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Heterointerfaces in complex oxides have emerged as a promising platform for exploring novel physical phenom-
ena and advancing integrated technologies in sensing, storage, and computing. However, achieving precise control over
a two-dimensional electron gas (2DEG) in ferroelectric oxide-based field-effect transistors (FETs) remains a significant
challenge. In this study, we report a tunable 2DEG system realized by depositing an amorphous LaAlOs layer onto a
(001)-oriented ferroelectric potassium tantalate niobate substrate. Interfaces synthesized under high-temperature and high-
oxygen-pressure conditions exhibit metallic conduction. Remarkably, well-defined metallic 2DEGs exhibiting pronounced
hysteresis behavior and persistent electric-field-modulated resistance are observed below 108 K, with a resistance modu-
lation of 11.6% at 7 K. These findings highlight the potential for extending these phenomena to other oxide-based 2DEG
systems and motivate further investigation of ferroelectric metals in complex oxide heterostructures.
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1. Introduction

Exploring and designing high-performance functional
materials, such as high-entropy alloys, perovskite oxides, and
topological materials, has become a key pathway in con-
densed matter physics for uncovering new states. of matter
and achieving technological breakthroughs.!'=* The discov-
ery of two-dimensional electron gases (2DEGs) at complex
oxide interfaces has emerged as a prominent topic in con-
densed matter physics. Since the initial report by Hwang and
coworkers on LaAlO3/SrTiOz heterostructures,! extensive
research has uncovered a spectrum of intriguing properties,
such as giant persistent photoconductivity, ! two-dimensional

7.8] interfacial

superconductivity, | ferroelectricity, !
magnetism, %7 Rashba spin-orbit coupling (SOC),!'" and
unique quantum transport behaviors.!'?! Although most stud-
ies, have focused on SrTiOs-based systems — including
CaZr03/SrTiO3,!"%! BiFeO3/SrTiO3,!'*! GdAlO3/SrTiO3,!1%)
and PrAlO3/SrTiO3,'®) — recent efforts have extended the
exploration of 2DEGs to other oxide materials. Notably,
Zou et al.l'7] reported a 2DEG at the LaTiO3/KTaO3 in-
terface in 2015, and Zhang et al.!'"® demonstrated a high-
mobility 2DEG at an amorphous LAO/KTaO;3 interface in
2017. KTaO3-based 2DEGs have attracted considerable atten-
tion due to their strong spin—orbit coupling (approximately 20

times greater than that of SrTiO3!19201) —

along with excep-
tional characteristics such as higher superconducting transition

temperatures. [>!->4l Recent studies have further advanced the
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understanding of oxide heterostructures. For example, Zhao
et al.'> observed a light-induced spin-polarized 2DEG with
giant Rashba splitting at the EuTiO3/KTaO3 (111) interface,
enabling optical control of spin—orbit coupling. Cui et al.*]
investigated charge transfer at the NizInN/SrVOs interface, re-
vealing interfacial electronic reconstruction. Beyond oxides,
Shao et al.'*’! studied the effect of p-GaN thickness on 2D
hole gases in GaN/AlGaN/GaN heterostructures, emphasiz-
ing the importance of layer design in nitride systems. These
findings enrich the understanding of interfacial 2D carrier
gases and guide the design of functional heterostructures with
tailored properties.

It should be noted that recent studies on the (111)-
oriented LAO/KTaOs3 interface have revealed the coex-
istence and coupling of ferroelectricity and interfacial
superconductivity,?®2° demonstrating the extraordinary abil-
ity of ferroelectric order to regulate the superconducting state.
In contrast, the present study focuses on the nonsuperconduct-
ing normal metallic state, aiming to investigate the reversible
and nonvolatile modulation of fundamental transport proper-
ties, such as resistance, in a 2DEG by ferroelectric polariza-
tion in ferroelectric oxide substrates. This approach provides
a novel proof of concept for electronic devices based on the
ferroelectric metal concept. Despite these advances, the co-
existence of ferroelectricity and metallic conductivity at ox-
ide interfaces remains a fundamental challenge, particularly
for applications in integrated sensing, memory, and comput-
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ing systems. This difficulty stems primarily from the screen-
ing of long-range Coulomb interactions by mobile charge car-
riers, which typically suppresses ferroelectric order.*%! Previ-
ous attempts to achieve ferroelectric modulation of resistance
— using ferroelectric overlayers such as Pb(Zr,Ti;_,)O3 or
BaTiO3; on LaAlO3/SrTiO3 heterostructures — have demon-

2131331 More recently,

strated significant resistive switchin
Sr9.99Cag 01 TiO3-based 2DEGs exhibiting gate-tunable trans-
port and nonvolatile resistance states have renewed interest in

136] However, the low Curie temperature

ferroelectric metals.
(~ 35 K) of Srg.99Cag 1 TiO3 limits its practical applicability
at elevated temperatures.

In this study, we employ single-crystal KTaggNbg 103
(KTN) — a ferroelectric oxide from the 5d transition-metal
family — as a substrate to host a high-quality 2DEG via
the deposition of amorphous LaAlO; (LAO) films. KTN
undergoes a ferroelectric phase transition near its Curie

37411 offering a promising platform for coupling

temperature, [
ferroelectricity with electronic transport. We present the first
direct evidence of coexisting ferroelectricity and reversible re-
sistance modulation at LAO/KTN heterointerfaces, thereby es-
tablishing a pathway toward functional oxide devices operable

beyond cryogenic temperatures.

2. Experimental methods

The 2DEGs were fabricated by depositing LAO films
onto (001)-oriented KTN single-crystal substrates (5 x 5 x
0.5 mm?) via pulsed laser deposition (PLD). A systematic in-
vestigation of the transport characteristics was conducted by
varying the growth temperature (7y) (300 °C, 450 °C, and
600 °C) and oxygen pressure P(O;) (8 X 10 Pa, 5x 1073 Pa,
5%x 1072 Pa, 1 Pa, and 5 Pa), while maintaining a constant
repetition rate (1 Hz) and fluence (~ 1.6 J-cm~2) of the KrF
excimer laser (A =248 nm). The varied fabrication condi-
tions are listed in Table S1 (Supporting Information). The
thickness of LAO in all samples is 7.7 nm. Additionally,
the dielectric constant versus temperature curve is shown in
Fig. S1 (Supporting Information), which reveals a sharp tran-
sition at the Curie temperature 7, = 108 K, above which fer-
roelectric polarization vanishes. Furthermore, the P-E hys-
teresis loops of the KTN substrate at 80 K are shown in
Fig. S2 (Supporting Information), providing evidence of typi-
cal ferroelectric characteristics. The surface morphology was
analyzed using atomic force microscopy (AFM; MFP-3D).
Room-temperature structural characterization was performed
via x-ray diffraction (XRD; Bruker D2). The interfacial mi-
crostructure and elemental distribution were examined using
high-resolution transmission electron microscopy (HRTEM)
and energy-dispersive spectroscopy (EDS) on an FEI Themis
Z instrument. Electronic transport properties were measured

in the van der Pauw configuration using a physical property
measurement system (PPMS; CFMS-14T).

3. Experimental results

The experimental results highlight the distinctive proper-
ties of the LAO/KTN heterointerface, underscoring its poten-
tial as a model system for ferroelectric 2DEGs.

AFM measurements show that the LAO film deposited at
a T, of 600 °C and an oxygen pressure P(O») of 8 x 107* Pa
has a root-mean-square roughness of approximately 244 pm
(scan area: 1 x 1 um?), indicating good surface flatness that
meets the basic requirements for preparing high-quality het-
erojunctions. Figure 1(b) shows a cross-sectional transmis-
sion electron microscopy image of the LAO/KTN heterojunc-
tion, clearly distinguishing the single-crystal KTN substrate,
the interfacial region, and the upper amorphous LAO thin
film. This image confirms the successful deposition of the
film and the formation of the heterojunction. The XRD pat-
tern of the sample (Fig. S3, Supporting Information) shows
only Bragg reflections from the KTN substrate, confirming
the amorphous nature of the LAO layer — a conclusion fur-
ther supported by cross-sectional TEM imaging in Fig. 1(b).
The interface is atomically sharp and flat, with the amorphous
LAO (Area 1) situated directly atop the crystalline KTN sub-
strate (Area 2). This structural contrast is further evidenced by
FFT patterns: Area 1 shows a diffuse ring pattern without dis-
cernible diffraction spots, while Area 2 exhibits sharp lattice
reflections. Figure 1(c) presents a high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) image and corresponding EDS elemental maps across
the LAO/KTN interface. All elements except Nb show clearly
defined spatial distributions at the interface. To assess the di-
mensionality of electrical transport, out-of-plane and in-plane
magnetoresistance measurements were performed (Fig. S4,
Supporting Information). The observed magnetoresistance
anisotropy confirms the two-dimensional nature of the con-
ductive channel.

We systematically investigate the transport properties of
LAO/KTN interfaces fabricated at varying 7, values while
maintaining a fixed oxygen partial pressure of P(O;) = 8 x
107 Pa.
for samples prepared at various 7T values. All samples ex-

Figure 2(a) shows the temperature-dependent Rj

hibit metallic behavior, as indicated by a decrease in Ry with
Notably, although the KTN sub-
strate undergoes a paraelectric-ferroelectric phase transition

decreasing temperature.

near 108 K, no obvious anomalies appear in the in-plane
resistance-temperature curves. First, the ferroelectric polar-
ization is perpendicular to the interface and mainly modulates
the confinement of the 2DEG by tuning the interfacial poten-
tial barrier, while in-plane transport is insensitive to such out-
of-plane changes.*8] Second, the screening effect of the high-
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density 2DEG may mask the phase-transition signal, as the
high carrier density can partially compensate for the modula-
tion caused by ferroelectric polarization.!*?! The carrier den-
sity (n) as a function of temperature is presented in Fig. 2(b).
For samples grown at T, = 300 °C and 450 °C, n gradually
decreases upon cooling, suggesting a higher density of defects
in the 2DEGs formed at lower T; values, which results in car-

U2] 1 contrast, the sample

rier freeze-out at low temperatures.
grown at T, = 600 °C shows not only a reduced carrier density
but also nearly temperature-independent behavior, indicating
Amorphous LAO

thin films grown at lower temperatures may contain a higher

suppressed defect-mediated localization.

concentration of structural defects, which act as carrier traps
and lead to a decrease in effective carrier density upon cool-
ing. In contrast, growth at 600 °C, with its higher deposition
energy, promotes the formation of a denser amorphous struc-
ture with fewer defects. This suppresses trap-assisted carrier
localization, resulting in an almost temperature-independent
carrier density and higher mobility.

To further explore the role of the oxygen atmosphere dur-
ing sample growth, we fixed T, at 300 °C and varied the oxy-
gen pressure during growth, including P(0,) = 8 x 10~* Pa,
5% 1073 Pa, 5 x 1072 Pa, 1 Pa, and 5 Pa. The sample grown
at 5 Pa was completely insulating (not shown). As shown in

Fig. 2(d), the R—T behavior of the remaining samples consis-
tently exhibits metallic conduction. The resistance does not
decrease monotonically with oxygen partial pressure but in-
stead reaches a minimum at a moderate oxygen pressure. This
indicates a trade-off between carrier concentration and mobil-
ity: lower oxygen pressure increases carrier density via oxy-
gen vacancies but introduces strong disorder scattering that
sharply reduces mobility. Oxygen vacancies are critical to the
formation of the 2DEG in KTN-based systems. When P(O;)
is increased to 5 x 1073 Pa, the carrier density (Fig. 2(e)) re-
mains relatively stable across temperatures, suggesting sup-
pressed charge localization. Further increases in P(O;) lead to
a systematic reduction in n. Remarkably, the interface main-
tains metallic conduction even at P(O;) = 1 Pa, exceeding
the stability reported for LAO/KTO3 heterointerfaces.*3] The
temperature-dependent Hall mobility for all samples is sum-
marized in Figs. 2(c) and 2(f). In all cases, the mobility in-
creases with decreasing temperature. The highest mobility
is observed in the sample grown at T, = 600 °C, reaching
~98.0 cm®:V-ls ! at 7 K. Together, these results demon-
strate that interfaces fabricated at high growth temperatures
and high oxygen pressures exhibit optimal metallic character-

istics, with reduced disorder and enhanced carrier mobility.

5 nm

Fig. 1. (a) AFM image of the LAO film. (b) HRTEM images of the LAO/KTN interface. The insets show the FFT patterns of the corresponding

regions. (c) HAADF image and EDS elemental maps near the interface.
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Fig. 2. Temperature dependence of the sheet resistance (a), carrier density (b), and carrier mobility (c) at a fixed oxygen pressure of P(Oy) =
8 x 10~ Pa, Temperature dependence of the sheet resistance (d), carrier density (e), and carrier mobility (f) under different oxygen pressures at

a fixed growth temperature of 7y = 300 °C.

Next, we investigated ferroelectric modulation of trans-
port at the LAO/KTN interface grown at 7, = 600 °C and
P(0y) = 8 x 107* Pa. Figure 3(a) schematically illustrates
the field-effect device. A top electrode is contacted to the
LAO/KTN interface, and a silver back electrode is evapo-
rated onto the rear side of the substrate, allowing a gate
voltage perpendicular to the interface to be applied. Fig-
ure 3(b) presents the polarization-versus-vertical-electric-field
loops for the sample. Clear P—E hysteresis confirms the ferro-
electricity of the KTN substrate and shows pronounced ferro-
electric switching. At 7 K, the polarization reaches its maxi-
mum value, and the loop displays a pronounced remanent po-
larization. As the temperature rises, the polarization decreases
gradually; above 100 K, the P—F relationship becomes essen-
tially linear, and the hysteresis disappears completely above

the Curie temperature T¢.
To quantify the influence of ferroelectric polarization on
2DEG transport, we introduce the resistance-change ratio

AR = (R(E) — R(0))/R(0) x 100%,

where R(0) is the initial resistance without gate field and R(E)
is the resistance under field E. Figure 3(c) shows AR as a func-
tion of the applied electric field at various temperatures. Anal-
ogous to the P—E loops, when T <T, the KTN is in its ferro-
electric single-domain state, and the AR—FE curves exhibit pro-
nounced hysteresis that becomes stronger upon cooling: the
loops become fuller, and the maximum AR increases, reaching
11.6% at 7 K. At T > T, the hysteresis in the AR-E curves
largely disappears.
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Fig. 3. (a) Schematic of the field-effect device based on the LAO/KTN heterointerface. (b) P-E hysteresis loops measured for the sample at
different temperatures (f = 1 kHz). (c) The AR of the sample as a function of the applied electric field. The arrows indicate the.directions of
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Fig. 4. (a) Time dependence of the normalized resistance of the LAO/KTN heterointerface at different temperatures when the electric field
is switched between —1.8 and +1.8 kV/cm. The insets show the changes in polarization in the LAO/KTN heterointerface. (b) Normalized
resistance of the LAO/KTN heterointerface as a function of temperature at —1.8 and +1.8 kV/cm (the stable resistance after applying the electric

field relative to the resistance before applying the electric field).

We verify the ferroelectric origin of the observed hystere-
sis and rule out interfacial traps as the main contribution based
on the following evidence. First, the highly nonvolatile re-
sistance states are consistent with ferroelectric switching.[#4!
Second, the resistive hysteresis shows strong temperature de-
pendence, becoming more pronounced at lower temperatures,
consistent with enhanced ferroelectric switching at low tem-
peratures. If the hysteresis originated from charge trapping,
it would follow thermally activated behavior./*>! Furthermore,
the gate-dependent resistive hysteresis in Fig. 3 resembles typ-
ical ferroelectric P-E loops, whereas charge trapping pro-
duces smoother and more linear hysteresis. These results in-
dicate that ferroelectric polarization switching dominates the
observed hysteresis.

Figure 4(a) illustrates the time dependence of the nor-
malized resistance (R/R(0)) at different temperatures after ap-
plying electric fields of —1.8 kV/cm and +1.8 kV/cm. Ini-
tially, the sample was held at zero field for 60 s to establish
a baseline. Subsequently, an electric field E alternating be-
tween —1.8 kV/cm and +1.8 kV/cm (corresponding to back-
gate voltages of —90 V and 490 V, respectively) was applied,

with each field maintained for 50 s, followed by a 70 s in-
terval. Two remarkable features can be identified. First, the
resistance at E = —1.8 kV/cm suddenly increases within mil-
liseconds and then stabilizes at a nearly constant value. In
contrast, the resistance at £ = +1.8 kV/cm drops sharply due
to upward polarization switching, confirming the tunability of
the 2DEG. When a positive electric field is applied to the back
gate, the resistance continues to decrease because the effect
of ferroelectric polarization outweighs the increase in electron
scattering under the applied gate voltage. This behavior can
be understood as follows: the positive gate voltage induces
ferroelectric polarization pointing toward the film, accumu-
lating positive bound charges at the interface and attracting
electrons, thereby increasing the 2DEG concentration. Dur-
ing this process, the carrier accumulation effect of ferroelec-
tric polarization dominates over any possible enhancement of
electron scattering under the gate field, leading to a continu-
ous decrease in resistance. Conversely, a negative gate voltage
induces polarization pointing toward the substrate, accumu-
lating negative bound charges at the interface and depleting
electrons. The depletion effect of ferroelectric polarization
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dominates the transport behavior, resulting in an increase in
resistance. Second, after the external electric field is removed,
the resistance fully recovers to its initial state at temperatures
above 108 K, where KTN is in the paraelectric phase, whereas
it remains partially shifted at temperatures below 108 K, where
KTN is in the ferroelectric phase. This behavior, illustrated
in the inset of Fig. 4(a), is attributed to residual polarization
at low temperatures. Figure 4(b) shows the temperature de-
pendence of the normalized resistance, indicating that the nor-
malized resistance approaches its initial value as the tempera-
ture increases. These results collectively demonstrate that the
2DEG at the LAO/KTN interface exhibits clear ferroelectric-
coupled transport characteristics, including a kink in the re-
sistance near 7; and hysteresis in R;. Importantly, this sys-
tem represents a pristine ferroelectric 2DEG, as the conduct-
ing channel is embedded directly within the ferroelectric host
material KTN.

4. Conclusion

We have successfully realized a high-quality 2DEG with
ferroelectric properties by depositing amorphous LAO films
onto (001)-oriented ferroelectric KTN substrates. Our experi-
mental results reveal that interfaces fabricated at elevated tem-
peratures and under controlled oxygen pressure exhibit pro-
nounced metallic characteristics, even though the LLAO layer
Moreover, the 2DEG shows tunable
transport properties and distinct resistance states under rema-

remains amorphous.

nent polarization conditions. The resistance can be effectively
modulated by sweeping the back-gate electric field, a response
that closely mirrors the ferroelectric P-E hysteresis loop of the
KTN substrate. These findings establish a promising approach
for controlling interfacial charge transport through ferroelec-
tric polarization, opening new pathways for exploring ferro-
electric metalsin complex oxide heterostructures and their po-
tential applications in next-generation electronic devices.
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