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©  Diffusion  of  p-type  Be  dopant  out  of  the  base 
(40)  of  an  npn  heterojunction  bipolar  transistor  (HBT) 
during  the  transistor  fabrication  is  prevented  by 
growing  the  base  (40)  at  a  low  temperature,  gen- 
erally  within  the  range  of  about  280°  -420  °C  for  a 

AllnAs/GalnAs  device.  The  DC  current  gain  is  maxi- 
mized  by  growing  the  base  (40)  at  the  highest  per- 
missible  temperature  before  outdiffusion  occurs, 
which  is  substantially  above  the  Be  precipitation 
temperature. 
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BACKGROUND  OF  THE  INVENTION 

Field  of  the  Invention 

This  invention  relates  to  the  fabrication  of  elec- 
trical  devices  with  a  confined  highly  p  doped  re- 
gion,  such  as  npn  heterojunction  bipolar  transistors 
(HBTs)  with  a  highly  p  doped  base,  in  which  diffu- 
sion  of  the  p  dopant  out  of  its  confined  region  is 
inhibited. 

Description  of  the  Related  Art 

HBTs  represent  a  field  of  increasing  interest 
because  of  their  potential  for  higher  emitter  effi- 
ciency,  decreased  base  resistance,  less  emitter 
current  crowding,  improved  frequency  response 
and  wider  temperature  range  of  operation.  A  repre- 
sentative  HBT  is  illustrated  in  FIG.  1.  It  includes  a 
semi-insulating  semiconductor  substrate  2,  typically 
InP  or  GaAs.  A  highly  doped  n  +  subcollector  layer 
4  on  the  substrate  provides  an  underlying  contact 
with  the  more  lightly  n-  doped  collector  layer  6, 
with  a  metallized  or  highly  doped  semiconductor 
pad  8  providing  a  collector  contact  through  the 
subcollector.  A  p+  base  layer  10  is  formed  over 
the  collector,  with  an  n  doped  emitter  12  over  the 
central  portion  of  the  base  and  a  lateral  base 
contact  14  surrounding  the  emitter.  An  emitter  con- 
tact  16  is  provided  on  the  emitter's  upper  surface. 

HBTs  commonly  use  beryllium  as  the  base 
dopant.  Because  of  a  diffusion  problem  encoun- 
tered  with  Be,  which  the  present  invention  seeks  to 
alleviate,  carbon  has  also  been  used  as  a  base 
dopant  to  a  certain  extent.  However,  carbon  is  not 
as  effective  a  dopant  as  Be,  especially  in  In  com- 
pounds. 

It  is  generally  desirable  to  establish  a  high  level 
of  base  doping  for  an  npn  HBT.  A  high  doping 
level  reduces  the  base  sheet  resistance,  which  in 
turn  increases  the  transistor's  maximum  frequency 
of  operation  fmax.  Unfortunately,  Be  tends  to  diffuse 
out  of  the  base  during  the  usual  molecular  beam 
epitaxy  (MBE)  growth  process  if  the  attempted 
dopant  level  is  too  high.  As  a  practical  matter,  Be 
base  doping  levels  have  been  limited  to  about 
2x1019cm-3  because  of  the  diffusion  problem.  An 
ability  to  increase  this  doping  level  will  result  in 
higher  fmax  values,  which  in  turn  would  improve  the 
circuit's  or  system's  speed  of  operation.  Such  en- 
hanced  HBTs  could  be  used  in  both  digital  and 
analog  systems,  and  would  be  particularly  applica- 
ble  to  analog-to-digital  converters  (ADCs)  in  which 
the  added  speed  could  translate  to  either  a  faster 
converter,  or  to  a  larger  bit  capacity  for  a  given 
operating  speed. 

One  method  that  has  been  used  to  reduce  the 
movement  of  Be  from  the  base  to  the  emitter  of  an 

npn  AllnAs/GalnAs  (emitter/base)  HBT  involved 
adding  a  spacer  layer  of  GalnAs  at  the  emitter/base 
junction.  Stanchina  et  al.,  "Improved  High  Frequen- 
cy  Performance  of  AllnAs/GalnAs  HBTs  Through 

5  the  Use  of  Low  Temperature  GalnAs",  2d  Int'l. 
Conf.  on  Indium  Phosphide  and  Related  Materials, 
April  23-25,  1990,  pages  13-16.  The  spacer  layer 
was  grown  at  a  temperature  of  300  °C,  which  is 
about  200  °C  below  the  normal  HBT  growth  tem- 

io  perature.  This  allowed  the  Be  doping  level  in  the 
base  to  be  increased  because  Be  diffusion,  which 
increases  at  higher  doping  levels,  was  inhibited  by 
the  low  temperature  growth  GalnAs  spacer.  The 
technique  allows  base  doping  levels  to  be  in- 

75  creased  by  up  to  a  factor  of  2,  increasing  the  hole 
concentration  in  the  base  from  1.5x1019cm-3  with- 
out  the  spacer  to  3.0x1019cm-3  with  the  spacer. 
This  modest  increase  in  doping  level  was  accom- 
panied,  however,  by  an  increased  transit  time  of 

20  electrons  in  the  device. 
Enhanced  Be  doping  has  also  been  achieved 

by  low  temperature  growth  of  GalnAs  thin  films 
(500-4,000  Angstroms).  Nottenburg  et  al.,  "InP- 
Based  Heterostructure  Bipolar  Transistor",  Proc.  of 

25  the  1989  GaAs  IC  Symposium,  1989,  pages  135- 
138;  Hamm  et  al.,  "Ultrahigh  Be  doping  of 
Gao.47lno.53As  by  low  temperature  molecular  beam 
epitaxy",  Applied  Physics  Letters,  Vol.  54,  No.  25, 
19  June  1989,  pages  2586-2588.  It  was  demon- 

30  strated  that  higher  Be  doping  levels  could  be  ob- 
tained  at  lower  growth  temperatures.  At  lower 
growth  temperatures  more  vacancies  are  created, 
which  allows  more  Be  to  be  substitutional^  incor- 
porated  into  the  lattice.  At  any  given  growth  tem- 

35  perature  there  is  a  maximum  Be  doping  level,  due 
to  the  fact  that  at  each  growth  temperature  there 
are  a  finite  number  of  vacancies  created;  the  lower 
the  growth  temperature,  the  greater  are  the  number 
of  vacancies  and  therefore  the  higher  is  the  maxi- 

40  mum  doping  level.  This  information  was  used  to 
grow  InP/GalnAs  HBTs  in  which  the  base  region 
was  grown  at  low  temperature,  thereby  permitting  a 
higher  doping  level.  Maximum  doping  levels  at  a 
given  temperature  before  Be  precipitation  occurred 

45  were  established.  However,  this  work  did  not  ad- 
dress  the  issue  of  Be  diffusion  out  of  the  base. 
Thus,  the  maximum  doping  levels  that  were 
claimed  would  suffer  from  extensive  diffusion,  and 
would  not  be  applicable  in  the  base  of  an  HBT. 

50  Furthermore,  very  high  doping  levels  result  in  a 
degradation  in  the  crystalline  quality,  which  is  re- 
flected  in  a  reduction  of  the  DC  current  gain  /3.  The 
cited  references  also  did  not  address  the  degrada- 
tion  of  crystalline  quality,  and  resulted  in  undesira- 

55  ble  $  reductions. 
Be  diffusion  during  subsequent  annealing  has 

also  been  reduced  in  GaAs  by  the  use  of  higher  As 
overpressures  during  Be  growth.  Miller  et  al.,  "Con- 
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trol  of  Be  diffusion  in  molecular  beam  epitaxy 
GaAs",  Applied  Physics  Letters,  Vol.  46,  No.  10,  15 
May  1985,  pages  960-962.  The  use  of  higher  As 
overpressures  during  MBE  growth  results  in  more 
As  at  the  sample's  growing  surface.  This  increased 
As  impedes  the  movement  of  Ga  into  the  desired 
lattice  sites,  which  in  turn  generates  Ga  vacancies 
in  the  lattice.  These  vacancies  capture  Be  ions, 
making  them  resistant  to  diffusion.  Disadvantages 
of  this  approach  are  that  it  requires  a  higher  As 
flux,  and  also  that  the  range  of  vacancy  creations 
that  can  be  obtained  by  changing  the  As  flux  is 
quite  limited  because  it  is  a  linear  process. 

SUMMARY  OF  THE  INVENTION 

The  present  invention  seeks  to  provide  a  meth- 
od  of  fabricating  an  HBT  with  substantially  higher 
base  doping  levels,  without  either  significant  Be 
diffusion  out  of  the  base  or  a  degradation  of  the  DC 
current  gain  /3. 

These  goals  are  achieved  by  selecting  a  de- 
sired  dopant  level  for  the  base  of  an  HBT,  growing 
the  base  by  MBE  with  a  Be  dopant  at  the  selected 
concentration,  and  maintaining  the  base  during  its 
growth  within  a  temperature  range  that  is  suffi- 
ciently  low  so  that  the  Be  dopant  does  not  substan- 
tially  diffuse  out  of  the  base,  but  above  the  tem- 
perature  at  which  Be  precipitation  occurs.  The  tem- 
perature  is  preferably  maintained  at  approximately 
a  maximum  temperature  within  this  range,  which 
optimizes  the  crystalline  quality  and  thus  maxi- 
mizes  the  transistor  gain.  High  levels  of  Be  base 
doping,  up  to  about  2x1020cm-3,  can  be  obtained. 
Depending  upon  the  particular  doping  level  de- 
sired,  the  base  growth  temperature  will  generally 
be  within  the  range  of  280  °  -420  °  C. 

These  and  further  features  and  advantages  of 
the  invention  will  be  apparent  to  those  skilled  in  the 
art  from  the  following  detailed  description,  taken 
together  with  the  accompanying  drawings. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  is  a  sectional  view  of  a  known  HBT, 
described  above; 
FIG.  2  is  a  material  diagram  of  an  HBT  that  was 
used  to  demonstrate  an  increase  in  Be  dopant 
diffusion  out  of  the  base  as  the  base  dopant 
level  was  increased; 
FIG.  3  is  a  graph  showing  the  results  obtained 
with  the  FIG.  2  demonstration; 
FIG.  4  is  a  material  diagram  of  an  HBT  that  was 
used  to  demonstrate  the  dependance  of  base 
dopant  diffusion  and  maximum  concentration 
upon  growth  temperature; 
FIG.  5  is  a  graph  of  the  results  obtained  with  the 
FIG.  4  demonstration;  and 

FIG.  6  is  a  graph  that  relates  the  maximum  base 
doping  level  before  diffusion  takes  place  to  the 
growth  temperature,  for  the  HBT  structure  of 
FIG.  2. 

5 
DETAILED  DESCRIPTION  OF  THE  INVENTION 

The  present  invention  offers  two  unique  advan- 
tages:  (1)  an  ability  to  keep  high  levels  of  Be  (up  to 

io  about  2x1020cm-3)  within  the  defined  p  base  re- 
gion  of  an  HBT  by  low  temperature  MBE  growth; 
and  (2)  the  establishment  of  optimum  growth  tem- 
peratures  for  desired  base  doping  levels  that  both 
inhibits  Be  diffusion,  and  optimizes  the  crystalline 

is  quality  to  maximize  transistor  gain.  Although  it  is 
described  herein  in  terms  of  an  HBT  with  an  AllnAs 
emitter  and  a  GalnAs  base,  it  is  applicable  to  other 
emitter/base  combinations  that  can  be  used  for  an 
npn  HBT  with  Be  base  doping,  such  as  Al- 

20  GaAs/GaAs,  GaAs/GalnP  and  InP/GalnAs  (the  base 
and  emitter  materials  can  also  be  switched),  and 
more  generally  to  other  electrical  devices  in  which 
a  high  level  of  confined  Be  doping  is  desired. 

The  technique  involves  holding  the  HBT  sub- 
25  strate  at  a  low  temperature  during  MBE  growth  of 

the  base.  When  a  GalnAs  base  is  grown  at  low 
temperature,  the  residence  time  of  an  As  atom 
which  strikes  the  surface  (the  time  it  resides  on  the 
surface  before  being  desorbed)  is  greatly  increased 

30  because  of  the  lower  thermal  energy  it  receives 
from  the  substrate.  This  increased  dwell  time  effec- 
tively  increases  the  amount  of  As  on  the  surface  at 
any  given  time,  which  in  turn  impedes  Ga,  In  and 
Al  surface  diffusion,  thereby  creating  vacancies  into 

35  which  Be  ions  can  lock.  The  effect  is  similar  to  an 
increase  in  the  As  flux,  but  does  not  require  any 
increase  in  As  flux.  Furthermore,  since  the  surface 
residence  time  is  exponential  in  nature  with  respect 
to  the  growth  temperature,  rather  than  the  linear 

40  relationship  between  As  flux  and  vacancy  creation, 
it  allows  for  a  much  greater  range  in  the  creation  of 
lattice  vacancies. 

The  present  inventors  have  observed  that, 
when  Be  doping  is  performed  during  MBE,  a  de- 

45  sired  abrupt  Be  profile  can  be  achieved  only  for 
some  maximum  doping  level.  If  higher  doping  lev- 
els  are  attempted  by  increasing  the  Be  flux,  the 
additional  Be  rapidly  diffuses  out  of  the  intended 
area.  FIG.  2  shows  an  HBT  structure  with  which 

50  this  effect  was  demonstrated.  It  included  a  3,000 
Angstrom  GalnAs  collector  layer  18  that  was  n 
doped  with  silicon  to  a  concentration  of 
2x101Gcm-3,  a  400  Angstrom  GalnAs  p+  base 
layer  20  that  was  doped  with  Be,  a  100  Angstrom 

55  GalnAs  undoped  base  spacer  layer  22  and  a  3,000 
Angstrom  AllnAs  emitter  layer  24  with  an  n  dopant 
concentration  of  8x1017cm-3;  electrical  contacts 
were  also  formed,  but  are  not  shown. 

3 
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The  structure  of  FIG.  3  was  grown  at  a  tem- 
perature  of  450  °C.  In  one  case  the  Be  flux  was 
1.5x1012/sec,  and  in  a  second  case  it  was 
4.0x1  012/sec.  A  secondary  ion  mass  spectrograph 
of  the  Be  distribution  resulting  from  the  two  dif- 
ferent  fluxes  and  for  the  emitter  Al  is  shown  in  FIG. 
3  as  a  function  of  depth  into  the  device.  The  Al 
profile  26  defines  the  edge  of  the  emitter.  The  Be 
profile  28  for  the  lower  Be  flux  was  generally  con- 
fined  to  the  base  region,  whereas  the  Be  profile  30 
for  the  higher  Be  flux  diffused  some  1,500  Ang- 
stroms  into  the  emitter  region. 

The  explanation  for  the  observed  dependence 
of  Be  diffusion  upon  its  concentration  is  believed  to 
be  that  Be  incorporates  into  the  vacancies  created 
during  crystal  growth  when  Ga,  In  or  Al  are  not 
incorporated  into  their  preferred  lattice  sites.  Be  is 
a  mobile,  positive  ion  which  diffuses  interstitially  in 
the  lattice,  only  stopping  when  it  encounters  a 
vacancy  where  it  is  substitutional^  trapped  (Miller 
et  al.,  supra).  This  implies  that,  for  the  higher 
dopant  flux  condition,  there  were  not  enough  va- 
cancies  created  in  the  base  region  to  accommo- 
date  the  increased  number  of  Be  atoms,  and  they 
therefore  diffused  into  regions  beyond  the  base 
where  they  were  then  substitutional^  accommo- 
dated.  Thus,  if  more  vacancies  can  be  generated 
within  the  base,  it  should  be  possible  to  obtain 
higher  dopant  levels  before  Be  diffusion  beyond 
the  intended  base  region  occurs. 

Since  vacancies  are  created  when  Ga,  In  and 
Al  cannot  surface  diffuse  on  the  growing  MBE 
surface  to  their  desired  lattice  sites,  additional  va- 
cancies  can  be  created  and  higher  doping  levels 
accordingly  achieved  if  this  movement  can  be  im- 
peded  even  more  than  that  which  occurs  during 
typical  MBE  growth  conditions.  The  low  tempera- 
ture  growth  employed  by  the  invention  is  believed 
to  increase  the  number  of  vacancies  by  two  effects: 
(1)  the  thermal  energy  imparted  to  the  Ga,  In  and 
Al  atoms  from  the  substrate  is  reduced,  preventing 
these  atoms  from  moving  as  rapidly  or  as  far,  and 
thereby  inhibiting  them  from  locating  substitutional 
lattice  sites  and  thereby  creating  vacancies;  and  (2) 
the  As  resides  on  the  surface  for  a  longer  period  of 
time  for  a  low  temperature  substrate,  thereby  effec- 
tively  increasing  the  As  density  on  the  surface  so 
as  to  impede  the  surface  diffusion  of  Ga,  In  and  Al, 
and  thus  creating  additional  vacancies. 

This  hypothesis  was  tested  by  growing  iden- 
tical  HBT  structures,  shown  in  FIG.  4,  with  the 
same  Be  flux  used  for  growing  the  base.  The  only 
difference  between  the  devices  was  the  tempera- 
ture  at  which  the  base  was  grown.  In  the  first 
device  the  base  growth  temperature  was  360  °C, 
and  in  the  second  it  was  280  °  C.  The  intended  Be 
base  doping  level  was  2x1020cm-3  which  was 
about  10  times  higher  than  the  doping  level  that 

can  be  achieved  with  MBE  growth  under  typical 
growth  temperatures  of  500  °  C. 

The  test  devices  were  formed  by  MBE  on  an 
InP  substrate  32,  with  a  100  Angstrom  GalnAs 

5  undoped  buffer  layer  34  over  the  substrate  and 
then  in  succession  a  7,000  Angstrom  GalnAs  sub- 
collector  layer  36  with  an  n  doping  of  1x1019cm-3, 
a  3,000  Angstrom  GalnAs  collector  layer  38  with  an 
n  doping  concentration  of  1x101Gcm-3,  and  a  500 

io  Angstrom  GalnAs  base  layer  40.  A  lightly  doped 
100  Angstrom  spacer  layer  42  was  grown  over  the 
base  to  assist  in  precisely  locating  the  device's  p-n 
electrical  junction  in  accordance  with  the  teachings 
of  copending  application  Serial  No. 

is  by  Metzger  et  al.,  "Electrical  Junction 
Device  With  Lightly  Doped  Buffer  Region  to  Pre- 
cisely  Locate  a  P-N  Junction",  filed  on  the  same 
day  as  the  present  application  and  also  assigned  to 
Hughes  Aircraft  Company.  A  300  Angstrom  graded 

20  superlattice  44  was  then  grown  over  the  spacer 
layer,  consisting  of  9  periods  with  each  period 
having  a  layer  of  base/spacer  material  and  another 
layer  of  emitter  material.  The  superlattice  was  grad- 
ed  so  that  the  layers  of  base/spacer  material  pro- 

25  gressively  dropped  in  width,  and  the  layers  of 
emitter  material  progressively  increased  in  width,  in 
discrete  steps,  for  each  successive  period  from  the 
spacer  to  the  emitter.  Specifically,  the  superlattice 
periods  were  each  33.3  Angstroms  wide,  with  the 

30  base/spacer  layer  dropping  in  3.3  Angstrom  steps 
from  30.0  Angstroms  adjacent  to  the  base  to  3.3 
Angstroms  adjacent  to  the  emitter.  An  electrical 
junction  was  established  within  the  superlattice  by 
doping  the  first  two  periods  p-type  at  the  spacer 

35  concentration  of  2x1018cm-3,  and  the  remaining  7 
periods  n-type  at  the  emitter  concentration  of 
8x1017cm-3.  The  superlattice  is  useful  in  prevent- 
ing  field-induced  Be  diffusion  during  the  operation 
of  the  device  (as  opposed  to  the  growth  diffusion 

40  addressed  by  the  present  invention),  and  is  taught 
in  copending  application  Serial  No. 

by  the  present  inventors,  "Gain-Sta- 
ble  NPN  Heterojunction  Bipolar  Transistor",  filed  on 
the  same  day  as  the  present  application  and  also 

45  assigned  to  Hughes  Aircraft  Company.  While  the 
use  of  a  spacer  layer  and  superlattice  is  preferred, 
they  are  not  necessary  to  the  present  invention.  To 
complete  the  test  HBT  structure,  a  1,200  Angstrom 
AllnAs  emitter  46  was  grown  over  the  superlattice 

50  with  an  n-type  silicon  doping  of  8x1017cm-3.  Fi- 
nally,  a  700  Angstrom  AllnAs  emitter  contact  layer 
48  with  an  n  doping  of  1x1019  cm-3  was  grown 
over  the  emitter,  followed  by  a  1,000  Angstrom 
GalnAs  contact  layer  50,  also  with  an  n-doping  of 

55  1x1019cm-3. 
The  results  of  growing  the  bases  of  the  FIG.  4 

HBTs  at  360  °C  and  280  °C  are  shown  in  FIG.  5.  In 
this  set  of  curves,  the  Al  concentration  52  indicates 

4 
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the  emitter  and  emitter  contact  layers  46  and  48, 
while  the  Si  concentration  54  indicates  the  n  dop- 
ing  used  for  the  emitter,  emitter  contacts,  collector 
and  subcollector.  As  can  be  seen,  the  lower  tem- 
perature  growth  curve  56  for  the  280  °C  base 
growth  resulted  in  a  Be  profile  in  the  base  that 
exhibited  no  diffusion,  while  the  growth  that  was 
performed  at  360  °C  (curve  58)  resulted  in  severe 
diffusion  out  of  the  base.  Furthermore,  the  growth 
at  360  °C  exhibited  a  maximum  doping  level  ap- 
proximately  5  times  less  than  that  with  base  growth 
at  280  °C.  This  reflected  the  lower  number  of  va- 
cancies  created  with  growth  at  360  °C,  which  did 
not  permit  as  high  a  doping  level.  These  results 
indicated  that  low  temperature  growth  could  be 
used  to  obtain  higher  doping  levels,  and  that  the 
growth  temperature  could  be  selected  to  avoid 
dopant  diffusion  out  of  the  base. 

For  a  particular  desired  doping  level,  there  is  a 
maximum  base  growth  temperature  that  may  be 
used  before  diffusion  occurs.  Although  diffusion 
can  be  avoided  simply  by  growing  the  base  at  a 
sufficiently  low  temperature  to  be  sure  that  no 
diffusion  will  occur,  keeping  the  base  growth  tem- 
perature  lower  than  is  absolutely  required  will  result 
in  an  unnecessary  degradation  in  the  transistor's 
gain.  Applicants  have  hypothesized  that  the  same 
mechanism  which  produces  the  vacancies  that 
capture  the  interstitial  Be  also  creates  other  de- 
fects,  such  as  Ga,  In  and  Al  antisite  defects  (sitting 
on  the  As  lattice  sites)  and  interstitial  defects. 
These  defects  can  act  as  recombination  centers  at 
which  electrons  that  are  injected  from  the  emitter 
into  the  base  will  be  recombined,  and  thereby 
degrade  the  transistor's  gain. 

Thus,  for  a  desired  doping  level  there  is  a 
critical  growth  temperature  at  which  there  will  be 
substantially  no  Be  diffusion,  and  at  which  the 
defects  which  cause  recombination  will  be  mini- 
mized.  This  optimum  temperature  is  the  one  that  is 
just  sufficiently  low  enough  to  contain  the  Be  within 
the  base.  Any  lower  temperature  will  also  contain 
the  Be,  but  at  the  same  time  will  reduce  the 
transistor  gain.  In  accordance  with  the  invention, 
the  maximum  base  growth  temperature  is  deter- 
mined  for  a  given  doping  level  (or  conversely  the 
maximum  doping  level  is  determined  for  a  given 
growth  temperature),  and  this  temperature  and 
doping  level  are  used  to  both  prevent  diffusion  and 
to  maximize  the  gain.  The  optimum  temperature  is 
considerably  higher  than  the  growth  temperature 
previously  used  to  maximize  the  Be  doping  level, 
as  for  example  in  the  Hamm  et  al.  article  referen- 
ced  above,  without  regard  to  Be  diffusion. 

A  series  of  HBTs  of  the  type  shown  in  FIG.  2 
were  grown,  with  the  substrate  heated  to  a  tem- 
perature  within  a  range  of  280°  -420  °C  during  the 
base  growth,  and  intended  base  Be  doping  levels 

that  ranged  from  4x1019cm-3  to  1.6x1020cm-3. 
Secondary  ion  mass  spectroscopy  was  then  used 
to  inspect  the  Be  profile,  and  thereby  determine 
the  conditions  under  which  diffusion  into  the  emit- 

5  ter  took  place.  In  this  manner  the  maximum  base 
doping  level  that  could  be  achieved  before  diffu- 
sion  occurred  for  a  given  substrate  temperature 
was  determined,  as  was  the  maximum  substrate 
temperature  that  could  be  sustained  for  a  given 

io  base  doping  level  without  diffusion.  The  results  are 
shown  in  FIG.  6,  which  plots  the  maximum  base 
doping  level  NA(max)  against  the  growth  tempera- 
ture.  This  technique  of  low  temperature  growth  and 
establishment  of  the  NA(max)  can  be  extended  to 

is  other  desired  material  systems. 
Using  FIG.  6,  the  maximum  allowable  doping 

level  in  the  base  of  an  npn  AllnAs/GalnAs  HBT  can 
be  determined.  The  test  points  are  connected  by  a 
line  60.  Attempting  to  dope  at  levels  above  this  line 

20  results  in  Be  diffusion  from  the  base  into  the  emit- 
ter.  Growing  the  base  in  the  region  below  the  line 
(at  a  temperature  lower  than  the  temperature  at 
which  the  Be  is  just  being  contained)  will  result  in 
degraded  gain.  Thus,  the  optimum  base  growth 

25  temperature  for  any  desired  dopant  level  is  right  on 
the  line,  and  represents  an  optimum  balance  be- 
tween  diffusion  avoidance  and  high  gain. 

To  demonstrate  the  effect  of  base  growth  tem- 
perature  below  the  optimum  line  60  upon  transistor 

30  gain,  three  HBTs  with  a  doping  level  of 
6x1019cm-3  were  grown  with  base  growth  tem- 
peratures  of  360  °  ,  320  °  and  280  °  C,  respectively. 
All  of  these  temperatures  were  below  the  optimum 
temperature  for  a  NA(max)  of  6x1019cm-3,  which 

35  according  to  FIG.  6  is  390  °C  for  maximum  gain. 
The  results  were  consistent  with  the  invention's 
hypothesis,  and  demonstrated  that  transistor  gain 
progressively  fell  as  the  base  growth  temperature 
was  reduced  below  the  optimum  level.  Specifically, 

40  j8's  of  23,  1  1  and  8  were  measured  for  the  devices 
with  bases  grown  at  360°,  320°  and  280  °C,  re- 
spectively. 

It  has  thus  been  demonstrated  that  base  Be 
doping  levels  up  to  1.6x1020cm-3  can  be  achieved 

45  in  an  HBT  without  diffusion  by  low  temperature 
growth  of  the  base,  and  further  that  an  optimum 
growth  temperature  can  be  established  for  a  de- 
sired  Be  doping  level  at  which  no  diffusion  takes 
place  and  the  DC  current  gain  /3  is  maximized. 

50  While  several  illustrative  embodiments  of  the  inven- 
tion  have  been  shown  and  described,  numerous 
variations  and  alternative  embodiments  will  occur 
to  those  skilled  in  the  art.  Such  variations  and 
alternate  embodiments  are  contemplated,  and  can 

55  be  made  without  departing  from  the  spirit  and 
scope  of  the  invention  as  defined  in  the  appended 
claims. 
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Claims 

1.  A  method  of  forming  the  base  of  an  npn 
heterojunction  bipolar  transistor  (HBT),  com- 
prising  the  steps  of:  5 

-  selecting  a  p  dopant  concentration  for 
the  base  (20,  22;  40);  and 

-  growing  the  base  (20,  22;  40)  by  molecu- 
lar  beam  epitaxy  (MBE)  with  a  Be  dopant 
at  said  selected  concentration;  10 
characterized  by: 

-  maintaining  the  base  (20,  22;  40)  during 
its  growth  within  a  temperature  range 
that  is  sufficiently  low  so  that  the  Be 
dopant  does  not  substantially  diffuse  out  is 
of  the  base  (20,  22;  40)  as  a  result  of  its 
growth,  but  substantially  above  the  tem- 
perature  at  which  said  Be  precipitates 
from  the  base  (20,  22;  40). 

2.  The  method  of  claim  1,  characterized  in  that 
said  base  (20,  22;  40)  is  maintained  during  its 
growth  at  approximately  a  maximum  tempera- 
ture  that  does  not  result  in  substantial  Be  diffu- 
sion  out  of  the  base. 

3.  A  method  of  growing  the  base  of  an  npn 
heterojunction  bipolar  transistor  (HBT),  char- 
acterized  by  the  steps  of: 

-  determining  the  maximum  temperature  at 
which  the  base  (20,  22;  40)  can  be  grown 
with  a  Be  dopant  by  molecular  beam 
epitaxy  (MBE)  at  a  desired  dopant  con- 
centration  without  substantial  Be  diffusion 
out  of  the  base  (20,  22;  40);  and 

-  growing  the  base  (20,  22;  40)  with  a  Be 
dopant  at  approximately  said  desired 
concentration  and  at  approximately  said 
maximum  temperature. 

20 

A  method  of  forming  an  npn  heterojunction 
bipolar  transistor  (HBT),  comprising  the  steps 
of: 

-  growing  in  succession  a  collector  (18; 
38),  base  (20,  22;  40)  and  emitter  (24;  45 
46)  upon  a  substrate  (32)  by  molecular 
beam  epitaxy  (MBE);  and 

-  doping  said  collector  (18;  38)  with  an  n 
dopant,  said  base  (20,  22;  40)  with  Be 
and  said  emitter  (24;  46)  with  an  n  dop-  so 
ant  during  their  respective  growths; 
characterized  by: 

-  maintaining  the  base  (20,  22;  40)  during 
its  growth  within  a  temperature  range 
that  is  sufficiently  low  so  that  the  Be  55 
dopant  does  not  substantially  diffuse  out 
of  the  base  (20,  22;  40)  as  a  result  of  its 
growth,  but  substantially  above  the  tem- 

perature  at  which  said  Be  precipitates 
from  the  base  (20,  22;  40). 

5.  The  method  of  claim  4,  characterized  in  that 
said  base  (20,  22;  40)  is  maintained  during  its 
growth  at  approximately  a  maximum  tempera- 
ture  that  does  not  result  in  substantial  Be  diffu- 
sion  out  of  the  base  (20,  22;  40). 

6.  The  method  of  claim  4  or  5,  characterized  in 
that  said  emitter  (24;  46)  is  grown  as  GalnAs, 
GaAs,  GalnP,  InP,  AllnAs  or  AIGaAs. 

7.  The  method  of  any  of  claims  1  -  6,  character- 
ized  in  that  said  base  (20,  22;  40)  is  grown  at  a 
temperature  in  the  range  of  about  280°- 
420  •  C. 

8.  The  method  of  any  of  claims  1  -  7,  character- 
ized  in  that  said  base  (20,  22;  40)  is  grown  as 
GalnAs,  GaAs,  GalnP,  InP,  AllnAs  or  AIGaAs. 

9.  A  method  of  forming  an  electrical  device  with  a 
confined  p  doped  region,  comprising  the  step 

25  of: 
-  growing  a  p  doped  semiconductor  region 

by  molecular  beam  epitaxy  (MBE)  with  a 
Be  dopant  at  a  desired  dopant  concen- 
tration; 

30  characterized  by: 
-  maintaining  said  region  during  its  growth 

within  a  temperature  range  that  is  suffi- 
ciently  low  so  that  the  Be  does  not  sub- 
stantially  diffuse  out  of  said  region  as  a 

35  result  of  its  growth,  but  substantially 
above  the  temperature  at  which  said  Be 
precipitates  from  said  region;  and 

-  providing  the  remaining  structure  of  said 
device,  with  at  least  a  portion  of  said 

40  structure  comprising  a  semiconductor 
material  that  has  a  lower  doping  level 
than  said  p  doped  region  and  is  located 
adjacent  to  said  region. 

10.  The  method  of  claim  9,  characterized  in  that 
said  p  doped  region  is  grown  at  approximately 
a  maximum  temperature  that  does  not  result  in 
substantial  dopant  diffusion  out  of  said  region. 

6 
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