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Abstract: We report  a theoretical  study of  a broadband Si/graded-SiGe/Ge/Ge0.9Sn0.1 p–i–n photodetector with a flat  response
based  on  modulating  thickness  of  the  layers  in  the  active  region.  The  responsivity  of  the  photodetector  is  about  0.57  A/W  in
the  range  of  700  to  1800  nm.  This  structure  is  suitable  for  silicon-based  epitaxial  growth.  Annealing  is  technically  applied  to
form the graded-SiGe. The photodetector reaches a cut-off wavelength at ~2300 nm and a low dark-current density under 3 V re-
verse bias about 0.17 mA/cm2 is achieved theoretical at room temperature. This work is of great significance for silicon-based de-
tection and communication, from visible to infrared.
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1.  Introduction

In  the  last  few  decades,  broad  spectral  response  photo-
detectors  have  drawn  substantial  attention  due  to  their-
potential  applications.  A  broadband  photodetector  can  de-
tect  from  visible  (Vis)  to  infrared  (IR)  light.  The  range  covers
all  telecommunication bands.  This  is  particularly  important in
the commercial applications of imaging sensors, civil engineer-
ing, telecommunications, biomedicine, environmental monitor-
ing, and defence sensing[1−4].

To  obtain  broadband  detection,  many  efforts  have  been
made to fabricate broadband photodetectors in recent years.
For example, Qiao et al.[5] reported a graphene/Bi2Te3 photode-
tector  with  a  broadband  response  from  532  to  1550  nm,  the
photocurrent  ranges  from  0.2  to  1.7 μA  at  an  optical  power
of  1.28 μW.  Yuan et  al.[6] demonstrated  a  broadband  photo-
detector  using  a  laminated  black  phosphorus  transistor  that
is  polarization-sensitive  over  a  range  from  400  to  3750  nm,
whereas  the  response  of  this  detector  is  relatively  low.  Hu et
al.[7] designed and fabricated a Ge/perovskite broadband pho-
todetector.  The  detector  shows  excellent  responsivity  of  228
and  1.4  A/W  at  680  and  1550  nm,  respectively.  However,  the
responsivity  of  these  detectors  varies  greatly  under  optical
signals  of  different  wavelengths.  This  is  not  conducive  to  the
selection  of  amplifiers  in  subsequent  circuits.  These  devices
are not compatible with Si  complementary metal oxide semi-
conductor  (CMOS)  processing  technology,  which  greatly  lim-
its their commercial application.

In  the  mature  group  IV  materials,  Si  photodetectors  are

suitable for the detection of Vis range. Ge has favorable opto-
electronic  properties  at  the  NIR  range,  whereas  the  response
of  the  Ge  photodetector  at  1550  nm  (telecommunication
band) is typically drastically reduced. Therefore, the Si and Ge
photodetectors are not suitable for the broadband detection.
As  a  new  IV  group  alloy,  germanium–tin  alloy  (GeSn)  has  re-
cently  attracted  significant  research  interest  due  to  its  tun-
able  bandgap[8, 9].  The  increase  of  Sn  content  in  GeSn  leads
to a decrease of bandgap. This results in the extension of de-
tection range of  GeSn photodetector[10−13].  Thus,  GeSn mate-
rial  can  be  utilized  in  broadband  detection.  However,  the
dark  current  density  of  GeSn  photodetectors  is  up  to  0.1–
1 A/cm2[10−13].  Under  optical  signals  of  different  wavelengths,
the  response  of  GeSn  photodetectors  also  varies  greatly.
These  factors  introduce  lots  of  noise  into  the  detection  sys-
tem. Furthermore, the previous results indicate that GeSn has
extremely  poor  response  performance  in  the  range  of  Vis
light  spectrum[13].  This  is  due  to  short  Vis  light  penetration
length  in  GeSn  film.  The  photodetector  based  on  materials
with  narrow  bandgap  suffers  from  dead-space  effect  inevit-
ably[11].  This  hinders its  development in Vis-light communica-
tion and broadband detection applications.

To solve these problems,  we theoretically  design a  struc-
ture  of  an  entirely  group  IV  p–i–n  photodetector  based  on
the  silicon-based  epitaxial  growth  and  annealing  processes.
We  obtained  a  graded-SiGe  layer  (The  content  of  Ge  gradu-
ally  changed  from  0  to  1)  by  performing  annealing  on  the
samples  of  the  Ge  layer  grown  on  silicon  substrate.  Using
graded-SiGe  to  enhance  the  absorption  of  Vis  optical  signal
and  Ge0.9Sn0.1 to  enhance  the  absorption  of  IR  optical  signal,
a  broadband  photodetector  with  flat  response  is  theoretical
obtained  by  utilizing  different  absorption  peaks  of different
active  layers  and  modulating  the  thickness  of  each  layer.
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The  responsivity  is  about  0.57  A/W  in  the  range  of  700  to
1800  nm,  which  is  of  great  help  to  the  simplification  of
subsequent  detection  circuits  and  the  improvement  of  accu-
racy.  The  photodetector  reaches  the  cut-off  f  wavelength  at
~2300 nm.  A low dark  current  density  under  3  V  reverse  bias
about  0.17  mA/cm2 is  achieved after  theoretical  optimization
at  room  temperature.  Compared  with  other  broadband  pho-
todetectors, due to the adjustable multi-layer structure in the
active region, we can modulate the response characteristic of
the  detector  within  a  certain  range  while  obtaining  a  low
dark current density. Therefore, this photodetector has extens-
ive  application  in  optical  signal  detection.  Furthermore,  the
manufacturing  process  of  the  device  is  compatible  with  Si
CMOS  processing  technology.  This  shows  great  potential  for
application in low cost Si-based optoelectronics[14].

2.  Structure design and parameters setting

2.1.  Structure design

A schematic cross-section of our device structure is presen-
ted  in Fig.  1(a).  We  superimposed  the  Si/graded-SiGe/
Ge/Ge0.9Sn0.1 layers on the n+-Si  substrate in the order of epi-
taxial growth. The graded-SiGe layer was formed by in-situ an-
nealing  (the  epitaxial  buffer  of  graded-SiGe  is  much  thicker).
The  device  can  be  prepared  by  bonding  the  epitaxial  layer
onto a new substrate, as shown in Fig. 1(b)[15−18]. Under the in-
verted structure, when the optical signal is vertically incident,
the  Vis  optical  signal  is  first-absorbed  by  Si  and  graded-SiGe
layers.  The  IR  optical  signal  continues  to  go  deep  and  is
mainly  absorbed  by  Ge  and  Ge0.9Sn0.1 layers.  We  optimized
the  structure  of  the  device,  the  bandgap  of  materials  was
linked from wide to narrow. Thus, the effect of dead-space ef-
fect is greatly alleviated. Since the absorption peaks of materi-
als  in  the  active  region differ,  we modulated the  thickness  of
each layer to change the responsivity of different wavelength
optical  signals.  Thereby  we  can  modulate  the  spectral  re-
sponse, forming a flat and broad response.

2.2.  Parameter setting

The Atlas simulator of  the TCAD Silvaco commercial  soft-
ware  is  applied  to  simulate  the  performance  of  the  p–i–n
photodetector  based  on  three  classical  equations  (Poisson’s
equation, continuity equation, and transport equation). Accord-
ing  to  these  effective  theories,  we  can  achieve  the  reason-
able simulation data of the designed device. Here, the temper-
ature (T)  is  set to 300 K (room temperature) when some tem-
perature dependence equations are calculated. The responsiv-
ity (R) is defined as I(g = 1)/P, and I denotes the photocurrent,
g the gain, P the optical  power.  Optical  input power of  incid-
ent light source is  set  to 0.125 W/cm2.  It  is  worth mentioning
that there is no relevant data of GeSn in the Silvaco database.
We  collected  the  information  of  GeSn  material,  including  the
calculation method of bandgap[19], refractive index (n) and ex-
tinction  coefficient  (k)  (The  content  of  Sn  is  up  to  10%)  un-
der  optical  signals  of  different  wavelengths[20],  etc.  We utilize
Ge  as  the  background  material  to  define  Ge0.9Sn0.1,  in  addi-
tion  to  the  parameters  defined  by  us,  other  parameters  of
the  Ge0.9Sn0.1 used  in  the  simulation  are  extracted  from  Ge
material.  The  main  data  used  in  the  simulation  are  recorded
in Table 1.  The surface charge density of  Ge material  is  set  as
1 × 1014 cm–2,  and the surface recombination velocity (SRV) is
1  ×  106 cm/s[21].  We  use  these  parameters  in  simulation  of
graded-SiGe material because it is still pure Ge on its surface.

3.  Simulation results

At first, we simulated the spectral response of p–i–n photo-
detector with single material as the active region. Meanwhile,
to  compare  with  the  result  of  our  structure  as  shown  in Fig.
1(a),  the  top  layer  of  each  photodetector  was  set  as  n+-type
Si  at  200  nm,  both  layers  of  p+-type  and  n+-type  doping  are
set  to  be  1  ×  1019 cm-3.  The  spectral  response  was  shown  in
Figs.  2(a)–2(d),  respectively.  The  material  in  the  p+-substrate
is  consistent  with  that  in  the  active  region,  as  shown  in Fig.
3(c). It is found that when the thickness of the active region in-

Table 1.   Parameters of Si, SiGe, Ge, and Ge0.9Sn0.1.

Material Energy gap (eV) Surface recombination velocity (cm/s) Threading dislocation density (TDD) (cm–2) n, k

Si 1.12 3.5 × 102 1 × 104 Database
SiGe 0.66–1.12 1 × 106 1 × 107[22] Ref. [23, 24]
Ge 0.66 1 × 106 1 × 107[25] Database
Ge0.9Sn0.1 0.495 1 × 106 1 × 107 Ref. [20]
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Fig. 1. (Color online) (a) Schematic cross-section of the Si/graded-SiGe/Ge/Ge0.9Sn0.1 p–i–n photodetector. The mesa size is 32 μm in diameter. (b)
Schematic of epitaxial growth and layer transfer technique for this p–i–n structure fabrication.
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creases gradually, the peak of responsivity shows different de-
grees of redshift.  For example, when the thickness of the act-
ive region of Si photodetector is up to several microns, the ab-
sorption peak can be redshifted to around 800 nm. However,
because we use multi-layer materials to fully combine the de-
tection  ranges,  the  active  region  of  the  detector  becomes
much  thicker  and  this  results  in  a  greatly  reduced  response
rate.  Thus,  the  calculation  range  of  each  active  region  is  set
within 1000 nm.

To determine the variation of Ge content in graded-SiGe,
the  samples  of  Ge  epitaxial  growth  on  Si  by  two-step  meth-
od  were  annealed  and  performed  auger  electron  spectro-
scopy (AES) characterization. The phenomenon of atomic inter-
diffusion  appears  at  the  interface  between  Si  and  Ge[26, 27],
forming a graded-SiGe layer.  Due to the changing of  Ge con-
tent,  the  spectral  response  of  graded-SiGe  photodetector
changes with the thickness of the active region. The low-tem-
perature (LT) layer of Ge is about 100 nm, due to the high dis-
location  and  defect  density,  the  diffusion  of  Si  element  is
mainly  concentrated  in  the  LT  layer.  The  annealing  process
can  minimize  the  dislocation  in  Ge  layer[28] and  it  is  benefi-
cial  to  the epitaxial  growth of  GeSn.  From Figs.  3(a) and 3(b),
we  find  that  the  content  of  Ge  in  graded-SiGe  rapidly  in-
crease  to  about  0.8  before  entering  the  high-temperature
(HT) Ge layer, and then slowly go to 1.0 in the HT Ge layer (de-
termined by annealing conditions). Therefore, when the thick-
ness  of  graded-SiGe  active  region  is  very  thick,  the  absorp-
tion  characteristic  tends  to  be  more  and  more  similar  to  the
characteristic  of  Ge,  as  shown  in Figs.  2(b) and 2(c).  With  the
change of thickness of absorption layer from 200 to 1000 nm,
the  absorption  peak  of  Si  photodetectors  shifted  from  400
to  500  nm.  The  response  peak  of  graded-SiGe  shifted  from

700  to  1000  nm,  and  the  response  peak  of  Ge  shifted  from
800  to  1000  nm.  The  response  peak  of  Ge0.9Sn0.1 was  basic-
ally stable at 1800 nm as shown in Fig. 2(d).  Note that the re-
sponsivity  of  longer  wavelength  optical  signal  needs  a  thick-
er active region to lead the redshift phenomenon.

There are two main sources of dark current density (Jdark)
in  the  photodetector:  the  bulk  leakage  current  density  (Jbulk)
and  the  surface  leakage  current  density  (Jsurf).  The  main
source of Jsurf is the interface traps around the mesa. The inter-
face  traps  can  introduce  energy  levels  in  the  bandgap  and
eventually increase the Jsurf. Both doping and TDD have a signi-
ficant  effect  on  the  minority  carrier  lifetime  (MCL)  and  ulti-
mately affect the Jdark. The TDD of Si material in substrate and
active  region  is  much  lower  than  that  of  epitaxial  Ge.  The
MCL  of  Si  is  mainly  affected  by  the  doping.  We  set  the  MCL
of  n+-Si  to  1  ×  10–8 s.  The  MCL  of  Si  in  active  region  is  set  to
1  ×  10–4 s[29].  For  the  MCL  of  Ge  film  in  active  region,  the  ef-
fect of TDD cannot be ignored. We set the MCL of Ge materi-
al  to 5 × 10–5 s[30].  The MCLs of  SiGe and GeSn are consistent
with  that  of  Ge  material.  To  take  into  account  the  effect  of
surface  recombination,  we  compared  the  effect  of  SRV  on
the Jdark.  It  is  observed  in Fig.  3(d) that  the  effect  on  the Jdark

is  not significant when the SRV is  1 × 106 cm/s or below, and
the Jdark begin to increase when the SRV is higher than this or-
der.  Therefore,  under  such  settings,  the  contribution  of Jbulk

to Jdark is  more  significant.  Different  from  the  simulation  of
spectral  response,  considering  that Jsurf varies  from  different
materials,  in  the  simulation  of Jdark,  the  p+-region,  i-region
and n+-region of each photodetector is set as the same materi-
al. The Jdark of the p–i–n photodetector with singlesingle mater-
ial and Ge0.9Sn0.1,  as shown in Figs. 4(a)–4(d), respectively. We
used  relatively  ideal  materials  for  the  simulation,  the Jdark is
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Fig. 2.  (Color online) Simulation of spectral responsivity of the p–i–n photodetector with single material  as active region for (a) Si,  (b) graded-
SiGe, (c) Ge, and (d) Ge0.9Sn0.1.
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generally  smaller  than  measured  in  the  experiment.  The Jdark

of  graded-SiGe  and  Ge  are  of  the  same  order  of  magnitude.
The Jdark of  the  Ge0.9Sn0.1 is  much  larger  mainly  due  to  the
small  bandgap  of  Ge0.9Sn0.1 material,  which  is  two  orders  of

magnitude  higher  than  that  in  Ge  material.  This  is  consistent
with former reports[12, 21].

Based  on  this  analysis,  to  keep  the  absorption  peak  of
each material  at  different  positions  and control  the  thickness
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Fig. 3. (Color online) (a) AES of the sample annealed at 800 °C for 30 min and 900 °C for 0 s. (b) AES of the sample annealed at 800 °C for 30 min
and 900 °C for 10 min. (c) Schematic cross-section of the single material p–i–n photodetector. The mesa size is 32 μm in diameter. (d) Influence of
SRV on dark current density of Ge p–i–n photodetector.
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Fig. 4. (Color online) Simulation of Jdark of the p–i–n photodetector with single material for (a) Si, (b) graded-SiGe, (c) Ge, and (d) Ge0.9Sn0.1.
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of  the  active  region  within  a  reasonable  range,  we  super-
imposed  Si,  Ge  and  Ge0.9Sn0.1 from  top  to  bottom  in  the  act-
ive  region.  The  thickness  of  each  layer  in  the  active  region
was set to 600 nm. We simulated the spectral response of the
device  as  shown  in Fig.  5(a).  One  can  see  that  the  cut-off
wavelength is about 2300 nm. To flatten the response, we re-
duced the thickness of Ge0.9Sn0.1 from 600 to 100 nm. The re-
sponsivity  at  1800 nm is  reduced to about  0.57 A/W,  it  is  still
an  acceptable  value.  To  maximize  the  range  of  the  flat  re-
sponse,  we  set  the  thickness  of  Ge0.9Sn0.1 to  100  nm  and  re-
duced the thickness of the Ge layer, as shown in Fig. 5(b). We
find  that  when  the  thickness  of  Ge  layer  is  between  100  and
200  nm,  it  is  consistent  with  the  tendency  of  flat  response.
Considering the contribution of the Si and graded-SiGeabsorp-
tion layers in the Vis optical signal, we set the thickness of Ge
layer  to  100  nm.  It  can  be  observed  from Fig.  5(c) that  when
the  thickness  of  the  Si  layer  is  between  0  and  600  nm,  there
is  no  significant  effect  on  the  spectral  response.  This  hap-
pens because that the absorption coefficient of Ge is much lar-
ger than that of Si in the Vis range. A thin Si layer in active re-
gion  cannot  improve  the  responsivity  of  the  photodetector.
However,  in  the  process  of  growth  and  annealing,  i-Si  plays
an  important  role  as  a  pure  diffusion  source  and  a  barrier  to
resist  the  diffusion  of  doped  elements  from  p+-substrates  to
the  Ge  layer.  To  match  the  conditions  of  the  experiment,  we
set  the  thickness  of  Si  layer  to  100  nm.  Finally,  we  simulated
the  effect  of  graded-SiGe  layer  on  the  spectral  response
when  the  thickness  is  200  to  300  nm,  as  shown  in Fig.  5(d).
To maintain the coefficient characteristics of graded-SiGe, the
thickness  is  controlled  in  some  range.  This  suggests  that
when the thickness of the graded-SiGe layer is set to 240 nm,
the  spectral  response  is  relatively  flat.  The  responsivity  of
this  photodetector  is  about  0.57  A/W  in  the  range  of  700  to

1800 nm.
In  the  procedure  of  regulating  the  thickness  of  different

materials  in  the  active  region,  when  the  thickness  of  the
Ge0.9Sn0.1 layer  is  reduced from 600 to 100 nm, the Jdark is  re-
duced from 0.22 to 0.17 mA/cm2,  as shown in Fig.  6(a).  When
the thickness of other materials is changed, the magnitude of
the Jdark remains  the  same.  This  is  due to  the  photodetectors
of  pure  Si,  graded-SiGe,  and  Ge  have  at  least  two  orders  of
magnitude  lower  than  that  in  Ge0.9Sn0.1.  This  structure  wraps
a thin Ge0.9Sn0.1 layer inside the device to reduce the Jsurf and
Jbulk of  Ge0.9Sn0.1.  This  leads  to  a  reduction  in Jdark.  The  spec-
tral  response  of  the  designed  photodetector  and  the Jdark

changes  between  0–6  V  reverse  bias  was  shown  in Fig.  6(b).
This  indicates  that  when  the  reverse  bias  is  below  5  V,  the
Jdark remains stable.

4.  Discussion

The graded-SiGe layer is formed by annealing, the thin lay-
er  can  be  obtained  easier  and  more  convenient  compared
with the growth method. The annealing process can also min-
imize  the  dislocation  in  Ge  material  and  introduce  a  certain
tensile strain on the surface of Ge layer. This tensile strain can
partially  relieve  compressive  strain  caused  by  large  lattice
mismatch in the following epitaxial of GeSn layer, thus optimiz-
ing the quality of GeSn material[31].

We modulate the thickness of different materials with dif-
ferent  absorption  peaks  to  flatten  the  spectral  response.  The
absorption  of  Vis  optical  signal  is  enhanced  by  graded-SiGe
and  the  absorption  of  IR  optical  signal  is  expanded  by
Ge0.9Sn0.1,  a  flat  and  broad  response  can  be  obtained.  The
thickness  of  graded-SiGe  and  Ge  layer  is  controlled  in  a  pro-
per  range  to  avoid  the  redshift  of  absorption  peak.  This
can reduce the range and flatness of the flat response. Mean-
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Fig. 5. (Color online) The variation of responsivity under different active region is simulated for (a) Ge0.9Sn0.1, (b) Ge, (c) Si, and (d) graded-SiGe.
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while,  we  optimized  the  structure  to  effectively  mitigate  the
negative  effects  of  the  dead-space  effect.  The  thickness  of
the  active  region,  especially  the  Ge0.9Sn0.1 material,  is  greatly
reduced,  which  can  be  helpful  to  reduce  the  dark  current
density.

Taking  into  account  the  actual  optical  signal  incidence,
the  anti-reflection  coating  shows  the  difference  in  transmis-
sion on optical  signals  of  different wavelengths[32].  Therefore,
this  affects  the  response  characteristic  of  the  photodetector.
In  the  case  of  introducing  the  anti-reflection  coating  to  en-
hance the light  incidence efficiency,  to obtain a  flat  response
of the device, we can modulate the structure of the active re-
gion to compensate for  the absorption of  the detector in the
wavelength  range  with  low  transmission  of  the  anti-reflec-
tion  coating.  To  enhance  the  light  absorption  of  the  device,
in  addition  to  the  anti-reflection  coating,  plasmon,  photonic
crystal,  microlenses,  and  black  silicon  can  also  be  combined
to  increase  the  transmittance  to  obtain  the  expected  re-
sponse characteristic and reduce the impact of the anti-reflec-
tion coating on the device[33−36].

5.  Conclusions

In summary, a high-performance Si/graded-SiGe/Ge/Ge0.9-
Sn0.1 p–i–n  photodetector  with  flat  and  broad  response  is
achieved  by  theoretical  study.  The  p–i–n  photodetector  con-
sists  of  entirely  group IV materials  and reaches a  responsivity
as high as 0.57 A/W at a range of 700 to 1800 nm. This range
covers  all  of  the  communication bands.  The  graded-SiGe lay-
er formed by annealing is beneficial to improve the quality of
Ge and Ge0.9Sn0.1 layer.  The  cut-off  wavelength of  the  broad-
band photodetector is about 2300 nm, the dark-current dens-
ity  is  as  low  as  0.17  mA/cm2 under  a  reverse  bias  of  3  V  due
to  the  theoretical  optimization.  This  work  shows  a  prospect-
ive  method  to  fabricate  broadband  p–i–n  photodetectors
with flat response.  This is  of significant help to the simplifica-
tion of  subsequent circuits  and the improvement of  accuracy
in the detection system, and has great importance in cost-ef-
fective integrated Si photonics.
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