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In this paper, we report the epitaxial growth of Bi,Se; thin films on Si (111) substrate, using
molecular beam epitaxy (MBE). We show that the as-grown samples have good crystalline
quality, and their surfaces exhibit terracelike quintuple layers. Angel-resolved photoemission
experiments demonstrate single-Dirac-conelike surface states. These results combined with the
temperature- and thickness-dependent magneto-transport measurements, suggest the presence of a
shallow impurity band. Below a critical temperature of ~100K, the surface states of a 7 nm thick
film contribute up to 50% of the total conduction. © 2011 American Institute of Physics.

[doi:10.1063/1.3585673]

. INTRODUCTION

Since the prediction of the existence of 3D topological
insulators (TIs) in group V-VI'™* in 2007, this research field
has been developing rapidly from theoretical to experimental
studies. The 3D TIs have a semiconductor gap in the bulk
and a gapless surface state, providing a spin-quantum-Hall-
like behavior with quantized conductance of charge and spin
in the absence of magnetic field.*® Due to its strong spin-
orbit interaction, the direction of spin and moment of the
surface electrons is locked; thus the surface conduction elec-
trons are protected by time-reversal-symmetry.°

Among all potential 3D TIs, Bi,Se; has a large bulk
bandgap of around 0.3 eV, providing great potential for
room-temperature applications. Despite a long history of
Bi,Se; as a traditional thermoelectric material,’ not until
very recently have the topological surface states been
observed by angle-resolved photoemission spectroscopy
(ARPES).® However, direct evidence of surface states in
transport measurements is challenging because of interfer-
ence from a dominant bulk contribution in TI materials. Usu-
ally Bi,Se; is heavily n-type doped arising from the Se
vacancies.” ! The unintentional doping prohibits the surface
states from being detected during transport measurements,
thus limiting the practical applications.

To overcome the high electron-doping problem, post-
growth annealing in a Se-rich environment'' and Ca
counter-doping'*'® have been studied. With traditional stoi-
chiometric melts of Bi and Se in a crucible, systematic dop-
ing control is very difficult and influenced by local
compositional fluctuations. On the other hand, the thin film
growth by molecular beam epitaxy (MBE) has tremendous
advantages, such as excellent doping control, a reduction of
the bulk contribution, the possibility of surface engineering,
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and potential integration of heterostructures and/or superlat-
tices for more complex device structures. To date, there have
been very few reported studies using this growth tech-
and, to the best of our knowledge, the transport
properties of TI thin films grown with MBE have not been
investigated. In this study, we report the epitaxial growth of
Bi,Se; thin films using a solid source MBE. We show that
the as-grown samples have good crystalline quality, and their
surfaces exhibit terracelike quintuple layers. Most impor-
tantly, our ARPES experiments unambiguously demonstrate
single-Dirac-conelike surface states. These results are quali-
tatively in agreement with our temperature- and thickness-
dependent magneto-transport measurements, suggesting the
presence of a shallow impurity band. By systematically
studying the magneto-transport, we conclude that the surface
states, contributing up to 50% of the total conduction, domi-
nate the conduction below a critical temperatures of ~100K,
for the thin film with a thickness of 7 nm, comparable to our
recent findings in gated Bi,Te; nano wires.'”

Il. EXPERIMENTS

The thin film growth was carried out with a Perkin
Elmer MBE system. The Si (111) substrates were first
cleaned by a standard RCA procedure before being loaded
into the growth chamber. The Si substrates were then
annealed at 550 °C to eliminate hydrogens bonding on the
surface. High-purity Bi (99.9999%) and Se (99.99%) sources
were evaporated by conventional effusion cells. During the
growth, Bi and Se effusion cells were kept at 490 and 200 °C
respectively, while Si (111) substrate was set at 150 °C. The
surface of the Bi,Se; was monitored by the RHEED tech-
nique and found to be atomic flat as evidenced by streaky
RHEED patterns. The digital images of RHEED were cap-
tured using a KSA400 system made by K-space Associates,
Inc.

© 2011 American Institute of Physics
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of ~0.9 QL/min. (c) Large area AFM
image of Bi,Se; film (size: 0.8 um x 0.7
um). (d) The height profile along the
gray line marked in Fig. 1(c) showing a
step size of 0.95 nm.
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The high-resolution TEM experiments were performed
on a FEI Tecnai F20 (S)TEM operating at 200 K'V. The digi-
tal images were recorded by a Gatan® 2k x 2k CCD camera.

High-resolution ARPES experiments were performed at
beam line 12.0.1 of the Advanced Light Source at LBNL,
using 100 eV and 52 eV photons for measuring core levels
and surface states, respectively. For the low temperature
transport measurements, a standard Hall bar geometry with a
channel size of ~3 mm x 0.3 mm was fabricated through a
conventional photolithograph method. A physical property
measurement system (PPMS) manufactured by Quantum
Design was used to measure the magneto-transport properties.

lll. RESULTS AND DISCUSSION

The Bi,Ses thin films were grown in an ultrahigh vac-
uum MBE system. Real-time reflection high energy electron
diffraction (RHEED) was used to monitor the in situ growth
dynamics with the electron beam incidences along the
[1120] direction. Figure 1(a) shows the RHEED pattern of a
Bi,Ses film with a thickness of 44 nm. The sharp streaky
lines indicate a flat surface morphology; thus the growth is
smoothly pseudomorphic. Figure 1(b) shows the time de-
pendent evolution of the intensity (upper red curve) and
transverse width (lower blue curve) of the specular spot dur-
ing the growth. Layer-by-layer RHEED oscillations can be
clearly observed with a period of ~68 s, or 0.9 QL/min. The
180° phase shift between the intensity and width provides
strong evidence that the oscillations come from the periodi-
cal change of the surface morphology,'® excluding artifacts
such as system vibrations during the growth. At the early
stage of the growth, we also observed the diffraction patterns
reflecting 3D growth mode in addition to the 2D streaky lines
and the specula spot. These 3D spots diminish quickly as the
growth continues and completely disappear after 8 QLs. The

0.4 0.6 0.8
Position (um)

3D transmission pattern is probably caused by the formation
of small islands, and as the film becomes thicker, islands
merge together to produce a flat plateau.

Figure 1(c) shows a large-scale atomic force microscope
(AFM) image of an as-grown Bi,Se; film with a thickness of
44 nm, exhibiting individual terraces. The surface consists of
characteristically triangle-shaped terraces and steps, reflect-
ing the hexagonal crystal structure inside of the (0001)
plane.' Figure 1(d) displays a height profile of the gray line
marked in Fig. 1(c). The height of each step is ~0.95 nm,
consistent with a single QL thickness.

In addition to the AFM study, high-resolution transmis-
sion electron microscopy (HRTEM) was performed to inves-
tigate the film quality. Figure 2(a) shows a HRTEM image
taking along the Si [110] direction. As can be seen, on top of
the Si (111) substrate, an amorphous interface layer of ~1.7
nm and a Bi,Se; thin film of ~7 nm can be observed. It
should be noted that the projected period along the ¢ axis is
0.955 nm, as indicated in Fig. 2(a), fitted well the Bi,Se;
crystal structure with the lattice parameters of a =0.414 nm
and ¢ =2.864 nm. Figures 2(b) and 2(c) show the energy dis-
persive spectroscopy (EDS) of this Bi,Se; film and the inter-
face layer. Within the Bi,Se; film, the signatures of Bi and
Se can be identified in addition to carbon (C, from the ep-
oxy), copper (Cu, from TEM grid) and a trace of silicon (Si,
from the substrate). As a comparison, within the interfacial
layer, we can only indentify Se and Si without a hint of Bi.
This fact suggests that the amorphous interface layer is prob-
ably SiSe,.® We anticipate that such an amorphous layer may
be formed in the Se rich environment and during the initial 550
°C annealing.

The electronic structure of the films was verified by
using ARPES. The measurements have been performed at
BL12 of the Advanced Light Source using essentially the
same setup which has been employed for the first ARPES
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FIG. 2. (Color online) (a) High-resolu-

tion transmission electron microscopy
(HRTEM) of a 7 nm Bi,Se; grown on a
Si (111) substrate. The lattice space of
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studies of bulk crystals of TIs.?' Contrary to the bulk crys-
tals, however, atomically clean surfaces of our samples could
not be prepared by cleaving them in vacuum. Hence, in the
present study, prior to the measurements samples were
annealed at 200 °C for 2 to 3 h. Vacuum during annealing
stayed below 6 x 107'° Torr. Core-level spectroscopy and
ARPES were performed with 100 eV and 52 eV photons,
respectively, with the samples held at room temperature. Fig-
ure 3(a) displays 3d and 5d core levels (spin-orbit split dou-
blets) of Se and Bi, respectively. The fact that no extra peaks
were observed indicates a good surface quality with a stoi-
chiometric composition. An important confirmation comes
from the ARPES data plotted in Fig. 3(b). The data reveal a
familiar surface state with a linear dispersion crossing the
Fermi level. This state is the key TI characteristics, which
has been extensively studied on the surfaces of bulk
crystals. %131

The transport measurements of TI thin films are a criti-
cal gauge for determining material properties and a prestep
needed to realize TI based devices. As plotted in Fig. 4(a),
the temperature-dependent resistivity of four samples with
different film thicknesses exhibits the same characteristic
behavior. The resistivity first decreases monotonically as the
temperature decreases from room temperature; the metallic
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- (003) plane is 0.955 nm. (b) and (c) the
Si energy dispersive spectroscopy (EDS) of
the film and interface, respectively.
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resistivity indicates phonon scattering dominantes the tem-
perature dependence over this range. After reaching a mini-
mum between 70 and 170 K, depending on the thickness of
samples, the resistivity exhibits an exponential increase with
respect to 1/T. In the low temperature region, however, the
resistivity of all the samples saturates at a constant value.
This temperature-dependent behavior is consistent with the
“nonmetallic crystals™* where the Fermi energy sits within
the gap between the bulk conduction band and valence band.

In the high temperature region above 130 K, the resistiv-
ity of the three thickest films collapses onto one curve, invari-
ant of the film thickness. This indicates that at those
temperatures the resistivity is dominated by the bulk conduct-
ance. Figure 4(b) exhibits the conductivity after substrated the
plateau value-the surface states dominated conductation, as a
function of 1/T. For the films with thicknesses above 10 nm,
the bulk properties are fully developed with a common activa-
tion energy of ~37 meV, as shown by the right three dotted
lines in Fig. 4(b). This is most likely associated with a shallow
impurity band®® from Se vacancies with a level of about 37
meV lower than the bulk conduction band. However, the thin-
nest film with a thickness of 7 nm behaves slightly different.
In the high-temperature region where bulk conductance domi-
nates, the resistivity is slightly lower than the thicker samples,

FIG. 3. (Color online) (a) Core level photoem-
ission and (b) Angle Resolved Photoemission
data taken from sample consisting of 44 nm of
Bi,Se; grown on Si(111). (a) Core levels of Se
and Bi measured with 100 eV photons. (b) The
V-shaped surface state crossing the Fermi level.
APRES data were taken using 52 eV photons.
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FIG. 4. (Color online) (a) Resistivity of
four samples with different thicknesses
versus temperature. (b) Conductivity vs
1/T. The left (black) dashed line
indicates a low temperature activation

0.01 0.02 0.03

energy of about 90 meV. The right three
(purple) dashed lines indicate an activa-
tion of about 37 meV. (c) Conductance
versus thickness at 7=20K. The blue
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dotted line is a parabolic fit. The inset
shows o, versus T~ " for the 7 nm think
film. Please note that the vertical axis is
plotted in log scale. The linear line rep-
resents log(oxy) oC T~ (d) Sheet car-
rier density of a 7 nm thick film as a
function of temperature.
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suggesting that the total conductance has a bigger contribution
from the surface states. Also, the activation energy of 90 meV
(the left dotted line in Fig. 4(b)), indicates a deeper donor
level, probably bearing less impurity states. We also noticed
that over time the ambience environment has subtle influence
on ultrathin films (in terms of impurity activation energy),
while much less effect on the thicker films.

As the temperature drops below the activation region
where the bulk carriers freeze out, the transport is presum-
ably dominated by carriers in the surface states and impurity
band hopping. In this region, the sheet conductance is almost
temperature independent with a value that monotonically
decreases with decreasing the film thickness, as shown in
Fig. 4(c). This variation of the conductivity in the saturation
regime with the film thickness mostly comes from the bulk
effect such as impurity band hoping. The thicker the film, the
more the states in the impurity band, and hence the more
the conduction. By fitting the conduction with a parabolic
curve line (blue dashed line in Fig. 4(c)), it is possible to
extrapolate the conductivity toward zero thickness and pro-
vide a good estimation of the surface state conduction,
~3.9x107*S.

Below 10K, the resistivities of all samples exhibit
another small increase. The conductance follows a typical
Mott T~ "* law down to 2K, (as shown in the inset of Fig.
4(c)), indicating that the variable range hopping is the domi-
nant mechanism for transport in the impurity band.**?

Hall measurements were also preformed on these films.
An example is shown in Fig. 4(d), in which the sheet carrier
density is plotted as a function of the temperature for the thin
film with the thickness of 7 nm. When the temperature is
higher than 200K, the measured sheet carrier density satu-
rates at approximately 1.25 x 10'? cm ™2, reflecting contribu-
tions from surface carrier and bulk conduction band

100 200 300

T(K)

electrons excited from an impurity band. As the temperature
drops below 200K, the sheet carrier density quickly
decreases to ~7 x 10'* cm ™2 and then a further small dips
occurs at even lower temperatures. This temperature-depend-
ence of the sheet carrier density is consistent with our previ-
ous conclusion from resistivity data. In other words, there is
an impurity band below the bulk conduction band, and ther-
mally excited electrons in the bulk conduction band are fro-
zen out when the temperature drops below ~100K. Based on
this analysis, we can estimate the surface density n, to be
7 x 10'% cm ™2, and the bulk carrier density 7, to be 7 x 10'®
cm >, consistent with other reports.'! It is interesting to note
that the carrier density of the surface states accounts for up
to 58% of the total carriers in this thin film.

At T=35K, the longitudinal magneto-resistance (MR)
with the field parallel to the current and perpendicular to the
c-axis is plotted in Fig. 5(a) for films with different thick-
nesses, in which the MR is defined as MR = p,.(B)/p..(0)-1.
The two thicker films have a sharp cusp at low magnetic
field, which is a clear signature of weak anti-localization
(WAL) effect originating from the spin-orbit interac-
tion.???%?” Contrary to this behavior, the 7 nm thick film
show a semiclassical parabolic field dependence at low
fields, and the MR of the intermediate thick film (10 nm) sits
between these two extremes. Since the magnetic field is in-
plane, 2D WAL should not be observed. Therefore, we con-
clude the phenomenon is 3D WAL at low temperature and
originates from the impurity band electrons in the bulk.

It is also interesting to note that, at high magnetic fields,
the MR for other thicker films has a clearly linear depend-
ence on the field, as shown in Fig. 5(b). This has been identi-
fied as the quantum linear Hall effect,”®?’ where the large
linearity is predominantly caused by coupling of the spin to
the field. The thinner films also have a trace of linearity at
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FIG. 5. (Color online) Magneto-resistance
Bi,Se; thin films for four different thickness at
5 K with low (a) and high magnetic fields (b).
(c) MR of a 7 nm film at temperatures from 4 to

10 K. (d) MR with respect to temperature when
B=10T.

103702-5 He et al.
a)1.0 b) 3.0
(a) — (b)
0.8 25
2.0
<06 3
= =15
[+ 4
294 =10
0.2 0.5
0.0 0.0
-1.0 -0.5 0.0 0.5 1.0 -10
B(T)
c) 3.0 d
(c) @, .
80
~2.0 3
s £ 60
o 4
51_0 = 40
20
0.0 05 =
-10 0

very high field. Figure 5(c) shows the MR of the 7 nm thick
film at several temperatures between 4K and 10K, where uni-
versal conductance fluctuation (UCF)*° can be observed at
low temperature and high magnetic field.

Finally, the temperature-dependence of the MR for all
the films is shown in Fig. 5(d). At high temperatures (100 ~
300K) where the bulk conduction dominates, the MR is rela-
tively large (20-100%) and increases as the temperature
decreases. The large MR here is presumably due to the
enhanced phonon scattering by the magnetic field. As soon
as the temperature drops to the points where the electrons are
frozen (i.e., 50 to 100K), the MR decreases rapidly to a value
of 2%. Since the conduction mechanism for the surface elec-
tron and impurity band electron is insensitive to scattering,
the magnetic field should have a much weaker effect on the
transport. As temperature decreases, the drastic change of
MR probably reflects the transition from bulk conductance to
surface electron transport and impurity band electron hop-
ping, consistent with Fig. 4.

IV. SUMMARY

In summary, we have epitaxially grown high-quality
Bi,Se; thin films with thickness down to 7 nm by using a
MBE system. The ARPES results provide unambiguous
evidences of single-Dirac-conelike surface states. Below a
critical temperature that depends on the film thickness, a
combination of a shallow impurity band hopping and sur-
face-state electron conduction with a contribution of up to
50% has been evidenced. In our ultra-thin Bi,Se; MBE-
grown thin films, the successful demonstration of the domi-
nating surface states in magnetotransport measurements,
provides a first but yet important step toward the fabrication
of multifunctional heterostructures for innovative nanoelec-
tronics and spintronics.
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