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Abstract

Terahertz (THz) technologies have been of interest for many years due to the variety of

applications including gas sensing, nonionizing imaging of biological systems, security

and defense, etc. To date, scientists have used different classes of materials to perform

different THz functions. However, to assemble an on-chip THz integrated system, we

must understand how to integrate these different materials. Here, we explore the growth

of Bi2Se3, a topological insulator (TI) material that could serve as a plasmonic

waveguide in THz integrated devices, on technologically-important GaAs (001)

substrates. We explore surface treatments and find that atomically smooth GaAs surface

is critical to achieving high-quality Bi2Se3     films despite the relatively weak

film/substrate interaction. Calculations indicate that the Bi2Se3/GaAs interface is likely

selenium-terminated and shows no evidence of chemical bonding between the Bi2Se3

and the substrate. These results are a guide for integrating van der Waals materials with

conventional semiconductor substrates and serve as the first steps toward achieving an

on-chip THz integrated system.
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Introduction

Terahertz (THz) technologies, which span the frequency gap between the infrared

and microwave ranges, have been of increasing interest. THz devices enable a plethora

of functionalities. For imaging and sensing, the THz photon energy is low enough to be

nonionizing and thus it is biologically safe compared to imaging with x-rays.[1] Water

molecules and most metals absorb THz radiation, providing a way to perform non-

destructive security screening.[2] Another important application of THz light is

materials characterization, since many materials can be identified by their THz optical

responses.[3] Other applications involve high-data-rate wireless communication due to

the large absolute bandwidth in this region, pharmaceutical quality control, and food

safety analysis. [4-6]

To realize these applications, a THz integrated system that mimics existing optical

photonic integrated circuits needs to be fabricated. However, this is hindered by the

lack of necessary THz components, including photon sources, THz waveguides,

modulators, and detectors. Recently, there has been significant effort devoted to

creating such components.[7-9] However, despite many successes in creating individual

components, there has been relatively little attention paid to integrating these separate

components into one on-chip system. In this manuscript, we have explored the

integration of a topological insulator (TI) with a technologically relevant semiconductor

substrate.

Topological insulator (TI) materials are one of the prospective candidates for THz

waveguides or plasmonic components.[10-13] TIs have an inverted band structure, with a

bulk band gap crossed by linearly-dispersing surface states. These surface states house

two-dimensional, massless, spin-polarized electrons which are of interest for a wide

array of applications. Among other things, these electrons can host Dirac plasmons in

the THz spectral range; these plasmons have been shown to have large mode indices

and long lifetimes which makes them good candidates for plasmon-enhanced gas

sensing or plasmonic waveguides.[10,11,14] However, before we can create devices from

TI plasmonic structures, we must first learn how to integrate them with existing THz

technology. TI materials include Bi2Se3, Bi2Te3, and Sb2Te3. Among these materials,
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Bi2Se3 is widely used as it is relatively easy to synthesize and has a larger band gap than

the other TI materials. [15] For these reasons, we chose to use Bi2Se3 as the TI material

exemplar in this manuscript.

To date, most scientists have used inert substrates like sapphire for van der Waals

materials growth. [16,17] These substrates are a natural choice since they have no dangling

bonds and so are clearly compatible with vdW epitaxy. However, if we want to

synthesize an on-chip system that includes vdW materials, we must understand how to

grow these materials on traditional semiconductor substrates. There has been some

previous work on the growth of Bi2Se3 on GaAs (111) since both materials have

hexagonal in-plane symmetry. However, the GaAs (001) substrate has significant

technological advantages for materials integration. Specifically, the growth of device

structures on GaAs (001) is far more mature, with larger substrates readily available

commercially. This permits the growth of complex III-V-based structures that can

interact with the TI material. For THz generation and detection, materials such as low-

temperature grown GaAs (LT-GaAs), ion-implanted GaAs, and ErAs nanoparticles

incorporated in GaAs are most often grown on GaAs (001).[18,19] While LT-GaAs is the

most commonly used semiconductor for THz generation, ErAs:GaAs is also of interest

as it has shown an improvement in THz detection.[19] We are therefore interested in the

growth of a TI on GaAs (001) where, for example, the TI can serve as a waveguide for

THz radiation that can be emitted or detected by III/V structures. More generally, this

interface work allows the possibility of integration of III-V devices with TI materials,

such as back-gating with III/V materials to modulate TI carrier density.

Previous work regarding the MBE growth of Bi2Se3 on GaAs and related substrates

has been done by a variety of groups. Some of this work has focused on the growth

Bi2Se3 (0001)H on GaAs (111) substrates since these substrates have an in-plane

hexagonal symmetry similar to that of Bi2Se3 
[20-23]. Additional work has investigated

the growth of Bi2Se3 (0001)H on GaAs (001) [15,24,25]. Finally, it has also been

demonstrated that Bi2Se3 (1015)H can be grown on GaAs(001) [14,26]. However, these

papers generally focused on overall Bi2Se3 film quality rather than on understanding
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and improving the interface between the Bi2Se3 film and the technologically-important

GaAs (001) substrate. A sharp interface is critical both to good film growth and to the

creation of Bi2Se3/GaAs (001) devices. In addition, understanding the chemical makeup

of the interface is important for accurate device modeling. In this paper, we concentrate

on improving and characterizing and the Bi2Se3/GaAs (001) interface, understanding

its influence on the Bi2Se3 film properties, and modeling the chemical nature of the

interface.

To understand how best to grow Bi2Se3 on GaAs (001) using molecular beam

epitaxy (MBE), we grew three samples with three different substrate preparations using

semi-insulating single-side polished GaAs (001) wafers. The first sample had the GaAs

native oxide on the surface, which was thermally desorbed under a selenium

overpressure in the chalcogenide MBE. We will refer to this as the Se-desorbed sample.

The second sample had the native oxide thermally desorbed under an arsenic

overpressure in the III-V MBE before being transferred to the chalcogenide MBE via

an ultra-high vacuum (UHV) transfer tube. We will refer to this as the As-desorbed

sample. Finally, the last sample had the native oxide desorbed under an arsenic

overpressure in the III-V MBE followed by deposition of a 100 nm AlAs/GaAs

superlattice (SL) with a 10 nm period and a 50 nm GaAs buffer. The sample was then

transferred to the chalcogenide MBE via the UHV transfer tube. We will refer to this as

the SL sample. While previous results for growth on GaAs (001) demonstrated the

effectiveness of a GaAs homoepitaxial layer for overall material quality [24,25], the SL

structure was chosen (1) to result in an atomically-smooth semiconductor surface more

quickly than a homoepitaxial GaAs layer[27-30], (2) to demonstrates the capabilities of

incorporating this interface near the III-V heterostructures needed for future active

devices, and (3) to assist with atom identification in transmission electron microscopy

measurements. After entering the chalcogenide MBE, all substrates had 50 nm of Bi2Se3

deposited on them under identical conditions (for details, see Methods).

Results and Discussion
Atomic resolution high angle annular dark-field scanning transmission electron
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microscopy (HAADF-STEM) was performed to characterize the interface, which is a

critical concern for heteroepitaxial systems. Figure 1(a) and (b) show typical images

of the rough interface of Bi2Se3/GaAs in the Se-desorbed and As-desorbed samples,

respectively. Both (0001)H and (1015) H in-plane oriented Bi2Se3 domains were

observed in these samples. The subscripts H, R, and C in this work indicate the

hexagonal, rhombohedral, and cubic index system. (1015)H is equivalent to (015)H

and (221)R in Bi2Se3.[15,31,32] The Bi2Se3 vdW gaps are oriented parallel to the GaAs

(001)C surface for the (0001)H orientation growth and oblique to the surface for the

(1015)H orientation growth. As shown in Figure 1(c), the (0001)H-oriented [1100]H

and [1210]H Bi2Se3 domains appeared on flatter regions of the GaAs (001)C substrate

in the As-desorbed sample, while the (1015)H-oriented growth of the [1210]H Bi2Se3

domains occurred on a multi-faceted rougher area. The two intersecting white lines in

Figure 1(c) drawn along the local (1015) H crystallographic planes suggest the

(1015)H orientation was initiated by the local facets of the rough GaAs substrate in the

As-desorbed sample.[20] A wide range of angles (49º - 58º) between the vdW gaps and

the surface were observed in this case. In contrast, Figure 1(d) demonstrates a large-

scale smooth interface over several micrometers of Bi2Se3/GaAs grown on the SL

sample. By referencing the atomically-resolved AlAs dumbbell structure from the SL

(Figures 1(e) and 1(g)), the atomically-sharp interface of Bi2Se3/GaAs was identified

as terminated on the As-site (Figures 1(f) and 1(h)). Energy dispersive spectroscopy

(EDS) was further performed to analyze the elemental interdiffusion across the

interface of Bi2Se3/GaAs in the SL sample (Figure 1(i)). As shown in Figure 1(j), both

Se and Bi diffuse into the GaAs substrate up to 2.1 nm, with a stronger diffusion of Se.

In the diffusion zone of the substrate, the concerted reduction of Ga and As signals

suggests that As and Ga sites were partially replaced by Se and Bi, respectively, leaving

some Ga sites vacant. It should be noted that it is technically challenging to differentiate

the single As and Se atoms at the Bi2Se3/GaAs interface by HAADF-STEM and EDS.

Considering the selenium atmosphere in the growth chamber and the strong diffusion

activity of Se, the final As-site at the interface of Bi2Se3/GaAs could be occupied by Se

atoms, as indicated in Figures 1(f) and 1(h) with a notation SeAs. This is consistent with

theoretical predictions discussed later in the paper which indicate that a selenium-

terminated interface is more energetically favorable.
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Figure 1. Cross-sectional HAADF-STEM characterization. (a,b) HAADF-STEM

images taken along the GaAs [110]C zone-axis showing the rough interface of

Bi2Se3/GaAs in the Se-desorbed and As-desorbed samples, respectively. (c) Zoomed-in

atomic resolution image of the As-desorbed sample showing (0001) H oriented growth

of [1100]H and [1210]H Bi2Se3 domains on a flat area of the GaAs (001)C substrate,

and (1015)H oriented growth of [1210]H Bi2Se3 domain on a rough multi-faceted area

of the GaAs substrate. (d) Large-scale image demonstrating the flat interface of

Bi2Se3/GaAs in the SL sample. (e-h) Zoomed-in images of the SL sample overlaid with

atomic models showing the dumbbell atomic structure of the GaAs/AlAs superlattice

in (e, g), and the atomically smooth interface of Bi2Se3/GaAs terminated on the Se

replaced As-site (f, h) in the GaAs surface along the [110]c and [110]c directions,
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respectively. (i) Rotated image showing the STEM-EDS line-scan analysis region in

the SL sample. (j) Line-profiles of chemical compositions across the Bi2Se3/GaAs

interface in the SL sample. False colors are added in the images to aid the eye.

We further characterize these samples using atomic force microscopy (AFM) and x-

ray diffraction (XRD) measurements, shown in Figure 2. All three samples show

similar surface morphology as measured by AFM in Figure 2(a-c). We observe

triangular domains with a terraced morphology, as is common for Bi2Se3 films. The

triangular morphology is caused by the symmetry of the unit cell while the terracing is

caused by the vdW nature of the film, which makes it energetically possible to start a

new layer before finishing the previous layer.[33,34] However, the SL sample has a lower

root mean square (RMS) roughness at 1.29 nm than the other two (1.82 nm for the As-

desorbed sample and 1.57 nm for the Se-desorbed sample). We attribute the reduced

roughness to the smoother interface between the Bi2Se3 and the GaAs, as shown in

Figure 1. The XRD data for the films are shown in Figure 2(d) and (e). In Figure 2(d),

the scans are taken with the x-ray beam parallel to the GaAs [011]C axis, while in

Figure 2(e), the scans are taken with the direction of the x-ray beam perpendicular to

the GaAs [011] C axis. Scans were taken in both directions since previous work

indicated an anisotropy in the growth of the (1015)H orientation of Bi2Se3 due to the

diffusion anisotropy of bismuth on the surface of GaAs [20]. The scans for the SL, Se-

desorbed, and As-desorbed samples are shown in purple, green, and blue, respectively.

Red and black spectra show the scans for the GaAs/AlAs SL and GaAs substrate. In the

XRD scans, we see peaks near 18º, 28°, 38º and 48°, which are the (0006)H, (0009)H,

(00012) H and (00015) H reflections from the Bi2Se3 film, respectively. The peak

indicated by a dashed line that appears near 29.5º can be attributed to a reflection from

the unwanted (1015)H orientation of Bi2Se3 film [16, 26]. We see this peak in the Se-

desorbed and As-desorbed samples only; differences in peak intensity for the scans

parallel (Figure 2(d)) and perpendicular (Figure 2(e)) to the GaAs [011] C axis are

caused by the aforementioned anisotropy of the growth of the (1015)H orientation. We

7



̅
̅

do not observe a (1015)H peak in the SL sample, consistent with the smooth interface

for the SL sample shown in Figure 1. Other peaks in these spectra are from GaAs

substrate or the GaAs/AlAs SL and can be found in the corresponding spectra. The

triple-peak near 32º in the red and purple scans comprises the zeroth-order SL peak as

well as two satellite peaks. X-ray pole scans were also performed to quantify the degree

of twinning in the Bi2Se3 films and can be found in the Supplementary Information; no

significant difference was observed among the samples as the different surface

treatments were only intended to control the surface roughness, not the surface energy.

[31]

Figure 2. Atomic force microscopy (AFM) images of the As-desorbed sample (a),

the Se-desorbed sample (b), and the SL sample (c). RMS roughness is indicated on each

image. X-ray diffraction scans of the three films and the GaAs substrate with the

incident direction of the x-ray beam aligned parallel (d) and perpendicular (e) to the

GaAs [011]C axis. Vertical dashed lines in (d) and (e) indicate the (1015)H reflection

position.

Finally, we characterized the transport properties of these three films using room-

temperature Hall effect measurements in the van der Pauw configuration.[35] This is a
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useful metric since most applications of TI materials rely on transport through the

surface states. A perfect TI film with the Fermi energy in the bulk band gap would show

a low carrier density and high mobility since all the current would be carried by the

surface states. Typical TI films show relatively high carrier densities and low mobilities

at room temperature. The high carrier densities can be caused by defects at the

film/substrate interface, by point defects throughout the film, and/or by band bending

accumulation layers at the substrate and/or air interfaces.[36] The Se-desorbed sample

has mobility of 247±0.38 cm2/Vs and a carrier density of 4.60±0.01×1013 cm-2. The

As-desorbed sample has mobility of 466±1.18 cm2/Vs and a carrier density of 3.74±

0.03×1013 cm-2. The SL sample has mobility of 525±0.98 cm2/Vs and a carrier density

of 3.95±0.01×1013 cm-2. These transport measurements support the assessment that the

SL sample has the highest structural quality, as indicated by its higher mobility.

Interestingly, the mobility of the As-desorbed sample is higher than that of the Se-

desorbed sample and the As-desorbed sample has a lower carrier density. This seems to

imply that the As-desorbed sample has a better structural quality than the Se-desorbed

sample despite having a higher RMS roughness and a similar XRD scan. This seeming

inconsistency could be caused by a difference in band-bending in the TI at the

Bi2Se3/GaAs interface. A larger upward band-bending in the As-desorbed sample, for

example, could lead to a lower carrier density and a higher mobility since more of the

current would be carried through the bulk of the film, away from the defective interface.

Despite the atomically-flat interface, the SL film still has an overall relatively low

mobility and high carrier density when compared to TI films grown on vdW buffers.[37-

39] Using a thin vdW buffer layer to improve the film mobility for future devices is

reasonable. Generally, vdW buffer layers are only a few nanometers thick, much thinner

than the wavelength of THz light. If we consider using the Bi2Se3 layer as a THz

waveguide, as described previously, a few nanometer vdW buffer layer grown from a

wide band gap material like In2Se3 is unlikely to negatively impact device performance

while significantly increasing mobility. The density of twin boundaries, which also limit

mobility, could be reduced through the use of miscut substrates[20,33,40]. The high

residual carrier density may be caused by an accumulation layer that arises at the

film/substrate interface and conducts in parallel with the Bi2Se3 film, which has been

predicted by some calculations.[41] This accumulation layer could be controlled through

the use of a back gate or by using an alternative semiconductor as a top layer in the
9
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heterostructure to engineer the band lineup.

One additional question concerns the GaAs termination at the interface, especially in

the case of the SL sample with the atomically smooth interface. Normally, a GaAs

substrate deoxidized under an arsenic flux would be arsenic terminated. However, for

all three films, the substrate is subjected to a selenium flux (and a bismuth flux) upon

the initiation of the growth of the Bi2Se3 film. This exposure to the selenium flux could

alter the GaAs substrate termination. Understanding the details of the interface is

critical to understanding the transport and optical properties of the structure. We,

therefore, conducted density functional theory (DFT) modeling of the Bi2Se3/GaAs

interface structure. The lattice structure of the interface model is shown in Figure 3.

The interface formation energy as a function of the As and Se chemical potentials was

calculated using the expression:

ᵃ� [Bi2Se3/GaAs] = ᵃ�ᵆ�ᵅ�ᵆ�[Bi2Se3/GaAs] − ᵃ�ᵆ�ᵅ�ᵆ�(Bi2Se3) − ᵃ�ᵆ�ᵅ�ᵆ�(GaAs) + ∑ ᵅ�ᵅ�ᵰ�ᵅ�  (1.)

where ᵃ�ᵆ�ᵅ�ᵆ�(Bi2Se3/GaAs) is the total energy of the supercell for the Bi2Se3

(0001)H/GaAs (001)C interface, ᵃ�ᵆ�ᵅ�ᵆ�(Bi2Se3) is the total energy of the Bi2Se3 slab, and

ᵃ�ᵆ�ᵅ�ᵆ�(GaAs) is the total energy of the (1x1) non-relaxed, ideal As-terminated GaAs

(001)C slab with the bottom interface being terminated by Ga passivated with H atoms

with a fictitious charge of 1.25; ᵅ�ᵅ� is the number of atoms of type i removed or added

to the supercell to form the interface, and ᵰ�ᵅ� is the corresponding atomic chemical

potential of atom type i. Thus, the formation energy is taken with respect the As-

terminated GaAs (001)C interface, i.e., ᵅ�ᵅ� = 0. In the case of the Se-terminated

interface, the topmost atomic layer of As atoms is replaced with Se atoms. The number

of As atoms replaced by Se atoms at the interface represents the Se coverage of the

GaAs (001)C substrate. We have considered Se coverages of ~43%, ~57%, ~71%, and

100%, corresponding to replacing 3/7, 4/7, 5/7, and 7/7 As with Se atoms in the

supercell (see Computational Approach in Methods). The chemical potentials ᵰ�As and

ᵰ�Se are treated as variables to represent different growth or processing conditions and
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are referenced to the total energy per atom of As and Se bulk phases, i.e., ᵃ�ᵆ�ᵅ�ᵆ�(Asbulk)

and ᵃ�ᵆ�ᵅ�ᵆ�(Sebulk), repsectively. These chemical potentials satisfy the stability condition

of GaAs and Bi2Se3, i.e.,

2ᵰ�Bi + 3ᵰ�Se = ᵮ�ᵃ� (Bi2Se3) (2.)

ᵰ�Ga + ᵰ�As = ᵮ�ᵃ� (GaAs) (3.)

where ᵮ�ᵃ� (Bi2Se3) = −2.18 eV/f. u. and ᵮ�ᵃ� (GaAs) = −0.64 eV/f. u. are the

enthalpies of formation of Bi2Se3 and GaAs, and ᵰ�As,ᵰ�Se ≤ 0. Therefore, the chemical

potentials ᵰ�As and ᵰ�Se vary in in the following ranges:

ᵮ�ᵃ� (GaAs) ≤ ᵰ�As ≤ 0 (4.)

3
ᵮ�ᵃ� (Bi2Se3) ≤ ᵰ�Se ≤ 0 (5.)

with ᵰ�As = 0 and ᵰ�Se = 0 corresponding to the As-rich and Se-rich limit.
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Figure 3. Supercells used to simulate the Bi2Se3/GaAs (0001)H interface, with vacuum

added above the structure. The (relaxed) As-terminated interface is shown in (a) and

(b), and the Se-terminated interface (100% Se coverage is shown in (c) and (d). The

view directions are [110]C for GaAs and [1100]H for Bi2Se3 in (a) and (c), and [110]C

for GaAs and [1120]H for Bi2Se3 in (b) and (d).

Thus, the interface formation energy for a given Se coverage larger than zero will

depend on the ᵰ�As and ᵰ�Se chemical potentials according to Eq. 1. The calculated

interface formation energies as a function of Se coverage at two limiting conditions

(As-rich/Se-poor and As-poor/Se-rich) are listed in Table 1. First, for the As-terminated

interface, the interface formation energy does not depend on ᵰ�As and ᵰ�Se since nSe =

nAs = 0, and the interface formation energy represents the energy gained by forming an

interface from a slab of Bi2Se3 and an As-terminated GaAs slab. Second, our results

show that the interfaces with high Se coverages have lower formation energies. We find

that the lowest interface energy is obtained for 100% Se-covered GaAs at the Bi2Se3

(0001)H/GaAs (001)C interface in the As-poor/Se-rich limit condition; this

configuration is 97 meV/Å2 lower in energy than the As-terminated interface. One can

understand the stability of the Se-terminated Bi2Se3/GaAs (001)C and its structure as

follows: in the case of the As-terminated GaAs (001)C, the As dangling bonds are

partially occupied with 5/4 electrons each, thus tending to form As-As dimers as

indicated in Figure 3(b). By replacing the top As monolayer with Se, each Se dangling

bond will contain 7/4 electrons.[42] This almost completely filled dangling bonds

situation precludes the formation of Se-Se dimers in the Se-terminated Bi2Se3/GaAs

(001)C interface, as shown in Figure 3(c) and (d), and consistent with the fact that

selenization of the GaAs (001)C interface is performed before Bi2Se3 is deposited. These

almost filled Se dangling bonds also give rise to partially occupied interface states that,

in principle, contribute to the transport measurements of the heterostructure discussed

previously. Therefore, the presence of a Ga-Se layer must be considered when

characterizing the optical and transport properties of Bi2Se3/GaAs structures grown

using the conditions described above.

Table 1. Interface formation energies (in meV/Å2) of the Bi2Se3/GaAs (001)C

interface at various Se-coverage of the GaAs layer.
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% Se coverage

As-rich/Se-poor

As-poor/Se-rich

0%
~43%

/As-terminated

-30 -37

-30 -73

~57% ~71% 100%

-46 -45 -42

-95 -106 -127

To inspect the nature of the bonding across the Se-terminated Bi2Se3/GaAs

interface, we computed the electron localization function (ELF)[43-45], which can take

values between 0 and 1. ELF can be used to classify bonds of different types, i.e.,

chemical bonding such as covalent or ionic bonds, or physical bonding through the van

der Waals interaction [45,46]. High values of ELF (i.e., close to 1) indicate a high degree

of localization of electron at a given position. Highly localized electron density regions

usually correspond to covalent bonds, core electrons, or lone pair electron regions

around an atom. Small values (i.e., close to 0) can be assigned to regions of delocalized

(itinerant) electrons, typically found in noncovalent bonding environments such as

metallic systems, ionic bonding regions, or van der Waals gaps. As a reference, ELF =

0.5 corresponds to a homogeneous electron gas system. We show in Figure 4 the

computed ELF in the plane containing Se atoms of the Se-terminated GaAs (001)C (cf.

Figure 3(d)) and the Se atoms from the bottom of Bi2Se3 layer of the heterointerface. It

is evident from the ELF plot that there is no Se-Se covalent bonding or any build-up of

charge along the lines connecting two neighboring Se atoms across the interface,

indicating that the interaction between the Se-terminated GaAs and Bi2Se3 is of van der

Waals type. This is corroborated by the fact that the distances between two neighboring

Se atoms across the interface are larger than 2.83 Å and much longer than twice the

covalent radius of Se atoms of 2.32 Å, thus reinforcing our conclusion of the van der

Waals type of interaction at the interface.
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Figure 4. Electron localization function (ELF) plotted on the (1120)H plane containing

Se atoms across the interface in the Bi2Se3/GaAs (001)C heterostructure showing no

covalent bonding between the Se-terminated GaAs (001)C substrate and Bi2Se3. The red

dashed line and red dotted line indicate the van der Waals gap regions between Bi2Se3

quintuple layers and interface between GaAs and Bi2Se3, respectively.

Conclusion

In summary, we have shown that the TI vdW material Bi2Se3 can be grown as a

single-crystalline single-orientation film with low surface roughness on semiconductor

substrates with appropriate substrate pre-treatment conditions. In particular, atomically

flat substrates are needed to grow smooth, single-crystalline films, and this condition

can be achieved through the use of smoothing superlattices after thermal oxide

desorption. Using DFT calculations, we determine that the interface is most likely

selenium-terminated with a van der Waals gap between the film and substrate. This

conclusion is supported by STEM imaging. Understanding how to grow smooth, single-

orientation Bi2Se3 films on technologically-relevant III-V materials and understanding

the chemical nature of the interface between them is critical for the creation of a THz

integrated system design. More broadly, the ability to integrate van der Waals materials

with good crystal quality on common, commercially-available substrates is necessary
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if we wish to create next-generation optoelectronic devices using these materials. This

result is the first step toward that realization.

Methods

Epitaxial Thin Film Growth

The Bi2Se3 thin films were synthesized on (100)C -oriented single-side polished

GaAs 2-inch quarter wafer substrates using molecular beam epitaxy (MBE). Samples

were grown in the University of Delaware Materials Growth Facility using two Veeco

GenXplor MBE systems connected by an ultra-high vacuum transfer tube. One system

is dedicated to the growth of III-V compounds while the other is used for chalcogenide

materials. The three samples underwent different treatments in the III-V MBE. For Se-

desorbed sample, the process only consisted of the transfer from the III-V MBE system

to the TI MBE system without any treatment in the III-V MBE. For As-desorbed sample,

the native oxide from the semi-insulating GaAs (001)C wafer was desorbed in the III-

V MBE system by thermal deoxidation with an As2 overpressure. The beam equivalent

pressure of As2 is 1 × 10−5 Torr. After cooling the sample, it was transferred in an

ultra-high vacuum environment from the III-V MBE system to the TI MBE system for

Bi2Se3 film growth as described below. For SL sample, the native oxide from the wafer

was desorbed in the III-V MBE system using thermal deoxidation as described above.

After the oxide desorption, the temperature was decreased to 580℃ to grow a 100 nm

GaAs/AlAs smoothing superlattice with a 10 nm period. A 50 nm GaAs buffer layer

was grown on top using the same conditions. After cooling the sample, it was

transferred in an ultra-high vacuum environment from the III-V MBE system to the TI

MBE system for Bi2Se3 film growth as described below. All substrate temperatures are

measured by band edge thermometry (BET).

After entering the chalcogenide system, Se-desorbed sample was heated to 650℃

measured by a noncontact thermocouple for thermal deoxidation. A selenium flux is

applied during this process to prevent gallium droplet formation. After deoxidation, the

substrate is cooled to 350℃ for the subsequent Bi2Se3 film growth. For SL sample and
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As-desorbed sample, the wafers were directly loaded into the growth chamber of the

chalcogenide MBE for the subsequent Bi2Se3 film growth at 350℃. All the growths

used a recipe of 1 minute growth and 1 minute anneal. The growth rate is

0.74 nm/minute, and the film thickness is 50 nm. A dual-filament Knudson effusion

cell is used to generate the bismuth flux while a cracker source is used for selenium to

ensure efficient incorporation. An ion gauge in the substrate position is used to monitor

the fluxes. During growth, the film quality is monitored by an in situ reflection high

energy electron diffraction (RHEED) system. After growth, the samples were removed

from the chalcogenide MBE and sealed in a vacuum pack to await further

characterization.

Scanning Transmission Electron Microscopy

An FEI Nova NanoLab 600 DualBeam (SEM/FIB) was employed to prepare cross-

sectional STEM samples. Platinum was initially deposited on top of the films to protect

the sample surface using electron beam deposition. To reduce the damage from the

gallium ions, in the final step of preparation the STEM samples were thinned with 2 kV

Ga-ions using a low beam current of 29 pA. An FEI Titan 80-300 probe-corrected

STEM/TEM microscope operating at 300 keV was employed to acquire atomic-

resolution high-angle annular dark field (HAADF) STEM images.

X-Ray Diffraction

A Rigaku Ultima IV XRD system was used for x-ray diffraction measurements.

Spectra were taken separately for different crystallographic directions (parallel and

perpendicular to the GaAs [011]C main flat). A Cu Kα1 source (1.504 eV) was used for

the x-ray generation. Data were taken with 2θ ranging from 15° to 50° with 0.02° step

size and 0.5 deg/min.

Atomic Force Microscopy
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Samples were characterized with the Dimension 3100 (D3100) atomic force

microscope under normal atmosphere and at room temperature. The sample scan size

is 5 μm x 5 μm using tapping mode.

X-ray Pole Scans

Pole scan characterization was conducted using the Rigaku Ultima IV XRD system.

This technique is an in-plane measurement. After putting samples into the system and

initializing, specimen alignment and precise alignment were used to align the Z,  and

2 parameters (0.5 mm split). Phi scans from 0° to 360° were taken with speed

40.00 °/min, 0.050° sampling step, ATT open, DS 1.00 mm, SS 0.5 mm and RS 0.50

mm.

Computational Approach

The calculations are based on the density functional theory (DFT) [47,48] within the

semilocal PBEsol approximation,[49] projector augmented wave (PAW) potentials,[50]

and plane-wave basis set as implemented in the Vienna Ab initio Simulation Package

(VASP).[51,52] Dispersion or van der Waals interactions are included using the D3

method of Grimme et al.[53] Plane-wave cutoff of 400 eV was employed with a Γ-

centered mesh of 7 x 1 x 1 used to sample the Brillouin zone of the slab supercell

representing the Bi2Se3 (0001)H/GaAs (001)C interface.

The modelled interface supercell contains two quintuple layers of Bi2Se3 and four

layers of GaAs bilayers with the Ga-terminated bottom layer passivated by artificial H

atoms with charge of 1.25 electrons, as shown in Figure 3. To accommodate the lattice

mismatch between Bi2Se3 (0001)H and GaAs (001)C, we strained the Bi2Se3 layer by

3.4% in the [1120]H direction and by 2.4% in the [1100]H direction. On the top surface

of GaAs (001)C slab there are 7 As atoms in the supercell. A vacuum spacing of over

15 Å was employed to minimize the spurious interaction between slabs along the

direction perpendicular to the interface. All atoms, except the bottom Ga-H layers were

allowed to relax until the residual force on each of them was less than 0.01 eV/Å.
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Different terminations for the Bi2Se3/GaAs (001)C interface were explored, namely, Ga-,

As-, and Se-terminated GaAs (001)C.

Data availability Data is available upon reasonable request of the authors.

Supporting Information Experimental x-ray diffraction pole scans and analysis of all

three samples to determine degree of twinning. Samples show similar degrees of

twinning (almost 1:1), with a small improvement in the SL sample.
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Figure S1. Pole scan XRD spectra. The ratios above the spectra are the twining

ratio of the samples. Arrows show the peaks for Bi2Se3 (0001)H. # symbols indicate the

GaAs (111)C peaks and * symbols indicate the (1015)H Bi2Se3 peaks.

From the AFM results, we can see two sets of triangular domains rotated 60º with

respect to each other. These are commonly called twin defects or antiphase domains,

and they are caused by the in-plane six-fold symmetry of the Bi2Se3 lattice [1]. The film

can nucleate in two different orientations, causing grain boundaries when the domains

coalesce. These defects reduce the charge carrier mobility of the film since they act as

scattering centers. To quantify the degree of twinning in the films, we performed x-ray

pole scans around the (1015)H reflection, shown in Figure S1. We label the peaks with

green arrows (Bi2Se3 (0001)H orientation), # (GaAs (111)C orientation), or * (Bi2Se3

(1015)H orientation). We see peaks arising from the Bi2Se3 (1015)H orientation only

in the Se-desorbed and As-desorbed samples, consistent with the XRD measurements.

We can quantify the degree of twinning by comparing the intensity ratio of the peaks

associated with one domain (near 40º, 160º, and 280º) to the peaks associated with the
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other (near 100º, 220º, and 340º). In this case, the GaAs substrate peaks overlap with

the Bi2Se3 peaks at 100º and 280º, so the other four peaks were used. All three samples

showed a similar degree of twinning, though the SL sample is slightly better. This is not

surprising, as the different surface treatments were only intended to control the substrate

roughness, not the surface energy. Both domain orientations will therefore continue to

nucleate with roughly equal probability.
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