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@  Semiconductor  device. 

(g)  A  semiconductor  device  generally  has  an  anode  layer  (19b, 
34a,  49b),  a  first  semiconductor  layer  (11,  32,  41),  a  first 
cladding  layer  (20b)  having  a  superlattice  structure,  an  active 
layer  (21)  having  a  superlattice  structure,  a  second  cladding 
layer  (20a)  having  a  superlattice  structure,  a  cathode  barrier 
layer  (15,  29,  45),  a  second  semiconductor  layer  (14,  28,  44),  and 
a  cathode  layer  (19a,  34b,  49a).  The  cathode  barrier  layer  allows 
electrons  to  tunnel  therethrough  when  a  voltage  is  applied 
across  the  anode  and  cathode  layers  so  that  a  potential  on  a 
side  of  the  superlattices  is  positive  with  respect  to  the  cathode 
barrier  layer.  The  active  layer  has  the  superlattice  with  a  bottom 
energy  of  a  miniband  from  which  electrons  transit  to  a  lower 
miniband  with  a  light  emission  which  bottom  energy  is  smaller 
than  those  of  the  superlattices  of  the  first  and  second  cladding 
layers. 
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Description 

SEMICONDUCTOR  DEVICE 

3ACKGROUND  OF  THE  INVENTION 
The  present  invention  generally  relates  to  semi-  5 

conductor  devices,  and  more  particularly  to  a 
semiconductor  device  applicable  to  a  semiconduc- 
;or  laser  having  a  GaAs/AIGaAs  system  compound 
semiconductor  heterojunction  and  capable  of  easily 
Dbtaining  an  arbitrary  light  emission  wavelength  over  10 
i  wide  range. 

Semiconductor  lasers  and  light  emitting  diodes 
generate  to  the  outside  a  light  which  is  generated  at 
a  time  of  a  recombination,  that  is,  a  light  emitting 
ohenomenon  which  occurs  due  to  an  electron  15 
transition  in  an  energy  gap  between  the  valence  and 
conduction  bands.  However,  the  light  emission 
wavelength  of  such  semiconductor  lasers  and  light 
emitting  diodes  is  determined  by  an  energy  gap 
peculiar  to  the  material  used.  For  this  reason,  it  is  20 
necessary  to  produce  a  mixed  crystal  semiconduc- 
tor  including  three  or  four  elements  in  order  to 
obtain  a  desired  light  emission  wavelength  espe- 
cially  over  a  wide  range,  but  it  is  difficult  to  obtain  a 
satisfactory  single  crystal.  25 

Accordingly,  there  is  a  demand  to  realize  a 
semiconductor  device  capable  of  easily  obtaining  an 
arbitrary  light  emission  wavelength  over  a  wide 
range  and  obtaining  a  satisfactory  single  crystal. 

On  the  other  hand,  it  is  possible  to  produce  a  30 
superlattice,  that  is,  a  periodic  repetition  of  different 
semiconductors  like  AIGaAs/GaAs/AIGaAs/  GaAs 
by  use  of  a  crystal  growing  method  such  as  a 
molecular  beam  epitaxy  (MBE)  which  can  control  a 
thickness  of  a  grown  layer  with  a  high  accuracy.  35 
There  has  been  reports  that  a  band  structure  of  the 
conduction  band  in  such  a  superlattice  splits  into 
mini-bandgaps. 

FIG.1  shows  a  cross  sectional  structure  of  an 
example  of  a  conventional  semiconductor  laser,  and  40 
FIG.2  is  a  diagram  for  explaining  trapping  of  carriers 
in  the  conventional  semiconductor  laser  shown  in 
FIG.1.  FIG.3  is  a  diagram  for  explaining  a  band 
structure  and  a  distribution  function  of  the  conven- 
tional  semiconductor  laser  shown  in  FIG.1,  and  45 
FIGS.4A  and  4B  are  diagrams  for  explaining  band 
structures  of  a  bulk  GaAs  and  a  superlattice. 

In  FIG.1,  the  semiconductor  laser  has  a  p-type 
AIGaAs  cladding  layer  1  ,  a  p-type  GaAs  active  layer 
2,  an  n-type  AIGaAs  cladding  layer  3,  and  electrodes  50 
4.  in  FIGS.2  and  3,  Eg  denotes  an  energy  band  gap,  E 
denotes  an  energy,  k  denotes  a  wave  number,  Efc 
denotes  a  Fermi  level  in  a  conduction  band,  Efv 
denotes  a  Fermi  level  in  a  valence  band,  Ea  denotes 
an  energy  at  a  top  of  the  valence  band,  Eb  denotes  55 
an  energy  at  a  bottom  of  the  conduction  band,  f(E) 
denotes  a  distribution  function  of  electrons,  fc(E) 
denotes  a  distribution  function  of  electrons  in  the 
conduction  band,  fv(E)  denotes  a  distribution  func- 
tion  of  electrons  in  the  valence  band,  fc(Eb)  denotes  60 
a  distribution  function  of  electrons  at  the  energy  at 
the  bottom  of  the  conduction  band,  fv(Ea)  denotes  a 
distribution  function  of  electrons  at  the  energy  at  the 

top  of  the  valence  band,  a(E)  denotes  a  density  of 
states,  ac(E)  denotes  a  density  of  state  in  the 
conduction  band,  and  ctv(E)  denotes  a  density  of 
state  in  the  valence  band.  In  FIGS.4A  and  4B,  5a  and 
5b  respectively  denote  mini-bandgaps  formed  in  the 
conduction  band  and  corresponding  to  forbidden 
bands,  6  denotes  a  band  structure  of  a  bulk  GaAs, 
and  7  denotes  a  band  structure  of  a  superlattice 
made  up  of  GaAs/AIGaAs/  ...  /GaAs. 

A  description  will  now  be  given  of  the  operating 
principle  of  the  conventional  semiconductor  laser 
shown  in  FIG.1  .  As  shown  in  FIG.2,  the  electrons  and 
holes  are  trapped  in  the  same  space  in  the  energy 
bandgap  Eg  between  the  valence  and  conduction 
bands  and  the  semiconductor  laser  uses  a  light  hv 
generated  at  a  time  of  a  recombination  of  the 
electrons  and  holes.  The  electrons  and  holes  are 
successively  injected  by  applying  a  voltage  across 
the  electrodes  4.  In  addition,  as  shown  in  FIG.3,  the 
condition  for  amplification  for  continuous  light 
emission  is  that  a  population  inversion  occurs.  The 
condition  may  be  expressed  by  the  following,  where 
B  is  a  transition  rate  for  stimulated  emission  and  p  is 
the  photon  number. 
Bpja  c(E)Ov(E-hv){fc(E)-fv(E-hv)}dE  >  0 
Since  ac(E)  and  av(E)  are  always  positive  numbers,  a 
relation  fc(E)  >  fv(E-hv)  is  obtained.  This  condition 
of  inequality  is  satisfied  when  Eg  <  hv  <  Efc  -  Efv 

For  example,  Esaki  et  al.,  "Superlattice  and 
Negative  Differential  Conductivity  in  Semiconduc- 
tors",  IBM  Journal  of  Research  and  Developments, 
pp.61  -65,  January  1970  discloses  an  example  of  the 
superlattice.  But  no  reports  are  made  on  semicon- 
ductor  lasers  and  light  emitting  diodes. 

Next,  a  description  will  be  given  of  the  superlat- 
tice.  It  is  possible  to  produce  a  superlattice,  that  is,  a 
periodic  repetition  of  different  semiconductors  like 
AIGaAs/GaAs/AIGaAs/GaAs,  by  use  of  a  crystal 
growing  method  such  as  the  MBE  which  can  control 
a  thickness  of  a  grown  layer  with  a  high  accuracy.  In 
this  case,  the  band  structure  of  the  conduction  band 
does  not  become  a  continuous  energy  distribution 
like  the  band  structure  6  of  the  bulk  GaAs  shown  in 
FIG.4A  but  becomes  a  discontinuous  energy  dis- 
tribution  like  the  superlattice  band  structure  7  shown 
in  FIG.4B  including  the  mini-bandgaps  5a  and  5b. 

However,  according  to  the  semiconductor  laser 
shown  in  FIG.1,  the  light  emission  wavelength  is 
determined  by  the  energy  bandgap  Eg  peculiar  to 
the  material  used.  For  this  reason,  it  is  necessary  to 
use  a  mixed  crystal  semiconductor  including  three 
or  four  elements  in  order  to  obtain  a  desired  light 
emission  wavelength  especially  over  a  wide  range, 
but  there  is  a  problem  in  that  it  is  difficult  to  obtain  a 
satisfactory  single  crystal. 

SUMMARY  OF  THE  INVENTION 
Accordingly,  it  is  a  general  object  of  the  present 

invention  to  provide  a  novel  and  useful  semiconduc- 
tor  device  in  which  the  problems  described  above 
are  eliminated. 
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Another  and  more  specific  object  of  the  present 
nvention  is  to  provide  a  semiconductor  device 
comprising  an  anode  layer,  a  first  semiconductor 
ayer  formed  on  the  anode  layer,  a  first  cladding  layer 
:ormed  on  the  first  semiconductor  layer  and  having  a 
superlattice  structure,  an  active  layer  formed  on  the 
:irst  cladding  layer  and  having  a  superlattice  struc- 
ture,  a  second  cladding  layer  formed  on  the  active 
ayer  and  having  a  superlattice  structure,  a  cathode 
carrier  layer  formed  on  the  second  cladding  layer,  a 
second  semiconductor  layer  formed  on  the  cathode 
barrier  layer,  and  a  cathode  layer  formed  on  the 
second  semiconductor  layer.  The  cathode  barrier 
layer  allows  electrons  to  tunnel  therethrough  when  a 
roltage  is  applied  across  the  anode  and  cathode 
layers  so  that  a  potential  on  a  side  of  the 
superlattices  is  positive  with  respect  to  the  cathode 
barrier  layer,  and  the  active  layer  has  the  superlattice 
with  a  bottom  energy  of  a  miniband  from  which 
electrons  transit  to  a  lower  miniband  with  a  light 
emission  which  bottom  energy  is  smaller  than  those 
of  the  superlattices  of  the  first  and  second  cladding 
layers.  According  to  the  semiconductor  device  of 
the  present  invention,  it  is  possible  to  easily  obtain 
an  arbitrary  light  emission  wavelength  over  a  wide 
range,  and  a  satisfactory  crystal  state  can  be 
obtained  with  ease. 

Still  another  object  of  the  present  invention  is  to 
provide  a  semiconductor  device  described  above 
and  further  comprising  a  plurality  of  insulation  layers 
respectively  extending  in  a  first  direction  in  each  of 
said  active  layer  and  said  first  and  second  cladding 
layers  and  provided  intermittently  along  a  second 
direction  which  is  perpendicular  to  the  first  direction, 
where  the  first  and  second  directions  are  perpen- 
dicular  to  a  direction  in  which  layers  of  the 
superlattices  are  stacked.  According  to  the  semi- 
conductor  device  of  the  present  invention,  it 
possible  to  more  sharply  determine  the  light 
emission  wavelength. 

Other  objects  and  further  features  of  the  present 
invention  will  be  apparent  from  the  following  detailed 
description  when  read  in  conjunction  with  the 
accompanying  drawings. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.1  is  a  cross  sectional  view  showing  a 
structure  of  an  example  of  a  conventional 
semiconductor  laser; 

FIG.2  is  a  diagram  for  explaining  trapping  of 
carriers  in  the  conventional  semiconductor 
laser  shown  in  FIG.1  ; 

FIG.3  is  a  diagram  for  explaining  a  band 
structure,  a  distribution  function  and  a  density 
of  states  of  the  conventional  semiconductor 
laser  shown  in  FIG.1  ; 

FIGS.4A  and  4B  are  diagrams  for  explaining 
band  structures  of  a  bulk  GaAs  and  a  superlat- 
tice; 

FIG.5  is  a  cross  sectional  view  showing  a  first 
embodiment  of  a  semiconductor  device  ac- 
cording  to  the  present  invention  ; 

FIG.6  is  a  cross  sectional  view  showing  a 
portion  of  the  first  embodiment  on  an  enlarged 

scale  for  explaining  details  of  a  superlattice 
portion  of  the  first  embodiment; 

FIG.7  is  a  diagram  for  explaining  a  light 
emission  caused  by  a  mini-bandgap  of  the  first 

5  embodiment; 
FIG.8  is  a  diagram  for  explaining  a  band 

structure  and  distribution  functions  of  the  first 
embodiment; 

FIG.9  is  a  diagram  for  explaining  a  light 
10  emission  phenomenon  which  occurs  in  the  first 

embodiment; 
FIG.  10  is  a  cross  sectional  view  showing  a 

second  embodiment  of  the  semiconductor 
device  according  to  the  present  invention; 

15  FIG.1  1  shows  a  band  diagram  obtained  in  a 
third  embodiment  of  the  semiconductor  device 
according  to  the  present  invention  ; 

FIG.  12  shows  the  band  diagram  of  FIG.  11 
with  a  cathode  barrier  layer  and  cathode  and 

20  anode  layers; 
FIGS.13A  and  13B  are  band  diagrams  for 

explaining  a  light  emission  which  occurs  only 
when  a  suitable  voltage  is  applied  across  the 
cathode  and  anode  in  the  third  embodiment; 

25  FIG.  14  shows  an  anode  voltage  versus  anode 
current  density  characteristic  of  the  third  em- 
bodiment  at  77  K; 

FIG.  15  shows  an  anode  voltage  versus  light 
emission  intensity  characteristic  of  the  third 

30  embodiment; 
FIG.  16  shows  a  band  diagram  obtained  in  a 

fourth  embodiment  of  the  semiconductor  de- 
vice  according  to  the  present  invention  ; 

FIG.17  shows  an  anode  voltage  versus  anode 
35  current  density  characteristic  of  the  fourth 

embodiment  at  77  K; 
FIG.1  8  is  a  cross  sectional  view  showing  a 

fifth  embodiment  of  the  semiconductor  device 
according  to  the  present  invention;  and 

40  FIG.1  9  is  a  cross  sectional  view  showing  a 
portion  of  the  fifth  embodiment  on  an  enlarged 
scale  for  explaining  details  of  a  superlattice 
portion  of  the  fifth  embodiment. 

45  DETAILED  DESCRIPTION 
A  description  will  be  given  of  a  first  embodiment  of 

a  semiconductor  device  according  to  the  present 
invention.  FIG.5  is  a  cross  sectional  view  showing  a 
first  embodiment  of  a  semiconductor  device  accord- 

50  ing  to  the  present  invention,  and  FIG.6  is  a  cross 
sectional  view  showing  a  portion  of  the  first 
embodiment  on  an  enlarged  scale  for  explaining 
details  of  a  superlattice  portion  of  the  first  embodi- 
ment.  FIG.7  is  a  diagram  for  explaining  a  light 

55  emission  caused  by  a  mini-bandgap  of  the  first 
embodiment,  FIG.8  is  a  diagram  for  explaining  a 
band  structure  and  distribution  functions  of  the  first 
embodiment,  and  FIG.9  is  a  diagram  for  explaining  a 
light  emission  phenomenon  which  occurs  in  the  first 

60  embodiment.  In  FIGS.7  through  9,  elements  which 
correspond  to  those  elements  shown  in  FIGS.2,  3, 
4A  and  4B  are  designated  by  the  same  reference 
characters. 

FIG.5  shows  a  case  where  the  present  invention  is 
65  applied  to  a  GaAs/AIGaAs  system  buried  hetero- 

3 
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jnction  type  semiconductor  laser.  In  FIGS.5  and  6, 
he  semiconductor  laser  has  an  n+-type  GaAs 
lubstrate  11  using  a  (100)  plane,  an  intrinsic  AIGaAs 
juried  layer  12,  an  SiON  insulator  layer  13,  an  n+-type 
3aAs  semiconductor  layer  14,  an  intrinsic  AIGaAs 
:athode  barrier  layer  15,  n+-type  GaAs  semiconduc- 
or  layers  16,  n+-type  AIGaAs  semiconductor  layers 
7,  a  superlattice  portion  18,  and  electrodes  19a  and 
9b  respectively  made  up  of  a  AuGe/Ni/Au  struc- 
ure.  Cladding  layers  20a  and  20b  have  the  superlat- 
ices  respectively  made  up  of  a  AIGaAs/GaAs  ... 
GaAs  structure,  and  an  active  layer  21  has  the 
iuperlattice  made  up  of  a  AIGaAs/  ...  /GaAs 
structure.  In  FIG.6,  the  superlattices  of  the  cladding 
ayers  20a  and  20b  and  the  active  layer  21  are  only 
generally  shown,  but  these  superlattices  actually 
consist  of  a  sufficiently  large  number  of  thin 
semiconductor  layers. 

In  FIGS.7  through  9,  23  denotes  a  mini-bandgap, 
24  denotes  a  bandgap,  25  denotes  a  valence  band, 
16  denotes  electrons,  Eg1  denotes  a  magnitude  of 
:he  mini-bandgap  23,  Eb1  denotes  an  energy  at  a  top 
yf  a  miniband  22b,  Eb2  denotes  an  energy  at  a 
Dottom  of  a  miniband  22a,  fc(Eb1)  denotes  a 
distribution  function  of  the  electrons  at  the  energy  at 
:he  top  of  the  miniband  22b,  and  fc(Eb2)  denotes  a 
distribution  function  of  the  electrons  at  the  energy  at 
a  bottom  of  the  miniband  22a. 

This  embodiment  uses  a  light  emission  phenome- 
lon  which  is  caused  by  an  electron  transition  in  the 
nini-bandgap  23  due  to  the  superlattice  which  is  a 
-epetition  of  compound  semiconductor  heterojunc- 
tions.  and  it  is  possible  to  easily  and  appropriately 
change  the  period  and  composition  ratio  of  the 
superlattice  and  the  materials  used  for  the  superlat- 
tice.  As  a  result,  an  arbitrary  light  emission  wave- 
length  can  be  obtained  easily  over  a  wide  range,  and 
a  satisfactory  crystal  state  can  be  obtained  with 
ease. 

A  description  will  now  be  given  of  the  light 
emission  phenomenon  at  the  time  when  the  electron 
transition  takes  place  in  the  mini-bandgap  23.  As 
shown  in  FIGS.7  and  8,  the  condition  for  amplifica- 
tion  for  continuous  light  emission  is  as  follows, 
where  B  is  a  transition  rate  for  stimulated  emission,  p 
is  the  photon  number,  a&i  and  f22i  respectively  are 
the  density  of  states  and  the  distribution  functions  in 
i-miniband. 
BpJa22b(E)a22a(E-hv){f22b(E)-f22a(E-hv)}dE  >  0 
Since  a22a(E)  and  o"22b(E)  are  positive,  this  condition 
is  satisfied  when  Eg1  <  hv  <  EF2  -  Ebo,  where  Ebo 
is  a  bottom  energy  of  the  conduction  band.  Under 
this  condition,  the  light  hv  which  corresponds  to  the 
magnitude  of  the  mini-bandgap  Eg1  is  mainly 
emitted. 

The  distribution  function  f22t>(E)  of  the  electrons  at 
the  bottom  of  the  miniband  22a  is  made  greater  than 
the  distribution  function  f22a(E)  of  the  electrons  at 
the  top  of  the  miniband  22b  as  follows.  That  is,  as 
shown  in  FIG.9,  a  voltage  is  applied  across  the 
electrodes  19a  and  19b  so  that  a  potential  on  the 
superlattice  side  of  the  cathode  barrier  layer  15  (a 
hot-electron  cathode)  becomes  positive.  In  this 
case,  a  potential  difference  occurs  and  the  electrons 
26  tunnel  through  the  cathode  barrier  layer  15  into 

the  miniband  22a  having  an  energy  level  nigner  man 
that  of  the  mini-bandgap  23,  thereby  increasing  the 
distribution  function  fc(Eb2)  of  the  electrons  26  in 
the  miniband  22a.  In  order  that  the  injected  electrons 

5  26  do  not  flow  to  the  anode,  a  barrier  height  of  the 
superlattice  is  made  low  at  a  portion  A,  and  a  portion 
B  of  the  mini-bandgap  23  is  made  narrow  as  shown 
in  FIG.9.  The  portions  A  and  B  may  be  set  in  this 
manner  by  appropriately  selecting  the  materials 

10  used  for  the  superlattice.  For  example,  an  Al  content 
in  the  portion  A  having  the  composition  AIGaAs  is 
less  than  an  Al  content  in  a  portion  C  and  the 
composition  of  the  portion  A  is  close  to  the 
composition  GaAs  of  the  portion  D.  In  addition,  the 

15  electrons  26  cause  the  light  emission  and  move  into 
the  miniband  22b.  An  energy  Eo  of  the  mini-bandgap 
23  and  the  magnitude  Eg  of  the  mini-bandgap  23  can 
be  adjusted  appropriately  by  adjusting  a  barrier 
height  AE  and  a  period  d  of  the  superlattice,  that  is, 

70  by  changing  the  materials  used  for  the  superlattice 
little  by  little,  and  it  is  also  possible  to  appropriately 
adjust  the  light  emission  wavelength. 

In  this  embodiment,  the  present  invention  is 
applied  to  the  buried  heterojunction  type  semicon- 

25  ductor  laser,  but  it  is  of  course  possible  to  apply  the 
present  invention  to  a  light  emitting  diode  or  the  like. 
The  present  invention  is  applicable  to  any  type  of 
semiconductor  lasers  and  light  emitting  diodes 
which  use  the  light  emission  phenomenon  caused 

30  by  the  electron  transition  in  the  mini-bandgap  due  to 
the  superlattice  structure. 

FIG.  10  is  a  cross  sectional  view  showing  a  second 
embodiment  of  the  semiconductor  device  according 
to  the  present  invention.  FIG.1  0  shows  a  case  where 

35  the  present  invention  is  applied  to  a  light  emitting 
diode.  The  light  emitting  diode  has  an  nMype  GaAs 
semiconductor  layer  28,  an  intrinsic  AIGaAs  cathode 
barrier  layer  29,  an  nMype  AIGaAs  semiconductor 
layer  30,  an  n*-type  GaAs  semiconductor  layer  31, 

40  n-type  GaAs  substrate  32,  a  light  emitting  region  33, 
electrodes  34a  and  34b  respectively  having  a 
AuGe/Ni/Au  structure,  a  SiON  insulator  layer  35,  and 
an  Au  plated  layer  36. 

Next,  a  description  will  be  given  of  a  third 
45  embodiment  of  the  semiconductor  device  according 

to  the  present  invention.  This  embodiment  may  take 
the  structure  shown  in  FIG.5  or  10,  and  the 
superlattice  portion  has  a  AlxGai-xAs/GaAs  struc- 
ture.  A  cladding  layer  on  the  cathode  side  is  made  up 

50  of  a  superlattice  having  a  n+-type  GaAs/n-  -type 
Alo35Gao.65As  structure,  where  each  n+-type  GaAs 
layer  c  has  a  thickness  of  40  A  and  is  doped  with  Si 
to  5x1018  cnrr3  and  each  n"  -type  Alo3sGao65As  layer 
b  has  a  thickness  of  30  A  and  is  doped  with  Si  to 

55  1x1017  cm-3.  A  cladding  layer  on  the  anode  side  is 
made  up  of  a  superlattice  having  a  n+-type  GaAs/n~ 
-type  Alo ŝGaossAs  structure,  where  each  n+-type 
GaAs  layer  c  has  a  thickness  of  40  A  and  is  doped 
with  Si  to  5x1  01  8  cm"3  and  each  n_-type 

60  Alo45Gao  55As  layer  d  has  a  thickness  of  10  A  and  is 
doped  with  Si  to  1x1017  cm"3.  An  active  layer 
between  the  cladding  layers  on  the  cathode  and 
anode  sides  is  made  up  of  a  superlattice  having  a  n~ 
-type  Alo25Gao75As/n+-type  GaAs  structure,  where 

65  each  nMype  AloasGaozsAs  layer  a  has  a  thickness  of 

4 
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30  A  and  is  doped  with  Si  to  1x1017  cm-3  and  each 
n+-type  GaAs  layer  c  has  a  thickness  of  40  A  and  is 
doped  with  Si  to  5x1  01  8  cm-3. 

FIG.1  1  shows  a  band  diagram  obtained  in  this 
third  embodiment.  In  FIG.1  1,  hatched  portions 
indicate  the  bandgaps,  where  the  upper  hatched 
portion  is  the  mini-bandgap.  It  may  be  seen  that  a 
potential  well  is  formed  in  the  light  emitting  region 
due  to  a  miniband,  and  the  electrons  are  trapped  in 
the  light  emitting  region  by  this  potential  well.  The 
height  of  the  mini-bandgap  on  the  anode  side  is 
higher  than  that  on  the  cathode  side,  making  it 
possible  to  satisfactorily  trap  the  electrons.  In 
addition,  the  bottom  of  the  miniband  of  the  active 
layer  is  higher  than  the  potential  of  the  cladding  layer 
on  the  anode  side  so  that  the  electrons  after  the 
transition  in  the  miniband  are  drawn  toward  the 
anode  side.  The  bottom  of  the  miniband  in  the  active 
layer  is  lower  than  that  of  the  cladding  layer  on  the 
cathode  side  so  that  the  electrons  do  not  move  back 
toward  the  cathode.  When  a  magnitude  of  the 
mini-bandgap  is  0.116  eV,  it  is  possible  to  obtain  a 
light  having  a  wavelength  of  approximately  10.6  u,m 
which  is  a  wavelength  sufficient  to  obtain  a  large  air 
transmittance  and  is  approximately  the  same  as  the 
light  emission  wavelength  of  CO2  lasers. 

FIG.1  2  shows  the  band  diagram  of  FIG.1  1  with  a 
cathode  barrier  layer  e  and  cathode  and  anode 
layers  f  and  g.  The  cathode  barrier  layer  e  is  made  of 
intrinsic  Alo.3Gao.7As  and  has  a  thickness  of  100  A. 
The  cathode  and  anode  layers  f  and  g  are  respec- 
tively  made  of  n+-type  GaAs  doped  with  Si  to  5x1  01  8 
and  have  a  thickness  of  100  A. 

FIGS.13A  and  138  are  band  diagrams  for  explain- 
ing  the  light  emission  which  occurs  only  when  a 
suitable  voltage  is  applied  across  the  cathode  and 
anode,  FIG.13A  shows  a  case  where  an  anode 
voltage  Va  is  small,  and  in  this  case,  the  electrons 
cannot  tunnel  through  the  cathode  barrier  layer  e. 
But  when  the  anode  voltage  Va  becomes  approxi- 
mately  0.3  V  and  sufficiently  large,  the  electrons 
tunnel  through  the  cathode  barrier  layer  e  and  the 
light  emission  occurs  in  the  miniband.  FIG.  14  shows 
an  anode  voltage  versus  anode  current  density 
characteristic  of  this  embodiment  at  77  K.  It  is  seen 
from  FIG.  14  that  a  current  flows,  that  is,  the  light 
emission  occurs,  when  the  anode  voltage  Va  is 
approximately  0.3  V  or  greater.  On  the  other  hand, 
FIG.  15  shows  an  anode  voltage  versus  light 
emission  intensity  characteristic,  where  the  ordinate 
indicates  the  light  emission  intensity  in  an  arbitrary 
unit. 

Next,  a  description  will  be  given  of  a  fourth 
embodiment  of  the  semiconductor  device  according 
to  the  present  invention.  This  embodiment  may  take 
the  structure  shown  in  FIG.5  or  10,  and  the 
superlattice  portion  has  a  Alo.48lno.52As/lno.53Gao.47As 
structure.  A  cladding  layer  on  the  cathode  side  is 
made  up  of  a  superlattice  having  a  n-type  AllnAs/ 
n+-type  InGaAs  structure,  where  each  n-type  AllnAs 
layer  j  has  a  thickness  of  25  A  and  is  doped  with  Si  to 
1x1017  cm-3  and  each  n+-type  InGaAs  layer  k  has  a 
thickness  of  15  A  and  is  doped  with  Si  to  1x1019 
cm-3.  A  cladding  layer  on  the  anode  side  is  made  up 
of  a  superlattice  having  a  n-type  AllnAs/n+-type 

InGaAs  structure,  where  each  n-type  AllnAs  layer  n 
has  a  thickness  of  20  A  and  is  doped  with  Si  to 
5x1  01  7  cm-3  and  each  n+-type  InGaAs  layer  o  has  a 
thickness  of  20  A  and  is  doped  with  Si  to  1x1019 

5  cm-3.  An  active  layer  between  the  cladding  layers  on 
the  cathode  and  anode  sides  is  made  up  of  a 
superlattice  having  a  n+-type  InGaAs/n-type  AllnAs 
structure,  where  each  n+-type  InGaAs  layer  1  has  a 
thickness  of  30  A  and  is  doped  with  Si  to  1x1019 

10  cm-3  and  each  n-type  AllnAs  layer  m  has  a  thickness 
of  30  A  and  is  doped  with  Si  to  1x1017  cm-3.  A 
cathode  barrier  layer  q  is  made  of  n-type  AllnAs 
doped  with  Si  to  1x1017  and  has  a  thickness  of  100 
A,  and  a  semiconductor  layer  p  is  made  of  n+-type 

15  InGaAs  doped  with  Si  to  1x1019  and  has  a  thickness 
of  200  A.  A  cathode  layer  r  is  made  of  n+-type  InGaAs 
doped  with  Si  to  1xl019  and  an  anode  layer  s  is  made 
of  n+-type  InGaAs  doped  with  Si  to  1x1019 

FIG.16  shows  a  band  diagram  obtained  in  this 
20  fourth  embodiment.  In  FIG.16,  hatched  portions 

indicate  the  bandgaps,  where  the  upper  hatched 
portion  is  the  mini-bandgap.  It  may  be  seen  that  a 
potential  well  is  formed  in  the  light  emitting  region 
due  to  a  miniband,  and  the  electrons  are  trapped  in 

25  the  light  emitting  region  by  this  potential  well.  In 
addition,  a  potential  of  the  active  layer  is  same  as  the 
potential  of  the  cladding  layer  on  the  anode  side  so 
that  the  electrons  after  the  transition  in  the  miniband 
are  drawn  toward  the  anode  side. 

30  FIG.  17  shows  an  anode  voltage  versus  anode 
current  density  characteristic  of  this  embodiment  at 
77  K.  It  is  seen  from  FIG.  17  that  a  current  flows,  that 
is,  the  light  emission  occurs,  when  the  anode  voltage 
Va  is  approximately  0.7  V  or  greater. 

35  ,  In  the  embodiments  described  above,  the  super- 
lattice,  that  is,  the  periodic  repetition  of  different 
semiconductors  occurs  along  the  depth  direction  of 
the  semiconductor  device.  In  other  words,  the 
superlattice  is  formed  along  the  vertical  direction  in 

40  FIGS.5  and  10.  However,  a  plurality  of  isolation  layers 
may  be  provided  along  a  direction  perpendicular  to 
the  direction  in  which  the  superlattice  is  formed,  so 
that  the  miniband  structure  of  the  superlattice  can 
be  varied  more  finely. 

45  FIG.  18  is  a  cross  sectional  view  showing  a  fifth 
embodiment  of  a  semiconductor  device  according 
to  the  present  invention,  and  FIG.  19  is  a  cross 
sectional  view  showing  a  portion  of  the  fifth 
embodiment  on  an  enlarged  scale  for  explaining 

50  details  of  a  superlattice  portion  of  the  fifth  embodi- 
ment. 

In  FIGS.  18  and  19,  a  semiconductor  laser  has  an 
n+-type  GaAs  substrate  41  ,  a  p-type  AIGaAs  buried 
layer  42,  an  Si02  insulator  layer  43,  an  n+-type  GaAs 

55  semiconductor  layer  44,  an  intrinsic  AIGaAs  cathode 
barrier  layer  45,  n+-type  GaAs  semiconductor  layers 
46,  n+-type  AIGaAs  semiconductor  layers  47,  a 
superlattice  portion  48,  and  electrodes  49a  and:  49b. 
Cladding  layers  50a  and  50b  have  the  superlattices 

60  respectively  made  up  of  a  AIGaAs/GaAs  ...  /GaAs 
structure,  and  an  active  layer  51  has  the  superlattice 
made  up  of  a  AIGaAs/  ...  /GaAs  structure.  In  FIG.  19, 
the  superlattices  of  the  cladding  layers  50a  and  50b 
and  the  active  layer  51  are  only  generally  shown,  but 

65  these  superlattices  actually  consist  of  an  extremely 
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irge  number  of  thin  semiconductor  layers.  Further- 
nore,  in  this  embodiment,  isolation  layers  55  are 
armed  by  an  0+  FIB  ion  implantation  to  section  the 
iuperlattice  portion  48  in  the  horizontal  direction  in 
:IG.19.  In  other  words,  the  isolation  layers  55  run  5 
jerpendicularly  to  the  paper  in  FIG.1  9.  As  a  result, 
he  superlattice  structure,  that  is,  the  periodic 
epetition  of  different  semiconductors  substantially 
>ccur  both  in  the  vertical  and  horizontal  directions  in 
:IGS.18  and  19.  10 

The  band  diagram  for  this  embodiment  at  a 
jortion  cut  along  a  phantom  line  in  FIG.  19  is 
)asically  the  same  as  those  shown  in  FIGS.  11  and 
12.  However,  no  current  flows  and  thus  no  light 
smission  occurs  at  a  portion  cut  along  a  one-dot  15 
;hain  line  in  FIG.  19.  In  this  embodiment,  it  is  readily 
seen  that  the  electron  mobility  is  restricted  by  the 
structure  of  the  superlattice  portion  48,  thereby 
naking  it  possible  to  more  sharply  determine  the 
ight  emission  wavelength.  20 

In  the  described  embodiments,  the  cathode 
carrier  layer  is  made  of  a  semiconductor,  but  it  is 
ilso  possible  to  use  an  insulator  for  the  cathode 
carrier  layer. 

Further,  the  present  invention  is  not  limited  to  25 
:hese  embodiments,  but  various  variations  and 
nodifications  may  be  made  without  departing  from 
:he  scope  of  the  present  invention. 

Claims 

1.  A  semiconductor  device  comprising  an 
anode  layer(19b,  34a,  49b),  a  first  semiconduc- 
tor  layer  (11,  32,  41)  formed  on  said  anode,  a  35 
first  cladding  layer  (20b)  formed  on  said  first 
semiconductor  layer  and  having  a  superlattice 
structure,  an  active  layer  (21)  formed  on  said 
first  cladding  layer  and  having  a  superlattice 
structure,  a  second  cladding  layer  (21a)  formed  40 
on  said  active  layer  and  having  a  superlattice 
structure,  a  second  semiconductor  layer  (14, 
28.  44)  and  a  cathode  layer  (19a,  34b,  49a) 
formed  on  said  second  semiconductor  layer, 
characterized  in  that  there  is  further  provided  :  a  45 
cathode  barrier  layer  (15,  29,  45)  formed  on  said 
second  cladding  layer  (20a),  said  second 
semiconductor  layer  (14,  28,  44)  being  formed 
on  said  cathode  barrier  layer,  said  cathode 
barrier  layer  allowing  electrons  to  tunnel  there-  50 
through  when  a  voltage  is  applied  across  aid 
anode  and  cathode  layers  so  that  a  potential  on 
a  side  of  the  superlattices  is  positive  with 
respect  to  said  cathode  barrier  layer,  said  active 
layer  having  the  superlattice  with  a  bottom  55 
energy  of  a  miniband  from  which  electrons 
transit  to  a  lower  miniband  with  a  light  emission 
which  bottom  energy  is  smaller  than  those  of 
the  superlattices  of  said  first  and  second 
cladding  layers.  60 

2.  The  semiconductor  device  as  claimed  in 
claim  1,  characterized  in  that  a  mini-bandgap 
formed  by  the  superlattice  of  said  active  layer  is 
narrow  compared  to  those  of  said  first  and 
second  cladding  layers  (20b,  20a).  65 

3.  I  he  semiconductor  aevice  as  ciaimea  in 
laim  1  or  2,  characterized  in  that  said  first  and 
econd  semiconductor  layers  (11,  32,  41;  14, 
S,  44)  are  made  of  a  first  semiconductor,  said 
irst  cladding  layer  (20b)  comprises  as  its 
iuperlattice  a  periodic  repetition  of  two  layers 
espectively  made  of  a  second  semiconductor 
md  the  first  semiconductor,  said  active  layer 
21)  comprises  as  its  superlattice  a  periodic 
epetition  of  two  layers  respectively  made  of  the 
second  and  first  semiconductors,  and  said 
second  cladding  layer  (20a)  comprises  as  its 
iuperlattice  a  periodic  repetition  of  two  layers 
espectively  made  of  the  second  and  first 
semiconductors. 

4.  The  semiconductor  device  as  claimed  in 
:laim  3,  characterized  in  that  said  first  and 
second  semiconductors  respectively  are 
vMype  GaAs  and  n+-type  AIGaAs. 

5.  The  semiconductor  device  as  claimed  in 
;laim  4,  characterized  in  that  said  cathode 
jarrier  layer  (15,  29,  45)  is  made  of  intrinsic 
\IGaAs. 

6.  The  semiconductor  device  as  claimed  in 
;laim  4,  characterized  in  that  an  Al  content  in 
tie  superlattice  of  said  active  layer  (21)  is 
smaller  than  that  in  the  superlattice  of  said 
second  cladding  layer  (20a). 

7.  The  semiconductor  device  as  claimed  in 
claim  3,  characterized  in  that  said  first  and 
second  semiconductors  respectively  are 
retype  InGaAs  and  n-type  AllnAs. 

8.  The  semiconductor  device  as  claimed  in 
claim  7,  characterized  in  that  said  cathode 
carrier  layer  (15,  29,  45)  is  made  of  n-type 
MlnAs. 

9.  The  semiconductor  device  as  claimed  in 
claim  1,  characterized  in  that  said  first  and 
second  semiconductor  layers  (11,  32,  41;  14, 
28,  44)  are  respectively  made  of  a  first  semicon- 
ductor,  said  first  cladding  layer  (20b)  comprises 
as  its  superlattice  a  periodic  repetition  of  two 
layers  respectively  made  of  a  second  semicon- 
ductor  and  the  first  semiconductor,  said  active 
layer  (21)  comprises  as  its  superlattice  a 
periodic  repetition  of  two  layers  respectively 
made  of  a  third  semiconductor  and  the  first 
semiconductor,  and  said  second  cladding  layer 
(20a)  comprises  as  its  superlattice  a  periodic 
repetition  of  two  layers  respectively  made  of  a 
fourth  semiconductor  and  the  first  semiconduc- 
tor. 

10.  The  semiconductor  device  as  claimed  in 
claim  9,  characterized  in  that  said  first,  second, 
third  and  fourth  semiconductors  respectively 
are  n+-type  GaAs,  n~  -type  Alo45Gao.55As, 
n~-type  Alo25Gao75As  and  n  "-type  AlossGaossAs. 

11.  The  semiconductor  device  as  claimed  in 
claim  10,  characterized  in  that  said  cathode 
barrier  layer  (15,  29,  45)  is  made  of  intrinsic 
Alo3Gao7As. 

12.  The  semiconductor  device  as  claimed  in 
claim  1,  characterized  in  that  a  barrier  height  of 
a  miniband  formed  by  the  superlattice  of  said 
first  cladding  layer  (20b)  is  greater  than  that  of 

b 
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said  second  cladding  layer  (20a). 
13.  The  semiconductor  device  as  claimed  in 

claim  1,  characterized  in  that  a  bottom  of  a 
miniband  formed  by  the  superlattice  of  said 
active  layer  (21  )  is  greater  than  or  equal  to  that  5 
of  said  first  cladding  layer  (20b). 

14.  The  semiconductor  device  as  claimed  in 
claim  1  ,  characterized  in  that  there  are  further 
provided  a  plurality  of  isolation  layers  (55) 
respectively  extending  in  a  first  direction  in  10 
each  of  said  active  layer  (21  )  and  said  first  and 
second  cladding  layers  (20b,  20a)  and  provided 
intermittently  along  a  second  direction  which  is 
perpendicular  to  the  first  direction,  said  first  and 
second  directions  being  perpendicular  to  a  15 
direction  in  which  layers  of  the  superlattices  are 

stacked. 
15.  The  semiconductor  device  as  claimed  in 

claim  1  ,  characterized  in  that  said  first  cladding 
layer  (20b),  said  active  layer  (21),  said  second 
cladding  layer  (20a),  said  cathode  barrier  layer 
(15,  29,  45)  and  said  second  semiconductor 
layer  (14,  28,  44)  are  embeddedly  provided  in  a 
buried  layer  (12,  42)  formed  on  said  first 
semiconductor  layer  (11,  32,  41),  said  semicon- 
ductor  device  constituting  a  semiconductor 
laser. 

16.  The  semiconductor  device  as  claimed  in 
claim  1  ,  characterized  in  that  said  semiconduc- 
tor  device  constitutes  a  light  emitting  diode. 
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