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ABSTRACT
We conducted mobility spectrum analysis on a high quality three dimensional topological insulator ﬁlm of BiSbTeSe2 to extract mobility l
and carrier density n. Top and bottom gates were applied to tune the carrier density on top and bottom surfaces independently. At 1.5 K,
when the conduction is entirely dominated by the Dirac surface states, we always ﬁnd two dominant conduction channels (top and bottom
surfaces), with l ¼ 500–3000 cm2/(V s) and n on the order of 1012 cm2 . However, at sufﬁciently high temperature (T ¼ 85 K), when the
bulk contributes, a third channel with maximum mobility l  400 cm2/(V s) and n on the order of 1011 –1013 cm2 opens. Our data show
the feasibility of the method to analyze the different conduction channels in a topological insulator, being also promising for other similar
material systems.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0047773

Topological insulators (TIs) feature insulating bulk and metallic
Dirac surface conduction.1–4 This peculiar property has triggered a
vast amount of research activities, due to the interesting fundamental
physics, and potential applications in spintronics, quantum computing, and the next generation storage media.2,5–8 However, TIs have
been plagued by the unintentional intrinsic doping, which shifts the
Fermi level to the conduction or valence band and results in bulk conduction. Therefore, the resulting conductivity is usually a mixture of
both surface and the bulk contributions.9 Efforts have been made to
compensate doping—i.e., combining n- and p-doped TIs—and to pin
the Fermi level in the bandgap, which enable dominating or even pure
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surface conduction. There are several successful examples, such as
(Bi1xSbx)2Te3 and Bi1xSbxTe1ySey.10–14 Nevertheless, even for these
TIs, multichannel conduction still occurs. For example, in threedimensional (3D) TI thin ﬁlms with vanishing bulk conduction, top
and bottom surfaces provide two individual channels, whose mobility
and carrier density can be tuned independently.
To obtain the conduction parameters of the individual channel
in a material, i.e., carrier type, mobility (l), and carrier concentration
(n), there are discussions on two-band model, which is applicable for
two channels.15,16 However, for multiple channels (more than two),
the method is incapable to manage so many ﬁtting parameters. Here,
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we apply an easy to use method—mobility spectrum analysis (MSA)—
in the high quality compensated TI BiSbTeSe2 (BSTS). The method
relies on Hall and resistivity data taken at different out-of-plane magnetic ﬁelds. A generalized theory and test analysis on composed data
are in the supplementary material; and the detailed theory, together
with some examples of semiconductors with multichannel conduction,
can be found in Ref. 17. Further discussions on the method and a few
successful implementations on other material systems, multilayers,
and superlattices suggest the feasibility of the method.18–21
So far the method has not been used to analyze any TI. In our
discussion below, we focus on devices with both top and bottom gates,
such that the property of an individual surface can be tuned. The analysis for BSTS shows that there are two dominating conduction channels at cryogenic temperatures—the two surface channels—and an
emerging third one—the bulk conduction channel—with the increasing temperature.
The analysis assumes that the conduction is pure Drude-like and
isotropic, and the total conductivity tensor components are given by
Ð sðlÞdl
the sum of all the conduction channels in the form, rxx ðBÞ ¼ 1þl
2 B2 ,
Ð lBsðlÞdl
and rxy ðBÞ ¼ 1þl2 B2 , with B the magnetic ﬁeld, l the mobility, and
sðlÞ the conductivity density function.17 The mobility l is deﬁned as
positive for holes and negative for electrons. By varying l, one gets
plots of the maximum possible conductivity (rmax )-l and the maximum possible carrier density (nmax )-l with one or more peaks, from
which the individual channel information is then extracted.
In our experiments we used high quality BSTS single crystals,13,14
exfoliated using scotch tape onto highly p-doped silicon chips, coated
with 285 nm SiO2. The doped Si serves as back gate (back gate voltage:
Vbg ). The 10 nm Ti and 100 nm Au, deposited by electron beam evaporation and thermal evaporation, form Ohmic contacts. A thin layer
of h-BN was then transferred on top of BSTS, serving as both encapsulation and gate insulator. Furthermore, 10 nm Ti and 100 nm Au
layers were deposited as gate electrode to which the top gate voltage
(Vtg ) is applied. Transport measurements were carried out either in a
dilution refrigerator at T ¼ 50 mK or in a 4He cryostat above
T ¼ 1.5 K. B, up to 14 T, is applied perpendicular to the sample plane.
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An optical image of one of the devices is shown in the upper inset of
Fig. 1(a). Similar results were obtained on several different devices.
Below we focus on one of them, using BSTS material from Cologne.13
Data of BSTS material from Purdue14 can be found in the supplementary material.
The temperature dependence of the resistivity qxx ðTÞ of the
BSTS device with both gates grounded [see Fig. 1(a)] displays two distinct regions: above 65 K, the temperature dependence of qxx ðTÞ is
bulk dominated, indicated by an increasing qxx ðTÞ with the decreasing
T, as in semiconductors. Below 65 K, the T-dependence is determined by the surface channels and metallic conductivity (qxx ðTÞ
decreases with the decreasing T) prevails. To cover the two regimes,
we focused on three temperatures (1.5, 40, and 85 K), marked by colored points in Fig. 1(a).
The thickness of the BSTS ﬂake is about 67 nm, which enables
independent tuning of top and bottom surfaces across the charge neutrality point (CNP). It is also supported by the nearly vertical and horizontal dashed lines in the quantum Hall effect gate mapping at B ¼ 14
T in Fig. 1(b). Thus, the carrier type on top and bottom surface can be
tuned the same (nn, or pp, the former letter represents the top surface
carrier type, and latter one the bottom surface) or opposite polarity
(pn, or np). An example of qxx  B and qxy  B traces with lower B
only up to 9 T for the pn regime (Vtg ¼ 5 V and Vbg ¼ 25 V) at different temperatures is presented in Fig. 1(c). At low T (e.g., 1.5 K), the
weak antilocalization (WAL) effect causes a dip near zero B, which
vanishes with the increasing T. At T ¼ 85 K, WAL disappears
completely. As our MSA assumes Drude-like transport, we ﬁt the low
ﬁeld region, in which WAL prevails, with a parabolic ﬁt as shown by
the dashed lines for T ¼ 1.5 K and T ¼ 40 K traces in Fig. 1(c). The
approximation does not affect the data at higher B, but only smooths
the data close to zero B. No such approximation is needed for
T ¼ 85 K. The qxy  B traces were not affected by the WAL effect, yet
a strong nonlinearity was observed. This is especially pronounced
when the carrier type on top and bottom surface is different.
For the MSA, datasets of (B, rxx and rxy ) taken at different
B-values are used as input. At ﬁrst sight, the largest possible number of
datasets seems desirable; however, they are limited to 7 by the

FIG. 1. Transport data. (a) Resistivity–temperature relation, showing a transition from a typical semiconductor T-dependence (above 65 K) to a metallic one (below 65 K).
The top-right inset is an optical micrograph of the device and the bottom inset shows the measurement setup. (b) rxy mapping at B ¼ 14 T and T ¼ 50 mK, when both Vtg and
Vbg are varied. Dashed lines show the charge neutrality points of top and bottom gates, respectively. The fact that these lines are nearly horizontal/vertical means that the two
layers can be tuned independently. (c) qxx  B traces at Vtg ¼ –5 V, Vbg ¼ 25 V, and at three temperatures, 1.5, 40, and 85 K, respectively. Dashed lines are parabolic ﬁts by
removing the WAL effect dip (non-Drude type) near zero B. The inset shows the corresponding qxy  B traces.

Appl. Phys. Lett. 118, 253107 (2021); doi: 10.1063/5.0047773
Published under an exclusive license by AIP Publishing

118, 253107-2

Applied Physics Letters

ARTICLE

accumulated round-off errors in the large matrix calculation that will
invalidate the method.17 rxx and rxy can be obtained from the inverse
qxy
xx
of the resistivity tensor: rxx ¼ q2 qþq
2 and rxy ¼ q2 þq2 . The minimum
xx

xy

xx

xy

and maximum B-values were 0 and 9 T, respectively. Then, we choose
a value B0 and 4 Bs, which are equidistantly spaced between 1/9 T1
and 1=B0 to obtain equal resolution at high and low mobilities. In
addition, to minimize effects, which result from the limited number of
data points, we average the MSA results over ﬁve data point conﬁgurations with B0 ¼ 1, 1.5, 2, 2.5, and 3 T, respectively.
Figure 2 shows the MSA results at T ¼ 1.5 K, where pairs of the
generated rmax  l (top panels) and nmax  l (bottom panels) relations are presented. All analyses show peaks in l 2 (–6000, 6000)
cm2/(V s) for the different combinations of Vtg and Vbg . The peaks at
l > 0 are blue-colored, representing holes, while the red peaks at
l < 0 represent electrons. As long as there is a dominating conduction
channel with mobility l0, peaks at l0 will be obtained. In Fig. 2(a), Vbg
was ﬁxed at 25 V, and Vtg was varied in steps from 5 to –5 V. At Vtg
¼ –5 V, two dominant peaks were observed, indicating two dominant
conduction channels: electrons and holes on the bottom and top surfaces, respectively. As explained above, the sample is in the pn regime.
However, the situation changes when Vtg is gradually increased to positive values. The peak on the hole side shrinks and almost vanishes at
Vtg ¼ 5 V, when the top surface becomes n-type (nn regime). Since
the two surfaces are with similar l and n, the two conduction channels
appear as a single one (red peak). Thus, only one peak prevails. The
corresponding nmax ¼ jrmax =lqj is shown in Fig. 2(d), where q ¼ e
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and e for electrons and holes, respectively. The results close to zero l
were omitted (owing to division by zero). Comparing with Fig. 2(a),
the peak positions are almost the same. Thus, rmax  l and nmax  l
plots provide the same information.
The situation is similar if the bottom surface is ﬁxed to be hole type
(Vbg ¼ –25 V). As demonstrated in Fig. 2(b), the dominating one peak
at Vtg ¼ 5 V (pp regime) gradually evolves into two equally high peaks
at Vtg ¼ 5 V (np regime). The corresponding nmax is shown in Fig. 2(e).
Figures 2(c) and 2(f) show results where now Vtg is ﬁxed and Vbg
is varied. At ﬁxed Vtg ¼ 5 V and the top surface is n-type. By varying
Vbg , one also observes, as expected, a single dominant peak at Vbg
¼ 25 V (nn regime), and two dominant peaks at Vbg ¼ –25 V (np
regime). The evolution of nmax is also consistent with rmax , showing a
similar peak structure.
At 85 K, the WAL dip vanishes and bulk conduction contributes,
too. To compare with the 1.5 K data, we show in Fig. 3 the same Vbg
and Vtg settings as in Fig. 2. In Fig. 3(a), Vbg is ﬁxed at 25 V. While as
before at 1.5 K electron and/or hole peaks of surface carriers dominate
the spectrum, a smaller peak close to zero mobility appears for all Vtg .
This extra peak seems not to belong to any of the surface channels,
and we ascribe it to bulk carriers. In most cases, the peaks are on the
(blue) hole side but sometimes also on the electron side [see Vtg ¼ 3
and 5 V in Fig. 3(a)]. This scatter around l ¼ 0 is due to the accuracy
of the method, as the peak is so close to 0 [maximum value of
l  400 cm 2 =(V s)]. Such values of bulk mobility in BSTS were also
reported by others.10,12 In addition, the typical n is on the order of

FIG. 2. MSA at T ¼ 1.5 K. (a) rmax  l relation at ﬁxed Vbg ¼ 25 V, Vtg is varied from 5 V to 5 V. Each curve is shifted by 0.4 mS for clarity. (b) rmax  l relation at ﬁxed
Vbg ¼ 25 V, and varying Vtg . The curves are shifted by 0.5 mS for clarity. (c)rmax  l relation at ﬁxed Vtg ¼ 5 V. Vbg is varied from 25 to 25 V in step of 12.5 V. Each trace
is shifted by 0.4 mS. (d)–(f) are the corresponding nmax  l in (a)–(c), shifted by 2  1012 ; 3  1012 ; 4  1012 cm2, respectively. Here the peak heights, rather than the
area, provide information on rmax and nmax .
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FIG. 3. MSA at elevated temperatures. (a)–(c) rmax  l relation at T ¼ 85 K at ﬁxed Vbg ¼ 25 V (a) and Vbg ¼ 25 V (b), while Vtg is varied from 5 to 5 V; and ﬁxed Vtg
¼ 5 V (c), while Vbg is varied from 25 to 25 V. (d) rmax  l relation at ﬁxed Vbg ¼ 0 and Vtg ¼ 5 V at different temperatures. All curves are shifted for clarity by 0.28 mS (a),
0.4 mS (b) and (c), 0.5 mS (d), respectively.

1012 cm2 , which is comparable with the one of the surface states.
[nmax is calculated from rmax =jlqj, using the peak conductivity at the
bulk peak position, as shown in Fig. 3(d). The nmax  l plots are not
shown, as the corresponding peaks are covered by the 0–l peaks
(divided by 0).]
The situation is almost the same when Vbg is ﬁxed to another
value, for example, 25 V [Fig. 3(b)]. In addition, by ﬁxing Vtg
instead, for example, at 5 V [Fig. 3(c)], we obtain similar results. At
Vbg ¼ 25 V, the two dominating peaks stem from the two surface
channels. The bulk channel is indicated by a shoulder in the ﬁnite signal around l  0. With the decreasing Vbg , the peak on the hole side
becomes weaker. In summary, there are three main differences compared to the 1.5 K case: (i) around l  0, a mobility peak remains
reﬂecting the existence of bulk carriers at elevated T. (ii) All the
peaks away from zero mobility are more broadened. (iii) Unlike for T
¼ 1.5 K and Vbg ¼ 25 V, where the peak on the hole side almost vanishes in the nn regime (i.e., for Vtg ¼ 5 V), the peak on the hole side
becomes only weaker at T ¼ 85 K but does not vanish. The reason
might be related to the compensated doping of BSTS, allowing
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electrons and holes, populated by the thermal excitation, to coexist at
elevated temperatures.
Apart from T ¼ 1.5 K and T ¼ 85 K, we also carried out the MSA
using data taken at an intermediate temperature T ¼ 40 K. Figure 3(d)
shows the temperature dependence of the mobility spectrum for ﬁxed
Vbg ¼ 0 V and Vtg ¼ 5 V. While, at 1.5 and 40 K, two peaks dominate
the spectrum, a third one emerges at low mobilities at T ¼ 85 K. In
general, the results at T ¼ 40 K are closer to the T ¼ 1.5 K data. This is
in line with a still nonactivated bulk conduction.
Figure 4 summarizes the l and nmax data extracted for different
Vtg and Vbg voltages at low and high temperatures, respectively. At
T ¼ 1.5 K [Figs. 4(a) and 4(b)], two dominating conduction channels
can be identiﬁed, i.e., top and bottom surfaces. The mobility is in the
range of l ¼ 500–3000 cm2 =ðV sÞ, and the maximum carrier density
for electrons and holes is on the order of 1011 –1013 cm2 , depending
on the gate voltages. These two surface transport channels are also
present at T ¼ 85 K [Figs. 4(c) and 4(d)], with similar mobility and
carrier density at T ¼ 1.5 K. In addition, a third conduction channel
appears, ascribed to bulk conduction. The mobility of the bulk is
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FIG. 4. Overview of the mobility and carrier density. (a) l–Vtg relation for different Vbg at T ¼ 1.5 K. (b) nmax –Vtg in log scale for different Vbg at T ¼ 1.5 K. Positive (negative)
values represent holes (electrons). The inset sketches the two surface conduction channels. (c) l–Vtg relation for different Vbg at T ¼ 85 K. (b) nmax –Vtg in log scale for different
Vbg at T ¼ 85 K. The inset sketches the two-surface conduction channels and the bulk channel.

signiﬁcantly lower, with the maximum values of the mobility l 
400 cm2 =(Vs). However, the maximum carrier density calculated from
rmax =jlqj is on the same order compared to that of the surface states
(in units of cm2).
Ideally, MSA would generate sharp discrete peaks (see the analysis on composed data in the supplementary material, and example in
Ref. 17). However, the spectra we obtain for BSTS from our analysis
are not ideal but signiﬁcantly broadened. Several factors can cause
broadening: nonideal geometric Hall bar shape, measurement (voltage,
magnetic ﬁeld, current, etc.) errors, material inhomogeneity, the
assumption of pure Drude-like conduction, and the approximation of
an isotropic band structure.17 In addition, the distribution of mobility/
relaxation time in each channel can cause broadening, too.
Nevertheless, the data show that MSA is a useful technique to get
information on the different bulk and surface conduction channels in
BSTS.
In summary, we conducted the mobility spectrum analysis on
BSTS, a 3D-TI, using magnetotransport data. At T ¼ 1.5 K, one or two
prominent peaks in rmax  l plots indicate unipolar or bipolar surface
conduction channels, respectively. At an elevated temperature of 85 K,
a third peak emerges at low mobility values which we assign to the
bulk conduction channel. Our analysis shows the feasibility of the
method to extract important information, such as mobility and carrier
density in 3D topological insulators.
See the supplementary material for the general theory of the
mobility spectrum analysis method; the test analysis on composed
data; and transport properties and mobility spectrum analysis on the
Purdue BSTS samples.
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