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Increased phase coherence length in a porous topological insulator
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The surface area of Bi2Te3 thin films was increased by introducing nanoscale porosity. Temperature dependent
resistivity and magnetotransport measurements were conducted both on as-grown and porous samples (23 and
70 nm). The longitudinal resistivity of the porous samples became more metallic, indicating the increased surface
area resulted in transport that was more surfacelike. Weak antilocalization was present in all samples, and
remarkably the phase coherence length doubled in the porous samples. This increase is likely due to the large
Fermi velocity of the Dirac surface states. Our results show that the introduction of nanoporosity does not destroy
the topological surface states but rather enhances them, making these nanostructured materials promising for low
energy electronics, spintronics and thermoelectrics.
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I. INTRODUCTION

Bi2Te3 is a three-dimensional (3D) topological insula-
tor (TI) characterized by an insulating bulk and topological
metallic surface states [1–4]. The electronic structure of
the surface states exhibits a linear dispersion relation and
spin-momentum locking. Additionally, the surface states are
topologically protected from backscattering, and are therefore
appealing for low energy electronics since dissipationless cur-
rents can be achieved [3,5–7]. Owing to the unique electronic
properties and large spin-orbit coupling, 3D TIs also exhibit
efficient charge to spin current conversion arising from the
spin-momentum locking in the surface states [8,9]. The largest
reported spin orbit torque [10] has been found using a 3D
TI, making this class of materials particularly promising for
future spintronic devices [11–13].

Magnetotransport experiments have been extensively uti-
lized to probe the topological surface states. In TIs, these
states exhibit weak antilocalization (WAL) in their magneto-
conductivity due to spin-momentum locking. According to the
theory, the charge carriers move in 2π circles above the Dirac
point and the π -Berry phase associated with these helical
surface states changes the interference of the incoming and
outgoing time-reversal paths from constructive to destructive
[14–16]. The quantum correction to the conductivity of the 2D
systems with strong spin-orbit coupling was initially derived
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by Hikami, Larkin, and Nagaoka (HLN) [17] and Bergmann
described the intuitive picture of WAL [18,19]. In the case
of surface states in TIs, the WAL correction is similar to the
correction described by HLN as the two systems are expected
to be in the same universality class of 2D systems. However, in
contrast to other 2D systems, there is no crossover from WAL
to weak localization (WL) in TIs with increasing magnetic
fields as the spins in the Dirac surface states of the TI are
perfectly locked to momentum [16]. Typically 2D magneto-
conductivity can be described using the HLN formulation in
order to extract information about the nature of the transport
(e.g., phase coherence length, decoherence mechanisms, num-
ber of conducting channels, 2D versus 3D scattering, etc.)
[17,18]. Studies have shown the characteristics of the quan-
tum transport can be controlled through, for instance, gating,
doping, film thickness, a capping layer, or surface impurities
[20–26]. Despite the fact that the phenomena being probed are
present on the surface, the vast majority of these studies were
conducted with a constant surface to volume ratio.

A conventional path to increase the surface to volume ratio
is through the introduction of porosity [27]. This will typically
also increase the disorder in the material; therefore, most work
has avoided porous materials. Research has traditionally been
directed towards studying highly ordered crystals with very
low defect densities and impurity concentrations [21,28–30].
However, recent theoretical work has predicted the existence
of topological conductive surface states and insulating bulk
states in amorphous materials [31–33]. These theoretical mod-
els concluded that in the bulk of the material there are energies
that are not eigenvalues of the Hamiltonian, i.e., there is
a bandgap in the bulk. By contrast, on the surface where
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the amorphous solid interfaces with a vacuum, these energy
values become eigenvalues of the Hamiltonian. The study
conducted by Costa et al. in particular is notable for mod-
eling the density of states in amorphous bismuthene instead
of a generic amorphous material [33]. Moreover, an exciting
recent study has found that a topological phase transition
from trivial insulator to TI can be induced by making a topo-
logically trivial crystalline material either disordered [34] or
amorphous [35]. These theoretical studies point to exciting
possibilities to discover topological properties in disordered
materials, a prospect which has been largely unexplored
experimentally.

In this work, we introduce nanoscale porosity in Bi2Te3

in order to modify the surface to volume ratio. We will show
that increasing the surface area, while also increasing disorder,
leads to an enhancement in the WAL effect and, remarkably,
a doubling of the phase coherence length. We suggest that the
larger phase coherence length in the porous samples arises
from an increased fraction of surface states, which have a
higher velocity, contributing to the magnetoresistance.

II. EXPERIMENTAL METHODS

Nanocrystalline Bi2Te3 thin films were grown at room tem-
perature on amorphous SiNx on Si substrates using molecular
beam epitaxy in an ultrahigh vacuum environment with a
base pressure as low as 10−10 mbar. For Bi2Te3 film growth,
effusion cells were used to evaporate elemental Bi (99.999%)
and Te (99.95%) while the sample’s temperature was kept at
room temperature. Rates were calibrated with a quartz crystal
microbalance before the growth. The Bi2Te3 thin films were
grown using a 2:3 ratio of flux rates of Bi and Te. The films
studied in this work were 23- and 70-nm thick.

To enable transport measurements, the films were grown
through a shadow mask in the shape of a Hall bar with a
channel length and width of 1 mm and 0.2 mm, respec-
tively [Fig. 1(a)]. Ion irradiation was carried out using a 40
keV beam of Ne ions. The flux of ions irradiated on the
sample was set to 1×1016 ions per cm2. Films were character-
ized before and after irradiation using JEOL JEM 2010 high
resolution transmission electron microscopy (HRTEM) and
a JEM-F200 multipurpose electron microscope. Raman and
energy-dispersive x-ray spectroscopy (EDS) was also con-
ducted to examine the structure and composition of the cross
section. Temperature (2–300 K) and magnetic field-dependent
(±2T) longitudinal resistivity and temperature-dependent
Hall effect measurements were performed in a Quantum De-
sign Physical Properties Measurement System. Both AC and
DC measurements were performed in constant current mode
with an applied current of 350–400 nA and 3–5 µA, respec-
tively. The AC measurements used a lock-in technique at
17 Hz. The same results were obtained from AC and DC
measurements, as verified by measurements conducted on the
same sample using the two techniques.

III. RESULTS AND DISCUSSION

Nanocrystalline Bi2Te3 thin films were grown through
a shadow mask using molecular beam epitaxy [Fig. 1(a)].
HRTEM measurements on the as-grown films indicated a

FIG. 1. (a) Bi2Te3 growth through a shadow mask with Hall bar
geometry onto a SiNx substrate with a channel length and width of
1 mm and 0.2 mm, respectively. (b) High angle annular dark field
(HAADF) TEM image of as-grown Bi2Te3. Image was taken using
a FEI Tecnai G2 T20 TWIN TEM (c) Low magnification HAADF
cross-sectional TEM image of the 70 nm thick irradiated Bi2Te3 Hall
bar. The cross-section was prepared after transport measurements
were conducted. The irradiated Ne ions produced pores (dark) dis-
persed throughout the Bi2Te3 thin film (light). (d) High magnification
bright field image of the same sample depicting the nanocrystalline
structure.

nanocrystalline structure, with an average crystal size of
∼20 nm. Figure 1(b) is the high angle annular dark field
(HAADF) TEM image of as-grown Bi2Te3 taken using a FEI
Tecnai G2 T20 TWIN TEM. Figure 1(c) displays HAADF
cross-sectional TEM of the ion-irradiated 70-nm thin film.
Nanoscale porosity can be observed throughout the entire
film; the majority of the pores (99%) are between 1 and 10 nm
in size. Upon examination of a 2D cross sectional TEM image,
approximately 22% of the area contained voids (see Supple-
mental Material [36]). Figure 1(d) depicts a bright field image
of the same sample at higher magnification. The energy-
dispersive x-ray spectroscopy (EDS) measurement confirms
that Ne ions were able to penetrate the entire thickness of the
thin film which created porosity and left cavities throughout
the whole material. EDS measurements show that no Ne ions
were detected after ion irradiation and the sample is slightly
Te poor (see Supplemental Material [36]).

Figures 2(a) and 2(b) show the normalized magnetoresis-
tance ((ρxx(B) − ρxx(0))/ρxx (B = 0)) as a function of applied
magnetic field for the 23 nm as-grown and porous samples at
various temperatures (see Supplemental Material for 70-nm
samples [36]). These curves are representative of all samples
measured and show positive magnetoresistance due to WAL.
In TIs, this quantum coherent transport arises due to spin
momentum locking of the topological surface states [14–16].
The WAL correction occurs at sufficiently low temperatures,
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FIG. 2. (a) and (b) Normalized magnetoresistance % (MR =
(ρxx (B) − ρxx (0))×100/ρxx (B = 0)) as a function of magnetic field
for the 23 nm as grown and porous Bi2Te3, respectively, at different
temperatures.

and in these samples is not present above ∼12 K, at which
point the magnetoresistance is parabolic. Figures 2(c) and 2(b)
compares the magnetoresistance at 2 K for the porous and
as-grown samples of different thicknesses. The WAL effect
is more pronounced at 2 K in the porous sample compared
to the as-grown sample for both sample thicknesses. Re-
markably, Figs. 2(c) and 2(d) show that the introduction of
porosity has a significant effect on the magnetotransport and
actually strengthens the WAL effect. The low field cusp is
much stronger in the porous samples for both thicknesses, and
this observation is true for all temperatures up to 10 K (see
Supplemental Material [36]). The WAL interference effect
is reduced with increasing magnetic field as a result of the
additional phase introduced by the applied field. Therefore,
in order to analyze the 2D WAL data accurately, the quantum
transport correction should be limited to low fields (B<0.5 T),
and the HLN 2D localization theory is derived for the trans-
port correction in low magnetic field only [17,18].

To probe the origins of the quantum transport, the 2D
magnetoconductivity data has been fit using the reduced HLN
formula [17,18]:

�σxx = − αe2

πh

[
ln

(
h̄

4eBL2
φ

)
− �

(
1

2
+ h̄

4eBL2
φ

)]
, (1)

where B is the applied magnetic field perpendicular to the
sample, � is the digamma function, e is an elementary charge,
Lφ is the phase coherence length and α is a coefficient relating
to the conduction channels [17]. Figures 3(a) and 3(b) shows
a representative fit for the porous 23 and 70 nm film up to
0.5 T (see Supplemental Material for other samples [36]). The
prefactor α provides information about the channels contribut-
ing to the conduction; each conducting channel contributes
−0.5. WAL is a competition between phase decoherence and
surface to bulk scattering. If the phase coherence time is much

FIG. 3. (a) 2D magnetoconductivity of porous Bi2Te3 with thick-
ness of 23 nm and (b) 70 nm at various temperatures. The solid
black line is the fit to the reduced HLN formula. (c) The tempera-
ture dependence of the phase coherence length of 23 nm as-grown
(black vertical lines), 70 nm as-grown (red circles), 23 nm porous
(blue crosses) and 70 nm porous (green triangles) Bi2Te3 samples in
log-log scale. The dashed line is the fit to the power law, Lφ ∼ T −β .

larger than the surface to bulk scattering time, substantial
surface-bulk scattering will occur and the sample will have a
single transport channel with α = −0.5. On the other hand, if
the surface to bulk scattering time is large in comparison to the
phase decoherence time, the top and bottom surfaces will be
decoupled and each contribute −0.5 to the conduction, result-
ing in α = −1.0 [20–22,25,26,37,38]. In the 23-nm samples,
α = −0.5, indicating the surface and bulk are coupled and
behave as a single transport channel. By contrast, the 70-nm
samples show α = −1.0, meaning the top and bottom surfaces
are decoupled; the increase in thickness likely results in a
more significant effect of the bulk conductivity which reduces
the coupling between the surfaces.

Some studies on topological materials have found a thick-
ness dependence of α where α is approximately −0.5 in the
thinnest samples and approaches −1 in the thicker samples.
A recent study by Kumar et al. have found that when the
temperature is less than or equal to 2 K samples as thin as
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FIG. 4. (a) Temperature dependence of 2D sheet resistivity and
(b) logarithmic temperature-dependent conductivity at zero magnetic
field for as-grown 23nm (black line), as-grown 70 nm (red line),
porous 23 nm (blue line) and porous 70 nm (green line) samples.
The black dashed lines in (b) are the linear fit to the data.

5 nm exhibits an α of ≈−0.5 but as the sample gets thicker
(as thick as 20 nm) α approaches −1 [39]. Each transport
channel has a −0.5 contribution to α; the authors suggest
that surface transport dominates the thinner samples whereas
the thicker ones have the surface and the bulk acting as 2
different channels. Similarly, experiments done by Gautam
et al. found that a 40 nm thick film of Bi2Se3 exhibited an
α value of −0.65, meanwhile, a film 80-nm thick displayed
an α value of −0.83 [40]. The authors explain these values
by stating that “the increasing value of α with increasing film
thickness describes the contribution of surface states to the
conduction is weak for [the] thicker film.” Finally, a study
by Zhang et al. on 30 nm of Bi2Se3 determined that α was
−0.34; as thickness increased α gradually decreased to a value
of −0.72 in a 300-nm-thick sample [41]. Zhang et al. argue
“that the top surface is only partially decoupled” hence α is
between −0.5 and −1. It is apparent from these studies that
in our experiment the thinnest as-grown and porous Bi2Te3

samples have their top and bottom surfaces coupled into a
single transport channel. As the samples get thicker a second
transport channel develops. It is difficult to discern, however,
whether the second transport channel is due to the bulk or due
to the two surfaces becoming decoupled.

Figure 3(c) shows the temperature dependence of the phase
coherence length (Lφ) extracted from the reduced HLN fits.
Depending on the dimensionality of the system, Lφ follows a
power law scaling Lφ ∝ T −β with β = 0.5 for 2D Nyquist
dephasing and 0.75 for 3D Nyquist dephasing [42–46].
Surprisingly, for both sample thicknesses the phase coher-
ence length approximately doubles with the introduction of
porosity.

Figure 4(a) shows the longitudinal 2D resistivity (ρxx) as
a function of temperature for the 23- and 70-nm as-grown
and porous films. After ion irradiation, ρxx for a given thick-
ness surprisingly decreases, indicating the samples become
more metallic. The charge carrier densities for these sam-
ples, as determined by Hall effect measurements, ranged from
4.8×1020 to 1.5×1021 cm−3; all samples except the 70-nm
porous sample were n type. (See Supplemental Material [36].)
Given the porous samples are Te poor, p-type behavior would
be expected for the 23-nm porous sample as well. The rel-
atively high carrier densities and the unexpected sign of the

carriers is likely due to charge puddling; a further analysis
of the MR behavior confirmed this result (see Supplemental
Material for details [36]).

The as-grown samples exhibit a low temperature (T< 12 K)
upturn that is attributed to the logarithmic quantum interfer-
ence corrections to the Drude conductivity �σ ≈ ln T that
are characteristic in 2D systems [e.g.,WL, WAL and electron-
electron interaction (EEI)] [44,45,47–52]. The resistivity is
expected to decrease in the presence of WAL; therefore the
observed increase in the resistivity with decreasing temper-
ature in Fig. 4(a) can only be associated with WL or EEI.
Furthermore, in the case of TIs in the absence of backscatter-
ing, quantum interference effects lead only to WAL and EEI in
systems with strong spin-orbit interactions [16,20]. Therefore,
this upturn in resistivity at reduced temperature (T < 12 K) in
Fig. 4(a) is likely due to EEI effects. Figure 4(b) illustrates the
logarithmic temperature-dependent conductivity σ (T ) curves
for all four samples. All curves are normalized by their maxi-
mum conductivities (e.g., the conductivity at 12 K). The linear
slope of these curves are extracted and can be defined as κ =
(πh/e2) (�σ /�lnT) which is given in the legend of Fig. 4(b).
A steeper slope indicates a larger κ which means greater
EEI [43,48,53]. The thicker samples (70 nm) show a higher
κ compared to the thinner samples (23 nm) which indicates
a stronger EEI correction to the Drude conductivity at low
temperature. A similar thickness dependence effect has been
observed recently in polycrystalline Bi2Se3 [38].

EEI and WAL are competing effects; at low temperatures,
EEI will result in a decrease in conductivity whereas WAL
produces a conductivity increase. So, it follows that the porous
samples with an enhanced WAL exhibit a reduction in the
EEI correction compared to the as-grown samples. The EEI
reduction here [κ reduction in Fig. 4(b)] is comparable to an
experimental study where the EEI is reduced after fabricating
nanostructured Bi2Te3 thin films [54].

The most surprising result of this study is the fact that the
phase coherence length doubled in the porous samples. Poros-
ity increases the surface to bulk ratio, meaning the surface
states contribute a larger fraction to the overall magneto-
transport. The fact that the longitudinal resistivity decreases
(compared to the as-grown) and is metallic in the porous sam-
ples indicates that the transport is primarily surfacelike. Given
the linear dispersion of Dirac states on the surface, the Fermi
velocity (vF ) is expected to be large in comparison to the bulk
since it is proportional to the slope of energy (E ) versus k in
momentum space [55]. It is important to note that the phase
coherence length is proportional to vF , that is Lϕ = √

Dτϕ and
D = v2

F τ/d, where τϕ is the electron dephasing time, D is
the electron diffusion constant, τ is the electron elastic mean
free time and d is the system dimension [56]. Therefore, the
large vF of the surface states could result in the enhanced Lϕ

observed in the porous samples.
Our results indicate that the introduction of porosity pro-

duces disorder but does not destroy the topological surface
states in the material. On the contrary, the phase coherence
length nearly doubled. Such a result is promising for practical
integration of topological insulators into future low energy
electronic and spintronic devices, where disorder can be very
difficult to eliminate entirely. Moreover, work has predicted
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that the porosity in a topological insulator can produce a large
thermoelectric figure of merit due to the high contribution
of the metallic surface states and suppressed phonon thermal
conductivity [27]. Our work has experimentally shown that it
is indeed possible to introduce porosity while still maintaining
the metallic surface states, pointing to the promise of porous
TIs in thermoelectric devices.

IV. CONCLUSIONS

Temperature dependent resistivity and magnetotransport
measurements were conducted on as-grow and porous Bi2Te3

thin films. Ion irradiation was used to introduce nanoscale
porosity in the material, which increased the surface to volume
ratio. The temperature dependence of the longitudinal resis-
tivity indicates the porous films exhibit metalliclike behavior
owing to the increased surface state contribution. The EEI
correction to the conductivity is present in all samples but
stronger in the as-grown films. In contrast, the porous TIs
exhibit stronger WAL and surprisingly a longer phase coher-
ence length compared to the as-grown film. The larger phase

coherence length is attributed to the large vF of the Dirac
surface states. This work suggests porosity is an effective
means to enhance the topological surface states’ contribution
to the transport, making these materials promising for low
energy electronics, spintronics and thermoelectrics.
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