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ABSTRACT: Quantum oscillations are observed in the
2DEG system at the interface of novel heterostructures,
PbTe/CdTe (111), with nearly identical lattice parameters
(appre = 0.6462 nm, acgre = 0.648 nm) but very different
lattice structures (PbTe: rock salt, CdTe: zinc blende). The
2DEG formation mechanism, a mismatch in the bonding
configurations of the valence electrons at the interface, is
uniquely different from the other known 2DEG systems. The
aberration-corrected scanning transmission electron micro-
scope (AC-STEM) characterization indicates an abrupt
interface without cation interdiffusion due to a large miscibility
gap between the two constituent materials. Electronic
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transport measurements under magnetic field up to 60 T, with the observation of Landau level filling factor v = 1,
unambiguously reveal a 77 Berry phase, suggesting the Dirac Fermion nature of the 2DEG at the heterostructure interface, and the
PbTe/CdTe heterostructure being a new candidate for 2D topological crystalline insulators.
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he two-dimensional electron gas (2DEG) at the interface

of two materials with same crystal symmetry and similar
lattice constants but different bandgaps has for many years been
a fertile playground for discovering novel electron physics and
new device applications. History has shown ample examples of
novel physics associated with heterojunction interfaces, for
example, the fractional quantum Hall effect in the 2DEG in
GaAs/AlGaAs heterostructures,’ high-brightness InGaN/
AlGaN blue light-emitting-diodes,” superconductivity at the
LaAlO,/SrTiOj interface,” and the quantum spin Hall effect in
HgTe/CdTe heterojunctions.* This work reports the first
observation of quantum oscillations in a 2DEG realized at the
interface of an unusual heterostructure, PbTe (rock-salt)/CdTe
(zinc-blende),® where the primary mechanism is the mismatch
in the bonding coordination at the interface, distinctly different
from the other 2DEG systems. This work also suggests that the
2DEG at the interface may be a Dirac electron system with a
nonzero Berry phase,’ indicating the topological nature of the
2DEG in this novel heterostructure. PbTe is a well-known and
widely used semiconductor. Indeed, with unique properties
such as a narrow, direct band gap of ~0.3 eV, high electron
mobility, and a large dielectric constant, PbTe is of great
interest in applications including thermal-electrics,” mid-
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infrared (MIR) emitter,® sensor,” etc. Recently, this material
system and in particular Pb,_,Sn Te alloy and SnTe systems
have received a great deal of interest, due to the theoretical
prediction that Pb,_,Sn . Te and SnTe may be a topological
crystalline insulator (TCI),"® where the insulating bulk is
accompanied by helical Dirac-like surface states. In contrast
with conventional topological insulators,'' ™'® where the surface
states are protected by time-reversal symmetry, in TCI the
topological nature of electron structures arises from the
crystalline symmetries.'* Consequently, the surface states are
more robust against disorder. Subsequent experiments seem to
confirm that indeed SnTe' and Pb,_,Sn, Te'%'” are topological
crystalline insulators. More recently, it has been predicted that
TCI may exist in 2D-TCIs of SnTe and Pb,_ Sn,Te thin
films."® Up to date, studies on TCIs are all carried out either in
bulk crystals or thin films, and no research activity has been
explored in heterostructures.

Recently, a structure-mismatched CdTe/PbTe heterostruc-
ture, in which PbTe crystallizes in a rock-salt (RS) structure
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and CdTe in a zinc-blende (ZB) structure, has attracted much
attention due to its promise for fabrication of MIR
optoelectronic and spintronic devices.*'”** For instance,
PbTe quantum dots (QDs) embedded in CdTe matrices
were found to exhibit intense MIR luminescence above room
temperature;'* abnormal enhancement of MIR light emission
was also observed from the CdTe/PbTe (111) heterostructure,
attributed to the inherent (111) polar interface and coupling of
surface plasmon localized at the metallic CdTe/PbTe interface
to light emitted from the narrow gap PbTe.*' This work is
inspired by the recent experimental finding of high concen-
tration and high mobility electrons derived from conventional
Hall measurements in PbTe/CdTe (111) heterostructures, and
the theoretical prediction of the formation of 2DEG at the
interface.®

In this Letter, we present results on electronic transport
properties of the 2DEG realized at the interfaces of PbTe/
CdTe (111) heterostructures as well as high-resolution TEM
probe of the atomic structure of the interface and other material
characterizations. Compared to the other better known
heterostructures, the (111) interface between PbTe and
CdTe is unique. It is known that PbTe grows in the RS
structure while CdTe grows as ZB. As a consequence, the (111)
interface between PbTe and CdTe® is dramatically different
from all known interfaces where 2DEGs are realized. The
mismatch in crystal structure between PbTe and CdTe leads to
a mismatch in the bonding configurations of the valence
electrons. In this regard, a systematical study of the 2DEG in
this peculiar heterostructure is guaranteed for potentially exotic
electron physics in this new system. Indeed, evidence of
topological surface states is observed in this material system in
low-temperature electronic transport measurements.

The microscopic scale information on the interfacial
structure is pivotal for understanding the underlying mecha-
nism of the 2DEG formation. Figure 1 shows the arrangement
of atoms near the PbTe/CdTe interface obtained from an
aberration-corrected scanning transmission electron micro-
scope (AC-STEM) taken with a high-angle annular dark-field
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Figure 1. (a) Aberration-corrected scanning transmission electron
microscope (AC-STEM) image of a PbTe/CdTe heterostructure,
showing the arrangement of atoms near the interface. (b) Low-
magnification TEM image of the PbTe/CdTe heterostructure.
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(HAADF) detector. The STEM-HAADF imaging allows for
direct column-by-column mapping of the interfacial structure.
The high-resolution image Figure 1a reveals atomic level details
of the interface, in particular, a highly distorted first CdTe
monolayer. Figure 1b shows a low-magnification image of the
heterostructure. Clearly, the interfacial Te layer is shared by
PbTe and CdTe, which leads to an unusual bonding
configurations for the Te atoms of the interfacial layer. On
the PbTe side, each Te atom is coordinated with three Pb
atoms (because of the 6-fold coordination of RS), whereas on
the CdTe side, it is coordinated with three Cd atoms (because
of the 4-fold coordination of ZB). In the simplest consideration
based on electron counting, i.e., assuming full ionicity and no
charge redistribution, on average, the Te atom should receive
1.0 electron (6p) from the three Pb atoms and 1.5 electron (Ss)
from the three Cd atoms, implying an excess of valence
electrons with total 8.5 valence electrons, thus yielding a
metallic interfacial layer. This picture is qualitatively consistent
with density-functional theory (DFT) modeling® A rough
estimate using the atomic density of the ZB (111) plane gives
an upper value of the 2DEG as 0.5 X (8/ \/3(1232) =5.5x 10"
cm™?, where az; = 0.648 nm is the lattice constant of CdTe,
which is higher than the DFT value of 6.0 X 10" cm™. Of
course, partial ionicity will reduce the electron density, and
both the structural distortion of the atomic layers adjacent to
the interface and the nature of the (111) polar surface will add
to the complexity of the charge distribution near the interface,
for instance, through a strain induced piezoelectric effect and
band structure modification. The unintended background
doping in both layers (typically ~5 X 10" cm™ p-type in
PbTe and ~5 X 10" cm™ n-type in CdTe) also affects the net
electron density. With this understanding, we emphasize that
the primary formation mechanism of the 2DEG in the current
system is distinctly different from the other known systems:
GaAs/AlGaAs," ZnCdSe/ZnSe,”* and SiGe/Si?® all due to
modulation doping; GaN/AlGaN due to spontaneous polar-
ization and the piezoelectric effect.>* We further note that the
PbTe/CdTe system forms an abrupt interface as revealed by
the AC-STEM image, which is in stark contrast to the most
known semiconductor heterostructures, such as GaAs/AlAs,
that typically exhibit a strong atomic interdiffusion within the
first few monolayers.”® Here the interdiffusion is largely
suppressed due to the mismatch in bonding configuration or
crystal structure, which also manifests as a large miscibility gap
between PbTe and CdTe.*

In the following, we focus on the electronic transport results
of the 2DEG at the interface of PbTe/CdTe heterostructures.
Multiple samples with different CdTe layer thicknesses have
been measured. We have found that quantum oscillations are
clearly observed in samples with an intermediate thickness of
CdTe, because of the currently adopted relatively simple device
structure. On one hand, a thin CdTe layer might not be
sufficient for confining the 2DEG to the interface; therefore,
the scattering of the CdTe surface states could be a serious
problem. On the other hand, since the contacts were deposited
on the sample surface, a thicker CdTe layer would introduce a
larger series resistance due to the semi-insulating nature of bulk
crystal. Significant future improvement is possible either by
adding a cap layer (e.g, ZnCdTe) to a thin CdTe layer or
placing the electrodes closer to the interface for a thick CdTe
layer (e.g., etching away part of CdTe). In this work, only the
results from a sample with intermediate CdTe thickness are
highlighted in this report: sample A with 140 nm CdTe with
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magnetic field B up to 15 T. The results from sample B with
200 nm CdTe are briefly mentioned. Two additional samples,
sample C and D, were also used for testing, respectively, the
effect of field orientation and ultrahigh magnetic field (B up to
60 T). Detailed sample information is given in Table 1. We

Table 1. Sample Information: T, Is the Calibrated
Substrate Temperature during Growth, t Is the Film
Thicknesses, n; Is the Sheet Density of 2DEG from SdH
Oscillations, and vy, Is the Intercept of v vs 1/B Plot at 1/B

nt

=0
PbTe layer CdTe layer
sample Toup t (nm) Towp t (nm) g (em™) Vine
A 310 600 280 140 1.10 x 10" —-0.34
B 310 600 280 200 1.16 x 10" —-0.36
C 310 600 250 140
D 310 600 250 200 2 x 10" —-0.52

have also thermally recycled the specimens a few times. Results
from each cool-down are consistent. Also, it is significant to
mention that this material system is chemically stable in air after
growth. Quantum oscillations were observed on samples at
least 6 months after the growth, although a systematic study has
not yet been performed on the aging effects.

Figure 2 shows the low temperature magnetoresistance
(MR) R,, and Hall resistance R,, curves in sample A. The
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Figure 2. Magneto-resistance R,, and Hall resistance R,, in sample A.
Quantum oscillations are observed at high magnetic fields. Plateau-like
features are observed in R, at high B fields, where R, displays a strong
minimum. Inset: dR,,/dB versus B cos(f) at three selected tilting
angles of the magnetic field.

measurement temperature was T 0.3 K. Around zero
magnetic field (B), a positive MR is observed. We believe
that this positive MR is due to a multicarriers transport.”” At
higher fields, Shubnikov de Hass (SdH) oscillations are clearly
seen on a rising, roughly linear, background. The Hall
resistance displays visible plateau structures at the fields
where R, shows a minimum.

In Figure 3a, we show the AR, after subtracting a linear
background to reveal the quantum oscillations. Using the
criterion of y¢,B = 1 for the onset of quantum oscillations (~1.6
T), we can deduce the quantum mobility of 4, ~ 6000 em?/(V
s). We have assigned a Landau level filling factor v to each R,,
minimum. In the high field regime of B > 7 T, v increases by 1
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Figure 3. (a) AR,, (obtained after subtracting a smooth background
from R,,) as a function of magnetic field. The arrows mark the Landau
level fillings. v increases by 1 above 7 T, where the spin degeneracy is
lifted. Between 3 and 7 T, v increases by 2. In this field range, each
Landau level is spin degenerated. Below 3 T, v increases by 4. (b)
Landau level Fan diagram. The line is a linear fit to the data points.
The intercept at 1/B = 0 is —0.34, close to —0.5. (c) The zoomed
region close to 1/B = 0 for sample A (SA). Data from sample B (SB)
are also included. The solid black circles are obtained from the R,
local minima while the unfilled ones are from the local maxima in SB.
In both samples, the intercept at 1/B = 0 is close to —0.5.

between the adjacent oscillations. In the B-field range between
3 and 7 T, v increases by 2, due to spin degeneracy. Below 3 T,
v increases by 4, signaling the existence of an additional 2-fold
degeneracy. We speculate that this 2-fold degeneracy is
associated with the valley degeneracy of the PbTe [111]
valleys. In Figure 3b, v is plotted versus 1/B. From the slope of
the linear fitting, an electron density of n, ~ 1.1 X 10" cm™ is
obtained. The linear extrapolation to 1/B = 0 shows a finite y-
axis intercept of —0.34.

We notice that the density n obtained from the quantum
oscillations is much smaller than that from the Hall resistance
in the low magnetic field regime. There, a density of ny =1.2 X
10" cm™ is obtained. This discrepancy indicates the
coexistence of a two-dimensional electron system at the
interface of PbTe/CdTe and three-dimensional bulk carriers,
most likely in CdTe. This two-carrier model is also consistent
with the positive MR around B = 0 T.*’ Finally, the Hall
resistance R,, deviates from the linear field dependence at ~1
T, as the 3D quantum limit is approached.”® To further confirm
that the quantum oscillations are of two-dimensional nature, we
have also carried out tilted magnetic field studies in a different
sample (sample C) grown under the same conditions. In the
inset of Figure 2, we show dR, /dB versus B cos(0) at a few
selected tilt angles. It is clearly observed that the positions of
the quantum oscillation minima depends on the component of
the magnetic field normal to the sample surface, thus
confirming that the observed quantum oscillations are indeed
due to the 2DEG at the interface of PbTe and CdTe.

Temperature dependence of SdH oscillations was carried out
to deduce the effective mass of the 2DEG in our PbTe/CdTe
heterostructure. In Figure 4a we show AR,, at four temper-
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Figure 4. (a) Temperature dependence of SdH oscillations. The
amplitude of oscillations is defined. (b) The amplitude of SdH
oscillations versus temperature. Lines are fitted to the data points
based on the formula A/T = Ay/sinh(22%ks T/ Aw,), as discussed in the
text. The fitting at various fields all yields an effective mass of m* ~
0.0911,.

atures of 1.6, 4, 10, and 20 K. It is clearly seen that the strongest
minimum at B ~ 7.31 T shows virtually no shift in the B-field
position at all the temperatures. This shows that the electron
density is constant, at least in the temperature range below 20
K. In Figure 4b, we plot the amplitudes of the SdH oscillations,
as defined as A in Figure 4a, as a function of temperature. The
solid lines are the fitting curves to the data points at five
different magnetic fields according to the formula A/T = Ay/
sinh(27%ky T/ hw,). Here A, is the amplitude at zero temper-
ature and a fitting parameter, T temperature, Kz Boltzmann
constant, and Aiw, cyclotron energy. An effective mass of m* ~
0.09 m, is obtained from the fitting at all magnetic fields. The
electron effective mass of the I valley in CdTe is mp ~ 0.11
m,>" whereas the in-plane effective mass of the L valley in
PbTe is rather small, m;, pjane ~ 0.024m,.>° The derived effective
mass seems to suggest that the 2DEG extends into both
materials.

Regarding the finite intercept at 1/B = 0, first, we point out
that a similar finite intercept was also observed in another
sample (Sample B with 200 nm CdTe), as shown in Figure 3c.
Second, the value of —0.34 is close to the value of —0.5,
suggesting a 7 Berry phase in the 2DEG at the interface of
PbTe/CdTe being a Dirac-like electron system. Unlike other
Berry phase systems such as 2-D graphene and bulk Rashba
semiconductor BiTel,*>*" our observation represents the first
evidence of a nonzero Berry phase at the polar interface that
consists of conventional semiconductor PbTe and CdTe. This
is striking. It has been shown experimentally that, unlike
Pb,_.Sn,Te and SnTe, PbTe is a normal insulator. Therefore, it
is surprising to observe a finite intercept in the Landau level fan
diagram. On the other hand, it is known that due to the novel
interface in this kind of heterostructures, the interplanar spacing
of PbTe (111) in the interface region becomes alternatively
wider and narrower, instead of an equal spacing of 1.87 A in
bulk PbTe.® Due to the modulation in the layer spacing, in
particular an increased spacing between the last PbTe
monolayers, which is found to be ~16% from the TEM
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image, a band inversion could occur in the PbTe layer in the
interface region and drives the PbTe into a 2-D topological
crystalline insulator.'* This induced TCI can give rise to a Berry
phase in the quantum oscillations in the surface states.
Moreover, the (111) orientations in PbTe and CdTe are
polar. Consequently, a strong polar field can exist at the
interface. This polar field, combined with strong spin—orbit
coupling in PbTe and CdTe, may turn the 2DEG into a Dirac
Fermion system. Indeed, this polar field induced Dirac system
has been predicted in highly strained InN quantum wells.>* Of
course, more measurements are needed to firmly confirm this
Dirac electron system in our PbTe/CdTe heterostructures. For
example, one needs to carry on magnetoresistance measure-
ments at much higher magnetic fields so that the quantum
oscillations close to Landau level filling 1 are resolved. This will
make the determination of the intercept much more accurate.*®
To this purpose, we have carried out electron transport
measurements up to 60 T in sample D (nominally the same as
sample A) at the Pulsed Field Facility of the National High
Magnetic Field Laboratory at Los Alamos National Lab. In
Figure Sa and b, respectively, we show the raw R, data and
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Figure 5. Sample D measured at the Pulsed Field Facility of the
NHMFL at Los Alamos National Lab. (a) R,, measured at ~1.5 K.
Quantum oscillations are clearly seen. (b) R,, after a smooth
background is subtracted from R,, in panel a. The triangles mark
the positions of the Landau level filling factors v = 1, 2, 4, 6, and 8. (c)
Landau level fan diagram. The red line is the linear fit. The intercept at
1/B =0is —0.52 + 0.07.

AR,, after a smooth background is subtracted. The measure-
ment temperature was ~1.5 K. Quantum oscillations up to the
Landau level filling v = 1 were observed. In Figure Sc, we plot v
versus 1/B for this sample. From the slope of the linear fit, an
electron density of n; ~ 2 X 10'> cm™ is obtained. The linear
extrapolation to 1/B = 0 shows a finite intercept of —0.52 +
0.07, more clearly indicating a Dirac system for the 2DEG in
our PbTe/CdTe heterostructures.

In summary, we performed high-resolution TEM character-
ization of the interfacial atomic coordination of the novel
PbTe/CdTe (111) heterostructure and studied the electronic
transport properties of the 2DEG at the polar interface. The
mismatch in the bonding configuration at the interface offers a
distinctly different mechanism of 2DEG formation from the
known 2DEG systems. Quantum oscillations are observed both
in the magneto-resistance R,, and Hall resistance R,,. Evidence
of a possible 7 Berry phase was observed by analyzing the
quantum oscillations, indicating the Dirac nature of the 2D
electron system at the interface. Our results suggest PbTe/
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CdTe heterostructures being new candidates for topological
crystalline insulators.

Methods. The PbTe/CdTe heterostructures were grown
using molecular beam epitaxy technique. First, a 600 nm PbTe
film was grown on a freshly cleaved BaF,(111) substrate. Then
a CdTe film of different thickness, varying from 30 to 350 nm,
was epitaxially deposited on the PbTe film. The details of the
growth can be found in earlier work.*"** After cooling down to
room temperature, the as-grown films were taken out and cut
into 6 mm X 6 mm blocks and transferred immediately to an
evaporator to make ohmic contacts on the four corners. First, a
thin layer of 20 nm copper (>99.99%) was thermally
evaporated. Afterward, a 50 nm layer of gold (>99.99%) was
deposited. Both thermal depositions were done at a pressure
(P) less than § X 1073 Pa at room temperature. After contact
metal depositions, the sample was annealed at 150 °C for S min
at P < 0.1 Pa. Silver conductive paste was used for gold wiring.

Aberration-corrected scanning transmission electron micro-
scope (AC-STEM) (a FEI Titan G2 80-200 STEM) was used
for study of atomic-scale PbTe/CdTe (111) heterostructures.
The AC-STEM image was taken with a high-angle annular
dark-field (HAADF) detector which offers the atomic number
sensitive imaging, so-called Z-contrast imaging, at a spatial
resolution of better than 0.08 nm. The PbTe/CdTe interface
was observed in (110) CdTe direction. Measurements of the
transport properties were performed in a *He cryostat with a 15
T superconducting magnet. Using a Van der Pauw config-
uration, four gold wires were pasted on the four Au/Cu film
electrodes deposited on the CdTe surface by silver paint. The
magnetic fleld dependence of the longitudinal resistivity R, and
the transverse resistivity R, at various temperatures were
measured simultaneously using a LakeShore 370 AC resistance
bridge or a Stanford Research Systems SR830 lock-in amplifier.
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