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1. Introduction

Achieving efficient spin injection from ferromagnets into 
semiconductors is a challenging task in spintronics [1, 2]. 
Compared with Si, group IV semiconductor Ge possesses 
higher carrier mobility and faster spin relaxation, so it attracts 
tremendous attention as a spin channel material [3, 4]. 
Theoretically, the inverse spin-Hall effect in Ge-based hetero-
structures, which is originated from large spin-orbit interac-
tion, can be spin-manipulative by Rashba field [5]. Inspiringly, 
the spin transport with diffusion lengthening out to λ  =  660 
± 200 nm at room temperature was demonstrated in epitaxial 
n-Ge layers [6]. However, the critical obstacles for efficient 
spin injection with Ge channel involve the conductivity mis-
match and the strong Fermi-level pinning at metal/Ge inter-
face [7–9]. An alternative approach is to insert a tunnel barrier 

layer to tailor the contact interface [10]. Topological insulators 
(TIs) which possess conducting surface states but behave as 
insulators in the bulk are promising candidates for replacing 
Schottky contact [11]. The spin-momentum locking surface 
states of TI can generate pure spin-polarized currents and 
govern their amplitude and direction [12]. Another remark-
able feature of TI is providing giant spin-transfer torque to 
an adjacent ferromagnet which results in spin current effec-
tive conversion [13]. As an intrinsic TI, Sb2Te3 is the existence 
of a metallic surface state within the bulk bandgap (~0.3 eV)  
[14, 15]. Sb2Te3 is suggested to be as an ideal tunnel barrier in 
ferromagneticmetal/semiconductor device for implementation 
of spin-polarized carriers injection and transport [16]. Therefore, 
monolithic integration of TI Sb2Te3 and Group IV semicon-
ductor Ge is imperative for future spin-based applications.

Various substrate materials and surfaces such as graphene/
SiC [17], Si [18, 19], SiO2/BaF2 [20], GaAs [21], and sapphire 
[22] have been reported for the epitaxial growths of Sb2Te3, 
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but the growth of Sb2Te3/Ge heterojunctions by molecular 
beam epitaxy has not been found to the best of our knowledge. 
Furthermore, the band alignment properties play a dominant 
role in understanding spin transport behaviours of hetero-
structure barrier tunnelling [23]. Significant researches were 
conducted on the band alignment of high-κ gate dielectrics 
such as HfO2 [24], Al2O3 [25], and BaTiO3 [26] with respect 
to Ge. However, owing to the unique metallic Dirac surface 
states, the band values coupling Sb2Te3 to Ge are different 
from these native oxides. The fact of whether topological sur-
face still exists needs to be confirmed. Ge surface state which 
is the origin of Fermi level pinning also needs to be examined 
[27]. Therefore, the band alignment between Sb2Te3 and Ge is 
essential to be provided when aiming at improving spintronic 
device.

In this work, we reported MBE growth of Sb2Te3 on Ge 
for high performance device configurations. The growth of 
Sb2Te3 thin film was achieved on Ge (0 0 1) layer despite 
that they have the very different crystal symmetries along 
the film growth direction. Moreover, there is no intermediate 
interlayer between Sb2Te3 and Ge films. We investigated the 
band alignment at Sb2Te3/Ge heterointerface using x-ray pho-
toelectron spectroscopy (XPS) and ultraviolet photoemission 
spectroscopy (UPS) measurement. No chemical shift of Sb 
3d5/2 reflects the weak bonding nature at Sb2Te3/Ge interface 
as expected. The bending that Ge valence band departed from 
Fermi level was also observed. The measured value of valence 
and conduction band offset, �Ev and �Ec, are 0.25 ± 0.1 and 
0.07 ± 0.11 eV, respectively. The properties are different from 
common gate dielectric due to the exotic conducting surface 
states of TI. The successful formation of Sb2Te3/Ge interface 
is an essential step towards TIs based functional junctions.

2. Experimental

Sb2Te3/Ge heterosturctures were grown by MBE in a SVTA 
system equipped with Ge effusion cell and Te, Sb valved 
cracker cells in ultrahigh vacuum condition which was about 
1 × 10−10 torr background pressure. Prior to growth, GaAs 
(0 0 1) wafers were heated up to 350 °C for surface deoxi-
dation after degreasing. The Ge epilayers were deposited for 
1 h at 330 °C. For the growth of Sb2Te3 films, high-purity Sb 
and Te sources were evaporated through pyrolysis heating and 
valves controlling, providing a beam flux Sb/Te ratio of about 
2:3. The substrate temperature was kept at 200 °C throughout 
the Sb2Te3 growth. The growth rate was 0.38 nm min−1. The 
films with different thicknesses were obtained by controlling 
growth time. A reflection high energy electron diffraction 
(RHEED) setup was attached to the MBE system for in situ 
monitoring the reconstruction and growth.

Structure and crystallinity of the heterosturctures were 
characterized by SIEMENS D 5005 x-ray diffractometor 
including θ θ− 2  scans and ω scans. Atomic force micros-
copy (AFM) images were generated by Veeco Multimodel 
NanoScope 3D in the tapping mode. Transmission electron 
microscope (TEM) cross-sectional specimens were prepared 
by focused ion beam ablating in a FEI Helios NanoLab 600i 

system. TEM study was carried out to characterize the inter-
faces between Sb2Te3 and Ge epilayers in a Hitachi H-8100 
TEM. The Raman spectra were measured in the back scat-
tering geometry in a DAC T64000 spectrograph system. And 
a solid-state, diode pumped, frequency-doubled Nd: vanadate 
laser (λ  =  532 nm) was used as excitation laser. Core level 
spectra of these samples were recorded by a Thermo Scientific 
ESCALAB 250Xi XPS system with a monochromated Al Kα 
(1486.6 eV) x-ray source. The valance bands (VB) of these 
individual layers of heterostructures were recorded by a 
PREVAC UPS system under He irradiation (hν  =  21.2 eV). 
Fourier transform infrared spectroscopy (FT-IR) absorption 
spectrum was performed on a Bruker IFS 66 V/S IR spectro-
meter. The single Ge layer and 1 h growth Sb2Te3 film was 
investigated to get their absorbance spectrum. Prior to the 
measurement, the spectrometer was purged with CO2 air. The 
samples were fixed on the holder of the instrument. For each 
sample, 102 scans with a resolution of 4 cm−1 were taken for 
spectrum integration in the wavenumber range from 4000 to 
400 cm−1.

3. Results and discussion

The growth of Sb2Te3/Ge heterosturcture was monitored in 
situ by RHEED. The clean GaAs (0 0 1) surface was observed 
by in situ RHEED in figure 1(a). The (2 × 1) reconstructed 
Ge surface which maintained GaAs (0 0 1) primary diffrac-
tion streaks is shown in figure  1(b) because of the similar 
lattice parameters between Ge and GaAs. The formation of 
this RHEED pattern reflecting the epitaxial character of Ge 
growth is the same as previously reported [28]. The Sb2Te3 
RHEED patterns with different growth time are shown in  
figures 1(c) 5 min and (d) 1 h. Despite the large lattice mis-
match of about 24% between Ge (0 0 1) and Sb2Te3 (0 0 l), it 
is noted that the initial crystalline Sb2Te3 pattern was imme-
diately textured and sharp streaky RHEED patterns show the 
yielding of smooth epitaxial hetero-interface [18]. Although 
the diffraction pattern confirms a typical crystalline growth, 
the presence of faint streaks suggest that Sb2Te3 films may 
have formed a twin structure, which was observed by other 
group previously [29]. Furthermore, the additional streaks are 
caused by the 30° rotation domains which were observed by 
scanning tunneling microscope [30].

The structural properties of Sb2Te3/Ge heterosturcture 
were obtained by a x-ray diffraction (XRD) and AFM. The 
crystal structure and orientation are shown in figure 2(a). The 
intense coincident peaks of Ge (0 0 4) and GaAs (0 0 4) with 
a full width half maximum (FWHM) of 0.01° indicate high 
crystalline quality of Ge epitaxial film. For Sb2Te3 films, XRD 
profiles reveal that these reflections are generated only from 
(0 0 3)-type lattice planes. All peaks could be indexed to rhom-
bohedral phase (Inorganic Crystal Structure Database Minerals 
15-0874, R3m). These manifest that Sb2Te3 films are highly 
c-axis perpendicular to the substrate surface. The FWHM of 
rocking curve for Sb2Te3 (0 0 6) reflection is 0.6596° and for 
(0 0 9) is 0.2213°, as shown in figures 2(b) and (c). The Sb2Te3 
dominant defects are tellurium vacancies and antisite defects 
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[31]. And these defects can donate charges so they have signifi-
cant influence on the electronic transport property. In this case, 
although the molecular beam epitaxy is efficient to avoid defect 
formation, the existence defects are still proved in the structure 
by the Sb2Te3 RHEED pattern and rocking curve reflection. 
The growth with fewer vacancy and antisite defects can be 
achieved by controlling the growth conditions. Additionally, 
the surface morphologies of the samples are exhibited in fig-
ures 2(d)–(f). The corresponding average roughness (Ra) and 
root-mean-square roughness (Rq) for a single Ge film are 1.36 
and 1.72 nm, for 5 min Sb2Te3/Ge are 0.687 and 0.936 nm, and 
for 1 h Sb2Te3/Ge are 0.662 and 0.849 nm. It suggests that the 
rough Ge film surface tends to be flat after a growth of 2 quin-
tuple layers (QLs) Sb2Te3. The significant variation in rough-
ness gives an indirect evidence for a natural layer-by-layer 
growth mode of TI films. Such TI planar characteristic is suit-
able for size-controllable integrated devices.

Cross-sectional high resolution transmission electron 
microscopy (HR-TEM) was used to characterize the interface 
of Sb2Te3/Ge heterosturcture. For this purpose, the electron 
transparent foil of Sb2Te3/Ge/GaAs (0 0 1) sample was pre-
pared using focused ion beam. Pt deposition and a Gallium 
ions beam were employed to ablate very narrow (<100 nm 
thick) upstanding slice. The height profile across the complete 
plane is shown in figure 3(a) in which the uniform thickness 
of Sb2Te3 and Ge layers could be observed in a long range. 
Selected area electron diffraction (SAED) pattern of Sb2Te3 
is a superposition of the Ge and GaAs patterns as shown in 
figure  2(b). SAED patterns confirm that the c-axis orienta-
tion of Sb2Te3 film lies along either [1 1 0] or [1 1 0] direction 
on the Ge epifilm surface. Figure 3(c) shows the Sb2Te3/Ge 
interface in detail. The partial enlarged HR-TEM image of 
Sb2Te3/Ge heterostructure and HR-TEM micrograph for the 
Ge/GaAs interfaces are shown in the supporting information  
(figures S1 and S2 (stacks.iop.org/JPhysD/50/105303/mmedia)). 

The highly structure-perfection of parallel QL is confirmed. 
The atomic structure is schematically shown in figure 3(d). The 
sharp heterointerface between Ge (0 0 1) and Sb2Te3 (0 0 l ) is 
formed and the strain is relaxed rapidly. The unique feature 
could attribute to the weak van der Waals epitaxy [32] and 
was observed at other TI heterointerfaces [33–35]. Moreover,  
there is no unwanted interlayer diffusion in Sb2Te3/Ge inter-
face [36, 37]. This consequence could give rise to minimizing 
the interface scattering of carrier transport from tunnel barrier 
to the semiconductor [38] and is in favour of better electrical 
transport characteristics for low-power spintronic applications.

Figure 4 shows typical Raman spectra of Sb2Te3/Ge heter-
osturctures. Prior to the measurement, the spectrometer was 
calibrated using a Si line. The green curve is for 5 min depos-
ited Sb2Te3 obtained under exciting power 50 mW. In order 
to achieve longer penetration depth, higher excitation power 
of 150 mW was employed for 1 h Sb2Te3 sample (red curve). 
The peaks of 5 min Sb2Te3 which thickness is about 2 QL 
could still be observed despite of weakness. For the 1 h Sb2Te3 
sample, the peaks become more evident. The strong peak 
located at 301.2 cm−1 is corresponding to Ge film [39]. The 
other five peaks could be identified as Sb2Te3 film and are con-
sistent with the result reported earlier [40]. The peaks located 
at 72.6, 123.2 and 165.4 cm−1 among them are in agreement 
with the characteristic peaks of the Sb2Te3 single crystal. 

Named as A1g
1 , Eg

2 and A1g 
2  modes respectively, the peaks were 

determined experimentally and also calculated in the previous 
work (the subscript ‘g’ denotes Raman active modes, E and 
A represent the in-plane and out-of plane lattice vibrations, 
respectively) [41, 42]. The additional peaks are denoted as P1 
and P2. P1 is probably an infrared-active mode of the Sb2Te3 
film named Au (‘u’ denotes IR-active modes) which could 
be detected under resonance excitation conditions due to the 
very strong electron coupling to the electric field produced by 

Figure 1. Evolution of RHEED pattern during the growth of Sb2Te3/Ge heterostructures on GaAs (0 0 1). (a) GaAs (0 0 1) substrate after 
5 min annealing at 350 °C, (b) Ge film with 1 h growth on GaAs at 330 °C, (c), (d) Sb2Te3 films with 5 min growth and 1 h growth on  
Ge/GaAs (0 0 1) at 200 °C, respectively. The incidence azimuth of the electron beam in all RHEED patterns is along [1 1 0] direction.
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longitudinal optical phonons [43]. However, the origin of P2 
is still unknown and needs further study.

In order to determine �Ev and �Ec at Sb2Te3/Ge hetero-
interface, core level binding energies and valance band max-
imum (VBM) values were measured by XPS and UPS. These 
measurements were performed on the following 3 samples: 
(1) single Ge epitaxial layer (1 h growth), (2) 23 nm thick 
Sb2Te3 film (1 h growth) on Ge layer, and (3) the thickness 
less than 2 nm Sb2Te3 film (5 min growth) on Ge layer. The 
binding energy was corrected by adjusting the C 1s core-level 
peak position to 284.6 eV for each sample. The position of 
Sb 3d5/2 peak centroid from XPS measurement is found to be 
528.70 ± 0.05 eV as shown in figure 5(a). The high intensity 
of Sb–O peaks is attributed to that Sb2Te3 is easily oxidized 
in atmosphere and Sb element is easy to be oxidized [44, 45].
Through the peak fitting procedure, the positions of Sb 3d 
peaks centroid don’t shift compared with the etching results 
which are shown in the supporting information (figure S3). 
There is no influence on the band offset value selecting Sb 
3d5/2 core level or Sb 3d3/2 since the binding energy separa-
tion between their peaks is fixed to be 9.35 eV. The Sb2Te3 
UPS spectrum is depicted in figure 5(a). The VBM value is 

determined by extrapolating linearly the leading edge to the 
extended base line of VB spectra [46, 47]. The VBM posi-
tion of Sb2Te3 is estimated as 0.23 eV below the Fermi level. 
Therefore the energy difference between Sb 3d5/2 centroid and 
Sb2Te3 VBM is measured to be 528.47 ± 0.05 eV. With the 
same method, Ge 3d and Ge VBM spectra are recorded in 
figure 5(b), and the energy difference between Ge 3d centroid 
and Ge VBM is found to be 29.57 ± 0.05 eV for single Ge 
film. In figure 5(c), the presence of the peak located at 32.6 eV 
for Ge 3d on the heterointerface of Sb2Te3/Ge is typical Ge–O 
bonding [48]. The peak position is completely identical with 
single Ge sample, and compared to the single Ge layer, the 
Ge–O peak intensity enhancement can be attributed to thin 
Sb2Te3 covering layer on the Ge surface. The energy differ-
ence between Sb 3d5/2 centroid and Ge 3d centroid is deter-
mined to be 498.70 ± 0.05 eV. The �Ev at the Sb2Te3/Ge 
heterointerface is determined by these measured core levels 
and VBM spectra with the following equation [49]:

= − − −

− −

�E E E E E

E E

V Sb 3d
Sb

VBM
Sb 1h Sb2Te3

Ge 3d
Ge

VBM
Ge Ge

Sb 3d
Sb

Ge 3d
Ge 5 min  Sb2Te3/Ge interface

( ) ( )
( )

 
  (1)

Figure 2. (a) XRD patterns of as-grown Sb2Te3/Ge heterostructure, (b) and (c) the rocking curves of Sb2Te3 (0 0 6), (0 0 9) peaks.  
(d)–(f) AFM images for the single Ge flim with 1 h growth, Sb2Te3 films with 5 min and 1 h growth, respectively. The scanning area  
in each figure is 5 × 5 µm and the right side pillars are z scale bar with the maximum 20 nm for the height distribution.
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Figure 3. (a) Cross-sectional HR-TEM images of Sb2Te3/Ge/GaAs (0 0 1) integral structure. (b) SAED pattern taken along [1 0 0] Sb2Te3 
orientation. Sb2Te3 and Ge/GaAs diffraction indices are marked in the graph. (c) HR-TEM micrograph for Sb2Te3/Ge interfaces. The insets 
show the Fourier-transform diffractograms of the segment joints. (d) Atomic structure of the heterostructure, with Ge abutted by Sb2Te3 
(only 2 QL is shown for simplicity). The horizontal axis is along the [1 1 1] direction. The color scheme here is Te (purple), Sb (blue), and 
Ge (green).

Figure 4. The Raman spectra of Sb2Te3/Ge heterostructures collected from Sb2Te3 films with 1 h growth (red curve) and 5 min growth 
(green curve). The spectra were obtained at room temperature with 532 nm excitation.

J. Phys. D: Appl. Phys. 50 (2017) 105303
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Substituting the respective XPS and UPS data in the 
equation, we obtaine �Ev of Sb2Te3/Ge heterostructure as  
0.25 ± 0.1 eV. Furthermore, �Ec at Sb2Te3/Ge heterointerface 
is determined from the following equation:

� �= − −E E E EC g
Ge

g
Sb2Te3

V (2)

The band gap of Sb2Te3 is precisely determined by absorp-
tion coefficient measurement. As (αhν)2  =  A(hν  −  Eg) [50], 
where Eg is the band gap energy, A is a constant and hν is 
the incident photon energy, α is the absorption coefficient. 
The Sb2Te3 and Ge/GaSb absorption coefficients are shown 
in the supporting information (figure S4). Figure 5(d) shows  
the (αhν)2 versus hν curve. The Sb2Te3 band gap energy ~
0.35 ± 0.01 eV is determined by extrapolating the linear part 
of the data to the x axis of the curve. The �Ec is calculated to 
be 0.07 ± 0.11 eV by the measured value of �Ev, the meas-
ured bandgap of Sb2Te3, and the bandgap of Ge 0.67 eV. 
The core lever to VBM binding-energy difference and the 
resulting band offsets on Ge (1 0 0) epitaxial layer are tabu-
lated in table 1.

We observe binding energy shifts between Sb 3d5/2 and 
Ge 3d core levels in each thin film sample and the same 
core levels in heterostructure sample, which show the band 
bending at the heterointerface. Binding energy shifts are 

found to be 528.70  −  528.70  =  0 eV for Sb 3d5/2 peak and 
30.05  −  29.95  =  0.10 eV for Ge 3d peak. The results reflect 
the weak bonding between Sb2Te3 epilayer and Ge surface. 
It is a consequence of van der Waals nature of TIs [46]. A 
schematic band diagram for the Sb2Te3/Ge hetero-structure is 
constructed using these band offset values, band bending and 
band gaps (shown in figure 6). These results would allow us 
to tune the Fermi level to the Dirac point and to control spin 
polarization in TI [51, 52]. And in this case, Ge valence band 

Figure 5. (a) Sb 3d core level (ESb 3d
Sb ) and VBM (EVBM

Sb ) of Sb2Te3 film with 1 h deposited, (b) Ge 3d core level (EGe 3d
Ge ) and VBM (EVBM

Ge ) 
of single Ge film, (c) Sb 3d core level (ESb 3d

Sb ) and Ge 3d core level (EGe 3d
Ge ) of 5 min deposited Sb2Te3 film/Ge interface. (d) Absorption 

coefficient of the band gap of Sb2Te3 was determined showed the core level spectrum of Sb2Te3 film with 1 h deposited. The Sb2Te3 band 
gap of 0.3 eV was determined from this plot.

Table 1. Core-level to VBM binding energy difference for Sb2Te3 
and Ge layer.

Material and  
interface

Binding energy 
difference

Measured band offset of 
the Sb2Te3/Ge heteros-
turcture

�Ev �Ec

Sb2Te3 − =E ESb 3d
Sb

VBM
Sb  

528.47 ± 0.05 eV

— —

Ge − =E EGe 3d
Ge

VBM
Ge  

29.57 ± 0.05 eV

— —

Sb2Te3/Ge  
interface

− =E EGe 3d
Ge

Sb 3d
Sb  

498.70 ± 0.05 eV

0.25 ± 
0.1 eV

0.07 ± 
0.11 eV

Eg of Sb2Te3 0.35 ± 0.01 eV — —

J. Phys. D: Appl. Phys. 50 (2017) 105303
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bends away from the Fermi-level [8], probably because of 
weak interfacing with the Sb2Te3 exotic cone-shaped gapless 
surface state. For the electrical transport on the energy-band 
diagram which we constructed, we expect that the out-of-
plane resistivity would achieve further increase in transistor 
drive current and minimize the gate leakage; the exotic TI spin 
texture in-plane could lead to a current-induced spin polariza-
tion in the surface states [52]. These effects would enhance the 
spin injection efficiency, however it still need direct proof via 
electronic and spin injection measurements.

4. Conclusions

In conclusion, Sb2Te3/Ge heterostructures were successfully 
grown on GaAs (0 0 1) substrates by MBE method. For layer-
by-layer epitaxial growth, the films are highly uniform and 
with good crystallinity confirmed by structural and topo-
graphic properties. Cross-sectional HR-TEM shows a sharp 
heterointerface and the different crystal symmetries of the two 
materials. Raman mapping confirms the presence of strong 
characteristic peaks reported previously for these materials in 
bulk form. Based on precise XPS and UPS measurements, no 
chemical shift of Sb2Te3 reflects that TI conduction state was 
conserved. The Ge valence band bending demonstrates that 
inserting thin TI tunnel barriers could solve the problem of 
Fermi level pinning close to the Ge valence band at metal/Ge 
junctions. The valence and conduction band offsets of Sb2Te3 
with respect to Ge are measured as 0.25 ± 0.1 and 0.07 ± 
0.11 eV. The schematic band diagram for Sb2Te3/Ge hetero-
junction is proposed. These properties show significant dif-
ference from common gate dielectric and would offer support 
for further study on their distinct electrical transport prop-
erties. Considering the van der Waals layered characteristics 
of TIs sharing similar crystal structure of Sb2Te3, our results 
should be possible to serve as useful reference for integra-
tion of other TIs and Ge-based semiconductor for spintronic 
applications.
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