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We report magnetotransport studies in thin (< 100 nm) exfoliated films of CuxBi2Se3 and we
detect an unusual electronic transition at low temperatures. Bulk crystals show weak superconduc-
tivity with Tc ∼ 3.5 K and a possible electronic phase transition around 200 K. Following exfoliation,
superconductivity is supressed and a strongly temperature dependent multi-band conductivity is ob-
served for T < 30 K. This transition between competing conducting channels may be enhanced due
to the presence of electronic ordering, and could be affected by the presence of an effective internal
stress due to Cu intercalation. By fitting to the weak antilocalisation conductivity correction at low
magnetic fields we confirm that the low temperature regime maintains a quantum phase coherence
length Lφ > 100 nm indicating the presence of topologically protected surface states.

Following the isolation of graphene by mechanical
exfoliation1,2 the properties of a great number of atomi-
cally thin Van der Waals crystals have gained consider-
able interest3,4. These two-dimensional materials occupy
a wide spectrum of electronic properties from insulators
to semiconductors and superconductors, and many of
which vary dramatically from the properties of the bulk
crystals when approaching the two-dimensional limit.
Among this diverse class of materials a number of them,
such as Bi2Se3 and Bi2Te3, have been experimentally
shown to behave as topological insulators5,6, bulk insula-
tors with topologically protected metallic surface states
of Dirac fermions7. In addition to their potential appli-
cations in electronics and spintronics, one of the key fun-
damental interests is to experimentally realise the quasi-
particle excitations which behave as Majorana fermions8

which are predicted to exist in the surface states of a
topological insulator with induced superconductivity9.
When doped with copper, bulk crystals of CuxBi2Se3
have been shown to undergo a superconducting phase
transition with a Tc of up to 3.8 K10–14, and are a possible
candidate material for topological superconducting sur-
face states hosting Majorana fermions. Critically angle
resolved photoemission spectroscopy (ARPES) measure-
ments have shown that even in the heavy doping regime
(x = 0.25) the Dirac surface states remain robust against
dopants and impurities11,15.

Bi2Se3 is composed of quintuple layers of Se-Bi-Se-Bi-
Se coupled by weak van der Waals bonding to the next
quintuple layer. This van der Waals stacking means that
in addition to easy basal plane cleavage for high qual-
ity mechanically exfoliated thin films, chemical doping
of Bi2Se3 is possible by both substitution and through
intercalation10. Early experiments16 showed that Cu
dopants in Bi2Se3 are ambipolar in nature acting as
an electron donor through Cu-intercalation between the
quintuple layers in CuxBi2Se3 and as an electron ac-
ceptor via Cu-substitution of Bi (Bi2−xCuxSe3). How-

ever, while growth processes can be tuned to favour ei-
ther intercalation or substitution10, the precise nature
of Cu dopants in Bi2Se3 remains controversial particu-
larly given the apparent low doping efficiency and the
observed saturation of the carrier density at high levels
of doping (x > 0.1)15. This is further complicated by the
apparent strong dependence of the device characteristics
on growth and preparation technique17–20. This has led
to speculation over the roles that the distribution18,19

and valence states20 of Cu dopant atoms within the lat-
tice have in determining temperature dependent carrier
transport and electronic ordering. In this Paper we ob-
serve a stark contrast between the electronic properties
of Cu0.2Bi2Se3 in bulk crystals and those of mechani-
cally exfoliated thin films derived from the same sample,
where a new strongly temperature dependent conductiv-
ity is observed in the two-dimensional samples at temper-
atures below ∼ 30 K. We attribute this to the presence of
two competing parallel conduction channels, which may
originate from the topological surface state (T < 30 K)
and the quantum confined two dimensional electron gas
(2DEG) surface accumulation layer (T > 30 K).

Crystals of Cu0.2Bi2Se3 were grown using a melt
growth technique. Initial characterisation of the temper-
ature dependent resistivity of bulk crystals, 1 mm long
with a thickness of ∼ 50µm, shows a weakly supercon-
ducting behaviour with a critical temperature of 3.5 K
(Fig. 1a) and a critical magnetic field of Bc < 1 T, which
are both in good agreement with previous studies10,17.
Thin films were cleaved from the sample surface using
the “scotch tape technique” and deposited on a Si sub-
strate with 300 nm of thermally grown SiO2. Au contacts
were made to individual crystals by thermal deposition
following electron-beam lithography. Two devices were
studied in detail, Sample A, an 80 × 10µm2 four termi-
nal device and Sample B, a 10× 10µm2 Hall bar device.
AFM characterisation reveals that the devices are ap-
proximately 100 nm thick, above the thickness required
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for topological effects21 and three orders of magnitude
less than the bulk crystal thickness. Low temperature
four-terminal DC measurements were taken using Keith-
ley DMM in a Helium flow variable temperature insert
with a base temperature of 1.4 K. High magnetic fields
were provided by an Oxford Instruments superconduct-
ing solenoid magnet.

Figure 1 is a comparison between the temperature de-
pendent resistivity of bulk crystals and exfoliated thin
films. As a function of temperature the resistivity of
the bulk crystal exhibits a metallic behaviour before it
becomes weakly superconducting at temperatures below
3.5 K. The superconducting phase is incomplete with a
relatively large residual resistivity ratio which we at-
tribute to inhomogenous Cu doping. Upon the appli-
cation of a magnetic field a critical field of Bc ∼ 0.5 T
is observed at 2 K. Possible signatures of a higher tem-
perature transition are observed at TBulkP ∼ 200 K as
highlighted in Figure 1a. The temperature dependence
of the two-dimensional resistivity (ρxx) in the exfoliated
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FIG. 1: a) Temperature dependent resistivity of bulk
Cu0.2Bi2Se3 showing metallic behaviour until a critical tem-
perature of Tc = 3.5 K it undergoes a weak superconducting
transition. Inset: Offset change in resistivity ∆ρ at 0, 0.25,
0.5 and 1 T showing superconductivity with a critical field at
2 K of ∼ 0.5 T. b) The temperature dependent resistance of
Sample A (shown schematically) at B = 0 T is flat at higher
temperatures and shows a significant drop in resistance be-
low TExfP ∼ 30 K. Inset: At high magnetic field the resistance
continues to be strongly temperature dependent.

Sample A at 0 T is shown in Figure 1b. At high tem-
peratures we observe a flat resistivity almost indepen-
dent of temperature. When the sample is cooled below

TExfP ∼ 30 K ρxx significantly drops. Unlike the weak
superconductivity observed in the bulk samples even the
application of a 15 T magnetic field, does not suppress the
strong temperature dependence (Fig. 1b inset). This be-
haviour is comparable to that observed recently in poly-
crystalline CuxBi2Se3 films20. It is also worth noting
that there is a significant magneto-resistance in the high
temperatures phase which is indicative of a higher mobil-
ity system22, as discussed below. Figure 2b shows that
Sample B also exhibits a similar temperature dependence

at TExfP ∼ 30 K which is accompanied by a reduction in
the magneto-resistance. It is clear that these samples un-
dergo a significant change in their electronic properties
at low temperatures and we must therefore investigate
the temperature dependence of further electronic prop-
erties such as mobility and carrier density to elucidate
the nature of this effect.

The temperature dependence of the Hall resitivity
(ρxy) of Sample B is shown in Figure 2a. We ob-
serve a substantial change in the Hall coefficient (ρxy/B)
through the transitional temperature regime indicating
that a large number of additional carriers are present at
low temperatures. In addition to the temperature depen-
dent carrier density, the symmetrised ρxy values are non-
linear in field. This is particularly clear in the vicinity
of the transition as highlighted in Figure 2a. This non-
linearity is indicative of a system with multiple carriers22.
We model the system with two carriers with a carrier den-
sity of n1 and n2 with mobilities µ1 and µ2 respectively.
The Hall resistivity is given by

ρxy =
σxy

σ2
xx + σ2

xy

, (1)

where the conductivities σxx and σxy as a function of
magnetic field B are given by

σxy =
n1µ

2
1B

1 +B2µ2
1

+
n2µ

2
2B

1 +B2µ2
2

, (2)

and

σxx =
n1µ1

1 +B2µ2
1

+
n2µ2

1 +B2µ2
2

. (3)

The results of the two-carrier analysis are summarised
in Figure 2c and d. In the high temperature phase we ob-
serve a single high mobility (µ1[50 K] ∼ 8000 cm2V−1s−1)
carrier with a density n1 = 1.4 × 1013 cm−2. It is worth
noting that this corresponds to a three dimensional car-
rier density of n1 ∼ 3 × 1018 cm−3 and is significantly
lower than the carrier density of the bulk samples which
were measured to have nbulk = 3 × 1019 cm−3. This is
of particular importance in explaining the lack of super-
conductivity in the exfoliated samples as typically much
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FIG. 2: a) Magnetic field dependence of the symmetrised
Hall resistance, ρxy, in the transitional temperature region
for sample B (shown schematically), exhibiting predominantly
electron-like behaviour. The dashed orange and black lines
are an extrapolation of ρxy from low fields and a fit to Equa-
tion 1 respectively for the trace at 25 K. This demonstrates
that the field dependence of the Hall coefficient is characteris-
tic of a two-carrier system. b) Temperature dependence of ρxx
at B = 0 T. c) Results of two-carrier analysis from Equation
1 showing the temperature dependence of respective carrier
densities n1 (red), dominant at high temperatures, and n2

(blue) which increases significantly at low temperatures. The
total carrier density (nTotal, black) more than doubles at low
temperatures indicating a significant change in the relative
contributions of the two parallel conduction channels. d) The
temperature dependent mobility µ1 (red) and µ2 (blue) of
carriers n1 and n2 respectively. Also shown is the effective
mobility (black) where µ−1

Eff = nTotaleρxx. Dashed lines are
guides to the eye.

higher carrier densities are required12. This could be an
indication that nonuniformity of Cu intercalation during
the doping process results in areas or clusters of lower
doping and the exfoliated flakes represent a region of low
doping. Similarly, it is known that Cu atoms may dif-
fuse towards the surface when exposed to air. Whilst
the samples were stored and measured under vacuum,
air exposure would have occurred during sample prepa-
ration and lithography. As the temperature is reduced an
additional low mobility (µ2 ∼ 3400 cm2V−1s−1) carrier
n2 appears and increases in density. Between 25 K and
30 K, corresponding to the same temperature at which
the first signatures of the transition are observed in the
zero field resistivity, the two carriers contribute approxi-
mately equally to the total carrier density. Then at low
temperatures n2 continues to increase to a maximum
value of n2 = 3.5 × 1013 cm−2 completely replacing n1
and dominating the conduction of the low temperature
regime, further indication that there may be a signifi-
cant modification of the electronic bands in exfoliated
Cu0.2Bi2Se3.

Previous two-carrier Hall effect measurements of
Bi2Se3 films have revealed the presence of two coex-
isting surface conduction channels23,24. A high density
(3 × 1013 cm−2), lower mobility (∼ 500 cm2V−1s−1, due
to increased surface scattering24) state which was deter-
mined to originate from the topological surface state,
and a lower density (8 × 1012 cm−2), higher mobility
(3000 cm2V−1s−1) state which was determined to origi-
nate from a quantum confined 2DEG accumulation layer
formed due to surface band bending25. The respective
origins of each of the two states can be determined from
thickness dependent measurements23. The distinction
can be made because if the total thickness of the sample is
reduced to less than twice the depth of the surface accu-
mulation layer (. 8 nm), the lowest lying energy bands of
the 2DEG are raised above the Fermi level due to quan-
tum confinement23 and are no longer populated. The
surface accumulation 2DEG is a parabolic band with a
similar energy to the bulk conduction band26,27 and has
been calculated to strongly depend on the thickness of
the van der Waals gap which in turn is determined by
the presence of intercalants, either intentional such as
in CuxBi2Se3 or unintentionally due to air exposure28.
The qualitative descriptions of the two bands are con-
sistent with the results of our two-carrier fitting shown
above. For undoped Bi2Se3 these two states can coexist
at low temperatures. For CuxBi2Se3 we see that a transi-
tional regime of competing channels occurs for T < 30 K.
A comparison of our results with these reports suggests

that at temperatures above TExfP transport in our ex-
foliated CuxBi2Se3 samples is dominated by the surface
accumulation 2DEG layer. As the temperature is de-
creased through a coexistence regime the low temper-
ature transport may then be dominated by topological
surface states. Another possible origin of this transition
is the presence of impurity bands29–31 which have been
shown in Bi2Se3 at temperatures below 40 K to cause a
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small (< 10 %) increase in the measured carrier density
due to thermally activated conductivity30,31. If this were
the case in our samples, due to the magnitude of the
effect, it would require that impurity band transport is
dominant at low temperatures. However, the presence
of weak antilocalisation (WAL), described below, sug-
gests that coherent transport is maintained in our sam-
ples which may indicate that a topological origin of the
low temperature transport is more likely.

In undoped Bi2Se3, band structure modifications
and resulting non-trivial temperature dependences are
commonly observed due to applied strain32,33 and
pressure34,35. Indeed, in single crystals of undoped
Bi2Se3 at applied pressures of between 5 to 6 GPa, i.e.
below the pressure required to induce superconductiv-
ity (∼12 GPa), Kong et al.34 observe a temperature de-
pendent resistivity which is visually similar to those we
observe. Such observations may not at first appear di-
rectly relevant to the results presented here which were
obtained in the absence of externally applied pressure or
strain. However, by comparing ARPES measurements
with ab initio band structure calculations, it has been
shown that when compared to undoped Bi2Se3 the effect
of Cu intercalation on the band structure is equivalent to
that calculated under several GPa of uniaxial pressure36.
Thus, our observations may be due to a combination of an
effective internal stress at doping levels insufficient to ob-
serve the superconducting phase but which may allow en-
hanced electron correlation effects to drive the observed
sharp transition between the two conductive channels.
Such electronic ordering effects are common in a number
of layered compounds at low temperatures affecting many
properties including resistivity, carrier density and mag-
netic susceptibility37–39. Intercalation has been shown to
significantly alter electronic correlation effects in layered
compounds. For example, by varying the Cu concentra-
tion in CuxTiSe2 the dominant electronic ordering can
be varied from a charge density wave state at low dop-
ing to superconductivity at higher Cu concentration40.
It is conceivable that the Cu intercalation in CuxBi2Se3
alters the electronic ordering which in bulk samples en-
ables superconductivity and in exfoliated samples drives
the strongly temperature dependent multi-band trans-
port that we observe here.

A common feature of the transport properties of topo-
logical insulators is the presence of weak anti localisa-
tion (WAL), a positive correction to the conductivity due
to destructive quantum interference between scattering
loops during diffusive transport41. CuxBi2Se3 also shows
clear WAL properties allowing us to probe the coherent
properties of the electronic transport. Hikami et al.42

predict that a topological insulator is expected to exhibit
WAL described by the equation

∆σ(B) = α
e2

πh

[
ln
B0

B
− ψ

(
1

2
+
B0

B

)]
, (4)

where B0 = ~/4Deτφ, τφ being the phase coherence
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FIG. 3: a) Change in symmetrised conductivity ∆σxx =
σxx(B) − σxx(0) of Sample A as a function of magnetic field
B showing clear signatures of weak antilocalisation and WAL
fits using Equation 4 (orange). Traces are vertically offset for
clarity. We extract b) scattering length Lφ, which is fitted by

T−3/4, and c) α which is a measure of the number of 2D elec-
tronic channels contributing to the WAL where α = 1 (black
dashed) corresponds to two coherent channels.

time and the diffusion constant D = v2F /2τtr which
is given by the Fermi velocity5 vF ∼ 5 × 105 ms−1

and the transport scattering time τtr (∼ 250 fs for
3500 cm2V−1s−1), and where ψ is the digamma function
and α is the amplitude of the correction. It is predicted42

that α is related to the number of conducting channels
which contribute to the WAL effect and takes a value
of α = 1/2 per channel. Figure 3 shows the change in
low field conductivity ∆σxx of Sample A at relatively
low magnetic fields from T = 1.5 K to 70 K. We find
that Equation 4 describes the low field conductivity very
well as shown in Figure 3a. From these fits we can ex-
tract the temperature dependence of the coherence length
Lφ =

√
Dτφ and α shown in Figure 3b and c. At low

temperature we find a maximum value of Lmaxφ ∼ 160 nm
which corresponds to a dephasing time of τmaxφ ∼ 1 ps.
The phase coherence length increases as the temperature
is reduced following a Lφ ∝ T−p/2 where p = 1.5 indicat-
ing that the low temperature phase retains the quantum
coherence of the topologically protected surface states43.
We find a relatively constant value of α ∼ 1 which cor-
responds to two decoupled phase coherent channels. We
attribute this to the two parallel conduction channels dis-
cussed above.

In conclusion we have used magnetotransport measure-
ments to observe a strongly temperature dependent con-
ductivity in exfoliated thin films of CuxBi2Se3. The tran-
sitional temperature regime of ∼ 30 K is not observed in
bulk samples prior to exfoliation. The high temperature
regime is characterised by a low density but high mobil-
ity carrier which is replaced at low temperatures by a
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higher density carrier which greatly enhances the overall
carrier density of the devices thus significantly reducing
the overall resistance. This transition between competing
conducting channels may be enhanced due to the pres-
ence of electronic ordering, and could be affected by the
presence of an effective internal stress due to Cu interca-
lation. Based on previous two-carrier magnetotransport
measurements of undoped Bi2Se3 these results are consis-
tent with a high temperature regime where transport is
dominated by a surface accumulation 2DEG state which
transitions to low temperature transport dominated by a
topological surface state. At low temperatures through
fitting the WAL conductivity peak we find long quantum
coherence lengths indicative of decoupled surface states.
We believe these results are important in understanding

the interplay between the surface states and supercon-
ductivity in CuxBi2Se3 as well as new types of competing
electronic order in this class of materials.

I. ACKNOWLEDGEMENTS

This work was supported by EPSRC (EP/L001772/1,
EP/I004475/1, EP/I017836/1). AIC acknowledges an
EPSRC Career Acceleration Fellowship (EP/I004475/1).
JAA-W acknowledges the support of his Research Fel-
lowship from the Royal Commission for the Exhibition
of 1851.

∗ Electronic address: jaa59@cam.ac.uk
† Electronic address: amalia.coldea@physics.ox.ac.uk
1 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M.

I. Katsnelson, I. V. Grigorieva, S. V. Dubonos, and A. A.
Firsov, Nature 438, 197 (2005).

2 Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature
438, 201 (2005).

3 K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V.
Khotkevich, S. V. Morozov, and A. K. Geim, Proceedings
of the National Academy of Sciences of the United States
of America 102, 10451 (2005).

4 A. H. C. Neto and K. S. Novoselov, Reports on Progress
in Physics 74, 082501 (2011).

5 H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C.
Zhang, Nature Physics 5, 438 (2009).

6 Y. L. Chen, J. G. Analytis, J.-H. Chu, Z. K. Liu, S.-K. Mo,
X. L. Qi, H. J. Zhang, D. H. Lu, X. Dai, Z. Fang, S. C.
Zhang, I. R. Fisher, Z. Hussain, Z. X. Shen, Science 325,
178 (2009).

7 M. Z. Hasan and C. L. Kane, Reviews of Modern Physics
82, 3045 (2010).

8 F. Wilczek, Nature Physics 5, 614 (2009).
9 L. Fu and C. Kane, Physical Review Letters 100, 096407

(2008).
10 Y. S. Hor, A. J. Williams, J. G. Checkelsky, P. Roushan, J.

Seo, Q. Xu, H. W. Zandbergen, A. Yazdani, N. P. Ong, and
R. J. Cava, Physical Review Letters 104, 057001 (2010).

11 L. A. Wray, S.-Y. Xu, Y. Xia, Y. S. Hor, D. Qian, A.
V.Fedorov, H. Lin, A. Bansil, R. J. Cava, and M. Z. Hasan,
Nature Physics 6, 855 (2010).

12 M. Kriener, K. Segawa, Z. Ren, S. Sasaki, and Y. Ando,
Physical Review Letters 106, 127004 (2011).

13 S. Sasaki, M. Kriener, K. Segawa, K. Yada, Y. Tanaka, M.
Sato, and Y. Ando, Physical Review Letters 107, 217001
(2011).

14 K. Matano, M. Kriener, K. Segawa, Y. Ando, and G.
Zheng, Nat. Phys. 12, 852 (2016).

15 Y. Tanaka, K. Nakayama, S. Souma, T. Sato, N. Xu, P.
Zhang, P. Richard, H. Ding, Y. Suzuki, P. Das, K. Kad-
owaki, and T. Takahashi, Physical Review B 85, 125111
(2012).
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