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ABSTRACT

Heterostructures of Bi2Se3 topological insulators were epitaxially grown on

graphene by means of the physical vapor deposition at 500 �C. Micrometer-

sized flakes with thickness 1 QL (quintuple layer * 1 nm) and films of mil-

limeter-scale with thicknesses 2–6 QL had been grown on CVD graphene. The

minimum thickness of large-scaled continuous Bi2Se3 films was found to be * 8

QL for the regime used. The heterostructures with a Bi2Se3 film thickness

of[ 10 QL had resistivity as low as 200–500 X/sq and a high room temperature

carrier mobility * 1000–3400 cm2/Vs in the Bi2Se3/graphene interface channel.

Moreover, the coexistence of a p-type graphene-related conductive channel,

simultaneously with the n-type conductive surface channel of Bi2Se3, was

observed. The improvement of the bottom Bi2Se3/graphene interface with the

increase in the growth time clearly manifested itself in the increase of conduc-

tivity and carrier mobility in the grown layer. The grown Bi2Se3/G structures

have lower resistivities and more than one order of magnitude higher carrier

mobilities in comparison with the van der Waals Bi2Se3/graphene

heterostructures created employing exfoliation of thin Bi2Se3 layers. The grown

heterostructures demonstrated the properties that are perspective for new

functional devices, for a variety of signal processing and logic applications.

Handling Editor: Joshua Tong.

Address correspondence to E-mail: antonova@isp.nsc.ru

https://doi.org/10.1007/s10853-021-05836-y

J Mater Sci (2021) 56:9330–9343

Energy materials

http://orcid.org/0000-0002-6835-2737
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-021-05836-y&amp;domain=pdf


Introduction

Two-dimensional (2D) materials, normally referred

to as single-layer materials, have become a central

topic of research interest over the past 20 years [1, 2].

Understanding the physics of these novel layered

materials has provided a great platform for the

potential opportunities in many fields ranging from

electronics, optoelectronics to energy, sensing, bio-

logical and medical applications, including the

development of flexible electronics [3, 4]. The weak

van der Waals interaction (as compared to the strong

covalent bond interaction inside covalently bonded

material structures) made it possible to construct

promising building blocks for future electronics and

optoelectronics by stacking 2D materials with multi-

dimensional materials to form van der Waals

heterostructures. The development of technologies of

synthesis or layer-by-layer growth of vertical

heterostructures from different 2D materials is the

most important approach for future progress in these

novel electronics [5, 6]. Graphene is now widely used

as a substrate for the growth of 2D materials or

quantum dots. Graphene often increases growth

rates, improves structure of grown materials, or can

serve as an excellent sub-nm spacer and create a

uniform nanogap between different layers in

heterostructures [7–10].

The discovery of the three-dimensional topological

insulator (TI) as a quantum state of matter has

expanded the family of Dirac materials with appli-

cations in electronics, spintronics, and quantum

computing [11]. TI materials are distinguished by

their strong intrinsic spin–orbit coupling, which leads

to the formation of a bulk bandgap and 2D surface

states that host massless Dirac Fermions with spin-

momentum locking [12]. Topological insulators are

predicted to present unique surface transport phe-

nomena, but their experimental studies have been

hindered by metallic bulk conduction that over-

whelms the surface transport [13–15]

Nowadays, topological insulator/graphene (TI/G)

heterostructures are considered as a way to combine

the spin-dependent TI properties with high electron

mobility. Despite a sound understanding of the two

individual materials (TI and graphene), the electron

transport of a combined vertical heterojunction is still

poorly studied. For instance, enhancing the spin–or-

bit interaction in graphene via proximity effects with

topological insulators in TI/G heterostructures could

create a novel 2D system that combines nontrivial

spin textures with high electron mobility, as revealed

in the theoretical study of Song [6]. These calculations

predict the emergence of giant spin lifetime aniso-

tropy in graphene layer, which should be a measur-

able hallmark of spin transport in TI/G

heterostructures and suggest novel types of spin

devices. The anomalous magnetotransport effects,

gate-tunable tunneling resistance, and the possible

existence of a quantum spin Hall phase are reported

in TI/G heterostructures with Bi2Se3, Bi2Te3, and

other materials [12, 16–18]. In addition, the fabrica-

tion of broadband photodetectors based on TI/G

heterostructures [19] and the injection of a spin-po-

larized current from ultrathin Bi2Te2Se nanoplatelets

into graphene [20] has been realized. It was demon-

strated that the graphene provides a high-quality

interface with thick (400 nm) Bi2Se3 films and carrier

mobility on topological surface states as high as

*5000 cm2/Vs at low temperature (2 K) without

degradation [21]. Moreover, the nonlinear field

dependence of Hall resistivity at low magnetic fields

[22] suggests the presence of additional conducting

channels with higher carrier mobility [23–25].

In addition to spintronics, thin TI/G films have

great potential for use in vertical 2D material

heterostructures as a channel with high conductivity

instead of just graphene, if its resistance will be

reduced in comparison to the case of using graphene.

The typical graphene sheet resistance is 1–2 kOhm/

sq [26–28]. Moreover, low resistance films could be

applied, for instance, as transparent electrodes for the

IR range where Bi2Se3 has very low absorption [29].

In this study, we present Bi2Se3-based

heterostructures in TI/graphene/SiO2/Si configura-

tion, using the CVD grown graphene, the deposited

Bi2Se3 films, and Si substrate as the gate to control the

Fermi level position. For heterostructures with TI film

thickness 20–50 nm (the resistivity as low as 200–500

X/sq), the coexistence of n- and p-type channels and

the high room temperature carrier mobility up to *
3400 cm2/Vs for n-type channel of Bi2Se3 films were

found. The grown Bi2Se3/G heterostructures have a

higher quality and perspective for application

properties.

J Mater Sci (2021) 56:9330–9343 9331



Experimental

Sample preparation

Graphene was synthesized using the method of

chemical deposition in the gas phase, implemented in

a cold wall installation and resistive heating of cop-

per foil using a current * 70 A. Methane introduc-

tion into the chamber at a concentration of 3% at a

temperature of 850 �C for 5 min leads to a growth of

graphene. The transfer of graphene from copper foil

to a 300 nm SiO2/Si substrate is carried out using

standard technology using PMMA as a supporting

polymer. Treatment in acetone followed by rinsing in

isopropyl alcohol was used for PMMA removal. The

resulted graphene has the p-type conductivity with

resistivity * 0.9–1.3 kOhm/sq and carrier mobility

of 1000–2000 cm2/Vs.

The growth of Bi2Se3 films was performed using

the physical vapor deposition at the source temper-

ature of 500 �C for time 7–40 h. These heterostruc-

tures will be hereinafter referred to as BS/G

structures.

For second type heterostructures, the thin Bi2Se3
flakes were obtained using electrochemical exfolia-

tion. Bi2Se3 was used as a cathode; an electrolyte was

ammonium sulfate with a concentration of 1%. Elec-

trochemical exfoliation leads to the creation of Bi2Se3
flakes with a thickness of 4 and 8 nm and lateral size

up to * 100 mm. Then, these flakes were transferred

onto G/SiO2/Si substrates. Below, these structures

will be denoted as vdW-BS/G.

Experimental equipment

The Raman spectra were recorded on a Horiba Jobin

Yvon LabRAM HR800 spectrometer with a 1024-pixel

LN/CCD detector and an Nd:Gd 532 nm laser under

ambient conditions with power * 1 mW. The spec-

tral resolution was approximately 3.0 cm-1 at a fre-

quency shift of 1300 cm-1. The integration time was

6 min. Raman spectra with different polarization

were recorded on a triple T64000 Horiba Jobin Yvon

spectrometer at room temperature, with the excita-

tion wavelength being 514.5 nm (2.41 eV argon ion

laser). To avoid the heating of samples with laser

radiation, the laser beam was defocused up to a spot

diameter of 30 mm. A Solver PRO NT-MDT scanning

microscope was employed for taking AFM images

from the surface of examined films and substrates

and for evaluating the sample thicknesses. The mea-

surements were carried out in contact and semi-

contact modes. The rounding radius of the used

probe never exceeded 10 nm; normally, it was equal

to * 2–3 nm. Apart from the study of the surface

relief, measurements in lateral-force (friction-force)

mode were carried out for visualization of regions

differing in their chemical compositions. The current–

voltage characteristics were measured with a Keith-

ley picoamperemeter (model 6485) on film samples

provided with contacts prepared from silver alloy or

indium soldering. X-ray diffraction analysis data

were collected on an ARL’Xtra diffractometer in the

Bragg–Brentano geometry (2h = 10–60�, CuKa - ra-

diation, U = 30–40 kV, I = 25 mA). SEM images were

obtained using a JEOL JSM-7800F scanning electron

microscope in which the energy of primary electrons

was equal to 2 keV.

Experimental results

Structural properties of the Bi2Se3/graphene/
SiO2/Si heterostructures

Figure 1 demonstrates the sketch of the growth

reactor and the optical images of Bi2Se3 film grown

on 5 9 10 mm graphene transferred onto the SiO2/Si

sample. In the left part of Fig. 1b1 (the region near the

source), one can see Bi2Se3 nanoparticles grown on

SiO2/Si substrate. AFM studies of Bi2Se3 /SiO2/Si

show that this part consists of Bi2Se3 particles with

the size of * 0.5–1 lm, the thickness * 30–35 nm,

and the surface relief up to 100 nm. The relatively

high resistivity of 2–3 kOhm/sq was found for Bi2Se3
clusters in the part grown on SiO2/Si. At the right of

the SiO2/Si sample (Fig. 1b3) without graphene, the

Bi2Se3 was not grown at all. Directly on graphene, the

continuous film was grown with a thickness of

50–20 nm (from left to right). Generally, for samples

shifted from the source on more than 1 cm, Bi2Se3
films were grown only on graphene with high

selectivity.

Variation in a growth time shows that islands of

Bi2Se3 monolayer flakes are observed first (Fig. 2).

The relatively large Bi2Se3 domain size (few

micrometers) from one fold to another fold is seen in

Fig. 2b, c. The height of folds is 2–6 nm. The films of

millimeter-scale with thickness 2–6 nm were grown

with an increase in the growth time (Fig. 3a).
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Nanoparticles with higher thickness are seen on film

in this case. The continuous film has a thickness

of * 8 nm; this thickness was directly measured

near the graphene edge (Fig. 3b). The further increase

in growth time leads to the synthesis of the film with

a thickness gradient of 50–20 nm on 10 mm length.

Therefore, the grown film has a uniform thickness at

the millimeter scale. AFM images of Bi2Se3 film with

thickness 50 nm grown on the G/SiO2/Si substrate

are given in Fig. 4a. It is seen that this film has a

surface relief of less than 10 nm.

The edge of the grown Bi2Se3 film exactly coincides

with the edge of the graphene. The maximum thick-

ness of 200 nm was found for a growth time of 40 h.

AFM image of this Bi2Se3 film and image of the sur-

face measured in the regime of lateral forces (Fig. 4c)

demonstrate the surface with * 15 nm pyramid-like

relief consisted of 1-nm Bi2Se3 quintuple layers. In

Bi2Se3, five covalently bonded atomic sheets (e.g., Se–

Bi–Se–Bi–Se) compose one quintuple layer (QL,

*1 nm) [30, 31]. The grown set of samples is marked

as BS/G-1 7 BS/G-7 depending on the thickness

(see Table 1). The SEM images of the two films are

given in Fig. 4d. The SEM and AFM images demon-

strate that grown film has a polycrystalline structure

with a relatively large domain size. The pyramids in

Figure 1 a Scheme of the growth reactor. The source temperature

was equal to 500 �C, and the temperature in the sample area

decreases * 450 �C. b An image of the Bi2Se3 film grown at

500 �C (22 h) on the SiO2 substrate with transferred CVD

graphene (the length of the graphene film was 10 mm) made in the

optical microscope, inset in b presents an optical image of the

sample with Bi2Se3/graphene film. (1) Optical microscopy image

of the beginning part of the sample (near the precursor source): the

dark part corresponds to Bi2Se3 film grown on the SiO2 substrate,

and the light part corresponds to Bi2Se3 film grown on the G/SiO2

substrate; (2) the middle part of the sample; (3) the end of the

grown Bi2Se3 film. According to AFM data, the Bi2Se3/G film

thickness is varied from 50 to 20 nm as a function of the distance

from the source. The sizes of the (1,2,3) images are 0.25 mm 9

0.25 mm. c Schematic image of the sample cross section.

Figure 2 The initial stage of Bi2Se3 film growth at 500 �C on

CVD grown graphene. a–d The surface images of samples grown

for 7–10 h measured in a height and b–d lateral force modes.

Bi2Se3 light islands are placed between the folds visible on

graphene. Profiles cross the Bi2Se3 islands in a demonstrate the

thickness of * 1 nm. b, c Bi2Se3 islands with size from one fold

to another fold.
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Fig. 4c have two types of orientations (right and left

parts of the image).

The typical Raman spectrum of the thin Bi2Se3
films is given in Fig. 5a. Three characteristic peaks

were observed at 71 cm-1, 130 cm-1, and 173 cm-1,

which correspond to the out-of-plane vibrational

mode (A1g
1) of the outer BiSe1 pairs, in-plane mode

(Eg2
2), and an out-of-plane mode (A1g

2) of rhombo-

hedra Bi2Se3 lattice vibrations, respectively [32].

According to Zhang, the position of Raman peak A1g
1

has to be strongly dependent on the film thickness.

The position of the A1g
1 peak is at 70–71 cm-1 for all

samples up to Bi2Se3 thickness of 200 nm corre-

sponding to the thickness of * 8 QL (the thickness of

the continuous film in our case). It is suggested that

the Raman signal from surface states is dominated in

the spectra over the contribution of the volume due to

resonance scattering in the surface channel. Another

finding of Zhang [32] for Bi2Se3 platelets is the sig-

nificant thickness dependence of Eg2
2 line broadening

(decrease in layer thickness has to lead to an increase

in FWHM from * 7.7 cm-1 for the bulk film to

Figure 3 The intermediate

stage of Bi2Se3 film growth at

500 �C on graphene: a a

continuous film with

thickness * 8 nm and b a

film with thickness * 10 nm.

Figure 4 AFM images of

Bi2Se3 film grown at 500 �C
(22 and 40 h) on the graphene

transferred on SiO2/Si sample:

a for film thickness 60 nm and

b 200 nm. The profiles along

the surface (a) and the cross

edge of Bi2Se3 film (b) are

presented in inserts. c Lateral

force image of the 200 nm film

with up to 15 nm surface relief

in the form of pyramids from

Bi2Se3 monolayers. Insert

demonstrates the surface relief.

d SEM images of the Bi2Se3
film grown at 500 �C on the

CVD grown graphene

transferred on SiO2/Si sample

with the film thickness of

20 nm.
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24 cm-1 for a 4 QL). In our case, FWHM of Eg2
2 mode

is 7.7 cm-1, i.e., it corresponds to the bulk material.

We have suggested that Raman signal A1g
1 from

surface states is dominated in the spectra over the

contribution of the volume due to resonance scatter-

ing in the surface channel, whereas Eg2
2 mode is

based on the contribution of the film volume. The

other peaks D, G, and 2D correspond to graphene

[33, 34]. An increase in the D peak intensity and

decrease in 2D/G ratio after Bi2Se3 film growth

means strong changes in graphene properties

(structure).

X-ray diffraction spectrum for relatively thick BS/

G heterostructure is given in Fig. 5b. Samples grown

at the source temperature of 500 �C show the pres-

ence of (00X) reflexes of the Bi2Se3 phase. This fact

confirms the implementation of epitaxy Bi2Se3 and

graphene, i.e., co-orientation of Z planes between

graphene and Bi2Se3. Narrow lines in the spectra

mean a lack of small (\ 1 lm size) Bi2Se3 flakes or

domains and a good quality of grown films.

Raman spectra measured in five random points of

the BS/G-2 films at two different polarizations of the

laser beam XY and YY are given in Fig. 6. One can see

that relation of the Eg2
2 and A1g

2 peak intensities

given in Fig. 6 as a parameter are practically the same

in all points. The variation of Eg2
2/A1g

2 relation is

equal to 3–12% for both polarizations. For compar-

ison, Raman spectra for Bi2Se3 monocrystal were

measured at the same point at two polarizations with

crystal rotation up to 90� (step 15�). The Eg2
2/A1g

2

relation, in this case, is varied within 21% (see Fig. 6a

insert). The same values of the Eg2
2/A1g

2 relation for

different points of the grown polycrystalline film

mean that domains in the film have a similar orien-

tation. In the case of Bi2Se3 crystals with random

orientation grown on SiO2, the Eg2
2/A1g

2 relation was

found to equal * 1.

Electrical properties of heterostructures

The resistivity of the grown Bi2Se3 film with thickness

20–50 nm on graphene was measured lengthwise on

Table 1 BS/G structures include Bi2Se3 layers grown on G/SiO2 structures

Structures Thickness d, nm Type of conductivity Electron mobility, cm2/Vs Hole mobility, cm2/Vs R, Ohm/sq

BS/G-1 200 n/p 1490–3480 240 (1060)

BS/G-2 50 n/p 1200–3200 860–1040 310 (860)

BS/G-3 50 n/p 330–740 480 (620)

BS/G-4 20 n/p 400–860 910 850

BS/G-5 15 n/p 760–1100 2100 400–580

BS/G-6 7–8 n/p 810–1010 500–600

BS/G-7 2–3 n/p 50–330 900–1200

vdW-BS/G-1 8 p 150 2100

vdW-BS/G-2 4 p 110 4400

BS/mica 50–200 n 30–200 – 1500–200

vdW-BS/G are the structures with electrochemically exfoliated films transferred on G/SiO2 structures

Figure 5 The typical

a Raman spectra and b X-ray

diffraction spectra for Bi2Se3
film (BS/G-1e structure) with a

thickness of 200 nm. Insert in

b presents the Raman spectra

of graphene on SiO2/Si

substrate before growth.
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the sample using the four-probe head. The results for

one of the grown samples with a thickness of Bi2Se3
layer of 50–20 nm (from left to right) are shown in

Fig. 7a. According to the thermal probe measure-

ments, the Bi2Se3 films have n-type conductivity. The

summary data for samples with different Bi2Se3 film

thickness is given in Fig. 7b. A relatively weak

decrease in resistivity is observed. This observation

suggests that the conductance of the surface channel

is dominated in transport for this thickness range. In

Fig. 7c, a conductivity of the grown Bi2Se3 layer as a

function of the film thickness is demonstrated. Data

for the Bi2Se3 film grown on graphene is compared

with that for thin films created using exfoliation from

bulk Bi2Se3 monocrystalline [35]. One can see that in

the grown structures, conductivity was essentially

higher than that for exfoliated films. Poor mechanical

properties of Bi2Se3 lead to the formation of structural

defects in films during the exfoliation process and the

decrease in conductivity. Moreover, the functional

dependence of the conductivity of the Bi2Se3 film

grown on graphene versus the film thickness is

changed in comparison to well-known curve 2 for

films exfoliated from bulk crystalline.

The typical Ids(Vg) characteristics are given for both

types of contacts. Carrier mobility was calculated

from the linear part of Ids(Vg) characteristics with the

use of the expression

l ¼ DIDS
DVG

1

CSiO2VDS
W
L

ð1Þ

where CSiO2 is the specific capacitance of the oxide

layer on the surface of the silicon substrate (oxide

thickness 300 nm, e * 3.9), W and L are the width

and length of the tested structure. Carrier mobility

values calculated for different structures are given in

Table 1.

In the case of thin films (\ 8 nm), it was found a

possibility to observe two channels with p-type and

n-type conductivity simultaneously in Ids(Vg) char-

acteristics (see Fig. 7d2). The values of the carrier

mobility extracted from Ids(Vg) characteristics for

both channels in the case of the first measurement are

in the range of 4900–10,100 cm2/Vs. Carrier density

in the channels estimated from the Dirac point posi-

tion is 1.3 9 1011 cm-2 for the n-type channel and

2.2 9 1011 cm-2 for the p-type channel. Low carrier

density in Bi2Se3 film with thickness\ 8 nm deter-

mined by the structural defects caused by the pres-

ence of a folds network in CVD grown graphene. At

repeated measurements, Dirac points of both chan-

nels are shifted to higher voltages (Fig. 7d1). An

increase in the carrier density in the graphene-related

p-type channel was observed from * 1.3 9 1011

to * 1.5 9 1012 cm-2. For the n-type channel, the

carrier density is increased to a value higher than

5 9 1012 cm-2. These changes are persisted at least

during a few days of repeated measurements. The

final Ids(Vg) characteristics look like curves in Fig. 7e:

The only n-type channel is seen with reduced carrier

mobility of 4200–400 cm2/Vs. The physical reason for

changes in carrier densities in p- and n-type channels

is the formation of a double-charged layer on the

BS/graphene interface due to current flow under an

applied voltage.

Figure 6 Raman spectra for 5 points of Bi2Se3 film with a

thickness of 50 nm (BS/G-2 film) measured at two different

polarizations a XY and b YY. The relation of Eg2
2 and A1g

2 peak

intensities is given in figures as a parameter (3.50, … in a and

1.35, …in b). The tested beam area was 30 lm. Inset in

a demonstrates the relation of Eg2
2 and A1g

2 peak intensities for

spectra measured for one point of Bi2Se3 monocrystalline with its

rotation.
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The field-effect carrier mobilities were compared

with Hall effect mobility for two samples from group

BS/G-3 (see Table 1). The Hall effect mobilities were

equal to 270–450 cm2/Vs (compare with 330–740

cm2/Vs).

Two types of contacts were used to the study of the

electrical properties of the heterostructures. In the

first case, Ag contacts are created on the Bi2Se3 film

surface with n-type conductivity. These contacts

allow us to examine the properties of the Bi2Se3 film.

Namely, this type of contact is used for the data

discussed above. In the second case, indium contacts

were created and burned. As a result, we have con-

tacts with the bottom layers of BS/G heterostruc-

tures. The existence of a p-type channel was observed

in these BS/G heterostructures (see Fig. 7f). As

mentioned above, the pristine graphene has the

p-type conductivity with resistivity * 0.9–1.3

kOhm/sq and carrier mobility of 1000–2000 cm2/Vs.

It is well known that graphene usually has p-type

doping which is associated with the adsorption of

oxygen on the graphene surface [36, 37]. The values

Figure 7 a The resistivity of

Bi2Se3 film grown on the

G/SiO2/Si substrate measured

with the use of four probes.

The position of the G/SiO2

interface is marked with a

vertical dotted line. The

horizontal dotted line presents

the resistivity of pristine

graphene (1.36 kOhm/sq).

Insert shows the film

thickness. b The resistivity of

Bi2Se3 film grown on

graphene as a function of film

thickness. c Comparison of the

conductivity of grown Bi2Se3
film (1) and film exfoliated

from Bi2Se3 monocrystalline

(2). (d1,d2) Variation of

Ids(Vg) characteristic for

transistor structures with

bottom gate (silicon) for

Bi2Se3 film thickness of 6 nm

and Ag contacts under

repeated measurements. 1,2,3

is the measurement sequence

with final Ids(Vg)

characteristics like the one

given in e. e, f Typical Ids(Vg)

characteristics for transistor

structures with bottom gate

(silicon) for two types of

contacts for structure with

Bi2Se3 film thickness of

20 nm.
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of p-type channel resistivity and carrier mobility

extracted from our measurements and given in

Table 1 are well correlated with that of pristine

graphene.

Transistor characteristics for different samples with

film thickness 20–200 nm measured with the use of

silicon substrate as a gate look like the ones shown in

Fig. 7e, f. Typical values of the electron mobility of n-

type channels determined with the Bi2Se3 layer are

ranged from 1500 to 3400 cm2/Vs (see Table 1). N-

type of Bi2Se3 layer is well known and attributed to

native defects such as SeBi antisites and/or Se

vacancies, acting as active n-type dopants (for

instance, [38]). In the case when vdW-BS/G was

created employing transfer of the exfoliated films on

G/SiO2/Si substrate, the hole mobility in the Bi2Se3
layer is increased up to 110–150 cm2/Vs in compar-

ison with BS/SiO2/Si (30–50 cm2/Vs) [35] (see

Table 1). In the grown BS/G heterostructures, the

carrier mobility in Bi2Se3 film is found to strongly

increase in comparison with vdW-BS/G.

The additional treatment of the grown

heterostructures in the growth camera at 500 �C and

low pressure without precursor leads to the evapo-

ration of the Bi2Se3 films. Unexpectedly, it was

revealed that exposed graphene consists of separated

islands without a network of folds observed for

pristine material. It is well known that annealing of

CVD graphene at 500 �C and low pressure does not

lead to any visible changes in the network of folds. It

means that strained graphene in folds is most likely

chemically interacted with the grown Bi2Se3 layer,

and these parts are removed simultaneously with the

Bi2Se3 film.

The temperature dependence of resistance for two

samples with different film thicknesses is shown in

Fig. 8. At high temperatures, the decrease of R corre-

sponds to the mobility increase with decreasing

temperature (electron–phonon interaction). Then the

thick (50 nm) films show a weakly metallic behavior,

slightly decreasing R with a decrease in the temper-

ature. Thinner films change the behavior; here resis-

tance increases with decreasing temperature between

35 and 10 K and R(T) practically doesn’t depend on

the temperature at low temperatures, T\ 8 K. Simi-

lar dependencies of conductivity were demonstrated

by Chae [39]. The typical trends of the conductance of

the 20 QL Bi2Se3 film and 3–5 QL Bi2Se3/G/SiC

heterostructures are presented in [39]. There are three

temperature regions, depending on the dominant

scattering (or transport) mechanisms: electron–pho-

non interaction ([ 20–40 K), two-dimensional elec-

tron–electron interaction (4–8 K\T\ 20–40 K), and

defect sites of the Se vacancy (\ 4–8 K).

The current–voltage characteristic for structure BS/

G-1 with Bi2Se3 film thickness of 200 nm measured

for two directions of voltage sweep is given in Fig. 9.

Resistivity is changed from 242 to 1070 X/sq.
Another example of the resistivity switching for

structure with Bi2Se3 layer thickness of 50 nm corre-

sponds to values 310 X/sq and 860 X/sq (see Table 1,

the second resistivity value is given in brackets).

Structures with high carrier mobility (BS/G-1, BS/G-

2, BS/G-3) demonstrate resistivity switching. This

Figure 8 Temperature dependence of conductance for two

samples BS/G with different film thickness 50 nm (a) and

30 nm (b).

Figure 9 Current–voltage characteristics (3 repeated

measurements with two-sided voltage sweeps) for structure BS/

G-1 with Bi2Se3 film thickness of 200 nm. Resistivity is changed

from 242 to 1070 X/sq.
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switching is observed at repeated measurements and

leads to I-V characteristics with the negative differ-

ential resistance (NDR). The appearance of NDR is

suggested to base on the coexistence of p- and n-

channels in our heterostructures. Similar NDR effects

are observed for graphene field-effect transistors

when n–p–n or p–n–p configurations along the chan-

nel are formed due to different reasons [40, 41].

Discussion

Graphene is a good substrate because of its advan-

tages concerning film growth such as low lattice

mismatch with TIs. Selective growth of Bi2Se3 on

graphene allows one to form TI/G heterostructures

on various substrates including amorphous materials

by means of graphene transferring.

Another important feature of TI/G heterostruc-

tures is the good transport conductance of channels

due to the charge transfer between Bi2Se3 and gra-

phene even within 1 QL of Bi2Se3 [39]. Field-effect

carrier mobility extracted from Ids(Vg) characteristics

corresponds to channel located near Bi2Se3/G inter-

face because with changing Vg charge is accumulated

near the interface on a depth given by the screening

length (k * 3–4 nm) [42]. According to [42], the few

electron and hole channels can be found near the

BS/graphene interface in the Bi2Se3/G

heterostructures.

TI/graphene heterostructure produces a vertical p–

n junction. We have observed the p-type and n-type

channels near the BS/graphene interface in our

heterostructures. Pristine graphene has p-type con-

ductivity, and carrier mobility was 1000–2000 cm2/

Vs. Carrier mobility in the p-type channel in our

Bi2Se3/graphene heterostructures demonstrates sim-

ilar values.

Typical values of carrier mobility for Bi2Se3 films

with thickness 90–200 nm at room temperature are

400–700 cm2/Vs and 50–200 cm2/Vs for thickness

lower than 22 nm [43–46]. At low temperature

(* 2 K), carrier mobility increases to 1200–2100 cm2/

Vs [43–46]. In BS/graphene heterostructures with

thick (400 nm) Bi2Se3 films, the carrier mobility on

topological surface states was observed as high as

*5000–6000 cm2/Vs at the low temperature (* 2 K)

[21, 47]. An increase in temperature leads to a strong

decrease in the carrier mobility down to 50–200 cm2/

Vs. High electron mobility (1500–3400 cm2/Vs)

observed at room temperature in our Bi2Se3/-

graphene heterostructures for the n-type channel

with Bi2Se3 thicknesses of 50–200 nm is one of the

most promising properties of grown heterostructures

due to proximity effects. This implies that the quality

of graphene and Bi2Se3 could be improved in the

stack structure of Bi2Se3/graphene. In our case, the

high carrier mobility was found starting with 50 nm

of Bi2Se3 film thickness. Even for thinner Bi2Se3 films

in heterostructures, the carrier mobility is high

enough (400–600 cm2/Vs). Carrier mobility is a very

sensitive parameter determined by the quality of

grown films. The achievability of the high carrier

mobility is based on the quality of graphene and the

used growth regime.

In various studies in the grown TI/graphene

heterostructures, as a rule, individual flakes with a

thickness of several QLs are analyzed [48–50]. As the

present study shows, due to the island growth

mechanism, a continuous film with centimeter scales

is only formed starting from a thickness of 8 nm (8

QL). Thinner samples with thickness 2–6 QL and

millimeter-scale size were grown and investigated.

For 6 QL TI/graphene heterostructures, an increase

in the carrier density in both channels is seen.

The resistivity of the n-type channel is very weak,

decreased from * 1000 to 200 X/sq, with an increase

in Bi2Se3 layer thickness from 2 to 200 nm. Generally,

the film conductivity rh is expected to decrease with

reduction in film thickness t as rh = rbulk ? rS,
where bulk conductivity rbulk * t and rS is the sur-

face channel conductivity. The sheet conductivity

(rh) for Bi2Se3 films versus their thickness for films

created by exfoliation from bulk Bi2Se3 monocrys-

talline had demonstrated the saturation of this curve

with a decrease in t corresponding to the value of

surface channel conductivity rh = 0.16 mS (resistance

RS * 8 kOhm/sq) [51]. This saturation was observed

for t\ 80 nm and corresponds to the predominant

contribution of the surface channel. The thickness

dependence of rbulk = 0.13t mS. One can see in

Fig. 7c that in the case of grown TI/graphene

heterostructures, functional dependence of rh (or Rh)

on the thickness is changed. The resistivity is slightly

decreased RS * from 1.2 to 0.4 kOhm/sq with the

increase in film thickness from 6 to 200 nm. The

conductivity is described by the equation rh-

= 0.017t mS. We suggest that an increase in film

conductivity is connected with the improvement of

the quality of the Bi2Se3 films near the bottom
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interface with graphene with the increase of grown

time. This statement is suggested by the increase in

carrier mobility measured for the bottom n-type

channel and an increase in the Bi2Se3 film conduc-

tivity. This finding is a manifestation of the proximity

effect in TI/graphene heterostructures. Different

proximity effects are observed in vdW TI/G

heterostructures. In the theoretical study of Song [16],

it was demonstrated that enhancing the spin–orbit

interaction in graphene, via proximity effects with

topological insulators, could create a novel 2D system

that combines nontrivial spin textures with high

electron mobility. The spin textures of surface states

in a topological insulator can be directly transferred

to graphene due to the proximity effect, which is very

important for realizing a two-dimensional topologi-

cal insulator based on graphene [17].

It is necessary to stress the fact that the conductive

channel is most likely not formed on the top surface

of the grown Bi2Se3 films. This statement is based on

the SEM and AFM images of the grown surfaces with

high relief. The improvement of the bottom Bi2Se3/-

graphene interface with the grown time increasing is

seen in our experiments, and it manifests itself in the

increase in conductivity and carrier mobility in the

grown layer.

We have suggested that strained graphene in the

network of folds interacts with a grown Bi2Se3 layer.

It is the reason why folds are the priority place for

Bi2Se3 growth. The high conductivity and high carrier

mobility in the Bi2Se3 layer can be determined by the

formation of the conductive channel consists of the

network of some material created at the places of

Bi2Se3 grown on folds. Interpretation of this finding

requires additional research, but we have suggested

that the interaction of the Bi2Se3 with strained gra-

phene provides enhanced conductivity and carrier

mobility.

Favorable conditions for the growth of Bi2Se3 films

on graphene provide the possibility to fabricate Bi2-
Se3/graphene heterostructures on arbitrary sub-

strates, where graphene can be transferred and with

the required design of structures realized using gra-

phene structuring. In combination with proximity

effects, this circumstance makes the growth of Bi2Se3
films on graphene extremely promising for different

applications. So, TI/graphene heterostructures may

be a feasible way to engineer topological surface

states in the heterointerface and suggest practical

platforms for new functional devices. Moreover, thin

TI/G films demonstrate great potential for use in

vertical 2D material heterostructures as a channel

with high conductivity, instead of just graphene. The

sheet resistance of TI/G films is lower than that for

graphene by factor 2–10 dependently on Bi2Se3
thickness. One more direction of a possible applica-

tion of Bi2Se3/graphene heterostructures is connected

with utilization of structures with the negative dif-

ferential resistance. The structures with the higher

conductivity, carrier mobility, and the nonlinearity of

the current–voltage characteristic have significant

potential for the development of new functional

devices for a variety of signal processing and logic

applications, or IR range transparent electrodes.

Conclusions

Bi2Se3-based heterostructures in TI/G/SiO2/Si con-

figuration were created using the epitaxial growth of

Bi2Se3 films (a physical vapor deposition method) on

the CVD grown graphene. The high selectivity of a

grown process on graphene in comparison with SiO2

substrate allows one to manage the configuration of

grown structures. The islands with thickness down to

1 nm are possible to grow. Films with a thickness of

2–7 nm and few millimeter scales were grown. The

minimal thickness of 1 cm Bi2Se3 film was found to

be 8 nm for the used grown regime (the source

temperature of 500 �C). The existence of a graphene-

related p-type conductive channel and Bi2Se3-related

n-type conductive channel near the Bi2Se3/graphene

interfaces were experimentally observed in all

heterostructures. For all heterostructures with the

Bi2Se3 film thickness from 2 to 200 nm, the resistivity

of Bi2Se3 films was as low as 1000–200 X/sq. The high
room temperature carrier mobility from 700 cm2/Vs

up to * 3400 cm2/Vs was observed for n-channel in

films with a thickness of Bi2Se3 layers 7QLs and

higher. The grown Bi2Se3/G structures were com-

pared with the van der Waals TI/G heterostructures

created by electrochemical exfoliation of Bi2Se3 thin

layers from bulk monocrystalline with subsequent

transfers onto G/SiO2/Si substrate. The grown

heterostructures demonstrate more than one order of

magnitude higher carrier mobility in comparison

with vdW Bi2Se3/G heterostructures. Moreover, the

improvement of the bottom Bi2Se3/graphene inter-

face with the increase in the grown time is clearly
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manifested in the higher conductivity and carrier

mobility in the grown layer.

The nonlinear current–voltage characteristic, high

conductivity and carrier mobility of grown

heterostructures provide the properties perspective

not only to spintronic applications, but also for new

functional devices, for a variety of signal processing

and logic applications.
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