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A B S T R A C T

There is great interest in the study of topological insulator-based heterostructures due to expected emerging phenomena. However, a challenge of topological 
insulator (TI) research is the contribution of bulk conduction to the TI surface states. Both strain engineering and thickness control routes, which have been proposed 
to compensate for bulk doping, can be accessed through the use of nano-heterostructures consisting of topological insulator nanostructures grown on 2D materials. In 
this work, we report the synthesis of TI/graphene nano-heterostructures based on Bi2Te3 and Sb2Te3 nanoplatelets (NPs) grown on single-layer graphene. Various 
techniques were used to characterize this system in terms of morphology, thickness, composition, and crystal quality. We found that most of the obtained NPs are 
mainly <30 nm thick with thickness-dependent crystal quality, observed by Raman measurements. Thinner NPs (1 or 2 quintuple layers) tend to replicate the 
topography of the underlying single-layer graphene, according to roughness analysis. Finally, we show preliminary studies of their band structure obtained by Low 
Temperature Scanning Tunneling Microscopy, Scanning Tunneling Spectroscopy, and by Density Functional Theory. We observe a highly negative ED value which 
can be attributed to the presence of defects.

Introduction

Topological insulators (TIs) are a new class of quantum material with 
a bulk gap and topologically protected massless Dirac surface states [1]. 
Since their prediction [2] and experimental realization [3], TIs have 
attracted great interest due to their potential for future applications in 
novel technologies such as spintronics [4], quantum computing [5], and 
low-dissipation electronic devices [6] as well as their potential to 
investigate fundamental phenomena such as Majorana fermions [7], 
proximity-induced superconductivity [8], and quantum anomalous Hall 
effect [9].

To exploit these unprecedented properties and phenomena, access to 
topological surface states is required. However, one of the most 
important challenges to overcome in the field of TI research is the 
presence of natural defects in the material, which produce intrinsic 
doping that leads to a contribution of the bulk states to the material’s 
conductivity. Various routes have been used to diminish the bulk 

conductance, for example, external doping [10–12] has been extensively 
used to compensate for bulk doping through a high residual dopant 
concentration but can lead to degrading electron carrier mobility [5]. 
The use of gating [13,14], different substrates [15,16], strain engi-
neering [17–19], and thickness control [20] have also been proposed to 
manipulate the electronic structure of the material.

Among these methods, both strain engineering and thickness control 
are possible to obtain through the use of nano-heterostructures con-
sisting of topological insulator nanostructures grown on 2D materials. 
The use of nanostructured TI has been proposed as an alternative to 
suppress bulk conductivity, due to their large surface-to-bulk ratio 
[21,22] and the possibility of controlling the topological surface state 
via the quantum confinement effect in the <30 nm thickness range 
[23,24]. Moreover, these nanostructures can be grown onto a variety of 
other materials, thus creating strained TI systems. The introduction of 
strain in TIs has been reported to tune the Dirac surface states [25] and 
to induce superconductivity [26] and van Hove singularities [27].
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In addition, new emerging phenomena have been observed in 
various TI heterostructures systems such as induced magnetoresistance 
[28] and multiferroic properties [29] in Sb2Te3/GeTe heterostructures 
and an enhancement of optical sensitivity in TI/Ferromagnet hetero-
structures [30]. In the case of TI/graphene heterostructures, different 
proximity effects have been reported such as Rashba splitting and Dirac 
point (ED) shift in the TI [31], the appearance of heavy Dirac fermions 
[32] and plasmonic excitations [33] across the heterojunction, and giant 
spin–orbit coupling in graphene, resulting in a new 2D system with non- 
trivial spin texture and high electron mobility [34–36].

To this day, the majority of studies on TI/graphene heterostructures 
have been made on thin films grown by MBE [15,37]. This method of 
synthesis, while useful to obtain high-quality crystals, is expensive, 
delicate, and slow, which makes it less accessible and has a lower pro-
duction yield. Other methods to obtain these crystals include (i) me-
chanical exfoliation, which lacks control of the crystals’ size and 
thickness, and (ii) solvothermal synthesis, which is a low-cost alterna-
tive, but the purity of the materials is not comparable to other tech-
niques [38]. In contrast, chemical vapor deposition (CVD) appears as a 
powerful and low-cost bottom-up synthesis method that allows the 
achievement of high-quality TI nanostructures in a variety of substrates 
compatible with device applications [5]. Commonly used insulating flat 
substrates like SiO2 or mica, don’t interact with the electronic states of 
TIs. While this is useful for exploring TIs properties, the use of another 
quantum material, such as graphene, allows the study of proximity- 
induced emergent properties in the components of this heterostructure 
[39]. In this work, we focus on the growth and characterization of Bi2Te3 
and Sb2Te3 nanostructures grown by CVD on single-layer graphene 
(SLG) to form nano-heterostructures. TIs synthesis parameters are tuned 
to keep TI nanostructures thickness mainly below the range (<30 nm) 
where the proximity and confinement effects have been reported 
[23,24].

Bi2Te3 and Sb2Te3 are chalcogenide materials that have a rhombo-
hedral crystalline structure with a lattice constant of 0.4395 nm and 
0.4262 nm respectively. Their structure (Fig. 1c) consists of five atomic 
sheets, called quintuple layers (QLs), with a thickness of 1 nm that are 

weakly bonded to each other by van der Waals (vdW) interactions. On 
the other side, graphene is a single layer of carbon atoms, arranged in a 
hexagonal lattice with a lattice constant of 0.246 nm. These materials 
bond to each other via interlayer vdW interactions, thus adding strain to 
the layers due to the initial lattice mismatch of the materials [19]. In the 
system presented here, Bi2Te3 and Sb2Te3 nanostructures can be 
epitaxially grown on graphene due to their small lattice mismatch of 2.7 
% for Bi2Te3 [40] and 4 % for Sb2Te3 [41] thus resulting in a small in- 
plane strain.

In general, the electronic structure of TIs has been mostly determined 
by angle-resolved photoemission spectroscopy (ARPES) performed on 
MBE-grown thin films [42] or ultra-high vacuum (UHV) cleaved crystals 
[43]. Since ARPES signal cannot obtain local measurements due to beam 
size limitations, this restricts the access to high spatial resolution of TI 
band structure. In contrast, scanning tunneling spectroscopy (STS) al-
lows access to local phenomena and has been used in the past to observe 
the absence of backscattering from nonmagnetic impurities of TI surface 
states [44,45]. However, few measurements of the local density of states 
(LDOS) of TI nanostructures have been carried out using STS, once again 
being focused on thin films [15] or UHV-cleaved crystals [45].

Considering this, we explore the structural and electronic properties 
of TI/SLG nano-heterostructures based on thin Bi2Te3 and Sb2Te3 
nanoplatelets (NPs), grown on single-layer graphene. Synthesis param-
eters were tuned during growth to obtain TI nanostructures of <30 nm 
thicknesses to favor the appearance of surface states and interaction 
with SLG substrate. Various techniques were used to characterize these 
nano-heterostructures in terms of morphology, thickness, composition, 
and crystal quality, such as Raman Spectroscopy, Scanning Electron 
Microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS), Atomic 
Force Microscopy (AFM) and Low Temperature Scanning Tunneling 
Microscopy (LT-STM), together with preliminary theoretical and 
experimental studies of their band structure, obtained by Density 
Functional Theory (DFT) and STS.

Fig. 1. (a) Schematic drawing of vapor–solid CVD deposition method. The precursor powder (either Bi2Te3 or Sb2Te3) is placed on the hot center of the tube furnace 
and the SLG/SiO2 substrates are placed between 11–15 cm from the powder. (b) Substrates before synthesis of Bi2Te3/SLG nano-heterostructure and after synthesis of 
Bi2Te3/SLG nano-heterostructure. The ruler shows that the substrate in position 1 is placed between 11–12.5 cm away from the powder, the one in position 2 is 
between 12.5–14 cm and the one in position 3 is between 14–15.5 cm. See Fig. S2 for more details. (c) Crystal structure of Bi2Te3/SLG (Sb2Te3/SLG) nano- 
heterostructure. (d) Optical microscopy and (e) SEM image corresponding to the substrate in position 1 shown in (b). (f) SEM image corresponding to the sub-
strate in position 2 shown in (b). (g) Optical microscopy image corresponding to the substrate in position 3 shown in (b). See Fig. S4 for optical microscopy images of 
Sb2Te3/SLG samples.
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Materials and methods

Before TI NP synthesis, single-layer graphene is transferred onto SiO2 
substrates (Silicon Prime Wafer, Oxide Thickness: 285 nm, N-doped) by 
a PMMA-assisted method [46]. Bi2Te3 and Sb2Te3 NPs were synthesized 
by a catalyst-free vapor transport and deposition process, which is 
described in Fig. 1a. The precursor powders for the growth of Bi2Te3/ 
SLG (Bismuth(III) telluride, vacuum deposition grade, 99.999 %, metals 
basis – Alfa Aesar) or Sb2Te3/SLG (Antimony (III) telluride, 99.999 %, 
metals basis – Alfa Aesar) samples are placed on a quartz plate in the 
middle of one zone of the two-zone furnace (TFM2-1200 Across Inter-
national). The SLG/SiO2 substrates are placed 11–15 cm downstream of 
the powder source. Variations of other synthesis parameters were opti-
mized before (See Fig. S1).

Synthesis is carried out for 5 min at a temperature of 500 ◦C and with 
an Ar flow of 50 sccm. Once the growth is complete, it is allowed to cool 
naturally (~3.5 ◦C/min), maintaining the flow of Ar and the system 
pressure (~0.3 torr). The TI NPs/SLG samples obtained were charac-
terized by optical microscopy, SEM, and AFM to confirm the expected 
morphology and structure, together with Raman and EDS spectroscopy 
to obtain information on the crystalline quality and its composition. 
Finally, nano-heterostructures were characterized by LT-STM (STS) to 
obtain information on their local electronic properties, which were 
compared to DFT calculations.

Results

Regarding the effect of the growth parameters on the resulting NPs 
grown on SLG, it was observed that changes in the temperature of the 
substrate, the synthesis time, and the Ar gas flow affected the 
morphology and density of the grown nanostructures (Fig. 1d–g). These 
preliminary syntheses allowed us to obtain the growth parameters 
required for the target NP thickness.

As shown in Fig. 1b, three distinct positions for the different sub-
strate temperatures (TS) were identified, starting with position 1 at the 
highest TS and position 3 at the lowest TS. After the growth process, 
differences between samples are evident to the naked eye (Fig. 1b). 
Optical microscopy and SEM images (Fig. 1d–g) show the difference 
between the nanostructures obtained at the different TS positions. 
Samples at position 1 (Fig. 1d and e) show the targeted nano- 
heterostructure of NPs that have a hexagonal or triangular shape, 
characteristic of the crystalline orientation of this material. These NPs 
have lateral dimensions between 0.1–2 μm, with a high growth density 
without percolation.

For the other two positions, located only 1–2 cm away from the 
sample at position 1 (Fig. 1f and g) NPs with Te rods (position 2) or only 
Te rods (position 3) were obtained, as confirmed with Raman spec-
troscopy (Fig. S3) that do not evidence the expected peaks of bismuth 
telluride and instead presented the peaks for crystalline tellurium 
[47,48]. These differences are also observed in Sb2Te3/SLG nano- 
heterostructures (Fig. S4). This small distance range in which ideal 
samples are synthesized demonstrates the importance of correctly tun-
ing the studied growth parameters to minimize the waste of resources.

To study the composition of the NPs obtained, EDS and Raman 
spectroscopy measurements were performed. Fig. 2a shows an SEM 
image with EDS maps of Bi and Te signals overlapped and each element 
separately, confirming the homogeneity in the composition of the 
nanostructures. Fig. 2b shows the Raman spectra of three NPs of 
different thicknesses, starting from the thinnest (purple) to the thickest 
(yellow), these relative thicknesses being estimated according to the 
coloration of the NPs [49].

In the Raman spectra, the E2
g (~104 cm− 1) and A2

1g (~137 cm− 1) 
peaks characteristic of the bulk material [50] are marked. An increase in 
the FWHM is observed, when decreasing the thickness of the NPs, sug-
gesting the presence of defects or impurities in the thinner NPs (See 
Table S1). Also, in the thinnest NP, the appearance of the A1

u peak (~119 

cm− 1) is observed, which has been reported in thin sheets and attributed 
to a break in the symmetry of the crystal in the third dimension due to 
the limited thickness [51]. Regarding the center of the peaks, a small 
variation (~0.5 cm− 1) is observed between the thickest and thinnest 
NPs, indicating little to no strain caused by the substrate in which it has 
been synthesized [52].

Height profile analysis of AFM images, as seen in Fig. 3a, shows that 
most of the NPs in the Bi2Te3/SLG nano-heterostructure were within the 
target thickness (<30 nm).

In addition, the NPs edge direction (with green arrows), suggests a 
preferential epitaxial growth for this heterostructured system. AFM 
measurements for the Sb2Te3/SLG nano-heterostructure show similar 
results (Fig. 3b).

Fig. 3a and b show NPs of different heights and wrinkles in graphene 
(see Fig. S5 for close-ups of these NPs and graphene wrinkles with their 
corresponding height profiles). Such wrinkles in graphene, intrinsic to 
the graphene transfer process, seem to perform as a barrier that stops the 
epitaxial growth of NPs, as evidenced by various NPs that present a 
truncated flat side where the NP meets the wrinkle, thus showing the 
importance of a flat substrate to favor in-plane lateral growth over out- 
of-plane vertical growth, and thus, to obtain thin NPs. See Fig. S6 for 
more details.

Surface height variations as a function of NP thickness are displayed 
in Fig. 3c. This plot shows the dispersion (FWHM) and the mean value 
for the NP and graphene surface height (blue for Bi2Te3, green for 
Sb2Te3, and red for graphene). From this data, no clear trend between 
the thickness of the NPs and their height mean value was obtained, 
however, an increase in the height dispersion was observed for the 
thinnest NPs.

This increase in height inhomogeneity for thinner NPs can be 
explained by the topographic characteristics of the underlying graphene 
affecting the growth of the NPs. Presumably, the graphene height in-
homogeneity replicates on the surface of the NPs, whereas thicker NPs 
are less affected by the substrate and thus their height inhomogeneity 
homogenizes and tends to a bulk value. It is observed that thinner NPs 
present a height inhomogeneity similar to the one obtained for graphene 
and that the dispersion of the data decreases as the thickness of the NPs 
increases, which supports this interpretation. It was also observed that 
the root mean square (RMS) values follow a similar pattern for the 

Fig. 2. (a) EDS maps of Bi2Te3/SLG nano-heterostructure, where the upper 
image shows a SEM image with both elements’ signals combined, these signals 
are shown in the images below. (b) Raman spectra of individual Bi2Te3 NPs of 
different thicknesses, where the upper one is the thinnest and the bottom one is 
the thickest.
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Bi2Te3 NPs, however, the Sb2Te3 NPs don’t show a clear tendency 
(Fig. S7).

Atomic-resolved topographic images of SLG were obtained using 
STM, as shown in Fig. 4a. Fig. 4b shows a zoom where the characteristic 
honeycomb hexagonal lattice can be seen. In Fig. 4c the corresponding 
fast Fourier transform (FFT) is observed, with which a lattice parameter 
of 1.41 ± 0.07 Å was obtained, an expected value for single-layer gra-
phene. STM images show NPs as thin as 2 QL, like the one shown in 
Fig. 4d. Atomic resolved images of the NP (Fig. 4e) and FFT analysis 

(Fig. 4f), confirm a lattice parameter of 4.52 ± 0.15 Å, consistent with 
Bi2Te3 structure.

Regarding their band structure, different studies have shown that 
these materials present band structures affected by their bulk states. In 
the case of Bi2Te3, the Dirac point is buried in the bulk valence band 
(BVB) while the Fermi level (EF) is in the bulk conduction band (BCB), 
resulting in a n-doped material [53,54], whereas in the case of Sb2Te3, 
the Dirac point is located in the bulk band gap while the EF is in the BVB, 
resulting in a p-doped material [15,54]. STS measurements on Bi2Te3 

Fig. 3. (a) AFM image of Bi2Te3/SLG nano-heterostructure. The green arrows show the preferred in-plane epitaxial orientation of van der Waals epitaxy. (b) AFM 
image of Sb2Te3/SLG nano-heterostructure. (c) Height variation at the surface of NPs as a function of thickness. Graphene height variations are plotted for reference. 
Various NPs and different regions of graphene were used. Error bars represent the confidence interval in height graphs. Fig. S7 shows the roughness information of 
the systems. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) STM image of single-layer graphene transferred on SiO2 with (b) close-up showing its characteristic honeycomb hexagonal lattice and (c) corresponding 
FFT. I = 30 pA; VB = 0,8 V (d) STM image of 2 QL (height profile in inset) Bi2Te3 NP with (e) close-up showing its lattice and (f) corresponding FFT. I = 10 pA; VB =

0,5 V, T = 70 K.
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and Sb2Te3 nano-heterostructures show negative ED values for both 
materials. Fig. 5a shows representative dI/dV spectra with a spatial 
resolution of 0.16 nm. These spectra are taken along a line in a 10 QL 
Bi2Te3 NP where a yellow dotted arrow marks the position of the 
average Dirac point (Fig. S8a and b). The Dirac points with respect to the 
Fermi level obtained by each spectrum can be seen in Fig. 5b, where the 
average value is marked with a dotted line. Fig. 5c and d show the same 
analysis for a 5 QL Sb2Te3 NP.

The Dirac point of Bi2Te3 NPs is obtained by finding the intersection 
between the linear surface states, marked with a yellow arrow in Fig. 5a, 
and the zero conduction line [15] (See Fig. S8c for the schematic of 
the surface band structure and dI/dV spectrum of Bi2Te3). A mean ED 
value ~1.1 V below the Fermi level is found. This negative value for ED is 
an expected result due to the effect of the intrinsic defects in this ma-
terial [53]. It is known that Te-on-Bi antisite defects (TeBi) lower the 
position of the ED in Bi2Te3 [53], thus, this kind of defect could 
contribute to the highly negative position of the ED of the nano- 
heterostructure. Consistently, previous studies reported negative ED 
values (but less negative) for Bi2Te3 single crystal (− 0.35 V) [54] and a 
10 QL Bi2Te3 NP grown on HOPG (− 0.25 V) [20]. We performed DFT 
calculations for a 10 QL NP grown on SLG (See Fig. S9) to explore the 
observed behavior and a large difference in the location of the Dirac 
point between the experimental and calculated values. Once again, this 

difference could be attributed to the intrinsic defects obtained during 
synthesis, as these defects are not present in our DFT calculations.

In addition, as seen in Fig. 5b, variations of the ED were obtained, 
which suggest the presence of inhomogeneities in the composition of 
one individual NP that could be related to the presence of defects and 
impurities observed by Raman spectroscopy. Also, defects at the SiO2 
interface can result in a local shift of the Fermi level, given that the NP is 
just a few nm thick. In either case, point defects will create a local 
gradient in the potential energy, locally shifting the Fermi level and, 
hence, the position of the Dirac cone with respect to this level (a deeper 
discussion about possible defects is given in the Supplementary Material
when discussing DFT calculations).

For Sb2Te3 NPs (Fig. 5c), the dI/dV spectra show a mean bulk band 
gap value of 0.26 V which is consistent with the reported 0.3–0.9 V gap 
value for Sb2Te3 thin films grown on graphene by MBE [15] but bigger 
than our 0.1 V value calculated by DFT (Fig. S10). This could be 
explained by an incorrect prediction of the band gap of the material and/ 
or the presence of defects. For this material, the Dirac point lies within 
this gap, so our observed bulk band gap being between − 0.05 V to 
− 0.35 V suggests a negative ED value due to the position of the bulk 
band gap to the Fermi level. It is known that this material has intrinsic 
positive doping, however, as mentioned before, a shift in the ED towards 
negative values as the thickness of NPs decreases has been observed on 

Fig. 5. (a) Measurements of dI/dV along a line in a Bi2Te3 NP of 10 QL. The yellow dotted arrow shows the ED mean value. For clarity purposes, an arbitrary offset 
was added to every dI/dV spectrum. (b) Position of the Dirac point with respect to the Fermi level for each spectrum displayed in (a) with the mean value marked 
with a black dotted line. Pink dots are values over the mean ED and purple dots are values below. (c) Measurements of dI/dV along a line in a Sb2Te3 NP of 5 QL. The 
red dotted arrows show the mean bulk band gap value. For clarity, an arbitrary offset was added to every dI/dV spectra. (d) The bulk band gap for each spectrum is 
displayed in (c) with the mean value marked with a black dotted line. Pink dots are values over the mean bulk band gap and purple dots are values below. See 
complementary information in Fig. S8. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Sb2Te3 thin films [15]. Since the Sb2Te3 NP presented here is only 5 QL 
thick, this negative value is consistent with these previous reports.

Conclusions

We explore the properties of TI/SLG nano-heterostructures based on 
<30 nm thick Bi2Te3 and Sb2Te3 NPs, grown on monolayer graphene by 
CVD. The influence of SLG substrate on the topography and growth 
mode of grown TI NPs was studied. Crystalline quality decreases with NP 
thickness and the appearance of peaks linked to a break in the symmetry 
of the system due to size limitations is observed, while the thicker NPs 
showed the expected bulk spectra.

The STS measurements showed highly negative values for the ED for 
both nano-heterostructures. This is probably connected to the presence 
of defects in the composition of the NPs, such as TeBi defects, that can 
shift the Fermi energy up. Since a diminution of crystal quality on 
thinner NPs was observed, this is a possible origin for this negative value 
of the ED. The NPs also showed ED spatial inhomogeneities within a 
single NP, which is also consistent with the presence of defects. DFT 
calculations confirmed the influence of the substrate in shifting the Dirac 
point in these systems.

Further STS studies on this nano-heterostructure system will provide 
insight into a possible NP thickness dependence of ED.

Control of graphene morphology and the thickness of NPs in this kind 
of nano-heterostructure could open a new route to generate buckling in 
TI materials that will lead to emergent electronic properties, such as 
pseudo-magnetic fields reported on graphene-based strained structures.
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