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PACS 68.55.-a — Thin film structure and morphology

Abstract — There is a standing fundamental issue of topological insulators that their theoretically
predicted nanoscaled metallic surface state (3-5nm) has never been demonstrated substantially by
experiments. We have designed an experiment to clarify this issue by measuring the surface-state
and bulk-state resistances of topological insulators of BizTes and SbaTes thin films. Interestingly,
we found that the measured surface-state resistivity is lower than that of the bulk-state by 5 orders
of magnitude, which indicated that the nanoscaled surface state (3-5nm) is metallic. Further,
the surface-state resistances decrease monotonically with the temperature decreasing from room
temperature down to 5K, which clearly showed that the metallic temperature dependence is
consistent with the presence of the topologically protected Dirac surface state. Differently, the bulk-
state resistances firstly decrease, and then reach a rock bottom near 125 K, and then increase with
decreasing temperature and achieve the saturated state near 50 K. These results definitely showed
that the bulk state exhibits a typical temperature dependence of insulators. Our experiments have,
for the first time, provided the experimental evidence of the theoretically predicted nanoscaled

metallic surface state of topological insulators.

Copyright © EPLA, 2011

There is a standing fundamental issue of topological
insulators that their theoretically predicted nanoscaled
metallic surface state (3-5nm) has never been demon-
strated substantially by experiments [1-4]. In other
words, there have not been any investigations which
experimentally showed that the nanoscaled surface layer
seems metallic and the bulk is insulating of a really
topological insulator. Therefore, it is essential and urgent
to experimentally demonstrate the landmark prediction
above. BisTesz and SbyTez materials have been predicted
to be the topological insulators with the robust and non-
trivial surface metallic state by theory [5-7]. In situ
angle-resolved photoemission spectroscopy (ARPES)
experiments have confirmed that the surface electronic
band structures of BisTes and ShoTes consist of a single
Dirac cone with a linear dispersion at the center of the
Brillouin zone [8-12]. Recently, the quantum oscillations
of the topological insulators have suggested that the
surface conduction channels arise from their topological
surface states [13-19]. Thus, we take BizTesz and SbyTe;
materials as our model system to study the metallic
surface state of the topological insulators.

(2) E-mail: stsygwémail.sysu.edu.cn

In this contribution, we design a unique experiment
to explore the direct experimental evidence for distin-
guishing the surface-state conduction from the bulk-state
conduction in the topological insulators of Bis;Tes and
SbeTes polycrystalline thin films. Our results show that
the electrical resistivity of the nanoscaled surface layer
(3-5nm) of these polycrystalline thin films is of the
order of 107 - cm, and the bulk electrical resistivity is
5 orders of magnitude larger than that of the surface
at room temperature. Thus, these results clearly reveal
that the surface is metallic. Further, the temperature
dependence of the surface resistivity displays the metal-
lic behavior, while the temperature dependence of the
bulk resistivity indicates an insulating behavior. There-
fore, these results substantially demonstrate the theo-
retically predicted metallic surface state of topological
insulators.

Firstly, the topological insulators of BisTe3 and SbyTes
thin films are prepared on Si and Pt/Ti05/SiO2/Si wafers
by pulsed-laser deposition at 300°C in Ar gas ambi-
ent. The surface topography, elemental composition and
crystalline structure of the as-grown polycrystalline thin
films are characterized by scanning electron microscopy
(SEM), energy dispersive spectrometry (EDS) and X-ray
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Fig. 1: SEM images of the as-grown BiTes (a) and SbaTes (b) polycrystalline films, and the insets are the EDX analyses,
respectively. Panels (c¢) and (d) are the corresponding XRD patterns, and (e) and (f) are the corresponding Raman spectra,

respectively.

diffraction (XRD), respectively, as shown in fig. 1. From
fig. 1, we can see that the prepared films are smooth
and uniform. The recorded EDS data indicate that the
compositions of BisTes with a Bi/Te ratio and SbyTe;
with a Sb/Te ratio are very close to 2:3. From the typi-
cal XRD patterns as displayed in figs. 1(c) and (d), we
can see that the highly c-axis—oriented BisTes and SboTes
thin films are prepared, and the two films have the same
rhombohedral structure, and the sharp peaks with high
intensity reveal that the topological insulator samples

have good crystalline structure. To obtain more accurate
data for the structure of the polycrystalline thin films,
we carry out Raman scattering measurements. The typi-
cal Raman spectra for the Bi;Tez and SboTes films rang-
ing from 50 to 500cm~! at 514nm laser excitation are
shown in figs. 1(e)—(f), respectively. Three pronounced
optical phonon modes on BiyTes and SbyoTes samples
can be clearly observed at the low wave number region.
As can be seen in fig. 1(e), three characteristic peaks of
BiyTes appear in the positions of 62.5, 103 and 133.5cm ™!,
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Fig. 2: (Color online) Schematic drawing of the measurement
settings. (a) A standard four-probe configuration and (b) a
two-terminal model.

respectively, and they are consistent with the previously
measured Raman peaks of BipTes crystals [20-22]. The
mode located at 62.5cm™! corresponds to the charac-
teristic A}, vibration mode, the 103cm™" mode can be
attributed to the Eg mode, and the peak observed at
133.5cm ™! is identified as the A%g vibration mode. Among
these three modes, the A} g and A%g modes can be assigned
to the out-of-plane vibration modes, and the mode with
EZ symmetry can be attributed to the in-plane vibra-
tion mode. Meanwhile, the three characteristic Aj,, E?
and A%g vibration modes of SboTes at the peak positions
of 71.2, 112 and 167 cm™!, respectively, are detected as
expected. Thus, our extensive Raman measurements indi-
cate that the as-grown BisTes and SbeTes polycrystalline
thin films have the good crystallization nature.

To study the electrical transport properties of the
prepared topological insulator of BisTeg and SboTeg films,
we design a measurement model to identify the surface and
bulk states of the samples. As shown in fig. 2, the samples
are prepared on Pt/TiO2/Si05/Si wafers with 150 nm
thick Pt layer and Si substrates, respectively. Circular-
shaped Pt top electrodes of 300 um diameter are deposited
on the upper surfaces of BisTeg and SbsTes films by ion-
plating technique at room temperature. The thickness of
the Pt top electrodes is 150 nm, patterned using a shadow
mask. In our case, the samples are regarded as bulk
materials. In detail, in order to avoid the influence of Pt
conducting layer (bottom electrode) on the measurement
of the surface-state conductance and to isolate the role
of surface states, the samples prepared on Si wafers are

used to investigate the surface-state transport as shown in
fig. 2(a), and the samples deposited on Pt/TiO2/SiO4/Si
wafers are used to study the bulk-state property as
shown in fig. 2(b). The measurements are carried out
by a Keithley 4200-SCS semiconductor characterization
system.

The surface-state resistances are measured using a
standard four-point collinear probe method, and the probe
array is placed in the center of the samples. With a four-
probe, the two outer probes are used for sourcing current
and the two inner probes are used for measuring the
resulting voltage drop across the surface of the samples.
The surface-state resistance Rs=4.532x (V/I), with V
the measured voltage and I the source current, and the
surface electrical resistivity is calculated as follows: ps =
Ry x t, where pg is the surface electrical resistivity and ¢ is
the surface thickness. By the ARPES measurement of the
thickness-dependent band structure and first-principles
calculations, the striking feature of the topological surface
states forms at a thickness of 3-5nm [7,10,11,23-25].
Therefore, we select 5nm as the surface thickness of
the two kinds of films to calculate the surface electrical
resistivity in our experiments. The bulk-state resistances
are obtained from the current-voltage characteristics of
the as-fabricated stack cells such as Pt/BiyTes/Pt and
Pt/SboTez/Pt, as shown in fig. 2(b). The bulk electrical
resistivity pp is determined by the formula of p, = R‘Zi's ,
where Ry, = V/I is the bulk resistance, S is the area of the
Pt electrode and d is the sample thickness. The evolutions
of the electrical transport properties of the two materials
as a function of deposition time are shown in fig. 3.
Compared with the observed resistances, BisTes films are
more resistive than SbyTes samples. Thus, the detailed
measurements clearly show that the surface electrical
resistivity ps of the two kinds of films is of the same order of
10750 -cm, and the electrical resistivity of the bulk state
is 5 orders of magnitude larger than that of the surface
state. Therefore, the tremendous difference between the
surface and bulk electrical resistivity is expected for the
topological surface state as we mentioned, which implies
that there are two different mechanisms, respectively,
working in the electronic transports of the surface and
bulk states of BisTes and SbyTes films.

To extract more information on the surface and bulk
states of the two kinds of films, we perform the temper-
ature dependence of the surface and bulk resistances as
shown in fig. 4. Clearly, we can see that the surface resis-
tance of the samples monotonically decreases with the
temperature decreasing down to 5 K, and exhibits a metal-
lic resistance profile. However, the variation of the bulk
resistances vs. the temperature is nonmonotonic, which
implies that the bulk state has a nonmetallic resistance
profile and the bulk transport channel clearly shows the
temperature dependence of insulators. Thus, the profound
discrepancy between the surface and bulk resistances
confirms that the two-dimensional conduction channel is
dominated by the surface electrons and transport, which
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Fig. 3: (a) The surface-state resistance and resistivity evolutions of Bi;Tes films as a function of deposition time.
(b) The evolutions of the bulk-state resistance and resistivity of BisTes films changing with deposition time. The surface-state
and bulk-state electrical properties of SbyTes films are shown in (c) and (d), respectively.

would originate from the topological surface states. On the
other hand, the surface and bulk electrons are contributing
in parallel under the standard four-probe model (fig. 2(a)),
and the thermal activation carriers of these nonmetal-
lic states will be frozen when the thin films are cooled
down to low temperatures. Therefore, only the topologi-
cal protected Dirac surface states could contribute to the
unusual metallic behavior of the surface resistances. In the
case of the two-terminal model (fig. 2(b)), the surface and
bulk electrons are contributing in series, and the surface
effect is presently masked by the electrical property of the
bulk electrons, which is the dominant transport channel
in our films.

In fact, the temperature dependence of the bulk trans-
port of the samples (figs. 4(a), (b)) can be divided into
three regions as shown in fig. 4(d). In the range from
room temperature to 125K (region I), the bulk resistance
initially steeply and then gradually decreases with decreas-
ing temperature, which shows a typical metallic behavior
with a positive temperature coefficient. However, the bulk
channel resistance shows a sharp upturn below 125K as
depicted in region II, which is an indication of a semi-
conducting behavior. Finally, the bulk resistance shows a
relatively flat temperature dependence when the tempera-
ture falls below 50 K (region III), and it is nearly constant
and approaches saturation. This electrical transport shows

the insulating transport behavior. Actually, the reason
for which the bulk resistance of the near-stoichiometric
BisTes and SbyTes films initially exhibits conducting but
not insulating behavior can be attributed to excess charge
carriers. Well known, the unwanted bulk carriers will
produce an intense bulk electron pocket at the Fermi
level as shown schematically in fig. 4(c). The observed n-
type behavior with both the bulk conduction band and
surface states crossing the Fermi level is suggested to be
caused by a large amount of Te vacancies and Te anti-
site defects which are introduced during films growth [8,
26-29]. From the detailed measurement information, we
have thus established a comprehensive understanding of
the bulk transport mechanism in BiyTes and SbyTes films
as follows. Initially, the decrease of the bulk channel resis-
tance with decreasing temperature is primarily due to
the weakening of the electron scattering by lattice vibra-
tion, while the bulk resistance increases with the temper-
ature decreasing below 125K, and such abnormal behav-
ior of drastically different temperature dependence can be
attributed to the freeze-out effect of the carrier, i.e., the
remarkable change observed can basically be correlated
with the gradual decrease of the electron density. Although
the bulk resistance of the n-type samples shows a signif-
icant increase under the temperature below 125K, and
the measurement results of the bulk conduction channels

56002-p4
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Fig. 4: (Color online) The temperature dependence of the surface-state and bulk-state resistances for BizTes (a) and SbaTes
(b) films, respectively. (c) A sketch of the band structure of topological insulator films, with the BCB, BVB, and SS indicated
along the I'-M direction near the I'-point, respectively, and the bulk-state conduction band, bulk valence band and surface state
are denoted BCB, BVB, and SS, respectively. (d) The schematic drawing for the bulk-state resistance evolution of the samples

varying with the temperature.

have also demonstrated the insulating behavior. The resid-
ual conductance at low temperature (50-5K) appears to
be relatively larger. Considering the relatively large defects
concentration, it is reasonable to speculate that these
defects may form an impurity band within the bulk energy
gap of the thin films. At higher temperature, the ther-
mal activation of electrons from the defect energy level
to the bulk conduction band creates free electrons in the
conduction band, which leads to the n-type bulk conduc-
tion. When the temperature goes to zero, both localized
and extended electrons still coexist in the impurity band
near the conduction band edge, and they are responsible
for the finite bulk residual conduction.

In summary, we have, for the first time, experimen-
tally demonstrated the theoretically predicted nanoscaled
metallic surface state of topological insulators in the
system of the polycrystalline BisTes and SboTes films
prepared by pulsed-laser deposition. By constructing an
effective measurement, we could accurately distinguish the
surface and bulk states of BisTes and SbyTes films, and
provided a definite evidence for the presence of the topo-
logically protected Dirac surface state. In fact, the poly-
crystalline films of topological insulators are more realistic

for applications, and create new opportunities for funda-
mental and application research.
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