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ABSTRACT
Bi2Te3-based alloys are known to have outstanding thermoelectric  properties.  Although structure–property  relations have been
studied,  still,  detailed  analysis  of  the  atomic  and  nano-scale  structure  of  Bi2Te3  thin  film  in  relation  to  their  thermoelectric
properties remains poorly explored. Herein, highly-textured (HT) and single-crystal-like (SCL) Bi2Te3 films have been grown using
pulsed laser deposition (PLD) on Si wafer covered with (native or thermal) SiOx and mica substrates. All films are highly textured
with c-axis out-of-plane, but the in-plane orientation is random for the films grown on oxide and single-crystal-like for the ones
grown on mica. The power factor of the film on thermal oxide is about four times higher (56.8 μW·cm−1·K−2) than that of the film on
mica (12.8 μW·cm−1·K−2), which is comparable to the one of the polycrystalline ingot at room temperature (RT). Reduced electron
scattering  in  the  textured  thin  films  results  in  high  electrical  conductivity,  where  the  SCL  film  shows  the  highest  conductivity.
However,  its  Seebeck coefficient  shows a low value.  The measured properties are correlated with the atomic structure details
unveiled by scanning transmission electron microscopy. For instance, the high concentration of stacking defects observed in the
HT film is considered responsible for the increase of Seebeck coefficient compared to the SCL film. This study demonstrates the
influence  of  nanoscale  structural  effects  on  thermoelectric  properties,  which  sheds  light  on  tailoring  thermoelectric  thin  films
towards high performance.
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1    Introduction
Bi2Te3-based alloys have been intensively investigated over the past
decades  for  their  high  thermoelectric  performance  around
ambient  temperature  in  converting  temperature  gradient  into
voltage,  or  vice  versa  [1–5].  The  figure  of  merit, ZT = S2σT/k,  is
commonly  used  to  evaluate  the  thermoelectric  properties  of
materials, where S, σ, T, and k are the Seebeck coefficient, electrical
conductivity,  absolute  temperature,  and  thermal  conductivity,
respectively  [6].  It  is  generally  accepted  in  the  thin  film  research
community  that  it  is  challenging  to  measure  the  thermal
conductivities  of  films  accurately,  specifically  when  the  thickness
of  the film is  only a  few tens of  nanometers.  Compared with the
bulk  of  Bi2Te3-based  alloys,  there  is  no  significant  advantage  for
the  power  factors  (S2σ)  of  corresponding thin  films,  but  they  still
attract  great  attention  due  to  their  potential  application  in
micro/nano-electronics  [7].  In  order  to  improve  the
thermoelectric  performance  of  thin  films,  numerous  studies
focused  on  the  impact  of  microstructures,  compositions,
morphologies,  annealing  temperature,  thickness  as  well  as
different  architectures  on  the  thermoelectric  properties  of  Bi2Te3
films [8–14].  For instance,  in a  series  of  impure Bi-Te films with
different thickness, the highest power factor at room temperature
(RT) of 18.5 μW·cm−1·K−2 was achieved [15]. Le et al. and Bassi et
al.  deposited  Bi2Te3 films,  showing  different  morphologies  when

imaged by scanning electron microscopy (SEM), where the power
factor  was  enhanced  in  films  with  a  layered  structure  [9, 10].
Furthermore,  utilizing  irradiation,  Suh  et  al.  obtained  more
defective  Bi2Te3 films  which  significantly  improved  the  power
factor to a value as high as 34 μW·cm−1·K−2 [13]. Indeed, except for
doping,  defect  engineering  by  introducing  point  defects,
dislocations,  grain  boundaries,  and  nano-inclusion  is  another
powerful  method  in  obtaining  high  performance  thermoelectric
materials.

Bi2Te3 films  with  textured  microstructure  remarkably  enhance
the power factor as the carrier mobility and electrical conductivity
show superior  behavior  along the ab-plane.  However,  due  to  the
difficulty to grow highly-textured (HT) films, previous studies on
the textured Bi2Te3 films have mostly focused on (000L) textured
film with some other orientations [8, 16]. Only a few reports have
been  found,  where  exclusive  (000L)  orientated  films  were  grown
to  improve  the  power  factor  [9, 17].  Zhang  et  al.  fabricated  the
highly-textured  Bi2Te3 film  with  columnar  nanostructure  by
sputtering,  which  simultaneously  improved  the  electrical
conductivity and Seebeck coefficient [17]. On the other hand, it is
also  reported  that  the  power  factor  could  be  notably  increased
because  of  low-angle  grain  boundaries  even  though  the  Seebeck
coefficient  slightly  decreased  in  Bi2Te3 film  with  well-ordered
structure  [18].  Clearly,  in  order  to  enhance  the  electrical
conductivity,  it  is  necessary  to  grow  well-textured  films,  but
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whether the Seebeck coefficient can be properly tailored with such
structure  is  still  ambiguous.  Therefore,  in-depth  research  on  the
microstructure  in  these  well-ordered  Bi2Te3 films  is  necessary  to
figure  out  solutions  for  further  optimizing  their  thermoelectric
properties. It should be noted that with sputtering it is difficult to
control  the  film  quality  in  spite  of  its  wide  use  in  industrial
fabrication  lines.  Recently,  a  two-step  process  was  employed  to
grow highly-textured two-dimensional (2D) chalcogenide films in
sputtering  and  molecular  beam  epitaxy  (MBE)  systems  [19, 20].
Intriguing  phenomena  were  found  based  on  this  highly-textured
structure. Saito et al. observed zero-band gap in highly-textured Bi-
rich  Bi-Te  films  by  optical  measurements  [21].  Taskin  et  al.
fabricated  high-quality  epitaxial  Bi2Se3 films  with  various
thicknesses  using  a  similar  strategy  by  MBE,  where  topological
protection was confirmed below the thickness of ~ 6 nm [22]. In
our  previous  studies,  we  also  succeeded  in  depositing  highly-
textured  chalcogenide  films  on  amorphous  SiOx surface  by  this
two-step  growth  process  with  pulsed  laser  deposition  (PLD)
[23, 24].  Herein,  we  have  grown  highly-textured  Bi2Te3 films  on
amorphous SiOx surface and crystalline mica surface by the two-
step  and  a  one-step  process,  respectively.  In  previous  research,
clear  relations  between  thermoelectric  properties  and  factors  like
thin  film  morphologies  and  texture,  annealing  temperature,  and
thickness  have  been  shown  [9, 16–18].  However,  these  previous
studies  in  general  lacked  comprehensive  analyses  of  atomic  scale
structure  effects  on  thermoelectric  properties.  The  aim  of  this
work is to add these atomic scale structure details and to improve
our  understanding  of  how  to  control  and  optimize  the  power
factor using the nanoscale structure of thin films. 

2    Experimental
Bi2Te3 films were grown on Si (100) covered with native oxide (~
1.8 nm, Fig. S1 in the Electronic Supplementary Material (ESM)),
Si  (100)  covered  with  thermal  oxide  (~  300  nm),  and  freshly
cleaved  (001)  muscovite  mica  substrates  by  PLD  using  a
commercial  stoichiometric  compound  target  obtained  from
KTECH with a purity of 99.999%. The native Si (100) and thermal
Si  (100)  substrates  were  sonicated  in  acetone,  isopropanol,  and
ethanol, and then dried using a nitrogen jet before being glued on
the deposition stage. A two-step growth method was used to grow
Bi2Te3 films  on  native  and  thermal  oxide.  During  deposition,
firstly a "seed" layer of 200 pulses (~ 3 nm) Bi2Te3 film was grown
at  RT,  and  heated  at  10  °C·min−1 to  210  °C.  Then  1,800  pulses
(~  27  nm)  Bi2Te3 film was  deposited  at  210  °C.  Once  cleaved  in
air,  the  mica  substrate  was  immediately  installed  in  the  PLD
chamber  and  heated  at  10  °C·min−1 to  210  °C,  followed by  2,000
pulses Bi2Te3 film deposition. All the depositions were done using
a KrF laser (λ = 248 nm) in an Ar gas ambient at a pressure of 0.12
mBar with a 1 sccm flow. The background pressure was below 10−7

mBar and the distance between target and substrate was 5 cm. The
deposition  was  carried  out  with  a  laser  fluence  and  repetition  of
0.8  J·cm−2 (spot  size  1.3  mm2)  and  1  Hz,  respectively.  After
deposition, the heater was turned off, Ar gas was pumped out, and
the  samples  were  cooled  down  to  RT  in  the  chamber  (pressure
below 10−6 mBar).

The crystalline structure of the Bi2Te3 films was assessed by X-
ray  diffraction  (XRD),  using  a  Panalytical  X’pert  Pro
diffractometer operating with high-resolution θ–2θ specular scans
and ω-rocking  scans.  Surface  morphology  was  characterized  by
atomic force microscopy (AFM), using a Bruker MultiMode 8 and
analyzed by the Gwyddion software. In situ reflection high-energy
electron diffraction (RHEED) was used to observe the top surface
structure  during  the  deposition.  Transmission  electron
microscopy  (TEM)  cross-section  samples  were  prepared  by  a

focused  ion  beam  (FIB,  Helios  G4  CX  DualBeamTM).  The
preparation  of  the  mica  plan-view  specimen  is  detailed  in  a
previous publication [24]. S/TEM measurements were performed
with  a  probe-  and  image-corrected  Thermo  Fisher  Scientific
Themis  Z  S/TEM  operating  at  300  kV.  The  plan-view  specimen
on  Si  wafer  were  prepared  by  mechanical  polishing,  dimple
grinding,  followed  by  low-voltage  Ar+-ion  milling  for  final
thinning  using  a  Gatan  PIPS  II  to  achieve  electron transparency.
Part  of  TEM  analysis  and  corresponding  selected  area  electron
diffraction  (SAED)  were  carried  out  using  a  JEOL  2010  TEM
operating  at  200  kV.  Seebeck  coefficients  and  electrical
conductivity were measured using a Linseis LSR-3 apparatus and
the van der Pauw method, respectively. 

3    Results and discussion
Significant  efforts  were  devoted  to  optimizing  the  deposition
parameters  for  pure  Bi2Te3 [12, 16].  Due  to  the  anisotropic
trigonal  structure,  the  crystal  orientation  of  Bi2Te3 film  must  be
controlled to achieve desirable thermoelectric properties.  RHEED
patterns  recorded  during  the  optimized  growth  process  of  the
Bi2Te3 films on the three types of substrates (native silicon oxide,
thermal  silicon oxide,  and mica)  are  shown in Fig. 1.  During  the
two-step  growth  process,  a  direct  change  from  the  substrate
pattern  to  a c-axis  textured  polycrystalline  Bi2Te3 film  pattern  is
observed for both the native and thermal oxide substrates (the left
two columns in Fig. 1). Since only a very thin SiOx layer on top of
the  native  substrate  is  present,  a  relatively  weak  dotty  RHEED
pattern with Kikuchi  lines of  Si  (001) can be detected.  When the
SiOx layer becomes thicker,  like ~ 300 nm for the thermal oxide,
RHEED electrons cannot penetrate through the amorphous oxide
film and a typical hazy pattern is generated as depicted in Fig. 1(a)
(the  Thermal  column).  When the  200  pulses  Bi2Te3 seed  layer  is
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Figure 1    RHEED  patterns  recorded  during  the  growth  of  Bi2Te3 films  on  Si
(100)  containing  native  oxide  (left  column),  thermal  oxide  (middle  column),
and on mica (right column). The Native and Thermal columns show the bare
substrates  in  (a)  200  pulses  Bi2Te3 seed  layer  deposited  at  RT  (b)  and  after
heating to 210 °C (c), and Bi2Te3 surface at the end of the (in total 2,000 pulses)
growth (d). (a) The Native column shows that the penetration depth of RHEED
is  still  sufficient  for  reaching  the  Si  (100)  substrate.  The  Mica  column  shows
RHEED  patterns  from  the  bare  mica  (a)  and  as-deposited  Bi2Te3 film  (b)
perpendicular to mica  and Bi2Te3 , respectively. (c) and (d) are
patterns  taken  from  bare  mica  and  as-deposited  Bi2Te3 film  perpendicular  to
mica <010> and Bi2Te3 , respectively.
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grown on the  native  and thermal  oxide  substrates,  their  RHEED
patterns change to blurry rings (Fig. 1(b), the Native and Thermal
columns), which indicate that the RT growth of Bi2Te3 is not fully
amorphous  but  contains  some  (nano)crystalline  constituents.
Figure  1(c) (the  Native  and  Thermal  columns)  shows  that  by
annealing  at  210  °C,  the  Bi2Te3 seed  layer  is  transformed  into  a
fully crystalline film with minor (atomic scale) roughness as can be
derived  from  the  streaky  pattern  [25].  The  roughness  is  not
substantial,  because  then  a  so-called  three-dimensional  (3D)
pattern  would  be  observed,  i.e.,  with  distinct  spots  on  multiple
rings [26].  With further deposition of Bi2Te3 at  high temperature
in Fig. 1(d) (the Native column), the streaky features become more
apparent, because the diffuse intensity around the streaks from the
annealed seed layer has largely vanished, showing that the crystal
quality of the film surface improves during the growth. However,
in Fig. 1(d) (the  Thermal  column),  the  streaky  intensity  also
increases,  but  the  diffuse  intensity  around  the  main  streaks
remains  similar,  which  implies  that  a  considerable  amount  of
defects  is  generated  during  the  growth  process  and  substantial
disorder  remains  present  during  growth  at  the  surface.  Without
such defects, the diffuse intensity should have largely vanished and
this is not observed. The distances between the streaks in all cases
correspond  to  the  expected  interplanar  distances  in  the  basal
plane, showing that the films have their c-axis out-of-plane. Since
it  is  also  found  that  the  RHEED  patterns  do  not  change  upon
rotation for both native and thermal oxide substrates, the in-plane
orientation  is  random,  indicating  domains  with c-axis  out-of-
plane but not any texture in-plane. Probably the domain structure
in  these  Bi2Te3 films  is  very  similar  to  the  one  in  Sb2Te3 we
analyzed  earlier  in  more  detail  with  transmission  electron
backscatter diffraction (see Fig. 4 in Ref. [27]).

< 11̄0>

112̄0 011̄0

On the other hand, when Bi2Te3 is grown on bare mica heated
at  210 °C,  the  spot  pattern from smooth mica  immediately  gives
way  to  a  nice  sharp  streak  pattern  from  Bi2Te3.  Also,  when
rotating  the  mica  in-plane  from  to  <010>,  the
corresponding in-plane crystal direction of the Bi2Te3 film changes
from  ( )  to  ( ),  as  can  be  observed  from  comparing  the
Mica column in Figs. 1(a)–1(d). Therefore, it can be stated that the
Bi2Te3 films on mica not only have c-axis out-of-plane, but also are
highly  textured  in-plane,  pointing  at  a  single-crystal-like  (SCL)
structure. Based on RHEED only, it cannot be proven whether the
film has a single crystal structure or consists of domains with small-
angle  misorientation,  but  the  XRD  and  TEM  results  presented
below will shed more light on this.

Results  of  XRD  analyses  of  the  (2,000  pulses)  Bi2Te3 films  on
the three types of substrates are shown in Fig. 2. It can be noticed
readily that, in addition to the substrate (Si and mica) peaks, only
the  Bi2Te3 (000L)  (L =  3,  6,  15,  18,  21)  Bragg  peaks  can  be
detected, indicating that all films were grown highly textured with
c-axis  out-of-plane  without  any  observable  impurity  phase.  Since
the c lattice parameter of mica is nearly twice as large as the Bi2Te3
quintuple  distance,  the  mica  (00L)  peaks  are  close  to  the  Bi2Te3
(000L)  peaks.  For  instance,  the  strongest  Bi2Te3 (0006)  peak
overlaps with the mica (004) peak. It has been shown earlier that
highly  textured  2D  thin  films  can  be  fabricated  by  utilizing  self-
oriented seed layers (using the so called two-step process) [23, 27].
Since we use the same method to grow Bi2Te3 films on native and
thermal  oxide  substrates,  which  have  the  same  chemical
amorphous surface (SiOx), the same final film quality is expected.
However, in the case of the native oxide, we found slightly weaker
and broader XRD peaks (as  well  as  lower signal-to-noise ratio in
the  XRD  spectra).  On  the  other  hand,  the  Bi2Te3 on  the  mica
sample  shows  the  sharpest  XRD  peaks.  In  order  to  quantify  the
degree  of  out-of-plane  texture, ω rocking  scans  are  shown  in
Fig. 2(b). The full-width-at-half-maximum (FWHM) values of the

Bi2Te3 (0006) peaks from the ω-scans (~ 1.3° versus ~ 2.1°) clearly
corroborate that the out-of-plane texture is sharper for the Bi2Te3
on thermal oxide than on native oxide. ω-scans of the Bi2Te3 (000
15) peaks imply that the orientation on mica is even better than on
thermal  oxide  (~ 0.6°  versus  ~ 1.0°),  although a  one-step growth
process  is  used  in  the  former  case  and  a  two-step  process  in  the
latter case. When analyzing the ω-scan for the sample on mica, the
rocking curve actually consists of two different peaks: a broad peak
from the Bi2Te3 film and a narrow peak from the mica. This can
reasonably explain why the overall  curve exhibits a much smaller
tilt  distribution  (~  0.06°)  compared  with  MBE  grown  films
[28–30]. However, this ~ 0.06° is an erroneous value for evaluating
the texture of Bi2Te3 on mica,  because firstly the mica peak must
be removed. In order to do so, the FWHM of the bare mica peak
was measured to be 0.027° (Fig. S2 in the ESM). For the overall fit,
PsdVoigtI  functions were used,  where the FWHM of the narrow
mica  peak  was  fixed  and  the  peak  positions  of  the  narrow  and
broad  peaks  were  shared  when  fitting  the  Bi2Te3 (000  15)  peak.
The  R-square  value  of  the  fit  is  0.992,  showing  that  the  data  is
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Figure 2    (a) θ–2θ XRD  scans  of  Bi2Te3 films  on  three  different  substrates  at
210  °C,  (b) ω-scans  of  Bi2Te3 (0006)  reflection  on  native  and  thermal  oxide
substrates, and ω-scans of Bi2Te3 (000 15) reflection on thermal oxide and mica
substrates.  (c)  The  fitting  of ω-scan  around the  Bi2Te3 (000  15)  peak  on  mica
substrate. Numbers in (b) and (c) are the full width at half maximum values of
the corresponding curves.
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fitted  well.  The  FWHM  of  the  remaining  pure  Bi2Te3 (000  15)
peak is  actually  ~ 0.6°.  Still,  it  demonstrates  that  the out-of-plane
mosaic spread is the smallest for the film deposited on mica.

The topographies of the Bi2Te3 films on the different substrates
were  measured  by  AFM  (Fig. 3).  The  root-mean-square  (RMS)
roughness  of  the  2,000  pulses  Bi2Te3 film  on  native  and  thermal
oxide  substrates  is  determined  to  be  ~  1.5  and  ~  1.2  nm,
respectively.  It  should  be  noted  that,  even  when  the  film  on
thermal  oxide  is  slightly  thicker  than  the  one  on  native  oxide
(~  32.4  versus  ~  31.3  nm, Fig. S3  in  the  ESM;  thicknesses  were
measured  based  on  FIB  prepared  cross-sections  imaged  using
SEM), the surface is still smoother, which is another hint that the
mosaicity of the Bi2Te3 film on thermal oxide substrate is smaller.
This  is  in  agreement  with  the  XRD  results  shown  in Fig. 2.  In
comparison,  a  much  lower  RMS  roughness  of  ~  0.35  nm  is
derived  for  ~  24.6  nm Bi2Te3 film on mica  (Fig. S3  in  the  ESM).
Such a smooth and high quality  film is  comparable  to the MBE-
grown Bi2Te3 film [29, 31].

The local atomic structure of the Bi2Te3 films has been studied
using  S/TEM,  of  which  overview  plane-view  and  cross-section
images of the Bi2Te3 film on native oxide are shown in Figs.  4(a)
and 4(b),  respectively.  Combining  the  plane-view  image  and
correlated  SAED  pattern  shown  as  inset,  the  random  in-plane
Bi2Te3 crystal  orientation  and  domain  boundaries  are  clearly
observable. The rings in the SAED pattern, indicating the random
in-plane orientation, originate from the Bi2Te3 film. However, the
four  distinct  sharp  spots  originate  from  the  Si  (100)  substrate
(showing  4  {022}  reflections)  below  the  thin  native  oxide.  The

interaction  between  the  Si  substrate  and  the  Bi2Te3 gives  rise  to
double  diffraction  in  the  SAED  pattern.  In  addition,  interesting
growth  features  can  be  observed  in  this  two-step  growth  on  the
native  oxide.  The  smallest  domain  size  found  in  the  plan-view
images is ~ 50 nm, which is clearly bigger than the film thickness.
So, it is expected that the domain boundaries would run across the
entire film thickness and would not be parallel to the film surface.
This  is  widely  found  in  many  thin  films  [27, 32].  In  this  respect,
Fig. 4(b) shows  that  two  domains  stack  on  top  of  each  other,
where the domain boundaries are indicated by the green dash line.
Such  special  domain  boundaries  have  also  been  found  in  MBE-
grown  Bi2Te3 film  on  Si  substrate  [33].  This  explains,  at  least  in
part,  why  mosaicity  of  Bi2Te3 film  on  native  oxide  substrate  is
relatively  large,  even though tilted  domains  creating  clear  surface
roughness  like  in  Sb2Te3 film  grown  with  physical  vapor
deposition  (PVD)  and  Ge-Sb-Te  film  grown  with  PLD  are  not
observed in  this  case  [34, 35].  A typical  high-angle  annular  dark-
field  scanning  TEM  (HAADF-STEM)  image  of  columnar
domains with hexagonal  crystal  structure is  shown in Fig. 4(c).  It
shows  that  the  tilt  distribution  of  neighboring  domains  is  so
limited  that  van  der  Waals  (vdW)  gaps  of  the  left  domain  are
aligned  parallel  to  the  right  one.  Since  the  left  one  is  not  viewed
along a zone axis, the atomic columns are invisible. In contrast, a
nice stack of quintuples is observable in the domain on the right,
from  which  the  extracted  local  line-scan  depicted  in Fig. 4(e)
shows  the  [–Te1–Bi–Te2–Bi–Te1–]  quintuple  structure  well.  Also,
the  vdW  gaps  between  [Te1–Te1]  are  clearly  present  as  indicated
by  the  orange  arrows  in Fig. 4(e).  Nevertheless,  abundant  bilayer
defects  are  seen  throughout  the  entire  film,  where  examples  are
shown in Fig. 4(d) and indicated by the yellow and red dash lines.
This  kind  of  defect  was  previously  reported  in  GeSbTe
film/superlattice  on  etched  Si  surface,  and  ascribed  to  the  effect
induced in the film by a monolayer surface step on the substrate
[35].  However,  this  cannot  directly  explain  the  bilayer  defects  in
the  film  analyzed  here,  because  the  native  oxide  at  the  surface  is
amorphous.  Still,  the  native  oxide  is  so  thin  (~  1.8  nm)  that  it
cannot  fully  smoothen  the  atomic  steps  at  the  Si  (100)  surface.
Then,  when  domains  nucleate  and  grow  on  different  locations
with  slightly  tilted  orientation,  their  vdW  gaps  do  not  align
perfectly at the domain boundaries.  Bilayer defects then still  arise
to  accommodate  the  misalignment  at  the  domain  boundaries.
Considering  defect  engineering  (nano-inclusion),  which  is  a
promising route to obtain high ZT values in bulk materials as well
as thin films [36, 37], we anticipate relatively good performance of
this  film.  However,  since  the  native  oxide  is  so  thin,  it  is  not
possible to measure thermoelectric properties of  solely the Bi2Te3
film  due  to  interference  of  the  Si  substrate.  This  is  rather
unfortunate,  because  potentially  the  power  factor  of  the  Bi2Te3
film on  native  oxide  could  be  better  than  the  ones  measured  for
the films on thermal oxide and mica.

Next  we  study  the  local  nanostructure  of  Bi2Te3 films  on
thermal oxide in an analogous manner as done for the film on the
native oxide. Exemplary results are depicted in Fig. 5. Also herein,
Fig. 5(a) and  the  inset  show  the  plan-view  TEM  image  and
corresponding  SAED  pattern,  and Fig. 5(b) shows  the  overview
HAADF-STEM  image  of  cross-sectional  Bi2Te3 film.  The
morphology is similar to the film on the native oxide, whereas the
SAED pattern only shows four rings resulting from diffraction of
Bi2Te3 (110), (300), (220), and (410) planes. The double diffraction
is  invisible,  from which we can directly  deduce that  there is  only
SiOx beneath the Bi2Te3 films. The domain size shown in Fig. 5(b)
is ~ 90 nm, in agreement with the size range from ~ 60 to ~ 200
nm measured from Fig. 5(a). The overview HAADF-STEM image
also  shows,  analogous  to  the  Bi2Te3 layers  on  the  native  oxide,  a
relatively flat film with properly organized quintuple structures. It

 

(a)

200 nm

200 nm

100 nm

(b)

(c)

Figure 3    AFM images of  Bi2Te3 films grown on (a)  native oxide,  (b)  thermal
oxide, and (c) mica substrates.
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is noteworthy to mention that, in contrast to the film on the native
oxide,  overlapping domains stacked on top of  each other are not
detected for the film on the thermal oxide. Probably this relates to
the  observation  that  the c-axis  out-of-plane  texture  is  somewhat
sharper  on  the  thermal  oxide  substrate  than  it  is  on  the  native
oxide  substrate.  However,  different  situations  can  be  observed
along the domain boundary shown in Fig. 5(c). The first situation
is that most of the vdW gaps in the right domain are not aligned
with  the  ones  in  the  left  domain,  which  may  cause  mutual
interaction  between  these  domains.  Similar  bilayer  defects,  as
already presented for  the Bi2Te3 film on the native  oxide sample,
can  also  be  found  here  for  the  thermal  oxide  sample  where  an
example is indicated by the yellow arrow. However, in addition, it
is  observed that  many vdW gaps cannot  extend to the boundary
forming  regular  bilayer  defects  as  in Fig. 4(d).  An  example  is
singled out by the yellow ellipse. Probably the interaction between
the  domains  at  the  boundary  causes  additional  stacking  disorder
close  to  boundary.  In  a  previous  result,  Ross  et  al.  show  that
GeSbTe  films  grown  by  PLD  contain  a  considerable  amount  of
disordered  stacking  sequences  which  may  be  ascribed  to  local
composition  fluctuations  [35].  Although  this  is  more  likely  for  a
ternary alloy, it is still possible that the local variations in Bi to Te
ratio cause stacking disorder.

The RHEED patterns of the Bi2Te3 film grown on mica clearly
demonstrate that this type of film is also highly-textured in-plane.
However, from the AFM image it remains unclear what the exact
nature  is  of  the  domain  boundaries.  This  is  important  for  the
thermoelectric properties which are influenced by scattering of the
free  charge  carriers  and  by  phonon  propagation  through  the
structure  [18].  In  order  to  investigate  the  boundaries  in  more
detail,  three  different  TEM-based  methods  were  used  to
distinguish them at  different  locations.  Each method was applied

to  several  boundaries  and  representative  results  are  depicted  in
Fig. 6.  First  we  exploited  a  small  selected  area  aperture  to  obtain
SAED  pattern  around  a  domain  wall,  as  indicated  by  the  purple
circle  in  the  bright-field  image  shown  in Fig. 6(a).  The
corresponding SAED pattern along the [0001] zone-axis confirms
one set of sharp six fold symmetric diffraction dots, not revealing
any  small  misorientation  between  the  neighboring  domains.  In
case there is a tiny misorientation, maybe SAED does not have the
required  precision  and,  therefore,  atomic  resolution  HAADF-
STEM  images  across  domain  boundaries  are  also  acquired.
Figure  6(b) shows  an  example  of  the  image  where  we  can  find
“strong” boundaries  and “weak” boundaries.  In  particular,  some
“weak” boundaries evolve to inside the domain and then vanish at
some point.  The inset  shows the  fast  Fourier  transform (FFT) of
the  image,  where  homologous  reflections  are  found,  further
verifying  that  a  misorientation  is  not  observable.  Note  that
random  Moiré  interferences  are  present  in  the  high  resolution
transmission electron microscopy (HRTEM) image of the sample
shown  in Fig. 6(c),  due  to  transmission  trough  surface  oxidized
layer and Bi2Te3 crystals, but not through Bi2Te3 and mica crystals,
which  would  give  rise  to  one  specific  Moiré  pattern.  It  was
previously  found  that  the  top  quintuple  layer  could  be  oxidized
after a few days [38]. Therefore, in order to minimize the influence
of the oxidation, in subsequent measurements, fresh samples were
used, i.e., analyzing them as soon as possible after taking them out
of  the  PLD  chamber.  The  third  method  used  here  to  study
domain boundaries is focusing on the atomic resolution HAADF-
STEM images around the boundary. The top left overview image in
Fig. 6(d) shows  the  locations  at  the  boundary  where  the  more
detailed  atomic  resolution  images  in  the  red  box  showing  a
“strong” boundary  and  the  yellow  box  showing  a “weak”
boundary  are  taken.  From  the  atom  planes  on  both  sides  of  the
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Figure 4    S/TEM analysis of Bi2Te3 film grown on native oxide. (a) Bright-field TEM image of plan-view Bi2Te3 film. The inset shows the SAED pattern. (b) Overview
bright-field  TEM image  of  cross-sectional  Bi2Te3 film.  (c)  HAADF-STEM image  around a  boundary  between well-aligned  domains.  (d)  High-resolution  HAADF-
STEM image around a boundary with slightly misaligned domains, showing bilayer defects. The yellow and red dash lines show the vdW gaps in both domains. (e)
Intensity line-scan from the area shown in (b) demonstrates the perfect quintuple stacking in local regions. The vdW gaps are indicated by the orange arrows.
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boundary, it can now be observed that the planes are well aligned
across  the  boundary,  although  there  is  a  thin  zone  with  hardly
recognizable  atomic  structure  at  this “strong” boundary.  For  the
“weak” boundary,  however,  this  atomic  structure  is  even  clearly
visible at the boundary. So, the above three types of results clearly
demonstrate  that  the  boundaries  do  not  exhibit  an  observable
rotation  around  the  out-of-plane  direction,  but  must  originate
from a small  out-of-plane misalignment,  e.g.,  due to the stacking
disorder in out-of-plane direction or a slight rotation around an in-
plane axis.  In  our  previous  study,  we also  discovered that  bilayer
defects  exist  already  in  a  very  thin  Bi2Te3 layer  on  mica  [24].
However,  the  Bi2Te3 films  on  mica  for  TEM  investigation  were
floated off the mica and then scooped up and collected on a TEM
grid. During this process, some bending of the film can occur and
induce  or  aggravate  the  boundaries  by  inducing  a  slight  rotation
around  an  in-plane  axis.  Nevertheless,  since  boundaries  are
observed by AFM for films still on the substrate, it is not possible
that all boundaries are an artifact of TEM sample preparation. Still,
the  most  striking  difference  between  the  Bi2Te3 films  on
amorphous  silicon  oxide  and  mica  is  related  to  the  in-plane
stacking.  All  are  highly-textured  out-of-plane,  but  on  the  oxide
substrates  the  films  have  domains  with  random  orientation  in-
plane,  whereas  on  mica  the  film  is  SCL  with  even  single
orientation in-plane.

An important final  goal  of  the present work is  to correlate the

detailed  nanostructural  observations  of  the  different  types  of
Bi2Te3 films shown above with their thermoelectric properties.  In
particular,  whether  a  significant  difference  in  properties  can  be
observed  for  the  HT  films  (with  domains  with  random  in-plane
orientation)  and  SCL  films?  Although  the  electrical  conductivity
(σ)  and Seebeck coefficient  (S)  of  Bi2Te3 films have been studied,
including thick HT Bi2Te3 films, no results have been reported on
such “thin” films  with  these  specific  detailed  known  structures.
Figures 7(a) and 7(b) present,  for the temperature range from 30
to 210 °C, the change of σ and S, respectively. With the increase of
temperature, the in-plane σ values of both the HT and SCL films
decrease,  while  the  absolute S values  increase.  The σ results
demonstrate that both types of Bi2Te3 films exhibit typical metallic-
like behavior, because it is dominated by a reduced charge carrier
mobility due to the well-known scattering effects between carriers,
phonons,  and  defects.  The  negative  values  measured  for  the
Seebeck coefficient for both types of films show that the dominant
charge carriers  in  our  Bi2Te3 film are  electrons.  The results  show
that the Bi2Te3 in our films is a degenerate n-type semiconductor.
A  very  prominent  observation  is  that  the σ of  the  SCL  film  is
much  higher  than  that  of  highly-textured  film,  e.g.,  about  2,440
and  1,980  S·cm−1 at  RT,  which  is  ~  23%  higher  (see Fig. 7(a)).  It
has  been  proved  that  the  carrier  concentration  in  well-ordered
Bi2Te3 film (~ 5–6 × 1020 cm−3)  is  lower  than in  random-ordered
film (~ 8–9 × 1020 cm−3), but the carrier mobility is about a factor
of  two  higher,  comparing  the  power  factor  with  previously
reported [18]. Such a SCL structure can explain well the relatively
high  carrier  mobility  in  the  film,  because,  as  shown  by Fig. 6,
crystal  planes  are  perfectly  aligned  (even  across  domain
boundaries) over large distances in the in-plane direction which is
the  direction  in  which  the  conductivity  is  measured  and  which
thus leads  to  high electrical  conductivity.  On the other  hand,  the
domains in the HT films on thermal oxide have random in-plane
orientation  and  have  sizes  of  only  60–200  nm.  These  domain
boundaries give rise to substantially more charge carrier scattering
and  thus  reduced  mobility  and  conductivity.  In  contrast  to  the
~ 23% lower conductivity, the Seebeck coefficient measured at RT
for the HT film is two times higher than the one for the SCL film
(see Fig. 7(b)).  When  the  temperature  increases  to  ~  210  °C,  it
even becomes ~ 3.5 times higher. The relevant reason is probably
the  more  pronounced  scattering  in  the  HT  film.  Assuming  a
Boltzmann distribution for the electrons, the S at RT depends on
the  scattering  parameter  (s)  and  carrier  concentration  (n),  as
expressed below [39]

S= KB

e

[
s+ 5

2
+ ln

2(2m∗KBT)
3
2

nh3

]
(1)

where e is the electronic charge, KB is the Boltzmann constant, m*

is  the  effective  mass  of  the  charge  carrier,  and h is  Planck’s
constant.  The  scattering  parameter s is  based  on  the  relaxation
time for the charge carriers. In general, there are several scattering
mechanisms,  i.e.,  phonon  scattering,  alloy  scattering,  ionized
impurity  scattering,  and  carrier  scattering.  Compared  with  the
SCL film, the in-plane orientation of HT film is random and more
stacking and layering faults can be observed in the film, particular
high-density line defects close to boundaries, which generate more
scatterings  and  probably  cause  the  film  to  exhibit  high  Seebeck
coefficients.  Herein,  the  difference  of  carrier  concentration
between the Bi2Te3 films with different structure is not expected to
be a dominant factor, which is also seen in previous work on the
textured Bi2Te3 films [17, 40].  Furthermore,  a  similar  mechanism
has  been  found  in  irradiated  (defective)  Bi2Te3 film,  where  a
transition  from  phonon-dominated  scattering  towards  impurity-
dominated  scattering  was  found,  leading  to  a  dramatic
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Figure 5    S/TEM analysis of Bi2Te3 film grown on thermal oxide substrate. (a)
Bright-field  TEM  image  of  plan-view  Bi2Te3 film.  The  inset  shows  the  SAED
pattern.  (b)  Overview HAADF-STEM image of  cross-sectional  Bi2Te3 film.  (c)
A  magnified  image  of  the  yellow  rectangle  area  indicated  in  (b),  showing
considerable  stacking  disorder  in  the  domain  on  the  left  close  to  a  domain
boundary.
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Figure 6    S/TEM analysis of Bi2Te3 film on mica substrate. (a) Bright-field TEM image of plan-view Bi2Te3 film. The inset shows the SAED pattern taken across two
neighboring domains, where the aperture location is indicated by the purple circle in the TEM image. (b) HAADF-STEM image of plan-view Bi2Te3 film, showing the
branches  of  domain  boundary.  The  inset  shows  the  FFT  from  the  domains  in  the  image.  (c)  A  wide-area  HRTEM  image  of  Bi2Te3 film  where  random  Moiré
interferences can be observed, indicating the surface of Bi2Te3 film has been oxidized. Figures on the top right and bottom in (d) show the atomic HAADF-STEM
images crossing the domains of the red and yellow areas indicated in the overview image shown in (d) at the top left.
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Figure 7    Temperature dependence of (a) electrical conductivity (σ), (b) Seebeck coefficient (S), and (c) power factor (S2σ) for Bi2Te3 films on thermal oxide and mica
substrates. (d) Comparison of in-plane S, σ, and S2σ at RT for highly textured (HT) film, single-crystal like (SCL) film obtained in present work with literature results for
polycrystalline (PC) film [17] and polycrystalline ingot [44], respectively.
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improvement of the Seebeck coefficient, so that high thermopower
was  achieved  [13].  Also  in  bulk  materials,  e.g.,  based  on  Mg3Sb2
[41],  a  high  Seebeck  coefficient  could  be  realized  by  defect
engineering.  Since  the  thermal  expansion  of  mica  and  Bi2Te3 is
different,  cycles  were  performed  on  mica  sample  (Fig. S4  in  the
ESM),  which  indicate  good  thermal  stability  of  our  film.
Figure  7(c) shows  the  corresponding  power  factors  of  the  films.
Owing to the high S value of the HT film, the power factor is also
higher than that of the SCL film. It is worth noting that the σ value
of the HT film starts to drop sharply above 180 °C in such a way
that  the  value  of  the  power  factor  also  saturates  and  begins  to
decrease.  The  sudden drop of  HT film at  210  °C probably  arises
from  the  oxidation  of  the  film  (Fig. S5  in  the  ESM).  Comparing
our  current  results  with  the  ones  obtained  for  polycrystalline
Bi2Te3 film and ingot, our HT film shows superior power factor at
RT, as presented in Fig. 7(d). Although the S value of the SCL film
is relatively low, the high σ value ensures comparable power factor
properties  with the polycrystalline ingot (higher than hot pressed
Bi2Te3 ingot  [17]).  For  the  HT  film  the S value  is  even  slightly
larger than that of the ingot, but the superior power factor can be
almost  completely  attributed  to  the  much  higher  conductivity  in
this  thin  film  than  in  the  ingot.  In  the  polycrystalline  film,  a
conductivity  even  lower  than  that  in  the  polycrystalline  ingot  is
observed,  but  in  the  films  analyzed  in  the  present  work  the
conductivity is almost a factor of 3 to 4 times higher. Comparing
some  of  the  best  power  factors  reported  previously  for  Bi2Te3
materials, the power factor value of HT film at room temperature
is  very  promising,  because  it  is  clearly  higher  than  the  ones  of
irradiated  Bi2Te3 film  (34  μW·cm−1·K−2)  [13],  comparable  to
epitaxial  Bi2Te3 film (50 μW·cm−1·K−2)  [42],  and very close to one
of bulk single crystal Bi2Te3 (58 μW·cm−1·K−2) [43]. 

4    Conclusions
In  summary,  we  have  deposited  Bi2Te3 films  with  different
nanostructured characteristics  on Si  wafer covered with native or
thermal  amorphous  SiOx layer,  as  well  as  crystalline  mica.  The
results  reveal  that  the  Bi2Te3 layers  grown  on  SiOx are  highly-
textured  with c-axis  perpendicular  to  the  surface,  but  show
domains  with  random  orientation  parallel  to  the  surface.
Interestingly,  XRD ω-rocking  curve  and  TEM  images  show  that
the c-axis  out-of-plane  texture  is  slightly  sharper  for  the  film  on
thermal  SiOx than  on  native  oxide.  This  is  likely  related  to  the
stacking of two different domains in the vertical direction and also
possible  that  the  thermal  oxide  surface  is  slightly  smoother
compared to  that  of  the  native  oxide.  However,  when the  Bi2Te3
film  is  deposited  on  mica,  it  exhibits  single-crystal-like  structure
with  little  defects,  which  can  account  for  the  high  electrical
conductivity  (2,442  S·cm−1at  RT).  The  Bi2Te3 film  deposited  on
thermal  oxide  substrate  shows  a  lower  electrical  conductivity
(1,976  S·cm−1 at  RT),  due  to  the  domains  with  random  in-plane
orientation, but still about three times higher than that of a normal
polycrystalline  film and ingot.  Moreover,  the  domain boundaries
with  a  high  density  of  disordered  stacking  sequences  including
bilayer  defects  in  the  film  on  thermal  oxide  are  considered
responsible for the observed high Seebeck coefficient. In contrast,
the  Seebeck  coefficient  of  the  single-crystalline  film  is  low.  Thus,
compared  to  a  fully  polycrystalline  structure,  the  special
nanostructure  of  the  film  on  the  thermal  oxide  gives  rise  to  a
higher  power  factor  by  increasing  the  electrical  conductivity
without any sacrifice in the Seebeck coefficient.  The power factor
of  the  single-crystal-like  film  remains  similar  to  the  ones  of
polycrystalline structure, because the large increase in conductivity
is compensated by the lower Seebeck coefficient. The present work
on  chalcogenide  thin  films  provides  new  insights  and  further

scope to the optimization of thermoelectric properties by tailoring
the texture and domain boundaries in such thin films. 
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