cm? V! s7! was recorded at a temperature of
2 K. This temperature and mobility are the conditions under
which the Shubnikov-de Hass (SdH) effect can be expected to
be observed.[®5%1 However, our high carrier density of 6.52 x
10" cm™2 at 2 K at 8 V gate bias (see Figure S1, Supporting In-
formation) predicts the 193rd SdH oscillation occurring at 7 T,
according to i = n,, h/2eB, where i is the order of oscillation, n,,
is the 2D carrier density, h is the Planck constant, e is the ele-
mentary charge, and B is the magnetic field. Such high-order os-
cillations are difficult to observe experimentally. If we can further
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=2 and y also increases along with it, exceeding 10 ecm2V-Ts

-1

reduce the defects such as threading dislocations, for example by
using a lattice-matched substrate,l®l and other defects, we may
obtain high mobility at lower n,,and then expect to observe the
SdH oscillation in higher magnetic fields.

2.3. Relationship Between Carrier Density and Mobility

In semiconductors, carrier density and electron mobility are
deeply related. There are several scattering mechanisms that
limit mobility. These mechanisms include ionized-impurity,
acoustic-phonon, and polar-optical phonon scattering. Depend-
ing on which mechanism becomes dominant, the relationship
between them shows various trends.[®!) Factors that determine
the dominance of a mechanism include temperature and struc-
ture. Typically, in low-temperature environments where phonons
are reduced, the limitation of mobility due to ionized-impurity
scattering becomes more pronounced. In the case of mobility
limitations due to defects such as ionized-impurities or dislo-
cations, changes in mobility in response to changes in carrier
density tend to be larger in 2-dimension than in 3-dimension.[*’]
This is because the screening effect of defects by electrons
is more efficient in 2D than in 3D. Numerous experimental
and theoretical studies have been conducted on how mobil-
ity in 2D structures is affected by carrier density and impurity
scattering.[61-64]

Figure 4 presents a graph of u versus n, at 150 and 10 K.
This graph provides a trend line representing the relationship u

3/2 o illustrate the correlation between y and n,,. The fact
32

X 1p
that carrier density and mobility have a relationship of y « n,
means that the layer has 2-dimensionality.*’) In the Figure we in-
cluded data from Tohoku University for comparison with crim-
son triangle points, representing their data from IL gating of a
248 nm thick BSO sample, where V¢ ranges from 0 to 6 V at
150 K.5% The green and blue circles are our data from the 2DEG
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Figure 4. Mobility (u) as a function of n,p for 2DEG with gate voltage at
150 K (green circles) and 10 K (blue circles). For comparison, the data
from another BSO-based system is also shown: 248 nm thick BSO film
via IL gating from Fujiwara et al. at Tohoku University at 150 K (crimson
triangles).[°] The dotted line represents a line for a relation of u o« nyp*/2.

with V¢ applied from 0 to 8 V. In our data, when the gate V
is increased to 8 V, the n,, reaches its peak at ~1.08 X 10** cm—2
at 150 K. At this peak, the electron mobility also attains a value
of 1262 cm? V=1 571 (see Figure S1, Supporting Information) at
150 K. Both samples follow u o n,,*? trend. However, while
2DEG maintains this trend up to 8 V, the mobility in the 248 nm
BSO film by PLD does not increase beyond 4 V even as n,, in-
creases. The observation of bell-shaped u versus n,, curves sug-
gests the existence of larger density of defects in BSO made by
PLD, which sets the upper bound for high mobility value.l>*¢]
Additionally, the direct IL gating of a BSO film may also generate
oxygen vacancies on the BSO surface at high bias, which will limit
the mobility enhancement. The increasing trend of mobility up
to 8 Vin 2DEG is expected to decrease eventually with higher car-
rier density modulation due to such scattering effects as surface
roughness.

2.4. Electrical Properties in Magnetic Field

In the magnetic field applied in the perpendicular direction
we observed negative magnetoresistance (nMR), as shown in
Figure 5. In Figure 5a, the gradually decreasing trend of nMR
is observed with increasing gate voltage at 2 K. At the same time,
in Figure 5b, nMR is confirmed to decrease with increasing tem-
perature at zero bias voltage. These data show that our system
is in a WL regime at low temperatures despite high carrier den-
sity of ~#10' cm~2 and mobility above 10* cm? V=1 571, although
higher carrier density appears to reduce the effect of WL The up-
turn in resistance in high magnetic field above 3 T at 2 K and
zero gate bias may be coming from the correlation effect due to
insufficient screening, as observed for low mobility 2DEG in Si
metal-oxide-semiconductor FET. (6]
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The nMR in our system is in contrast to the case of the
LAO/STO heterostructures, which is not affected by WL due to
low defect density in STO crystals and instead shows positive
magnetoresistance (pMR) from the spin-orbit coupling (SOC)
of the conducting electrons.|®” %8 Additionally, STO-based sys-
tems can show MR with weak anti-localization (WAL) shape
as the gating bias is applied, which is not the case for our
heterostructures.!®7% The origin for such difference can be in-
ferred from the Sn 5s orbital characteristics of the charge carriers
in BSO. In the s orbital, the angular momentum quantum num-
ber (notated as ) is 0, and the resulting spin-orbit coupling term
is 0. Therefore, the SOC-dependent WAL effect is supposed to be
very small in BSO-based systems even though n,, is modulated
to 101 cm™2 via gating.!”!]

3. Conclusion

In summary, to achieve higher mobility, we modulated 2DEG
at LIO/BSO interface using MBE-grown BSO through ionic lig-
uid gating. As the gate voltage increased, 2DEG showed accu-
mulation of carriers, and the mobility increased by following u
o 1,532, These LIO/BSO heterostructures showed the highest
mobility ever reported, at 2102 cm? V-1 s71 at 10 K, when the car-
rier density is modulated up to 7.04 x 10 cm=2 ata V5 of 8 V.
Despite its high mobility, SdH oscillation could not be observed
experimentally due to its high carried density and the resulting
high oscillation order at 7 T. Nevertheless, our work confirms that
the mobility of 2DEG at the interface of LIO/BSO can be further
enhanced as we reduce the defects in BSO and its interfacial ter-
mination layer.

4. Experimental Section

Film Growth: All layers of the samples used in the experiment were
grown epitaxially. BSO was grown on (001) MgO substrate for this
study, deploying adsorption-controlled growth method on Veeco GEN10
molecular-beam epitaxy system with separate Ba and SnO, sources. The
details of the growth method are presented elsewhere.3?! Initially, BSO
was grown to a thickness of 110 nm on an MgO substrate using MBE,
chosen for its lower defect density than the BSO grown by PLD, result-
ing in higher-mobility films.[273°] This reduced defect density was critical
for creating a 2DEG with enhanced mobility. The growth progress of BSO
was tracked using reflection high-energy electron diffraction (RHEED) pat-
terns, as shown in Figure S5 (Supporting Information). After the growth,
atomic force microscopy (AFM) and X-ray diffraction (XRD) analyses con-
firmed that the BSO films exhibited a flat surface with 380 pm roughness
and were single-phase, as demonstrated in Figure S6 (Supporting Infor-
mation). Subsequently, 5 nm thick LIO was deposited on the BSO layer us-
ing PLD to form a 2DEG at the interface, with the LIO layer thickness opti-
mized to 5 nm to balance environmental stability and high conductivity.['”]
Subsequently 4% BLSO used as a contact pad was grown by PLD using a
KrF excimer laser. Both LIO and BLSO layers were deposited under the
same conditions: a pressure of 100 mTorr, a temperature of 750 °C, a
target-sample distance of 52 mm, and a laser fluence of 1.43 ] cm?. Af-
ter each deposition, the samples were cooled slowly from 750 °C to room
temperature in 600—700 Torr oxygen atmosphere. The targets used for PLD
deposition were all manufactured by Toshima Manufacturing Co. in Japan.

Device Fabrication: To minimize the noise during Hall measurements,
a Hall-bar pattern instead of Van der Pauw geometry was employed. The
2DEG was shaped into a Hall-bar geometry using photolithography and
Ar-ion milling. The fabrication process used for the samples in the mea-
surements is illustrated in detail in Figure 1a. Following this, areas outside
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Figure 5. Changes of magnetoresistance in magnetic fields. Change of magnetoresistance a) with increasing gate voltage at 2 K, and b) with increasing

temperature under O V.

the Hall-bar geometry were precisely etched by 40 nm using ion-milling,
defining a channel with dimensions of 300 um in length and 150 um in
width. Next, 90 nm 4% BLSO was deposited as a contact pad using PLD
with a stencil mask, where 4% BLSO consistently ensures a stable ohmic
contact with the BSO system.[m Afterward, to prevent modulation in ar-
eas other than the Hall-bar channel, all areas except the Hall-bar geometry
and contact pad were protected with a sealant. Photoresist, used as the
sealant, was confirmed to be electrically insulating. Gold wires were subse-
quently attached to the contact pads using silver paste for low-temperature
measurements. Figure S7 (Supporting Information) shows that 2DEG was
formed on the BSO film after LIO deposition and that the formed 2DEG
was maintained even after the fabrication process described above. The
top view of the completed Hall-bar patterned sample with the 4% BLSO
contact pads under an optical microscope was shown in Figure 1b. From
the microscope, it was confirmed that the sealant covers the etched BSO
surface, and the length and width of the channel were 300 and 150 um,
respectively.
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