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Abstract 

High-quality epitaxial Bi1-xSbx (BiSb) films were formed by two-step growth using 

molecular beam epitaxy. The use of two-step growth, which involves lower-temperature 

growth at ~150 °C followed by higher-temperature (~250 °C) growth, and 

lattice-matched substrates such as BaF2 (111) are key to obtain high-quality BiSb films. 

The composition of the BiSb films can also be systematically tuned using this growth 

procedure. The epitaxial BiSb films showed higher crystallinity (full width at half 

maximum: ~0.69°) and higher mobility (~2100 cm
2
/Vs), which indicate that sufficient

quality films were obtained. Such films are expected to pave the way for the fabrication 

of electronic devices using topological BiSb.  

Keywords: Bismuth antimonide; Thin films; Two-step growth; Molecular beam epitaxy; 

Topological materials; Mobility  
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1. Introduction 

Topological materials such as topological insulators and topological semimetals have 

attracted much attention because of their interesting physical properties due to their 

topologically protected surface states with linear band dispersion [1, 2]. These materials 

are interesting not only from physical viewpoints but also with respect to electronic 

applications, because of their extremely high mobility and spin polarization (helical spin 

polarization). Many chalcogenide compounds such as Bi2Te3, Bi2Se3, and PbTe have 

recently been found to have topological characteristics and are considered to be 

promising materials for electronic applications [1, 2]. Film fabrication of topological 

materials is one of most important steps for electronic applications. Thin films of 

several topological chalcogenide compounds such as Bi2Te3 and Bi2Se3 have been 

fabricated using various methods, such as molecular beam epitaxy (MBE) [3-5] and 

chemical vapor deposition (CVD) [6]. However, it is not easy to obtain high-quality 

topological chalcogenide films and there is room for improvement. We consider the 

degradation of film quality in these chalcogenide films is mainly due to the high 

volatility of chalcogenides such as Se and Te, which leads to lower tunability of the 

composition, the formation of a large number of defects, and the need to use lower 

growth temperatures (<200 °C). The strong toxicity of chalcogenides is also 

problematic for applications.  

  We focused on topological Bi1-xSbx (BiSb) because of the non-inclusion of toxic and 

highly volatile elements such as Se and Te. The topological characteristics of BiSb 

appear when the Sb composition is above 4% [7-10], and the material becomes a 

topological semimetal for x= 0.04–0.07 and a topological insulator for x= 0.07–0.22. 

The lower toxicity BiSb compounds also exhibit interesting physical properties such as 
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large spin Hall effects [11] and extremely large magnetoresistance [12, 13]. However, 

there are fewer studies on BiSb than on topological chalcogenides such as Bi2Se3 and 

Bi2Te3 because BiSb is considered to be unsuitable for physical research on topological 

surface states due to the complicated surface band structure [7, 14]. On the other hand, 

we consider that BiSb is important with respect to electronic applications because the 

fabrication of high-mobility (~10
4
 cm

2
/Vs) samples with lower defect densities is easier 

than for other topological materials [13, 15]. The non-inclusion of highly toxic and 

volatile elements such as Se, Te, and As is another advantage of BiSb. However, there 

is only a modest number of reports on the growth of BiSb films [16-18], and only 

limited information on the growth and crystalline quality of BiSb films. Also, there is 

room for improvement of BiSb film quality.  

  In this study, high-quality epitaxial BiSb thin films were fabricated using MBE and 

their structural and electronic characteristics were examined in detail toward the 

fabrication of electronic devices using topological BiSb. As described later in detail, 

two-step growth [3, 19-21] was necessary for the growth of high-quality BiSb films.  

 

2. Experimental methods  

Bi1-xSbx (x= 0–0.44) films were grown on BaF2 (111) and GaAs (111) substrates by 

K-cell MBE with pure Bi and Sb sources at a growth temperature (Tg) of 100–300 °C. 

The growth rate was 3–7 nm/min and the typical film thickness was ~300 nm. The 

growth rate was determined by thickness measurements using step gauge (Dektak 

surface profiler). The BaF2 substrates were annealed in a vacuum at 500 °C prior to the 

growth process to clean the substrate surface [22]. BaF2 (111) substrates are often used 

for the growth of pure Bi films [23]; however, there are few reports on the growth of 
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BiSb films on BaF2 (111). The Tg was set just below the solid-liquid phase boundary for 

the Bi-Sb system [24] to obtain higher-quality BiSb films. The lattice mismatch between 

BiSb (x= 0.1) and the BaF2 (111) and GaAs (111) substrates is 3.2% and 13.1%, 

respectively. This mismatch changes depending on the Sb composition in BiSb. 

Structural characterization of the BiSb films was performed using X-ray diffraction 

(XRD) with a Cu Kα radiation source (λ= 1.54Å) [out-of-plane (2θ-θ) XRD 

measurements from 20° to 100° and rocking curve measurements using Rigaku Ultima 

IV and other XRD measurements such as ϕ-scan from 0° to 360° and reciprocal space 

mapping using Rigaku SmartLab]. The compositions of the BiSb films were determined 

using energy dispersive X-ray spectroscopy (EDX-SEM) (Hitachi S5200). The 

accelerating voltage and spectrum range were set to 30 kV and 12000 eV for the EDX 

analysis, respectively. The electronic properties of the BiSb films were investigated by 

Hall measurements (van der Pauw method) from ~20 K to room temperature (RT) under 

a magnetic field of 0.5 T.  

 

3. Results and discussion  

Bi has a lower sticking coefficient due to its lower melting point (271 °C) and 

relatively high volatility, which makes the fabrication of BiSb films difficult. Tg was 

restricted to below 280 °C because of the lack of adhesion of BiSb films (x= 0.03–0.44) 

above 300 °C. Therefore, film growth of BiSb was performed using two-step growth; Tg 

was lower at the initial stage to increase the adhesion rate of BiSb and was then higher 

at the second stage to improve crystallinity. The two-step growth procedure is often 

used for the film growth of topological chalcogenides [3, 19, 20]. For comparison, BiSb 

films were also fabricated by a conventional procedure, where Tg was fixed at one 
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specific temperature (250 °C in this case).  

Figure 1(a) shows out-of-plane (2θ-θ) XRD patterns for BiSb films (x= ~0.1) formed 

on BaF2 (111) substrates by the conventional procedure (one-step growth) and two-step 

growth. For one-step growth, many peaks from various planes of BiSb were observed in 

the XRD pattern; these BiSb films were also nonuniform and insulating. These results 

suggest that nonuniform polycrystalline BiSb films were formed by one-step growth 

and these films were unsuitable for use in electronic applications. On the other hand, in 

the case of two-step growth (Tg = 150 °C → 250 °C), only the (00l) peaks for the BiSb 

films, apart for the substrate peaks, were observed in the XRD pattern, which indicates 

c-axis orientation of the films [Fig. 1(a), lower pattern]. The c-axis lattice constant for 

the BiSb films was estimated to be 1.183 nm, which was comparable to that for bulk 

Bi0.9Sb0.1 (1.181 nm) [25]. The full width at half maximum (FWHM) of the (003) peak 

in the BiSb film pattern was estimated to be 0.69°, which suggests that the BiSb film 

has good crystallinity. These results indicate that highly crystalline c-axis oriented BiSb 

films can be formed on BaF2 substrates by two-step growth. C-axis oriented Bi (x= 0) 

films were obtained by one-step growth on BaF2 (111) substrates, although a lower Tg of 

~100 °C was required. The crystalline quality of the Bi films was improved using 

two-step growth (Tg= 100 °C → 250 °C) and the Bi (003) XRD peak intensity became 

one order of magnitude higher than that obtained with one-step growth.  

Figure 1(b) shows the (003) XRD peak intensity as a function of the growth 

temperature at the initial stage (Tini). Tini was changed to determine the optimum growth 

conditions for two-step growth. Tg in the second stage was fixed at 250 °C. BiSb films 

formed at Tini = 150-170 °C became single crystal (c-axis oriented films) and the peak 

intensity at Tini = 150 °C was twice that obtained at Tini = 170 °C. In contrast, BiSb films 
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formed below Tini = 130 °C or above 200 °C became polycrystalline, probably because 

of the lower migration energy at lower temperature or the lower adhesion rate at higher 

temperature. These results indicate that Tini = 150 °C is the optimum temperature for the 

initial stage of two-step growth of BiSb films. As a note, the growth rate of the BiSb 

films for the condition (Tg = 150-> 250°C) was ~3-4 nm/min.  

  Figure 2 shows SEM images of the BiSb films on BaF2 (111) substrates formed by 

2-step growth with various Tini. Grain structures were clearly observed on the surfaces 

of the BiSb films, and there were no precipitates like structures on the surfaces. The 

grain size was increased from 1 μm to several μm as Tini increased, indicating higher 

crystallinity for higher Tini. In the case for Tini= 200°C, surface morphology was 

changed and many void like structures were observed with larger grains. This is 

probably originated from lower sticking coefficients of Bi for higher Tini. These SEM 

results agree with Tini the dependence of (003) intensity, which shows tendency for 

higher crystallinity for higher Tini [Fig. 1(b)].  

  Figure 3(a) shows out-of-plane XRD patterns around the (003) peak for BiSb films 

with various Sb compositions (x= 0.04–0.44) on BaF2 (111) substrates formed using 

two-step growth. Tini was fixed at 150 °C and the typical thickness for the initial stage 

was set to ~100 nm. Tg for the second growth stage was increased from 250 °C to 

280 °C as the Sb concentration increased to improve the crystalline quality of the 

Sb-richer films (250 °C for x ≤ ~0.2, 260 °C for x = ~0.3, 280 °C for x = ~0.4). BiSb 

films with a c-axis orientation and various Sb concentrations could be obtained by 

two-step growth. The (003) peak position systematically moved to higher angle as the 

Sb concentration increased, which indicated a systematic decrease the of c-axis lattice 

constant. As a note, broad peak at ~24.5° As shown in Figure 3(b), the c-axis lattice 
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constant (c) decreased in proportion to the Sb concentration, thereby obeying the Vegard 

law (c (nm) = 1.1862(1-x) + 1.1274x), where x is the Sb concentration, and c for pure 

Bi and Sb is taken to be 1.1862 and 1.1274, respectively [27]. This means that the 

composition of BiSb films can be determined from XRD measurements without using a 

direct compositional analysis method such as EDX. These results suggest the 

composition of the BiSb films could be systematically controlled and BiSb films with 

various compositions could be formed by two-step growth. However, the intensity of 

the (003) XRD peak decreased as the Sb concentration increased [Fig. 3(a)], which is 

considered to be related to the lower migration energy in Sb-rich BiSb films, and the 

crystalline quality of the Sb-rich BiSb films have much room for improvement. The 

quality of the Sb rich films will be improved in the near future by optimization of film 

growth conditions such as the initial and/or second growth temperature and the growth 

rate.  

  Figure 4(a) shows in-plane XRD measurement results (ϕ-scan) for the (012) peaks for 

the BiSb films (x= ~0.1) formed on BaF2 (111) substrates. The BiSb (012) peaks have a 

three-fold symmetry as expected, and the ϕ values for the (012) peaks were the same as 

those for the (-111) peaks of the BaF2 substrates. The in-plane and out-of-plane [Fig. 

1(a)] XRD results suggest that the BiSb films were epitaxially grown on the BaF2 

substrates with epitaxial relationships of BiSb (001) [2-10] // BaF2 (111) [1-10], which 

means the triangle plane formed by Bi (or Sb) atoms is on the triangle (111) plane of 

BaF2 without rotation.  

Figure 4(b) shows the reciprocal space mapping (RSM) for the BiSb films formed on 

BaF2 (111) substrates; the image shows around BiSb (2-19) and BaF2 (135). The crystal 

systems of BiSb and BaF2 are different, so it is not easy to obtain information on the 
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strain in the films at a glance by using the RSM image. However, the BiSb films were 

considered to be relaxed on the BaF2 substrates because the in-plane (a) and 

out-of-plane (c) lattice constants for BiSb were estimated to be 0.449 nm and 1.183 nm, 

respectively, from the RSM image and the XRD results [Figs. 1(a) and 4(a)], which are 

consistent with the lattice constants for bulk BiSb (a= 0.452 and c= 1.181 nm for x= 0.1 

[25]). These results suggest that almost fully relaxed BiSb films were formed on the 

BaF2 substrates. The reason for the film relaxation is the relatively large thickness of the 

BiSb films (~300 nm). The fabrication of strained BiSb films will be performed in the 

near future.  

GaAs (111) substrates are often used for the growth of BiSb films [16, 27], although 

the lattice mismatch with GaAs (~13%) is much larger than that with BaF2 substrates 

(~3%). To examine the effects of the lattice mismatch, BiSb films were also formed on 

GaAs substrates by two-step growth. Figure 5(a) shows an out-of-plane XRD pattern for 

BiSb film (x= ~0.1) on a GaAs (111) substrate formed using the same Tg (150 °C→ 

250 °C) for the films grown on BaF2 substrates. In the XRD pattern for the BiSb film on 

GaAs, only the (00l) peaks of BiSb except the substrate peaks, were observed, which 

indicates that a c-axis-oriented BiSb film was formed. The c-axis lattice constant for the 

BiSb film was estimated to be 1.181 nm, which was the same as that for bulk Bi0.9Sb0.1 

(1.181 nm) [25]. The FWHM of the (003) peak for the BiSb film on the GaAs (111) 

substrate was 0.98°, which indicates good crystallinity. However, the FWHM for the 

film on GaAs is larger than that on BaF2 (FWHM: 0.69°), which indicates lower 

crystalline quality for the film on the GaAs substrate. We consider this to be due to the 

larger lattice mismatch between BiSb and GaAs.  

Figure 5(b) shows an in-plane ϕ-scan of the BiSb film formed on the GaAs (111) 
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substrate. The (012) peaks for the BiSb film on GaAs are much smaller and broader 

than those on BaF2 [Fig. 4(a)], which indicates a lower in-plane orientation of the BiSb 

films on GaAs. The BiSb (012) peaks also have six-fold symmetry, which suggests 

in-plane two-domain formation [28, 29] for the BiSb films on GaAs. These XRD results 

suggest that the BiSb films are not epitaxially grown on GaAs substrates and have 

in-plane twin structures. There is also a possibility that the in-plane domain boundary 

deteriorates the electronic properties of the BiSb films. The mobility values for the BiSb 

films on GaAs have a tendency to show smaller values than those on the BaF2 substrates. 

These XRD results indicate that it is important to adopt lattice matched substrates for 

the fabrication of high-quality epitaxial BiSb films, and that the BiSb film on a BaF2 

substrate showed higher crystalline quality than that on a GaAs substrate. Fan et al., 

performed two step growth of BiSb films by sputtering [21] and obtained good 

crystalline, c-axis oriented BiSb films on sapphire C substrates in spite of larger 

mismatch (~5.3%) between BiSb and sapphire C. However, their BiSb films have 

in-plane twin structures probably originated from larger lattice mismatch. We consider 

their results also support one of our conclusions that the use of lattice-matched 

substrates such as BaF2 (111) is necessary to obtain high-quality and epitaxial BiSb 

films.  

  Figures 6(a) and 6(b) show resistivity vs. temperature (ρ-T) curves and Hall 

measurement results for the BiSb (x= 0.04, 0.10, and 0.16) films formed by two-step 

growth on BaF2. Bi0.96Sb0.04 corresponds to a topological semimetal (TSM) phase, while 

Bi0.90Sb0.10 and Bi0.84Sb0.16 correspond to topological insulator (TI) phases in the 

electronic phase diagram of BiSb [8, 9]. The resistivity decreased with temperature for 

the Bi0.96Sb0.04 film, which is typical metallic behavior. The resistivity was very weakly 
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dependent on temperature, which suggests semimetallic characteristics for the 

Bi0.96Sb0.04 film. The electron concentration in the Bi0.96Sb0.04 film was estimated to be 

~5×10
19

 cm
-3

 from Hall measurements, which was several orders smaller than those for 

typical metals (10
22

-10
23

 cm
-3

) and consistent with the semimetallic nature of Bi0.96Sb0.04 

[12, 30]. On the other hand, for the Bi0.90Sb0.10 and Bi0.84Sb0.16 films, semiconducting 

behavior was observed from RT to ~100 K, which corresponds to gap opening of the 

BiSb films with higher Sb. The energy gap for the films was estimated to be ~3 meV 

from the temperature dependence of the carrier concentration. As a note, the magnetic 

field dependence of Hall voltage was almost linear with negative slope (correspond to 

n-type conductivity) in the magnetic field of －0.5 ~ 0.5 T for the BiSb films. The ρ-T 

curve for Bi0.90Sb0.10 and Bi0.84Sb0.16 changed to metallic behavior below ~100 K, 

probably because of higher mobility at lower temperature, which represents an increase 

in the mean free path for carriers in the BiSb films. The x(Sb) dependence of the ρ-T 

curves agrees with those of bulk BiSb [10], and also agree with recent results on 

MBE-grown BiSb thin films for thicker cases (~50-100 nm) [27, 31] though other 

factors such as quantum effects and contribution of the surface conductivity should be 

considered for thinner (< several tens nm) BiSb films. The mobility increased as the 

temperature decreased and reached 2100, 1589, and 1441 cm
2
/Vs at ~20 K for the 

Bi0.96Sb0.04, Bi0.90Sb0.10, and Bi0.84Sb0.16 films, respectively. The relatively high 

mobilities also support the higher crystalline quality of the BiSb films. The mobility 

decreased as the Sb concentration increased, which was considered to be related to the 

lower crystallinity of the Sb-rich BiSb films [Fig. 3(a)]. The electronic properties of the 

BiSb films are consistent with those derived from the electronic phase diagram for BiSb 

[7-9], which suggests that the Sb concentration in the BiSb films was precisely 
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controlled. However, it is necessary to confirm the topological characteristics of the 

BiSb films by quantum oscillation [10, 32] and/or angle-resolved photoemission 

spectroscopy (ARPES) measurements [8, 9], and this will be a subject for future study. 

The structural and electronic measurement results confirmed that high-quality epitaxial 

BiSb films can be formed on lattice matched BaF2 (111) substrates by two-step growth 

using MBE.  

 

4. Conclusions   

  High-quality epitaxial BiSb films could be fabricated by two-step growth. The use of 

a lower Tini of ~150 °C followed by a higher Tg of ~250 °C and lattice matched 

substrates such as BaF2 (111) are keys to obtain high-quality BiSb films. The 

composition of the films could be systematically controlled using the two-step growth 

method. The epitaxial BiSb films have higher crystallinity (FWHM: 0.69°) and higher 

mobility (~2100 cm
2
/Vs at 20 K), which represent sufficient quality for the fabrication 

of electronic devices. We consider that high-quality BiSb films based on this work will 

pave the way for the realization of electronic devices using topological BiSb.  
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Figure captions 

 

Fig. 1: (a) Out-of-plane (2θ-θ) XRD patterns for BiSb films (x = ~0.1) formed on BaF2 

(111) substrates by a conventional procedure (one-step growth) and two-step growth. 

The upper or lower part of the XRD patterns correspond to those of BiSb films grown 

by one-step (1-step) or two-step (2-step) growth, respectively. (b) Intensity of the (003) 

XRD peak as a function of the growth temperature at the initial stage (Tini). Solid circles 

and open triangles indicate c-axis oriented, single crystalline and polycrystalline BiSb 

films, respectively.  

 

Fig. 2: SEM images of the BiSb films on BaF2 (111) substrates formed by 2-step growth 

with the growth temperature at the initial stage (Tini) of (a) 100°C, (b) 150°C and (c) 

200°C.  

 

Fig. 3: (a) Out-of-plane (2θ-θ) XRD patterns around the (003) peak for BiSb films with 

various Sb composition (x = 0.04–0.44) on BaF2 (111) substrates. The composition x of 

each BiSb films was determined by EDX. (b) Dependence of the c-axis lattice constants 

of the BiSb films on the x (Sb composition). The dotted line shows the ideal c values 

estimated using Vegard’s law.  

 

Fig. 4: (a) In-plane XRD results (ϕ-scan) for BiSb (012) and BaF2 (-111) for the BiSb 

films (x= ~0.1) formed on BaF2 (111) substrates. (b) Reciprocal space mapping (RSM) 

for the BiSb films formed on BaF2 substrates; the image shows around BiSb (2-19) and 

BaF2 (135).  
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Fig. 5: (a) Out-of-plane (2θ-θ) XRD pattern for BiSb film (x = ~0.1) formed on a GaAs 

(111) substrate by two-step growth. (b) In-plane XRD results (ϕ-scan) for BiSb (012) 

and GaAs (-111) for BiSb film formed on a GaAs substrate. 

 

Fig. 6: Temperature dependence of the (a) resistivity, and (b) electron concentration and 

mobility for Bi0.96Sb0.04, Bi0.90Sb0.10 and Bi0.84Sb0.16 films on BaF2 (111) substrates.  
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