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Two-dimensional electron gases (2DEGs) formed at the interface between two oxide insulators present a promising
platform for the exploration of emergent phenomena. While most of the previous works focused on SrTiO3-based 2DEGs,
here we took the amorphous-ABO3/KTaO3 system as the research object to study the relationship between the interface
conductivity and the redox property of B-site metal in the amorphous film. The criterion of oxide–oxide interface redox
reactions for the B-site metals, Zr, Al, Ti, Ta, and Nb in conductive interfaces was revealed: the formation heat of metal
oxide, ∆Ho

f , is lower than −350 kJ/(mol O) and the work function of the metal Φ is in the range of 3.75 eV< Φ < 4.4 eV.
Furthermore, we found that the smaller absolute value of ∆Ho

f and the larger value of Φ of the B-site metal would result in
higher mobility of the two-dimensional electron gas that formed at the corresponding amorphous-ABO3/KTaO3 interface.
This finding paves the way for the design of high-mobility all-oxide electronic devices.
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1. Introduction
In 2004, Ohtomo and Hwang discovered a metallic con-

ductive interface between insulating oxides SrTiO3 (STO)
and LaAlO3,[1] opening a new avenue for oxide electron-
ics research. Since then, researchers have carried out a
lot of works on the oxide heterojunctions based on STO
substrates,[2–12] and a series of novel physical properties are
revealed, such as two-dimensional superconductivity,[13,14] in-
terfacial magnetism,[15–17] quantum Hall effect,[18] and effi-
cient spin-to-charge conversion.[19,20] With the deepening of
research, Zou et al.[21] discovered a new two-dimensional
electron gas (2DEG) at the interface of LaTiO3/KTaO3 (KTO)
system. KTO is similar to STO in many aspects. It exhibits a
high dielectric constant[22] and is quantum paraelectricity.[23]

However, it is different from STO by owning a strong atomic
spin–orbit coupling,[24] about 20 times as high as that of STO.
Therefore, distinct features are expected for the correspond-
ing 2DEG. Comparing with the investigations on STO-based
2DEG, the work on KTO-based 2DEG is limited. In ad-
dition to the work of Zou et al., the only reported 2DEGs
at bilayer interfaces are amorphous-LaAlO3/KTO[25,26] and
EuO/KTO.[27] Effects associated with the distinct characters

of KTO are far from being fully explored.

Herein, we take the amorphous-ABO3/KTO system as

the research object to study the relationship between the inter-

face conductivity and the redox property of B-site metal in the

amorphous film. Firstly, we report on the fabrication of a se-

ries of high-quality amorphous-ABO3/KTO heterostructures.

Secondly, the electric properties, such as the dependence of

the sheet resistance (Rs) on temperature (T ) and Hall resis-

tance (Rxy), were measured. Finally, we adopted the formation

heat of metal oxide, ∆Ho
f , and work function of the metal, Φ ,

to characterize the redox property of B-site metal. By compar-

ing the interface conductivity of these samples with the ther-

modynamic phase diagram of B-site metals as shown in Fig. 5,

we obtained the thermodynamic criterion for the formation of

2DEG at amorphous-ABO3/KTO interface. Our results show

that the smaller absolute value of ∆Ho
f and the larger value of

Φ of the B-site metal would result in higher mobility of the

two-dimensional electron gas that formed at the correspond-

ing amorphous-ABO3/KTaO3 interface (under the premise of

satisfying the thermodynamic criterion).
∗Project supported by the National Key R&D Program of China (Grant Nos. 2016YFA0300701, 2017YFA0206304, and 2018YFA0305704), the National Natural
Science Foundation of China (Grant Nos. 11934016, 111921004, 51972335, and 11674378), and the Key Program of the Chinese Academy of Sciences (Grant
Nos. XDB33030200 and QYZDY-SSW-SLH020).

†Corresponding author. E-mail: yschen@iphy.ac.cn
‡Corresponding author. E-mail: jrsun@iphy.ac.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

077302-1

http://dx.doi.org/10.1088/1674-1056/ac078c
yschen@iphy.ac.cn
mailto:jrsun@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 30, No. 7 (2021) 077302

2. Experimental methods
For the systematic study, various amorphous-ABO3 ox-

ides were selected to form the amorphous-ABO3/KTaO3

interfaces, including CaZrO3 (CZO), LaAlO3(LAO),
(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT), SrTiO3(STO),
KTaO3(KTO), SrNbO3(SNO), NdGaO3, LaMnO3, LaFeO3,
LaCoO3, and LaCrO3. All the amorphous-ABO3 layers were
grown on the (001)-oriented KTO substrates (3×3×0.5 mm3)
by the technique of pulsed laser deposition (PLD). The laser
fluence was 2 J/cm2 and the pulse frequency was 2 Hz. Dur-
ing the growth process, the oxygen pressure was maintained
at 2× 10−3 Pa. The temperature of the substrate was fixed at
100 ◦C. After the growth process, all the samples were fur-
nace cooled to room temperature without changing oxygen
pressure.

The thickness of different amorphous-ABO3 layer keeps
at 5 nm, as evidenced by small angle x-ray reflectivity (XRR)
measurements. The surface topography and flatness of these
samples were observed by atomic force microscope (AFM).
The transport behaviors were measured by a Quantum-Design
physical property measurement system (PPMS) adopting the
van der Pauw geometry.

3. Results and discussion
We take the amorphous-LAO/KTO sample as an exam-

ple. Figure 1(a) shows the results of XRR measurements. The
good agreement of the XRR oscillations between the testing
result and simulation data indicates the high planeness of the
as-deposited LAO layer. Curve fitting (black curve) reveals a
layer thickness of 5 nm. Figure 1(b) is the surface topography
of the film measured by AFM. The film is very smooth with a
mean square root roughness of 0.2 nm in the area of 5×5 µm2.
These features were also confirmed in other samples, indicat-
ing the high quality of our amorphous-ABO3/KTO samples.
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Fig. 1. (a) XRR curve of the amorphous-LAO film grown on KTO sub-
strate. Black line is the fitting curve. (b) AFM image of the amorphous-
LAO film deposited on KTO substrate.

Figure 2(a) is a schematic diagram of the device for
measuring the electrical transport properties of amorphous-
ABO3/KTO heterostructure. Figure 2(b) shows the tem-
perature dependence of the sheet resistance (Rs) for se-
lected amorphous-ABO3/KTO interfaces, which displays
good metallic behavior: with the decrease of temperature,

the sheet resistance decreases continuously. We characterize
the metallicity by the ratio of sheet resistance measured at
300 K and 2 K. The higher R(300 K)/R(2 K) ratio means bet-
ter metallicity. We find that R(300 K)/R(2 K) varies in a wide
range, from the maximal ratio of ∼ 212 for the amorphous-
KTO/KTO interface to the minimal ratio of ∼ 11 for the
amorphous-LAO/KTO interface, i.e., the 2DEG formed at the
KTO/KTO interface exhibits better metallicity. Notably, the
metallic 2DEG appears only when the cap layer is LAO, CZO,
STO, SNO, LSAT, or KTO. Obviously, the intrinsic properties
of these cap layers will strongly affect the conduction char-
acteristic at the interface. Hereafter, we will focus on these
conducting interfaces.
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Fig. 2. (a) A sketch for the measurements of sheet resistance and Hall
resistance. (b) Sheet resistance of amorphous-ABO3/KTO interfaces as
a function of temperature. The labels in the figure refer to the composi-
tion of the deposited amorphous-ABO3 film.

To get further information about 2DEG, we performed the
measurement of Hall resistance (Rxy) in the temperature inter-
val from 2 K to 300 K. As an example, Fig. 3(a) shows the
Hall resistance at 2 K, as a function of magnetic field (H).
Rxy exhibits a linear variation with the applied field for all
samples, i.e., only one species of charge carriers exists in the
2DEGs.[28] However, the Rxy–H slope (RH ) undergoes a con-
siderable change with the cap layer, implying different car-
rier density (ns) in different 2DEGs. In Fig. 3(b) we summa-
rize the relationship between the carrier density and the cap
layer, where ns is determined by ns = −1/(e ·RH). Corre-
sponding to the maximal and minimal R(300 K)/R(2 K) ratios,
amorphous-KTO/KTO exhibits the minimal carrier density of
2.9×1013 cm−2 and amorphous-LAO/KTO exhibits the max-
imal carrier density of 7.3× 1013 cm−2, respectively. Obvi-
ously, the capability to generate mobile electrons for different
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cap layers varies ∼ 2.5 times. Similar feature is observed in
the Rxy–H curve obtained at other temperatures (not shown).
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Fig. 3. (a) Hall effect of amorphous-ABO3/KTO interfaces at 2 K (the
labels in the figure refer to the composition of the deposited amorphous-
ABO3 film). (b) The sheet carrier density, ns, versus the composition of
the cap layer, obtained at 2 K.

To get a general idea about the temperature dependence
of the carrier density, in Fig. 4 we show ns and the corre-
sponding mobility as functions of T , where the mobility is
calculated based on the formula µs = 1/(e ·ns ·Rs). The car-
rier density is the largest at 300 K and undergoes a decrease
upon cooling. This feature is especially obvious in the inter-
face with CaZrO3 cap layer. It is an indication of charge local-
ization. Correspondingly, the mobility experiences a rapid in-
crease with the decrease of temperature. At low temperature,
the dielectric constant of KTO grows, screening the electron
scatter from ionic impurities. The maximal mobility at 2 K
is 2209.41 cm2/V · s, occurring at the amorphous-KTO/KTO
interface. From the amorphous-KTO/KTO to the amorphous-
LAO/KTO interface, the mobility shows a rapid decrease.

The origin of the 2DEG is in hot debate since the dis-
covery of the 2DEG in 2004. Three explanations are widely
accepted, including polar discontinuity,[29] electron doping by
oxygen vacancy,[30] and cation interdiffusion.[31] Compared
with crystalline interface, the polar discontinuity at amorphous
interface is strongly suppressed. Because of the low depo-

sition temperature (100 ◦C), cation interdiffusion should be
negligible. In contrast, previous experimental results have
demonstrated that the outward oxygen diffusion plays a dom-
inative role in the formation of 2DEG at the amorphous-
LAO/STO interface.[32] We therefore ascribe the 2DEG at the
amorphous-ABO3/KTO interface to the redox reaction effect.
Besides obtaining oxygen from the background atmosphere,
in fact, the cap layer will also extract oxygen from the interfa-
cial layer of the KTaO3 substrate. When the content of oxygen
vacancies is high enough, 2DEG forms.
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Fig. 4. (a), (b) Carrier density, ns, and Hall mobility, µs, versus temperature,
respectively, for all the KTO-based heterostructures. The corresponding cap
layers are denoted in (b). The solid lines are guides to the eyes.

Fu et al.[33] have performed a research on the redox reac-
tion when a metal film is deposited on the surface of SrTiO3

at room temperature. They put forward a thermodynamic cri-
terion for redox reaction. According to this work, redox reac-
tion has a close relation to the formation heat of metal oxide,
∆Ho

f , and the work function of the metal, Φ . The former de-
scribes the ability to get oxidized for an element and the lat-
ter characterizes the electronegativity. Obviously, a high ∆Ho

f
implies a strong tendency towards oxidization for an element.
For the B-site metal in amorphous films, formation heat of
metal oxide ∆Ho

f and work function Φ can be obtained from
former literature[34] that are summarized in Fig. 5. The B-
site metals marked by red circles represent for the insulated
ABO3/KTO interfaces, whereas the B-site metals marked by
green symbols correspond to the interfaces with metallic con-
ductivity. The orange-colored diamond represents for a spe-
cial case, the semiconductive amorphous-NdGaO3/KTaO3 in-
terface. Moreover, for the metallic ABO3/KTO interfaces, a
small ∆Ho

f for the B-site metals usually gives higher mobility,
which are marked as green stars. Correspondingly, the B-site
metals with large ∆Ho

f and lower mobility are marked as green
squares. Based on this analysis, we obtain a thermodynamic
criterion for the redox reactions at the KTO interface, which
is labeled as the shaded area. The formation heat of metal
oxide, ∆Ho

f , should be lower than −350 kJ/(mol O) and the
work function of the metal, Φ , should locate in the range of
3.75 eV< Φ < 4.4 eV.

Remarkably, Nb and Ta, corresponding B-site metals of
SrNbO3 and KTaO3, locate on the border region for the occur-
rence/nonoccurrence of redox reaction. This explains the low
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carrier density at the interface of the amorphous-KTO/KTO
and the amorphous-SNO/KTO samples. On the other hand,
the carrier density at their interface is low but the carrier
mobility is high. Among them, the carrier mobility of the
amorphous-KTO/KTO interface can reach 2209.41 cm2/V·s at
2 K. This provides a guide to prepare KTaO3-based 2DEGs of
high mobility at a deposition temperature of 100 ◦C, that is,
for the B-site metal in deposited amorphous-ABO3 film, the
absolute value of the formation heat of metal oxide is as small
as possible and the value of the work function of the metal is
as large as possible (under the premise of satisfying the ther-
modynamic criterion mentioned above).
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Fig. 5. Formation heat of metal oxides versus the work function of B-
site metals for the ABO3/KTO interfaces. For metallic interfaces, the
B-site metals locate mainly in the region of ∆Ho

f < −350 kJ/(mol O)
and 3.75 eV< Φ < 4.4 eV (shaded area).

4. Conclusion
In summary, we systematically investigated the effect

of the redox properties of the B-site metal on 2DEGs trans-
port characteristics at amorphous-ABO3/KTaO3 interfaces, by
varying the composition of the cap layer. We found that metal-
lic conductive interface can be created when the amorphous
film has Zr, Al, Ti, Ta, or Nb elements at the B sites. Whereas
the interface is insulating when the overlayer has Mn, Fe,
Co, or Cr elements at the B sites. By summarizing the in-
terface conductivity of these samples, we obtained the ther-
modynamic criterion for the redox reaction at the transition
metal oxide/KTO interface. Finally, we provided a guideline
on searching for KTaO3-based 2DEGs of high mobility. This
work has certain guiding significance for finding high perfor-
mance two-dimensional electron gas, and takes a solid step for
the application of oxide electronic devices.
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