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Description 

Field  of  the  Invention 

This  invention  pertains  to  p-i-n  photodiodes  with 
transparent  conductive  contact. 

Background  of  the  Invention 

lll-V  compound  semiconductor  photodiodes  are  a 
key  component  in  optical  communications.  With  contin- 
ued  increased  demand  for  higher  data  rates,  faster  pho- 
todiodes  are  required.  However,  there  are  two  funda- 
mental  limits  to  the  speed  of  a  photodiode:  (i)  the  transit 
time,  tr,  which  is  the  time  to  sweep  the  photogenerated 
carriers  across  the  p-n  junction  to  be  collected  by  the 
contact;  and  (ii)  the  RC  time  constant,  which  is  a  time 
associated  with  the  capacitance  of  the  photodiode  for 
the  given  diode  dimensions.  Typically  the  transit  time  is 
quite  fast,  on  the  order  of  5-10  psec,  while  the  RC  time 
constant  is  usually  the  limiting  factor.  To  reduce  the  RC 
time  constant,  the  photodiode  can  be  made  progres- 
sively  smaller;  however,  as  the  photodiode  area  shrinks, 
the  area  available  for  collecting  light  diminishes,  which 
in  turn  significantly  reduces  the  optical  signal  measured. 
Since  the  electrode  on  the  photodiode  area  shadows  a 
proportionately  increasing  fraction  of  the  photodiode  ar- 
ea,  as  the  device  shrinks  performance  is  compromised 
for  smaller  photodiodes. 

An  attempt  to  reduce  the  effects  of  shadowing  by 
the  top  metal  electrode  was  studied  at  X~0.85  urn  by 
using  indium  tin  oxide  (ITO)  as  a  transparent  top  elec- 
trode  in  GaAs  based  photodiodes.  See  M.  Zirngibl  et  al. 
"Characterization  of  a  Top-Illuminated  p-i-n  Diode  With 
an  Indium  Oxide  Tin  Contact",  Applied  Physics  Letters, 
Vol.  54,  No.  21,  22  May  1989,  pages  2076-2078. 

However,  at  higher  wavelengths  the  use  of  ITO  as 
the  top  electrode  is  not  appropriate  because  of  its  ab- 
sorption  losses.  For  example,  for  a  range  of  wave- 
lengths  ranging  from  1  urn  to  2  urn  the  transmission  falls 
off  almost  linearly  from  about  87  percent  to  about  25  per- 
cent,  respectively.  Since  attenuation  of  low  loss  optical 
fibers  tends  to  be  especially  low  in  the  wavelength  re- 
gion  between  1.3  and  1.6  microns,  there  is  a  need  for 
photodetectors  efficient  at  such  wavelengths. 

US-A-3  81  1  953  concerns  the  use  of  light-transmit- 
ting  electrically  conducting  cadmium  stannate  as  trans- 
parent  electrodes  on  photodetectors  and  solar  cells. 

Summary  of  the  Invention 

This  invention  embodies  a  compound  semiconduc- 
tor  p-i-n  photodiode  suitable  for  use  in  a  wavelength  re- 
gion  above  1  urn,  especially  in  the  wavelength  region 
between  1.3  and  1.6  urn  The  photodiode  is  provided 
with  a  non-alloyed  top  electrode  including  a  thin  semi- 
transparent  metal  layer  and  a  layer  of  transparent  cad- 
mium  tin  oxide  (CTO).  The  top  electrode  functions  as 

the  contact,  an  optical  window  and  an  anti-reflection 
coating.  This  electrode  also  avoids  shadowing  of  the  ac- 
tive  layer,  thus  allowing  greater  collection  of  incident 
light.  Since  the  contact  is  non-alloyed,  interdiffusion  into 

5  the  i-region  is  not  relevant  and  an  increased  darkcurrent 
is  avoided. 

Brief  Description  of  the  Drawing 

10  Figure  1  is  a  schematic  representation  of  a  cross- 
section  of  a  mesa  type  version  of  a  p-i-n  photodiode 
according  to  this  invention; 
Figure  2  is  a  plot  of  l-V  characteristics  of  the  p-i-n 
photodiode; 

is  Figure  3  is  a  schematic  representation  of  an  equiv- 
alent  circuit  used  to  simulate  the  zero-bias  S  param- 
eters  measured  from  the  p-i-n  photodiode; 
Figure  4  is  a  plot  of  the  measured  spectral  respon- 
sivity  of  an  ln0  53Ga0  47As  p-i-n  photodiode  accord- 

20  ing  to  the  invention; 
Figure  5  is  a  plot  of  the  measured  photoresponse 
of  an  ln0  53Ga0  47As  p-i-n  photodiode  according  to 
this  invention  to  3  psec  pulses  from  a  Nd:YIF  laser 
(k  =  1  .047  urn)  for  a  60  urn  diameter  top  electrode; 

25  Figure  6  is  a  plot  of  the  measured  photoresponse 
of  an  ln0  53Ga0  47As  p-i-n  photodiode  according  to 
this  invention  to  3  psec  pulses  from  a  Nd:YIF  laser 
(k  =  1  .047  urn)  for  a  9  urn  diameter  top  electrode; 
and 

30  Figure  7  is  a  plot  of  transmitivity  versus  wave 
number  for  CTO  (upper  curve)  and  ITO  (lower 
curve). 

Detailed  Description 
35 

This  invention  is  a  p-i-n  photodiode  with  a  transpar- 
ent  top  electrode  consisting  of  a  thin  semitransparent 
layer  of  metal  and  a  layer  of  transparent  cadmium  tin 
oxide  (CTO).  The  thin  layer  of  metal,  5  to  40  nm  thick, 

40  selected  from  Ag,  Al  and  In,  serves  at  least  these  func- 
tions:  (i)  it  acts  as  an  intermediary  layer  which  makes  a 
better  non-alloyed  electrical  (ohmic)  contact  to  the  sem- 
iconductor  surface;  (ii)  it  prevents  oxidation  of  the  sem- 
iconductor  underneath  the  top  electrode  by  the  02  in  the 

45  plasma  during  reactive  magnetron  sputtering  of  the 
CTO  layer;  (iii)  it  prevents  formation  of  a  p-n  junction 
between  the  top  confining  layer  and/or  contact  layer  and 
the  CTO  layer;  and  (iv)  in  combination  with  the  CTO  lay- 
er  it  eliminates  shadowing  of  the  photodiode  active  layer 

so  by  the  top  electrode.  The  CTO  is  optically  transparent 
(greater  than  80  percent)  with  a  negligible  absorption 
with  a  conductivity  of  2  x  103  Q_1  cm-1  and  resistivity  of 
5  x  10-4  Q  cm  at  room  temperature.  The  CTO  layer  has 
the  following  advantages:  (i)  it  can  function  as  either  n 

55  or  p  contact;  (ii)  it  acts  as  an  optical  window;  (iii)  it  serves 
as  an  anti-reflection  coating;  (iv)  it  eliminates  shadowing 
of  the  active  layer  by  the  top  electrode,  thus  allowing 
greater  collection  of  incident  light;  and  (v)  since  the  CTO 

25 

2 
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contact  is  non-alloyed,  inter-diffusion  into  the  i-region  is 
not  a  factor,  which  avoids  an  increased  dark  current. 

FIG.  1  is  a  schematic  cross-sectional  representa- 
tion  of  a  p-i-n  photodiode,  10,  according  to  the  invention. 
For  clarity  reasons,  various  elements  of  the  photodiode 
are  not  drawn  to  scale.  Photodiode  10  includes  a  com- 
pound  semiconductor  photodiode  structure  and  elec- 
trodes  to  the  structure.  The  semiconductor  material  can 
consist  of  II  l-V  compound  semiconductors  which  covers 
the  wavelengths  1  -2  urn  such  as  InGaAs/lnAIAs,  and  In- 
GaAsP/lnP.  The  structure  includes  in  an  ascending  or- 
der  from  a  compound  semiconductor  substrate,  11,  a 
large  lower  mesa  including  a  super-lattice  (SL)  buffer 
layer,  12,  and  a  bottom  confining  layer,  13,  of  one  type 
of  conductivity,  and  a  smaller  upper  mesa  including  a 
bottom  transition  layer,  1  4,  an  active  layer,  1  5,  a  top  tran- 
sition  layer,  16,  atop  confining  layer,  17,  of  an  opposite 
conductivity  type,  and  a  highly  doped  contact  layer,  18, 
also  of  said  opposite  conductivity  type.  An  insulating  lay- 
er,  1  9,  overlies  the  whole  of  the  compound  semiconduc- 
tor  structure  except  for  windows,  20,  and  21.  Window 
20  is  over  an  upper  surface  of  contact  layer  1  8,  and  win- 
dow  21  is  over  an  upper  surface  of  the  lower  mesa. 

The  electrodes  include  a  top  electrode,  22,  and  a 
lower  electrode,  23.  The  top  electrode  is  a  composite  of 
a  thin  semitransparent  layer  of  metal,  24,  and  a  trans- 
parent  conductive  cadmium  tin  oxide  layer,  25.  Thin 
metal  electrode  layer,  24,  overlies  the  surface  of  the  in- 
sulating  layer  on  top  of  contact  layer  1  8  and  that  surface 
of  contact  layer  which  is  exposed  in  window  20,  and  ex- 
tends  over  the  insulating  layer  down  to  and  over  an  area 
of  the  substrate  adjacent  to  the  small  mesa.  A  layer  of 
transparent  conductive  CTO,  25,  overlays  metal  layer 
24.  The  conductive  CTO  also  extends  down  to  and  over 
an  area  of  the  substrate  adjacent  to  the  small  mesa. 
Lower  electrode  23  is  in  contact  with  that  portion  of  bot- 
tom  confining  layer  1  3  which  is  exposed  in  window  21  . 
Metal  pads,  26,  and  27,  suitable  for  probing,  are  option- 
ally  provided  in  contact  with  lower  electrode  23,  and  with 
the  transparent  oxide  layer  25,  respectively. 

A  more  detailed  construction  of  p-i-n  photodiode  10 
is  described  below.  The  invention  is  described  with  ref- 
erence  to  an  exemplary  InxGa-î As/lnP/lnyAI-i.y  As  sys- 
tem  in  which  x  is  0.53,  and  y  is  0.52. 

Substrate  11  is  of  InP  material  which  may  be  from 
1  00  urn  to  600  urn  thick.  In  this  exemplary  embodiment, 
the  substrate  is  semi-insulating.  Buffer  layer  12,  which 
is  typically  from  0.  1  urn  to  0.5  urn  thick,  is  placed  to  re- 
duce  out-diffusion  of  impurities  from  the  substrate  into 
the  upper  layers  and  especially  into  the  active  area. 
Buffer  layer  12  is  a  superlattice  which  includes  from  10 
to  30  periods  of  undoped  semiconductor  material,  each 
period  including  a  thin  layer  of  InGaAs  and  a  thin  layer 
of  InAIAs.  In  a  columnar  type  configuration  of  the  pho- 
todiode,  the  bottom  electrode  can  be  made  to  the  back- 
side  of  the  substrate,  in  which  case  substrate  11  and 
buffer  layer  12  would  be  doped  n-type.  Confining  layers 
13  and  17,  of  n+  and  p+  type  ln052AI048As,  respectively, 

confine  the  radiation  of  active  layer  15  within  the  thick- 
ness  of  the  active  layer.  Confining  layers  are  typically 
deposited  in  a  thickness  ranging  from  0.1  urn  to  0.5  urn, 
and  with  a  doping  concentration  of  from  5  x  1017  to  5  x 

5  1018crrr3 
Active  layer  15,  which  is  from  0.1  urn  to  2.0  urn  thick, 

is  of  an  undoped  ln0  53Ga047As.  Thin  transition  layers 
14  and  16  of  the  same  material  as  the  confining  layers 
1  3  and  17,  respectively,  but  undoped,  are  positioned  on 

10  opposite  sides  of  the  active  layer  between  the  active  lay- 
er  and  confining  layers  13  and  17,  respectively.  The 
transition  layers  enhance  the  transition  between  the  rel- 
atively  highly  doped  confining  layers  and  the  undoped 
active  layer  and  act  as  traps  for  carriers  which  may  mi- 

's  grate  from  the  confining  layers  to  the  active  layer.  Highly 
doped  ln053Ga047As  contact  layer  18  is  provided  in  a 
thickness  ranging  from  0.01  to  0.1  urn  to  facilitate  es- 
tablishing  a  non  -alloyed  ohmic  contact  between  top  con- 
fining  layer  17  and  metal  layer  24  of  the  top  electrode 

20  22.  Typically,  the  doping  concentration  of  the  contact 
layer  ranges  from  1  x  1  01  8  to  1  x  1  01  9  cm-3.  The  contact 
layer  is  of  the  same  conductivity  type  as  the  top  confin- 
ing  layer.  Dielectric  layer  19,  of  an  insulating  material, 
such  as  Si02  SiNx,  borosilicate  glass,  phosphorosili- 

25  cate  glass  and  other  insulating  materials  inert  with  re- 
spect  to  the  materials  of  the  diode,  is  deposited  in  a 
thickness  ranging  from  1  00  nm  to  500  nm.  The  dielectric 
layer  encompasses  the  two  mesas  and  the  remaining 
surface  of  the  substrate  providing  insulation  and  protec- 

30  tion  from  the  environment. 
Top  electrode  22  is  formed  by  first  depositing  a  thin 

semitransparent  metal  layer  24  on  top  of  the  dielectric 
layer  on  top  of  the  smaller  mesa  and  on  the  top  surface 
of  contact  layer  1  8  exposed  in  window  20,  and  then  de- 

35  positing  a  layer  25  of  transparent  conductive  cadmium 
tin  oxide.  The  metal  layer  is  selected  from  metals,  such 
as  Ag,  Al,  In,  which,  when  deposited  in  a  thickness  of 
from  5  to  40  nm,  are  semitransparent  to  optical  radiation 
and  exhibit  low  absorption  to  the  passage  of  light.  The 

40  metal  enables  formation  of  a  non-alloyed  ohmic  contact 
to  the  contact  layer.  The  metal  also  acts  as  a  barrier  be- 
tween  the  semiconductor  material  of  the  contact  layer 
and  the  conductive  cadmium  tin  oxide  layer  so  as  to 
avoid  oxidation  of  the  semiconductor  surface  by  02  dur- 

45  ing  reactive  magnetron  deposition  of  CTO  and  formation 
of  another  p-n  junction  between  the  p-type  compound 
semiconductor  and  the  oxide  layer.  Transparent  con- 
ductive  cadmium  tin  oxide  layer  25  is  deposited  on  and 
is  coextensive  with  metal  layer  24.  CTO  is  deposited  in 

so  a  thickness  ranging  from  90  to  600  nm,  preferably  200 
to  300  nm.  Thicknesses  higher  than  600  nm  or  even  500 
nm  may  result  in  a  reduced  series  resistance  but  with  a 
decreased  transmitivity  of  optical  radiation.  CTO  in  con- 
junction  with  the  metal  layer  forms  the  top  electrode  with 

55  a  combined  transmitivity  as  high  as  90  percent. 
Lower  electrode  23  is  formed  by  depositing  a  thin 

metal  layer  in  contact  with  bottom  confining  layer  13. 
Preferably,  electrode  23  is  deposited  prior  to  the  depo- 

3 
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sition  of  insulating  layer  19  which  is  then  patterned  to 
expose  electrode  23  in  window  21.  Typically,  electrode 
23  is  a  layer  of  AuGe  alloy  from  50  to  200  nm  in  thick- 
ness;  however,  this  layer  may  be  followed  by  a  20-30 
nm  thick  film  of  Ni,  20-30  nm  thick  Ti  and  30-200  nm 
thick  Au.  Metal  pads  26  and  27  may  then  be  optionally 
deposited  in  contact  with  electrode  23  and  with  CTO  lay- 
er  25,  respectively.  These  are  typically  a  Ti/Au  compos- 
ite  deposited  in  a  total  thickness  ranging  from  50  to  200 
nm  with  Ti  being  5-30  nm  thick. 

The  device  is  produced  conveniently  by  planar 
technology.  This  involves  first  growing  on  substrate  11 
the  compound  semiconductor  structure  including  layers 
12-18  by  such  known  methods  as  metal  organic  vapor 
phase  epitaxy  (MOVPE),  also  known  as  metal  organic 
chemical  vapor  deposition  (MOCVD),  or  by  molecular 
beam  epitaxy  (MBE)  or  by  hydride  vapor  phase  epitaxy 
(VPE).  In  the  preferred  embodiment,  the  semiconductor 
structure  was  grown  by  MBE  technology.  Thereafter,  the 
formation  of  the  device  is  continued  by  defining  the  me- 
sas.  First  the  active  photodiode  area  is  lithographically 
patterned  and  the  structure  is  wet  chemically  etched 
down  to  bottom  confining  layer  13  forming  the  smaller 
(active)  mesa  Plasma  etching  could  also  be  used  to  per- 
form  the  etching.  The  structure  is  patterned  again  to  de- 
fine  the  larger  diameter  isolation  mesa  and  is  etched 
down  to  the  semi-insulating  InP  substrate.  The  lower 
electrode  23  is  then  added  by  photolithography  and  lift- 
off.  After  alloying  the  lower  electrode  at  temperatures 
ranging  from  300  to  450  °C  for  a  period  of  from  1  2  min- 
utes  to  10  seconds,  respectively,  the  sample  is  coated 
with  Si02  by  plasma-enhanced  chemical  vapor  deposi- 
tion  (PECVD).  The  Si02  is  then  patterned  lithographi- 
cally  to  allow  windows  20  and  21  to  be  etched  through 
it  to  reach  the  top  surface  of  contact  layer  1  8  of  the  active 
mesa  and  the  lower  electrode  23,  respectively.  After 
etching  through  the  Si02,  the  wafer  is  patterned  for  liftoff 
deposition  of  top  electrode  22  atop  the  active  mesa.  The 
patterned  wafer  is  coated  with  ~  10  nm  Ag  or  In  by  elec- 
tron  beam  evaporation  and  then  with  300  nm  of  CTO 
deposited  by  reactive  magnetron  sputtering,  and  the 
metal  and  CTO  are  lifted  off  from  areas  desired  not  to 
be  coated  by  them.  After  this  lift-off,  Ti/Au  pads,  shown 
in  dashed  line  outlines  in  FIG.  1  ,  are  optionally  patterned 
and  deposited. 

The  growth  of  the  optically  transparent  CTO  layer 
25  was  conducted  using  an  RF  magnetron  sputtering 
system  (Anelva  Corp.,  Model  SPF-332H).  In  an  exem- 
plary  embodiment,  the  target  was  a  sintered  disk  (3  inch- 
es  in  diameter,  1/4  inch  in  thickness)  of  a  mixture  of 
about  67  percent  CdO  and  about  33  percent  Sn02 
(Haselden,  San  Jose,  CA).  The  target  was  mounted 
5cm  above  the  samples.  The  plate  voltage  was  1  .5  KV 
and  the  plate  current  approximately  110mA.  A  deposi- 
tion  rate  of  0.3  nm/s  (3A/s)  was  maintained  during  the 
growth.  The  sputtering  gas  was  a  mixture  of  argon  and 
oxygen  at  a  total  pressure  of  from  3  to  4  Pa.  The  resis- 
tivity  of  cadmium  tin  oxide  (CTO)  film  depends  strongly 

on  the  partial  pressure  of  oxygen.  Minimum  resistivity  is 
obtained  for  an  oxygen  partial  pressure  Po2  of  about  2-4 
x  10"2  Pa  in  2-4  Pa  argon. 

A  number  of  so-produced  photodiodes  was  subject- 
5  ed  to  various  tests.  I-V  characteristics  of  a  60  urn  diam- 

eter  photodiode  were  measured  and  the  results  are 
shown  in  FIG.  2.  These  photodiodes  exhibited  leakage 
currents  of  <  8  nA  and  some  as  low  as  23  pA,  and  re- 
verse  breakdown  voltages  of  >  15-17  V. 

10  The  zero  bias  microwave  performance  of  9  urn  di- 
ameter  photodiodes  was  measured  with  a  100  MHz-40 
GHz  probe  station  and  an  HP  8510  network  analyzer. 
The  S-parameters  measured  were  then  used  to  obtain 
an  equivalent  circuit  by  optimizing  the  7i-network  shown 

is  in  FIG.  3.  Optimizing  the  equivalent  circuit  yielded  a  de- 
vice  capacitance  of  9.3  f  F  which  is  close  to  the  calculat- 
ed  11.6  fF  for  a  0.75  urn  long  active  region.  The  series 
resistance,  Rs,  was  around  34.7  Q.  The  device  is  ex- 
pected  to  be  transit  time  limited,  tr  =  7.5  psec,  which  cor- 

20  responds  to  a  f3dB  =  85  GHz. 
Responsivity  was  measured  using  a  1  .55  urn  wave- 

length  InGaAsP  diode  laser.  Light  from  this  laser  was 
focused  onto  an  unpassivated  60  urn  diameter  photodi- 
ode  area  A  reverse  bias  of  -5  V  was  applied  through 

25  coaxial  probes,  and  the  photocurrent  was  measured 
and  compared  to  a  calibrated  Ge  photoconductor.  The 
responsivity  of  the  p-i-n  photodiode  at  1  .55  urn  is  at  least 
0.41  A/W.  The  spectral  dependence  of  the  response 
was  also  measured  using  a  white  light  source  and  a 

30  monochronometer.  The  spectral  response  is  shown  in 
FIG.  4.  The  short  wavelength  cutoff  is  due  to  the  band- 
pass  filter  used  to  remove  spectral  harmonics.  The 
spectral  dependent  response  was  adjusted  to  agree 
with  the  absolute  responsivity  measured  at  1  .55  nm. 

35  The  photoresponse  of  the  photodiodes  was  meas- 
ured  by  packaging  the  devices  on  a  co-planar  chip  car- 
rier  and  inserting  it  into  a  Design  Techniques  test  fixture. 
The  photodiodes  were  then  illuminated  with  3  psec  puls- 
es  from  a  passive  mode-locked  Nd:YIF  laser  (1  .047  urn) 

40  pumped  with  a  Ti-sapphire  CW  laser.  The  60  urn  diam- 
eter  photodiodes  showed  a  full  width  half  maximum 
(FWHM)  of  169  psec,  shown  in  FIG.  5,  which  is  slightly 
higher  than  an  expected  maximum  of  115  psec.  Para- 
sitic  capacitances  of  the  top  electrode  and  the  doped 

45  contact  layer  with  Si02  sandwiched  in-between  in- 
creased  the  RC  time  constant.  The  9  urn  photodiodes 
exhibited  only  a  86  psec  FWHM  response,  shown  in 
FIG.  6,  which  is  much  longer  than  the  20-30  psec  ex- 
pected  from,  both,  calculations  of  the  RC  time  constant 

so  or  scaling  of  the  60  urn  diameter  device  to  9  urn  diam- 
eter.  The  response  time  of  the  smaller  photodiode 
seems  to  be  limited  by  the  packaging  design  and  the 
bond  wires.  This  is  also  confirmed  by  the  contrast  to  the 
microwave  measurements  using  on-chip  microwave 

55  probes  which  measured  low  parasitic  capacitance  com- 
pared  to  the  packaged  9  nm  photodiodes  which  exhibit 
slow  photoresponse. 

Transmittance  of  the  CTO  was  measured  for  wave- 

4 
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lengths  from  1  urn  to  2  urn  (wave  numbers  of  10,000  to 
5000  cm-1)  and  shows  a  gradually  decaying  transmit- 
tance  over  the  spectral  range  starting  at  ~  97  percent 
at  1  urn  and  falling  to  ~  85  percent  at  2  urn.  See  FIG.  7 
(upper  curve).  For  comparison,  transmittance  of  the  ITO  s 
for  wavelengths  from  1  urn  to  2  urn  shows  an  almost 
linear  decaying  transmittance  over  the  spectral  range 
starting  at  ~  87  percent  at  1  urn  and  falling  to  ~  25  per- 
cent  at  2  urn  See  FIG.  7  (lower  curve).  Transmittance  of 
the  Ag  and  In  layers  on  glass  were  also  measured  at  the  10 
discrete  wavelength  of  1  .55  urn  and  showed  a  97.3  and 
98.8  percent  transmittance  for  ~  10  nm  thick  Ag  and  In, 
respectively. 

The  various  characteristics  of  the  photodiode  ac- 
cording  to  the  invention  may  be  summarized  as  follows.  15 
The  photodiodes  exhibited  leakage  currents  of  <  8  nA 
and  some  as  low  as  23  pA,  with  reverse  breakdown  volt- 
ages  of  >  15-17  V.  Responsivity  was  measured  using  a 
1.55  urn  InGaAsP  laser  diode  focused  onto  an  unpas- 
sivated  60  urn  diameter  top  electrode  of  a  p-i-n  photo-  20 
diode  and  was  >  0.41  A/W.  Photoresponse  of  the  diodes 
to  3  psec  pulses  from  a  Nd:YIF  laser  (k=  1  .047  urn)  was 
169  psec  and  86  psec  for  the  60  urn  and  9  urn  diodes 
respectively.  The  frequency  response  of  the  9  urn  diode 
is  packaging  limited  and  is  expected  to  have  a  response  25 
time  of  20-30  psec. 

Claims 
30 

1.  A  p-i-n  photodiode  which  comprises 

2.  The  p-i-n  photodiode  of  claim  1  ,  in  which  the  metal  so 
of  said  metal  layer  is  selected  from  the  group  con- 
sisting  of  Ag,  Al  and  In. 

3.  The  p-i-n  photodiode  of  claim  2  in  which  the  thick- 
ness  of  said  metal  layer  falls  within  a  range  of  from  55 
5  to  40  nm. 

4.  The  p-i-n  photodiode  of  claim  2,  in  which  said  metal 

layer  comprises  Ag. 

5.  The  p-i-n  photodiode  of  claim  4,  in  which  said  metal 
layer  is  10  nm  thick. 

6.  The  p-i-n  photodiode  of  claim  1  ,  in  which  the  thick- 
ness  of  said  conductive  cadmium  tin  oxide  layer 
falls  within  a  range  of  from  90  nm  to  600  nm. 

7.  The  p-i-n  photodiode  of  claim  8,  in  which  said  con- 
ductive  cadmium  tin  oxide  layer  is  300  nm  thick. 

8.  The  p-i-n  photodiode  of  claim  1  ,  in  which  said  struc- 
ture  includes  an  undoped  InGaAs  active  layer  con- 
fined  between  n+  and  p+  type  InAIAs  layers. 

9.  The  p-i-n  photodiode  of  claim  8,  in  which  said  In- 
GaAs  comprises  ln053  Ga047As  and  said  InAIAs 
comprises  ln0  s2AI048As. 

10.  The  p-i-n  photodiode  of  claim  8,  in  which  a  thin  tran- 
sition  layer  comprising  undoped  ln0s2AI048As  is 
positioned  between  the  ln0  53Ga047As  active  layer 
and  the  respective  n+  and  p+  type  ln0  52AI0  48As. 

Patentanspriiche 

1.  Pin-Fotodiode  umfassend 

eine  Schichtanordnung  mit  einer  Vielzahl  von 
Verbindungshalbleiterschichten  und  eine  unte- 
re  und  eine  obere  Elektrode  fur  die  Anordnung, 
wobei  die  Anordnung  ein  Substrat  (11  )  eines  er- 
sten  Leitfahigkeitstyps,  eine  Bodenein- 
schluBschicht  (13)  des  ersten  Leitfahigkeits- 
typs,  eine  aktive  intrinsische  Schicht  (15),  eine 
obere  EinschluBschicht  (17)  eines  zweiten  Leit- 
fahgikeitstyps  und  eine  Kontaktschicht  (1  8)  des 
zweiten  Leitfahigkeitstyps,  und 
wobei  die  obere  Elektrode  (22)  in  Kontakt  mit 
der  Kontaktschicht  ist  und  aus  einer  dunnen  op- 
tisch  semitransparenten  Metal  Ischicht  (24),  die 
iiber  der  Kontaktschicht  liegt  und  einer  optisch 
transparenten  leitfahigen  Kadmiumzinnoxid- 
schicht,  die  iiber  der  Metallschicht  liegt,  besteht 
wobei  die  Metallschicht  einen  nicht-legierten 
ohmschen  Kontakt  zur  Kontaktschicht  bildet. 

2.  Pin-Fotodiode  nach  Anspruch  1  ,  bei  welcher  das 
Metall  der  Metallschicht  aus  der  Gruppe  ausge- 
wahlt  ist,  die  aus  Ag,  Al  und  In  besteht. 

3.  Pin-Fotodiode  nach  Anspruch  2,  bei  welcher  die 
Dicke  der  Metallschicht  in  einen  Bereich  von  5  bis 
40  nm  fallt. 

4.  Pin-Fotodiode  nach  Anspruch  2,  bei  welcher  die 

a  layered  structure  of  a  plurality  of  compound 
semiconductor  layers,  and  a  lower  and  a  top 
electrode  to  the  structure,  35 
said  structure  comprises  a  substrate  (11)  of  a 
first  conductivivity  type,  a  bottom  confining  lay- 
er  (13)  of  said  first  conductivity  type,  an  intrinsic 
active  layer  (15),  a  top  confining  layer  (1  7)  of  a 
second  conductivity  type,  and  a  contact  layer  40 
(18)  of  said  second  conductivity  type,  and 
said  top  electrode  (22)  is  in  contact  with  said 
contact  layer  and  consists  of  a  thin  optically 
semitransparent  metal  layer  (24)  overlaying 
said  contact  layer  and  an  optically  transparent,  45 
conductive  cadmium  tin  oxide  layer  (25)  over- 
laying  said  metal  layer,  said  metal  layer  forming 
non-alloyed  ohmic  contact  to  the  contact  layer. 

5 
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Metallschicht  Ag  umfaBt. 

5.  Pin-Fotodiode  nach  Anspruch  4,  bei  welcher  die 
Metallschicht  10  nm  dick  ist. 

6.  Pin-Fotodiode  nach  Anspruch  1,  bei  welcher  die 
Dicke  der  leitfahigen  Kadmiumzinnoxidschicht  in  ei- 
nen  Bereich  von  90  bis  600  nm  fallt. 

7.  Pin-Fotodiode  nach  Anspruch  8,  bei  welcher  die 
leitfahige  Kadmiumzinnoxidschicht  300  nm  dick  ist. 

8.  Pin-Fotodiode  nach  Anspruch  1,  bei  welcher  die 
Anordnung  eine  undotierte  aktive  InGaAs-Schicht 
umfaBt,  die  zwischen  n+  und  p+  Typ  InAIAs-Schich- 
ten  eingeschlossen  ist. 

9.  Pin-Fotodiode  nach  Anspruch  8,  bei  welcherdas  In- 
GaAs  ln053  Ga047  umfaBt  und  das  InAIAs 
ln0  52AI0  48As  umfaBt. 

10.  Pin-Fotodiode  nach  Anspruch  8,  bei  welcher  eine 
dunne  Ubergangsschicht,  die  undotiertes 
ln052AI048As  umfaBt,  zwischen  der  aktiven  Ino, 
53Gao,47Aa-Schicht  und  dem  jeweiligen  n+  und  p+ 
Typ  ln0  52AI048As  angeordnet  ist. 

Revendications 

1.  Photodiode  p-i-n  qui  comprend, 

une  structure  stratifiee,  constitute  d'une  plura- 
lity  de  couches  semi-conductrices  composees, 
avec  une  electrode  inferieure  et  une  electrode 
superieure  disposees  sur  la  structure, 
ladite  structure  comprend  un  substrat  (11)  d'un 
premier  type  de  conductivity,  une  couche  de 
confinement  inferieure  (13)  dudit  premier  type 

3.  Photodiode  p-i-n  selon  la  revendication  2,  dans  la- 
quelle  I'epaisseur  de  ladite  couche  metallique  est 
comprise  dans  un  intervalle  de  5  a  40  nm. 

5  4.  Photodiode  p-i-n  selon  la  revendication  2,  dans  la- 
quelle  ladite  couche  metallique  comprend  de  I'Ag. 

5.  Photodiode  p-i-n  selon  la  revendication  4,  dans  la- 
quelle  ladite  couche  metallique  a  une  epaisseur  de 

10  10  nm. 

6.  Photodiode  p-i-n  selon  la  revendication  1  ,  dans  la- 
quelle  I'epaisseur  de  ladite  couche  d'oxyde  de  cad- 
mium  et  d'etain  conductrice  est  comprise  dans  Tin- 

's  tervalle  de  90  a  600  nm. 

7.  Photodiode  p-i-n  selon  la  revendication  8,  dans  la- 
quelle  la  couche  d'oxyde  de  cadmium  et  d'etain 
conductrice  a  une  epaisseur  de  300  nm. 

20 
8.  Photodiode  p-i-n  selon  la  revendication  1  ,  dans  la- 

quelle  ladite  structure  comprend  une  couche  active 
non  dopee  d'lnGaAs  confinee  entre  des  couches 
d'lnAIAs  de  type  n+  et  de  type  p+. 

25 
9.  Photodiode  p-i-n  selon  la  revendication  8,  dans  la- 

quelle  ledit  InGaAs  comprend  ln0  53Ga0  47As,  et  le- 
dit  InAIAs  comprend  ln0  52AI0  48As. 

30  10.  Photodiode  p-i-n  selon  la  revendication  8,  dans  la- 
quelle  une  couche  mince  de  transition,  comprenant 
de  Tln0  52AI048As  non  dope,  est  disposee  entre  la 
couche  active  d'ln0  53Ga047As  et  Tln052AI048As 
respectifs,  de  type  n+  et  de  type  p+. 

35 

20 

25 

de  conductivity,  une  couche  active  intrinseque  40 
(15),  une  couche  de  confinement  superieure 
(17)  d'un  deuxieme  type  de  conductivity,  et  une 
couche  de  contact  (18)  dudit  deuxieme  type  de 
conductivity,  et 
ladite  electrode  superieure  (22)  est  en  contact  45 
avec  ladite  couche  de  contact  et  est  constituee 
d'une  couche  mince  metallique  optiquement 
semi-transparente  (24),  disposee  au-dessus 
de  ladite  couche  de  contact,  et  d'une  couche 
(25)  d'oxyde  de  cadmium  et  d'etain,  conductri-  so 
ce,  optiquement  transparente,  qui  recouvre  la- 
dite  couche  metallique,  ladite  couche  metalli- 
que  formant  un  contact  ohmique  non  allie  avec 
la  couche  de  contact. 

55 
2.  Photodiode  p-i-n  selon  la  revendication  1  ,  dans  la- 

quelle  le  metal  de  ladite  couche  metallique  est  choi- 
si  parmi  I'ensemble  comprenant  Ag,  Al  et  In. 

6 
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