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Topological surface transport in epitaxial SnTe thin films grown on Bi2Te3
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The topological crystalline insulator SnTe has been grown epitaxially on a Bi2Te3 buffer layer by molecular

beam epitaxy. In a 30-nm-thick SnTe film, p- and n-type carriers are found to coexist, and Shubnikov–de

Haas oscillation data suggest that the n-type carriers are Dirac fermions residing on the SnTe (111) surface. This

transport observation of the topological surface state in a p-type topological crystalline insulator became possible

due to a downward band bending on the free SnTe surface, which appears to be of intrinsic origin.

DOI: 10.1103/PhysRevB.89.121302 PACS number(s): 73.25.+i, 71.18.+y, 72.20.My, 73.20.At

The energy band inversion and time-reversal symmetry

(TRS) are the main ingredients for realizing a nontrivial

topology in Z2 topological insulators (TIs) [1–4]. Recently,

the family of TIs has been extended by the introduction of

topological crystalline insulators [5,6] where the topology is

protected by a point-group symmetry of the crystal lattice

rather than by TRS. The first material predicted to be a

TCI was SnTe [6], in which the band inversion at an even

number of time-reversal-invariant momenta (TRIMs) leads to

a trivial Z2 topological invariant, but its mirror symmetry

gives rise to a nontrivial mirror Chern number nM = −2

to guarantee the existence of topologically protected gapless

surface states (SSs) on any surface containing a mirror

plane. Angle-resolved photoemission spectroscopy (ARPES)

experiments have confirmed the existence of Dirac-like SSs

on the (001) surface of SnTe [7] and related compounds [8,9],

generating a lot of interest in TCIs [10,11]. Naturally, an

important next step is to elucidate the topological SSs with

transport experiments, as was done for Z2 TIs [12–21].

However, probing the SSs in SnTe by transport experiments

is a challenge, because of a high concentration of bulk holes

(1020 to 1021 cm−3) [22]. Nevertheless, in thin films, an

enhanced surface-to-bulk ratio and a high surface mobility

expected for topologically-protected SSs [23,24] might make

it possible to probe them in quantum oscillations. To obtain

high-quality thin films by molecular beam epitaxy (MBE)

[25–32], lattice matching of the substrate is crucial. In this

regard, while BaF2 is the usual choice of substrate for SnTe [33]

with its ∼1.6% lattice matching, we noticed that rhombohedral

Bi2Te3 may be a better choice, at least for the (111) growth

direction, with the lattice matching of ∼1.5%. Furthermore, the

building block of Bi2Te3 is a Te-Bi-Te-Bi-Te quintuple layer

(QL) terminated with a hexagonal Te plane, which naturally

accommodates the Sn layer of the SnTe in the (111) plane [see

Fig. 1(d)].

Here, we show that high-quality SnTe thin films can

indeed be grown by MBE on Bi2Te3 and that they are

actually suitable for probing the topological SSs in transport

experiments. Those films present Shubnikov–de Haas (SdH)

oscillations composed of two close frequencies, whose de-

pendence on the magnetic-field direction signifies that the

observed oscillations stem from two-dimensional (2D) Fermi

*taskin@sanken.osaka-u.ac.jp
†y_ando@sanken.osaka-u.ac.jp

surfaces (FSs). Furthermore, the phase of the oscillations

indicates that the 2D carriers are Dirac electrons bearing the

Berry phase of π . Measurements of the I-V characteristics

across the SnTe/Bi2Te3 interface and careful considerations

of the energy-band diagram in this heterostructure lead us to

conclude that the Dirac electrons reside on the top surface of

SnTe.

The MBE growth was performed in an ultrahigh vacuum

chamber with the base pressure better than 5 × 10−8 Pa.

Before deposition of SnTe, a thin layer of high-quality Bi2Te3

was grown under Te-rich conditions on sapphire substrates

[34] with a two-step deposition procedure similar to that

used for Bi2Se3 films [27,29,35]. Both Bi (99.9999%) and

Te (99.9999%) were evaporated from standard Knudsen cells.

The Te2(Te4)/Bi flux ratio was kept at ∼20. The growth rate,

which is determined by the Bi flux, was kept at 0.3 nm/min.

After growing ∼30 nm of the Bi2Te3 layer, Sn (99.999%) and

Te were co-evaporated, keeping the Te2(Te4)/Sn flux ratio at

∼40, substrate temperature at 300 ◦C, and the growth rate

at 0.4 nm/min. The resistivity ρxx and the Hall resistivity

ρyx of the films were measured in a Hall-bar geometry by a

standard six-probe method on rectangular samples on which

the contacts were made with silver paste or indium near the

perimeter. The magnetic field was swept between ±14 T at

fixed temperatures.

A critical ingredient for the epitaxial SnTe growth in

the present experiment is the high quality of the Bi2Te3

buffer layer. Figure 1(a) shows an atomic force microscopy

(AFM) image of a 40-nm-thick Bi2Te3 thin film grown on

sapphire substrate. Large equilateral triangles with atomically

flat terraces, which have a height of exactly 1 QL, can be

easily recognized. An AFM image of a 30-nm-thick SnTe

film grown on top of such Bi2Te3 buffer layer is shown in

Fig. 1(b). Triangles are still clearly seen on the surface, giving

evidence for an epitaxial growth. The height of the terraces

is ∼0.4 nm, which agrees with the periodicity of the rocksalt

lattice along the (111) direction [Fig. 1(d)]. [An image for a

larger area with clear triangular morphology is shown in the

Supplemental Material (SM) [36].]

The high structural quality of both Bi2Te3 and SnTe films as

well as the very smooth nature of the interface between them

can be judged from the Kiessig fringes [36,37] in the x-ray

diffraction (XRD) measurements [Fig. 1(c); see also SM for

more details]. The inset of Fig. 1(c) shows the XRD pattern

for a wider angle range, in which SnTe only yields (2n,2n,2n)

Bragg peaks to confirm the (111) growth direction.

1098-0121/2014/89(12)/121302(5) 121302-1 ©2014 American Physical Society



RAPID COMMUNICATIONS

TASKIN, YANG, SASAKI, SEGAWA, AND ANDO PHYSICAL REVIEW B 89, 121302(R) (2014)

FIG. 1. (Color online) SnTe/Bi2Te3 heterostructure. (a) AFM im-

age of the Bi2Te3 layer showing atomically flat terraces with 1-QL

steps. (b) AFM image of the SnTe film grown on Bi2Te3 buffer

layer. The step height of the terraces is ∼0.4 nm. (c) Low-angle

XRD patterns of a series of SnTe films grown on Bi2Te3 of different

thickness. The total film thickness dt given by the distance �1 of

Kiessig fringes at grazing angles is shown to the left. The fringe

distance �2 near the (003) Bi2Te3 Bragg peak gives the thickness

of the Bi2Te3 layer, db, which is shown near the peak. The SnTe

layer thickness is given by dt − db. Inset shows a wide-angle XRD

pattern. (d) The rocksalt lattice of SnTe with its (111) plane marked

by triangles.

Figure 2(a) shows the temperature dependence of the

resistivity, ρxx(T ), in a 30-nm-thick SnTe film grown on

36-nm-thick Bi2Te3. There is no discernible kink in the data,

suggesting that the structural phase transition observed in bulk

SnTe [22,38,39] is absent in our thin films and that the mirror

symmetry is kept intact down to low temperature [36]. In the

magnetotransport properties, a downward cusp observed in

ρxx(B) at very low fields [Fig. 2(b)] is a reflection of the weak

antilocalization behavior which is expected for topological ma-

terials [40–42]. We also observe a coexistence of n- and p-type

carriers in the sample which is evident from a sign change of

the slope in ρyx(B) [Fig. 2(c)]. Importantly, we found that both

ρyx(B) and ρxx(B) present SdH oscillations at high magnetic

fields. To remove a large background and make the oscillations

more visible, we employed second derivatives. Figure 2(d)

shows d2ρyx/dB2 measured in tilted magnetic fields at 1.5 K

and plotted as a function of B cos θ , where θ is the angle of

the magnetic field from the surface normal. Since the maxima

in the oscillations (marked by vertical dashed lines) appear

at the same B cos θ upon changing θ , the observed SdH

oscillations clearly have a two-dimensional (2D) character.

Note also that in our experiments, the SdH oscillations were

not seen at tilting angles close to 90◦, giving evidence against

a three-dimensional (3D) FS as the origin of oscillations.

FIG. 2. (Color online) Transport properties of a 30-nm-thick

SnTe film grown on a 36-nm Bi2Te3 buffer layer. (a) Temperature

dependence of ρxx . (b) Low-field ρxx(B) measured at 1.5 K. (c) ρyx(B)

measured at 1.5 K. (d) d2ρyx/dB2 at various angles are plotted vs

B cos θ ; inset shows the measurement geometry. Dashed lines mark

the maxima in the oscillations.

An important question is which of the n- or p-type carriers

are responsible for the oscillations, and this can be answered

in the following Landau-level (LL) index analysis. To properly

construct the LL index plot, we use conductance Gxx and Hall

conductance Gxy rather than ρxx and ρyx [4]. Figure 3(a) shows

the plots of d2Gxx/dB2 and d2Gxy/dB2 vs 1/B. The Fourier

FIG. 3. (Color online) SdH oscillations. (a) d2Gxx/dB2 and

d2Gxy/dB2 vs 1/B measured at T = 1.5 K and θ = 0◦; inset shows

the Fourier transform of the d2Gxy/dB2 oscillations revealing two

close frequencies, 10.6 and 14 T (the upturn below ∼5 T is related

to the background which slowly changes with B). (b) LL index plot

constructed from the minima in the oscillations of d2Gxx/dB2 and

d2Gxy/dB2. A half-integer index N + 1

2
is assigned to a minimum

in d2Gxx/dB2. The index assignment for a minimum in d2Gxy/dB2

depends on the sign of the carriers: The index N + 1

4
for electrons

is consistent with the indices from Gxx , meaning that the SdH

oscillations are produced by electrons. The solid line is a linear

fitting to the data; its intercept of 0.55 on the N -index axis indicates

the π Berry phase. Upper inset shows T dependencies of the SdH

amplitudes measured at 2.67 T (squares) and 3.85 T (circles), both

yielding mc = 0.07m0. Lower inset shows the Dingle plot for the data

at 1.5 K, giving TD = 15 K.

121302-2
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transform of d2Gxy/dB2 is shown in the inset of Fig. 3(a). Its

main feature is a broadened peak with a shoulder, which can

be well fitted with two Gaussians centered at frequencies of

10.6 and 14 T. The coexistence of two branches of oscillations

is actually anticipated from weak beating patterns in the data.

The two frequencies F1 = 10.6 T and F2 = 14 T correspond

to orbits on the FSs with radii of kF = 1.8 × 106 cm−1 and

2.1 × 106 cm−1, respectively. The corresponding 2D carrier

densities ns are 2.6 × 1011 cm−2 and 3.4 × 1011 cm−2 for each

spin eigenvalue. Since the amplitude of the lower frequency

oscillations is much larger than the amplitude of the higher

frequency branch [see inset of Fig. 3(a)], the main contribution

to the SdH oscillations is coming from the lower frequency

branch; in such a case, the LL index plot constructed from

weakly beating oscillations can still yield the correct phase

factor for the lower frequency branch with reasonable accuracy

(see SM for details). The constructed LL index plot [Fig.

3(b)] crosses the N -index axis at 0.55, which gives evidence

for the Berry phase of π [43–45]. Also, the relative phase

in the oscillations of d2Gxx/dB2 and d2Gxy/dB2 indicates

that the carriers must be n-type (see SM for details). Therefore,

the observed SdH oscillations can be concluded to be due to

n-type 2D Dirac fermions bearing the π Berry phase. Note

that even though the Bi2Te3 layer contains a lot of n-type

carriers (see SM), such carriers cannot be the source of the SdH

oscillations, because the observed frequencies are an order of

magnitude too low to represent the bulk FS of Bi2Te3.

The temperature dependence of the SdH amplitude [upper

inset of Fig. 3(b)] gives the cyclotron mass mc = 0.07m0 (m0 is

the free electron mass) [46]. This value should mainly reflect

the lower frequency branch of oscillations (F1 = 10.6 T) due

to its dominance in the data, and we conclude that the upper

limit of the Fermi velocity vF (=�kF /mc) of the dominant

surface carriers is about 3 × 107 cm/s. The Dingle analysis

[lower inset of Fig. 3(b)] yields the Dingle temperature TD

of 15 K, from which the mean-free path of Dirac electrons

lSdH = 24 nm and their mobility μSdH
s = 2000 cm2/V s are

calculated [4]. Such a mobility is typical for best-quality SnTe

films [33].

Now we discuss the origin of the observed n-type Dirac

fermions. Both Bi2Te3 and SnTe have topological surface

states, and it is useful to consider the energy-band diagram

of the heterojunction (shown in Fig. 4) formed by degenerate

p+-SnTe grown on the degenerate n+-Bi2Te3. The lineup

of the conduction and valence bands at the interface of two

semiconductors is of fundamental importance for understand-

ing the properties of the heterojunction. Essentially, there

are three possibilities: straddling, staggered, and broken-gap

band lineups [47] (see SM for details). The vast majority

of heterojunctions have a straddling lineup with conduction-

and valence-band offsets of opposite sign; in this case, when

the two sides are doped with opposite types of carriers, an

insulating barrier layer will be formed at the interface of such

a p-n junction. The same holds true for the case of a staggered

lineup, in which conduction- and valence-band offsets have

the same sign with a finite overlap of the gaps. The situation

is different for the most exotic broken-gap lineup, in which

the bottom of the conduction band of one semiconductor goes

below the top of the valence band of the other semiconductor

as has been shown for InAs/GaSb heterostructures [48]. In this

FIG. 4. (Color online) Energy-band diagram of n-Bi2Te3/p-

SnTe heterojunction. The broken-gap band lineup is concluded from

the I-V characteristics of the heterojunction interface (see SM for

details). Downward band bending on the free surface of SnTe gives

rise to n-type doping of surface Dirac cones shown schematically on

the right. The upper inset shows the bulk Brillouin zone of SnTe and

its projection along the (111) direction to the surface Brillouin zone,

which hosts two kinds of Dirac cones at Ŵ̄ and M̄ . The shaded plane

is one of the three mirror planes {110}.

case, the system can behave as a semimetal without forming

any barrier at the interface of a p-n junction.

To determine which of the possible lineups is realized in

our system, we measured I-V curves across the interface in a

sample where a part of the SnTe film has been etched away

to make direct electrical contacts to both Bi2Te3 and SnTe

layers (see SM). We found the I-V characteristics to show

Ohmic behavior, which led us to conclude that the SnTe/Bi2Te3

heterojunction most likely has the broken-gap lineup. In such a

case, the Fermi level at the interface may lie above the bottom

of the conduction band of Bi2Te3 and below the top of the

valence band of SnTe. Hence, while some exotic 2D state may

be formed at the Bi2Te3/SnTe interface [49–51], such a state

is not accessible due to the position of the Fermi level and it is

unlikely that the 2D SdH oscillations come from this interface.

Another interface between Bi2Te3 and sapphire is also an

unlikely place for n-type Dirac fermions to reside on, because

the Dirac point of the SS in Bi2Te3 is situated below the

top of its valence band [52]. This means that, in order for

the SdH oscillations with frequencies of only 10–14 T to be

observed, a very large upward band bending sufficient for

creating an inversion layer would be required at the interface

with sapphire. This is very unlikely and, in fact, we have never

observed such low-frequency SdH oscillations in Bi2Te3 films

grown on sapphire.

Therefore, the only viable possibility is that the top SnTe

surface has a sufficient downward band bending (Fig. 4)

to host n-type Dirac fermions. Interestingly, such a band

bending is naturally expected in materials with partially ionic

bonding. For Sn2+Te2− films grown in the [111] direction,

the stacking sequence of atomic planes is Sn2+-Te2−-· · · ,

which brings about a dipole moment and leads to a diverging

electrostatic energy (see SM). This situation is known as the

121302-3
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polar catastrophe [53] and cannot be realized in real materials;

what actually happens is a partial charge compensation on

the top and bottom surfaces to avoid the accumulation of

electrostatic potential. In our system, the first atomic plane

of the SnTe layer at the interface should be composed of Sn2+

and some of its positive charge is naturally compensated by

n-type carriers of the Bi2Te3 layer. On the free surface side,

the termination is either with Te2− or Sn2+ planes; since the

SnTe layer begins with Sn2+, the termination with Te2− costs

more electrostatic energy and Sn2+ termination is preferable

(see SM). The resulting charge compensation leads to a

downward band bending at the Sn2+-terminated free surface

as shown in Fig. 4. This offers a natural explanation of the

observed n-type carriers at the free SnTe surface. Note that

a strong downward band banding is also observed in ARPES

experiments [54] when p-type SnTe single crystals are cleaved

along the [111] direction in vacuum.

The above picture allows us to consistently understand the

measured transport data. On the (111) plane of SnTe which is

a TCI, there are four Dirac cones centered at four TRIMs in

the surface Brillouin zone (BZ) [54,55]: one at Ŵ̄ and three at

M̄ points which are projections of the four L points in the 3D

BZ along the [111] direction as schematically shown in the

inset of Fig. 4. The surface band calculations give different

results for Te and Sn terminations [55,56]. For Te-terminated

(111) surface, all Dirac points (DPs) touch the bottom of the

conduction band, and it is impossible to realize n-type Dirac

fermions irrespective of the position of the Fermi level. For the

Sn-terminated (111) surface, on the other hand, the DPs are

closer to the top of the valance band and Dirac electrons can

be probed in transport experiments. Interestingly, epitaxially

grown (111)-oriented films of a similar material, Pb1−xSnxSe,

were found to be preferentially terminated with Pb/Sn

[57].

The observed two frequencies in the SdH oscillations are

consistent with the existence of two types of Dirac cones on

the free surface of SnTe reported in ARPES experiments [54]:

the stronger, lower frequency branch is coming from electrons

occupying the three Dirac cones at the M̄ points, while the

weaker, higher frequency branch is coming from electrons

occupying the sole Dirac cone at the Ŵ̄ point. Importantly,

the ARPES data show [54] that the Dirac point at Ŵ̄ is lower

in energy than that at M̄ , resulting in a higher Fermi energy

for the Dirac cone at Ŵ̄ (see Fig. 4) with a difference � of

∼170 meV. It is worth noting that if oscillations were coming

from the Bi2Te3 surface, there would be only one frequency.

The same is true for the SnTe/Bi2Te3 interface, where the two

Dirac cones at Ŵ̄ originating from SnTe and Bi2Te3 should

annihilate due to their opposite helicities [58]. The vF of about

3 × 107 cm/s obtained from our data may be attribute to

the averaged vF of highly anisotropic DPs at M̄ [56]. From

F1 = 10.6 T (kF = 1.8 × 106 cm−1), the position of the

Fermi level above the DPs at M̄ is estimated to be about

40 meV. For the DP at Ŵ̄, according to the ARPES data [54],

the Fermi velocity is much larger, vF = 1.3 × 107 cm/s,

and, for F2 = 14 T (kF = 2.1 × 106 cm−1), the position of the

Fermi level would be about 180 meV above the DP. The energy

difference of ∼140 meV between the two types of Dirac cones

obtained in our transport experiments is close to the ARPES

result of � ∼170 meV, giving confidence that the observed

2D electrons indeed reside on the free surface of SnTe.

Finally, we mention that the observed SdH oscillations are

prone to aging; namely, their amplitude was greatly reduced

when we remeasured the sample after keeping it in nitrogen

atmosphere for six months. This also supports the conclusion

that the 2D oscillations are most likely coming from the free

surface of SnTe. All in all, the present results demonstrate

that the surface Dirac electrons residing on the (111) surface

of SnTe can be accessed by transport measurements of high-

quality films grown on a Bi2Te3 buffer layer. These thin-film

samples open new opportunities for experimentally exploring

the physics of TCIs as well as for fabricating novel devices

based on the unique nature of TCIs [59,60].
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