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Abstract
This work focuses on the low frequency Drude response of bulk-insulating topological insulator
(TI) Bi2Se3 films. The frequency and field dependence of the mobility and carrier density are
measured simultaneously via time-domain terahertz spectroscopy. These films are grown on
buffer layers, capped by Se, and have been exposed in air for months. Under a magnetic field up
to 7 Tesla, we observe prominent cyclotron resonances (CRs). We attribute the sharp CR to two
different topological surface states from both surfaces of the films. The CR sharpens at high
fields due to an electron-impurity scattering. By using magneto-terahertz spectroscopy, we
confirm that these films are bulk-insulating, which paves the way to use intrinsic TIs without
bulk carriers for applications including topological spintronics and quantum computing.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Ordered states of matter are usually characterized by Landau’s
spontaneous symmetry breaking theory. For example, ferro-
magnets break continuous rotation symmetry and supercon-
ductors break gauge symmetry. The newly discovered topo-
logical materials are classified by the topological properties
of their bulk wavefunction. For example,the three-dimensional
topological insulators (TIs) possess insulating bulk states and
conducting surface states [1, 2]. Intrinsic bulk-insulating TIs
are the ideal platforms for low-dissipation spintronics and
quantum computing due to the spin-momentum locking on
the topological surface states (TSSs) [1, 2]. However, most TI
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materials are slightly doped and thus have a conducting bulk,
which is the major obstacle to reach the ideal TI state. To solve
the problem, many attempts are made to tune the chemical
potential toward the Dirac point. It was a success in graphene
to probe many-body interactions with plasmons and phonons
[3], and in Cu doped Bi2Se3 with dominating electron–phonon
coupling [4]. More advancements in TIs are still lacking.

Bi2Se3 is a typical 3D TI with a single Dirac cone on the
surface. However, native grown Bi2Se3 is known with a con-
ducting bulk from defects. One way to suppress the bulk car-
rier density is the chemical doping method [5, 6]. However,
the bulk carrier densities in these samples are still not neg-
ligible and the impurity states are pinned close to the chem-
ical potential. The other way to suppress the bulk carriers is to
growBi2Se3 on a buffer layer [7, 8]. An open question remains
on how to keep the sample bulk-insulating after exposure in
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air. In this work, we investigate Bi2Se3 thin films grown on
a buffer layer with Se capping. The TSSs are decoupled via
time-domain terahertz spectroscopy with a magnetic field up
to 7 tesla.

Cyclotron resonance (CR) measurements have been shown
very useful to study the Dirac fermions and many-body inter-
actions [9–11]. It is also one of the most precise method to
determine the carrier effective mass [12]. In previous work,
Bi2Se3 films with conducting bulk showed a large Kerr rota-
tion without obvious resonance [13]. In a later report, CR
emerges in In2Se3 capped Bi2Se3 films [11] due to the des-
troyed non-TI/TI interface from Indium diffusion [14]. This is
because a phase transition from topological to trivial insulator
occurs at a low Indium concentration (∼6%) [15]. Besides,
Cu doped Bi2Se3 films also presents CR, where the bulk-
insulating state is reached and the electron–phonon coupling
was revealed [4].

2. Results and discussion

Here we report time-domain THz spectroscopy measurement
on Bi2Se3 thin films with 100 nm Se capping layer and
(Bi1−xInx)2Se3 buffer layer (BIS-BL) [7]. These films have
been exposed in air for 6 months. By using CR measurement,
we confirm that these films are still bulk-insulating. We attrib-
ute the conducting channels to two different TSSs on the top
and bottom of the films. By using magneto-terahertz spectro-
scopy, we observe that the CR sharpens at higher magnetic
field, which reveal with long-range electron impurity scatter-
ing on the surfaces.

Figures 1(a) and (b) shows the real and imaginary con-
ductance for 32QL and 16QL Bi2Se3 grown on BIS-BL at
5 K. The spectral weight is lower compared with the normal
Bi2Se3 directly grown on sapphire or Si [13], even lower than
the bulk-insulating Cu0.02Bi2Se3 [4]. This indicates the bulk
insulating behavior of the samples. The spectra can be fitted
by the sum of (i) two Drude terms describing free electron-
like motions from top and bottom surfaces respectively, (ii) a
Drude–Lorentz term describing phonon oscillations, and (iii)
a constant term counting for the background above the meas-
ured spectral range, as shown below.

G(ω) = ϵ0d

(
2∑
i=1

−
ω2
pDi

iω−ΓDi
−

iωω2
pDL

ω2
DL−ω2 − iωΓDL

− i(ϵ∞ − 1)ω

)
. (1)

Here ΓDi and ωpDi are the scattering rates and plasma fre-
quencies of the i-th Drude term. ΓDL and ωpDL are the scatter-
ing rate and plasma frequency of the Drude–Lorentz term. d is
the film thickness. ϵ∞ is a constant named lattice polarizabil-
ity. In the real part of the conductance GD1, the total spectral
weight (ω2

pDd) can be extracted from the integral of each fea-
ture with a coefficient πϵ0

2 . This gives the ratio of the carrier
density and the effective transport mass.

Figure 1. (a) Real and (b) imaginary conductance of 32QL and
16QL Bi2Se3 grown on BIS-BL at 5 K.
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In the second equality, n2Di and m∗
i are the carrier densities

and the effective transport masses of the massless Dirac fermi-
ons. m∗ is defined as m∗ = ℏkF/vF. Consider a quadratic dis-
persion model for the TSS, E= AkF+Bkf 2, the coefficients
A and B can be obtained from photo-emission [4]. Then the
last term in equation (2) can be expressed by kF only. For one
surface state, the relation between spectral weight and kF is as
following. Note that the right side of following expression is
half of the value in the Bi2Se3 when we assume two nominally
same TSSs were observed in Bi2Se3.

ω2
pDid=

kF(A+ 2BkF)e2

4 πℏ2 ϵ0
. (3)
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Figure 2. (a) Real part and (b) imaginary part of complex Faraday rotation for 32QL Bi2Se3 grown on BIS-BL layer. (c) Real part and
(d) imaginary part of complex Faraday rotation for 32QL Bi2Se3.

At first, a single conduction channel originated from two
identical TSSs is assumed. Using equations (2) and (3),
the n2D and m∗ can be determined. The fitting results
of the 32QL sample gives a total sheet carrier density
n2D ∼ 4.8 ×1012 cm−2, effective transport mass m∗ ∼ 0.135
(±0.005)me, Fermi energy EF ∼ 140 (±10) meV, and phonon
frequency ωph ∼ 1.92 THz. 16QL sample has lower spec-
tral weight than 32QL sample. The same analysis gives a
total sheet carrier density n2D ∼ 3.8 ×1012 cm−2, m∗ ∼ 0.12
(±0.005) me, EF ∼ 120 (±8) meV and phonon frequency
ωph ∼ 1.95 THz. The estimation of the chemical potential is
consistent with an insulating bulk even after exposure in air for
6 months [7].

We performed Faraday rotation measurements on these
samples to measure the CR mass and spectral weight.
Data are shown in figures 2(a)–(d). Similar to Cu0.02Bi2Se3,
cyclotron resonates are observed in both 32QL and 16QL
samples. We use the following model to fit the conductance
spectra under an external magnetic field. Here we assume
two equal contribution from top and bottom surface states
(bSSs):

G± =−iϵ0ωd

(
2∑
i=1

ω2
pDi

−ω2 − iΓDiω∓ωcω

+
ω2
pDL

ω2
DL−ω2 − iωΓDL

+(ϵ∞ − 1)

)
. (4)

Here the ± sign corresponds to the right/left-hand cir-
cularly polarized light, respectively. ωc is the CR fre-
quency. The Faraday rotation can be expressed by
tan(θF) =−i(t+ − t−)/(t+ + t−). Here we let ωc and ΓD vary
with field. We find that the fit result is not good as shown in
figure 3(a). Let us further address the 1 Drude model ana-
lysis. As we can see in figure 3(a), the fit quality of 1 Drude
term is not as good as Cu0.02Bi2Se3 case. Bi2Se3 is grown
on (Bi1−xInx)2Se3, and ⩽0.2% In is diffused into the bottom
Bi2Se3 few layers. Even though 0.2% is far below the topo-
logical phase transition threshold [15], it is natural to treat
top surface states (tSSs) and bSSs differently. We remove the
equal contribution from both surface states and treat them
separately as equation (4). The fit quality improve signific-
antly as shown in figure 3(a). We can also see two Drude
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Figure 3. (a) A representative fit quality for 1 Drude fit (dashed line) and 2 Drude fit (solid line) and a calculation by using zero-field
scattering rate (0TSC) of 32QL sample. (b) Cyclotron frequency VS field from 1 Drude fit. Solid line is linear fit. Drude scattering rate VS
field from (c)1 Drude fit. (d) 2 Drude fit.

Table 1. Fit parameters for two-Drude fit.

n2D (1012 cm−2) m∗ (me) Γ(7 T) (THz) µ(7 T) (cm2 V−1 s−1)

tSS 32QL 2.2 0.13 0.24 8980
bSS 32QL 2.7 0.14 0.55 3640
tSS 16QL 1.3 0.11 0.29 8780
bSS 16QL 2.0 0.12 0.43 5420

terms fit zero-field conductance better in figure 1. Then we
can extract carrier density of each surface state by the relation
ω2
pDid=

n2Die
2

m∗
i ϵ0

. The parameters for twoDrude fits are showed in
table 1. Indium causes more scattering and therefore the chan-
nel with larger scattering rate is identified as bSS. As shown in
previous works, the bottom surface has more defects, which
lead to higher carrier density [7, 13]. Therefore, the large scat-
tering rate and the large carrier density are consistent with
each other for the bottom surface. We also performed Faraday
rotation measurements on bare buffer layer and no rotation
angle is observed. So the CR feature comes from the Bi2Se3
sample only.

Now let us address the decreasing scattering rate VS field
as shown in figures 3(c) and (d). Short-range charge impurity
scattering rate leads to

√
B increasing scattering rate, as pre-

dicted and observed in graphene [16–18]. Electron–phonon
scattering rate causes broadening of CR and saturation of
scattering rate above phonon energy [4]. Long-range charge
impurity scattering rate leads to decreasing scattering rate VS
field [19]. It was not the dominant mechanism in graphene
and therefore was never observed. Similar trend were reported
in InSe quantum well and was interpreted as scattering over
Gaussian potential larger or equal to the cyclotron orbit [20].
The saturation of scattering rate above 4 T in figures 3(c) and
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(d) is due to electron–phonon scattering as cyclotron frequency
reaches∼0.7 THz at 4 T in both samples which corresponds to
either Kohn anomaly of surface β phonon or highest acoustic
phonon frequency [4]. In the two-Drude fit, one channel has
stronger field dependence and is identified as bSS. The reason
is charge impurities most likely are created on the bSS due
to charge imhomogenity. TSS has less effect due to screening.
This kind of long-range charge impurity scattering was further
corroborated by the fact no Shubnikov de-Has (SdH) oscilla-
tion was observed on these sample while CR is very robust
[7]. SdH is limited by quantum life-time which is sensitive to
both small-angle and large-angle scatting while CR is sensitive
to transport life-time which is limited by back scattering. The
low quantum life-time in these samples indicates significant
small-angle scattering rate coming from long-range coulomb
potential. Similar trend was observed in 2DEG system [21]
and theoretically investigated in literature [22].

To conclude, we observe sharp CR in bulk-insulating
Bi2Se3 thin films. The field dependence reveals a decreasing of
the scattering rate with increasing magnetic fields. We attrib-
ute the origin to impurity scattering due to the buffer layer.
This work shows that CR is a powerful tool to study many-
body interactions in topological materials. On the practical
side, this work establishes that a 100 nm thick Se capping layer
is simple, but very useful for keeping the TI thin films bulk-
insulating. The evidence for the long-range impurity scatter-
ing at the bottom interface due to buffer layers shreds light
on film growth to further decreases the carrier concentration
and enhances mobility for future low-dissipation spintronic
devices.
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