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ABSTRACT

Two-dimensional electron gas (2DEG) in SrTiO3 (STO)-based heterostructures has been a subject of intense scientific interest in recent
years. In this work, the metallic transition metal dichalcogenides ZrTe2 was grown on STO by pulsed laser deposition and AlN was
subsequently deposited as a protection layer. The high-resolution transmission electron microscopy and electron energy loss spectroscopy
results demonstrated the system as a multilayer structure of AlN/ZrTe2/ZrO2/STO due to interface redox reactions and implied a conductive
STO surface. The remarkable Shubnikov–de Haas oscillations detected by angular dependent magnetotransport measurements reveal clear
evidence of a high mobility quasi-2DEG in the STO-based interface. Moreover, evidence for extra carriers with three-dimensional features is
observed implying the multiband contributions, which provide an explanation for some anomalous behavior in STO-based heterostructures.
In addition, the thickness dependence study suggests the charge transfer effect between the capping metallic topological material ZrTe2 and
the interfacial 2DEG. This work provides insight into the intrinsic electronic structure of STO-based heterostructures, and the integrated sys-
tems can serve as a platform for studying the interplay of the 2DEG with attractive materials as well as developing practical device
applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074499

Heterostructures based on transition metal oxides are emerging
as one of the most attractive systems in condensed matter physics due
to the wide range of extraordinary properties.1–10 The intriguing quan-
tum phenomena include the high mobility 2DEG, superconductivity,
tunable Rashba spin–orbit interaction, ferromagnetism, giant thermo-
electric effect, and quantum Hall effect, which are of great significance
from both scientific and technological perspectives. In particular, the
LaAlO3/SrTiO3 (LAO/STO) heterointerface has long been a focus in
this field and was well-studied since the discovery of the high mobility
2DEG in 2004.1 The conducting interface between these two insulating
perovskites was demonstrated by various experimental probes, which
include the electrical transport measurements, x-ray photoemission
spectroscopy (XPS), high-resolution scanning/transmission electron
microscopy (HRS/TEM) imaging with electron energy loss spectros-
copy (EELS), and x-ray absorption spectroscopy (XAS). Particularly,
the quantum oscillations, e.g., the Shubnikov–de Haas (SdH) effect,

have been a powerful tool to demonstrate the formation of the 2DEG
and shed light on the intrinsic electronic structure of the heterostruc-
tures.11–24 However, some open questions remain. For instance, the
origin of the interface conductivity is still controversial in spite of
some prevailing mechanisms, including the polar discontinuity, cation
exchange, and the formation of oxygen vacancies. In addition, differ-
ent frameworks are proposed to explain the discrepancy between the
concentration extracted from SdH oscillations and that determined by
the Hall traces.

Creating similar conducting heterointerfaces based on STO can
be a useful way to deeply understand the electron gas between the
insulating oxide materials and open prospects of functionalities of the
2DEG. The formation of a conductive interface was later revealed in
many other transition metal oxides,10–29 especially the STO-based het-
erostructures, such as c-Al2O3/STO,

15 LaTiO3/STO,
21,23 and CaZrO3/

STO.29 Note that both crystalline and amorphous top layers work for
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the appearance of the 2DEG in spite of the different physical origins.
Since the conducting electrons are always confined in the STO surface
associated with the Ti 3d subbands, the various systems show some
consistent characteristics for the interface carriers. Moreover, it is
found that different top layers generate much more fruitful physics
and functionality. For example, the c-Al2O3/SrTiO3 heterostructure
exhibits the highest carrier mobility exceeding 100 000 cm2 V�1 s�1 at
2K;15 CaZrO3/STO shows strain induced polarization and results in a
high mobility 2DEG;29 the amorphous LAO/STO demonstrates the
oxygen vacancies as the charge source.30 In addition, the electronic
transport properties of the STO-based heterointerface are very sensi-
tive and can be modulated by a spacing layer,7 a capping layer, or sur-
face treatment through chemical and electrostatic effects.31–39 For
instance, the critical thickness in LAO/STO can be tuned down via the
Co or Al metal capping layer through transfer of charges to the inter-
face.35,36 Pt/LAO/STO shows nonvolatile resistive switching acting as
a memory device.33 Thus, the quasi-2DEG in other STO-based
heterostructures and its integration with attractive materials due to the
rich properties and the great promise in applications deserve more
study.

The motivation of designing the ZrTe2/STO structure is trying to
probe the possible coupling between STO and the topological material
ZrTe2, while unexpectedly, an interfacial reaction induces the forma-
tion of the Te doped ZrO2/STO interface characterized by the HRS/
TEM and EELS results. The hybrid heterostructure shows remarkable
SdH effects arising from the high mobility quasi-2DEG in the STO-
based interface. Moreover, we observe evidence for the coexisting
three-dimensional (3D) carriers as a support for the multibandmecha-
nism. In addition, the charge transfer effect between the capping
metallic topological material ZrTe2 and the interfacial quasi-2DEG
was revealed by the results of the systems with different ZrTe2 thick-
nesses. The work provides insights into the intrinsic electronic struc-
ture of the STO-based interface, and the high mobility 2DEG in the
metallic capped oxide heterostructures can be promising platforms for
electronic applications.

As reported in an earlier work,40 we deposited the Zr–Te com-
pound on the insulating (110) STO substrates for the formation of
topological ZrTe2 thin films. The laser source was a KrF excimer laser
with a wavelength of 248nm. The substrate-target distance during the
deposition was 5 cm with the base pressure of around 5� 10�5Pa,
and the films were grown at an optimized substrate temperature (Ts)
of 550 �C. Since ZrTe2 is sensitive to air, an additional amorphous
AlN layer was deposited at 200 �C on top for protection with a thick-
ness of about 70 nm. A 16T-PPMS (physical properties measurement
system) was utilized for the magnetotransport measurements here.
The electrodes are made via ultrasonic bonding with Al wires. Before
the electron transport measurements in the PPMS, the samples were
always kept at vacuum conditions.

Figure 1(a) shows the normalized magnetoresistance (MR) of
the 70nm thick ZrTe2 on STO subject to a perpendicular magnetic
field. Remarkably, quantum oscillations were observed to be super-
imposed on a background of the large positive MR at low tempera-
tures below 4K. Figure 1(b) shows the oscillations after subtracting
a smooth polynomial background from the measured MR. The
periodicity in the reciprocal of the magnetic field (1/B) demon-
strates the SdH effect as the underlying origin. It is known that the
SdH effect is a useful tool to detect intrinsic information of the

electronic structure of solids. The Landau fan diagram shown in
Fig. 1(c) confirms the periodicity in 1/B of the oscillations. Linear
fit gives a slope of 0.034, corresponding to a characteristic oscillat-
ing frequency of 29.4T. The fast Fourier transform (FFT) results
further reveal that the frequency peak is about 29.5T as shown in
Fig. 1(d), consistent with the linear fit results. The SdH oscillation
amplitude follows the Lifshitz–Kosevich formula as19

DRxx / exp �2p2kBTD=�hxc

� � 2p2kBT=�hxc

sinh 2p2kBT=�hxcð Þ ;

where DRxx is the oscillatory component of the resistance, xc is the
cyclotron frequency (eB/m�), kB is Boltzmann’s constant, and �h is
Planck’s constant divided by 2p. Thus, the carrier effective mass
can be extracted by analyzing the temperature dependence of the
oscillations with DRxx Tð Þ / kðTÞ=sinhkðTÞ and the factor
k Tð Þ ¼ 2p2kBTm�=�heB. We chose five fixed magnetic field values
showing oscillation peaks or dips and fit the oscillatory amplitude. The
cyclotron effective mass is estimated to be m�¼ 1.3 m0 with m0 repre-
senting the bare electron mass. In addition, the Dingle temperature TD
is deduced from the slope of the Dingle plot, i.e., ln½DRxxB sinh kðTÞ�
vs 1/B. The fitting of measured quantum oscillations gives a
TD¼ 1.3K [Fig. 1(f)], corresponding to a quantum scattering time of
sq ¼ �h/2pkBTD¼ 1.0 ps. According to the relation l ¼ es=m�, the
quantummobility lSdH ¼1.3� 103 cm2 V�1 s�1.

The magnetic field orientation dependence of the quantum oscil-
lations is shown in Fig. 2(a). The angle between the external magnetic
field and the normal direction of the film plane is defined as h. Thus,
the h¼ 0� indicates a perpendicular field and h¼ 90� denotes a paral-
lel configuration of the electrical and magnetic fields. Figure 2(b)
shows the first derivative dRxx/dB for the measured raw data in
Fig. 2(a), and Fig. 2(c) shows the oscillations vs the perpendicular
component B?. We can see that the oscillations are only dependent on
the perpendicular field Bcosh in a small h regime h < 26�. This is con-
sistent with Fig. 2(d) showing the peak/dip positions for h < 26� can
be reproduced by a cosh fit. Thus, these results illustrate the appear-
ance of the quasi-2DEG in the system.

According to Luttinger’s theorem,12 n2D ¼ NvNseF=h, where Nv

is the valley degeneracy, Ns is the spin degeneracy, e is the elementary
charge, F is the oscillating frequency, and h is Planck’s constant. We
calculated n2D¼ 1.4 � 1012 cm�2 with the choice of Nv ¼ 1 and
Ns¼ 2. Assuming the carriers are from the 70nm thick ZrTe2, a 3D
carrier density n2D¼ 2.0 � 1017 cm�3 was obtained, which is three
orders of magnitude smaller than that from the Hall analysis.40 In
addition, it is noted that the effective mass obtained from the quantum
oscillations is much larger than expected for a topological material
with massless or massive Dirac fermions. The layered transition metal
dichalcogenides (TMDCs) ZrTe2 has attracted attention as a potential
topological Dirac semimetal candidate.41–43 The angle-resolved photo-
emission spectroscopy experiments reveal a much smaller effective
mass of 0.7 m0 or 0.18 m0 in ZrTe2.

41 The inconsistences suggest that
the quantum oscillations may not arise from ZrTe2 and the origin
needs to be further understood. In fact, it is found that the effective
mass of 1.3 m0 well matches with most results acquired in conductive
STO surfaces.13–21 Considering the possibility of interface redox reac-
tions when deposing ZrTe2 on STO, the STO substrate may be
reduced due to the formation of oxygen vacancies, and the interfacial
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effect can, thus, play a significant role in the observed exotic transport
properties.

To determine the origin of the oscillations, the multilayer struc-
ture was examined carefully by HRS/TEM. HRTEM images were
acquired on a JEOL 2100F TEM, operated at 200 kV. Scanning TEM
(STEM) images were acquired on a Thermofisher Titan G2 60–300
aberration corrected STEM. The accelerating voltage of an electron
beam is 300 kV. The convergence angle of an electron probe for
STEM-HAADF imaging is 22.5 mrad, and the collection angle of an
annular detector is 79.5–200 mrad. The cross-sectional HRSTEM
image of the sample is shown in Fig. 3(a). One can see that a layered
structure occupies the major part of the deposited film. The layer spac-
ing is well consistent with the lattice constant c¼ 0.66 nm of ZrTe2.
The 1T-ZrTe2 has a hexagonal close-packed crystal structure. A unit
cell of ZrTe2 is denoted by a rectangle in Fig. 3(b) and can also be iden-
tified in the magnified HRSTEM image. It is worth noting that
between the layered ZrTe2 and the STO substrate, there exists a
�15nm thick interfacial layer with different lattice structure with
ZrTe2. A detailed analysis of the lattice spacing and their angles sug-
gests that this interfacial layer belongs to ZrO2. The HRS/TEM results
clearly confirm the interfacial reaction between the deposited ZrTe2
and the STO substrate.

STEM energy disperse x-ray (EDX) spectroscopy element map-
ping and the EELS study are further performed to characterize the
interfacial region. As shown in Fig. 4(a), the EDX mapping results

reveal that the distributions of O and Te are not uniform along the
thickness direction. In particular, the signal intensity of O decreases
near the interface compared to the signal for the substrate underneath.
It is surprising to see that O even exists in the whole film, suggesting
an out diffusion of O from STO, which can be proven by EELS line-
scan analysis across the interface as shown in Figs. 4(b) and 4(c). By
extracting the signals of Ti and O edges from the EELS spectrum, the
energy loss near edge structures reveals that the four unit cells of STO
from the interface exhibit a different chemical state with bulk STO.
From the fourth layer of STO up to the interfacial layer, the valence
state of Ti cations degrades from Ti4þ to Ti3þ (peak shift and shape
variation in Fig. 4(b) with a corresponding change in the O k-edge fine
structure [Fig. 4(c)]. The interfacial characteristics imply a conductive
STO surface, which is analogous to the similar situation in the oxide
heterostructures such as LAO/STO cases. It is noted that a small Te
peak can also be seen near the STO surface [Fig. 4(a)], so the interfacial
layer is Te Doped ZrO2.

We point out that the interfacial effects mainly arising from the
redox reactions and the caused quasi-2DEG due to oxygen vacancies
should not be related to the orientation of the STO substrate. In the
previous report, the HRTEM images of the system on (110) STO also
reveal a 5 nm thick interfacial layer presenting a different layer spac-
ing,40 which is consistent with the presented HRTEM results here on
(100) STO. The interfacial layer ZrO2 implies the chemical reactions
in the interface. Thus, the observation of the quasi-2DEG can be

FIG. 1. SdH oscillations in the STO-based heterostructure. (a) Normalized MR of the heterostructure at selected low temperatures. (b) Extracted oscillatory components from
the raw MR results in (a). (c) Landau fan diagram for the SdH oscillations at 0.5 K. (d) Normalized fast Fourier transform results for the MR oscillations in (b). (e) SdH oscillation
amplitude extracted from (b) as a function of temperature at different magnetic fields. Solid lines are fit by the Lifshitz–Kosevich formula. (f) Dingle plots of
ln DR B; Tð ÞB sinh kðTÞ
� �

vs 1/B. A Dingle temperature of 1.3 K is obtained, corresponding to a quantum scattering time of sq � 1.0 ps and a quantum mobility of about
1300 cm2 V�1 s�1.
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attributed to the corresponding oxygen vacancies in the reduced (110)
STO. Accordingly, based on the HRS/TEM and EELS results of the
system on the (100) STO, it is credible that the conductive STO surface
hosts the quasi-2DEG analogous to the situation in most STO-based
heterostructures.

Thus, we demonstrate the formation of the high mobility 2DEG
in the AlN/ZrTe2/ZrO2/STO integrated system, which closely related
to the interface redox reactions.28 Our previous study has revealed a
quasi-2D transport characteristic of the STO-based heterostructure.40

The quasi-2D transport feature is consistent with the layered structure

FIG. 2. Magnetic field orientation dependence of the SdH oscillations in the STO-based heterostructure. (a) MR as a function of the magnetic field measured at varying tilted
angles h. The angle 0� indicates a field perpendicular to the film plane and 90� denotes a parallel configuration of the electrical and magnetic fields. (b) The first derivative
(dRxx/dB) for the raw MR data in (a). (c) Quantum oscillations as a function of the perpendicular component B? of the external magnetic fields. (d) Angular dependence of the
peak/dip positions in dRxx/dB. The black curves denote the fit by A cos h with A being a parameter.

FIG. 3. Heterointerface characterization
by HRTEM and STEM. (a) HRSTEM
image of the multilayer structure, where
an interfacial layer can be identified
between the STO substrate and the ZrTe2
film. (b) Magnified image showing the cor-
respondence of real unit cell (marked by a
red rectangle) with the crystal structure
model of ZrTe2. (c) HRTEM and STEM
image of the interfacial structure identified
as ZrO2.
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of ZrTe2. However, the study reveals that the STO-interface is con-
ducting and the interfacial quasi-2DEG may play a significant role for
the exotic transport properties. It is noted that our control experiments
reveal that STO dealt with the same low oxygen pressure and the high
temperature process without any capping materials is highly insulat-
ing. So the conductivity from bulk STO can be excluded. However, the
deposition of compounds induces an interfacial reaction and reduces
STO contributing to the electron transport. A reference sample was
prepared with the structure of ZrTe2/ZrO2/STO without the protec-
tion layer, and it becomes insulating soon when exposure to air. The
oxidation of ZrTe2 itself cannot explain the metal-insulator transition
of the interface. We attribute it to the filling of the oxygen vacancies,
origin of the conductive interface, into the STO substrate in the air.
The mechanism is well consistent with previous studies.44

In addition, it is found that the electric conductivity of the multi-
layer system is thickness dependent. For a thinner ZrTe2 film above
the ZrO2/STO heterointerface, the system shows larger sheet resis-
tance. Meanwhile, the EELS results show that the signal of Ti3þ at the
interfacial region is weak. In addition, the control sample of the ZrTe2
thin film grown on Al2O3 reveals that ZrTe2 itself is also more resistive
than the AlN/ZrTe2/ZrO2/STO system. The results indicate that the
metallic ZrTe2 film above the conducting ZrO2/STO interface actually
enhances the total conductivity. As reported, the capping metallic layer
can dramatically modify the electronic response of LAO/STO interfa-
ces. For example, the Co or Al cap layer makes the 2DEG in LAO/
STO more conducting.35,36 As known, electrons in a heterostructure
would transfer to the material with the larger work function until the
equilibrium when the Fermi levels of both sides align together. The

larger conductance in the metallic capped 2DEG system may be attrib-
uted to similar charge transfer effects between the interface and the
metallic ZrTe2 films.

Finally, we want to recall Fig. 2(b), in which we can see magnetic
field orientation independent SdH oscillations for larger angles h
> 44�. This suggests a coexistence of carriers with 3D nature and the
quasi-2DEG. The features have never been observed in STO-based
heterostructures as a direct evidence for proposed multiband contribu-
tions.15,17,19,22 In fact, the Ti dxy band features the 3D characteristic
extending deep into STO as predicted, and the hybridization of dxz/yz
bands contributes to the 2D nature due to the anisotropy.23 The multi-
band framework could explain some anomalous behaviors in STO-
heterostructures such as the discrepancy of carrier densities inferred
from the SdH oscillations and the Hall traces25 and the phase shift of
quantum oscillations in large titled angles.15 Moreover, the observation
of the coexisted 2D or 3D features in the system may shed light on the
observation of different 2D or 3D characters for the conducting car-
riers in the STO-based interface.12–23 Thus, these results provide
insight into the deep understanding of the general STO-based hetero-
structures considering that the conducting electrons are always con-
fined in the SrTiO3 surface.

In summary, we report the observation of the high mobility
quasi-2DEG in the multilayer structure of AlN/ZrTe2/ZrO2/STO char-
acterized by the HRS/TEM and EELS results. The conspicuous SdH
oscillations reveal the coexistence of carriers with 3D nature and the
quasi-2DEG showing cos h dependence on the magnetic field, which
provides clear evidence for the multiband contribution in the STO-
interface and explains some anomalous behaviors in similar oxide

FIG. 4. Elemental mapping and interfacial valence states of Ti and O ions. (a) STEM-EDS element mapping across the interface. (b) EELS results of Ti 3d L-edge shift peaks
and (c) O 2p K-edge fine structure across the interface.
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heterostructures. The metallic capped ZrTe2 further enhances the con-
ductivity of the system, which integrates the topological material and
the quasi-2DEG in the STO-interface. This work provides insight into
the intrinsic properties of STO-based heterostructures and paves way
for the design of high-mobility oxide electronics.
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