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Abstract: Type-II superlattice (T2SL) materials are the key element for infrared (IR) detectors. However, it is well known that the
characteristics  of  the  detectors  with  the  T2SL  layer  are  greatly  affected  by  the  strain  developed  during  the  growth  process,
which  determines  the  performance  of  IR  detectors.  Therefore,  great  efforts  have  been  made  to  properly  control  the  strain  ef-
fect  and develop relevant  analysis  methods  to  evaluate  the  strain-induced dark  current  characteristics.  In  this  work,  we report
the strain-induced dark current characteristics in InAs/GaSb T2SL MWIR photodetector. The overall strain of InAs/GaSb T2SL lay-
er  was  analyzed  by  both  high-resolution  X-ray  diffraction  (HRXRD)  and  the  dark  current  measured  from  the  absorber  layer  at
the elevated temperatures (≥ 110 K), where the major leakage current component is originated from the reduced minority carri-
er  lifetime  in  the  absorber  layer.  Our  findings  indicate  that  minority  carrier  lifetime  increases  as  the  tensile  strain  on  the
InAs/GaSb  T2SL  is  more  compensated  by  the  compressive  strain  through  ‘InSb-like’  interface,  which  reduces  the  dark  current
density  of  the  device.  Specifically,  tensile  strain  compensated  devices  exhibited  the  dark  current  density  of  less  than  2  ×
10–5 A/cm2 at  120  K,  which  is  more  than  one  order  of  magnitude  lower  value  compared  to  that  of  the  device  without  tensile
strain relaxation.
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1.  Introduction

There is  an increasing demand for  infrared detectors in a
wide  variety  of  applications,  such  as  surveillance  equipment,
medical  devices,  and  military  applications.  To  date,  InSb  and
HgCdTe (MCT) have been the main block for conventional in-
frared  detectors  because  they  demonstrate  relatively  high
quantum efficiency and low dark current[1]. Recently, type-II su-
perlattice  (T2SL)  has  gained  increasing  attention  and  has  re-
placed InSb or MCT infrared detectors[2, 3].

One  of  the  crucial  factors  determining  the  performance
of T2SL detector is the growth quality of the epitaxial (epi.) lay-
er, which is closely related to balanced strain[4] by the small lat-
tice  mismatch between InAs and GaSb[5].  If  the strain of  T2SL
is  not properly balanced,  then it  can lead to the formation of
extended defects that act as Shockley-Read-Hall (SRH) recom-
bination  lefts.  In  InAs/GaSb  T2SL,  anions  and  cations  are  of-
ten  exchanged  across  the  interface  that  has  no-common-
atom.  This  “non-common-atom”  can  introduce  new  interfa-
cial bonds exhibiting 'InSb-like' or 'GaAs-like' characteristics at
the  interface  between  InAs  and  GaSb[6].  This  intermixing
between  the  binary  layers  (InAs  and  GaSb)  can  unintention-
ally occur even if fast shutter switching is possible with the ad-
vancement  of  molecular  beam epitaxy  (MBE)  growth techno-
logy  (e.g.,  As  in  GaSb  or  Sb  in  InAs),  which  has  a  strong  im-
pact  on  the  structural,  electrical  and  optical  properties  of
InAs/GaSb  T2SL[7].  In  the  case  of  'InSb-like'  interface,  due  to

larger  lattice  constant  of  InSb  compared  with  that  of  GaSb
substrate,  the  few  monolayers  (MLs)  of  'InSb-like'  interface
between  InAs  and  GaSb  can  compressively  strain  the  T2SL[8].
Therefore,  several  efforts  have  been  made  to  introduce  an
'InSb-like' layer at the interface between InAs and GaSb in or-
der to compensate the tensile strain[9−17]. This 'InSb-like' inter-
facial  layer  has  been  confirmed  by  analyzing  the  structural
properties  of  InAs/GaSb  T2SL  layer  by  high-resolution  X-ray
diffraction (HRXRD), high-angle annular dark-field (HAADF), tra-
nsmission  electron  microscope  (TEM)  and  atom  probe  tomo-
graphy  (APT)[14−17].  Zhang et  al.  in  2011  and  Song et  al.  in
2013  reported  the  optical  properties  of  InAs/GaSb  T2SL  layer
with  an  'InSb-like'  interfacial  layer  using  photoluminescence
(PL)[12, 13]. Zuo et al. in 2013 reported that the 'InSb-like' interfa-
cial  layer  is  closely  related  with  the  dark  current  characterist-
ics of InAs/GaSb T2SL layer by investigating the minority carri-
er  lifetime  using  electron  beam  induced  current  (EBIC)[11].
Thus,  electrical  and structural  analysis method should be cor-
related to determine the 'InSb-like'  interfacial  layer  as  it  plays
a  very  important  role  in  improving  the  performance  of
InAs/GaSb T2SL detectors.

In  this  work,  we  report  that  the  interfacial  properties  of
InAs/GaSb  T2SL  layer  can  be  largely  varied  even  if  the  epi.
wafers are prepared by the same MBE protocol, significantly af-
fecting the dark current characteristics of the devices. By ana-
lyzing  temperature-dependent  dark  current  characteristics
and  spectral  responses  of  the  T2SL  layer,  the  properties  of
the  interfacial  layer  have  been  investigated.  Further,  the
strain  of  InAs/GaSb  T2SL  layer  was  also  verified  by  analyzing
the  mismatch  using  the  HRXRD  patterns.  Our  study  indicates
that the minority carrier lifetime significantly increased as the
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tensile strain on the InAs/GaSb T2SL is more compensated by
compressive strain originated from the 'InSb-like' interface, re-
ducing the dark current density of the devices. Consequently,
the  dark  current  density  of  the  fabricated  devices  on  the
strain  compensated  InAs/GaSb  T2SL  layer  demonstrates  the
dark current density less than 2 × 10–5 A/cm2 at 120 K.

2.  Experiments

The crystal  structure of  the InAs/GaSb T2SL mid-wave in-
frared (MWIR) studied in this work is shown in Fig. 1(a). The ab-
sorber  layer  consists  of  InAs/GaSb  10/10  MLs,  which  has  a
bandgap  energy  of  0.244  eV,  calculated  using  empirical
pseudopotential  method (EPM) at  77 K.  The absorber layer in
Fig.  1(b) clearly  shows  the  periodic  crystal  structure,  where
the  inset  shows  dumbbell-like  structures  of  InAs  and  GaSb.
To  compose  nBn  structure  that  can  effectively  reduce  the
dark  current,  the  barrier  layer  was  designed  with  Al0.2Ga0.8Sb
that  has  a  relatively  high  conduction  band  energy  barrier
(~  1  eV)  with  almost  zero  valence  band  offset.  For  experi-
ment,  two different wafers (A and B)  were grown individually
but with the identical design and the same MBE protocol. Us-
ing  two  different  epi.  wafers,  InAs/GaSb  T2SL  nBn  devices
with  a  15 μm  pitch  were  fabricated  as  briefly  described  in
Fig. 1(c). Here, each pixel is isolated in 9 × 9 cm2 area by etch-
ing the top contact  layer  and the barrier  layer  using C6H8O7 :
H3PO4 :  H2O2 :  H2O  (15  :  20  :  12  :  40)  solution  for  25  s,  fol-
lowed  by  immersing  in  HCl  :  H2O  (1  :  10)  solution  for  60  s  to

remove  a  native  oxide  at  the  surface.  For  passivation,  a
300  nm-thick  SiO2 was  deposited  using  a  plasma-enhanced
chemical  vapor  deposition  (PECVD)  at  250  °C  for  45  s.  After-
wards,  Ti/Pt/Au  (30/70/100  nm)  layer  was  deposited  on  the
contact  layer  of  each  pixel  on  the  top  side  and  on  the  GaSb
substrate  as  a  bottom  common  electrode  for  the  electrical
characterization.

3.  Results and discussion

Fig. 2(a) shows the dark current density of the devices fab-
ricated  on  the  wafers  A  and  B  which  are  measured  at  80  K.
We  note  that  the  identical  fabrication  process  is  employed
for  the  devices  on  both  wafers  A  and  B.  The  devices  on  two
different  wafers  exhibit  approximately  one  order  of  mag-
nitude difference in the dark current density even if the same
device design and process are employed.  The dark current at
cryogenic temperature (80 K) could be originated from differ-
ent parts of the device. For example, it can be either from the
depletion  region  in  the  vicinity  between  the  barrier  and  the
absorber  or  from  the  surface  region  covered  with  the  passi-
vation  film.  Thus,  to  further  investigate  the  devices,  the  dark
current  density  was  measured  by  increasing  temperature  to
200 K.  As the temperature increases,  the dark current density
is  dominated  by  the  diffusion  current  and  recombination
current  from  the  absorber  layer,  which  is  greatly  affected  by
the  crystal  quality  of  absorber  layer  rather  than  the  process
condition.
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Fig. 1. (Color online) (a) The schematic of the InAs/GaSb T2SL MWIR epi. structure with nBn structure. (b) TEM image of the absorber layer with
InAs/GaSb 10/10 MLs. The inset on right corner shows a magnitude view taken in HAADF mode. (c) The schematics of the InAs/GaSb T2SL nBn
device fabrication process.  Fist,  each pixel is  isolated by etching the top contact layer and the barrier using C6H8O7/H3PO4/H2O2/H2O solution.
After wet-treatment to remove a native oxide at the surface, SiO2 passivation layer is deposited using PECVD. Finally, the contact metal is evapor-
ated for both pixels and common electrode.
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Next,  temperature-dependent  dark  current  density  was
measured at a bias voltage of –0.3 V for the devices on two dif-
ferent  wafers  as  shown  in Fig.  2(b).  Both  devices  demon-
strate  the  diffusion-limited  dark  current  characteristics  but
with  slightly  different  activation  energies.  The  dark  current
density  of  the devices fabricated on the wafer  B is  approxim-
ately one order smaller than those on the wafer A. This result
shows  that  the  minority  carrier  lifetime  in  the  absorber  layer
of the wafer B is longer than that of wafer A. Different minor-
ity  carrier  lifetime  can  be  attributed  to  overall  strain  on  the
InAs/GaSb  T2SL  layer.  Unbalanced  strain  can  lead  to  the  for-
mation  of  extended  defects  that  act  as  SRH  recombination
lefts[4], reducing the minority carrier lifetime[11]. Especially, the
dark  current  density  of  the  fabricated devices  on the wafer  B
are less than 2 × 10–5 A/cm2 at 120 K, which is similar to or ex-
cels  the  value  recently  reported  using  the  same  T2SL  struc-
ture[18, 19].

The overall strain on the T2SL affects not only the electric-
al  properties  as  described  above  but  also  the  optical  proper-
ties[5, 8, 11−13]. Fig.  3 shows  the  spectral  responses  of  the
devices fabricated on the wafers A and B, which were charac-
terized  using  Fourier  transform  infrared  (FTIR)  spectrometer.

The  devices  exhibit  40  %  cut-off  wavelength  of  5.25 μm  for
the wafer A and 5 μm for the wafer B at 83 K. This result indic-
ates  that  the  activation  energy  of  the  devices  fabricated  on
wafer B is larger than that of the devices on wafer A, confirm-
ing  different  absorber  layer  properties  of  two  wafers  and  is
also  consistent  with  the  results  in Fig.  2(b).  The  energy
bandgap  of  the  absorber  layers  of  the  T2SL  can  be  signific-
antly  varied  despite  of  the  identical  design,  MBE  protocol,
and  the  device  fabrication  process.  Therefore,  the  growth
quality  of  the  T2SL  layer  can  strongly  affect  the  performance
of the devices.

To further unveil the origin of different electrical and optic-
al  properties,  HRXRD  pattern  was  measured  to  compare  the
overall  strain of the wafers A and B. Fig. 4 qualitatively shows
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Fig. 2. (Color online) (a) The dark current density versus applied bias at 80 K. The identical fabrication process is used for device fabrication on the
wafers A and B. Approximately, one order of magnitude higher dark current density is observed from the devices on the wafer A. (b) Arrhenius
plots of the devices fabricated on the wafers A and B. Both devices demonstrate diffusion-limited current but different activation energies. The
plot indicates that the minority carrier lifetime in the absorber layer of the devices on the wafer B is longer than those on the wafer A.
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Fig.  3.  (Color  online) Spectral  response  of  the  devices  fabricated  on
the  wafers  A  and  B.  The  cut-off  wavelength  of  the  devices  on  the
wafer B is  shorter than those on the wafer A.  The result  is  consistent
with the results in Fig. 2, exhibiting difference activation energies.
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the  difference  in  the  peak  between  GaSb  substrate  and  the
first superlattice (SL). The SL (+1) peak of the wafer B is closer
to  GaSb  substrate  than  that  of  the  wafer  A.  As  shown  in
Table  1.  the  average  lattice  mismatch  and  periodicity  ob-
tained  from  HRXRD  pattern  quantitatively  show  different
T2SL quality of the wafers A and B. The thickness of one peri-
od InAs/GaSb T2SL (periodicity) is calculated to be 59.18 Å for
wafer  A  and  59.06  Å  for  wafer  B,  respectively.  Although  the
periodicity of both wafers A and B is close to the original lay-
er  design  and  the  growth  of  InAs/GaSb  T2SL  layer  has  been
performed  as  expected;  however,  the  mismatch  values  are
clearly  different:  the  mismatch  of  wafers  A  and  B  are  788.6
and  67.37  ppm,  respectively.  We  believed  that  randomly
formed  'InSb-like'  interfacial  layer  during  the  MBE  process
greatly  reduced the mismatch.  The results  of  the HRXRD pat-
tern  in Table  1 and  the  dark  current  characteristics  in Fig.  2
clearly demonstrate that overall strain on InAs/GaSb T2SL lay-
er  affects  the  minority  carrier  lifetime[7, 10, 11, 13],  where  the
minority  carrier  lifetime  could  be  increased  by  one  order  of
magnitude due to the balanced strain.

4.  Conclusion

In  this  work,  the  electrical,  optical  and  structural  proper-
ties  of  the  InAs/GaSb  T2SL  MWIR  epi.  structures  were  ana-
lyzed.  Using  dark  current  density  measurement,  FTIR  and
HRXRD  analysis,  the  interfacial  property  of  the  InAs/GaSb
T2SL layer has been successfully analyzed. The results demon-
strate  that  the  minority  carrier  lifetime  can  be  extended  by
compensating  the  tensile  strain  of  the  InAs/GaSb  T2SL  layer
through  unintentionally  formed  'InSb-like'  interfacial  layer
during  the  MBE  growth  process.  Through  strain  compensa-
tion of the tensile strained InAs/GaSb T2SL layer, the dark cur-
rent  density  smaller  than  2  ×  10–5 A/cm2 has  been  achieved
at  120  K.  Therefore,  high  performance  InAs/GaSb  T2SL  MWIR
photodetectors  can  be  fabricated  reproducibly  by  develop-
ing the growth process to intentionally form 'InSb-like' interfa-
cial layer.
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