
PHYSICAL REVIEW B 98, 045411 (2018)

Disorder-induced decoupled surface transport channels in thin films of doped topological insulators
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Nonideal topological insulator (TI) films in which the bulk states are not insulating due to unintentional
doping exhibit strong surface–bulk coupling. Such surface–bulk coupling can further induce intersurface coupling
that affects the electrical conductivity of the TI films through a quantum interference effect known as weak
antilocalization. Increased understanding and control of intersurface coupling is therefore crucial for the use of
TI-based quantum devices. In this report on the transport properties of doped Bi2Se3 films under perpendicular
and parallel magnetic fields, we observe a crossover between coupled and decoupled surface channels that is
mediated by intentional disorder controlled by a post-annealing process. The intentional disorder causes the
surface state carriers to rapidly lose their quantum phase and coherence, and as a result, more disordered Bi2Se3

films exhibit a shorter penetration depth of the surface state into the bulk states and weaker intersurface coupling,
even though stronger surface–bulk coupling is expected. In previous studies, the role of disorder has generally
been considered by determining its effect on surface–bulk scattering, but our results indicate that the role of
disorder must be considered as a source of decoherence.
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I. INTRODUCTION

Dirac-like surface states within the bulk band gap of
three-dimensional (3D) topological insulators (TIs) are robust
against structural disorder owing to the existence of the
Kramers’ degeneracy at the Dirac point [1,2]. Since this
topological surface state (TSS) is a spin–momentum locked
helical state arising from strong spin–orbit coupling effects,
backscattering is prohibited without breaking the time-reversal
symmetry of the system [1–3]. This novel property of TSSs
suggests that TI-based quantum devices have great potential in
the fields of spintronics [4–6] and quantum computation [1,7].
However, utilizing the surface transport channel is usually
hindered by topologically trivial bulk channels arising from
unintentional doping during the synthesis of TI materials
[8], such as Bi2Se3, Bi2Te3, and Sb2Te3. Furthermore, the
bulk states mediate between the top and bottom TSSs of
the doped TI film, causing them to be indirectly coupled
even for film thicknesses greater than 6 quintuple layers (QL,
where 1 QL ∼ 9.54 Å), which is the critical thickness for direct
coupling reported in electronic structure calculations [9,10],
angle-resolved photoemission spectroscopy (ARPES) [11,12],
and transport measurement [13]. This indirect intersurface
coupling affects the quantum correction to the electrical
conductivity through a mechanism known as the weak anti-
localization (WAL) effect [14].

In a disordered 3D TI film, since scattering at any angle ex-
cept backscattering is allowed, the trajectories of a transported
carrier can form a closed loop after a series of scatterings. The
surface carriers of a TI have a π Berry phase accumulated along
the closed loop, which gives rise to a positive correction to
the conductivity owing to the destructive quantum interference
between time-reversed trajectories [2,15]. Thus, WAL effects
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from both the top and bottom TSSs in insulating TI films—
whose Fermi level is located in the bulk band gap—contribute
independently to the conductivity. However, in doped TI films,
the surface carriers are scattered into the bulk states by phonons
and disorders, and this scattering is called surface–bulk cou-
pling [16,17]. Furthermore, this surface–bulk coupling can
also connect the top and bottom topological surfaces without
decoherence when the thickness of TI film is sufficiently
thin, which is called intersurface coupling [14]. In this case,
the WAL effects of the TSSs are no longer independent and
the two coherent surface channels form an effectively single
coherent channel. In addition, while the TSS wavefunction of
the insulating TI film is highly localized at the surface of the
film, the wavefunction of the doped TI film is distributed along
the c axis [18]. In other words, the TSS wavefunction of a doped
TI film has a longer decay length. Moreover, Tkachov and
Hankiewicz have reported that the TSS wavefunction decay
length in TI films is equivalent to the penetration depth of the
TSS into the bulk states and significantly affects the strength
of the WAL effect [19].

The improved interpretation and control of intersurface
coupling is thus crucial to the successful use of TI-based
quantum devices. For this reason, a great deal of inten-
sive research on surface–bulk and intersurface coupling has
been performed [16,17]; the crossover between coupled and
decoupled TSSs has been observed through control of the
gate voltage [20–22], the modulation of the film thickness
[23,24], and Cu doping [14]. In this report we introduce
a new mechanism to induce decoupled surface channels in
doped Bi2Se3 films, namely, by intentional disorder controlled
by a post-annealing process. From the results of transport
studies under perpendicular and parallel magnetic fields, we
investigate the relationship between the penetration depth and
the extent of disorder present in the film. Since the disorder
acts as a cause of surface–bulk coupling, more disordered
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films are expected to exhibit stronger surface–bulk coupling,
which can lead to stronger intersurface coupling. However,
disorder also causes the electrons of the TSSs to rapidly lose
their quantum phase and coherence as they tunnel to the
opposite TSS. Consequently, we observe that more disordered
Bi2Se3 films exhibit shorter penetration depths and weaker
intersurface coupling, resulting in the emergence of decoupled
surface transport channels.

II. EXPERIMENTAL

To acquire various extents of structural disorder in our
Bi2Se3 thin films, we controlled the temperature in the post-
annealing crystallization process of [Bi (4.8 Å)/Se (18.4 Å)]n

multilayers initially grown by thermal evaporation on
a-SiO2/p-doped Si substrates in an ultra-high vacuum (UHV)
chamber [25]. The annealing temperature was raised by
∼5 ◦C/min and maintained at the target temperature for 20
min, which was a sufficient period for the annealing time not to
affect the extent of disorder. After that, the heating was imme-
diately stopped for the cooling process which was maintained
for 2 h, ultimately reaching room temperature. Further details
regarding our growth method are provided in our previous
work [26], and the films obtained after the annealing process
were confirmed to be of high quality. The extent of disorder
was investigated by cross-sectional STEM imaging using a
JEOL ARM200F field emission gun transmission electron
microscope (FEG-TEM/STEM) with a hexapole corrector
(CEOS GmbH), HR-XRD patterns obtained with the 5A beam
line of the Pohang Accelerator Laboratory (PAL, Pohang,
Korea), and micro-Raman spectroscopy using a Horiba Lab
Ram ARAMIS with a 532-nm-wavelength Nd:YAG laser. A
c-axis-oriented crystalline structure could be grown on the
substrate for annealing temperatures larger than 175 °C. The
most disordered crystalline TI film was thus acquired by
post-annealing at 175 °C, and the films gradually became more
ordered as the annealing temperature was increased up to
275 °C. To inhibit surface oxidation, which can induce surface
band-bending and significantly affects the properties of surface
states [16,27,28], the Bi2Se3 films were capped with a Se layer
with a thickness of ∼20 nm. We assumed that the transport
properties and surface–bulk coupling of the top and bottom
surfaces were virtually equivalent for studying the WAL effect,
which was therefore analyzed based on the assumption that the
phase coherence length and the surface penetration depth are
the same between the surfaces [29]. The transport properties
of the TI films were measured with a four-point probe using
standard Hall bar configurations and fabricated with physical
masks 100 μm in size. To study and clarify the quantum
corrections to the electrical conductivity, our magnetoresis-
tance measurements were performed using magnetic fields
with magnitudes of up to 9 T applied perpendicularly and
parallel to the films over a temperature range of 2–300 K using
a physical property measurement system (PPMS).

III. RESULTS AND DISCUSSION

A. Modulation of disorder

The post-annealing process in the growth of the TI film is
a key factor for the fabrication of highly crystalline Bi2Se3
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FIG. 1. Structural analyses of the Bi2Se3 thin films for different
annealing temperatures. Cross-sectional STEM images of the films
annealed at (a) 175 °C and (b) 275 °C, respectively. The layered
structure of the Bi2Se3 films are clearly evident and the film thickness
is 14 QL. (c) HR-XRD patterns (θ–2θ scans) of the films. Only
the (003) peak families corresponding to the single phase Bi2Se3

are shown. The inset shows the rocking curve scan (ω scan) of the
(003) peak. (d) Raman spectra of the films. After post-annealing, only
the vibrational modes of the single phase Bi2Se3 are evident. The
results of these structural analyses indicate that the extent of disorder
decreases as the annealing temperature increases.

thin films and the formation of TSSs [25]. Although TSSs are
robust against disorder, a TSS cannot emerge when the extent
of disorder is extremely high. The amount of structural disorder
following the post-annealing process and its relationship with
the topological transport properties of the TSS (which depend
on the disorder) were thus investigated. Scanning transmission
electron microscopy (STEM) cross-sectional images of Bi2Se3

thin films annealed at 175 °C and 275 °C are presented in
Figs. 1(a) and 1(b), respectively. Both films are seen to com-
prise a layered crystalline structure along the c-axis direction
(which is the typical structure of a 3D TI film), but the extent of
disorder is clearly different. The film annealed at 175 °C is tilted
with respect to the surface of substrate and indicates relatively
more grain boundaries. In contrast, the film annealed at 275 °C
is highly oriented along the c axis and indicates large grains
approximately 100 nm in size (see Fig. S1 in the Supplemental
Material [30]).

The long-range order of the Bi2Se3 thin films was evaluated
by high-resolution x-ray diffraction (HR-XRD) measurements.
After annealing the films at temperatures above 175 °C, the
films formed a single Bi2Se3 rhombohedral crystal phase
structure and exhibited Laue oscillations that were sensitive to
crystalline disorder [31], as shown in Fig. 1(c) (also see
Fig. S2 in the Supplemental Material [30]). As the annealing
temperature increases, we see that the XRD intensities clearly
increase and the oscillations become more distinct, which
indicates that the structural order of the crystal is improved.
In addition, a rocking curve scan (ω scan) was performed to
evaluate the c-axis orientation in closer detail, as shown in the
inset of Fig. 1(c). The sharp rocking curve peak corresponding
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to the (003) diffraction peak appears in films annealed at 225 °C
and 275 °C with full width at half maximum (FWHM) values
of �ω = 0.0264 and �ω = 0.0207, respectively (determined
using the Voigt equation), while the peak does not appear in
the film annealed at 175 °C. Thus, although the film annealed
at 175 °C is composed of a single Bi2Se3 phase, the crystalline
grains are slightly tilted and twisted with respect to the
surface, which leads to the films having short-range order.
As the annealing temperature is increased, the films become
highly ordered and comprise larger crystalline grains, which
is consistent with the STEM images presented in Figs. 1(a)
and 1(b).

Figure 1(d) shows the Raman spectra of the Bi2Se3 films
for different annealing temperatures. The broad band of the
amorphous phase in the 100–200 cm−1 region and the peaks
of –Se–Se– chains (∼230 cm−1) and Se8 rings (∼250 cm−1)
are evident in the as-grown film. After the post-annealing
process, the broad band transforms into a narrow band corre-
sponding to the vibrational modes of the single Bi2Se3 phase
and the excess Se peaks disappear. In addition, the intensity
ratio of the in-plane vibrational mode to the out-of-plane
mode, IE2

g
/IA1g

, gradually increases, which indicates that the
crystallinity difference in directions is also changed during
the annealing process. Overall, the results of our structural
analyses indicate that the extent of disorder decreases as the
annealing temperature is increased.

The phase transition from an amorphous to crystalline
Bi2Se3 thin film structure begins at the post-annealing tem-
perature of 125 °C, and that the structural transition dramati-
cally affects the transport properties of the films. Indeed, the
resistance of highly insulating as-grown film decreases during
the phase transition by five orders of magnitude (see Fig. S4
in the Supplemental Material [30]). In addition, the change
in film resistance with different annealing temperatures are
presented as a function of the measurement temperature in
Fig. 2(a). The resistance of the crystalline films decreases
with decreasing temperature owing to the reduction of phonon
scattering, which is the typical metallic behavior of a doped
TI [32]. In contrast, the amorphous film annealed at 150 °C
that shows a highly disordered structure exhibits insulating
behavior. This tendency of the resistance as a function of
temperature is reversed at about 20 K, which is correlated
with the WAL effect and electron–electron interactions (EEIs)
[33]. In the low temperature regime, the phase coherence
length (lφ) becomes larger than the mean free path of electrons
(le)—which is called the quantum diffusive regime [15]—and
the WAL effect can emerge. Moreover, the EEI becomes a
dominant factor in breaking the coherence of two-dimensional
(2D) systems [34,35].

Hall measurements of 20-QL-thick Bi2Se3 films and their
fitted results are presented in Figs. 2(b) and 2(c), respectively.
The almost linear behavior of the Hall resistance with respect
to the magnetic field indicates that the transport is dominated
by a single type of carrier [13]. In this case, we obtained the
sheet carrier densities (ns) and mobility (μH ) using only a
single carrier model of the low field strength data because
of the low reliability of the two-carrier fitting including
surface and bulk carriers [36]. It is reasonable to assume
from previous work [37] that the 2D electron gas induced by
downward band-bending due to the difference in work function

FIG. 2. Transport properties of the Bi2Se3 thin films for different
annealing temperatures. (a) Temperature dependence of the sheet
resistance in the 2–300 K range. The crystalline films exhibit the
typical metallic behavior of doped TI films, while the amorphous
film annealed at 150 °C exhibits insulating behavior. (b) Hall mea-
surements at 2 K and (c) fitted results for the sheet carrier densities
and mobilities. On account of the almost linear behavior of the Hall
resistance with respect to the magnetic field, the results are fitted with
a single carrier model of the low field data. (d) Ioffe–Regel criterions
for different annealing temperatures. These results indicate that the
extent of disorder decreases as the annealing temperature is increased.

is not present at the interface between the Bi2Se3 film and
SiO2/p-doped Si substrate in our sample. The highly doped
Bi2Se3 film on the p-doped Si substrate is believed instead to
exhibit upward band-bending. The sheet carrier densities of
all films reported here are within the range of typical bulk
carrier densities (>1013 cm−2) in doped Bi2Se3 thin films
[32,38].

Since the more ordered film has a smaller number of defects
and larger grains, the mobility increases as the annealing
temperature is increased, while the carrier density decreases.
Moreover, we can obtain the mean free paths in the films with
the relations, le = (h̄μH /e)kF and kF ∼ (3π2n3D)1/3, where
kF is the Fermi momentum. Because the transport is dominated
by bulk carriers, here we use the 3D model. Using these
relations, we find that the more ordered film has a longer
mean free path. The longest mean free path we observed, le =
12.4 nm for the most ordered film, is obtained at 2 K (see
Fig. S5 in the Supplemental Material [30]). In addition, the
Ioffe–Regel criterions with the film’s transport properties are
presented in Fig. 2(d) and were used to evaluate the extent
of the disorder. According to the Ioffe–Regel criterion [39],
kF le � 1 indicates a strongly disordered system while kF le �
1 indicates a weakly disordered system. The obtained kF le of
all the crystalline films correspond to the weakly disordered
regime that is required to use typical quantum interference
theory [40], and kF le increases as the annealing temperature is
increased. Thus, the changes in ns and μH also indicate that
the extent of disorder decreases as the annealing temperature
is increased.
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However, the obtained mean free path is valid only in a
direction parallel to the film plane owing to the anisotropic
Fermi surface [41]. To thoroughly investigate the perpendicular
motion of carriers that can induce intersurface coupling, this
anisotropic behavior of carriers should be considered [42]. We
therefore estimated the mean free path in the perpendicular
direction (le,⊥) by comparing the carrier mobility in the
perpendicular and parallel directions with the results of optical
and electrical investigations of n-type Bi2Se3 single crystals
[41], and determined that on average, le,⊥ ≈ le/3. In addition,
we also note that the diffusion constant and phase coherence
length also exhibit anisotropic behavior. The diffusion constant
in a 3D system is defined as D = (h̄kF /3me)le, and the phase
coherence length as lφ = √

τφD, where me is the electron mass
and τφ is the phase coherence time [43]. As we shall discuss
in the following, these anisotropic properties are important for
our analysis of the magneto-conductivity (MC) under a parallel
magnetic field [42].

B. Crossover from coupled to decoupled surface channels

To investigate how the WAL effect depends on the disorder,
we performed magnetoresistance measurements in the low
temperature regime. When the magnetic field is applied per-
pendicularly to the closed loop, the time reversal symmetry is
broken and the carriers acquire an additional phase on account
of the Aharonov–Bohm effect. These changes then break
the coherence and suppress the quantum interference effects
[39,44,45]. Thus, the WAL effect of the TSS is sensitive to the
perpendicular magnetic field and gives rise to a sharp cusp in
the resistance at low magnetic fields. The normalized change
in the resistance of 20-QL-thick Bi2Se3 films for various
annealing temperatures under a perpendicular magnetic field is
presented in Fig. 3(a). All crystalline films exhibit a sharp WAL
cusp, while the amorphous film exhibits a weak localization
(WL) cusp in a narrow magnetic field region in addition to
the WAL cusp, as shown in the inset of Fig. 3(a). The film
annealed at 275 °C shows unusual negative magnetoresistance
at high field strength, which seems that the film exhibits
the WL effect. At low field strength, longitudinal MC can
be expressed approximately as σxx ≈ 1/Rxx . However, due to
the contribution from the Hall effect, MC should be expressed
at high field strength as σxx = Rxx/(R2

xx + R2
xy). As such,

positive MC is not observed as shown in Fig. 3(b), which was
obtained with the latter equation. Thus, while the film does not
exhibit the WL effect it may just show negative MR due to the
contribution of Hall conductance.

The corresponding MC under a perpendicular magnetic
field can be analyzed with the simplified Hikami–Larkin–
Nagaoka (HLN) equation [46],

�σxx(B⊥) � −α
e2

2π2h̄

[
ψ

(
1

2
+ h̄

4el2
φB⊥

)
− ln

(
h̄

4el2
φB⊥

)]
,

(1)

where �σxx(B) = σxx(B) − σxx(0). Here, ψ(x) is the
digamma function and α is a prefactor that is determined
by the number of independent coherent channels. A single
surface channel gives α = 0.5, while two independent surface
channels give α = 0.5 + 0.5 = 1.0 Thus, given the value of α,

FIG. 3. WAL effect on the Bi2Se3 thin films under a magnetic
field. (a) Magnetoresistance measurements under a perpendicular
magnetic field for different annealing temperatures. The inset shows
the WL effect for a film annealed at 150 °C. (b) The corresponding
MC for different annealing temperatures. (c) Fitted results obtained
with the HLN equation. The number of coherent channels is reduced
as the annealing temperature is increased. Schematics outlining how
TSS penetration and possible closed carrier trajectories can induce a
WAL effect for (d) insulating and (e) doped TI films. Perpendicular
and parallel magnetic fields pierce the regions penetrated by the TSSs
and break the coherence.

we can identify whether a TI film has a single coupled channel
owing to the inter-surface coupling, or two decoupled channels
without intersurface coupling [14,16]. In the case where the
two channels are partially coupled, the value of α is between
0.5 and 1.0. These changes in α due to indirect coupling are
clearly distinguished from the situation where direct coupling
is present for film thicknesses below 6 QL. The direct coupling
creates a hybridization gap at the Dirac point, which produces a
shift of π Berry phase and weakens the WAL effect, resulting in
α decreasing to approximately zero [13]. Figure 3(c) shows the
fitted results determined in accordance with the HLN equation.
The fitting range of the magnetic field is chosen as [−0.2 T,
0.2 T], in which the magnetic length lB = √

h̄/eB is much
longer than the mean free path, such that the HLN equation is
considered to be valid [22,47]. The dependence of the fitting
range is shown in Fig. S6. in the Supplemental Material [30].
From the fitted results, we find that α decreases as the annealing
temperature is increased, which implies that the intersurface
coupling is enhanced. Furthermore, the change of α from
∼1.0 to ∼0.5 indicates that two coherent channels exhibiting
the WAL effect are reduced to a single coherent channel.
Therefore, we can regard the disordered film as comprising two
decoupled surface channels, while the ordered film has a single
coupled surface channel, as commonly exhibited in doped
TI thin films. Furthermore, α increases as the measurement
temperature increases from 2 to 10 K for partially coupled
films annealed below 250 °C. In particular, the temperature
dependence of α reverses after the surface channels are fully
coupled, as shown in Fig. 3(c). This temperature dependent
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reversal is consistent with previously reported work [21] and
will be discussed in the following.

However, it is important to note that when the Fermi energy
is larger than the bulk band gap, the bulk states can also con-
tribute to the WAL effect owing to strong spin-orbit coupling
effects in TI materials [16]. In the case where the Fermi level
is located near the conduction band edge, spin-momentum
locking is reduced and the π Berry phase accumulated from
the rotation of the spin along a closed path disappears. As a
result, the bulk states thus exhibit a WL effect. In general,
the WL effect of bulk states is not observed owing to strong
surface–bulk coupling and the long phase coherence length of
the TSSs [45]. Thus, a possible scenario to explain the increase
in the prefactor α for the disordered film is that it is caused
by contribution from the bulk states. To properly identify the
origin of the WAL effect, we performed MC measurements on
100-QL-thick Bi2Se3 films annealed at different temperatures
(see Fig. S8 and Table S1 in the Supplemental Material [30]).
These films were sufficiently thick to decouple the top and
bottom TSSs. If the bulk states contribute to the WAL effect,
the resulting value of α would be ∼1.5 because of the existence
of three coherent channels [24]. However, the value of α

obtained from the HLN equation is approximately 1.0 for
the 100-QL-thick Bi2Se3 film irrespective of the annealing
temperature, which indicates that the larger value of α for
the disordered film is due to the crossover between coupled
surface channels and decoupled surface channels, and not due
to a contribution from the bulk states.

We also observe that the phase coherence lengths for all
20-QL-thick films obtained in the 2–10 K temperature range
are notably larger than the film thickness. Therefore, the Bi2Se3

thin films can be treated as 2D systems with regard to the quan-
tum interference effect [45,48]. Theoretically, the temperature
dependence of the coherence length in 2D systems exhibits
a power law dependence, lφ ∼ T −0.5, which corresponds to
the Nyquist 2D EEI decoherence mechanism [34,49], while the
temperature dependence of the coherence length in 3D systems
is lφ ∼ T −0.75. The fitted temperature dependence results,
which are in the range, lφ ∼ T −0.47∼−0.52, are consistent with
a 2D system (see Fig. S5 in the Supplemental Material [30]).

C. WAL due to penetration of TSSs

Figures 3(d) and 3(e) describe how the penetration of TSSs
and possible closed carrier trajectories with surface–bulk and
inter-surface scatterings can determine the induction of WAL
effect for insulating and doped TI films, respectively. The
insulating TI film exhibits short TSS penetration due to weak
surface–bulk coupling [16,19], which leads to coherent TSS
carriers only residing near the surface region. Thus, closed
loops in the top and bottom surfaces contribute independently
to the WAL effect. However, the doped TI film exhibits strong
surface–bulk coupling resulting in greater TSS penetration. If
the penetration depth (λ) is sufficiently large, the TSS carriers
can tunnel to the opposite surface without decoherence. This
is the case of a coupled surface transport channel. We note that
the WAL cusp owing to decoherence under a perpendicular
magnetic field is only sensitive to the parallel motion of
carriers, although the carriers can also undergo a perpendicular
motion that induces intersurface coupling. Therefore, analysis

FIG. 4. (a) Magnified MC image showing the effects of WAL on
Bi2Se3 thin films under a parallel magnetic field. (b) Fitted results
obtained using Eq. (2). The WAL effect under a parallel field arises
from the penetration of TSSs into the bulk states. The prefactor α

is plotted as a function of the penetration depth, λ. (c) MC of the
14-QL-thick film annealed at 175 °C and 28-QL-thick film annealed at
275 °C which are slightly thinner and thicker than 2λ, respectively. (d)
Estimation of the surface–bulk scattering time. Inter-surface coupling
can occur when (τφ − τd ) > 2τSB. Since the Fermi levels of our films
are far from the conduction band edge, the difference in the surface–
bulk scattering time does not depend significantly on the disorder.

of the WAL effect under a perpendicular magnetic field is not
enough to provide a full understanding of the inter-surface
coupling. With this in mind, we performed measurements of
the MC under parallel magnetic fields and studied the observed
WAL cusp, as shown in Fig. 4(a). The current was applied
parallel to the magnetic field, with the result that the current
direction does not affect the MC under parallel magnetic fields
(see Fig. S7 in the Supplemental Material [30]).

In particular, the bulk states, TSSs on the side walls, and the
penetration of the top and bottom TSSs into the bulk can be
considered as possible causes of the WAL cusp under parallel
magnetic fields [24,47]. The absence of a WAL effect arising
from the bulk states can be verified from MC measurements
for 100-QL-thick Bi2Se3 films under a perpendicular magnetic
field. When a parallel magnetic field is applied, it pierces the
side walls of the film and breaks the coherence of the TSSs
along the side walls. However, when the phase coherence
length is larger than the perimeter of film so that the coherence
trajectories are long enough to wrap more than once around the
film, the WAL effect arising from side wall TSSs is noticeable.
But since this effect does not arise for TI films where the size
of the film is larger than the coherence length [47], we can
regard WAL effects arising from side wall TSSs in our films
to be marginal. By the same principle, a parallel magnetic
field pierces the region penetrated by the top and bottom TSSs
and breaks their coherence, as shown in Fig. 3(e). Since the
Fermi levels of our films are far from the conduction band
edge (see Fig. S3 in the Supplemental Material [30]), the TSSs
and bulk states are strongly coupled, which implies that the

045411-5



PARK, CHAE, JEONG, CHOI, JEONG, KIM, AND CHO PHYSICAL REVIEW B 98, 045411 (2018)

TSSs penetrate deeply into the bulk states and the films exhibit
a strong WAL cusp. Therefore, the change in conductivity of
our films under a parallel magnetic field is comparable to that
under a perpendicular field (see Fig. S7 in the Supplemental
Material [30]). These results are thus clearly distinguished
from those reported for insulating TI films where the change
in conductivity under parallel fields is negligible [23,50].

The MC of the TI films under parallel magnetic fields
was analyzed with the following equation by Tkachov and
Hankiewicz [19], which is a modified form of the Altshuler
and Aronov (AA) equation [51],

�σxx(B‖) � −α
e2

2π2h̄
ln

[
1 + 2

(
eλlφ,⊥

h̄

)2

· B2
‖

]
. (2)

Here, lφ,⊥ ≈ lφ/
√

3 is the coherence length in the perpen-
dicular direction and can be estimated by fitted results with
Eq. (1). After fitting the MC shown in Fig. 4(a) with Eq. (2),
we can plot the prefactor α as a function of the penetration
depth, as shown in Fig. 4(b). We find that the more ordered
film has a longer penetration depth, and α increases from 0.5
to 1.0 as the penetration depth is decreased when λ � 11 nm,
while α remains at 0.5 when λ > 11 nm. In other words, the
coupled surface channel begins to decouple at λ ≈ 11 nm, and
becomes fully decoupled at λ ≈ 9 nm. Ideally, one expects that
the surface channels are decoupled when 2λ < d, where d is
thickness of the film [24], while the channels are coupled when
2λ > d. Thus, the critical penetration depth, i.e., the crossover
point between coupled and decoupled surface channels, is
expected to be approximately 9.5 nm for a 20-QL-thick TI
film. We note that our fitted result of 11 nm is slightly different
to this ideal value because the estimated ratio of the coherence
lengths in the perpendicular and parallel directions, obtained
using previously reported results [41], is not a precise value.
As we mentioned in our analysis of the Raman spectra, the
crystallinity difference in direction was not the same for
all TI films, which introduced some error in calculating the
penetration depth. Nevertheless, the estimated results shown in
Fig. 4(b) are sufficient to demonstrate the relation between the
inter-surface coupling and the penetration depth. In addition,
to clarify the relation between the penetration depth and the
thickness of the film we performed MC measurements for
14- and 28-QL-thick films that were slightly thinner and
thicker than 2λ, respectively. Figure 4(c) shows the MC of
the 14-QL-thick film annealed at 175 °C and the 28-QL-thick
film annealed at 275 °C. The α values are ∼0.5 for 14 QL and
∼1.0 for 28 QL, which indicates that a thickness of 2λ can be
considered a suitable criterion for inter-surface coupling. The
data and fitted results are presented in Fig. S9 and Table S2 in
the Supplemental Material [30].

We can also estimate the intersurface coupling condition
by comparing the phase coherence time (τφ) and intersurface
tunneling time (τt ), as in Fig. 4(e). Electrons can tunnel to the
opposite TSS without dephasing provided that τφ > τt , which
leads to the coupling of the two surface channels [16,22,23].
The intersurface tunneling time is given by τt = 2τSB + τd ,
where τSB is the surface–bulk scattering time, τd = d2/D⊥
is the diffusion time across the film thickness, and D⊥ is
the diffusion constant in the perpendicular direction. The
surface–bulk scattering time depends on the difference in

momentum between electrons in the surface and bulk bands
and is related to the shape of band structure and the position
of the Fermi level [21]. Since the Fermi levels of our films are
far from the conduction band edge, we can assume that the
surface–bulk scattering time does not depend significantly on
the amount of disorder present in the film [17]. However, the
phase coherence time does depend significantly on the extent
of disorder [22]. Therefore, by modulating the disorder, the
intersurface coupling condition can be broken if we choose
a suitable film thickness. We note that this crossover from
coupled to decoupled surface channels is not observed for the
14- and 28-QL-thick films (see Fig. S9 and Table S2 in the
Supplemental Material [30]). Furthermore, both the surface–
bulk scattering time and the phase coherence time decrease
with increasing temperature, however, since the scattering time
varies more slowly, the decoupling process can be enhanced
for partially decoupled TI films (α > 0.5).

IV. CONCLUSIONS

We have shown that it is possible to induce decoupled
surface channels in doped TI films through the modulation
of disorder. The extent of disorder can be controlled suc-
cessfully by suitable adjustment of the annealing temperature,
as evidenced by our structural analyses. The crucial role of
disorder in the decoupling process is its reduction of the phase
coherence time. In more disordered films, the TSS carriers
rapidly lose their quantum phase and coherence while tunnel-
ing to the opposite TSS, which leads to a shorter penetration
of the TSS into the bulk states. We experimentally verified this
mechanism in this report by studying the transport properties of
doped TI films under both a perpendicular magnetic field and
a parallel magnetic field, which were essential to thoroughly
understand the intersurface coupling. In general, most studies
regarding the role of disorder have been focused on its influence
on the surface–bulk scattering [16,17,42,52], but our results
indicate that the role of disorder must be considered as a source
of decoherence. Many research groups are trying to utilize
TI films in spintronic and quantum computation applications
due to novel properties of TSSs. However, since disorder
can critically affect the spin transport and dynamic properties
of such devices, intensive research is required to understand
the role of disorder and establish control of the intersurface
coupling for the effective use of TI-based quantum devices, as
well as for our understanding of transport mechanisms in TI
films.
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