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ABSTRACT
Magneto-transport properties were studied on thin films of a 3D topological insulator (TI)
grown on graphene (Gr) by physical vapor deposition. It was shown that the main contributio
conductance is from the bulk states, whereasmagnetoresistance is determined by both surface a
channels. The input of the charge transport over the surface states in the Si/SiO2/Gr/Bi2Se3 streveals itself in the weak antilocalization effect. The transition from a weak antilocalization to
localization is observed with decreasing the film thickness. The band bending on both int
makes it possible to explain the contribution to a weak antilocalization from different surf
different TI film thicknesses.

duction
dimensional topological insulators (TIs), alongwith
nductivity, which is determined by the band gap
ping level of the material, has conducting spin-
e states as a consequence of strong spin-orbit cou-
. Being protected by the time reversal symmetry,
ce states consist of an odd number of Dirac cones,
in direction being orthogonal to the wave vector
ly related to it. The Berry phase � for the carriers
ical surface states determines the weak antilocal-
L) appearance [2]. WAL is observed in a variety

t films with large spin orbit interaction [3, 4]. In
e bulk and surface states contribute to the coher-
rt, and, in both cases, they are expected to ex-
. However, experimentally, the logarithmic sup-
f conductivity with decreasing temperature, typ-
weak localization (WL) regime, is most often

n TIs. This phenomenon is known as the trans-
x [5] in TIs. Despite the dominance of bulk con-
n topological insulators, the WAL appears to be
ted to bulk states. As a result, it was suggested [5]
erimentally observedWAL can be a collective ef-
L related to the surface channels andWL of a bulk
he electron-electron interaction [6], as well as the
tes mixing of the upper and lower boundaries [7],
ed as an explanation of the observed WL.
themost intensively investigated 3DTIs are narrow-
nductor compounds of V-VI groups [8, 9, 10, 11].
ce of topological surface states with a linear dis-
in various Bi-Sb-Se-Te films (Bi2Te3, Bi2Se3,) was experimentally confirmed using the meth-

toemission spectroscopy with angular resolution
pina@mail.ru ( N. P. Stepina)
):

and scanning tunneling spectroscopy [12, 13, 14].
Themain problem in the transport study in two-com

compounds (Bi2Se3 type) is the domination of the bulk
ductivity over that for surface states. To reduce the bul
tribution, two approaches are typically used, the reduct
the film thickness and compensationwith various impu
such as calcium [15]. Another possibility is to chang
composition of the material, namely to use ternary [1
quaternary compounds [17, 18]. Thus, by choosing a
component material, in which the bulk conductivity wa
nificantly reduced, the authors of [19] could observe th
tribution of surface states in the magnetoresistance (M
ultrathin (Bi0.57Sb0.43)2Se3 films.

It is worth to note that the quantum corrections
conductivityΔ� do not depend on which channel dom
in conductivity � itself. Thus even if the bulk conduc
is much higher than the surface one, the quantum c
tions Δ� from the surface channels may not be mask
the contribution of the bulk. Which channel prevails
is defined by the corresponding values of the charact
times, phase coherence time ��, spin relaxation time �
mean free time �p.One of the feasible ways to engineer the topologica
face states is to use the proximity effect in TI/non-T
erostructures. It is theoretically predicted [20, 21, 22
the combination of two materials, a graphene (Gr)-lik
and a TI, promotes the proximity effects which can s
icantly change the properties of van der Waals hetero
tures, up to the creation of a 2D topological phase and t
pearance of a spin quantum Hall effect in graphene. I
the authors use ab initio simulations and tight-binding
els to determine the precise spin texture of electronic
in graphene interfaced with a Bi2Se3 TI. Their calculpredict the emergence of a giant spin lifetime anisotro
the graphene layer, which should be a measurable hal
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sport in Gr/TI heterostructures and suggest novel
in devices.
thors [24] claimed that the strain and band bend-
TI/graphene interface result in the localization of
tes on each top and bottom layer and suppress the
two surface states. It was shown [25] that the
ation of hybrid graphene bands can leave the spin
TI surface states unchanged even in the presence
at the interface. The experimental study demon-
that the integration of two-dimensional graphene
e-dimensional TI in van der Waals heterostruc-
the advantage of their remarkable spintronic prop-
produces proximity-induced spin-charge conver-
mena. However, practically in most cases, they
ated Gr [27, 28] or an exfoliated TI [26] and, cor-
ly, the only �m-sized structures were possible to
.
ork is devoted to the study of the magnetotrans-
ties of Bi2Se3 thin films grown on graphene. We
rea graphene grown by chemical vapor deposi-
). The contribution of the charge transport over
states in Si/SiO2/Gr/Bi2Se3 heterostructures re-in the WAL effect in MR. The good quality of
ne/TI interface gives the possibility to obtain the
e MR from this surface even in mm-sized struc-
band bending on both interfaces makes it possible
e contribution from different surfaces at different
knesses.

les and experiment
films were grown on the Si/SiO2/Gr substrate.ne samples were provided by the company "Rus-
. Graphene was synthesized using the method of
eposition in the gas phase, implemented in a cold
lation and resistive heating of a copper foil. The
troduction into the chamber at the concentration
the temperature of 850◦C for 5 minutes leads to a
raphene. The transfer of graphene from the cop-
300 nm SiO2/Si substrate was carried out by thechnology using PMMA as a supporting polymer.
films were grown by means of the physical vapor
at a source temperature of about 500◦C. The reac-
of the quartz glass ampoule that was placed with
d in a horizontal heating furnace. The opposite
pt at room temperature and was connected to the
pump. There were two boats inside the reactor.
e was in the region with a high temperature con-
charge of a Bi2Se3 single crystal fragment. The
t with substrates was located in the temperature
gion.
al the effect of graphene on the transport proper-
structure, we additionally prepared Bi2Se3 films
ica. Before the loading into the reactor the sur-
f mica was removed by scotch.
ing to atomic force microscopy, the total thick-
Se3 films grown on graphene was about 20, 30,
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Figure 1: Temperature dependence of resistance for sa
with different Bi2Se3 film thicknesses d. Inset – condu
versus d at T=4.2 K.

these samples as 1, 2 and 3 in the order of thickne
crease. The detailed structural and electro-physical
erties of these samples were described in our previou
per [29]. Contacts for transport measurements were c
by sputtering indium with a subsequent soldering of
wires using indium solder. The magnetoresistance and
perature dependences of conductivity were measured
transport helium Dewar vessel in a magnetic field up
T with the possibility of turning the magnetic field.

3. Experimental data
In Fig. 1 are the temperature dependences of the

tance of Bi2Se3 films grown on graphene. At high te
atures all films exhibit an increase in the resistance w
creasing the temperature that typically explained by th
hancement of phonon scattering. For film 3, the metall
havior of conductivity is observed for the entire tempe
range, whereas, for films 2 and 1, the resistance beg
increase with decreasing the temperature below 30 K.
increase in the resistance is most likely determined b
quantum corrections to the conductivity associated wi
electron-electron interaction or weak localization. The
to Fig. 1 demonstrates the linear dependence of shee
ductivities measured at T=4.2 K on the film thickness
cating that, for all samples under study, the conductiv
mainly determined by bulk states.

When a perpendicular to the film magnetic field
plied, samples 2 and 3 show the negative magnetoco
tance (MC) with a cusplike maximum at B= 0 (Fig. 2).
behavior is typical of the WAL effect expected for the
port over topological surface states in three-dimensiona
logical insulators. Due to the nonzero Berry phase in
magnetic field, a positive quantum correction to the co
tivity arises, and it sharply decreases with an increase
magnetic field. The WAL value becomes smaller f
sample 2 and, in larger magnetic fields, it goes to the po
MC, typical of a quantum correction to the conductivi
sociated with the WL. For the thinnest sample 1, inste
a negative MC, a positive MC is observed even in the l
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elds.
ital nature of the WL is clearly indicated (Fig. 3)
dening of the negative MR at the sample rotation
netic field, perpendicular to the sample plane, to
eld (�=0◦). The presence of a residual final MR
close to the parallel one can be associatedwith the
thickness of the Bi2Se3 film as a consequence of

y inclined upper surface, on which the local elec-
ort can have a finite angle to the magnetic field.
al the influence of graphene on the TI transport
the MC of the Bi2Se3 film grown on mica with
ckness similar to that for sample 3 was also mea-
result for the magnetic field oriented perpendic-
sample plane is shown in the inset to Fig. 2. One
t the behavior is quite different from that for the
own on graphene: one order smaller change in
der range of WAL (up to B=4 T) is observed. A
h of the WAL curve reflects a smaller phase co-
th Li.r to obtain the quantitative characteristics of the
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Figure 4: Magnetoconductance Δ�(B) = �(B) − �
sample 3 in parallel (B||) and perpendicular (B⟂) ma
field. T = 4.2 K. Inset – Δ�(B) for B⟂ after subtr
the quadratic Lorentzian contribution. �WL ∼ 1, �WAL
LWL ∼ 0.14�m, LWAL ∼ 0.46�m, �WL ∼ 0.04, �WAL ∼ 0

netic field Δ�(B) = �(B) − �(0) was analyzed usin
Hikami-Larkin-Nagaoki functions [30], which descri
suppression of WL and WAL in a magnetic field (1):

Δ�(B) =
2∑
i=1

�i
e2

�ℎ

[
Ψ

(
ℏ

4eBL2i
+ 1
2

)
− ln

(
ℏ

4eBL

The formula has 2 terms: one for WL and the oth
WAL, characterized by the parameter �. Here � is a co
of the order of 1 for the WL and –1/2 for the WAL
considering single conduction channel,Ψ(x) is the dig
function.

In the perpendicular magnetic field, sample 3, alon
WAL, shows a parabolic B-field dependence of MC
semiclassical B2 dependence results from the Loren
flection of carriers [32]. According to the Kohler rule
R(B)∕R(B = 0) ∼ 1 + (�B)2, the film mobility � i
mated to be 760 cm2V−1s−1 for sample 3 and 604 cm2V
for sample 2. By substracting the background parabola
MC, we obtain the WAL-induced quantum correctio
MC, Δ�(B) = �(B) − �(0).

The MC in the perpendicular and parallel field for
ple 3 is shown in the Fig. 4. The inset to Fig. 4 depic
MC in the perpendicular field after substracting the qua
Lorentzian contribution. The line in the inset is the ap
imation of the experimental data by formula (1). As a
of the approximation, constants �i and Li were obt
�WL ∼ 1 and �WAL ∼ −1 for the case of WL and
respectively; LWL ∼ 0.14�m, LWAL ∼ 0.46�m.
fact that �WAL ∼ −1 indicates that the contribution
WAL is made by 2 channels, which are apparently
mined by the upper (Air/TI) and lower (Gr/TI) boun
of the topological insulator. A similar approximatio
the film 2 �WL ∼ 1, �WAL ∼ −1∕2, LWL ∼ 0.1

Jo
ur

na
l P

re
-p

ro
of
tal data, the conductivity of the films in a mag- LWAL ∼ 0.51�m. The decrease of the �WAL down to -1/2
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n a single channel contribution to theWAL effect.
1, the MR is described with the only WL taken
t.
alysis of the MC for mica film shows the only
ibution with a small value of �WAL ∼ −0.45 and
.1�m.

ssion
AL ∼ −1 value is rarely observed in 3D TI films.
papers the authors obtain �WAL ∼ −1∕2 [7, 33].[7] and He et al. [34] claimed that the bottom sur-
not contribute much to MC because of the short
rence length due to defects. The characteristic
I films grown on graphene is the structurally per-
ce [35, 24] without typical growth defects. Thus,
sample 3, we can see the contribution from two
due to the improved properties of the bottom in-
e sample on mica with approximatelly the same
s characterized by one channel WAL confirmed
ms grown on graphene have better bottom inter-
at for the mica case. A three times smallerLWALica grown film, as compared withLWAL for film
raphene, is also characterized by the better struc-
graphene grown films. A decrease of �WAL to
thinner films indicates the dissapearance of the
l input to WAL or shows the onset of two surface
on.
nsition from WAL to WL was observed in TIs
periments, in particular, upon doping with mag-
rities [36, 37], as well as when decreasing the
ckness. In the compound (Bi0.57Sb0.43)2Se3 [19]sition occurred when the film thickness changed
-5 quintilayers (QLs). The authors explained the
disappearance by the hybridization of surface

he upper and lower surfaces, the corresponding
a gap in thin film electronic spectrum and the
tion of the Dirac cone into two bands with non-
ive masses, as was shown by the ARPES method
, 41]. The opening of the gap leads to a change in
hase [42]

�
(
1 − Δ

2Ef

)
(2)

0 and, accordingly, to a transition from WAL to
Δ is the gap, Ef is the Fermi energy measured
irac point.
sight, the MC behavior, in our case, is very simi-
btained by the authors of [19] for the ultrathin TI
ever, the thickness of our structures under study
4-6 QLs. We interpreted a different �WAL value
nsition fromWAL toWL for the films with differ-
ss d as an effect of band bending on the TI/Gr and
rfaces. The authors of [43] showed with ARPES
nduction band edge and the Dirac point of the
2Se3 film shifts gradually downwards after three

Figure 5: a – Schematic of the energy to wave-vect
pendence for Bi2Se3 film. Sketches of band diagram
Gr/Bi2Se3/air structure with the thicknesses of TI lay
– 50 nm, c – 30 nm, d – 20 nm. Ec and Ev are volume
edges in bulk TI, E∗ is the upper boundary of the surface
energy on the TI boundary, ED is the Dirac point in grap
and Ef is the Fermi level.

the surface. In our case, it is important to take into ac
also the second interface. As the Dirac point of gra
film is higher than the TI conductivity band edge Ecelectrons from graphene move to the TI, thus, creatin
accumulation region. With a decrease of the film thick
the 3D electron concentration increases and Ec goeswith respect to the Fermi level Ef .The order of the band bending magnitude was esti
by solving the Poisson equation with the following pa
ters: bulk dielectric constant �=113 [43], an electron
tive mass m∗ = 0.1me, bulk donor concentrationNd =cm−3; the band offset between the Dirac point in gra
and the conduction band edge in TI was taken as 0.3
For the simplicity we do not take into account the qua
confinenment. The TI film is proposed to be homogene
n-type dopped. Ef position is determined by the con
that the total charge of holes in graphene, electrons
surface states at the top surface and ionized impurities
bulk is equal to zero. For the 50 nm thick film the band
ing on the TI/Gr boundary was found to be about 0.0
and to decrease down to 0.04 for 20 nm thick film.

A qualitative band diagram for the Bi2Se3/Gr struwith three different film thicknesses is demonstrated in
Fig. 5, a is a sketch of the TI band structure with

logical surface states. These surface states cover the
of energies up to some energy E∗ which is higher tha
For simplicity, we suggest that the topological surface
contribute to the conductance as long as Ef is lowe
E∗.

According to our MC data, for the thick sample (
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urfaces take part in the conductance. Such situa-
ponds to the band bending illustrated in Fig. 5, b,
E∗ values are above Ef . With a decrease of

ickness, above mentioned downward shift of Ecresults in succesively switching off the interface
n (one of the energies E∗ crosses Ef ). This canexperimentally observed decrease of the number
ing surface channels responsible for WAL, when
thickness decreases from 50 nm to 30 nm. At a
rease of the film thickness both E∗ values could
w Ef (Fig. 5, d), indicating the dissapearance of
rmined by the surface channels. This is in line
perimentally observed bulk relatedWL instead of
C of 20 nm sample. Thus, our qualitative picture
ossible scenario of the surface-state contribution
depending on the TI film thickness.
iple, the topological states of TI can co-exist with
nsional electron gas (2DEG) [43], arising from
band-bending effect. Due to Rashba spin split-
he 2DEG states could contribute to the WAL ef-
ver, this contribution depends on the SOI strength,
as spin splitting value Δr = 2ℏΩ, and scattering
can be characterized by Ω� value [45]. With in-
eΩ�, a crossover fromweak localization to weak
ation can be realized (see Fig.3 in the paper [45])
. We estimated the Ω� ≤ 1.7 using the mobil-
∼ 700 cm2/Vs) from our MR measurement and
itting value (≤ 50 meV) from the ARPES data in
44]. As a result, the zero-field correction turns out
to zero. Thus the contribution of 2DEG toWAL is
be negligible. Nevertheless, we have not enough
olutely exclude the contribution of 2DEG for the
ffects.
uation becomes more complicated if we take into
ssible scattering or wave functions hybridization
in different channels. In this case the all charac-
ll be averaged [46, 47] and parameter �WAL can
−1∕2. We cannot distinguish this "mixed" chan-
e independent TI surface one, but in any case the
states should take part in the observed experimen-
ect.
nal information of the charge transport behavior
, as shown in [33], can be obtained from the anal-
correction to the conductivity in a parallel field,
scribed using the equation:

) =
2∑
i=1

�i
e2

2�2ℏ

[
ln

(
1 + �i

d2e2L2i
ℏ2

B2
)]

, (3)

meters �i and Li are determined from the MC
a perpendicular field, �i is a parameter that de-
he transport mechanism. The line in the inset to
s the approximation of the MC in a parallel field
3 by equation (3), while the fit was performed
eters �WAL ∼ −1, and LWAL ∼ 0.5 �m. The
WAL ∼ 0.2 value indicates the Beenakker-von
] transport mode. This regime corresponds to the

situation when the free path of charge carriers is comp
to the film thickness and the conduction channels are w
coupled to each other. This result confirms the conc
about the contribution of two independent surfaces of
to the WAL.

5. Conclusion
Large area Bi2Se3 films with different thickness

grown on CVD graphene by physical vapor deposition
analysis of the conductivity and magnetoresistance
that despite the high TI bulk conductivity, in Bi2Se3/grafilms it is possible to separate the contribution of two su
channels of topologically protected states. The obtain
sults point out the high interface boundaries quality
Bi2Se3 film grown on graphene. The suppression of
associated with surface channels and a transition to W
observed when the film thickness is decreased. The r
were explained by the dependence of the band bend
TI/Gr and TI/air interfaces on the TI film thickness.
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Highlights

tates  

Journal Pre-proof
 Despite the high bulk conductivity of Bi2Se3 film grown on graphene,  the surface s
reveal itself  in the weak antilocalization localization effect.

 The suppression of weak antilocalization associated with the surface channels was 
observed when the film thickness is decreased.

 Film thickness dependence of the magnetoresistance  behavior is explained by the 
increasing of the band bending on both film interfaces with decrease of  the film 
thickness.
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