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(57)  A  semiconductor  device  of  a  pin  junction  struc- 
ture,  constituted  by  a  quantum-wave  interference  layers 
Qi  to  Q4  with  plural  periods  of  a  pair  of  a  first  layer  W 
and  a  second  layer  B  and  middle  layers  (carrier  accu- 
mulation  layers)  Ci  to  C3.  The  second  layer  B  has  wider 
band  gap  than  the  first  layer  W.  Each  thicknesses  of  the 
first  layer  W  and  the  second  layer  B  is  determined  by 
multiplying  by  an  odd  number  one  fourth  of  wavelength 
of  quantum-wave  of  carriers  conducted  in  the  i-layer  in 
each  of  the  first  layer  W  and  the  second  layer  B  existing 
at  the  level  near  the  lowest  energy  level  of  the  second 
layer  B.  A  5  layer,  for  sharply  varying  energy  band,  is 
formed  at  an  every  interface  between  the  first  layer  W 
and  the  second  layer  B  and  has  a  thickness  substan- 
tially  thinner  than  the  first  layer  W  and  the  second  layer 
B.  Then  quantum-wave  interference  layers  and  carrier 
accumulation  layers  are  formed  in  series.  As  a  result,  a 
hysterisis  characteristic  that  the  device  has  different  val- 
ues  of  voltage  when  the  electric  current  rises  and 
decreases  abruptly  with  a  step  function,  or  when  the 
current-voltage  characteristic  varies  with  a  step  function 
can  be  found. 
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Description 

BACKGROUND  OF  THE  INVENTION 

5  Field  of  the  invention 

[0001  ]  The  present  invention  relates  to  a  semiconductor  device  with  a  new  structure. 

Description  of  the  Related  Art 
10 

[0002]  A  diode  has  been  known  to  have  a  pn  or  pin  junction  structure.  With  respect  to  a  current-voltage  characteristic 
of  the  diode,  a  characteristic  that  electric  current  increase  when  an  applied  voltage  increases  and  a  characteristic  that 
electric  current  decrease  when  an  applied  voltage  decreases  show  identical  characteristics.  Especially,  the  diode  does 
not  show  a  hysterisis  characteristic  in  a  current-voltage  characteristic. 

15 
SUMMARY  OF  THE  INVENTION 

[0003]  The  inventors  of  the  present  invention  formed  a  device  having  a  quantum-wave  interference  layer  which 
reflects  quantum-waves  and  a  middle  layer  which  does  not  have  a  multi-period  structure  but  has  a  plane  structure  in  a 

20  band  structure,  where  the  quantum-wave  interference  layer  and  the  middle  layer  are  connected  in  series,  and  measured 
a  current-voltage  characteristic  of  the  device.  The  current-voltage  characteristic  of  the  device  shows  that  when  an 
applied  voltage  increases  in  a  forward  direction,  an  electric  current  rises  abruptly  at  a  certain  value  of  voltage  with  a 
step  function.  Also,  the  current-voltage  characteristic  of  the  device  shows  that  when  an  applied  voltage  decreases  in  a 
backward  direction  from  the  region  where  the  electric  current  increases  first,  the  electric  current  decreases  at  a  certain 

25  value  of  voltage,  which  is  different  from  the  value  described  above,  with  a  step  function.  In  short,  a  hysterisis  character- 
istic  that  the  device  has  different  value  of  voltage  when  the  electric  current  rises  and  decreases  abruptly  with  a  step 
function,  or  when  the  current-voltage  characteristic  varies  with  a  step  function  can  be  found. 
[0004]  It  is,  therefore,  an  object  of  the  present  invention  to  provide  a  semiconductor  device  with  a  new  structure  using 
this  hysterisis  characteristic.  The  semiconductor  device  in  the  present  invention  utilizes  a  hysterisis  of  the  current-volt- 

30  age  characteristic  which  varies  with  a  step  function,  and  can  be  applied  to  Schmitt  circuit  and  a  binary  element.  That  is, 
the  device  which  does  not  show  chattering  with  respect  to  a  condition  variation  can  be  provided. 
[0005]  In  the  light  of  these  objects  a  first  aspect  of  the  present  invention  is  a  semiconductor  device  which  is  constituted 
by  a  quantum-wave  interference  layer  units  having  plural  periods  of  a  pair  of  a  first  layer  and  a  second  layer,  the  second 
layer  having  a  wider  band  gap  than  the  first  layer,  and  a  middle  layer  disposed  between  adjacent  two  of  the  quantum- 

35  wave  interference  layer  units.  Each  thickness  of  the  first  and  the  second  layers  is  determined  by  multiplying  by  an  odd 
number  one  fourth  of  a  quantum-wave  wavelength  of  carriers  in  each  of  the  first  and  the  second  layers.  Plural  units  of 
the  quantum-wave  interference  layers  are  formed  with  a  middle  layer,  which  does  not  have  a  multi-period  structure  but 
has  a  plane  band  structure,  lying  between  each  of  the  quantum-wave  interference  units. 
[0006]  The  second  aspect  of  the  present  invention  is  to  set  a  kinetic  energy  of  the  carriers,  which  determines  the 

40  quantum-wave  wavelength,  at  the  level  near  the  bottom  of  a  conduction  band  when  the  carriers  are  electrons  or  at  the 
level  near  the  bottom  of  a  valence  band  in  the  second  layer  when  the  carriers  are  holes. 
[0007]  The  third  aspect  of  the  present  invention  is  to  define  each  thickness  of  the  first  and  the  second  layers  as  fol- 
lows: 

45  D  w  =  n  WX  w/4  =  n  wh/4[2m  W(E+V)]  1/2  (1  ) 

and 

DB  =  nBXB/4  =  nBh/4(2mBE)1/2  (2) 
50 

[0008]  In  Eqs.  1  and  2,  h,  mB,  mB,  E,  V,  and  nw,  nB  represent  Plank's  constant,  the  effective  mass  of  carrier  conducting 
in  the  first  layer,  the  effective  mass  of  carriers  in  the  second  layer,  the  kinetic  energy  of  the  carriers  at  the  level  near  the 
lowest  energy  level  of  the  second  layer,  the  potential  energy  of  the  second  layer  relative  to  the  first  layer,  and  odd  num- 
bers,  respectively. 

55  [0009]  The  fourth  aspect  of  the  present  invention  is  a  quantum-wave  interference  layer  having  a  partial  quantum-wave 
interference  layers  lk  with  arbitrary  periods  Tk  including  a  first  layer  having  a  thickness  of  nWkXWk/4  and  a  second  layer 
having  a  thickness  of  nBkXBk/4  for  each  of  a  plural  different  values  Ek,  Ek+V.  Ek,  Ek+V,  XBk,  XWk,  and  nBk,  nWk  represent 
a  kinetic  energy  of  carriers  conducted  in  the  second  layer,  a  kinetic  energy  of  carriers  conducted  in  the  first  layer,  a 
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quantum-wave  wavelength  corresponding  energies  of  the  second  layer  and  the  first  layer,  and  odd  numbers,  respec- 
tively. 
[0010]  The  fifth  aspect  of  the  present  invention  is  to  form  a  middle  layer  having  narrower  bandwidth  than  that  of  the 
second  layer. 

5  [001  1  ]  The  sixth  aspect  of  the  present  invention  is  to  form  a  middle  layer  having  half  a  thickness  of  its  quantum-wave 
wavelength  XB. 
[001  2]  The  seventh  aspect  of  the  present  invention  is  to  form  a  5  layer  between  the  first  layer  and  the  second  layer, 
which  sharply  varies  energy  band  at  the  boundary  between  the  first  and  second  layers  and  is  substantially  thinner  than 
that  of  the  first  and  the  second  layers. 

10  [0013]  The  eighth  aspect  of  the  present  invention  is  a  semiconductor  device  having  a  pin  junction  structure,  and  the 
quantum-wave  interference  layer  and  the  middle  layer  are  formed  in  the  i-layer. 
[0014]  The  ninth  aspect  of  the  present  invention  is  to  form  the  quantum-wave  interference  layer  and  the  middle  layer 
in  the  n-layer  or  the  p-layer. 
[001  5]  The  tenth  aspect  of  the  present  invention  is  a  semiconductor  device  having  a  hysterisis  characteristic  as  a  cur- 

15  rent-voltage  characteristic. 

First  to  third,  and  eighth  to  tenth  aspects  of  the  invention 

[0016]  The  principle  of  the  semiconductor  device  of  the  present  invention  is  explained  hereinafter.  FIG.  1  shows  an 
20  energy  diagram  of  a  conduction  band  and  a  valence  band  when  an  external  voltage  is  applied  to  the  interval  between 

the  p-layer  and  the  n-layer  in  a  forward  direction.  As  shown  in  FIG.  1  ,  the  conduction  band  of  the  i-layer  becomes  plane 
by  applying  the  external  voltage.  Four  quantum-wave  interference  layer  units  Qi  to  Q4  are  formed  in  the  i-layer,  and  mid- 
dle  layers  Ci  to  C3  are  formed  at  each  intervals  of  the  quantum-wave  interference  layer  units.  FIG.  2  shows  a  conduc- 
tion  band  of  a  quantum-wave  interference  layer  unit  Qi  having  a  multi-layer  structure  with  plural  periods  of  a  first  layer 

25  W  and  a  second  layer  B  as  a  unit.  A  band  gap  of  the  second  layer  B  is  wider  than  that  of  the  first  layer  W. 
[0017]  Electrons  conduct  from  left  to  right  as  shown  by  an  arrow  in  FIG.  2.  Among  the  electrons,  those  that  exist  at 
the  level  near  the  lowest  energy  level  of  a  conduction  band  in  the  second  layer  B  are  most  likely  to  contribute  to  con- 
duction.  The  electrons  near  the  bottom  of  conduction  band  of  the  second  layer  B  has  a  kinetic  energy  E.  Accordingly, 
the  electrons  in  the  first  layer  W  have  a  kinetic  energy  E+V  which  is  accelerated  by  a  potential  energy  V  due  to  the  band 

30  gap  between  the  first  layer  W  and  the  second  layer  B.  In  other  words,  electrons  that  move  from  the  first  layer  W  to  the 
second  layer  B  are  decelerated  by  potential  energy  V  and  return  to  the  original  kinetic  energy  E  in  the  second  layer  B. 
As  explained  above,  kinetic  energy  of  electrons  in  the  conduction  band  is  modulated  by  potential  energy  due  to  the 
multi-layer  structure. 
[001  8]  When  thicknesses  of  the  first  layer  W  and  the  second  layer  B  are  equal  to  order  of  quantum-wave  wavelength, 

35  electrons  tend  to  have  characteristics  of  a  wave.  The  wave  length  of  the  electron  quantum-wave  is  calculated  by  Eqs.  1 
and  2  using  kinetic  energy  of  the  electron.  Further,  defining  the  respective  wave  number  vector  of  first  layer  W  and  sec- 
ond  layer  B  as  Kw  and  KB,  reflectivity  R  of  the  wave  is  calculated  by: 

40 

50 

R  =  (|KW|-|KB|)/(|KW|+|KB|)  (3). 
=  ([m  W(E+V)]  1/2-[m  BE]  V2)  I  ([m  W(E+V)]  1/2+[m  BE]  V2) 

=  [1  -(m  B  E/m  W(E+V))  V2]  I  [1  +(m  BE/m  W(E+V))  V2] 

45  [001  9]  Further,  when  m  B  =  m  w  ,  the  reflectivity  R  is  calculated  by: 

R  =  [1  -(E/(E+V))  1/2]/[1  +(E/(E+V))  1/2]  (4). 

[0020]  When  E/(E+V)  =  x  ,  Eq.  6  is  transformed  into: 

R  =  (1-x1/2)/(1+x1/2)  (5). 

[0021]  The  characteristic  of  the  reflectivity  R  with  respect  to  the  energy  ratio  x  obtained  by  Eq.  5  is  shown  in  FIG.  3. 
[0022]  And  when  the  second  layer  B  and  the  first  layer  W  have  a  s-layers  structure,  the  reflectivity  Rs  of  an  incident 

55  plane  of  the  quantum-wave  is  calculated  by: 

R=[(1-xs)/(1+xs)]2  (6). 
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[0023]  When  the  condition  x  <.  1/10  is  satisfied,  R   ̂ 0.52.  Accordingly,  the  relation  between  E  and  V  is  satisfied  with: 

E  s  V/9  (7). 

5  [0024]  Since  the  kinetic  energy  E  of  the  conducting  electrons  in  the  second  layer  B  exists  near  the  bottom  of  the  con- 
duction  band,  the  relation  of  Eq.  7  is  satisfied  and  the  reflectivity  R  at  the  interface  between  the  second  layer  B  and  the 
first  layer  W  becomes  52  %  or  more.  Consequently,  the  multi-layer  structure  having  two  kinds  of  layers  with  band  gaps 
different  from  each  other  enables  to  reflect  quantum-wave  of  electrons,  which  conduct  in  an  i-layer,  between  the  first 
and  second  layers. 

10  [0025]  Further,  utilizing  the  energy  ratio  x  enables  the  thickness  ratio  Db/Dw  of  the  second  layer  B  to  the  first  layer  W 
to  be  obtained  by: 

DB/Dw  =  [mw/(mBx)]1/2  (8)- 

15  [0026]  As  shown  in  FIG.  2B,  when  the  forward  voltage  is  applied  to  the  device  having  quantum-wave  interference  layer 
in  the  i-layer,  the  energy  level  of  the  quantum-wave  interference  layer  band  inclined  by  the  external  voltage.  Then  E+V 
and  E,  or  kinetic  energy  of  the  electrons  in  the  first  layer  W  and  the  second  layer  B  respectively,  increase  according  to 
a  proceeding  of  quantum-wave.  Accordingly,  the  thicknesses  of  the  first  layer  W  and  the  second  layer  B  no  longer 
improve  the  quantum-wave  reflectivity  of  the  electrons  injected  into  the  i-layer.  Consequently,  in  the  range  of  applied 

20  voltage  for  which  the  kinetic  energy  of  electrons  does  not  exceed  the  energy  level  used  to  design  the  thickness  of  the 
quantum-wave  interference  layer,  the  electrons  are  reflected  and  do  not  cause  electric  current.  But  when  the  applied 
voltage  increases  to  the  degree  that  the  kinetic  energy  of  the  electrons  injected  into  the  i-layer  exceeds  the  energy  level 
used  to  design  the  thicknesses  of  the  quantum-wave  interference  layer,  reflected  electrons  begin  to  flow  rapidly.  Con- 
sequently,  l-V  characteristic  of  the  diode  varies  rapidly.  In  short,  the  dynamic  resistance  of  the  diode  drops. 

25  [0027]  As  described  later,  this  diode  has  a  current-voltage  characteristic  that  the  values  of  voltage  are  different  when 
the  electric  current  rises  and  decreases  abruptly,  as  shown  in  FIG.  8.  In  short,  it  was  found  that  the  current-voltage  char- 
acteristic  of  the  diode  shows  a  hysterisis  characteristic. 
[0028]  Although  the  reason  why  the  current-voltage  characteristic  of  the  diode  show  a  hysterisis  characteristic  is  not 
clear  in  the  present  stage,  it  is  considered  as  following.  FIGS.  4A  to  4D  show  energy  diagrams  of  a  conduction  band  of 

30  an  nip  structure:  FIG.  4A  shows  an  energy  diagram  when  an  external  voltage  is  0  V;  FIG.  4B  shows  when  a  voltage  is 
applied  at  a  point  that  electric  current  begins  to  rise  abruptly;  FIG.  4C  shows  when  a  voltage  increases  abruptly  and  a 
large  electric  current  flows;  and  FIG.  4D  shows  when  a  voltage  decreases  gradually  from  the  condition  shown  in  FIG. 
4C  and  when  a  voltage  is  applied  at  a  point  that  electric  current  begins  to  decrease  abruptly. 
[0029]  In  a  range  of  the  applied  voltage  shown  in  FIGs.  4A  and  4B,  a  condition  when  each  thicknesses  of  the  quan- 

35  turn-wave  interference  layers  is  determined  by  multiplying  by  an  odd  number  one  fourth  of  a  quantum-wave  wavelength 
of  injected  electrons  is  satisfied.  In  this  condition,  electrons  are  reflected  by  the  quantum-wave  interference  layers  and 
there  is  no  transfer  of  electrons.  When  an  external  voltage  is  applied  until  an  electric  potential  gradient  becomes  as 
shown  in  FIG.  4B,  a  reflection  condition  is  not  satisfied  and  electrons  are  conducted  in  the  quantum-wave  interference 
layers.  Point  A  shown  in  FIG.  8  represents  the  condition.  Because  electrons  are  confined  by  each  middle  layers  C-|  ,  C2, 

40  and  C3,  the  middle  layers  Ci,  C2,  and  C3  can  be  defined  as  carrier  accumulation  layers.  Accordingly,  the  bottom  of  a 
conduction  band  of  the  middle  layers  Ci,  C2,  and  C3  is  preferably  set  at  a  level  lower  than  the  bottom  of  a  conduction 
band  of  the  second  layer  B.  Alternatively,  the  bottom  of  the  second  layer  B  and  the  conduction  band  can  be  equal.  But 
when  the  electrons  existing  in  the  middle  layers  Ci,  C2,  and  C3  increases,  electrons  tend  to  exist  in  higher  level.  Then 
a  kinetic  energy  of  the  electrons  existing  in  higher  level  increases,  and  electrons  are  not  reflected  by  the  quantum-wave 

45  interference  layer  units  because  of  unsatisfaction  of  the  reflection  condition.  As  a  result,  electrons  transmit  the  quantum- 
wave  interference  layer  units  Q2,  Q3,  and  Q4  and  flow  toward  the  p-layer.  An  energy  diagram  of  the  conduction  band 
when  the  electrons  are  conducted  toward  the  p-layer  is  shown  in  FIG.  4C.  Point  B  in  FIG.  8  represents  the  condition. 
[0030]  Then  a  current-voltage  characteristic  when  electric  current  decreases  gradually  is  explained  hereinafter.  An 
energy  diagram  on  conduction  condition  that  electric  current  rises  like  a  step  is  shown  in  FIG.  4C.  Almost  all  the  external 

so  voltage  is  applied  to  the  certain  pert  of  the  i-layer  which  is  closer  to  the  n-layer  than  the  first  quantum-wave  interference 
layer  unit  Qi  and  the  certain  part  of  the  i-layer  which  is  set  closer  to  the  p-layer  than  the  last  quantum-wave  interference 
layer  unit  Q4,  and  an  electric  potential  gradient  is  hardly  found  between  the  quantum-wave  interference  layer  units  Qi 
to  Q4.  When  the  applied  voltage  decreases,  electric  current  continues  to  flow  until  the  electric  potential  gradient  in  the 
i-layer  becomes  equal  to  that  shown  in  FIG.  4B,  at  the  point  when  electric  current  begins  to  rise  abruptly.  This  condition 

55  is  shown  in  FIG.  4D.  But  because  no  electric  potential  gradient  is  found  between  the  quantum-wave  interference  layer 
units  Qi  to  Q4,  the  external  voltage  shown  in  FIG.  4D  is  smaller  than  that  shown  in  FIG.  4B.  Point  C  in  FIG.  8  indicates 
the  voltage  point  described  above.  When  the  electric  potential  gradient  is  as  shown  in  FIG.  4D,  a  quantum-wave  wave- 
length  of  injected  electrons  satisfies  a  reflection  condition,  and  the  electric  current  decreases  like  a  step.  As  a  result, 

4 
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hysterisis  is  occurred  is  a  current-voltage  characteristic. 
[0031]  Because  a  forward  voltage  is  applied  to  the  semiconductor  device,  low-voltage  drive  become  possible  and 
insulation  separation  between  elements  becomes  easy.  And  because  it  is  considered  that  electrons  are  propagated  in 
the  quantum-wave  interference  layers  as  a  wave  at  a  high  speed,  a  response  velocity  becomes  fast. 

5  [0032]  The  thicknesses  of  the  first  layer  W  and  the  second  layer  B  are  determined  for  selectively  reflecting  the  holes 
or  the  electrons,  because  of  the  difference  in  potential  energy  between  the  valence  and  the  conduction  bands,  and  the 
difference  in  effective  mass  of  holes  and  electrons  in  the  first  layer  W  and  the  second  layer  B.  In  other  words,  the  opti- 
mum  thickness  for  reflecting  electrons  is  not  the  optimum  thickness  for  reflecting  holes.  Equations  3-8  refer  to  a  struc- 
ture  of  the  quantum-wave  interference  layer  for  selectively  reflecting  electrons.  The  thickness  for  selectively  reflecting 

10  electrons  is  designed  based  on  the  difference  in  the  potential  energy  of  the  conduction  band  and  on  the  effective  mass 
of  electrons.  Further,  the  thickness  for  selectively  reflecting  holes  is  designed  based  on  the  difference  in  the  potential 
energy  of  the  valence  band  and  on  the  effective  mass  of  holes,  forming  another  type  of  quantum-wave  interference  layer 
in  an  i-layer  for  reflecting  only  holes  and  allowing  electrons  to  pass  through. 
[0033]  Accordingly,  a  quantum-wave  interference  layer  unit  which  reflects  holes  and  functions  as  a  reflective  layer  to 

15  holes  can  be  formed  to  connect  in  series  to  each  quantum-wave  interference  layer  units  described  above,  which  reflects 
only  electrons. 
[0034]  The  semiconductor  device  described  above  having  a  quantum-wave  interference  layer  unit  can  have  a  state 
not  to  occur  electric  current  by  reflecting  carriers  selectively  in  a  range  of  0  V  to  a  certain  value  of  a  bias  voltage. 
Accordingly,  the  semiconductor  device  can  be  formed  by  only  one  of  the  n-layer  and  the  p-layer  in  which  the  quantum- 

20  wave  interference  layer  units  and  the  middle  layer  are  formed.  Alternatively,  the  semiconductor  device  can  be  formed 
by  a  pn  junction  structure,  in  which  the  quantum-wave  interference  layer  units  and  the  middle  layer  are  formed. 
[0035]  The  quantum-wave  interference  layer  was  formed  in  the  i-layer,  which  is  placed  between  the  n-layer  and  the 
p-layer  of  the  semiconductor  device  having  an  nip  structure.  Alternatively,  the  quantum-wave  interference  layer  can  be 
formed  in  a  semiconductor  device  having  only  n-layers  or  p-layers.  Further  alternatively,  a  quantum-wave  interference 

25  layer  which  reflects  electrons  and  a  quantum-wave  interference  layer  which  reflects  holes  can  be  arranged  in  series. 
[0036]  Forming  the  quantum-wave  interference  layer  of  electrons  in  the  p-layer  and  that  of  holes  in  the  n-layer  enables 
to  vary  V-l  characteristic  of  the  diode  more  abruptly  and  lower  its  dynamic  resistance  notably. 

Fourth  aspect  of  the  present  invention 
30 

[0037]  FIG.  5  shows  a  plurality  quantum-wave  units  lk  with  arbitrary  periods  Tk  including  a  first  layer  having  a  thick- 
ness  of  DWk  and  a  second  layer  having  a  thickness  of  DBk  and  arranged  in  series. 
[0038]  Each  thickness  of  the  first  and  the  second  layers  satisfies  the  formulas: 

1/2 35  D  Wk  =  n  WkX  Wk/4  =  n  Wkh/4[2m  Wk(E  k+V)]  (9) 

and 

D  Bk  =  n  Bk*  Bk/4  =  n  Bkh/4(2m  BkE  k)  0  0) 
40 

[0039]  In  Eqs.  9  and  10,  Ek,  mWk,  mBk,  and  nWk  and  nBk  represent  plural  kinetic  energy  levels  of  carriers  conducted 
into  the  second  layer,  effective  mass  of  carriers  with  kinetic  energy  Ek+V  in  the  first  layer,  effective  mass  of  carriers  with 
kinetic  energy  Ek  in  the  second  layer,  and  arbitrary  odd  numbers,  respectively. 
[0040]  The  plurality  of  the  partial  quantum-wave  interference  layers  lk  are  arranged  in  series  from  I-,  to  lj,  where  j  is  a 

45  maximum  number  of  k  required  to  form  a  quantum-wave  interference  layer  as  a  whole.  The  carriers  existing  in  a  certain 
consecutive  energy  range  can  be  reflected  by  narrowing  a  discrete  intervals. 

Fifth  and  Sixth  aspects  of  the  present  invention 

so  [0041  ]  The  fifth  aspect  of  the  present  invention  is  to  form  the  middle  layer  to  have  a  band  structure  in  which  the  bottom 
of  a  conduction  band  of  the  middle  layer  is  lower  than  a  bottom  of  a  conduction  band  in  the  second  layer  B  when  carriers 
are  electrons,  and  a  band  structure  in  which  the  bottom  of  a  valence  band  of  the  middle  layer  is  lower  than  a  bottom  of 
a  valence  band  in  the  second  layer  B  when  carriers  are  holes. 
[0042]  The  sixth  aspect  of  the  present  invention  is  to  form  the  middle  layer  to  have  half  a  thickness  of  its  quantum- 

55  wave  wavelength  Xw.  As  a  result,  the  carriers  conducted  in  the  i-layer  can  be  confined  effectively. 
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Seventh  aspect  of  the  present  invention 

[0043]  The  seventh  aspect  of  the  present  invention  is  to  form  a  5  layer  at  the  interface  between  the  first  layer  W  and 
the  second  layer  B.  The  5  layer  has  a  thickness  substantially  thinner  than  both  of  the  first  layer  W  and  the  second  layer 

5  B  and  sharply  varies  the  energy  band  profile  of  the  device.  The  reflectivity  R  of  the  interface  is  determined  by  Eq.  5.  By 
forming  the  5  layer,  the  potential  energy  V  of  an  energy  band  becomes  larger  and  the  value  x  of  Eq.  5  becomes  smaller. 
Accordingly,  the  reflectivity  R  becomes  larger. 
[0044]  Variations  are  shown  in  FIGS.  6A  to  6C.  The  5  layer  may  be  formed  on  both  ends  of  every  first  layer  W  as 
shown  in  FIGS.  5A  to  5C.  In  FIG.  5A,  the  5  layers  are  formed  so  that  an  energy  level  higher  than  that  of  the  second  layer 

10  B  may  be  formed.  In  FIG.  5B,  the  5  layers  are  formed  so  that  an  energy  level  lower  than  that  of  the  first  layer  W  may  be 
formed.  In  FIG.  5C,  the  5  layers  are  formed  so  that  a  band  bottom  higher  than  that  of  the  second  layer  B  and  a  band 
bottom  lower  than  that  of  the  first  layer  W  may  be  formed.  As  an  alternative  to  each  of  the  variations  shown  in  FIG.  5A 
to  5C,  the  5  layer  can  be  formed  on  one  end  of  every  first  layer  W. 

15  BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

[0045]  Other  objects,  features,  and  characteristics  of  the  present  invention  will  become  apparent  upon  consideration 
of  the  following  description  and  the  appended  claims  with  reference  to  the  accompanying  drawings,  all  of  which  form  a 
part  of  the  specification,  and  wherein  reference  numerals  designate  corresponding  parts  in  the  various  figures,  wherein: 

20 
FIG.  1  is  an  explanatory  view  of  a  conduction  band  of  a  multi-layer  structure  of  the  present  invention; 
FIGS.  2A  and  2B  are  explanatory  views  of  a  conduction  band  of  a  multi-layer  structure  according  to  the  first  to  third, 
and  the  eighth  to  tenth  aspects  of  the  present  invention; 
FIG.  3  is  a  graph  showing  a  relation  between  an  energy  ratio  x  and  a  reflectivity  R; 

25  FIGS.  4A  to  4B  are  explanatory  views  of  conduction  bands  of  multi-layer  structure  to  explain  that  the  device  of  the 
present  invention  has  a  hysterisis  characteristic  as  a  current-voltage  characteristic; 
FIG.  5  is  an  explanatory  view  of  the  partial  quantum-wave  interference  layers  lk  according  to  the  fourth  aspect  of 
the  present  invention; 
FIGS.  6A  to  6C  are  explanatory  views  of  5  layers  according  to  the  seventh  aspect  of  the  present  invention; 

30  FIG.  7  is  a  sectional  view  showing  a  structure  of  a  semiconductor  device  (diode)  of  the  present  invention; 
FIG.  7  is  a  graph  showing  V-l  characteristic  of  the  semiconductor  device  (diode)  100;  and 
FIG.  9  is  a  sectional  view  showing  a  structure  of  a  semiconductor  device  (diode)  200. 

DETAILED  DESCRIPTION  OF  THE  PREFERRED  EMBODIMENTS 
35 

[0046]  The  invention  will  be  more  fully  understood  by  reference  to  the  following  examples. 

Example  1 

40  [0047]  FIG.  7  is  a  sectional  view  of  a  semiconductor  device  1  00  in  which  a  quantum-wave  interference  layer  is  formed 
in  an  i-layer.  The  semiconductor  device  100  has  a  substrate  10  made  of  gallium  arsenide  (GaAs).  A  GaAs  buffer  layer 
12  of  n-type  conduction,  having  a  thickness  generally  of  0.3  urn  and  an  electron  concentration  of  2  x  1018/cm3,  is 
formed  on  the  substrate  10.  An  n-Ga0.5i  ln0  49P  contact  layer  14  of  n-type  conduction,  having  a  thickness  generally  of 
0.13  urn  and  electron  concentration  of  2  x  1018/cm3,  is  formed  on  the  buffer  layer  12.  An  n-AI0  51  ln0  49P  n-layer  16  of  n- 

45  type  conduction,  having  a  thickness  generally  of  0.2  urn  and  an  electron  concentration  of  1  x  1018/cm3,  is  formed  on  the 
contact  layer  14.  A  non-doped  i-layer  18  is  formed  on  the  n-layer  16.  A  AI0  51ln0  49P  p-layer  20  of  p-type  conduction, 
having  a  thickness  generally  of  0.2  urn  and  a  hole  concentration  of  1  x  1018/cm3,  is  formed  on  the  i-layer  18.  A  p- 
Ga0.5iln0  49P  second  contact  layer  22  of  p-type  conduction,  having  a  thickness  generally  of  0.13  urn  and  a  hole  con- 
centration  of  2  x  1018/cm3,  is  formed  on  the  p-layer  20.  An  p-GaAs  first  contact  layer  24  of  p-type  conduction,  having  a 

so  thickness  generally  of  0.06  urn  and  a  hole  concentration  of  2  x  1018/cm3,  is  formed  on  the  second  contact  layer  22.  An 
electrode  layer  26  made  of  gold  and  germanium  (Au/Ge),  having  a  thickness  generally  of  0.2  urn,  is  formed  so  as  to 
cover  the  entire  back  of  the  substrate  10.  Another  electrode  layer  28  made  of  gold  and  zinc  Au/Zn,  having  a  thickness 
generally  of  0.2  urn,  is  formed  on  some  portion  of  the  first  p-type  contact  layer  24. 
[0048]  A  quantum-wave  interference  unit  Qi  having  a  multi-quantum  layer  structure  with  10  pairs  of  a  Ga0.5i  ln0  49P 

55  first  layer  W,  having  a  thickness  of  5  nm,  a  Al0  51  ln0  49P  second  layer  B,  having  a  thickness  of  7  nm,  and  a  non-doped 
Al0  33  Ga0  33ln0  33P  5  layer,  having  a  thickness  of  1  .3  nm,  sandwiching  the  first  layer  W  is  formed  in  the  i-layer  18.  Q2, 
...Q4  are  formed  like  Q-|,  and  4  quantum-wave  interference  units  in  total  are  formed  in  the  i-layer  18.  FIGS.  6A  to  6C 
show  band  structures  of  the  quantum-wave  interference  layer  Qi  in  detail.  A  non-doped  Al0  51  ln0  49P  middle  layers  Ci 
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to  C3,  having  a  thickness  of  14  nm,  is  formed  between  any  quantum-wave  interference  units  Qj  and  Qi+1,  respectively. 
Thicknesses  of  the  first  layer  W  and  the  second  layer  B  are  determined  according  to  Eqs.  1  and  2,  respectively,  on  con- 
dition  that  a  forward  voltage  is  applied  between  the  electrodes  28  and  26,  and  that  no  electric  potential  gradient  is  occur- 
ring  in  the  i-layer  18. 

5  [0049]  The  second  layers  B  which  contact  to  the  n-layer  1  6  and  the  p-layer  20  have  thickness  of  0.05  nm,  respectively. 
They  are  formed  thicker  than  other  second  layers  to  prevent  a  tunneling  conduction  of  carriers  from  the  n-layer  16  or 
the  p-layer  20  to  the  first  layer  W.  And  the  substrate  1  0  has  a  diameter  of  2.0  inches  and  the  normal  direction  of  its  main 
surface  is  offset  toward  the  [011]  axis  by  15  degree  from  the  (100)  plane. 
[0050]  The  semiconductor  device  100  was  manufactured  by  gas  source  molecular  beam  epitaxial  deposition  (GS- 

10  MBE)  which  is  an  epitaxial  growth  method  under  extremely  high  vacuum  condition.  GS-MBE  is  different  from  a  conven- 
tional  MBE  which  supplies  group  III  and  V  elements  both  from  solid  state  sources.  In  GS-MBE,  group  III  elements  such 
as  indium  (In),  gallium  (Ga),  and  aluminum  (Al)  are  supplied  from  a  solid  source  and  group  V  elements  such  as  arsenic 
(As)  and  phosphorus  (P)  are  supplied  by  heat  decomposition  of  gas  material  such  as  AsH3  and  PH3.  Alternatively,  the 
semiconductor  device  100  can  be  manufactured  by  metal  organic  chemical  vapor  deposition  (MOCVD). 

15  [0051  ]  As  shown  in  FIG.  1  ,  as  a  forward  voltage  V  applied  to  the  interface  between  the  p-layer  20  and  the  n-layer  1  6 
of  the  semiconductor  device  100  increases,  an  electric  potential  gradient  occurring  in  the  i-layer  18  becomes  gentler 
until  it  becomes  plane.  In  this  condition,  electrons  do  not  flow  because  a  reflection  condition  to  electrons  in  quantum- 
wave  interference  layers  Qi  to  Q4  is  satisfied. 
[0052]  When  the  forward  voltage  V  applied  to  the  interface  between  the  p-layer  20  and  the  n-layer  1  6  of  the  semicon- 

20  ductor  device  100  increases  moreover,  a  condition  of  the  conduction  band  becomes  as  shown  in  FIG.  4B.  In  this  con- 
dition,  electrons  flow  because  a  reflection  condition  to  electrons  in  quantum-wave  interference  layers  Qi  to  Q4  is  not 
satisfied,  and  carriers  are  accumulated  in  the  middle  layers  Ci  to  C3.  An  electron  concentration  in  the  middle  layers  Ci 
to  C3  becomes  larger,  and  many  electrons  become  to  exist  the  levels  higher  than  the  bottom  of  a  conduction  band  in 
the  second  layer  B.  Then  electrons  in  the  n-layer  16  are  conducted  into  the  middle  layers  Ci  which  is  adjacent  to  the  n- 

25  layer  16,  and  electrons  in  the  middle  layers  Ci  are  conducted  into  the  middle  layers  C2.  Accordingly,  electrons  intervene 
each  middle  layers  Cj  and  are  conducted  to  each  middle  layers  at  a  high  speed,  by  wave  propagation  of  electrons  as  a 
wave.  FIG.  4C  shows  a  condition  of  the  conduction  band  described  above. 
[0053]  When  electrons  are  not  excited  in  the  middle  layers  Ci  to  C3,  a  condition  to  reflect  electrons  is  satisfied  in  the 
quantum-wave  interference  layers  Qi  to  Q4.  But  when  electrons  are  excited  in  the  middle  layers  Ci  to  C3,  the  condition 

30  is  not  satisfied  and  electrons  may  be  conducted  in  the  quantum-wave  interference  layers  Qi  to  Q4  as  a  wave.  Accord- 
ingly,  a  switching  velocity  is  considered  to  be  larger. 
[0054]  Measured  V-l  characteristic  of  the  semiconductor  device  100  is  shown  in  FIG.  8.  When  a  voltage  increases, 
the  electric  current  rises  abruptly  at  the  forward  voltage  of  about  5.3  V,  which  is  indicated  by  a  point  A.  But  when  a  volt- 
age  applied  to  the  device  decreases,  an  electric  current  decreases  abruptly  at  the  forward  voltage  of  about  4.3  V,  which 

35  is  indicated  by  a  point  C. 
[0055]  Thus  a  hysterisis  characteristic  of  about  1  V  is  observed  as  a  current-voltage  characteristic.  Schmitt  circuit 
which  prevents  chattering  can  be  provided  by  using  the  semiconductor  device  independently. 
[0056]  In  the  embodiment,  a  5  layer  is  formed  in  the  semiconductor  device  100.  The  5  layer  improves  the  reflectivity 
of  the  device  1  00.  Alternatively,  because  the  reflectivity  can  be  improved  by  a  multipath  reflection,  the  5  layer  is  not  nec- 

40  essarily  needed. 
[0057]  A  diode  200  using  Si/Ge  compound  semiconductor  shown  in  FIG.  9  is  formed.  A  first  layer  W  made  of 
Si0.8Ge0.2  anc)  a  second  layer  B  made  of  Si  are  formed  to  have  thicknesses  of  5  nm  and  7  nm,  respectively.  Middle  lay- 
ers  Ci  to  C3  made  of  Si  is  formed  to  have  a  thickness  of  14  nm.  No  5  layer  is  formed  in  the  diode  200.  Similarly,  a  hys- 
terisis  characteristic  similar  to  the  current-voltage  characteristic  shown  in  FIG.  8  is  observed. 

45  [0058]  In  the  embodiment,  four  quantum-wave  interference  units  Qi  to  Q4  are  connected  in  series,  with  a  middle  layer 
C  lying  between  each  of  the  quantum-wave  interference  units.  Alternatively,  an  arbitrary  number  of  the  quantum-wave 
interference  units  can  be  connected  in  series. 
[0059]  In  the  embodiments,  the  quantum-wave  interference  layer  was  formed  to  have  a  multi-layer  structure  including 
Ga0.5i  ln0.4gP  and  Al0  51  ln0  49P  or  a  multi-period  structure  including  Si0.8Ge0.2  anc)  Si.  Alternatively,  the  quantum-wave 

so  interference  layer  can  be  made  of  quaternary  compounds  such  as  a  general  formula  AlxGaylni_x_yP,  selecting  arbitrary 
composition  ratio  within  the  range  of  0§x§1  ,  0§y§1  ,  and  0  sx+ys  1  .  Further  alternatively,  the  quantum-wave  interfer- 
ence  unit  can  be  made  of  a  pair  of  group  lll-V  compound  semiconductors  with  different  composition  ratios,  a  pair  of 
group  ll-VI  compound  semiconductors  with  different  composition  ratios,  and  semiconductors  of  other  hetero-material. 
[0060]  In  the  embodiments,  a  band  structure  of  the  middle  layers  Ci  to  C3  which  accumulate  carriers  has  a  band 

55  structure  whose  bottom  is  equal  to  the  bottom  of  a  conduction  band  in  the  second  layer  B  when  carriers  are  electrons. 
Alternatively,  a  band  structure  of  the  middle  layers  Ci  to  C3  can  have  a  band  structure  whose  bottom  is  equal  to  the 
bottom  of  a  conduction  band  in  the  first  layer  W.  Further  alternatively,  the  middle  layers  Ci  to  C3  can  be  formed  to  have 
a  conduction  band  so  that  the  bottom  of  the  conduction  band  exists  in  the  middle  of  the  respective  bottoms  of  the  con- 
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duction  bands  in  the  first  layer  W  and  the  second  layer  B. 
[0061]  Similarly,  a  band  structure  of  the  middle  layers  Ci  to  C3  which  accumulate  carriers  can  have  a  valence  band 
whose  bottom  is  equal  to  the  bottom  of  a  valence  band  in  the  second  layer  B  or  a  bottom  of  a  valence  band  in  the  first 
layer  W  when  carriers  are  holes.  Alternatively,  the  middle  layers  Ci  to  C3  can  be  formed  to  have  a  conduction  band  so 
that  the  bottom  of  the  conduction  band  exists  in  the  middle  of  the  respective  bottoms  of  the  valence  bands  in  the  first 
layer  W  and  the  second  layer  B.  Here,  the  word  of  bottom  means  the  lowest  energy  level  of  the  conduction  band  or  the 
valence  band. 
[0062]  While  the  invention  has  been  described  in  connection  with  what  are  presently  considered  to  be  the  most  prac- 
tical  and  preferred  embodiments,  it  is  to  be  understood  that  the  invention  is  not  to  be  limited  to  the  disclosed  embodi- 
ments,  but  on  the  contrary,  is  intended  to  cover  various  modifications  and  equivalent  arrangements  included  within  the 
spirit  and  scope  of  the  appended  claims. 
[0063]  A  semiconductor  device  of  a  pin  junction  structure,  constituted  by  a  quantum-wave  interference  layers  Qi  to 
Q4  with  plural  periods  of  a  pair  of  a  first  layer  W  and  a  second  layer  B  and  middle  layers  (carrier  accumulation  layers) 
Ci  to  C3.  The  second  layer  B  has  wider  band  gap  than  the  first  layer  W.  Each  thicknesses  of  the  first  layer  W  and  the 
second  layer  B  is  determined  by  multiplying  by  an  odd  number  one  fourth  of  wavelength  of  quantum-wave  of  carriers 
conducted  in  the  i-layer  in  each  of  the  first  layer  W  and  the  second  layer  B  existing  at  the  level  near  the  lowest  energy 
level  of  the  second  layer  B.  A  5  layer,  for  sharply  varying  energy  band,  is  formed  at  an  every  interface  between  the  first 
layer  W  and  the  second  layer  B  and  has  a  thickness  substantially  thinner  than  the  first  layer  W  and  the  second  layer  B. 
Then  quantum-wave  interference  layers  and  carrier  accumulation  layers  are  formed  in  series.  As  a  result,  a  hysterisis 
characteristic  that  the  device  has  different  values  of  voltage  when  the  electric  current  rises  and  decreases  abruptly  with 
a  step  function,  or  when  the  current-voltage  characteristic  varies  with  a  step  function  can  be  found. 

Claims 

1  .  A  semiconductor  device  comprising: 

quantum-wave  interference  layer  units  having  plural  periods  of  a  pair  of  a  first  layer  and  a  second  layer,  said 
second  layer  having  a  wider  band  gap  than  said  first  layer; 
a  middle  layer  disposed  between  adjacent  two  of  said  quantum-wave  interference  layer  units;  and 
wherein  each  thickness  of  said  first  and  said  second  layers  is  determined  by  multiplying  by  an  odd  number  one 
fourth  of  quantum-wave  wavelength  of  carriers  in  each  of  said  first  and  said  second  layers  and  said  middle 
layer  does  not  have  a  multi-period  structure  but  has  a  plane  structure  in  a  band  structure,  wherein  said  quan- 
tum-wave  interference  layer  units  and  the  middle  layer  are  connected  in  series. 

2.  A  semiconductor  device  according  to  claim  1  ,  characterized  in  that  a  kinetic  energy  of  said  carriers  which  deter- 
mines  said  quantum-wave  wavelength  is  set  at  a  level  near  the  bottom  of  a  conduction  band  and  a  valence  band  of 
said  second  layer,  according  to  the  case  that  said  carriers  are  electrons  and  holes,  respectively. 

3.  A  semiconductor  device  according  to  claims  1  and  2,  characterized  in  that  a  quantum-wave  wavelength  Xw  in  said 
first  layer  is  determined  by  a  formula  X  w  =  h/|2m  W(E+V)]  1/2  ,  a  quantum-wave  wavelength  XB  in  said  second  layer 
is  determined  by  a  formula  XB  =  h/(2mBE)  ,  said  thickness  of  said  first  layer  Dw  is  determined  by  a  formula 
D  w  =  n  wXw/4  ,  and  said  thickness  of  said  second  layer  DB  is  determined  by  a  formula  D  B  =  n  BX  B/4  ,  where  h, 
mw,  mB,  E,  V,  and  nw  and  nB  represent  Plank's  constant,  effective  mass  of  said  carrier  in  said  first  layer,  effective 
mass  of  said  carrier  in  said  second  layer,  kinetic  energy  of  carriers  flowing  into  said  second  layer,  potential  energy 
of  said  second  layer  to  said  first  layer,  and  odd  numbers,  respectively. 

4.  A  semiconductor  device  according  to  claims  1  and  2  comprising: 

a  plurality  of  partial  quantum-wave  interference  layer  lk  with  Tk  periods  of  a  pair  of  said  first  layer  and  said  sec- 
ond  layer  being  displaced  in  series  by  varying  k  as  1  ,  2  and 
wherein  index  k  of  said  plurality  of  said  partial  quantum-wave  interference  layers  correspond  to  index  k  of 
kinetic  energy  level  Ek  and  said  first  and  second  layers  have  thicknesses  of  nWkXWk  /4,  and  nBkXBk  /4,  respec- 
tively,  where  Ek+V  and  Ek,  XWk  and  XBk  ,  and  nWk,  nBk  represent  kinetic  energy  level  of  carriers  flowing  into 
respective  said  first  layer  and  said  second  layer,  wavelength  of  quantum-wave  of  carriers  flowing  into  respec- 
tive  said  first  layer  and  said  second  layer,  and  odd  numbers,  respectively,  and  XWk,  and  XBk  are  determined  by 
functions  of  Ek+V  and  Ek,  respectively. 

5.  A  semiconductor  device  according  to  claims  1  ,  2,  3,  and  4,  characterized  in  that  said  middle  layer  has  a  band  struc- 
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ture  in  which  the  bottom  of  a  conduction  band  of  the  middle  layer  is  lower  than  a  bottom  of  a  conduction  band  in 
said  second  layer  B  when  carriers  are  electrons,  and  a  band  structure  in  which  the  bottom  of  a  valence  band  of  the 
middle  layer  is  lower  than  a  bottom  of  a  valence  band  in  said  second  layer  B  when  carriers  are  holes. 

6.  A  semiconductor  device  according  to  claims  1  ,  3,  and  5,  characterized  in  that  said  middle  layer  is  formed  to  have 
half  a  thickness  of  said  quantum-wave  wavelength  Xw 

7.  A  semiconductor  device  according  to  claims  1  and  3,  characterized  in  that  a  5  layer  is  formed  between  said  first 
layer  and  said  second  layer,  said  5  layer  is  substantially  thinner  than  said  first  layer  and  said  second  layer,  and 
sharply  varies  an  energy  band. 

8.  A  semiconductor  device  according  to  claims  1  ,  3,  4,  5,  and  6,  further  comprising: 

a  pin  junction  structure;  and 
wherein  said  middle  layer  is  formed  in  an  i-layer. 

9.  A  semiconductor  device  according  to  claims  1,3,4,  5,  and  6,  characterized  in  that  said  quantum-wave  interference 
layer  or  said  middle  layer  is  formed  in  an  n-layer  or  a  p-layer. 

10.  A  semiconductor  device  according  to  claims  1  ,  3,  4,  5,  and  6,  further  comprising  a  hysterisis  characteristic  in  a  cur- 
rent-voltage  characteristic. 
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