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Abstract: Three-dimensional topological insulators (3D-TIs) are a new generation of materials with
insulating bulk and exotic metallic surface states that facilitate a wide variety of ground-breaking
applications. However, utilization of the surface channels is often hampered by the presence of
crystal defects, such as antisites, vacancies, and twin domains. For terahertz device applications,
twinning is shown to be highly deleterious. Previous attempts to reduce twins using technologically
important InP(111) substrates have been promising, but have failed to completely suppress twin
domains while preserving high structural quality. Here we report growth of twin-free molecular
beam epitaxial Bi2Se3 and Sb2Te3 structures on ultra-thin In2Se3 layers formed by a novel selenium
passivation technique during the oxide desorption of smooth, non-vicinal InP(111)B substrates,
without the use of an indium source. The formation of un-twinned In2Se3 provides a favorable
template to fully suppress twin domains in 3D-TIs, greatly broadening novel device applications in
the terahertz regime.

Keywords: 3D topological insulators; van der Waals materials; Bismuth Selenide (Bi2Se3); Antimony
Telluride (Sb2Te3); Indium Selenide (In2Se3); fully twin free; InP(111)B

1. Introduction

Three dimensional topological insulators (3D-TIs) have attracted a great deal of in-
terest in the past decade due to their non-trivial topology, which gives rise to metallic
surface states protected by time reversal symmetry, and an insulating bulk [1–4]. A wide
variety of applications in thermoelectrics [5], spintronics [6], twistronics [7,8], and quantum
computation [9,10] are being considered. They also provide a fundamental platform to
explore novel physics [11]. The topological nature of the surface states also enables a range
of other novel technologies such as polarization selective terahertz detectors [12–14]. In
these, the single-crystal nature of the TIs becomes of paramount importance.

Among the 3D-TIs, Bi2Se3 and Sb2Te3 are most actively pursued due to their experi-
mentally verified single Dirac cone at the Γ point [15]. Their crystal structure is rhombo-
hedral with a space group, D5

3d
(

R3m
)
, with one formula unit (five atoms) per unit cell [2].

They are layered materials that exhibit a quintuple layer (QL) structure consisting of Se-
Bi-Se-Bi-Se atoms along the c-direction. The QLs are separated by a van der Waals gap.
Because of their van der Waals nature, there is a wide range of substrates that can be used
for the epitaxial growth of these TIs [16–18].

However, the influence of the substrate on the molecular beam epitaxy (MBE)-grown
material properties has been shown to be non-negligible [19,20]. It has been shown that,
in some cases, there is a chemical interaction between the atoms of the substrate and the
material at the interface which gives rise to quasi van der Waals growth [19,20] or, other
times, an amorphous disordered interfacial layer is present [21]. Furthermore, there is a
large unintentional background doping that conceals their surface channels [16,21], mainly
due to the above mentioned interface issue, as well as to the inherent low-energy native
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defects [22] (Se or Te vacancies and antisite defects). Thus, the device and transport studies
of these materials have been hindered [16,23]. Many efforts to reduce background doping
have been reported; for example, improving the interface via different substrate preparation
techniques [24,25] and growing a buffer layer of In2Se3 [25] or InxBi1−xSe3 [26,27] have
shown a significant reduction in defects and background doping in Bi2Se3.

Moreover, crystal defects such as twin domains [28,29] are frequently observed regard-
less of the substrate or the buffer layer that is being used. In some applications, twinning
in these layers is shown to be more deleterious to topological properties than intrinsic
bulk doping. For example, twinning reduces helicity dependent topological photocur-
rent; thus, eliminating twinning can provide a path to chip-scale polarimeters [14], among
other devices.

Most often, the 3D-TIs are grown on sapphire substrates due to sapphire’s low cost
and inert chemical nature. InP(111), a substrate of considerable technological importance,
and its surface provide the appropriate symmetry and lattice constant for Bi2Se3 growth,
and thus may offer advantages over sapphire as a substrate. InP(111) has been used before
and reported by some to produce good material properties [28,30,31], although with twin
domains. There are a few reports of full twin suppression of Bi2Se3 by growing on 3.5◦ off-
cut InP(111)A [19], rough InP(111)A [19], InP(115) [32], and rough InP(111)B [33] substrates.
In the first two studies mentioned here, there is little information reported on the details
of the structural analysis of the quality of the layers. In the case of InP(115) [32], a giant
corrugation of the layers resulted in low structural quality and high strain, which even
modified the band structure of Bi2Se3. In the study of rough InP(111)B [33], in which a
detailed structural analysis was done, a lower quality of Bi2Se3 was obtained compared
to the previously reported high quality, twinned Bi2Se3 on smooth InP(111)B [31], as
indicated by the broadening of the full width at half maximum (FWHM) of the rocking
curve on rough substrates. Therefore, there is a critical need to improve the quality of these
twin-suppressed layers.

Although structurally InP(111)B is almost ideal for Bi2Se3 growth, the reactivity of the
InP surface makes its preparation for growth more complex. As a method of compensating
for the reactivity of Si(111) substrates, an In2Se3 [25] buffer was used, which improved the
quality of the layer but did not help with twin suppression when grown on flat non-vicinal
substrates. In2Se3 grown on Si(111) vicinal substrates [25] suppressed the twinning but
gave rise to a corrugated surface. Therefore, the details of how we prepare the InP substrate
before the growth of any layer are of utmost importance, and the influence of the substrate
on the growth layer can be critical.

In this study we have investigated a novel method developed by us for the preparation
of the non-vicinal InP(111)B substrate surface, and explored its properties with regard to
formation of lower defect densities in the TI materials, in particular of twin domains. As the
substrate preparation technique, we developed a new method that results in the formation
of 2-dimentional (2D) van der Waals In2Se3 ultra-thin layers via Se passivation during the
oxide desorption process of the smooth non-vicinal InP(111) substrate, in a molecular beam
epitaxy (MBE) environment. The In2Se3 is formed without using an indium (In) source.
With this new technique, we transformed the first few layers of the InP substrate into a van
der Waals In2Se3 layer which is structurally and chemically compatible with Bi2Se3. Owing
to this formation process, the resulting layers are fully twin suppressed.

It has previously been shown that growing single phase In2Se3 is very difficult, since
In2Se3 has many different phases that can be formed readily [34]. Even when single phase
In2Se3 was achieved, the layers were twinned [25,35]. Conventional MBE growth of In2Se3
would not produce un-twinned layers because there is freedom for the arriving indium
atoms to move on the surface and form equally energetically favorable twin domains. One
way to obtain twin-suppressed In2Se3 is to restrict the degrees of freedom of the indium
atoms so that only one of the twin domains is favorable. Our approach, of forming the
In2Se3 layer by an exchange of InP(111) P atoms with Se atoms, achieves this restriction,
and leads to un-twinned In2Se3 layers, resulting in an ideal virtual substrate for the growth
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of Bi2Se3 and Sb2Te3. In this paper we present our surface modification technique and
investigate the effect of this layer on the quality of epitaxial Bi2Se3 and Sb2Te3 grown on
this virtual substrate. We present the growth details and the quality of the resulting In2Se3
and explore the crystal quality and twin-free nature of Bi2Se3 and Sb2Te3 layers grown on
In2Se3/InP(111) virtual substrates by MBE.

2. Materials and Methods

All samples were grown on smooth non-vicinal Fe doped InP(111)B ± 0.5◦ substrates,
which have a phosphorus-terminated surface. A Riber 2300P system with a base pressure
of 5 × 1011 Torr was used, equipped with in-situ reflection high-energy electron diffraction
(RHEED) to monitor the growth of the material in real time. High-purity (99.9999%)
bismuth (Bi) and antimony (Sb) fluxes were provided by a RIBER dual-zone effusion cell, a
RIBER valved cracker cell was used for selenium (Se), and a single zone Knudsen cell for
tellurium (Te). Beam equivalent pressure (BEP) was measured by an ultra-high vacuum
(UHV) nude ion gauge placed in the path of the fluxes. All temperatures reported here
were measured using thermocouple.

2.1. Formation of In2Se3 via Selenium Passivation of InP(111)B

The key to the nucleation of a twin-free In2Se3 layer on the InP substrate is the control
of the nucleation process such that it avoids the coalescence of multiple nucleation sites
into one continuous layer. Thus, the standard approach of deposition of In and Se atoms
on the oxide-free InP surface does not work. The approach taken here is to use the In from
the InP(111) surface. In this process, the In atoms act as fixed “anchors” that ensure the
layer is all equally aligned. The following steps were used to form the In2Se3 layer. First,
the substrate temperature (Tsub) was raised to 200 ◦C and held for 5 min to stabilize the
temperature; at this point the RHEED pattern was completely spotty (1 × 1), as shown
in Figure 1a. This is typical for an oxidized rough surface. A selenium overpressure of
1 × 10−5 Torr was provided at a substrate temperature of 300 ◦C and above, to prevent the
out diffusion of phosphorus (P) atoms. Then, the temperature was raised gradually up to
495 ◦C at an average rate of 50 ◦C per minute without annealing at any temperature; at this
point the RHEED pattern had changed to a mix of streaks and spots (Figure 1b), suggesting
the onset of deoxidation. The substrate was annealed for 5 min at this temperature while
observing the RHEED, which remained unchanged. After that, the temperature was
increased to 505 ◦C and annealed for another 5 min. At this point the RHEED pattern
became completely streaky (1 × 1) (Figure 1c), indicating full oxide removal from the
surface. As soon as the RHEED pattern changed to a fully streaky pattern, the power
to the substrate heater was shut down, allowing a rapid cool down to 190 ◦C. After the
oxide removal, the streaky (1 × 1) RHEED pattern remained unchanged. This pattern
corresponds to the surface reconstruction of the newly formed In2Se3 layer during the
oxide desorption process, without using an external indium source.

Once the temperature reached 190 ◦C, in order to deposit an epitaxial layer on the
In2Se3 surface, either the Se flux was adjusted to the required amount for Bi2Se3 growth
or the Se shutter was closed for Sb2Te3 growth, and then the substrate temperature was
raised to the required growth temperature. The temperature of the substrate was held at
the growth temperature for 10 min before starting the growth to ensure a clean surface
with no excess Se on the surface.
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Figure 1. Reflection high-energy electron diffraction (RHEED) images of the InP(111)B surface (a) at 
Tsub = 200 °C, (b) at Tsub = 495 °C before anneal, and (c) at Tsub = 505 °C after 5 min anneal, i.e., the 
deoxidized surface with the newly formed In2Se3 layer via Se passivation of InP(111)B substrate. 
RHEED patterns are obtained along [011] direction of the substrate. (d) Atomic force microscopy 
(AFM) image of the sample shown in (c) with smooth atomically flat In2Se3 layer which has a rot 
mean square roughness of Rq = 0.4 nm. 
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nm/minute and a BEP ratio of Se to Bi ~100:1 were maintained. A 1 × 1 RHEED pattern 
was evident after Bi2Se3 growth with an enhanced streak intensity relative to the In2Se3 
layer, as shown in Figure 2a. The Sb2Te3 growth temperature was varied in the range of 
Tsub = 235–260 °C with a growth rate ~0.25 nm/minute and a BEP ratio of Te to Sb ~15:1. 
The 1 × 1 RHEED pattern after Sb2Te3 growth is shown in Figure 2b. A layer of Sb2Te3 was 
also grown on a Bi2Se3 (18 nm) layer grown on the In2Se3 surface at a growth temperature 
of Tsub = 250 °C. BEP ratios of Se to Bi ~100:1 and Te to Sb ~ 15:1 were used. After growth 
of Sb2Te3/Bi2Se3, a 1 × 1 RHEED pattern was observed, as shown in Figure 2c. The post 
growth RHEED intensity in both cases of the Sb2Te3 growth decreased compared to the 
RHEED intensity of the In2Se3 layer. A summary of the samples presented in the study is 
given in Table 1. 

Table 1. Samples presented in the study. All samples were grown on virtual In2Se3/InP(111)B sub-
strates. 

Sample Number Material Growth Temperature (°C) Layer Thickness (nm) 
S1 Bi2Se3 245 18 
S2 Bi2Se3 270 30 

Figure 1. Reflection high-energy electron diffraction (RHEED) images of the InP(111)B surface (a) at
Tsub = 200 ◦C, (b) at Tsub = 495 ◦C before anneal, and (c) at Tsub = 505 ◦C after 5 min anneal, i.e., the
deoxidized surface with the newly formed In2Se3 layer via Se passivation of InP(111)B substrate.
RHEED patterns are obtained along [011] direction of the substrate. (d) Atomic force microscopy
(AFM) image of the sample shown in (c) with smooth atomically flat In2Se3 layer which has a rot
mean square roughness of Rq = 0.4 nm.

2.2. Growth of Bi2Se3 and Sb2Te3 on In2Se3/InP(111)B

A series of Bi2Se3 and Sb2Te3 samples were grown on an In2Se3 layer to optimize and
investigate the structural and electrical properties of these materials. The Bi2Se3 growth
temperature was varied in the range of Tsub = 245–295 ◦C while a fixed growth rate of
~0.5 nm/minute and a BEP ratio of Se to Bi ~100:1 were maintained. A 1 × 1 RHEED
pattern was evident after Bi2Se3 growth with an enhanced streak intensity relative to the
In2Se3 layer, as shown in Figure 2a. The Sb2Te3 growth temperature was varied in the range
of Tsub = 235–260 ◦C with a growth rate ~0.25 nm/minute and a BEP ratio of Te to Sb ~15:1.
The 1 × 1 RHEED pattern after Sb2Te3 growth is shown in Figure 2b. A layer of Sb2Te3 was
also grown on a Bi2Se3 (18 nm) layer grown on the In2Se3 surface at a growth temperature
of Tsub = 250 ◦C. BEP ratios of Se to Bi ~100:1 and Te to Sb ~15:1 were used. After growth
of Sb2Te3/Bi2Se3, a 1 × 1 RHEED pattern was observed, as shown in Figure 2c. The post
growth RHEED intensity in both cases of the Sb2Te3 growth decreased compared to the
RHEED intensity of the In2Se3 layer. A summary of the samples presented in the study is
given in Table 1.
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of Rq = 0.5 nm, (f) a 29 nm thick Sb2Te3 film with a roughness of Rq = 2.2 nm (sample S4), and (d) a 
Sb2Te3/Bi2Se3 stack with a roughness of Rq = 3.8 nm (sample S6). Rq is the root mean square rough-
ness of the surface. 
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Figure 2. Reflection high-energy electron diffraction (RHEED) images (a) after Bi2Se3 growth, (b) after
Sb2Te3 growth, and (c) after the growth of Sb2Te3/Bi2Se3 stack. RHEED patterns are obtained along
[011] direction of the substrate. (e) An 18 nm thick Bi2Se3 film (sample S3) with a roughness of
Rq = 0.5 nm, (f) a 29 nm thick Sb2Te3 film with a roughness of Rq = 2.2 nm (sample S4), and (d) a
Sb2Te3/Bi2Se3 stack with a roughness of Rq = 3.8 nm (sample S6). Rq is the root mean square
roughness of the surface.

Table 1. Samples presented in the study. All samples were grown on virtual In2Se3/InP(111)B substrates.

Sample Number Material Growth Temperature (◦C) Layer Thickness (nm)

S1 Bi2Se3 245 18

S2 Bi2Se3 270 30

S3 Bi2Se3 295 18

S4 Sb2Te3 235 29

S5 Sb2Te3 260 32

S6 Sb2Te3 on Bi2Se3 250 39

2.3. Structural and Electrical Characterization

A Bruker D8 Discover diffractometer with a da Vinci configuration and a conditioned
Cu Kα1(1.5418 Å) source was used for The XRD measurements. In the instrument, an
intense beam of Cu Kα1 radiation is produced by passing the X-ray beam through a hybrid
2-bounce asymmetric Ge(220) monochromator (Bragg reflection angle is 22.6488◦), which
includes a Göbel Mirror. For high-resolution X-ray diffraction (HRXRD) rocking curve
measurements, an additional Ge(220) analyzer crystal is used which limits the resolution
of full width at half maximum (FWHM) of the rocking curve to 0.004◦. XRD 2θ-ω scan,
rocking curve (ω scan), and φ scan are used for the crystal analysis. In the 2θ-ω scan, the
source moves so that ω is swept through a prescribed angle and the detector is rotated
twice as fast as the source, while the sample is held at a fixed position. Rocking curve
measurement, or theω-scan, is performed by moving the source so thatω is swept through
a prescribed angle while the sample and the detector are stationary. In the φ-scan, the
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sample is rotated around an axis normal to the surface of the sample. In this context ω
is the angle between the sample and the source. The Bragg reflection angles (2θ) of (006)
In2Se3 and (006) Bi2Se3 are 18.863◦ and 18.559◦, respectively.

A Bruker Dimension FastScan AFM with a FastScan-A silicon probe was used to
capture the atomic force microscopy (AFM) images. Surface roughness (root mean square
roughness, Rq) of the samples was determined using 4µm2 AFM scans. Transport properties
were measured in van der Pauw geometry using four-wire measurements in a closed-cycle
helium cryostat at 10 K. Square pieces of ~5 mm × 5 mm were used for the measurement
and the electrical contacts were made using pure indium.

3. Results and Discussion

This section is composed of three sub-sections. We discuss the structural properties
of the In2Se3 layer. Subsequently, structural and transport properties of Bi2Se3 and Sb2Te3
layers are discussed in detail. The discussion includes comparisons of current results
with previously reported results in the literature thereby emphasizing the significance of
our work.

3.1. Structural Properties of In2Se3/InP(111)B Virtual Substrate

Figure 1d shows an atomic force microscopy (AFM) image of a smooth, atomically flat
In2Se3 layer formed during Se passivation of the smooth non-vicinal InP(111)B substrate
without an indium source. This layer has a roughness of Rq = 0.4 nm. The XRD 2θ-ω scan
of the In2Se3 layer, which is shown in Figure 3a, has well-defined peaks from multiple
reflections of (003) plane. The position of the peaks indicates that the sample is 3R In2Se3,
a rhombohedral crystal structure; the data suggest it could be either α-In2Se3 (R3m) or β-
In2Se3 (R3m) [36,37]. The high crystallinity of the In2Se3 layer is evidenced by the thickness
fringes of the (006) reflection from which the thickness was calculated. The inset in Figure 3a
is an X-ray reflectivity (XRR) scan of the In2Se3 layer presenting pronounced oscillations;
the thickness calculated using these oscillations is comparable to the value obtained using
the thickness fringes in the XRD 2θ-ω scan (thickness of ~6 nm). The full width at half
maximum (FWHM) of the high-resolution X-ray diffraction (HRXRD) rocking curve is 0.06◦

(see Supplemental Information Figure S1a), which is a good number for an ultra-thin layer.
Figure 3b shows the XRD φ scan of the (015) plane of two different In2Se3 samples with
the characteristic three peaks, one peak at every 120◦, indicating that the layer consists of a
single domain. The FWHM of the XRD φ scan is 0.01◦, which confirms that the hexagonal
lattice of In2Se3 is aligned parallel to that of the InP(111) within a twist angle as small as
0.01◦ (see Supplemental Information Figure S2b). Figure 3b shows that the three peaks do
not always occur at the same in-plane angle as the (200) plane reflections of the substrate;
rather, in some cases, the 60◦ rotation of the In2Se3 layer relative to the interface of the
substrate is preferred [28]. In both cases, the In2Se3 layer is un-twinned.
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Figure 3. X-ray diffraction (XRD) (a) 2θ-ω scan of 6 nm thick In2Se3 layer; the inset shows X-ray
reflectivity (XRR) of the In2Se3 layer with distinguishable oscillations. (b) φ scan of (015) plane of
two different samples of In2Se3 and the (002) plane of InP(111)B substrate.

3.2. Structural Properties of the Grown Bi2Se3, and Sb2Te3 Epitaxial Layers

Bi2Se3 and Sb2Te3 layers were grown on the In2Se3/InP(111)B virtual substrate by
MBE. The layers were grown at different growth temperatures (Tg = 245—295 ◦C) to
establish the optimum value. An AFM image of an 18 nm thick Bi2Se3 film (sample S3)
grown on the virtual substrate is shown in Figure 2d. The surface is composed of large
terraces with a very small roughness of Rq = 0.5 nm. Figure 4a shows XRD 2θ-ω scans of
a series of Bi2Se3 films with different thicknesses grown at different Tg. All the samples
show peaks due to multiple reflections of (003) plane from Bi2Se3 layers with pronounced
thickness fringes in both (003) and (006) reflections indicating high material and interface
quality. As Bi2Se3 is closely lattice matched to In2Se3 (both α and β phases) the peaks
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due to reflections from the underlying In2Se3 layer cannot be distinguished. However, the
peak broadening around the base of the (0015) and (0018) reflections gives evidence of the
existence of this layer. Figure 4b shows XRD φ scans of the (015) plane of the three samples
shown in Figure 4a. Full twin suppression was achieved for the sample S3 with the highest
growth temperature (295 ◦C), whereas nearly full twin suppression (~0.5% twinning) was
achieved for all the other samples grown throughout this temperature range. Again, the
three peaks from the (015) plane do not always occur at the same in-plane angle as the (200)
plane reflections of the substrate; rather, in some cases, the 60◦ rotation of the Bi2Se3 layer
relative to the interface of the substrate is preferred [28], as observed for the In2Se3 layer.
However, in either case, a single crystal layer with full twin suppression was achieved. For
all the samples, the FWHM of the HRXRD rocking curve of the Bi2Se3 films is ~0.06◦ (see
Supplemental Information Figure S1b), with an instrumental resolution of 0.004◦. This is
significantly lower than the FWHM reported in the literature [33], which is 0.30◦ with an
instrumental resolution of 0.001◦ for the fully twin-suppressed Bi2Se3 grown on roughened
InP(111)B substrates. The layer-twist of the samples is in the range of 0.2◦–0.5◦ (determined
by the FWHM of the peak of XRD φ scan, see Supplemental Information Figure S3b) and is
comparable to the values found in the literature for the twin-suppressed samples grown on
roughened InP(111)B substrate [33]. We conclude that the quality of the Bi2Se3 is improved
significantly when grown on the smooth In2Se3 surfaces formed by our procedure rather
than on rough InP surfaces.

In comparison to Bi2Se3, Sb2Te3 layers grown on these virtual substrates, exhibit a
larger degree of roughness, as has been observed by others in the growth of Sb2Te3 [38].
Figure 2e,f show AFM images of Sb2Te3 (samples S4 and S6) with a roughness of 2.2 nm
and 3.8 nm, respectively. When Sb2Te3 was grown on a Bi2Se3 layer, grown previously
on the In2Se3 virtual substrate, the surfaces became even rougher than the ones directly
grown on the In2Se3 (Figure 2f). Our results indicate that the use of the In2Se3 virtual
substrate does not have an effect on the surface roughness of Sb3Te3. We conclude that, to
reduce the surface roughness, a better understanding of the growth mechanism of Sb2Te3
would be needed. XRD 2θ-ω scans of Sb2Te3 on the In2Se3 layer and on the Bi2Se3/In2Se3
heterostructure are shown in Figure 5a. Since the In2Se3 is not lattice matched to Sb2Te3,
2θ-ω scans of S4 and S5 samples show two distinct sets of multiple reflections of the (003)
plane; one set is due to the Sb2Te3 film, and the other set is due to the underlying In2Se3
layer, as marked in the Figure. XRD 2θ-ω scans of S6 show two distinct oscillations due
to Bi2Se3 and Sb2Te3 layers, but the reflections due to In2Se3 overlap with the reflections
of the Bi2Se3. Thickness fringes of the 2θ-ω scans due to these thin Sb2Te3 films are not
observed possibly due to high interface roughness. Figure 5b shows XRR measurements
of samples S4 and S5 which consist of oscillations with two distinct periods; oscillations
with the short period are due to Sb2Te3 and the ones with the long period are due to In2Se3,
from which we calculated the thickness of the two layers.

Figure 6 shows φ scans of (015) plane of these samples. Full twin suppression was
achieved for Sb2Te3 grown on In2Se3 layers (sample S4), whereas Sb2Te3 grown on the
Bi2Se3/In2Se3 heterostructure had a small degree (~1%) of twinning. The diminished
quality of the Sb2Te3 grown on Bi2Se3 may be due to a non-optimal Tg that was used
as a compromise for the structure, i.e., the growth temperature used is not the best for
either layer. Optimization of the growth conditions may further reduce the twinning of
these complex structures, which is desirable for the growth of Sb2Te3/Bi2Se3 superlattice
structures with full twin suppression conditions. These superlattices have been shown to
produce lower carrier-density materials due to superlattice gap enhancements [39].
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3.3. Transport Properties of Bi2Se3 and Sb2Te3

Surface preparation and substrate/epilayer interface are known to affect the transport
properties of the TI layers. Figure 7a presents the thickness dependence of the 2D carrier
density of Bi2Se3 and Sb2Te3 on In2Se3 virtual substrate. The data show that the variation
in 2D carrier density is small, and there is no correlation between the layer thickness
and the 2D carrier density of these materials. The average 2D carrier density of Bi2Se3
is ~2 × 1013 cm−2 (n-type) whereas for Sb2Te3 it is ~1 × 1014 cm−2(p-type), an order
of magnitude higher. The average 2D carrier density of Bi2Se3 is ~2.5 times lower than
the twinned Bi2Se3 grown directly on variety of substrates, which has previously been
reported [40–43]. For comparison, we have shown the data for Bi2Se3 grown on Al2O3 in
our MBE chamber, which had only 10% of twinning [44], as a red triangle on the plot. The
previously reported lowest 2D carrier density for the fully twin-suppressed Bi2Se3 grown
on roughened InP(111)B is 0.9 × 1013 cm−2, comparable to the lowest value we measured
for twin-suppressed Bi2Se3, which is 1 × 1013 cm−2 (2D carrier density is calculated using
the 3D carrier density of 100 nm thick Bi2Se3 given in the reference [33]). Therefore, we
conclude that the electrical properties of Bi2Se3 samples grown on the In2Se3/InP(111)B
virtual substrates are of comparable quality to the ones reported in the literature with
low-twinning or fully twin-suppressed samples. On the other hand, the 2D carrier density
of our un-twinned Sb2Te3 does not decrease compared to the twinned samples (red circle
on the plot shows the 2D carrier density of Sb2Te3 grown on Al2O3 in the same MBE
system), probably because the contribution from the other defects outweighs the ones
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from the suppressed twinning. Figure 7b shows the thickness dependence of the carrier
mobility of the Bi2Se3 and Sb2Te3 layers. Carrier mobility of Sb2Te3 exhibits a steep decrease
below ~40 nm whereas, for Bi2Se3, there is a slow and gradual decrease. This indicates
that the Sb2Te3/In2Se3 interface has a larger density of scattering centers compared to the
Bi2Se3/In2Se3 interface. This is likely due to the lattice mismatch at the Sb2Te3/In2Se3
interface, which may lead to more scattering centers. It may also be possible that there
is intermixing or reacting of In and Se atoms with the Sb2Te3 layer at the interface. For
thicker layers (layers thicker than 40 nm), carrier mobility of Sb2Te3 grown on Al2O3 falls
along the same line as the twin-suppressed samples, as shown by the red circle in Figure 7b.
Furthermore, the carrier mobility of the 10% twinned Bi2Se3 on Al2O3 follows the carrier
mobility trend of the fully twin-suppressed Bi2Se3/In2Se3 layers presented here.
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Bulk carriers in MBE-grown TIs are known to originate mainly from two sources,
bulk defects and interface defects. As the names imply, bulk defects are generated in the
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bulk of the crystal and consist of anti-site defects and Se(Te)-vacancies [45], whereas the
interface defects originate at the interface. Bulk defects may stay constant throughout the
crystal or may progressively increase with the layer thickness. In the latter case, the 2D
carrier density varies as t1/2, where t is the layer thickness. On the other hand, the interface
defects do not change with the increasing thickness; instead, carrier mobility increases due
to the reduction in scattering from the interface. In our samples, the observation that the
2D carrier density is independent of layer thickness whereas carrier mobility significantly
increases as a function of layer thickness suggest that the dominant contribution of bulk
carriers originates from the interface and the defect density in the bulk is constant. Similar
observations were previously reported for these materials grown on Al2O3 [26]. Since most
carriers originate at the interface, it is reasonable to expect that the use of a thicker In2Se3
buffer layer would result in lower carrier densities in the TI layers.

4. Conclusions

In this study, we developed a novel selenium passivation technique to convert the 3D
non-vicinal InP(111)B substrate surface into an In2Se3 2D van der Waals virtual substrate
without using an indium cell. Smooth ultra-thin (~6 nm) In2Se3 layers were grown repro-
ducibly using this new technique. The layers have good crystalline quality and exhibit no
twinning. We have also shown that full twin suppression of Bi2Se3 and Sb2Te3 layers was
achieved by growth on smooth non-vicinal InP(111)B via the use of the In2Se3/InP(111)B
virtual substrate. These Bi2Se3 and Sb2Te3 layers have greatly improved crystalline quality
over the twin-suppressed ones grown on roughened InP(111)B substrates. Furthermore,
the electrical properties of these layers are comparable with those reported for other twin-
suppressed layers. We propose that the absence of twins is achieved by suppressing In-atom
mobility on the surface, which allows all the In2Se3 nucleation sites to be aligned to the
InP(111) substrate, thus eliminating the possibility of twinned domains. Twin-suppressed
TI layers have potential advantages for novel device applications that rely on selective
interactions between polarized light and the spin helicity properties of the topological
surface states. For example, it has been shown that twin suppression increases the helicity-
dependent photo response which is predicted as a potential application in chip-scale
polarimeters [14]. Hence, high quality TIs with full twin suppression greatly broadens
possible device applications in the terahertz regime.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13040677/s1. Figure S1. High resolution X-ray diffraction
rocking curve (RC) of (006) plane of: (a) 6 nm thick In2Se3 layer on InP(111)B substrate (i.e., In2Se3
virtual substrate) with a full width at half maximum (FWHM) of 0.06◦ and (b) 18 nm thick Bi2Se3
layer (sample S3) grown on an In2Se3 virtual substrate with a FWHM of 0.06◦. Bragg reflection angle
(2θ) of (006) In2Se3 and (006) Bi2Se3 are 18.863◦ and 18.559◦, respectively. Figure S2. (a) φ scan of
(015) plane of the un-twinned In2Se3 Sample 1. (b) Expanded view of the peak at 120◦ shown in
(a) with a FWHM of 0.01◦. Figure S3. (a) φ scans of (015) plane of the fully twin suppressed Bi2Se3
samples S3 (18 nm thick) and S7 (64 nm thick). (b) Expanded view of the middle peak of the triplet
shown in (a). The middle peak of S3 shown in (b) is shifted −60◦ to align with the middle peak of S7
for the convenience of comparison.
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