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Abstract: The  ultrahigh  vacuum  scanning  tunneling  microscope  (STM)  was  used  to  characterize  the  GaSb1–xBix films  of  a  few
nanometers thickness grown by the molecular beam epitaxy (MBE) on the GaSb buffer layer of 100 nm with the GaSb (100) sub-
strates.  The  thickness  of  the  GaSb1–xBix layers  of  the  samples  are  5  and  10  nm,  respectively.  For  comparison,  the  GaSb  buffer
was  also  characterized  and  its  STM  image  displays  terraces  whose  surfaces  are  basically  atomically  flat  and  their  roughness  is
generally less than 1 monolayer (ML). The surface of 5 nm GaSb1–xBix film reserves the same terraced morphology as the buffer
layer.  In contrast,  the morphology of  the 10 nm GaSb1–xBix film changes to the mound-like island structures with a height of  a
few MLs.  The result  implies  the growth mode transition from the two-dimensional  mode as  displayed by the 5  nm film to the
Stranski–Krastinov mode as displayed by the 10 nm film. The statistical analysis with the scanning tunneling spectroscopy (STS)
measurements  indicates  that  both  the  incorporation  and  the  inhomogeneity  of  Bi  atoms  increase  with  the  thickness  of  the
GaSb1–xBix layer.
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1.  Introduction

The diluted-bismuth (Bi) semiconductors attract much at-
tention  due  to  their  value  for  near-/mid-infrared  (IR)  detect-
ors  and  lasers[1−5].  For  the  materials,  the  incorporation  of  a
small amount of Bi atoms may introduce strong spin-orbit split-
ting[6] and  large  energy  band-gap  reduction[7].  So  far,  a  vari-
ety  of  diluted  Bi  semiconductors  have  been  reported[1−11].  In
particular, GaSb1–xBix attracts much attention due to the smal-
ler  band  gap  of  GaSb  (0.75  eV  at  room  temperature)  having
the advantage for  the mid-IR  device  purpose as  well  as  a  lar-
ger  lattice  constant  (~0.61  nm)  to  facilitate  the  incorporation
of Bi.

However, the growth of high-quality bismide semiconduct-
ors  has  been  a  challenge  due  to  the  large  lattice  strain  with
the  incorporation  of  the  Bi  atoms.  There  is  still  insufficient
knowledge  on  the  growth  of  these  largely  strained  semicon-
ductor  films  and  only  a  few  studies  have  been  concerned
with  the  topic  until  now[1, 12].  For  instance,  it  was  observed
that  both  longitudinal  and  lateral  inhomogeneity  of  bismuth
composition  existed  with  respect  to  the  growth  directi-
on[2, 13, 14].  In addition, the epitaxy kinetics of GaSb1–xBix is not
yet  clearly  understood  and  it  is  complicated  by  the  morpho-

logy instability  of  the GaSb1–xBix growth,  which is  affected by
a  variety  of  growth  parameters  such  as  substrate  temperat-
ure,  growth  rate  and  beam  equivalent  pressure  ratios
(BEP)[11−16].

In  order  to  obtain  insight  into  the  growth  mechanism  of
GaSb1–xBix epitaxy,  it  is  meaningful  to  resort  to  the  thin  films
with only a few atomic layers grown, whose growth is least in-
terfered by the factors like dislocations, miscibility gaps and se-
gregations, which generally accumulate with the growth thick-
ness.  Hence,  we  were  motivated  to  characterize  GaSb1–xBix
films  of  a  few  nanometers  thickness.  For  the  purpose,  the
samples with two GaSb1–xBix layer thicknesses, i.e. 5 and 10 nm,
respectively,  were  grown  and  characterized  with  the  ul-
trahigh  vacuum  scanning  tunneling  microscope  (UHV  STM).
The  measurement  shows  that  the  growth  mode  of  epitaxy
may change with the increase of layer thickness: the morpho-
logy  of  the  5  nm  film  implies  the  two-dimensional  (2D)
Frank–van  der  Merwe  (FM)  growth  mode[17] whereas  the
growth  mode  turns  to  the  Stranski–Krastinov  (SK)  mode  as
manifested  by  the  10  nm  film[18].  Moreover,  the  analysis  on
the  spatial  distribution  of  STS  characterization  provides  in-
sight  into  the  variation  of  the  bismuth  composition  with  the
growth thickness.

2.  Experiment

GaSb1–xBix was  grown  on  Te-doped  n-type  GaSb  sub-
strates  using  a  DCA  P600  MBE  system,  equipped  with  a
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valved  cracker  Sb  cell  and  dual  filament  effusion  cells  for  Ga
and  Bi.  After  the  oxide  desorption  at  660  °C,  a  100  nm  un-
doped GaSb buffer layer was grown at 580 °C. Then, the sub-
strate temperature was cooled down to 340 °C to grow the 5
and 10 nm GaSb1–xBix layer, respectively. All the substrate tem-
perature  was  measured  by  a  thermocouple,  which  is  estim-
ated  to  be  about  100  °C  higher  than  the  real  temperature.
This  difference  of  temperature  was  calibrated  by  observing
the  critical  temperature  of  370  °C  at  which  the  reflection
high-energy  electron  diffraction  (RHEED)  reconstruction  pat-
tern  transforms  from  (1  ×  3)  to  (1  ×  5)[19].  During  the  growth
of  GaSb1–xBix,  the  beam  equivalent  pressure  of  Ga,  Sb  and  Bi
are fixed at 1.2 × 10−7,  2.2 × 10−7 and 8.5 × 10−9 Torr, respect-
ively, with the growth rate of 0.46 μm/h. The thickness of film
is  generally  determined  by  the  oscillation  of  the  RHEED  pat-
tern by which one determines the Ga’s deposition rate in the
GaSb  layer  growth.  Consequently,  the  layer  thickness  can  be
calculated  and  controlled  according  to  the  deposition  time.
The accuracy  of  thickness  control  by  the  method is  generally
of  an  error  range  of  5%  of  the  layer  thickness,  whose  devi-
ation  is  accurate  enough  in  terms  of  the  5  and  10  nm  layers
grown.  The samples grown by MBE were characterized by an
ultrahigh  vacuum  scanning  tunneling  microscope  (UHV-STM,
the  Omicron  Inc.)  and  the  imaging  parameters  of  the  instru-
ment can be referred to elsewhere[20]. The transfer of samples
from the MBE chamber to the STM measurement was protec-
ted by a vacuum suitcase so as to minimize the influence of ex-
posure to air.

3.  Results and discussions

In  order  to  compare  with  the  results  on  the  minor-layer
GaSb1–xBix films, the surface of the GaSb buffer layer was also
characterized  and  the  STM  image  is  shown  in Fig.  1(a).  The

morphology displays  the terraced structure  and the topogra-
phic line profile shown in Fig.  1(b) indicates that each terrace
is  atomically  flat  and the steps of  the terraces have the value
of  ~  0.3  nm,  which is  of  a  one-monolayer  (1  ML)  thickness  of
the  (100)  GaSb  faces.  The  height  fluctuation  within  a  terrace
is  generally  smaller  than  1  ML,  indicating  that  the  growth
mode  of  epitaxy  of  the  100  nm  GaSb  buffer  layer  belongs  to
the two-dimensional Frank–van der Merwe (FM) mode[17].

The  result  of  the  5  nm  GaSb1–xBix film  is  shown  in
Fig.  1(c).  The  morphology  reserves  the  same  terraced  feature
as  that  of  the  GaSb buffer.  The  line  profile  shown in Fig.  1(d)
shows  that  the  roughness  of  the  terrace  is  around  ~  0.4  nm,
which is slightly larger than the case of the GaSb surface. This
result  is  interpretable  regarding  that  the  lattice  constant  of
GaSb1–xBix is  larger  than  that  of  GaSb  due  to  the  large  Bi
atoms.  Nevertheless,  the  same  terraced  feature  manifested
by  5  nm  GaSb1–xBix layer  implies  that  its  growth  belongs  to
the same FM mode as that of the GaSb buffer.

In  contrast,  a  distinctive  change  has  been  observed  for
10  nm  GaSb1–xBix film,  as  shown  in Fig.  1(e).  The  STM  image
displays  the  mound-like  island  morphology.  The  line  profile
in Fig.  1(f) reveals  that  the  average  height  variation  is  about
0.8  nm,  more  than  2  MLs  thick,  indicating  that  the  growth
mode  is  no  longer  the  FM  mode  but  has  evolved  to  the  SK
mode[18].  We  remind  that  the  growth  condition  in  the  epi-
taxy of both 5 and 10 nm films was the same. Hence, we con-
jecture  that  the  morphology feature  observed above may be
interpreted by the following mechanism of growth. Note that
both the 5 nm GaSbBi and GaSb buffer display the similar ter-
race  structure  e.g.  in Figs.  1(a) and 1(c),  indicating  that  the
step-flow  type  of  2D  growth  is  preferred  in  the  cases.  It  fur-
ther  implies  that  the  surface  at  the  initial  stage  of  GaSbBi
growth  should  be  reasonably  perfect  and  the  step  edges  are
the  main  locations  to  capture  the  diffusive  atoms  of  the  sur-
face  at  this  stage.  However,  the  surface  imperfection  may  be
developed  and  the  surface  inhomogeneity  with  the  localized
lattice  strain  as  well  as  other  defects  increases  with  the  in-
creased incorporation of Bi atoms. The increased localized im-
perfections  act  as  the  other  source  of  nucleation  centers  to
capture the diffusive atoms of the surface, leading to the trans-
formation of growth mode from FM to SK as observed.

The effect of Bi incorporation in GaSb1–xBix may be evalu-
ated  further  by  the  STS  measurement  since  the  surface  elec-
tronic  structure  is  correlated with the Bi  composition.  An STS
spectrum  shown  herein  is  acquired  in  such  a  way  that  dur-
ing the imaging the instrument temporarily suspends tip scan-
ning,  moves  the STM tip  to  the desired position,  switches  off
the feedback loop and then conducts a voltage ramp to meas-
ure  the  tunneling  current  so  that  an I–V spectrum  is  pro-
duced.  For  comparing purposes,  we first  show the STS meas-
urements  of  the  GaSb  buffer.  A  typical I–V spectrum  corres-
ponding  to  the  arrow  indicated  that  the  position  in Fig.  2(a)
displays  the  line-shape  with  a  current  plateau  at  the  zero-
voltage  range.  The  plateau  indicates  a  gap  of  0.75  eV,  which
is equal to the energy band gap of bulk GaSb at room temper-
ature.  We  would  like  to  point  out  that  the  extraction  of  the
band  gap  value  by  the  raw I–V data  other  than  by  the  form
of  dI/dV or  normalized  dI/dV is  a  more  accurate  assignment
herein  because the differential  of I–V curve is  generally  noisy
and  necessarily  demands  the  process  of  arithmetic  data-
smoothing, which introduces a larger uncertainty of the assign-
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Fig. 1. (Color online) The STM images and topographic line profiles of
(a,  b) the GaSb buffer layer,  (c,  d) the 5 nm GaSbBi layer and (e,  f)  10
nm GaSbBi layer, respectively.
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ment.  To  be  more  convincible  with  the  extraction  of  band
gap  value,  a  variety  of  measurements,  with  the  arbitrarily  se-
lected  positions  as  the  indication  of  the  square  labels  in
Fig.  2(a),  were  performed.  One  may  obtain  a  statistical  view
with  the  bar  graph  plot  as  shown  in Fig.  2(c).  From  the  total
of  twenty-six  measurements,  the  bar  graph  exhibits  the
count  number  for  the  different  energy  ranges,  which  are  in
an  interval  of  0.05  eV.  The  dashed-line  curve  with  the  bar
graph  is  the  Gaussian  distribution  calculated  with  the  aver-
age  plateau  width  and  the  corresponding  root  of  mean
square  (RMS)  value,  which  are  0.757  and  0.034  eV,  respect-
ively.  The  RMS,  reflecting  the  uncertainty  of  the  measure-
ment,  is  about 4.5% of the mean value and equal to the half-
width of the horizontal arrow line designated in Fig. 2(c).

Note that the average value of 0.757 eV is  approximately
equal  to the energy band gap of  bulk GaSb at  300 K,  validat-
ing  the  assignment  of  the  flat  band  model.  Nevertheless,
some  current  plateaus  displaying  larger  values  than  the  intr-
insic  energy  band  gap  indicates  that  the  tip-induced  band

bending effect is not negligible with some measurement loca-
tions[21, 22].  On  the  other  hand,  some  other  locations  display
smaller current plateau than the intrinsic band gap. It is likely
induced  by  the  local  band  gap  states  on  tunneling.  In  addi-
tion,  some  uncertainty  is  also  related  to  the  recognition  on
the  width  of  the  zero-current  plateau  of  the I–V curve.  The
later influence is roughly of an error of ±0.02 eV. Nonetheless,
the  zero  current  plateau  is  at  least  a  reasonable  approxima-
tion of the local energy band gap, providing further physical in-
sight through the comparison of the parameter with the differ-
ent GaSb1–xBix samples, as addressed below.

In  the following,  we apply  the above analysis  on the STS
results  of  the  GaSb1–xBix films. Fig.  3(a) is  the  STM  image  of
the 5 nm GaSb1–xBix film, in which the locations of  STS meas-
urements  are  marked  with  the  squares.  The  measured  band
gaps  with  the  positions  marked  in  (a)  are  distributed  in  a
wider energy range of 0.4–0.7 eV. Figs. 3(b)–2(d) display three
representative I–V curves, which correspond to the arrow-indic-
ated  positions  with  the  numbers  1–3  in Fig.  3(a).  The  mean
band  gap  value  calculated  with  all  spectra,  is  found  to  be
0.571  eV  and  the  RMS  value  is  0.059  eV.  Note  that  the  RMS
herein  is  about  10%  of  the  mean  band  gap  value,  more  dis-
persed  than  the  case  of  GaSb.  Such  an  effect  should  arise
from the spatial inhomogeneity of the Bi atoms. According to
the  relationship  of  the  energy  band  gap  and  Bi  composition
x[23],  one  may  find  that  the  value  of  the  energy  band  gap  of
0.571  eV  gives  rise  to  the x value  of  0.058.  With  the  RMS
value  shown  above,  one  is  able  to  estimate  the  spatial  vari-
ation  of  Bi  composition  and  find  that  the x value  falls
between 0.036 and 0.079.

In  contrast,  the  analysis  of  the  10  nm  GaSb1–xBix gener-
ates a different result. Fig. 4(a) is an STM image of 10 nm film
marked with the positions of the STS measurements. The cor-
responding bar  graph resulting from twenty pieces of  data is
shown  in Fig.  4(b).  For  this  sample,  the  mean  energy  band
gap  is  found  to  be  0.531  eV,  which  is  smaller  than  the  result
of  5  nm.  It  corresponds  the  Bi  composition  of x =  0.071,  lar-
ger  than  that  of  the  5  nm  GaSb1–xBix film  which  shows x =
0.058. The result implies the increase of Bi  incorporation with
the  layer  growth.  On  the  other  hand,  the  RMS  value  in-
creases  to  0.079  eV,  which  is  about  15%  of  the  mean  band
gap  value.  Accordingly,  the x value  is  generally  in  the  range
of  (0.045,  0.097).  It  means  that  the  spatial  inhomogeneity  of
Bi  has  also  turned  to  a  larger  range  in  the  10  nm  GaSb1–xBix
film case. The comparison with the calculated Gaussian distri-
butions  between Fig.  4(b) and Fig.  3(b) provides  an  intuitive
demonstration on the point.

4.  Conclusion

In  conclusion,  the present  study preforms the STM & STS
characterization  on  the  GaSb1–xBix films of  a  few  nanometers
thickness.  The  study  shows  that  the  growth  is  initially  attrib-
uted to the FM growth mode as revealed by the morphology
of 5 nm GaSb1–xBix film but is transformed to the SK growth mode
subsequently as indicated by that of the 10 nm film. The ana-
lysis  of  the  position-dependent  STS  measurements  provides
insight into the spatial distribution of Bi composition. The com-
parison on the 5 and 10 nm films discloses the growth mech-
anism  on  the  initial  epitaxial  stage  of  GaSb1–xBix,  indicating
that  the  composition as  well  as  the  spatial  inhomogeneity  of
Bi atoms increases with the growth thickness.
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Fig. 2. (Color online) (a) The STM image of the GaSb buffer with the in-
dication of the positions of  the STS measurements.  The arrow desig-
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spectrum  of  GaSb  indicating  that  the  current  plateau  is  approxim-
ately equal to the band gap of GaSb. (c) The bar graph on the energy
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