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Field  effect  transistor. 

ment  is  provided  for  modifying  the  phase  of  carriers 
passing  through  the  first  conduction  path  relative  to 
the  phase  of  carriers  passing  through  the  second 
conduction  path  to  produce  a  phase  difference  for 
carriers  received  at  the  drain  region  through  said 
first  and  second  conduction  paths. 

FIG  Ha) 

©  A  semiconductor  field  effect  transistor  is  pro- 
vided  which  permits  controlling  of  the  phase  of  car- 
riers  between  a  source  region  and  a  drain  region 
formed  in  a  first  semiconductor  layer.  Such  control 
can  be  used  to  modulate  characteristics  such  as  the 

{Vj  electric  conductivity  and  drain  current  of  the  transis- 
^tor.   To  accomplish  this  control,  a  gate  electrode  (1) 
^qLs  formed  over  a  portion  of  the  first  semiconductor 
Lfj  layer  (7)  between  the  source  and  drain  regions  (8). 
t-"The  gate  electrode  (1)  splits  to  form  first  and  second 
-^  branches  at  a  first  location  adjacent  to  the  source 
(Sj  region.  These  first  and  second  branches  subse- 
COquently  rejoin  one  another  at  a  second  location  adja- 
Qcent  to  said  drain  region.  When  a  potential  is  applied 

to  the  gate  electrode  (1)  it  will  produce  first  and 
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FIG.  Kb) 
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second  two-dimentional  carrier  conduction  paths  at  a 
surface  of  the  portion  of  the  first  semiconductor  layer 
(7)  under  the  first  and  second  branches.  An  arrange- 
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SEMICONDUCTOR  DEVICE 

waves  passing  through  the  two  parts  of  the  current 
channel  to  thereby  control  the  amplitude  of  a  cur- 
rent  value.  This  is  based  on  the  Aharonov-Bohm 
effect,  as  described  in  the  article. 

5  This  technique  presents  a  semiconductor  ele- 
ment  utilizing  the  phase  information  on  the  electron 
waves,  suggesting  a  direction  of  future  advance  for 
minute  elements.  However,  the  arrangement  de- 
scribed  in  this  article  has  problems  in  terms  of 

w  simplicity  and  practicability  since  a  magnetic  field 
is  used  for  controlling  the  phases  of  the  electron 
waves.  Generally,  control  of  such  a  magnetic  field 
is  difficult  to  implement.  Also,  the  two  paths  shown 
in  the  article  are  formed  vertically  in  a  substrate, 

15  with  a  separation  layer  required  at  a  branching 
portion  of  the  paths,  and  this  is  difficult  to  imple- 
ment  from  a  manufacturing  standpoint. 

On  the  other  hand,  an  arrangement  using  an 
electrostatic  field  to  implement  the  Aharonov-Bohm 

30  effect  in  a  semiconductor  device  has  been  de- 
scribed  in  articles  by  Bandyopadhyay  et  al  in 
Superlattices  and  Microstructures,  Vol.  2,  No.  6, 
1986  and  in  IEDM  86,  pp.  76-79.  In  the  Superlat- 
tices  and  Microstructures  article,  a  generic  ring 

25  structure  for  conducting  electrodes,  which  is  similar 
to  Fig.  2  of  the  present  specification  is  described 
by  way  of  theoretical  background.  However,  be- 
cause  of  practical  difficulties  in  using  such  a  theo- 
retical  conductor,  both  Bandyopadhyay  et  al  arti- 

30  cles  describe  an  arrangement  wherein  a  gate  is 
used  to  apply  an  electrostatic  field  on  two  upper 
and  lower  conduction  paths  of  GaAs  which  are 
separated  from  one  another  by  an  AIGaAs  layer  at 
a  point  where  the  two  conduction  paths  pass  under 

35  the  gate.  Because  the  upper  path  is  closer  to  the 
gate,  it  will  be  subject  to  a  stronger  field  from  the 
gate.  Therefore,  a  phase  difference  will  exist  be- 
tween  electrons  travelling  through  the  two  paths  at 
the  point  where  the  paths  rejoin.  By  virtue  of  this 

40  arrangement,  Bandyopadhyay  et  al  can  modulate 
the  drain  current  of  the  device  based  on  the  poten- 
tial  applied  to  the  gate. 

Although  this  electrostatic  control  arrangement 
in  the  Bandyopadhyay  et  al  device  is  easier  to 

45  control  than  the  previously  described  magnetic  ar- 
rangement,  the  implementation  of  the  device  is 
difficult  because  of  the  need  to  manufacture  upper 
and  lower  channels  separated  from  one  another  at 
a  location  under  the  gate.  This  requires  a  large 

so  number  of  difficult  manufacturing  steps,  which 
make  the  device  undesirable  from  a  viewpoint  of 
practical  implementation. 

Accordingly,  it  is  an  object  of  the  present  in- 
vention  to  provide  a  semiconductor  element  which 
enables  electric  control  of  the  phase  of  carriers  in 

The  present  invention  relates  to  a  semiconduc- 
tor  device  utilizing  two-dimensional  carriers,  such 
as  a  heterojunction  device  or  an  MOS  device,  and, 
more  particularly,  to  a  field  effect  transistor  which 
is  formed  under  a  gate  electrode  and  which  con- 
trols  a  current  flowing  through  a  split  conduction 
channel  which  branches  and  then  joins  again. 

Prior  art  field  effect  transistors  having  a 
heterojunction  arrangement  (e.g.,  HEMT:  High 
Electron  Mobility  Transistor),  are  typically  so  de- 
signed  that  the  density  of  electrons  in  an  electron 
accumulation  layer  generated  in  the  vicinity  of  the 
interface  of  the  heterojunction  which  is  formed  by 
joining  two  kinds  of  semiconductors  having  dif- 
ferent  electron  affinity  from  each  other  is  varied  by 
a  voltage  impressed  on  a  gate  electrode  so  as  to 
control  the  electrical  conductivity  between  two  oth- 
er  eiectrcdes.  i.e..  source  and  drain  electrodes,  as 
described  m  the  Official  Gazette  on  Japanese  Pat- 
ent  Publication  No.  537141984. 

The  aDove-descnbed  prior  art  is  aimed  at  sig- 
nificantly  improving  electron  mobility  by  a  method 
wherein  a  semiconductor  layer  operating'  as  a 
source  of  supply  of  electrons  contributing  to  the 
electrical  conductivity  is  separated  from  a  semicon- 
ductor  layer  operating  as  a  conduction  channel  by 
using  different  semiconductor  layers.  Concretely, 
an  n-type  AIGaAs  (e.g.,  AI0.3Gao.7As)  layer  doped 
with  Si  is  used  as  the  source  of  supply  of  elec- 
trons,  while  a  non-doped  or  low-concentration  n- 
type  GaAs  layer  is  used  as  the  conduction  channel 
so  as  to  reduce  electron  dispersion. 

As  semiconductor  elements  have  become 
more  minute,  it  has  become  necessary  to  take  the 
information  regarding  the  phase  of  the  carrier  into 
consideration.  In  a  field  effect  transistor  having  a 
size  of  about  0.1  urn  and  having  a  construction 
wherein  a  current  channel  branches  at  one  point 
and  then  joins  again  at  another  point,  interference 
will  occur  due  to  the  difference  in  phase  between 
two  electron  waves  at  the  joining  point.  There  is  no 
description,  in  the  above-stated  prior  art,  regarding 
the  information  on  the  phases  of  such  electron 
waves. 

A  semiconductor  device  wherein  the  phase  in- 
formation  on  the  electron  waves  is  controlled  by  a 
magnetic  field,  on  the  other  hand,  is  discussed  in 
the  Physical  Review  Letters,  Vol.  55  (1985),  pp. 
2344-2347.  According  to  the  teachings  of  this  arti- 
cle,  the  current  channel  is  divided  in  two  by  making 
two  heterojunctions  close  to  each  other,  with  a 
magnetic  field  being  impressed  in  a  direction  verti- 
cal  to  a  plane  containing  the  current  channel  di- 
vided  in  two,  so  as  to  vary  the  phases  of  electron 
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waveform  diagram  showing  the  effect  on  source- 
drain  current  which  can  be  achieved  using  the  gate 
electrode  structure  of  Fig.  1  1. 

Figs.  13a  and  13b  show  further  gate  elec- 
trode  structures. 

The  principle  and  operation  of  the  present  in- 
vention  will  first  be  described  from  a  theoretical 
viewpoint  by  using  Fig.  2  which  is  an  illustration  of 
the  electrostatic  Aharonov-Bohm  effect.  This  figure 
shows  channels  of  electron  beams  in  a  vacuum.  In 
the  vacuum,  an  electron  beam  branches'in  two  at  a 
point  A,  passes  through  metal  tubes  given  different 
potential  energies,  respectively,  and  laid  between  B 
and  D  and  C  and  E,  and  joins  again  at  a  point  F. 
When  the  potential  energies  between  B  and  D  and 
C  and  E  are  denoted  by  <s><  and  <t>2,  respectively, 
the  length  of  segments  BD  and  CE  by  t,  the  speed 
of  electrons  in  the  directions  BD  and  CE  thereof  by 
v,  the  elementary  charge  of  the  electrons  by  e.  and 
Planck's  constant  by  h,  the  following  different  AS 
occurs  between  the  respective  phases  of  electron 
waves  at  the  point  F: 

the  semiconductor  device  having  the  heterojunction 
or  MOS  structure. 

It  is  a  further  object  of  the  present  invention  to 
provide  such  a  semiconductor  element  that  is  easy 
to  manufacture.  5 

It  is  a  still  further  object  to  provide  such  a' 
semiconductor  element  wherein  the  carrier  conduc- 
tion  paths  are  two-dimensional  at  a  predetermined 
interface  to  provide  easy  controllability. 

The  above-stated  objects  are  attained  by  pro-  70 
viding  at  least  one  control  electrode  controlling  the 
phase  of  the  aforesaid  carriers,  in  addition  to  a  gate 
electrode  having  a  shape  such  that  it  branches  in 
two  at  one  point  and  then  joins  again.  This  com- 
bination  of  a  control  electrode  and  a  gate  electrode  rs 
can  be  implemented  with  a  semiconductor  device 
utilizing  two-dimensional  carriers  such  as  one  hav- 
ing  a  heterojunction  or  in  one  having  an  MOS 
structure.  A  voltage  impressed  on  the  control  elec- 
trode  is  adjusted  to  make  the  potential  energy  20 
different  in  each  channel  lying  between  a  branching 
point  and  a  joining  point  of  a  carrier  "accumulation 
layer  formed  in  the  same  shape  with  that  of  the 
gate  electrode.  The  direction  of  an  electric  field 
impressed  by  the  aforesaid  control  electrode  is  not  2s 
parallel  to  but  different  from  the  direction  of  an 
electric  field  impressed  by  the  aforesaid  gate  elec- 
trode.  The  shape  of  the  gate  electrode  can  be  a 
circular  shape,  as  well  as  rectangular,  triangular  or 
any  other  shape  wherein  the  channel  branches  and  30 
then  joins  again.  Also,  embodiments  are  provided 
wherein  means  other  than  a  separate  control  elec- 
trode  are  used  to  produce  the  desired  phase  dif- 
ference. 

In  the  drawings:  35 
Fig.  1(a)  is  a  plan  view  of  a  semiconductor 

device  of  a  first  embodiment  of  the  present  inven- 
tion; 

Fig.  1(b)  is  a  view  of  a  section  taken  along  a 
line  C-C'  of  the  semiconductor  device  of  Fig.  1(a);  40 

Fig.  2  is  an  illustration  of  the  Aharonov-Bohm 
effect  used  in  the  present  invention; 

Fig.  3  shows  modulation  of  electric  conduc- 
tivity  obtained  with  the  present  invention; 

Fig.  4  shows  modulation  of  current  which  is  45 
obtained  with  the  present  invention; 

Fig.  5  is  a  sectional  view  of  a  second  em- 
bodiment  of  the  present  invention; 

Fig.  6  is  a  sectional  view  of  a  third  embodi- 
ment  of  the  present  invention;  50 

Fig.  7  is  a  sectional  view  of  a  fourth  embodi- 
ment  of  the  present  invention; 

Figs.  8(a),  8(b),  9(a),  9(b),  10(a)  and  10(b) 
illustrate  MOSFET  embodiments  of  the  present  in- 
vention;  and  55 

Fig.  1  1  is  a  top  view  of  a  modification  of  the 
gate  structure  which  can  be  used  with  any  of  the 
above-listed  embodiments,  while  Fig.  12  is  a 

2  it  e  I  
h  v  (01  "  ?•>> A  S  = 

In  this  equation,  the  potential  energies  «i  and  02  • 
are  assumed  to  be  not  so  large  as  to  vary  the 
speed  v  of  the  electrons. 

The  above-described  idea,  which  is  set  forth  in 
regard  to  a  phenomenon  which  occurs  in  a  vacu- 
um,  is  also  applicable  to  semiconductor  elements. 
This  will  be  described,  subsequently,  by  using 
Figs.  1(a)  and  1(b).  Fig.  i(a)  is  a  plan  view  showing 
a  typical  example  of  a  structure  of  the  present 
invention,  and  Fig.  1(b)  shows  a  section  taken 
along  a  line  C-C'  of  Fig.  1(a).  Of  course,  the 
structure  shown  herein  is  rnerely  one  example, 
which  is  cited  for  explaining  the  principle  and  op- 
eration  of  the  present  invention. 

In  Fig.  1(a),  numeral  1  denotes  a  gate  elec- 
trode  comprising  an  annular  shape  which  branches 
and  joins,  numeral  2  a  source  electrode,  numeral  3 
a  drain  electrode,  numerals  4  and  4  a  set  of 
control  electrodes  according  to  the  present  inven- 
tion  which  are  provided  separately  from  the  gate 
electrode  1  ,  and  numeral  5  a  depletion  layer  which 
expands  under  the  control  electrodes.  It  is  to  be 
noted  that  throughout  this  description  and  in  the 
claims,  the  term  "source"  is  intended  to  mean  a 
region  where  carriers  are  supplied  to  the  conduc- 
tion  channel  and  the  term  "drain"  is  intended  to 
mean  a  region  where  carriers  from  the  source 
arrive,  regardless  of  whether  the  carriers  are  holes 
or  electrons. 
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trade  3. 
A  significant  advantage  of  the  present  invention 

over  an  arrangement  such  as  described  in  the 
Bandyopadhyay  et  al  articles  is  that  it  can  readily 

5  be  manufactured  using  well-known  semiconductor 
manufacturing  techniques. 

Regarding  this,  a  description  will  now  be  pro- 
vided  regarding  a  manufacturing  process  of  the 
device  of  the  present  embodiment  by  using  Fig.  1- 

ro  (b). 
First,  the  non-doped  or  low-concentration  p- 

type  GaAs  layer  7  is  grown  about  2000  A  thick  on 
the  semi-insulative  GaAs  substrate  6  by  using  a 
molecular  beam  epitaxial  growth  method.  A  lower 

75  impurity  concentration  is  preferable,  and  the  layer 
is  a  non-doped  or  low-concentration  p-type  one. 

Next,  the  n-type  Alo3GaO7As  layer  9  is  grown 
about  1000  A  thick  on  the  GaAs  layer  7  by  -using 
the  molecular  beam  epitaxial  growth  method  again. 

20  Si  is  used  as  an  impurity,  and  the  concentration 
thereof  is  about  4  x  1017  1  cm3. 

Next,  PMMA,  which  is  a  positive-type  electron 
beam  resist,  is  applied,  and  patterning  is  made  by 
electron  beam  lithography.  Thereafter,  a  gate  pat- 

25  tern  part  is  opened  by  development  for  which  a 
developer  for  exclusive  use  is  used.  After  Al  is 
evaporated  on  the  whole  surface,  the  immersion  in 
the  developer  is  conducted  again,  and  the  gate 
electrode  1  is  formed  by  a  lift-off  method.  With  the 

30  gate  electrode  1  used  as  a  mask,  subsequently,  an 
unnecessary  part  in  the  Alo.3Gao.7As  layer  9  is 
removed  by  dry  etching  or  wet  etching. 

Subsequently,  after  the  positive-type  electron 
beam  resist  PMMA  and  the  electron  beam  lithog- 

35  raphy  are  applied  again,  an  opening  is  made  for 
forming  the  high-concentration  n  type  layer  8  in 
the  regions  under  the  control  electrodes  4  and  4  , 
by  the  development  using  a  developer  for  exclu- 
sive  use.  Thereafter,  the  high-concentration  n*  type 

40  layer  is  formed  by  an  ion  implantation  method  and 
subsequent  annealing  or  the  like.  Si  or  Se  can  be 
used  as  an  n-type  impurity.  Herein,  ions  are  im- 
planted  in  a  region  under  the  source  electrode  2,  in 
a  region  under  the  drain  electrode  3  and  in  the 

45  regions  under  the  control  electrodes  4  and  4  in 
Fig.  1(a). 

Then,  the  source  electrode  2,  the  drain  elec- 
trode  3  and  the  control  electrodes  4  and  4  ,  each  of 
which  preferably  have  a  double-layer  structure  of  a 

50  gold-germanium  alloygold,  are  formed  by  using  an 
evaporation  method. 

The  size  of  the  outside  diameter  of  the  annular 
shape  of  the  gate  electrode  1  is  about  0.3  am  or 
below,  and  the  line  width  thereof  is  about  0.1  urn 

55  or  below. 
Next,  a  description  will  be  provided  regarding 

the  characteristics  of  an  element  manufactured  as 
stated  above.  In  Fig.  4,  the  axis  of  the  abscissa 

In  Fig.  Kb),  numeral  6  denotes  a  semi-insula- 
tive  GaAs  substrate,  numeral  7  a  non-doped  or  low- 
concentration  p-type  GaAs  layer  grown  epitaxially 
on  the  semi-msulative  GaAs  substrate  6,  numeral  8 
a  high-concentration  n*  type  layer  formed  in  the 
non-doped  or  low-concentration  p-type  GaAs  layer 
7,  numeral  9  an  n-type  Alo.3Gao.7As  layer  grown 
epitaxially  on  a  part  of  the  non-doped  or  low- 
concentration  p-type  GaAs  layer  7,  and  numeral  10 
an  electron  accumulation  layer  formed  under  the 
gate  electrode  1.  As  examples  of  the  potential  of 
each  electrode,  the  source  electrode  2  can  be 
grounded,  the  drain  electrode  3  can  be  positive, 
the  gate  electrode  1  can  be  negative  or  positive, 
the  control  electrode  4  can  be  grounded,  and  the 
control  electrode  4  can  be  positive.  Of  course, 
these  potentials  and  conductivity  types  are  given 
for  purposes  of  example  only,  and  the  invention  is 
not  limited  to  this. 

In  this  structure,  the  electron  accumulation  lay- 
er  10  is  formed  under  the  gate  electrode  1  by 
impressing  an  appropriate  voltage  on  the  gate  elec- 
trode  1  .  and  thereby  a  conduction  channel  is 
formed  between  the  source  electrode  2  and  the 
drain  electrode  3.  Electrons  flowing  out  of  the 
source  electrode  2  branch  at  a  point  A  and  join 
again  at  a  point  B.  By  impressing  an  appropriate 
voltage  on  the  control  electrodes  4  and  4  ,  the 
depletion  layer  5  can  be  expanded,  as  shown  in 
Fig.  Mat,  so  that  it  covers  only  one  of  the  branch- 
ing  conduction  channels.  In  other  words,  it  be- 
comes  possible  to  make  the  potential  energies  of 
the  branching  conduction  channels  different  from 
each  other.  As  a  result,  the  electrons  flowing  out  of 
the  source  electrode  2,  branching  at  the  point  A 
and  passing  through  each  branching  conduction 
channel  pass  through  different  potential  energies 
and  then  join  at  the  point  B.  Therefore,  the  elec- 
trons  are  essentially  equivalent  to  those  discussed 
with  regard  to  the  illustration  of  Fig.  2.  The  dif- 
ference  AS  between  the  phases  of  the  electrons 
passing  through  the  separate  branching  conduction 
channels  is  varied  by  changing  a  voltage  im- 
pressed  on  the  control  electrodes  4  and  4  .  The 
difference  AS  causes  the  interference  of  electron 
waves,  and  oscillation  occurs  in  the  probability  of 
existence  of  the  electron  waves  at  the  point  B  in  a 
cycle  of: 

h  v  
e  £ 0,  -  0-  = 

as  a  function  of  the  difference  between  the  poten- 
tial  energies.  This  brings  about  an  oscillation  as 
shown  in  Fig.  3  also  in  the  electric  conductivity 
between  the  source  electrode  2  and  the  drain  elec- 
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gate  electrode  12  shaped  as  a  rectangle  is  formed 
on  the  gate  electrode  1  with  an  insulating  film  1  1 
interlaid,  by  using  the  technique  of  electron  beam 
lithography,  as  shown  in  the  figure.  This  electrode 

5  12  is  formed  as  as  to  prevent  the  inversion  of  the 
central  part  surrounded  by  the  gate  electrode  1, 
similar  to  the  third  embodiment.  The  process  other 
than  the  above-mentioned  change  is  the  same  as 
in  the  second  embodiment.  Thus,  the  phenomenon 

10  of  modulation  shown  in  Fig.  4  can  also  be  found  in 
an  element  manufactured  in  this  way. 

In  the  above-described  devices  of  the  first  four 
embodiments,  the  expansion  of  the  depletion  layer 
from  the  control  electrode  is  controlled  by  impress- 

75  ing  a  reverse  bias  on  the  p-n  junction.  However,  it 
should  be  noted  that  the  depletion  layers  can  also 
be1  controlled  by  a  Schottky  barrier.  Thus,  control 
electrodes  4  and  4  of  aluminum  can  be  formed  by 
using  an  evaporation  method  without  the  formation 

20  of  the  n*  type  layer  in  the  regions  of  the  control 
electrodes  4  and  4  in  the  previously  described  first 
embodiment  1.  The  phenomenon  of  modulation 
shown  in  Fig.  4  can  also  be  found  in  a  planar-type 
element  manufactured  in  this  way. 

25  Although  the  above-described  embodiments 
are  aimed  to  control  the  electron  conduction,  they 
are  not  limited  thereto,  but  are  also  applicable,  of 
course,  to  the  control  of  hole  conduction. 

Also,  although  one  set  of  two  control  electrodes 
30  4  and  4  are  provided  in  each  of  the  above-de- 

scribed  embodiments,  a  single  electrode  can  be 
used  to  cause  different  potential  energies  at  the 
branching  and  joining  points  of  the  electron  accu- 
mulation  layer  by  adjusting  the  voltage  of  such  a 

35  single  control  electrode.  In  other  words,  the  number 
of  the  control  electrodes  is  not  limited  to  that  in  the 
above-described  embodiments,  but  may  also  be  in 
one,  two  or  more. 

Of  course,  the  number  of  the  annular  shapes  of 
40  the  gate  electrode  is  not  limited  to  one.  Two  exam- 

ples  of  such  structure  are  shown  in  Figs.  13(a)  and 
13(b).  Also,  it  should  be  noted  that  a  second  gate 
electrode,  such  as  shown  in  Fig.  7,  can  be  used  in 
an  MOSFET  embodying  the  invention.  Further,  the 

45  gate  electrode  structures  shown  in  Figs.  9,  10  and 
11  on  Si  MOSFETs  can  also  be  applied  to 
heterojunction  transistors. 

As  for  the  material  for  forming  the  heterojunc- 
tion,  an  Si-Ge  system  may  be  used  as  well.  It  is  a 

so  matter  of  course,  in  addition,  that  the  element  ratio 
between  Al  and  Ga  is  not  limited  to  3  :  7. 

According  to  the  present  invention,  as  de- 
scribed  above,  the  current-voltage  characteristic  as 
shown  in  Fig.  3  can  be  obtained,  and  thus  it  can  be 

55  applied  to  an  amplifier,  a  memory,  etc. 
The  above-described  embodiments  have  all 

been  directed  to  heterojunction  field  effect  transis- 
tors.  In  particular,  these  embodiments  take  advan- 

shows  a  voltage  Vc  impressed  on  the  control  elec- 
trode  4  (presuming  that  the  control  electrode  4  is 
grounded),  and  the  axis  of  the  ordinate  shows  a 
current  lDs  flowing  between  the  source  electrode  2 
and  the  drain  electrode  3.  The  gate  voltage  im- 
pressed  on  the  gate  electrode  1  is  VG  =  +0.5  V, 
while  the  voltage  between  the  source  electrode  2 
and  the  drain  electrode  3  is  VDs  =  1  rnV. 

Preferably,  the  entire  device  is  cooled  herein 
down  to  the  temperature  of  liquid  nitrogen  (77  K). 
Although  the  effect  of  the  present  invention  is  also 
produced  without  such  cooling  of  the  device,  the 
cooling  brings  about  a  reduction  in  the  effect  of 
dispersion  of  electrons,  and  consequently  the  elec- 
tric  conductivity  is  increased  and  the  degree  of 
variation  in  the  conductivity  is  made  high,  thus 
producing  an  effect  that  an  amplification  factor  can 
be  improved. 

Accordingly,  as  is  apparent  from  Fig.  4,  peri- 
odic  modulation  occurs  in  the  current  lDs  due  to  the 
voltage  impressed  on  the  control  electrodes  4  and 
4'. 

Fig.  5  is  a  sectional  view  of  a  semiconductor 
device  of  a  second  embodiment  of  the  present 
invention.  In  this  second  embodiment,  the  same 
process  is  used  as  in  the  embodiment  1  until  the 
point  where  the  gate  electrode  1  is  formed  by  the 
lift-off  method.  Specifically,  the  etching  of  the 
Alo.3Gao.7As  layer  9,  which  is  conducted  in  the 
embodiment  1,  is  not  conducted  in  the  second 
embodiment.  Other  than  this,  both  the  process  and 
the  structure  are  the  same  as  those  in  the  case  of 
embodiment  1.  Accordingly,  the  phenomenon  of 
modulation  in  Fig.  4  will  also  be  in  a  planar-type 
element  manufactured  in  accordance  with  the  sec- 
ond  embodiment. 

Fig.  6  is  a  sectional  view  of  a  semiconductor 
device  of  a  third  embodiment  of  the  present  inven- 
tion.  In  the  third  embodiment,  a  second  gate  elec- 
trode  12  shaped  as  a  rectangle  (whose  dimensions 
are  the  same  herein  with  the  contours  of  the  an- 
nular  shape  of  the  gate  electrode  1)  is  formed  on 
the  gate  electrode  1  with  an  insulating  film  1  1 
interlaid,  by  using  the  technique  of  electrode  beam 
lithography,  as  shown  in  the  figure,  after  the  high- 
concentration  n*  type  layer  8  in  the  embodiment  1 
is  formed.  This  gate  electrode  12  is  formed  so  as 
to  control  the  inversion  of  the  central  part  sur- 
rounded  by  the  annular  shape  of  the  gate  electrode 
1.  The  process  other  than  the  above-mentioned 
change  is  the  same  as  in  the  first  embodiment. 
Thus,  the  phenomenon  of  modulation  shown  in  Fig. 
4  will  also  be  found  in  an  element  manufactured  in 
accordance  with  Fig.  6. 

Fig.  7  is  a  sectional  view  of  a  semiconductor 
device  of  a  fourth  embodiment  of  the  present  in- 
vention.  After  the  high-concentration  n  type  layer 
8  in  the  second  embodiment  is  formed,  a  second 
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gate  electrode  is  split  into  two  separate  electrodes 
1a  and  1b  for  coupling  the  source  and  drain  re- 
gions  8  and  9.  By  virtue  of  applying  different  po- 
tentials  <j>i  and  <t>2  to  the  gate  electrodes  1a  and 

5  1b,  the  desired  phase  difference  can  be  induced  in 
the  respective  conduction  paths  under  the  gate 
electrodes  1a  and  1b  without  the  need  for  separate 
control  electrodes  4  and  4  . 

The  above  illustrations  have  all  been  directed 
w  to  symmetrical  branches  for  the  gate  electrode  1. 

As  seen  in  Figs.  3  and  4,  this  can  be  used  to 
produce  maximum  electric  conductivity  and  maxi- 
mum  Ids  when  the  potential  applied  to  control  elec- 
trode  4  is  zero  volts.  However,  it  is  possible  to 

75  modify  this  structure,  if  desired,  by  forming  the 
gate  electrode  structure  1  ,  as  shown  in  Fig.  1  1  ,  to 
have  asymmetric  branches  (i.e.,  branches  of  dif- 
ferent  lengths).  In  such  a  case,  the  points  of  maxi- 
mum  conductivity  and  maximum  Ids  will  be  shifted, 

20  as  shown  in  Fig.  12.  Thus,  if  desired,  a  zero 
voltage  level  at  the  control  electrode  4  can  result 
in  a  minimum  Ids.  as  shown  in  Fig.  12.  Alter- 
natively,  adjustment  of  the  respective  branch 
lengths  can  produce  different  levels  of  Ids  between 

25  minimum  and  maximum  levels  for  a  zero  voltage 
level  at  control  electrode  4  . 

As  described  above,  the  present  invention  en- 
ables  the  periodic  modulation  of  electric  conductiv- 
ity  by  the  control  electrode  provided  separately 

30  from  the  gate  electrode,  and  also  the  easy  electric 
control  of  the  phase  of  carriers,  thus  enabling  the 
realization  of  a  semiconductor  active  element  hav- 
ing  new  functions  at  a  very  low  power. 

It  is  to  be  understood  that  the  above-described 
35  arrangements  are  simply  illustrative  of  the  applica- 

tion  of  the  principles  of  this  invention.  Numerous 
other  arrangements  may  be  readily  devised  by 
those  skilled  in  the  art  which  embody  the  principles 
of  the  invention  and  fall  within  its  spirit  and  scope. 

40 

Claims 

1  .  A  semiconductor  transistor  comprising: 
45  a  first  semiconductor  layer  having  a  source  region 

and  a  drain  region  formed  therein  separated  from 
one  another  by  a  portion  of  said  first  semiconduc- 
tor  layer; 
a  gate  electrode  formed  over  said  portion  of  said 

50  first  semiconductor  layer  between  said  source  and 
drain  regions,  wherein  said  gate  electrode  splits  to 
form  first  and  second  branches  at  a  first  location 
adjacent  to  said  source  region  and  wherein  said 
first  and  second  branches  rejoin  one  another  at  a 

55  second  location  adjacent  to  said  drain  region  so 
that  application  of  a  potential  to  said  gate  electrode 
will  produce  first  and  second  two-dimensional  car- 
rier  conduction  paths  adjacent  to  a  surface  of  said 

■age  of  the  fact  that  the  electrons  will  flow  in  two- 
dimensional  paths  at  the  heterojunction  between 
the  layers  9  and  7.  As  noted  previously,  the  ap- 
plication  of  an  electrostatic  field  from  a  branched 
gate  electrode  1  in  conjunction  with  one  or  more 
separate  control  electrodes  is  preferable  to  the 
previously  developed  arrangements  which  require 
paths  which  are  vertically  displaced  to  one  another. 

However,  the  invention  is  not  limited  only  to 
heterojunction  devices.  For  example,  the  present 
invention  is  also  particularly  applicable  to  MOS- 
FETs.  Such  MOSFETs  also  conduct  carriers  be- 
tween  a  source  and  drain  two-dimensionally  at  the 
interface  of  the  substrate  and  the  gate  insulating 
fiim  unaer  the  gate  electrode.  Therefore,  the  same 
principles  discussed  above  for  controlling  the  ear- 
ner  flow  in  branching  paths  for  heterojunction  de- 
vices  can  also  be  carried  out  for  MOSFET  struc- 
tures. 

Figs.  8<a)  and  8(b)  provide  an  illustration  of  one 
MOSFET  embodiment  in  accordance  with  the 
present  invention  wherein  Fig.  8(b)  is  a  cross- 
sectional  view  of  A-A  of  Fig.  8(a)).  In  this  figure, 
identical  numerals  identify  identical  elements  to 
Figs.  1(a;  and  Kb).  Thus,  it  can  be  seen  that  this 
arrangement  has  the  same  branching  gate  struc- 
ture  1  and  control  electrode  structure  4  and  4 
used  in  Fig.  1.  However,  in  the  embodiment  of 
Figs.  8<aj  and  8(b)  a  thin  gate  oxide  film  16  is  used 
for  forming  the  MOS  structure.  Fig.  8(b)  also  illus- 
trates  the  insulator  14  and  substrate  18  in  which 
the  source  and  drain  regions  are  formed.  The  de- 
vice  of  Figs.  8(a)  and  8(b)  will  be  operated  with 
application  of  potential  to  the  gate  1  and  the  control 
electrodes  4  and  4  ,  similar  to  the  arrangement 
described  for  Figs.  1(a)  and  Kb),  and  will  produce 
modulated  effects  similar  to  those  shown  in  Figs.  3 
and  4. 

Figs.  9(a)  and  9(b)  show  another  embodiment 
of  a  MOSFET  structure  of  the  present  invention 
(wherein  Fig.  9(b)  is  a  cross-sectional  view  of  B-B 
of  Fig.  9  (a)).  As  seen  in  this  arrangement,  a 
floating  gate  20  is  formed  over  one  of  the  branches 
of  the  gate  electrode  1  (separated  from  this  branch 
by  an  insulator  22).  By  virtue  of  this  floating  gate 
electrode  20,  the  branch  of  the  conduction  path  in 
the  substrate  thereunder  will  be  subjected  to  a 
different  electrostatic  field  than  the  branch  of  the 
conduction  path  in  the  substrate  which  is  not  under 
the  floating  electrode  20.  Therefore,  the  desired 
phase  difference  between  the  two  carrier  conduc- 
tion  paths  can  be  obtained  in  this  embodiment 
without  the  need  for  separate  control  electrodes 
such  as  4  and  4  . 

Figs.  10(a)  and  10(b)  show  another  MOSFET 
embodiment  in  accordance  with  the  present  inven- 
tion  (wherein  Fig.  10(a)  is  a  cross-section  along 
lines  D-D  of  Fig.  10  (b)).  In  this  embodiment,  the 
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two-dimensional  carrier  conduction  paths  are 
formed  adjacent  to  the  interface  of  said  first  semi- 
conductor  layer  and  said  gate  insulating  film. 

8.  A  semiconductor  transistor  according  to 
5  claim  6,  wherein  said  phase  modifying  means  com- 

prises  a  floating  gate  electrode  formed  over  said 
first  branch  of  said  gate  electrode. 

9.  A  semiconductor  transistor  according  to 
claim  1,  wherein  said  first  and  second  branches 

w  have  different  lengths  from  one  another. 
10.  A  semiconductor  transistor  comprising: 

a  first  semiconductor  layer  having  a  source  region 
and  a  drain  region  formed  therein  separated  from 
one  another  by  a  portion  of  said  first  semiconduc- 

75  tor  layer; 
a  first  gate  electrode  formed  over  a  first  portion  of 
said  first  semiconductor  layer  between  said  source 
and  drain  regions; 
a  second  gate  electrode  formed  over  a  second 

20  portion  of  said  first  semiconductor  layer  between 
said  source  and  drain  regions;  and 
means  for  applying  different  potentials  to  said  first 
and  second  gate  electrodes  to  produce  first  and 
second  two-dimensional  carrier  conduction  paths 

25  under  said  first  and  second  gate  electrodes,  re- 
spectively,  so  that  the  phase  of  carriers  passing 
from  said  source  to  said  drain  through  said  first 
conduction  path  will  be  different  than  the  phase  of 
carriers  passing  from  said  source  to  said  drain 

30  through  said  second  conduction  path  to  produce  a 
phase  difference  for  carriers  received  at  said  drain 
region. 

11.  A  semiconductor  transistor  according  to 
claim  10,  further  comprising  a  gate  insulating  film 

35  formed  between  said  first  semiconductor  layer  and 
said  first  and  second  gate  electrodes  so  that  said 
first  and  second  two-dimensional  carrier  conduction 
paths  are  respectively  formed  adjacent  to  the  inter- 
face  of  said  first  semiconductor  layer  and  gate 

40  insulating  film  under  said  first  and  second  gate 
electrodes. 

12.  A  semiconductor  transistor  according  to 
claim  10,  wherein  said  first  semiconductor  layer  is 
formed  of  a  semiconductor  material  of  a  first  type, 

45  and  wherein  said  transistor  further  comprises  a 
second  semiconductor  layer  formed  of  a  semicon- 
ductor  material  of  a  second  type  between  said  first 
semiconductor  layer  and  said  first  and  second  gate 
electrodes  to  form  a  heterojunction  at  the  interface 

50  of  said  first  and  second  semiconductor  layers  be- 
tween  said  source  and  drain  regions,  wherein  said 
first  and  second  two-dimensional  carrier  conduction 
paths  are  formed  adjacent  to  said  heterojunction. 

portion  of  said  first  semiconductor  layer  under  said 
first  and  second  branches  between  said  source  and 
drain  regions;  and 
means  for  modifying  the  phase  of  carriers  passing 
through  said  first  conduction  path  between  said 
source  and  drain  regions  relative  to  the  phase  of 
carriers  passing  through  said  second  conduction 
path  between  said  source  and  drain  region  to  pro- 
duce  a  phase  difference  for  carriers  received  at 
said  drain  region  through  said  first  and  second 
conduction  paths. 

2.  A  semiconductor  transistor  according  to 
claim  1  ,  wherein  said  phase  modifying  means  com- 
prises  at  least  one  control  electrode  formed  over 
said  substrate  at  a  location  separate  from  said  gate 
electrode  for  producing  a  depletion  layer  to  modify 
the  phase  of  carriers  passing  through  said  first 
conduction  path  relative  to  the  phase  of  carriers 
passing  through  said  second  conduction  path. 

3.  A  semiconductor  transistor  according  to 
claim  1  ,  wherein  said  phase  modifying  means  com- 
prises  a  floating  gate  electrode  formed  over  said 
first  branch  of  said  gate  electrode. 

4.  A  semiconductor  transistor  according  to 
claim  1,  wherein  said  first  semiconductor  layer  is 
formed  of  a  semiconductor  material  of  a  first  type, 
and  wherein  said  transistor  further  comprises  a 
second  semiconductor  layer  formed  of  a  semicon- 
ductor  material  of  a  second  type  between  said  first 
semiconductor  layer  and  said  gate  electrode  to 
form  a  heterojunction  at  the  interface  of  said  first 
and  second  semiconductor  layers  between  said 
source  and  drain  regions,  wherein  said  first  and 
second  two-dimensional  carrier  conduction  paths 
are  formed  adjacent  to  said  heterojunction. 

5.  A  semiconductor  transistor  according  to 
claim  2,  wherein  said  first  semiconductor  layer  is 
formed  of  a  semiconductor  material  of  a  first  type, 
and  wherein  said  transistor  further  comprises  a 
second  semiconductor  layer  formed  of  a  semicon- 
ductor  material  of  a  second  type  between  said  first 
semiconductor  layer  and  said  gate  electrode  to 
form  a  heterojunction  at  the  interface  of  said  first 
and  second  semiconductor  layers  between  said 
source  and  drain  regions,  wherein  safd  first  and 
second  two-dimensional  carrier  conduction  paths 
are  formed  adjacent  to  said  heterojunction. 

6.  A  semiconductor  transistor  according  to 
claim  1,  further  comprising  a  gate  insulating  film 
formed  between  said  first  semiconductor  layer  and 
said  gate  electrode  so  that  said  first  and  second 
two-dimensional  carrier  conduction  paths  are 
formed  adjacent  to  the  interface  of  said  first  semi- 
conductor  layer  and  said  gate  insulating  film. 

7.  A  semiconductor  transistor  according  to 
claim  2,  further  comprising  a  gate  insulating  film 
formed  between  said  first  semiconductor  layer  and 
said  gate  electrode  so  that  said  first  and  second 

55 
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