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X  —  Y  compositional  plane  oflnGaAsP  quaternary 
compounds  and  Fig.  2  shows  a  phase  diagram  of 
quasi-binary  system  compounds. 

As  illustrated  in  the  diagram  of  Fig.  1,  the 
5  InGaAsP  quaternary  compounds  ideally  can 

possess  any  composition  of  four  essential 
elements  In,  Ga,  As,  and  P.  Further,  the  InGaAsP 
compounds  have  three  important  areas,  one  of 
which  is  a  high  speed  area  A.  The  compounds 

w  belonging  to  this  area  will  enable  the  production 
of  semiconductor  devices  having  a  high  speed 
response.  The  second  area  is  a  carrier  confine- 
ment  area  B,  in  which  area  the  compounds  have 
an  increased  capability  for  uptake  of  carriers.  The 

15  third  area  is  a  shorter  wavelength  area  C,  in  which 
area  the  compounds  are  effective  for  the  produc- 
tion  of  semiconductor  devices  capable  of  emitting 
visible  radiation. 

However,  since  the  materials  usable  as  the 
20  substrate  in  the  production  of  the  InGaAsP 

quaternary  compounds  are  limited  to  only  two 
types,  namely,  InP  and  GaAs  (other  binary  com- 
pounds  are  not  available),  there  is  much  scope  for 
the  resulting  InGaAsP  compounds  to  be  sub- 

25  stantially  outside  the  areas  A,  B,  and  C  described 
above.  In  practice,  possible  InGaAsP  compounds 
are  indicated  by  two  characteristic  lines,  a  and  b, 
since  these  can  be  lattice-matched  to  the  sub- 
strates  InP  and  GaAs,  respectively.  It  is,  therefore, 

30  desirable  to  provide  bulk  single  crystals  of  the 
ternary  compounds  such  as  InGaAs,  InAsP, 
InGaP,  GaAsP,  and  the  like,  since,  if  these  crystals 
are  available  and  usable  as  the  substrate,  an 
epitaxial  layer  of  InGaAsP  compounds  with 

35  various  lattice  constants  which  covers  the  areas 
A,  B,  and  C  can  be  freely  grown  on  the  substrate. 
Further,  if  such  InGaAsP  compounds  are  avail- 
able,  they  will  remarkably  increase  the  degree  of 
flexibility  and  freedom  in  the  design,  fabrication, 

40  specification,  and  the  like  of  the  finally  produced 
InGaAsP-based  semiconductor  device.  Of  course, 
these  results  are  commonly  applicable  to  all 
multicomponent  compound  semiconductors  of 
Group  III—  V  and  Group*  II—  IV  elements  in  addi- 

45  tion  to  the  above-discussed  InGaAsP  compounds. 
The  reason  why  crystals,  specifically  bulk  crys- 

tals  or  epitaxial  crystals  of  the  multicomponent 
compound  semiconductors  have  not  yet  been 
provided,  in  spite  of  the  widespread  demand  by 

so  users,  is  apparent  from  Fig.  2  showing  a  phase 
diagram  of  quasi-binary  compounds  AC  and  BC, 
for  example  GaAs  and  InAs,  respectively  when  AC 
will  have  a  higher  melting  point  than  that  of  BC.  It 
is  apparent  from  a  liquidus  line  I  and  a  solidus  line 

55  s  that  the  composition  X1  of  the  growth  solution  is 
different  from  the  composition  Xs  of  the  crystals 
at  the  same  growing  temperature  TG  and,  accord- 
ingly,  if  the  growth  solution  used  has  a  finite 
volume,  the  element  A  or  Ga  in  the  growth 

so  solution  is  gradually  consumed  and,  therefore, 
the  composition  of  the  growth  solution  varies,  as 
shown  by  arrow  x  in  the  line  I.  Further,  accom- 
panying  the  compositional  variation  of  the 
growth  solution,  the  composition  of  the  growing 

65  crystals  also  varies,  as  indicated  by  arrow  y  in  the 

Description 

This  invention  relates  to  a  crystal  growth 
method  and,  more  particularly,  to  a  method  for 
growing  crystals  of  multicomponent  compound 
semiconductors,  for  example,  ternary  and  quater- 
nary  semiconductor  compounds  such  as 
In,_xGaxAs,  lnAsxP,_x,  lnx_,GaxSb,  GaAsxP,_x,  and 
lni_xGaxAs,_yPy  compounds,  in  a  saturated  growth 
solution  thereof. 

The  new  growth  method  of  this  invention  is 
effective  for  controlling  the  composition  of  the 
growth  solution  and,  therefore,  the  composition 
of  the  grown  crystals  to  a  desired  proportion. 

Heretofore,  various  two  component  compound 
semiconductors  (also  known  as  binary  semicon- 
ductors)  have  been  widely  used  in  the  production 
of  semiconductor  devices.  Recently,  compound 
semiconductors  containing  three  or  more  com- 
ponents  or  elements,  generally  referred  to  as 
multicomponent  compound  semiconductors, 
have  been  used  for  the  same  purpose,  since  they 
have  excellent  electrical  properties  similar  to  or 
better  then  those  of  the  binary  semiconductors. 
Typical  of  these  compound  semiconductors  are 
ternary  and  quaternary  semiconductors  of  Group 
III—  V  and  Group  II—  VI  elements  of  the  Periodic 
Table,  for  example,  ln,_xGaxAs,  lnAsxP,_x, 
ln,_xGaxSb,  ln,_xAlxAs,  GaAsxP,_x,  Ga,_xlnxP, 
Ga,_xAlxP,  lni_xGaxAS|_yPy/  and  the  like. 

In  the  production  of  these  multicomponent 
compound  semiconductors  in  the  form  of  crys- 
tals,  there  are  several  problems  to  be  solved. 
First,  only  limited  types  of  the  compound  semi- 
conductors  can  be  prepared  by  the  conventional 
method,  since  the  number  of  binary  or  ternary 
compounds  usable  as  the  substrate  in  the  crystal 
growth  applications  are  limited,  and  the  resulting 
compound  semiconductors  must  be  lattice- 
matched  to  the  substrate.  Further,  although  the 
ln,_xGaxAs,  lnAsxP,_x,  ln,_xGaxSb,  GaAsxP,_x, 
In^GaxAsi-yPy  and  similar  bulk  single  crystals 
can  be  conventionally  produced  by  well-known 
methods  such  as  the  encapsulated  Czochralski 
and  gradient  freeze  methods,  they  contain  an 
indeterminate  proportion  or  ratio  of  the  elements 
constituting  them:  caused  by  compositional  vari- 
ations  of  the  growth  solution  during  the  crystal 
growth  step  due  to  depletion  of  the  solute 
elements  in  the  solution  essential  to  complete  the 
compound  semiconductor  crystals.  The  saturated 
growth  solution  for  use  in  the  formation  of  the 
multicomponent  compound  semiconductor  crys- 
tals  is  in  the  form  of  a  solution  or  melt  (hereinafter 
referred  to  as  solution),  and  essentially  consists  of 
or  contains  two  or  more  solute  elements.  In 
addition,  it  is  difficult  to  obtain  a  thick  homogene- 
ous  epitaxial  layer  of  the  compound  semiconduc- 
tors  by  means  of  a  liquid  phase  epitaxy  (LPE) 
process,  because,  as  described  above,  solute 
elements  in  the  growth  solution  having  a  finite  or 
limited  volume  are  depleted  during  the  growth  of 
the  crystals. 

The  above  problems  will  be  now  described  with 
reference  to  the  figures.  Figure  1  illustrates  an 
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growth  solution  on  a  seed  crystal  or  substrate, 
which  method  comprises  placing  at  least  one 
source  material  containing  at  least  one  element 
which  is  essential  to  complete  said  compound 

5  semiconductor  in  contact  with  said  growth  sol- 
ution  and  dissolving  said  source  material(s)  in 
said  growth  solution  to  maintain  constantly  a 
desired  composition  of  said  growth  solution  dur- 
ing  the  crystal  growth  step,  wherein  there  is 

10  placed  in  contact  with  said  growth  solution  a 
direct  current  supply  electrode  and  in  that  said 
source  material(s)  is  dissolved  in  said  growth 
solution  by  conducting  controlled  DC  electric 
current  from  said  direct  current  supply  electrode 

15  through  said  growth  solution  to  said  source 
material(s)  to  dissolve  said  source  material(s)  in 
the  growth  solution  due  to  Peltier  heating  at  the 
the  interface(s)  betwen  the  source  material(s)  and 
the  growth  solution  and  Joule  heating  within  the 

20  source  material. 
In  The  crystal  growth  method  of  this  invention, 

it  should  be  noted  that  the  electric  current  is  not 
supplied  through  the  seed  crystal  or  substrate  to 
the  growth  solution,  but  is  supplied  from  the 

25  current  supplying  electrode  to  the  growth  sol- 
ution  in  a  manner  which  does  not  involve  passage 
through  the  seed  crystal  or  substrate.  Thus,  if  the 
current  supplying  electrode  which  may  include 
part  of  a  crucible  or  boat  containing  the  growth 

30  solution  is  in  direct  contact  with  the  substrate  or 
seed  crystal,  as  in  the  embodiment  of  inter  alia 
Figures  4A  and  4B  of  the  accompanying  draw- 
ings,  current  supply  through  the  substrate  or  seed 
crystal  should  not  occur. 

35  The  method  of  this  invention  can  be  effectively 
used  in  the  production  of  both  bulk  crystals  and 
liquid  phase  epitaxial  crystals  of  compound  semi- 
conductors  having  three  or  more  multiple  com- 
ponents. 

40  The  method  of  this  invention-can  be  carried  out 
in  apparatus  which  comprises  a  container  con- 
taining  the  growth  solution,  at  least  one  source 
material  which  contains  at  least  one  element 
essential  to  complete  the  compound  semiconduc- 

45  tor,  one  region  of  the  or  each  source  material 
being  in  contact  with  said  growth  solution  to 
undergo  dissolution  therein,  another  region  of  the 
or  each  source  material  being  connected  to  a 
negative  electrode,  and  a  direct  current  supply 

50  electrode  in  contact  with  the  growth  solution,  the 
direct  current  supply  electrode  being  spaced 
apart  from  the  or  each  said  source  material  and 
either  being  spaced  apart  from  the  seed  crystal  or 
substrate  or  being  in  direct  contact  with  the  seed 

55  crystal  or  substrate  and  no  current  supply  occur- 
ring  through  the  seed  crystal  or  substrate  to  said 
growth  solution. 

In  the  practice  of  this  invention,  the  container 
used  for  receiving  the  growth  solution  and  for 

60  growing  the  crystals  may  have  any  desired  con- 
figuration,  such  as  crucible,  boat,  and  the  like, 
conventionally  used  in  the  art  for  the  purpose  of 
crystal  growth. 

The  source  material  containing  solute  elements 
65  can  be  used  in  any  suitable  configuration  match- 

line  s.  These  results  demonstrate  that  the  use  of 
the  growth  solution  having  a  finite  volume  does 
not  ensure  the  growth  of  crystals  having  a  uni- 
form  composition,  and  necessarily  results  in  bulk 
crystals  or  epitaxial  crystals  with  compositional 
variation.  Thus,  it  is  conceived  that  homogeneous 
crystals  of  the  multicomponent  compound  semi- 
conductors  will  be  produced  when  the  high- 
melting  compound  AC  or  GaAs  is  supplied  to  the 
saturated  growth  solution  under  controlled  con- 
ditions  during  the  crystal  growth  step. 

Recently,  J.J.  Daniele  and  A.J.  Hebling  have 
reported  in  J.  Appln.  Phys.,  52  (1981)  4225  that 
very  thick  epitaxial  layers  (up  to  600  urn)  of 
AI|_xGaxAs  having  a  uniform  composition  could 
be  grown  by  the  Peltier-induced  liquid  phase 
epitacy  (LPE)  process.  In  their  work,  an  AI,_xGaxAs 
shell  floating  on  the  top  of  the  growth  solution 
was  used  as  a  source  material,  namely,  material 
capable  of  supplying  solute  elements.  However, 
the  Daniele  and  Hebling  method  is  not  intended 
to  control  the  supply  of  the  solute  elements  into 
the  growth  solution. 

One  solution  to  the  problem  of  supplying  solute 
elements  controllably  into  the  growth  solution 
which  is  proposed  in  our  Japanese  Published 
Patent  Application  No.  58—45193  involves  use  of 
an  electrode  consisting  of  a  substance  containing 
at  least  one  component  of  a  solution  containing  at 
least  two  elements  and  control  of  current  through 
the  solution  between  a  substrate  and  the  elec- 
trode.  In  this  way,  the  dissolution  rate  of  the 
electrode  material  may  be  regulated  in  accord- 
ance  with  current  value  and  hence  the  formation 
on  the  substrate  of  a  desired  growth  layer  com- 
prising  the  electrode  element  may  be  controlled. 

There  has  now  been  developed  a  new  method 
to  control  the  supply  of  solute  elements  into  the 
saturated  growth  solution  during  the  growth  of 
the  crystals  of  the  multicomponent  compound 
semiconductors.  DC  electric  current  is  conducted 
from  the  growth  solution  to  a  source  material 
containing  solute  elements,  which  material  is  in 
contact  with  the  growth  solution.  By  solute 
elements,  as  previously  described,  is  meant 
elements  essential  to  complete  the  compound 
semiconductors  and  also  contained  in  the  growth 
solution.  As  a  result  of  application  of  the  DC 
electric  current,  the  source  material  is  dissolved  in 
the  growth  solution  due  to  Peltier  heating  at  the 
interface  between  the  source  material  and  the 
growth  solution  and  Joule  heating  within  the 
source  material.  That  is,  the  source  material  can 
play  a  dual  role,  as  the  source  material  and  as  the 
self-heater,  in  this  new  method.  Therefore,  it  has 
been  found  that  the  composition  of  the  growth 
solution  can  be  controlled  or  maintained  at  a 
desired  or  fixed  ratio  by  increasing  or  decreasing 
the  electric  current  conducted  through  the  growth 
solution  and  the  source  material.  This  method  is 
hereinafter  referred  to  as  a  source  current  con- 
trolled  method  or,  briefly,  SCC  method. 

According  to  this  invention,  there  is  provided  a 
method  for  growing  crystals  of  an  at  least  three 
component  compound  semiconductor  from  its 
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GaAs  for  the  dissolution,  the  current  being  calcu- 
lated  from  the  data  of  Figure  7; 

Figure  9  shows  how  the  lattice  constant  of 
ln,_xGaxAs  LPE  layers  grown  on  (111)A  InP  sub- 

5  strate  varies  with  the  solution  composition  of  Ga, 
vl  . AGa, 

Figure  10  shows  how  the  layer  thickness  of 
(111)A  ln,_xGaxAs  LPE  layers  grown  by  using  the 
apparatus  of  Figures  4A  and  4B,  varies  with  the 

io  source  current  or  electric  current  passed  through 
the  source  material  InAs  or  GaAs; 

Figure  11  shows  how  the  solid  composition  of 
Ga,  x,  in  (ill)A  ln,_xGaxAs  LPE  layers  grown  by 
using  the  apparatus  of  Figures  4A  and  4B  varies 

w  with  layer  thickness; 
Figure  12  illustrates  undesirable  dissolution  of 

the  source  material; 
Figure  13  is  a  cross-sectional  view  of  a  third 

growth  apparatus  for  carrying  out  the  method  of 
20  this  invention; 

Figure  14  is  a  cross-sectional  view  of  the  growth 
apparatus  taken  along  the  line  X—  X  of  Figure  13; 

Figure  15  is  a  cross-sectional  view  of  a  further 
boat-type  growth  apparatus  also  for  carrying  out 

25  the  method  of  this  invention,  taken  along  the  line 
Y—Y  of  Figure  16; 

Figure  16  is  a  perspective  view  from  above  of 
the  growth  apparatus  of  Figure  15; 

Figure  17  is  an  exploded  view  of  the  growth 
30  apparatus  of  Figure  16; 

Figure  18  shows  the  variation  of  the  lattice 
constant  of  (1  1  1  )A  ln,_xGaxAs  LPE  layers  grown  by 
using  the  apparatus  of  Figures  15,  16  and  17,  with 
the  source  current  or  electric  current  passed 

35  through  the  source  material  GaAs  or  InAs; 
Figures  19  and  20  both  show  the  variation  of  a 

solid  composition  of  Ga,  x,  in  (111)A  ln,_xGaxAs 
LPE  layers  grown  by  using  the  apparatus  of 
Figures  15,  16  and  17  with  the  layer  thickness  of 

40  the  LPE;  and 
Figure  21  is  a  cross-sectional  view  of  a  second 

yet  further  boat-type  growth  apparatus  for  carry- 
ing  out  the  method  of  this  invention. 

One  form  of  apparatus  for  carrying  out  the 
45  method  of  this  invention  which  can  be  found  in 

Figure  3  comprises  a  system  of  pulling  crystals. 
As  shown  in  the  drawing,  a  source  material  5  is 
connected  with  a  negative  electrode  7  of  stainless 
steel  through  a  carbon  electrode  6,  and  an  end 

so  portion  of  the  source  material  5  is  immersed  in  a 
growth  solution  2  in  a  crucible  1.  Further,  a  carbon 
electrode  3  connected  with  positive  electrode  4  of 
stainless  steel  and  a  seed  crystal  8  supported  by  a 
rotatable  seed  holder  9  are  also  immersed  in  the 

55  growth  solution  2.  The  seed  crystal  8  is  pulled  in 
the  direction  of  arrow  P.  The  growth  solution  is  a 
saturated  melt  of  the  components  of  the  mul- 
ticomponent  compound  semiconductor  to  be 
grown  as  a  crystal  onto  the  seed  crystal. 

60  When  DC  electric  current  is  conducted  from  the 
positive  electrode  4th  rough  the  growth  solution  2 
to  the  negative  electrode  7,  Peltier  heating  or 
Peltier  effect-based  heating  at  the  interface 
between  the  source  material  5  and  the  growth 

65  solution  2  as  well  as  Joule  heating  or  Joule  effect- 

ing  to  the  growth  method  of  the  crystals.  For 
example,  it  may  be  used  in  the  form  of  a  plate, 
rod,  or  the  like.  Further  it  may  form  a  part  of  a  wall 
of  the  container,  if  appropriate.  In  addition,  if 
desired,  the  positive  electrode  may  form  a  part  of 
wall  of  the  container. 

The  growth  solution  used  in  the  formation  of 
the  multicomponent  compound  semiconductor 
crystals  will  start  as  a  finite  solution  or  solution 
having  a  limited  volume.  However,  this  solution 
can  be  considered  in  practice  to  be  an  infinite 
solution,  since  its  volume  and  composition  can  be 
freely  controlled  as  a  result  of  the  dissolution  of 
the  source  material.  In  addition,  the  dissolution  of 
the  source  material  can  be  freely  controlled  by 
increasing  or  decreasing  the  electric  current  flow- 
ing  from  the  growth  solution  to  the  source 
material.  Since  the  growth  solution  can  be  con- 
tinuously  used  without  variation  of  the  composi- 
tion,  insofar  as  it  is  not  depleted  during  the 
growth  step,  bulk  crystals  as  well  as  epitaxial 
crystals  of  the  multicomponent  compound  semi- 
conductors  having  a  desired  composition  can  be 
easily  produced. 

Further,  it  is  noted  that  the  SCC  method  of  the 
invention  described  herein  should  be  distin- 
guished  from  the  prior  art  liquid  phase  electro- 
epitaxial  growth  method.  The  liquid  phase  elec- 
tro-epitaxial  growth  method  is  intended  to 
increase  the  speed  of  crystal  growth  and  com- 
prises  conducting  an  electric  current  to  the  sub- 
strate  to  decrease  the  temperature  of  the  interface 
between  the  substrate  and  the  growth  solution 
and  to  cause  movement  of  the  atoms  in  the 
growth  solution  due  to  electromigration.  This 
prior  art  method  is  frequently  used  in  the  art  for 
determining  the  resistivites  of  the  substrate  and, 
accordingly,  for  precise  monitoring  of  the  thick- 
ness  of  the  resulting  epitaxial  layer. 

Reference  will  be  made  for  illustrative  purposes 
only  hereinafter  to  the  remaining  accompanying 
drawings  wherein: 

Figure  3  is  a  cross-sectional  view  of  a  preferred 
apparatus  for  carrying  out  the  method  of  this 
invention; 

Figures  4A  and  4B  are  cross-sectional  views  of 
another  form  of  growth  apparatus  for  carrying  out 
the  method  of  this  invention,  in  which  Figures  4A 
and  4B  show  settings  of  the  boat  before  and 
during  the  growth  of  the  crystals,  respectively; 

Figure  5  shows  the  variation  with  temperature 
of  a  solid  composition  of  Ga,  x,  and  a  solution 
composition  of  Ga,  X'Ga,  in  ln,_xGaxAs  LPE  layers 
grown  by  using  the  apparatus  of  Figures  4A  and 
4B; 

Figure  6  shows  the  variation  with  temperature 
of  the  weight  of  GaAs  to  be  supplied  to  the 
growth  solution,  calculated  from  the  data  of 
Figure  5; 

Figure  7  shows  the  variation  with  time  of  the 
solution  composition  of  Ga,  X'Ga,  in  ln,_xGaxAs 
LPE  layers  grown  by  using  the  apparatus  of 
Figures  4A  and  4B; 

Figure  8  shows  the  variation  with  time  of  an 
electric  current  conducted  to  the  source  material 
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tube  set  (not  shown)  in  which  the  graphite  boat 
was  set. 

At  the  start  of  the  growth  run,  the  f  urnance  was 
heated  rapidly  to  20°C  above  the  starting  growth 

5  temperature  of  790°C  and  the  In-Ga-As  ternary 
solution  saturated  at  790°C  was  held  for  about  30 
minutes  to  make  the  solution  homogeneous.  The 
furnace  was  then  cooled  at  a  constant  cooling  rate 
of  1°C/min  by  the  ramp  cooling  method.  The 

10  cooling  was  continued  until  the  temperature  of 
the  furnace  reached  790°C.  The  graphite  slider  13 
was  then  moved  and  the  source  material  17  and 
the  growth  solution  19  were  brought  over  an  InP 
(111)A  substrate  18,  as  shown  in  Fig.  4B.  The  InP 

w  substrate  18  had  a  size  of  18  mmx20  mm. 
Thereafter,  DC  electric  current  was  conducted 
from  the  growth  solution  19  to  the  source 
material  17  to  start  the  epitaxial  growth.  Sub- 
stantially  no  electric  current  was  passed  through 

20  the  INP  substrate  18.  Similar  to  the  case  of  Fig.  3 
previously  discussed,  the  source  material  17  was 
gradually  dissolved  into  the  growth  solution  19 
due  to  combination  of  Peltier  heating  and  Joule 
heating.  In  addition,  the  dissolution  of  the  source 

25  material  17  could  be  freely  controlled  through  the 
control  of  the  magnitude  of  the  electric  current. 
Finally,  an  ln,_xGaxAs  epitaxial  layer  of  the 
intended  composition  was  grown  on  the  InP 
substrate  18,  because  the  composition  of  the 

30  growth  solution  19  could  be  freely  varied  through 
the  control  of  the  electric  current. 

As  a  modification  of  the  design  of  the  graphite 
boat  of  Figs.  4A  and  4B,  they  may  be  provided 
with  two  or  more  source  materials.  This  modifici- 

35  ation  of  the  design  will  be  effective  for  increasing 
controllability  of  the  composition  of  the  growing 
crystals. 

Furthermore,  the  above  growth  run  using  the 
graphite  boat  of  Figs.  4A  and  4B  led  to  the 

40  following  results:  In  Fig.  5,  the  lower  broken  line 
indicates  a  composition  of  Ga  in  the  growth 
solution,  namely,  solution  composition  or  atomic 
fraction  of  Ga,  X'Ga.  From  this  line,  it  is  apparent 
that  Ga  in  the  growth  solution  is  gradually 

45  decreased  with  the  growth  of  the  crystals  and 
with  the  decrease  of  the  temperature.  Further,  it 
can  be  seen  from  the  lower  solid  line  that  Ga  in 
the  growing  crystals,  namely,  solid  composition 
of  Ga;  x,  is  also  gradually  decreased  with  the 

so  growth  of  the  crystals  and  with  the  decrease  of 
the  temperature.  However,  Ga  in  the  growing 
crystals  must  be  constant  as  is  indicated  by  the 
upper  solid  line  (arrow  in  the  drawing  indicates 
that  the  lower  line  should  be  shifted  to  the  upper 

55  line).  Further,  to  obtain  the  upper  solid  line  x,  it  is 
necessary  to  control  the  solution  composition  of 
Ga  in  the  growth  solution,  i.e.,  to  shift  the  lower 
broken  line  X'Ga  to  the  corresponding  upper 
broken  line  X'Ga. 

eo  Figure  6  corresponds  to  Fig.  5,  and  shows  the 
variation  of  weight  of  GaAs  to  be  supplied  to  the 
growth  solution  with  the  decrease  of  the  tempera- 
ture.  This  graph  was  plotted  by  calculating  the 
weight  of  GaAs  required  to  be  supplied  to  the 

65  growth  solution  from  the  data  on  the  two  broken 

based  heating  are  simultaneously  developed.  As 
a  result,  the  end  portion  of  the  source  material  5  is 
gradually  dissolved  in  the  growth  solution  2. 
Therefore,  the  composition  of  the  growth  solution 
2  will  be  varied  depending  on  the  magnitude  of 
the  DC  electric  current  passed  through  the  source 
material.  Since  the  composition  of  the  growth 
solution  2  is  variable,  it  is  possible  to  vary  the 
composition  of  the  resulting  crystals  by  changing 
the  magnitude  of  the  electric  current. 

In  the  growth  apparatus  of  Fig.  3,  the  composi- 
tion  of  the  growth  solution  2  is  freely  controllable 
by  suitably  increasing  or  decreasing  the  electric 
current,  depending  on  the  growth  conditions  of 
the  crystals,  and,  accordingly,  the  uniform  com- 
position  of  the  crystals  on  the  seed  crystal  8  can 
be  maintained  from  the  beginning  to  the  end  of 
the  crystal  growth  step.  Further,  since  the  seed 
holder  9  is  rotatable,  it  is  also  possible  to  suffi- 
ciently  agitate  the  growth  solution  2  to  ensure  a 
uniform  composition.  In  the  illustrated  growth 
apparatus,  undesirable  dissolution  of  the  seed 
crystal  8  due  to  Joule  heating  can  be  avoided, 
because  the  positive  electrode  4  is  not  connected 
with  the  seed  crystal  8,  but  with  the  carbon 
electrode  3. 

The  growth  apparatus  of  Fig.  3  has  only  one 
source  material  5.  However,  it  may  be  replaced 
with  two  or  more  source  materials.  In  this  modifi- 
cation,  controlled  DC  electric  currents  are 
separately  conducted  to  each  of  the  source 
materials.  Separate  application  of  the  electric 
currents  to  each  of  the  source  materials  will 
enable  the  production  of  different  crystals  having 
multiple  components. 

Another  apparatus  for  carrying  out  the  method 
of  this  invention  is  illustrated  in  Figs.  4A  and  4B. 
These  drawings  show  liquid  phase  epitaxy  using 
the  SCC  method  of  this  invention. 

The  illustrated  boat-type  growth  apparatus  has 
the  following  characteristic  features:  First,  a  car- 
bon  or  graphite  boat  11  is  connected  with  a 
positive  electrode  12  of  stainless  steel.  A  plate  14 
of  boron  nitride  (BN)  is  positioned  as  an  insulator 
between  a  slider  13  of  graphite  and  a  source 
holder  15  of  graphite.  As  illustrated,  an  end 
portion  of  the  graphite  source  holder  15  supports 
source  material  17,  and  another  end  portion 
thereof  is  provided  with  a  stainless  steel  electrode 
16  connected  with  a  negative  electric  source  (not 
shown).  The  source  material  17  may  be,  for 
example,  InAs  or  GaAs  plate.  In  the  above  design 
of  the  graphite  boat  11,  it  is  intended  to  pass  the 
electric  current  only  through  the  source  material 
17  and  not  through  a  substrate  18  for  epitaxial 
growth  which  is  carried  on  the  graphite  boat  11. 

Using  the  illustrated  graphite  boat,  the  epitaxial 
growth  of  this  invention  was  carried  out  as 
follows:  Prior  to  the  growth,  the  source  material, 
InAs  or  GaAs  plate  17  was  held  in  a  slit  of  the 
graphite  slider  13  and  was  not  put  into  the  growth 
solution  19,  In-Ga-As  ternary  solution  saturated  at 
790°C,  as  is  shown  in  Fig.  4A.  The  depth  of  the 
growth  solution  19  was  about  6  mm.  Pd-purified 
hydrogen  gas  was  introduced  into  the  fused  silica 
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lines  X'Ga  in  Fig.  5.  This  graph  indicates  that  the 
supply  or  dissolution  of  GaAs  into  the  growth 
solution  must  be  gradually  decreased  with  the 
decrease  of  the  temperature,  and  that  GaAs  must 
be  supplied  or  dissolved  to  the  growth  solution  at  5 
an  initial  stage  of  the  growth. 

Similarly,  from  in  Fig.  7,  it  is  concluded  that  the 
solution  composition  or  atomic  fraction  of  Ga  in 
the  growth  solution,.  X'Ga,  gradually  decreases 
with  time,  and  the  lower  broken  line  X'Qa  must  be  to 
shifted  to  the  upper  broken  line  X'Ga  to  maintain 
the  composition  of  Ga  in  the  growing  crystals  at  a 
fixed  ratio.  From  the  data  on  these  broken  lines, 
an  electric  current  to  be  conducted  to  the  source 
material  GaAs  for  the  dissolution  can  be  calcu-  15 
lated.  The  results  are  plotted  in  Fig.  8.  Figure  8 
shows  that  the  magnitude  is  of  the  electric  current 
passed  through  the  growth  solution  must  be 
gradually  reduced  with  time. 

Furthermore,  the  previously  discussed  growth  20 
run  was  repeated  to  ascertain  whether  or  not  the 
bulk  crystals  or  epitaxial  crystals  of  the  multicom- 
ponents  compound  semiconductors  can  be 
grown  by  the  SCC  method  of  this  invention;  in 
other  words,  whether  or  not  the  SCC  method  can  25 
be  effectively  used  to  control  the  composition  of 
the  resulting  crystals. 

As  previously  described,  ln,_xGaxAs  LPE  layers 
were  grown  on  a  (1  1  1  )A  oriented  InP  substrate  by 
using  the  InAs  and  GaAs  plates  as  the  source  30 
material  and  the  In-Ga-As  ternary  solution  satu- 
rated  at  790°C  as  the  growth  solution,  respec- 
tively,  the  In-Ga-As  growth  solution  had  the 
following  composition: 

X'Ga=0.040,  35 
X'As=0.170,  and 
X'ln=0.790, 

wherein  X1,  (i=Ga,  As,  or  In)  represents  a  solution 
composition  or  atomic  fraction  of  the  element  i  in 
the  solution.  The  lattice  constants  (A)  40 
(iA=10~1nm)oflni_xGaxAs  were  measured  by  the 
double-crystal  X-ray  diffraction  technique,  and 
plotted  as  a  function  of  the  solution  composition 
of  Ga,  X'Ga.  The  results  are  shown  in  Fig.  9,  and  it 
is  apparent  that  the  ln,_xGaxAs  LPE  layers  are  45 
almost  lattice-matched  to  the  (111)A  oriented  InP 
substrate. 

The  growth  run  was  further  repeated  to  deter- 
mine  a  relationship  between  layer  thickness  (um) 
of  (111)A  ln,_xGaxAs  LPE  layers  and  source  cur-  50 
rent  or  electric  current  is  (A/cm2)  passed  through 
the  source  material,  InAs  or  GaAs.  The  ln,_xGaxAs 
layers  were  grown  on  the  substrates  by  ramp 
cooling  from  790°C  to  760°C  for  30  minutes.  The 
results  are  shown  in  Fig.  10.  55 

Firstly,  when  the  electric  current  was  not 
passed,  the  thicknes  of  the  ln,_xGaxAs  layer  was 
32  um. 

Secondly,  the  first  growth  run  was  repeated, 
except  that  the  InAs  plate  was  used  as  the  source  so 
material  and  the  electric  current  was  passed 
through  the  InAs  plate.  The  thickness  of  the  layer 
increased  rapidly  and  amounted  to  85  um.  The 
average  source  current  i|nAs  was  calculated  as  1.7 
A/cm2  (see  itnAs  line  of  Fig.  10),  and  its  practical  65 

value  was  considered  to  be  about  ten  times  that 
of  this  source  current  due  to  concentration  of  the 
electric  current  into  the  dissolving  portion  of  the 
source  material.  A  remarkable  increase  of  the 
layer  thickness  85-32=53  um  was  obtained, 
since  the  dissolution  of  the  InAs  source  material 
into  the  saturated  growth  solution  and  the  migra- 
tion  of  the  solute  elements  due  to  electromigra- 
tion  had  an  advantageous  effect  on  the  growth  of 
the  crystals. 

The  second  growth  run  was  repeated  except 
that  the  InAs  plate  was  replaced  by  a  GaAs  plate 
as  the  source  material.  The  thickness  of  the 
ln,_xGaxAs  layer  was  82  um.  The  average  source 
current  iGaAswas  calculated  as  16  A/cm2  (see  iGaAs 
line  of  Figure  10),  and  its  practical  value  was 
considered  to  be  about  ten  times  this  value  due  to 
concentration  of  the  electric  current  into  the 
dissolving  portion  of  the  source  material.  From 
this  result,  it  will  be  understood  that,  in  compari- 
son  with  the  use  of  InAs  as  the  source  material,  a 
larger  electric  current  must  be  conducted  through 
the  source  material,  because  the  GaAs  source 
material  has  a  higher  melting  point  than  the  InAs 
source  material. 

As  in  the  case  of  the  second  growth  run  using 
the  InAs  source  material,  a  remarkable  increase  in 
the  layer  thickness  82-32=50  um  is  due  to  the 
supply  of  solute  elements  from.  the  GaAs  source 
material  and  the  electromigration  of  the  As 
species.  The  former  effect  will  be  larger  than  the 
latter. 

From  the  growth  run  described  above,  a  rela- 
tionship  between  a  solid  composition  of  Ga,  x,  in 
(111)A  ln,_xGaxAs  LPE  layers  and  thickness  (um) 
of  the  LPE  layers  could  be  also  determined.  The 
solid  composition  of  Ga,  x,  was  determined  by 
measuring  the  variation  of  the  grown  LPE  layers 
with  its  composition  by  using  XMA  (X-ray 
microanalysis.  The  plotted  results  are  shown  in 
Figure  11. 

When  no  source  current  is  was  passed  through 
the  source  material,  the  solid  composition  x  of  the 
LPE  layer  varied  from  0.45  to  0.35  with  the 
increase  of  the  layer  thickness.  It  will  be  observed 
from  the  solid  dot  line  (is=0)  of  Figure  11  that  the 
solid  composition  of  Ga  in  the  LPE  layer  is 
decreased  with  the  growth  of  the  crystals  due  to 
depletion  of  the  Ga  in  the  growth  solution. 

When  a  source  current  of  1.7  A/cm2  was  passed 
through  the  Inas  source  material,  the  solid  com- 
position  x  at  the  beginning  of  the  crystal  growth 
was  0.28.  The  remarkably  reduced  x  value  was 
obtained  because  of  excessive  dissolution  of  the 
InAs  source  material  in  the  In-Ga-As  growth 
solution.  Then,  the  solid  composition  x  gradually 
decreased  with  increase  of  the  layer  thickness. 

Further,  when  a  source  current  of  16  A/cm2  was 
passed  through  the  GaAs  source  material,  the 
solid  composition  x  at  the  beginning  of  the  crystal 
growth  was  0.47,  i.e.  0.02  above  that  of  the  solid 
dots  line  (is=0).  This  is  because  the  GaAs  source 
material  is  slightly  dissolved  into  the  growth 
material  as  a  result  of  conduction  of  the  electric 
current.  Also,  it  was  found  from  the  above  experi- 
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will  finally  result  in  the  separation  of  the  end 
portion  of  the  source  material  22. 

To  prevent  the  undesirable  dissolution  of  the 
source  material  shown  in  Figure  12,  it  is  proposed 

5  to  use  a  rod-shaped  source  material  and  to  dip 
only  a  lower  part  of  the  end  portion  of  the  source 
material  into  the  growth  solution.  When  the  flow 
of  the  electric  current  through  the  source  material 
is  stopped  due  to  dissolution  of  the  immersed 

10  source  material,  the  source  material  can  be  then 
slightly  lowered  so  that  its  end  portion  is  again  in 
contact  with  a  surface  area  of  the  growth  solution. 
If  this  stepwise  movement  of  the  source  material 
is  continuously  repeated,  undesirable  separation 

w  of  the  source  material  during  the  crystal  growth 
can  be  prevented.  Accordingly,  the  source 
material  can  be  completely  used,  with  no 
remainder. 

In  addition  to  this  improvement,  the  inventors 
20  unexpectedly  found  that,  if  a  source  material  is 

combined  with  a  wall  of  the  container  for  the 
growth  solution,  such  as  crucible  and  boat,  a 
small  contact  area  between  the  source  material 
and  the  growth  solution  can  be  constantly  and 

25  easily  maintained  without  additional  operations 
such  as  lowering  of  the  source  material  depend- 
ing  upon  its  dipped  depth,  or  the  like,  thus  also 
preventing  undesirable  dissolution  of  the  source 
material.  The  source  material  is  completely 

30  depleted  without  breakage  during  the  crystal 
growth. 

Figure  13  illustrates  a  crystal  pulling  system- 
based  crystal  growth  apparatus  for  carrying  out 
the  method  of  this  invention,  in  which  a  source 

35  material  is  combined  with  the  wall  of  the  crucible. 
As  illustrated,  the  crucible  of  boron  nitride  (BN) 
comprises  a  cylindrical  side  wall  28  and  a  disc- 
shaped  wall  26.  A  gap  between  the  side  wall  28 
and  the  bottom  wall  26  is  closed  by  a  rotatable 

40  crucible  support  25  of  graphite  having  embedded 
therein  the  source  material  29,  hereinafter 
described  with  reference  to  Figure  14  which 
shows  a  cross-sectional  view  of  the  apparatus 
taken  along  the  line  X—  X  of  Figure  13.  The  BN 

45  crucible  is  heated  by  a  surrounding  heater  24 
such  as  a  carbon  heater  or  high  frequency  (HF) 
coil.  In  the  figure,  reference  number  23  indicates  a 
pressure  oven  and  reference  number  35  indicates 
a  current  controller  which  is  used  to  control  the 

50  electric  current  so  as  to  maintain  a  desired  com- 
position  of  the  growth  solution. 

As  shown  in  Figure  13,  the  lower  part  of  the  end 
portion  of  the  cylindrical  graphite  electrode  31 
connected  with  a  positive  electric  source  and  the 

55  seed  crystal  32  supported  by  the  rotatable  seed 
holder  33  are  immersed  in  the  growth  solution  30. 
The  pulling  direction  of  the  seed  crystal  32  is 
indicated  by  an  arrow  P.  The  growth  solution  30  is 
a  solution  of  the  components  of  the  compound 

60  semiconductors  for  use  in  the  crystal  growth.  To 
avoid  decomposition,  the  growth  solution  30  is 
sealed  with  a  covering  material  34  of  boron 
trioxide  (B2O3). 

Referring  now  to  Figure  14,  the  electrically 
65  insulating  cylindrical  side  wall  28  and  the  electric- 

ments  that  the  depletion  of  Ga  with  variation  in 
thickness  was  more  gentle  than  that  of  the  solid 
dots  line. 

The  GaAs  source  material  hardly  dissolved  in 
the  growth  solution  due  to  its  higher  melting 
point.  Accordingly  the  variation  of  the  composi- 
tion  x  for  the  GaAs  case  was  much  less  than  that 
of  the  InAs  case.  It  will  be  sufficiently  understood 
from  the  above  descriptions  that  this  invention 
can  be  effectively  used  to  control  the  composition 
of  the  growing  crystals.  In  addition,  according  to 
this  invention,  it  is  possible  to  control  the  layer 
thickness  of  the  growing  crystals  and  to  grow  the 
crystals  at  a  lower  temperature  generally  insuffi- 
cient  for  conducting  crystal  growth. 

For  example,  in  the  liquid  phase  epitaxial  crys- 
tal  growth  process,  an  epitaxial  crystal  layer  can 
be  grown  on  the  substrate  by  immersing  the 
source  material  in  the  growth  solution  saturated 
at  a  predetermined  temperature,  and  then  con- 
ducting  the  electric  current  to  the  growth  solution 
to  dissolve  the  source  material  in  the  growth 
solution,  thereby  producing  a  supersaturated 
growth  solution.  This  means  that  the  epitaxial 
growth  of  the  crystal  layer  depends  on  the  time 
during  which  the  electric  current  is  conducted  to 
the  source  material,  and  also  on  the  magnitude  of 
the  electric  current. 

Accordingly,  the  layer  thickness  of  the  growing 
crystals  can  be  controlled  by  changing  the  time 
for  current  supply. 

Also,  the  growth  solution  if  saturated  at  a 
lower  temperature,  can  be  changed  to  a  super- 
saturated  growth  solution  by  passing  the  electric 
current  through  the  source  material,  because  the 
source  material  is  melted  by  the  peltier  and  Joule 
heating,  and  is  dissolved  into  the  growth  solution. 
Accordingly,  this  invention  can  be  effectively 
used  in  carrying  out  crystal  growth  at  a  lower 
temperature. 

However,  unfortunately,  undesirable  dissolu- 
tion  of  the  source  material,  may  take  place  in  the 
practice  of  this  invention  as  shown  in  Fig.  12, 
although  such  a  defect  can  be  avoided  through 
improvement  of  the  configuration  of  the  source 
material  and  immersion  of  the  source  material  in 
the  growth  solution,  as  described  hereinafter. 

Referring  now  to  Fig.  12,  the  source  material  22 
is  immersed  in  the  growth  solution  21.  Arrow  S 
indicates  the  direction  of  immersion  of  the  source 
material  22  and  arrow  i  indicates  the  flow  of  the 
electric  current.  As  a  result  of  the  immersion,  the 
source  material  22  tends  to  form  risen  portion 
21A  of  the  growth  solution  21  due  to  capillary 
action.  The  risen  portion  21A  surrounding  the 
source  material  22  is  subject  to  Peltier-induced 
heating  which  will  then  heat  a  limited  portion  22A 
of  the  source  material  22  adjacent  to  the  risen 
portion  21A,  since  Peltier  heat  is  substantially  not 
transferred  to  the  growth  solution.  In  practice,  the 
temperature  of  the  portion  22A  is  higher  than  that 
of  the  lower  part  of  the  end  portion  of  the  sorce 
material  22.  As  a  result,  the  portion  22A  of  the 
source  material  22  is  first  dissolved  in  the  growth 
solution  21.  The  dissolution  of  the  portion  22A 
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Fig.  16.  A  cross-section  through  this  boat  taken 
along  line  Y—  Y  of  Fig.  16  is  shown  in  Fig.  15. 

In  Fig.  15,  a  surface  of  the  plate-shaped  source 
material  39  is  in  contact  with  the  growth  solution 

5  40  and  the  opposite  surface  thereof  is  bonded  to 
the  graphite  slider  38.  The  other  four  surfaces  of 
the  source  material  39  are  covered  with  the  BN 
block  42  and  BN  plate  43.  The  growth  solution  40 
is  srrounded  by  the  BN  slider  41  ,  BN  block  42,  and 

10  BN  plate  43,  except  where  its  bottom  portion  is  in 
contact  with  the  graphite  boat  holder  37.  Accord- 
ingly,  during  the  growth  run,  the  electric  current 
flows  in  the  following  order:  positiive  current 
electrode,  boat  holder  37,  growth  solution  40, 

15  source  material  39,  graphite  slider  38,  and  nega- 
tive  current  electrode.  The  surface  portion  of  the 
source  material  39  exposed  to  the  growth  sol- 
ution  40  is  gradually  dissolved  by  the  heat  pro- 
duced  through  the  Peltier  effect  at  the  interface 

20  between  its  surface  portion  and  the  growth  sol- 
ution,  and  then  introduced  into  the  growth  sol- 
ution.  The  amount  of  the  solute  elements  intro- 
duced  into  the  solution  is  freely  controllable 
depending  upon  the  magnitude  of  the  electric 

25  current. 
From  Figs.  15,  16,  and  17  and  their  explanations 

described  above,  it  will  be  understood  that  the 
surface  portion  of  the  source  material  in  contact 
with  the  growth  solution  has  a  very  small  area 

30  and  that  this  small  area  is  constantly  maintained 
without  variation  during  the  growth  run,  although 
the  position  of  the  surface  portion  is  slowly 
regresed  as  a  result  of  the  dissolution  mof  the 
material.  This  is  because  four  surfaces  of  the 

35  source  material  are  covered  with  the  BN  block 
and  plate,  and  also  the  cross-section  of  the 
material  is  constant.  The  thickness  of  the  source 
material  may  be  more  than  about  300  urn,  since 
such  a  thickness  is  effective  for  assisting  the 

40  introduction  of  the  growth  solution  into  the 
recesses  formed  through  the  regression  of  the 
surface  of  the  material. 

Using  the  above-described  boat,  an  ln,_xGaxAs 
LPE  layer  was  formed  on  the  (1  1  1  )A-oriented  InP 

45  substrate  to  ascertain  the  effects  of  the  boat 
according  to  this  invention.  As  a  growth  solution, 
the  In-Ga-As  ternary  solution  having  the  following 
composition  was  used: 

X'Ga=0.040, 
so  X'As=0.170,  and 

X'ln=0.790, 
wherein  X1,  (i=Ga,  As  or  In)  respresents  an  atomic 
fraction  of  the  element  i  in  the  solution.  The 
materials  used  herein  had  the  following  weights: 

55  ln=  1.991  g, 
lnAs=0.64806  g,  and 
GaAs=0.15201  g. 

The  GaAs  plate  used  as  the  source  material  had 
a  thickness  of  1  mm,  and  a  cross-section  of  1.7 

60  cmxO.1  cm. 
First,  the  In-Ga-As  ternary  solution,  without 

coming  into  contact  with  the  GaAs  source  plate, 
was  heated  to  a  teperature  of  810°C  to  make  a 
homogeneous  solution.  Then,  the  temperature  of 

65  the  solution  was  reduced  to  790°C.  This  tempera- 

ally  conductive  crucible  support  25  surrounding  a 
lower  outer  surface  of  the  crucible  can  be  seen  to 
be  concentrically  disposed,  and  the  crucible 
support  25  is  freely  rotatable.  The  crucible 
support  25  is  connected  with  a  negative  electric 
source.  Four  source  materials  29  are  embedded  in 
an  inner  surface  of  the  crucible  support  25 
together  with  BN  plates  27,  each  of  which 
encloses  four  adjacent  surfaces  of  the  source 
material  29.  These  source  materials  are  opposed 
to  each  other,  and  their  positions  correspond  to 
those  of  the  gaps  formed  between  two  adjacent 
parts  of  the  side  wall  28.  The  arrangement  of  the 
source  materials  29  and  the  use  of  the  rotatable 
seed  holder  33  as  in  Figures  13  and  14  is  most 
advisable,  since  this  results  in  a  uniform  distribu- 
tion  of  the  dissolved  source  materials  29  in  the 
growth  solution  30.  It  is  important  that  only  a 
small  surface  of  the  source  material  29  is  exposed 
to  the  growth  solution  30,  and  that  the  small 
exposure  of  the  surface  of  the  source  material  29 
to  the  growth  solution  30  is  constantly  maintained 
during  the  crystal  growth. 

Before  the  growth  run,  the  crucible  support  25 
is  rotated  from  the  orientation  shown  in  Figure  14 
through  less  than  90°  by  means  which  are  not 
shown  to  an  orientation  (not  shown)  in  which 
source  material  29  is  entirely  out  of  contact  with 
growth  solution  20.  The  inner  surfaces  of  all  the 
source  material  29  are  now  in  contact  with  the 
outer  surface  of  the  BN  side  wall  28.  Under  this 
condition,  the  growth  solution  30  is  heated  to  a 
desired  temperature  with  the  heater  24.  When 
beginning  the  growth  run,  the  crucible  support  25 
is  again  rotated  to  move  the  source  materials  to 
the  positions  shown  in  Fig.  14.  When  DC  electric 
current  is  supplied  from  the  graphite  electrode  31 
to  the  source  materials  29  through  the  growth 
solution  30,  Peltier  heating  and  Joule  heating  at 
the  interface  between  the  source  materials  29  and 
the  growth  solution  30  cause  a  gradual  dissolu- 
tion  of  the  exposed  end  portion  of  the  source 
materials.  The  dissolution  of  the  source  materials 
can  be  controlled  by  adjusting  the  electric  current 
supplied.  As  a  result,  the  composition  of  the 
growing  crystals  also  can  be  effectively  con- 
trolled.  Figures  15,  16,  and  17  illustrate  a  liquid 
phase  epitaxial  growth  apparatus  for  carrying  out 
the  method  of  this  invention,  in  which  a  source 
material  is  disposed  in  combination  with  the 
graphite  boat. 

The  constitution  of  the  boat  is  apparent  from 
Fig.  17.  The  boat  consists  of  three  parts:  A,  B,  and 
C.  Part  A  is  a  graphite  slider  38  with  boron  nitride 
(BN)  block  42  as  an  insulator.  A  source  material  39 
in  the  form  of  a  plate  is  surrounded  by  the  BN 
block  42.  A  negative  current  electrode  made  of 
stainless  steel  is  screwed  into  the  graphite  slider 
38.  Part  B  is  a  boron  nitride  (BN)  slider  41  with  a 
cut-out  portion  into  which  a  growth  solution  is 
put.  Part  C  is  a  graphite  boat  holder  37  with  a 
boron  nitride  (BN)  plate  43  and  a  positive  current 
electrode  made  of  stainless  steel.  The  substrate 
45  is  set  in  a  pit  on  the  boat  holder  37.  These  parts 
A,  B,  and  C  are  assembled  into  a  boat  as  shown  in 
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method.  As  shown,  the  solid  composition  of  Ga, 
x,  varies  from  0.45  to  0.35  due  to  consumption  of 
the  Ga  in  the  grown  solution.  In  contrast,  the 
characteristic  line  A  (this  invention)  shows  the 

5  solid  composition  of  Ga  in  the  LPE  layer  grown 
from  the  growth  solution  in  which  solute  Ga  and 
As  were  supplied  by  dissolving  the  GaAs  source 
plate  through  Peltier  heating.  This  epitaxial  layer 
was  grown  by  cooling  the  solution  from  789°C  to 

10  760°C  through  the  ramp  cooling  method  at  a 
constant  cooling  rate  of  1°C/min.  At  785°C  (point 
indicated  by  arrow),  the  epitaxial  growth  was 
interrupted  by  separating  the  growth  solution 
from  the  substrate  and  bringing  it  into  contact 

15  with  the  GaAs  source  plate.  The  electric  current  of 
88  A/cm2  was  supplied  through  the  source  plate 
for  2  minutes  to  dissolve  the  GaAs  source.  Then, 
the  epitaxial  growth  was  recommenced  by  bring- 
ing  the  solution  over  the  substrate.  As  shown  in 

20  Figure  19,  sufficient  amounts  of  solute  Ga  and  As 
to  adjust  the  compositional  gradient  can  be  sup- 
plied  into  the  growth  solution  by  the  SCC  method. 

In  Figure  20,  the  characteristic  line  B  indicates 
an  example  of  the  method  of  this  invention  in 

25  which  the  LPE  layer  was  grown  by  cooling  the 
growth  solution  from  789°  to  760°C  by  the  ramp 
cooling  method  at  a  constant  cooling  rate  of  1°C/ 
min.  The  epitaxial  growth  was  interrupted  twice 
at  780°C  (arrow  in)  and  at  770°C  (arrow  i2).  An 

30  electric  current  of  134  A/cm2  was  supplied 
through  the  GaAs  source  plate  for  2  min  at  780°C 
and  for  3  min  at  770°C  to  supply  solute  Ga  and  As 
into  the  growth  solution.  Therefore,  two  humps 
appear  on  the  curve  of  the  composition  variation. 

35  The  characteristic  line  R  shows  the  composition 
variation  of  the  LPE  layer  grown  by  only  ramp- 
cooling,  and  the  characteristic  line  A  is  identical 
with  that  of  Figure  19. 

The  graphite  boat  illustrated  in  Figures  15,  16, 
40  and  17  may  be  modified  to  that  of  Figure  21.  The 

boat  of  Figure  21  is  characterised  by  two  source 
plates  39a  and  39b  sandwiched  between  boron 
nitride  plates  42,  43,  44.  The  detailed  explanation 
of  this  boat  will  be  omitted,  since  the  constitution 

45  of  the  boat  has  been  previously  described  with 
reference  to  the  similar  boat  of  Figures  1  5,  1  6,  and 
17.  This  modification  demonstrates  that  the 
number  of  source  plates  may  be  increased,  if 
desired,  insofar  as  it  does  not  adversely  affect  the 

so  electric  current  to  be  supplied  to  the  source 
plates. 

This  invention  will  be  fully  understood  from  the 
above  detailed  description.  In  addition,  the  effects 
of  this  invention  are  summarised  as  follows. 

55  According  to  this  invention,  further  solute 
elements  quantities  can  be  introduced  into  a 
saturated  growth  solution  by  dissolving  a  source 
material  containing  the  solute  elements  by  Peltier 
heating  and  Joule  heating.  Peltier  heating  and 

60  Joule  heating  are  induced  by  supplying  electric 
current  from  the  growth  solution  to  the  source 
material. 

When  the  electric  current  supplied  to  the  source 
material  is  increased  or  decreased,  the  composi- 

65  tion  of  the  growth  solution  can  be  freely  varied 

ture  was  maintained,  and  the  solution  was 
brought  into  contact  with  the  GaAs  plate  by 
moving  the  graphite  slider.  A  DC  electric  current 
of  10  A  was  supplied  from  the  solution  to  the 
GaAs  plate  for  one  minute.  The  source  current  or 
electric  current  measured  at  the  interface 
between  the  solution  and  the  GaAs  plate  was  59 
A/cm2.  A  top  end  portion  of  the  GaAs  plate  was 
dissolved  in  the  growth  solution. 

Then,  the  BN  slider  was  moved  to  bring  the 
growth  solution  into  place  in  a  cut-out  portion 
over  the  InP  substrate.  The  epitaxial  growth  of 
ln,_xGaxAs  crystal  was  performed  at  a  growth 
temperature  of  790°C  for  10  sec  by  the  stepwise 
cooling  method.  An  ln,_xGaxAs  LPE  layer  having  a 
thickness  of  0.7  urn  lattice  constant:  5.875  A 
(0.5875  nm)  and  wavelength:  1.663  pm  was 
obtained. 

The  above-described  first  growth  run  was 
repeated  except  that  a  DC  electric  current  of  30  A 
was  supplied  for  one  minute.  The  source  current 
was  determined  to  be  176  A/cm2.  For  this  second 
growth  run,  it  was  observed  that  a  larger  amount 
of  GaAs  was  dissolved  in  the  growth  solution  in 
comparison  with  the  first  growth  run,  and  that, 
while  the  end  of  the  GaAs  plate  was  regressed 
with  time  due  to  dissolution  of  the  plate,  an 
intimate  contact  between  the  end  and  the  solution 
was  insured  and  therefore  the  electric  current  was 
constant  from  the  start  to  the  end  of  the  current 
supply. 

Since  a  Ga-rich  growth  solution  resulted  in  the 
second  growth  run,  the  resulting  ln,_xGaxAs  LPE 
layer  showed  a  small  lattice  constant  of  5.853  A 
(0.5853  nm)  and  a  short  wavelength  of  1.616  urn. 
The  LPE  layer  was  enriched  with  Ga. 

These  results  are  plotted  in  Fig.  18.  Namely,  Fig. 
18  shows  a  lattice  constant  (A)  (iA=10~1nm)  of 
the  LPE  layer  as  a  function  of  the  source  current 
(A/cm2).  The  characteristic  line  A  indicates  the  use 
of  the  GaAs  source  plate,  and  line  B  indicates  the 
use  of  the  InAs  source  plate. 

The  data  for  lines  A  and  B  of  Fig.  18  indicates 
that,  for  the  GaAs  source  plate,  the  lattice  con- 
stant  of  the  resultant  InGaAs  LPE  layer  is  reduced 
as  the  source  current  is  increased,  since  the  LPE 
layer  is  enriched  with  Ga  in  proportion  to  the 
increase  of  the  source  current.  For  a  InAs  source 
plate,  the  lattice  constant  of  the  InGaAs  LPE  layer 
is  rapidly  increased  due  to  formation  of  the  In-rich 
LPE  layer.  From  this  data,  it  is  apparent  that  the 
solute  elements  which  are  introduced  into  the 
growth  solution  as  a  result  of  the  supply  of  the 
electric  current  and  dissolution  of  the  source 
material  can  act  effectively  on  the  formation  of 
the  LPE  Layer. 

Figs.  19  and  20  were  then  plotted,  each  showing 
a  solid  composition  of  Ga,  x,  (111)A  lni_xGaxAs 
LPE  layer  as  a  function  of  the  layer  thicknes  (urn) 
which  was  measured  from  the  interface  between 
the  LPE  layer  and  the  InP  substrate. 

In  Figure  19,  the  characteristic  line  R  (control) 
shows  the  solid  composition  of  Ga  in  the  LPE 
layer  grown  without  a  supply  of  the  electric 
current,  namely,  by  only  the  ramp  cooling 
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current  from  said  direct  current  supply  electrode 
through  said  growth  solution  to  said  source 
material(s)  to  dissolve  said  source  material(s)  in 
the  growth  solution  due  to  Peltier  heating  at  the 

5  interface(s)  between  the  source  material(s)  and 
the  growth  solution  and  Joule  heating  within  the 
source  material. 

2.  A  method  as  claimed  in  claim  1,  in  which  the 
crystals  of  the  compound  semiconductor  to  be 

10  grown  are  bulk  crystals. 
3.  A  method  as  claimed  in  claim  1,  in  which  the 

crystals  of  the  compound  semiconductor  to  be 
grown  are  liquid  phase  epitaxial  crystals. 

4.  A  method  as  claimed  in  claim  1,  2  or  3,  in 
15  which  two  or  more  source  materials  each  contain- 

ing  at  least  one  said  element  are  immersed  in  said 
growth  solution. 

5.  A  method  as  claimed  in  any  preceding  claim, 
wherein  a  more  than  three  component  semicon- 

20  ductor  crystal  is  grown. 
6.  A  method  as  claimed  in  claim  5,  which  is 

applied  to  the  production  of  InGaAsP  quaternary 
compounds. 

7.  A  method  as  claimed  in  any  one  of  the 
25  preceding  claims,  which  is  carried  out  in  an 

apparatus  which  comprises  a  container  for  said 
growth  solution,  at  least  one  source  material 
which  contains  at  least  one  element  which  is 
essential  to  complete  said  compound  semicon- 

30  ductor,  one  region  of  the  or  each  said  source 
material  being  in  contact  with  said  growth  sol- 
ution  to  undergo  dissolution  therein,  another 
region  of  the  or  each  said  source  material  being 
connected  to  a  negative  electrode  and  a  direct 

35  current  supply  electrode  also  being  in  contact 
with  said  growth  solution,  the  direct  current 
supply  electrode  being  spaced  apart  from  the  or 
each  said  source  material  and  either  being  spaced 
apart  from  the  seed  crystal  or  substrate  or  being- 

40  in  direct  contact  with  the  seed  crystal  or  substrate 
and  no  current  supply  occurring  through  the  seed 
crystal  or  substrate  to  said  growth  solution. 

8.  A  method  as  claimed  in  claim  7,  in  which  said 
container  is  in  the  form  of  a  boat. 

45  9.  A  method  as  claimed  in  claim  7  or  8,  in  which 
said  source  material  forms  a  part  of  a  wall  of  said 
container. 

10.  A  method  as  claimed  in  claim  7,  8  or  9,  in 
which  said  direct  current  supply  electrode  forms  a 

so  part  of  a  wall  of  said  container. 

Patentanspriiche  . 

1.  Verfahren  zum  Ziichten  von  Kristallen  von 
55  einem  wenigstens  drei  Komponenten  aufweisen- 

den  Verbindungshalbleiter  aus  seiner  Wachs- 
tumslosung  auf  einen  Kristallkeim  oder  Substrat, 
welches  Verfahren  umfalSt:  das  Plazieren  von 
wenigstens  einem  Quellenmaterial,  welches 

60  wenigstens  ein  Element  enthalt,  das  essentiell  ist, 
um  den  genannten  Verbindungshalbleiter  zu  ver- 
vollstandigen,  in  Kontakt  mit  der  genannten 
Wachstumsldsung  und  Auflosung  des  (der) 
genannten  Materials  (Materialien)  in  der  genann- 

65  ten  Wachstumgslosung,  um  eine  gewiinschte 

depending  upon  the  variation  of  the  electric  cur- 
rent,  and,  accordingly,  the  composition  of  the 
resulting  crystal  layer  can  be  controlled.  This 
means  that  a  crystal  layer  having  a  uniform 
composition  can  be  grown  with  good  reproduci- 
bility. 

In  addition,  the  thickness  of  the  crystal  layer  can 
be  freely  controlled  by  controlling  the  magnitude 
of  the  electric  current.  For  example,  if  the  amount 
of  the  source  material  is  sufficiently  increased,  a 
very  much  thicker  layer  of  the  crystals  can  be 
grown  in  comparison  with  the  prior  art  method. 
This  is  particularly  effective  when  producing  bulk  ' 
crystals  of  the  multicomponent  compound  semi- 
conductors. 

This  invention  can  be  suitably  used  in  the 
crystal  growth  process  to  be  carried  out  at  a  lower 
temperature,  since,  according  to  this  invention, 
the  growth  solution  saturated  at  the  lower 
temperature  can  be  changed  to  become  super- 
saturated  by  dissolving  the  source  material 
immersed  in  the  solution.  For  example,  by  work- 
ing  according  to  this  invention,  the  crystal  growth 
of  InP  or  GaSb  at  a  temperature  lower  than  500°C 
can  be  attained. 

Further,  superlattice  structures  having  a  hetero- 
junction  can  be  realised  when  two  or  more 
growth  solutions  are  changed  to  become  super- 
saturated,  and  these  supersaturated  growth  solu- 
tions  are  used  alternately.  Furthermore,  a  direct 
growth  of  InP  on  InGaAs  or  InGaAsP  crystals  can 
be  easily  realised,  although  this  was  difficult  in 
the  prior  art.  Additionally,  two  or  more  InP  layers 
having  different  carrier  densities  can  be  easily 
realised,  and  heterojunctions  of  AIGaSb-GaSb  or 
AIGaAs-GaAs  also  can  be  realised. 

Since  this  invention  enables  a  very  small  but 
sufficient  area  of  the  source  material  exposed  to 
the  growth  solution  to  be  used,  it  is  possible  to 
efficiently  dissolve  the  source  material  in  the 
solution.  This  invention  also  enables  a  constant 
contact  to  be  maintained  between  the  source 
material  and  the  growth  solution  and  the  avoi- 
dance  of  undesirable  dissolution  of  the  source 
material,  since  four  surfaces  of  the  material  other 
than  the  two  end  surfaces  are  surrounded  by 
insulating  material. 

Claims 

1.  A  method  for  growing  crystals  of  an  at  least 
three  component  compound  semiconductor  from 
its  growth  solution  on  a  seed  crystal  or  substrate, 
which  method  comprises  placing  at  least  one 
source  material  containing  at  least  one  element 
which  is  essential  to  complete  said  compound 
semiconductor  is  contact  with  said  growth  sol- 
ution  and  dissolving  said  source  material(s)  in 
said  growth  solution  to  maintain  constantly  a 
desired  composition  of  said  growth  solution  dur- 
ing  the  crystal  growth  step,  characterized  in  that, 
there  is  placed  in  contact  with  said  growth  sol- 
ution  a  direct  current  supply  electrode  and  in  that 
said  source  material(s)  is  dissolved  in  said  growth 
solution  by  conducting  controlled  DC  electric 

10 
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dem  die  genannte  direkte  Stromversorgungselek- 
trode  einen  Teil  einer  Wand  des  genannten  Behal- 
ters  bildet. 

5  Revendications 

1.  Un  procede  de  croissance  des  cristaux  d'un 
compose  semiconducteur  a  au  moins  trois  com- 
posants  depuis  sa  solution  de  croissance  sur  un 

w  cristal  de  germe  ou  substrat,  ledit  procede  consis- 
tant  a  placer  au  moins  une  source  de  materiau 
contenant  au  moins  un  element  qui  est  essentiel 
pour  completer  ledit  compose  semiconducteur  en 
contact  avec  ladite  solution  de  croissance  et  a 

15  dissoudre  ladite  source  de  materiau  ou  lesdites 
sources  de  materiau  dans  ladite  solution  de  crois- 
sance  pour  maintenir  constante  une  composition 
desiree  de  ladite  solution  de  croissance  durant 
I'etape  de  croissance  du  cristal,  caracterise  en  ce 

20  que  Ton  place  au  contact  de  ladite  solution  de 
croissance  une  electrode  fournissant  un  courant 
continu  et  en  ce  que  la  ou  lesdites  sources  de 
materiau  sont  dissoutes  dans  ladite  solution  de 
croissance  en  conduisant  un  courant  electrique 

25  continu  controle  depuis  ladite  electrode  fournis- 
sant  le  ccurant  continu  a  travers  ladite  solution  de 
croissance  a  la  ou  lesdites  sources  de  materiau 
pour  dissoudre  la  ou  lesdites  sources  de  materiau 
dans  la  solution  de  croissance  sous  I'action  de 

30  chauffage  par  effet  Peltier  a  la  ou  les  interfaces 
comprises  entre  la  ou  les  sources  de  materiau  et 
la  solution  de  croissance  et  sous  I'action  du 
chauffage  par  effet  Joule  a  I'interieur  de  la  source 
de  materiau. 

35  2.  Un  procede  selon  la  revendication  1,  selon 
lequel  les  cristaux  du  compose  semiconducteur  a 
croTtre  sont  des  cristaux  bruts. 

3.  Un  procede  selon  la  revendication  1,  selon 
lequel  les  cristaux  du  compose  semiconducteur  a 

40  crottre  sont  des  cristaux  de  croissance  epitaxiale 
en  phase  liquide. 

4.  Un  procede  selon  la  revendication  1,  2  ou  3 
selon  lequel  deux  ou  plus  de  deux  sources  de 
materiau  contenant  chacune  au  moins  un  ele- 

45  ment  de  ce  type  sont  immergees  dans  ladite 
solution  de  croissance. 

5.  Un  procede  selon  I'une  quelconque  des 
revendications  precedentes  selon  lequel  un  cristal 
de  semiconducteur  a  plus  de  trois  composants  est 

so  obtenu  par  croissance. 
6.  Un  procede  selon  la  revendication  5  qui  est 

applique  a  la  production  des  composees  quater- 
naires  InGaAsP. 

7.  Un  procede  selon  I'une  quelconque  des 
55  revendications  precedentes  qui  est  conduit  dans 

un  appareil  qui  comprend  un  conteneur  pour 
ladite  solution  de  croissance,  au  moins  une 
source  de  materiau  qui  contient  au  moins  un 
element  qui  est  essentiel  pour  completer  ledit 

60  compose  semiconducteur,  une  region  de  ladite 
source  de  materiau  ou  de  chaque  dite  source  de 
materiau  etant  en  contact  avec  ladite  solution  de 
croissance  pour  s'y  dissoudre,  une  autre  region 
de  ladite  source  de  materiau  ou  de  chaque  dite 

65  source  de  materiau  etant  connectee  a  une  elec- 

Zusammensetzung  der  genannten  .Wachstumslo- 
sung  wahrend  des  Kristallwachstumsschrittes 
konstant  aufrechtzuerhalten,  dadurch  gekenn- 
zeichnet,  da(S  es  eine,  mit  der  genannten  Wachs- 
tumslosung  in  Kontakt  plazierte,  direkte  Strom- 
versorgungselektrode  gibt,  und  daS  das  genannte 
Quellenmaterial  (Materialien)  in  der  genannten 
Wachstumsldsung  aufgelost  wird,  durch  kontrol- 
liertes  Leiten  eines  elektrischen  Gleichstroms  von 
der  genannten  direkten  Stromversorgungselek- 
trode  durch  die  genannte  Wachstumslosung  zu 
dem  Quellenmaterial  (Materialien)  urn  das 
genannte  Quellenmaterial  (Materialien)  in  der 
Wachstumslosung  aufgrund  der  Peltier-Heizung 
an  der  Grenzflache(n)  zwischen  dem  Quellenma- 
terial(ien)  und  der  Wachstumslosung  und  der 
Joule-Heizung  innerhalb  des  Quellenmaterials 
aufzulosen. 

2.  Verfahren  nach  Ansrpuch  1,  bei  dem  die 
Kristalle  des  zu  zuchtenden  Verbindungshalblei- 
ters  Volumenkristalle  sind. 

3.  Verfahren  nach  Anspruch  1,  bei  dem  die 
Kristalle  des  zu  zuchtenden  Verbindungshalblei- 
ters  Flussigphasen-Epitaxialkristalle  sind. 

4.  Verfahren  nach  Anspruch  1  ,  2  Oder  3,  bei  dem 
zwei  Oder  mehre  Quellenmaterialien,  die  jeweils 
wenigstens  eine  genanntes  Element  enthalten,  in 
die  genannte  Wachstumslosung  eingetaucht 
werden. 

5.  Verfahren  nach  einem  der  vorhergehenden 
Anspriiche,  bei  dem  ein  mehr  als  drei  Komponen- 
ten  aufweisender  Halbleiterkristall  gezuchtet 
wird. 

6.  Verfahren  nach  Anspruch  5,  welches  zu 
Herstellung  von  quatemaren  InGaAsP-Verbindun- 
gen  angewendet  wird. 

7.  Verfahren  nach  einem  der  vorhergehenden 
Anspruche,  welches  in  einer  Vorrichtung  durch- 
gefuhrt  wird,  die  einen  Behalter  fur  die  genannte 
Wachstumslosung  umfaSt,  und  wenigstens  ein 
Quellenmaterial,  welches  wenigstens  ein  Element 
enthalt,  daszur  Vervollstandigung  des  genannten 
Verbindungshalbleiters  essentiell  ist,  bei  dem  ein 
Bereich  von  dem  oder  jedem  genannten  Quellen- 
material  mit  der  genannten  Wachstumslosung  in 
Kontakt  ist,  urn  darin  gelost  zu  werden,  ein  ande- 
rer  Bereich  von  dem  oder  jedem  genannten  Quel- 
lenmaterial  mit  einer  negativen  Elektrode  verbun- 
den  ist  und  eine  direkte  Stromversorgungselek- 
trode  ebenfalls  in  Kontakt  mit  der  Wachstumslo- 
sung  ist,  wobei  die  direkte  Stromversorgungs- 
elektrode  mit  Abstand  von  dem  oder  jedem 
genannten  Quellenmaterial  angeordnet  ist  und 
entweder  von  dem  Kristallkeim  oder  Substrat 
einen  Abstand  aufweist  oder  in  direktem  Kontakt 
mit  dem  Kristallkeim  oder  Substrat  ist  und  keine 
Stromzufuhr  durch  den  genannten  Kristallkeim 
oder  das  Substrat  zu  der  genannten  Wachstums- 
losung  eintritt. 

8.  Verfahren  nach  Anspruch  7,  bei  dem  der 
genannte  Behalter  die  Form  eines  Bootes  hat. 

9.  Verfahren  nach  Anspruch  7  oder  8,  bei  dem 
das  genannte  Quellenmaterial  einem  Teil  einer 
Wand  des  genannten  Behalters  bildet. 

10.  Verfahren  nach  Anspruch  7,  8  oder  9,  bei 

11 
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8.  Un  procede  selon  la  revendication  7  selon 

lequel  ledit  conteneur  a  la  forme  d'une  cou- 
peile. 

9.  Un  procede  selon  la  revendication  7  ou  8 
seion  lequel  ladite  source  de  materiau  forme 
partie  d'un  paroi  dudit  conteneur. 

10.  Un  procede  selon  la  revendication  7,  8  ou 
9  selon  lequel  ladite  electrode  fournissant  le 
courant  continu  forme  partie  d'une  paroi  dudit 
conteneur. 

trode  negative  et  une  electrode  fournissant  un 
courant  continu  etant  egalement  en  contact 
avec  ladite  solution  de  croissance,  I'electrode 
fournissant  le  courant  continu  etant  maintenue 
ecartee  de  ladite  source  de  materiau  ou  de  cha- 
que  dite  source  de  materiau  et  etant  maintenue 
ecartee  du  cristal  de  germe  ou  du  substrat  ou 
bien  etant  en  contact  direct  avec  le  cristal  de 
germe  ou  le  substrat  et  aucun  courant  n'est 
fourni  a  travers  le  cristal  de  germe  ou  le  subs- 
trat  a  ladite  solution  de  croissance. 
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