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We  have  grown  tellurium  (Te) thin  films  on  Bi2Te3 and investigated  the atomic  structure.  From  low-
energy  electron  diffraction  (LEED)  measurements,  we  found  that  the Te films  are  [101̄0]-oriented  with  six
domains.  A  detailed  analysis  of  the  reflection  high-energy  electron  diffraction  (RHEED)  pattern  revealed
that the  films  are  strained  with  the in-plane  lattice  constant  compressed  by  ∼1.5%  compared  to the bulk
value  due  to the  epitaxy  between  Te and  Bi Te . These  films  will be  interesting  systems  to investigate
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the  predicted  topological  phases  that  occur  in strained  Te.
©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Chirality is a geometric property of materials and is mostly
iscussed in chemistry or biology [1]. A chiral molecule/ion is non-
uperposable on its mirror image (enantiomers) and individual
nantiomers are often called as either “right-” or “left-handed”.
ome solid crystals also have chirality such as elements tellurium
Te) and selenium (Se). As shown in Fig. 1(a), they are trigonal struc-
ures that can be regarded as a hexagonal array of helical chains at
mbient pressure. They lack inversion symmetry and possess chi-
ality depending on the rotation direction of the screw axis. Namely,
ight- and left-handed chirality correspond to the structures shown
n Fig. 1(b) and (c). Due to this peculiar crystal structure, Te shows
ntriguing properties such as the circular photon drag effect [2] or
he current-induced spin polarization [3,4].

It is also well known that the physical properties of Te and Se can
e tuned by controlling the lattice constant, which can be achieved
y applying pressure [5,6]. They will eventually undergo a struc-
ural transition to the monoclinic or the triclinic phases at very
igh pressure in the order of ∼10 GPa. The electronic structure can

lso be changed from a semiconductor (the band gap is 0.33 eV
nd 2.0 eV for Te and Se, respectively) to a metal by applying pres-
ure. Recently, based on ab initio calculations, it was  predicted that

∗ Corresponding author.
E-mail address: hirahara@phys.titech.ac.jp (T. Hirahara).

ttp://dx.doi.org/10.1016/j.apsusc.2016.11.196
169-4332/© 2016 Elsevier B.V. All rights reserved.
Te undergoes a trivial insulator to a strong topological insulator
(metal) transition under shear (hydrostatic or uniaxial) strain in
the trigonal phase [7]. Furthermore, it was  predicted that the lack
of inversion symmetry and spin–orbit interaction leads to the exis-
tence of Dirac points or Weyl nodes in the band structure of Te
or Se [8]. Such states possess an unconventional spin texture and
furthermore, if one can fine-tune the lattice constant by carefully
controlling the applied pressure, Te and Se are expected to show
the Weyl semimetal phase [9].

An alternative way  to change the lattice constant of a material is
to grow thin films and utilize the epitaxy with the substrate. Such
method has been applied to Bi films grown on Bi2Te3 and showed
a change in their topological properties [10]. Thin film growth of
Te has actually been performed from the monolayer regime [11]
to relatively thick films [12,13]. The main purpose to grow thick
Te films was  to use them as capping layers to protect the topo-
logical surface states in air. Thus, it did not matter whether the
grown Te was amorphous or granular, but it turned out that the
grown Te films were crystalline. Tellurium films grown on Bi2Te3
showed clear low-energy electron diffraction (LEED) and reflection
high-energy electron diffraction (RHEED) patterns [12], and X-ray
diffraction measurements showed that Te films grown on Cr-doped
(Bi,Sb)2Te3 (CBST) are oriented in the [101̄0] direction [13].
In the present study, we  performed a detailed investigation of
the atomic structure of Te films grown on Bi2Te3 to see if these films
are strained or not. To the best of our knowledge, such experimental
effort has not been performed previously. From RHEED and LEED

dx.doi.org/10.1016/j.apsusc.2016.11.196
http://www.sciencedirect.com/science/journal/01694332
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Fig. 1. (a) Schematic drawing of the chiral crystal structure of Te and Se.

easurements, we found that the grown Te films are six-domain
101̄0) films and the lattice constant is compressed by ∼1.5% com-
ared to the bulk values due to the epitaxial growth and the slightly
ifferent lattice constants between Te and Bi2Te3. Thus, they should
e an interesting system to study the possible realization of topo-

ogical phases in Te.

. Experimental

The experiments were conducted in ultrahigh vacuum cham-
ers and RHEED was used to monitor the sample growth.
olecular beam epitaxy was employed as the deposition method.

he fabrication of the substrate Bi2Te3 was the same as
hat reported previously. First, a clean Si(111)-7 × 7 surface
3 mm × 15 mm × 0.5 mm)  was prepared on an n-type substrate (P-
oped, 1–10 � cm at room temperature) by a cycle of resistive heat
reatments. Then Bi was deposited on the 7 × 7 surface at 200 ◦C in

 Te-rich condition. This results in a quintuple-layer-by-quintuple-
ayer [(QL), 1 QL = 10.2 Å] Bi2Te3(111) epitaxial film formation

ith bulk-like crystal structure [10,14,15]. The thickness of the
i2Te3 films used in the present study was ∼15 QL. Tellurium was
eposited on Bi2Te3 at room temperature. The deposition rate of Te
as calibrated by the time it took to cover the Si(111)-7 × 7 surface

nd was determined as 0.2 ML/min (1 ML  = 3.8 × 1014 atoms/cm2,
he atomic density of the Te(101̄0) surface). Judging from the
tomic structure of bulk Te shown in Fig. 1, we believe that Te grows
n a trilayer-by-trilayer mode for the [101̄0] orientation and one tri-
ayer (3 ML)  corresponds to a thickness of ∼3.9 Å. LEED observations

ere performed after the sample fabrication at room temperature.

. Results and discussion

Figure 2(a) shows the RHEED pattern of a 15 QL thick
i2Te3(111) film grown on Si(111). The incident energy of the elec-
ron beam was 15 keV. The 1 × 1 periodicity can be observed clearly
howing both the zeroth and first Laue zones. Note that due to the
imited domain size of the films, the spots are elongated in the
ertical direction and look more like streaks. This kind of streak
eature is quite often found in RHEED patterns of thin films, in con-
rast to the sharp RHEED spots of semiconductor clean surfaces

uch as Si(111)7 × 7. Fig. 2(b), (c), and (d) show the RHEED pat-
erns after 12 ML  (16 Å) (b), 36 ML  (47 Å) (c), and 60 ML  (78 Å)
d) of Te deposition on the Bi2Te3 substrate at room temperature,
espectively. One can see that the streaks of the first Laue zone
 and left-handed chiral structures are shown in (b) and (c), respectively.

of Bi2Te3 have disappeared completely and more streaks can be
found around the zeroth Laue zone. There are no significant dif-
ferences between Fig. 2(b)–(d) although slight changes in the spot
intensity can be found. So we think that the structure of the Te film
does not change for different film thickness. In fact, the RHEED pat-
terns for the film thinner than 12 ML  showed a pattern that can be
interpreted as an overlap of the streaks of Bi2Te3 and Te. Thus we
suspect that the Te film has the same structure already from the
initial stage of film growth. This is in sharp contrast to other cases
such as Bi films grown on Si(111)7 × 7, where an allotropic trans-
formation has been confirmed [17]. The overall features shown in
Fig. 2(b)–(d) are similar to that reported in Ref. [12].

Since it seemed difficult to determine the surface periodicity
from the complicated RHEED patterns shown in Fig. 2(b)–(d), we
performed LEED observation of the grown Te films. Fig. 3(a) shows
the LEED pattern of the 60 ML  Te film grown on Bi2Te3. The incident
energy was 21.5 eV. Although the background level is quite high,
one can notice spot structures which are similar to that reported in
Ref. [12]. In Ref. [12], no detailed structure determination based on
LEED was performed and the complicated pattern was  just inter-
preted as a result of the multidomain growth mode. Fig. 3(b) shows
the spot positions of the LEED pattern in Fig. 3(a) for clarity. We  first
tried to assign a reciprocal lattice assuming only one domain, but
it was not successful. We  thus assumed a six-domain structure of a
rectangular lattice. The different colors and symbols in Fig. 3(b) cor-
respond to the different domains and the reciprocal unit cell for one
of the domains is also indicated in Fig. 3(b). As shown in Fig. 3(c),
one can explain almost all the observed spots assuming this struc-
ture (the open circles are the observed ones and the filled circles
are the ones expected from the structure assumed). However, we
found that the positions for the spots located at the periphery of the
LEED screen showed a large deviation from their expected position.
We think this is due to the flat MCP  screen used in the LEED obser-
vation which can have a large influence on the spots far from the
center, while those near the center are not much affected. There-
fore, we  believe that our structural analysis is correct and Te likely
grows in a rectangular lattice. Roughly judging from the ratio of the
long and short sides of the rectangle in Fig. 3, the film orientation
is [101̄0] (or any other equivalent direction).

In order to confirm our anticipation, we  have analyzed the

RHEED patterns of the Te films. We  have found that when we
assume that the electron beam is incident from the direction shown
in Fig. 3(b), all the streaks in the RHEED pattern can be explained
nicely as shown in Fig. 4(a). (As mentioned before, note that the
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Fig. 2. RHEED patterns of the substrate Bi2Te3 (a), 16 Å thick Te film (b), 47 Å thick Te film (c), and 78 Å thick Te film (d), grown on Bi2Te3,  respectively.

Fig. 3. (a) LEED pattern of the 78 Å thick Te film grown on Bi2Te3. (b) The reciprocal lattice derived from the LEED pattern in (a). The electron incident direction of the RHEED
patterns is also indicated. Different colors represent different domains and the rectangular reciprocal unit cell for one of the domains is explicitly shown. A and B correspond
t  are a
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o  the spots in the RHEED pattern of Fig. 4(b). The angles between different domains
nterpretation of the references to color in this figure legend, the reader is referred 

ertical position is not so important due to the elongation of the
pots.) A and B in Figs. 3(b) and 4(b) correspond to each other.
ince we know the electron incident direction of the RHEED pat-
erns with respect to the Bi2Te3(111) surface, we can determine
he in-plane stacking direction between the multidomain Te(101̄0)
nd Bi2Te3(111). Furthermore, by comparing the streak spacing
etween the Bi2Te3 substrate and the grown Te films, the lattice
onstant of Te can be determined. Fig. 4(b) shows the line pro-
les of the RHEED streaks derived from the patterns in Fig. 2(a)

nd (d). For a quantitative analysis, first, a peak fit was performed
o deduce the length of the arrow shown in Fig. 4(b) for Bi2Te3
topmost arrow). This corresponds to 4�/aBi2Te3

. Then a peak fit
lso shown. (c) Same as (a) but with the reciprocal lattice overlapped for clarity. (For
 web  version of the article.)

for the line profile of Te line 2 was performed and the arrow
length was determined, which corresponds to (4�/a) cos23◦ (a is
the short side of the rectangular unit cell). By taking the ratio of
the length of the two arrows and using the lattice constant of
Bi2Te3(aBi2Te3

= 4.38 Å), one obtains a = 4.39 ± 0.025 Å. Similarly, a
peak fit for the line profile of Te line 1 was performed and the length
of the top arrow was  deduced, which corresponds to (4�/c) cos7◦

(c is the long side of the rectangular unit cell). This results in
c = 5.85 ± 0.052 Å. The length of the remaining arrows in Fig. 4(b)

was determined and we cross checked if the above analyses were
reasonable using reciprocal spots from all the domains. As a result,
we determined the in-plane lattice constants of the Te(101̄0) as
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Fig. 4. (a) RHEED pattern of the 78 Å thick Te film grown on Bi2Te3 with the reciprocal lattice overlapped. Different colors represent different domains. A and B correspond
to  the reciprocal lattice shown in Fig. 3(b). (b) The RHEED spot intensity profile for the lines shown in Fig. 2. The distance of the indicated arrows was used in the quantitative
analysis to deduce the real-space lattice constants (see the main text for details). (For interpretation of the references to color in this figure legend, the reader is referred to
the  web  version of the article.)
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ig. 5. (a) The real space lattice of the grown Te(101̄0) films together with that o

ondition between Te and Bi2Te3 lattices (5aBiTe∼3
√

a2 + c2).

 = 4.39 ± 0.025 Åand c = 5.85 ± 0.052 Å, respectively. Compared to
he bulk values a = 4.46 Å and c = 5.92 Å, they are compressed by
.6% and 1.2%.

Figure 5(a) summarizes the structure in real space we  have
etermined from LEED and RHEED concerning the Te(101̄0) film
rown on Bi2Te3(111). A six-domain rectangular Te lattice grows
n the single-domain hexagonal Bi2Te3 lattice. One can notice that
he nearest-neighbor position is quite similar between the two
ith only ∼±7◦ rotation. Compared to the Te(101̄0) film grown on
BST, the Te domains of our films are rotated by 30◦ [13]. Since
he lattice constant of CBST is aCBST = 4.28 Å, which is only 0.1 Å
2.3%) different with Bi2Te3, it is quite interesting that such a small
an induce a large difference in the in-plane orientation. In Ref.
13], it was shown that there is a lattice matching condition of

3aCBST∼
√

a2 + c2 between CBST and Te(101̄0). In the present case

f Te/Bi2Te3, we found a matching condition of 5aBi2Te3
∼3

√
a2 + c2

s shown in Fig. 5(b). Such commensurate relation is similar to
hat reported for Bi(110) film growth on Si(111)

√
3 ×

√
3-B [16].

t would be interesting to tune the lattice constant of the substrate
recisely and see how the Te film orientation, as well as the lattice
onstants, changes according to it.

Another interesting point that should be mentioned is that
he lattice constant of the present Te films is different from the
ulk value even for a relatively large film thickness (60 ML  = 78 Å)
nd compressed by ∼1.5%. Intuitively, the lattice constant of a
hin film should relax to its bulk value even when the first sev-
ral layers grow epitaxially with the substrate. However, there are

ome cases where the matching condition makes the film strained
ven for relatively thick films such as Bi films grown on Si(111)-

 × 7 (the experimentally determined in-plane lattice constant was
.48 Å, which was 1.3% smaller than the bulk value and this was
strate Bi2Te3. The lattice constants are shown explicitly. (b) The magic matching

interpreted as due to the “magic mismatch” between Bi and the
7 × 7 surface) [17]. We  believe that the matching condition of

5aBi2Te3
∼3

√
a2 + c2 is also quite dominant in determining the lat-

tice constant in the present case. It has been shown that when a
hydrostatic pressure is applied to Te, a decreases while c increases
slightly [5]. Therefore we can also say that our films are strained
in a unique manner that is not possible by just applying pressure,
again suggesting the strong role of the substrate. Thus theoretical
calculations for Te slabs strained in this intriguing way will be help-
ful in identifying the realization of topological phases in these films
as well as experimental verification of the band structure. Further-
more, these films should possess chirality as shown in Fig. 1 and
experimentally determining such property will be an important
task as well as finding a way  to grow the desired chirality.

4. Conclusions

In conclusion, we  have fabricated Te thin films on Bi2Te3.
Through LEED and RHEED observations, we have determined that
they are six-domain [101̄0]-oriented films with the lattice constant
contracted by ∼1.5% compared to the bulk value due to the epitax-

ial relation of 5aBi2Te3
∼3

√
a2 + c2. These films should be intriguing

in terms of verifying the predicted topological phases in strained
Te. It would also be interesting to identify and control the chirality
of the films and investigate how they affect the physical properties.
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