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    Abstract     Films of pseudo-hexagonal Bi 2 Te 3 , Bi 2 Se 3 , and their alloys were 
 successfully grown by molecular beam epitaxy (MBE) on GaAs (001) substrates. 
The growth mechanism and structural properties of these fi lms were investigated 
by refl ection high-energy electron diffraction (RHEED), atomic force microscopy 
(AFM), X-ray diffraction (XRD), high-resolution transmission electron micros-
copy (HRTEM), and Raman spectroscopy and mapping. The results indicate that 
the epitaxial fi lms are highly uniform and of high crystalline quality. The elec-
tronic band structure of these fi lms was studied by angle-resolved photoemission 
spectroscopy (ARPES). The results confi rm that these fi lms are topological insula-
tors, with a single Dirac cone for the topological surface states. Electric transport 
measurements were performed on the fi lms, and weak anti-localization (WAL) 
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was observed in the magnetoresistance. Tuning of conductance by gating was 
demonstrated in top-gated fi eld effect transistor (FET) devices fabricated from 
these fi lms.  

11.1         Introduction 

 In terms of conventional band theory, solids can be classifi ed either as metals or as 
insulators. Traditional insulators include covalent insulators and atomic insulators, 
distinguished by the size of their band gaps, around 1.0 and 10 eV, respectively. 
Recently, a new type of quantum matter, the topological insulator (TI), has been 
brought to the attention of the science community, primarily by the ground-breaking 
theoretical work of Kane and Mele [ 1 ,  2 ]. Following this revolutionary theoretical 
milestone, quantum spin Hall effect (QSHE) was predicted and observed in two- 
dimensional (2D) HgTe quantum wells [ 3 ,  4 ], which possess a pair of crossing 
perfectly conducting edge states and exhibit a quantized resistance of  R  =  h /2 e  2  [ 5 ]. 
These advances have stimulated intensive search for three-dimensional (3D) TIs, a 
new state of matter with topologically nontrivial band structure originating from 
strong spin-orbit coupling [ 6 ,  7 ]. 

 The 3D TIs possess fully gapped bulk states and gapless surface states, which 
can be described by the Rashba spin-orbit Hamiltonian [ 1 ,  8 ,  9 ]. These surface 
states are chiral, i.e., they possess a well-defi ned spin texture (referred to as spin- 
momentum locking), and they have an energy-momentum spectrum akin to the 
Dirac cone [ 10 ,  11 ]. Chiral Rashba surface states have a nontrivial band topology 
protected by time-reversal symmetry, and are thus robust against coherent backscat-
tering and smooth perturbations invariant under time reversal [ 9 ]. Unlike 2D TIs, 
3D TIs at present are experimentally established largely by surface-sensitive probes, 
such as scanning tunneling microscopy (STM) and angle-resolved photoemission 
spectroscopy (ARPES). These measurements have confi rmed 3D topological insu-
lating behavior in a number of materials—Bi 1 −  x  Sb  x   [ 12 ], Bi 2 Se 3  [ 13 ,  14 ], Bi 2 Te 3  [ 15 , 
 16 ], and Sb 2 Te 3  [ 17 ]—all of which show an insulating energy gap in the bulk and 
gapless surface state(s) with a Dirac-like linear band dispersion. Further experimen-
tal studies of these systems have provided evidence of the existence of chiral surface 
states, and confi rmed their protection by time-reversal symmetry [ 9 ]. For example, 
spin-resolved ARPES was used to measure spin polarization of the surface states, 
demonstrating the correlation between spin and momentum in these TI materials 
[ 17 ]. Moreover, a combination of STM and spin-resolved ARPES demonstrated 
that scattering between states with opposite momenta is strongly suppressed in the 
presence of time-reversal-invariant disorder in these materials [ 18 ]. The discovery 
of TIs has thus revolutionized our understanding of insulating behavior, and has 
stimulated intense investigation on the interaction between TIs and other forms of 
quantum matter. One should note that the rich new physics which occurs in TI-based 
structures, in addition to its fundamental interest, could also contribute to the devel-
opment of a platform for many novel applications. 
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 In order to study fundamental TI properties, high quality TI fi lms need to be 
interfaced with superconductors, ferromagnets, or other complex materials [ 5 ,  9 ]. 
In this context, molecular beam epitaxy (MBE) is especially attractive, because of 
its capability for growing multilayer heterostructures under highly controlled condi-
tions, so that defect formation is minimized during growth. Most efforts to fabricate 
TI fi lms by MBE have so far been carried out using substrates with either hexagonal 
or threefold symmetric surface structures, such as Si (111) [ 19 ,  20 ], graphene [ 21 ], 
sapphire (0001) [ 21 ], SrTiO 3  (111) [ 22 ], and GaAs (111) [ 23 ]. Because representa-
tive spintronic materials, such as (Ga,Mn)As, are most commonly grown on GaAs 
(001) substrates [ 24 ], and Fe fi lms of very high crystalline perfection can also be 
grown on GaAs (001) or (110) substrates [ 25 ], we are actively pursuing MBE 
growth of Bi 2 Te 3 , Bi 2 Se 3 , and their alloys on GaAs (001) substrates [ 26 ,  27 ], with 
the goal of combining these electronic materials into multifunctional device con-
fi gurations in the future. 

 In this chapter, we describe MBE growth of hexagonal Bi 2 Te 3 , Bi 2 Se 3 , and their 
alloys on such symmetrically mismatched GaAs (001) substrates. This novel growth 
mode may enable one to combine almost any pair of layered materials together, thus 
allowing us to produce a variety of high quality hybrid heterostructures. Our work 
reveals the unique layer-by-layer growth of these materials in a pseudo-hexagonal 
layered structure—a crystalline form that involves sequences of fi ve atomic layers 
[quintuple layers (QLs), e.g., Te-Bi-Te-Bi-Te or Se-Bi-Se-Bi-Se], each atomic Te/
Se or Bi layer within the QL forming a 2D hexagonal lattice perpendicular to the 
growth axis (the  c -axis). Our results thus suggest a powerful new possibility for 
combining the highly attractive properties of TI materials with traditional electronic 
materials that are compatible with the cubic structure, for the purpose of construct-
ing new multifunctional device confi gurations.  

11.2     MBE Growth of Bi 2 Se 3  and Bi 2 Te 3  Films 

 The TI fi lms, including Bi 2 Te 3 , Bi 2 Se 3 , and their ternary alloys, were grown using a 
dual chamber Riber 32 solid-source MBE system. The Bi, Te 2 , and Se 2  fl uxes were 
generated by standard effusion cells installed in a modifi ed II–VI MBE chamber. 
The structure and thickness of the fi lms were monitored in situ by refl ection high- 
energy electron diffraction (RHEED). The growth sequence was as follows. First, 
an epi-ready GaAs (001) substrate was heated to 600 °C for deoxidation in the III–V 
MBE chamber. This was followed by deposition of a 100-nm GaAs buffer layer. 
This modifi ed substrate was then transferred to the II–VI MBE chamber through an 
ultrahigh vacuum connection. The growth of the TI fi lm was initiated by deposition 
of a series of monolayers of Te-Bi-Te-Bi-Te or Se-Bi-Se-Bi-Se—a quintuple layer 
(QL)—in atomic layer epitaxy (ALE) fashion at room temperature. During this 
 process, the (2 × 4) RHEED pattern of GaAs buffer (as shown in Fig.  11.1a, b ) dis-
appeared, indicating that an amorphous fi lm had been deposited.

11 MBE Growth of Thin Hexagonal Films Bi 2 Te 3 , Bi 2 Se 3 …
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   The substrate was then gradually heated to 300 °C, and a streaky unreconstructed 
RHEED pattern appeared (see Fig.  11.1c–f ). The MBE growth of Bi 2 Te 3 , Bi 2 Se 3 , or 
their alloys was subsequently performed under Te 2 - or Se 2 -rich conditions with 
 T  substrate  = 300 °C. The RHEED patterns shown in Fig.  11.1c–f  were maintained 
throughout the entire growth process. It is important to note that the observed 
RHEED pattern showed six recurrences during each rotation of the substrate, which 
confi rmed the  c -axis growth of the TI fi lms, with the  a -axis lying along either the 
[110] or the  [ ]110    direction of the GaAs (001) substrate. Two types of RHEED pat-
terns were observed at this stage, depending on the annealing process. As shown in 
Fig.  11.1c, d  typically observed in the case of Bi 2 Te 3  (QLs of Bi 2 Te 3  usually survive 
for a longer annealing time than for Bi 2 Se 3 ), the annealing yielded an unrecon-
structed pattern with distinct features observed for GaAs [110] and  [ ]110    direc-
tions, respectively. We attribute this to the hexagonal surface symmetry of the TI 
layer. Alternately, in the case of MBE growth of Bi 2 Se 3 , we typically observed the 
same RHEED patterns for both GaAs [110] and  [ ]110    directions, as shown in 
Fig.  11.1e, f . Note that the RHEED pattern in Fig.  11.1e, f  is actually a combination 

  Fig. 11.1    RHEED patterns 
observed for two specifi c 
orientations of GaAs (001) 
substrate during MBE growth 
of Bi 2 Te 3  and Bi 2 Se 3 . ( a ) and 
( b ) correspond to GaAs (001) 
surface; ( c ) and ( d ) show 
single-phase growth mode 
(Bi 2 Te 3 ); ( e ) and ( f ) indicate 
dual-phase growth mode 
(Bi 2 Se 3 ). After ref. [ 30 ]       
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of two distinct patterns, that for the [110] and the  [ ]110    directions in the Fig.  11.1c, 
d , respectively. We attribute this to the coexistence of two types of hexagonal sur-
faces perpendicular to each other. 

 The MBE growth of Bi 2 Te 3  and Bi 2 Se 3  was then performed under the condition 
of  T  Te  (or  T  Se ) <  T  substrate  (300 °C) <  T  Bi  (500 °C) with a Se 2 (or Te 2 ):Bi beam equivalent 
pressure (BEP) ratio ranging from 10:1 to 100:1. At the beginning of the growth 
clear RHEED oscillations of the specular spot were observed, each oscillation cor-
responding to the growth of one QL. Figure  11.2  shows RHEED oscillations 
observed with different temperatures of the Bi cell,  T  Bi . As the Bi cell temperature 
was increased, the period of the oscillations decreased, indicating that the growth 
rate was directly controlled by the Bi fl ux, and that the growth of the TI fi lms pro-
gressed in a QL-by-QL mode.

   The same kind of growth is also observed on Ga-rich GaAs (001) surfaces, i.e., 
surfaces with a (4 × 6) RHEED pattern. We therefore attribute the successful growth 
of pseudo-hexagonal Bi 2 Te 3  and Bi 2 Se 3  on GaAs (001) substrates to the weak Van 
der Waals coupling between the substrate and the TI fi lms, leading to immediate 
strain relaxation as the interface is forming. Note that the symmetry-mismatched 
interface between cubic (001) GaAs and pseudo-hexagonal (0001) Bi 2 Te 3  or Bi 2 Se 3  
leads to the appearance of two hexagonal phases with the orientation relationships 
as either  ( ) ( )110 0110�    or (110) || (1000), indicating an interface effect on the 
nucleation of the hexagonal phases. 

 Earlier studies of MBE growth of Bi 2 Te 3  on cubic Si (001) substrates [ 22 ] 
appeared to suggest that a hexagonal structure of the substrate surface was essential 
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  Fig. 11.2    RHEED intensity oscillations of the specular point versus growth time for different Bi 
cell temperatures  T  Bi : ( a ) Bi 2 Te 3 ; ( b ) Bi 2 Se 3 . After ref. [ 31 ]       
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for epitaxial growth of Bi 2 Te 3  fi lm to succeed. In contrast, our work shows that high 
quality Bi 2 Te 3 , Bi 2 Se 3 , and their alloys can form on GaAs (001) substrates with well- 
defi ned crystal orientations. This result suggests that the problems encountered in 
the MBE growth of Bi 2 Te 3  fi lms on Si (001) substrates could be caused by the reac-
tivity of Te with Si [ 28 ], rather than being a result of mismatched symmetries at the 
substrate–TI interface. Our discovery shows that a self-correction process during 
growth of these layered honeycomb materials may play an important role in over-
coming differences between crystal arrangements at interfaces during epitaxy.  

11.3     Surface Morphology 

 Subsequent to MBE growth, the surface morphology of the TI samples was charac-
terized ex situ by atomic force microscopy (AFM). Figure  11.3  shows AFM images 
of Bi 2 Te 3  and Bi 2 Se 3  fi lms deposited at a growth rate of 2 nm/min, at the Te 2 /Bi BEP 

  Fig. 11.3    AFM images of Bi 2 Te 3  and Bi 2 Se 3  fi lms grown with the Te 2 /Bi BEP ratio of 10 and Se 2 /
Bi BEP ratio of 20, respectively. ( a ) 210-nm-thick Bi 2 Te 3 ; ( b ) 215-nm-thick Bi 2 Se 3 ; ( c ) 15-nm- 
thick Bi 2 Te 3 ; ( d ) 15-nm-thick Bi 2 Se 3 . After ref. [ 31 ]       
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ratio of 10 for Bi 2 Te 3  and Se 2 /Bi ratio of 20 for Bi 2 Se 3 . The thicknesses of the Bi 2 Te 3  
and Bi 2 Se 3  layers shown in Fig.  11.3a, b  are 210 and 215 nm, respectively, and the 
thicknesses of the fi lms corresponding to Fig.  11.3c, d  are 15 nm.

   The images show many hills of triangular shape (spirals) aligned along specifi c 
orientations. Our results agree with other reports on Bi 2 Te 3  [ 22 ] and Bi 2 Se 3  [ 26 ] 
fi lms, suggesting that the growth of TI fi lms takes place by a spiral growth mode, 
with fast surface diffusion of Bi and Se/Te adatoms to existing Bi 2 Se 3  or Bi 2 Te 3  
island edges due to weak interactions between these adatoms and the substrate [ 29 , 
 30 ]. Such growth mode can be seen especially clearly in Fig.  11.3d  where many 
small triangular terraces are observed for a 15-nm-thick Bi 2 Se 3  layer, indicating 
initial 2D island formation for very thin fi lms [ 27 ]. This result also suggests that the 
mobility of Bi adatoms is much slower on the Bi 2 Se 3  surface than on Bi 2 Te 3 , most 
likely due to different chemical bond strengths of Bi–Te and Bi–Se. Note, however, 
that as the growth proceeds, the surface morphology of Bi 2 Se 3  eventually becomes 
similar to that of Bi 2 Te 3 . It is already known in this connection that the surface mor-
phology of TI fi lms is dramatically affected by the group-VI/Bi BEP ratio and by 
the growth rate [ 22 ]. In the case of Bi 2 Se 3  growth, as we decreased the Bi fl ux, the 
surface of thin Bi 2 Se 3  layers became much smoother, becoming Bi 2 Te 3 -like. 

 The detailed growth mechanism of TI fi lms is described in [ 34 ]: the growth of 
Bi 2 Se 3  and Bi 2 Te 3  on epitaxial GaAs (001) begins with 2D nucleation, and the spiral 
growth follows by pinning of the 2D growth fronts at domain boundaries that are 
created during the coalescence of the 2D islands. Winding of the growth fronts 
around these pinning centers leads to triangular shape domains (or spirals) that were 
already referred to. It should be noted that due to the symmetry mismatch between 
the hexagonal lattices of TI fi lms and the cubic symmetry of the GaAs (001) sur-
face, along with the weak interaction with the substrate surface, two types of rota-
tion domains could form in the TIs fi lms. This is displayed very clearly by the 
opposite orientation of the triangle islands in Fig.  11.3b .  

11.4     Structure Investigations 

 The structures of TI samples grown by MBE were characterized by Raman spectros-
copy, Raman mapping, transmission electron microscopy (TEM), and high- resolution 
X-ray diffraction (HR-XRD). Micro Raman spectroscopy was performed with laser 
excitation at 532-nm (power ~0.8 mW). The results, shown in Fig.  11.4a, b , reveal 
three of the characteristic peaks for Bi 2 Se 3  [at ~71 cm −1  ( A1

1
g  

 ), 131 cm −1  ( Eg
2

 
 ), and 

174 cm −1  ( A1
2
g  

 )], and two of the characteristic peaks for Bi 2 Te 3  [at ~102 cm −1  ( Eg
2

 
 ) 

and 134 cm −1  ( A1
2
g  

 )]. The peaks observed in these two TI materials are consistent 
with the lattice vibration modes reported earlier [ 31 ]. In Fig.  11.4c, d , representative 
Raman maps (showing Raman shift of the Raman peak  Eg

2

 
  as a function of position) 

are plotted for Bi 2 Te 3  (Fig.  11.4c ) and Bi 2 Se 3  (Fig.  11.4d ). These Raman maps show 
that the differences of the Raman shift are less than ~1 cm −1  within a scan area of 
15 × 15 μm, indicating impressively a high uniformity of the fi lms.
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  Fig. 11.4    ( a ,  b ) Raman spectra measured on thin Bi 2 Se 3  and Bi 2 Te 3  fi lms. ( c ,  d ) Maps of Raman 
shift (relative to bulk) for Bi 2 Se 3  and Bi 2 Te 3  fi lms, respectively, using the peak  Eg

2

 
  Raman peak. 

Adapted from ref. [ 30 ,  31 ]       

   The microstructure of the fi lms was determined using cross section transmission 
electron microscopy (XTEM). Samples were prepared for TEM examination using 
standard mechanical polishing and argon-ion-milling, with the sample held at 
liquid- nitrogen temperature during the milling process in order to avoid uninten-
tional ion-milling artifacts. In Fig.  11.5 , XTEM images of Bi 2 Te 3  and Bi 2 Se 3  layers 
grown on GaAs (001) buffers show the lattice structure of both the TI fi lms and the 
GaAs substrate near their interfaces. Clean interfaces without any amorphous 
phases are observed, similar to those reported for fi lms grown on GaAs (111) sub-
strates [ 27 ]. The highly parallel QLs—Te(Se)-Bi-Te(Se)-Bi-Te(Se)—are visible in 
both Bi 2 Te 3  and Bi 2 Se 3  fi lms, marked by the symbol “ I ” in the fi gure. From Fig.  11.5  
it appears that the highly parallel QLs in Bi 2 Se 3  fi lm extend over a signifi cantly 
longer range than those in Bi 2 Te 3  fi lms, indicating that a particularly strong internal 
self-correction process is occurring in Bi 2 Se 3  fi lms as the growth proceeds. In addi-
tion, despite the symmetry mismatch between the hexagonal lattices of the TI fi lms 
and the fourfold cubic symmetry of the GaAs (001) surface, the TEM images show 
that both TI fi lms are highly uniform, and that their crystallinity is comparable to 
that of fi lms grown on substrates with hexagonal surface structure.

   In the case of Bi 2 Se 3  fi lms, domain boundaries can often be observed in XTEM 
images. In Fig.  11.6 , the XTEM image of Bi 2 Se 3  layer grown on GaAs (100) buffer 
clearly shows the boundaries between two rotation domains. Two interesting fea-
tures can be seen in the images: fi rst, the QLs crossing the domain boundaries are 
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  Fig. 11.5    HRTEM images 
showing cross sections of 
topological insulator ( a ) 
Bi 2 Te 3  and ( b ) Bi 2 Se 3  grown 
by MBE on a GaAs (001) 
substrate. The distances 
between QLs (~1 nm) are 
marked by “ I .” After ref. [ 31 ]       

  Fig. 11.6    ( a ) TEM images showing cross sections of topological insulator Bi 2 Se 3  grown by MBE 
on a GaAs (001) substrate. ( b ,  c ) HRTEM images showing cross sections of topological insulator 
Bi 2 Se 3  with two different lattice alignments with respect to the GaAs (110) plane       

aligned on the same plane, suggesting that this boundary resulted from two types of 
rotation domains instead of antiphase boundaries or stacking faults; second, one 
domain is totally enclosed by the other, suggesting that some domains expand faster 
than other domains. In Fig.  11.6b, c , the high-resolution cross section images clearly 
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show two different lattice alignments with respect to the underlying GaAs lattice, as 
indicated schematically by the lattices shown in the insets. These TEM images thus 
confi rm our observations from RHEED and AFM studies.

   The overall crystallinity of the TI fi lms was evaluated by HR-XRD using the Cu 
 K  α1  radiation line. Figure  11.7  shows XRD patterns that were obtained from (a) a 
233-nm-thick Bi 2 Te 3  fi lm and (b) a 180-nm-thick Bi 2 Se 3  fi lm. Strong refl ections 
from {003}-type lattice planes of the TI are clearly visible, indicative of the highly 
directional  c -axis growth of the fi lm. The full-width-at-half-maximum for the 
(0,0,6) plane indicates that the crystallinity of Bi 2 Se 3  is considerably better than that 
of Bi 2 Te 3  (108 versus 234 s). The QL thicknesses were calculated from the XRD 
data, giving  d  QL  = 1.014 ± 0.005 nm for Bi 2 Te 3  and  d  QL  = 0.9527 ± 0.0005 nm for 
Bi 2 Se 3 , respectively (here the uncertainties correspond to 1 σ ). Both values are con-
sistent with the values of 1.016 nm for bulk Bi 2 Te 3  [ 32 ] and 0.9545 nm for bulk 
Bi 2 Se 3  [ 33 ].

11.5        Bi 2 (TeSe) 3  Ternary Alloy 

 In addition to exploration of the binary TI compounds described above, we have 
also grown a series of ternary Bi-chalcogenide alloys such as Bi 2 (Te  x  Se 1 −  x  ) 3 . Such 
alloys, including their ordered compounds such as Bi 2 Te 2 Se 1 , are naturally expected 
to have a large bulk resistivity owing to several mechanisms [ 34 ,  35 ] that are not 
present in the binary TIs, thus making them of special interest for those TI studies 
where the high conductivity of the bulk acts to obscure the topological effects asso-
ciated with surface states. The specifi c mechanisms which tend to increase the bulk 
resistivity of such alloys are primarily the following: (1) the formation of Se vacan-
cies is expected to be suppressed in ternary alloys, because the Se ion trapped 
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between two Bi atoms is less exposed to evaporation due to stronger chemical 
 bonding with Bi that occurs in this position; (2) the formation of Te anti-site defects 
between Te and Se layers is also expected to be suppressed because of preferential 
bonding between Se and Bi, in contrast to the weak Se–Te bonding; (3) under proper 
conditions, the formation of ordered Te-Bi-Se-Bi-Te quintuple layers (QLs) can 
also be achieved in such ternary combinations of Bi, Te, and Se, minimizing the 
additional disorder that could be caused by Se/Te randomness, consecutively reduc-
ing the bulk carrier concentration. 

 With this in mind, we have also carried out the growth of a series of Bi 2 (TeSe) 3  
alloy fi lms on GaAs (001) substrates using various Te 2 /(Te 2  + Se 2 ) BEP ratios. The 
ternary fi lms were grown in a Te-rich regime by varying Se 2  fl ux, with a constant 
of Te 2 /Bi BEP of around 10. As in the case of the binary TI fi lms discussed above, 
the XRD spectra taken on the ternary Bi 2 (TeSe) 3  alloy fi lms reveal only refl ections 
from the {003}-type lattice planes, again indicating highly directed  c -axis growth 
of these fi lms. X-ray rocking curves yielded a full-width-at-half maximum of 
0.2–0.5°. Figure  11.8a  shows the (0,0,18) refl ection peaks of the XRD spectra 
obtained for a series of Bi 2 (TeSe) 3  fi lms, indicating that a wide spectrum of mixed 
Bi 2 (TeSe) 3  alloys can be obtained, thus also representing a step toward realizing 
structures with ordered Te-Bi-Se-Bi-Te QLs. The QL thicknesses  d  QL  were calcu-
lated from the XRD data. As shown in Fig.  11.8b , the quintuple layer thickness 
 d  QL  is not fully linear with the Te/(Te + Se) ratio of the Bi 2 (TeSe) 3  alloy composi-
tion, which was measured by Rutherford backscattering spectrometry. Such 
 nonlinearity (bowing) suggests that the chemical stoichiometric ratios [i.e., Te/
(Te + Se)] might be different between the center Te/Se plane and the top/bottom 
Te/Se planes of QL structure. We attribute this interesting nonlinearity to the fact 
that Bi favors bonding with Se rather than with Te. This result agrees with our 
AFM measurements.
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11.6        ARPES and Transport 

 The ARPES measurements were performed at beamline 10.0.1 (HERS) of the 
Advanced Light Source, Berkeley, CA, equipped with a VG-Scienta R4000 electron 
analyzer. The 330-nm-thick fi lm sample was cleaved in situ for full exposure of a 
pristine surface, and was measured at ~20 K in a vacuum better than 5 × 10 −11  Torr. 

 Figure  11.9  shows ARPES data of a 330-nm-thick Bi 1.95 Te 0.25 Se 2.8  fi lm, where the 
chemical stoichiometry of this alloy was measured by Rutherford backscattering 
spectrometry. Figure  11.9a  presents typical ARPES constant energy maps at three 
different binding energies. The ARPES Fermi map (left panel of Fig.  11.9a ) shows 
clearly the remnant photoemission intensity from the bulk conduction band (BCB) 
around Γ, and the topological surface state (Dirac cone) circumventing it. No sign 

  Fig. 11.9    ARPES data obtained on a 330-nm-thick Bi 1.95 Te 0.25 Se 2.8  fi lm. ( a ) Constant energy maps 
at three selected binding energies (BEs). It is clear from the fi gure that the Dirac point is fully 
exposed for this fi lm. ( b ) ARPES  k - E  map along the  Γ - M  direction ( k   y  ).  BCB  bulk conduction 
band,  BVB  bulk valence band,  SS  surface state ( Dirac cone )       
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of hexagonal warping is seen at the Dirac cone, since the Fermi level of this fi lm is 
located at only 0.27 eV above the Dirac point, where the infl uence of the sixfold 
symmetry of the bulk bands on the surface state is weak. From the map taken at 
0.27 eV binding energy (middle panel of Fig.  11.9b ), it is seen that the Dirac point 
is fully exposed. The top of the bulk valence band (BVB) lies lower than the Dirac 
point. At higher binding energies, the infl uence of the bulk symmetry becomes more 
visible (right panel of Fig.  11.9a ), as the band contour changes to a hexagonal shape. 
Figure  11.9b  presents an ARPES  k – E  map taken along the  Γ - M  momentum space 
direction, where the BVB, BCB, and SS (surface state) are clearly marked. The 
presence of BCB below the Fermi level confi rms the bulk conducting nature of the 
fi lm. One noteworthy observation from this map is that the photoemission intensity 
experiences a slight suppression at the Dirac point, forming a gap-like feature. 
Several reasons might lead to this phenomenon. (1) The remaining fi lm after the in 
situ cleaving may be so thin that the top and bottom layers of the fi lm interact with 
each other, giving rise to a tunneling gap resolved by other studies. (2) Strong spa-
tial fl uctuations caused by surface impurities may prevent the momentum from 
being a good quantum number, which in turn gives rise to a gap-like feature in 
spatially averaged measurements such as ARPES [ 36 ].

   We have carried out low-temperature ( T ) magnetotransport measurements on 
both Bi 2 Se 3  and Bi 2 Te 3  fi lms. Our magnetotransport data show pronounced cusp- 
like behavior in both fi lms, consistent with weak anti-localization (WAL) [ 37 ,  38 ]. 
As an example, we have performed low- T  transport measurements on a Bi 2 Se 3  fi lm 
(6 nm). The magnetotransport data exhibit resistance suppression near zero  B -fi eld 
(Fig.  11.10c ), consistent with WAL related to spin-momentum locking and spin- 
orbit coupling [ 9 ,  39 ,  40 ]. WAL has been recently extensively used in TI study to 
probe the coherent transport properties of both the bulk and the surface carriers, 
e.g., coherence channel number and length [ 42 ,  44 ].

   In this work, all our Hall-bar devices are patterned into a 15-μm-width by stan-
dard lithography, with Cr/Au ohmic contacts deposited by an e-beam evaporator. To 
study electric fi eld-modulated transport, the Bi 2 Se 3  Hall-bars are capped by a 35-nm 
Al 2 O 3  dielectric layer using atomic layer deposition. Figure  11.10a  shows one of our 
typical top-gated Hall-bar fi eld effect transistor (FET) devices with Al 2 O 3  dielectric. 
The transport measurements are performed in cryostats using standard low- 
frequency lock-in techniques. 

 As shown in Fig.  11.10b , our 6-nm Bi 2 Se 3  fi lm exhibits a transition from a high- T  
metallic behavior to a low- T  insulating behavior, indicating that the bulk conduction 
starts to be reduced at low- T . At the base  T  (1.5 K), the electron concentration ( n  e ) 
and mobility ( μ ) for this specifi c Bi 2 Se 3  fi lm extracted from the Hall data (Fig.  11.10c ) 
are  n  e  = 1.5–3.5 × 10 13  cm −2  (2.5–5.9 × 10 19  cm −3 ) and  μ  ~140 cm 2 /V s, respectively, 
indicating that there still remains a signifi cant amount of bulk carriers. Moreover, 
near the zero  B- fi eld region,  R   xx   data shows a downward cusp-like behavior (WAL 
feature). Figure  11.10d  shows the effects of the electric fi eld on the sheet resistance 
( R   xx  ) at the base  T  = 1.5 K. In this sample with a substantial bulk carrier density,  R   xx   
is only weakly modulated by the gate voltage ( V  g ). The observed WAL can be fi t 
well by a two-component Hikami–Larkin–Nagaoka (HLN) equation in the strong 
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spin-orbit coupling limit [ 41 ]. The HLN analysis gives two important coherent 
transport parameters, phase coherence length ( l  c ) and coherence channel number 
( A ), where  A  = −1 corresponds to one single coherence channel. Our results for this 
sample show  A  = −1.2 and  l  c  = 42.6 nm, both parameters being only weakly depend-
ing on  V  g .  

11.7     Concluding Remarks 

 In this exploratory study, we have successfully grown high quality epitaxial fi lms 
of Bi 2 Te 3 , Bi 2 Se 3 , and their alloys on GaAs (001) substrates even though there is a 
mismatch between the hexagonal lattices of Bi 2 Te 3  and Bi 2 Se 3  TI fi lms and the 
fourfold cubic symmetry of the GaAs (001) surface. The fi lms are highly uniform, 
and their crystalline quality is comparable to that of fi lms grown on substrates with 
hexagonal or threefold symmetric surfaces. Examination of the TI fi lm surfaces by 
AFM reveals a spiral growth mode, the same as reported previously for TI fi lms. 
Measurements of ARPES were also carried out, and confi rmed the TI properties. 
Magnetotransport studies performed on these Bi 2 Te 3  and Bi 2 Se 3  fi lms clearly show 

  Fig. 11.10    ( a ) Optical image of a typical top-gated Bi 2 Se 3  Hall-bar device with high- k  dielectric 
(Al 2 O 3 ). ( b ) Temperature dependence of the resistance for a typical 6 nm Bi 2 Se 3  fi lm. ( c ) 
Magnetoresistance ( R   xx   and  R   xy  ) for the 6-nm Bi 2 Se 3  device at  T  = 1.5 K, showing a typical WAL 
behavior in the low  B -fi eld region. ( d ) Electric fi eld ( V  g ) modulated sheet resistance at  T  = 1.5 K       
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signatures of 2D transport, including effects of WAL. Future studies of TI fi lms 
grown on GaAs (001) substrates should contribute toward a better understanding 
of the process of formation of TI-layered structures in MBE growth. Fabrication of 
TI fi lms on substrates compatible with commonly used orientations also opens 
important options for future spin-based devices. Opportunities such as the realiza-
tion of spin-momentum locking in the surface bands of interest for spintronic 
applications [ 42 ,  43 ,  45 ] and the realization of quantized magneto-electric effects 
[ 44 ,  45 ] suggest themselves in this context. As a more distant but highly exciting 
prospect, such studies would also lay the ground for further work for advancing 
magnetic-monopole- like image charges [ 46 ], as well as for obtaining structures 
that can host Majorana fermions at topological insulator/superconductor inter-
faces, that hold promise for applications in fault-tolerant topological quantum 
computing [ 47 ,  48 ].     
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