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Description 

The  present  invention  relates  to  a  quantum  well  de- 
vice  capable  of  operating  over  a  range  of  frequencies 
including  those  corresponding  to  micrometer  waves,  s 
For  instance  the  device  can  be  used  to  emit,  amplify, 
modulate,  detect  and  frequency  multiply  or  divide  mi- 
crometer  radiation. 

Micrometer  radiation  is  electromagnetic  radiation  of 
wavelengths  falling  between  infrared  and  millimetre  10 
wave  radiation.  Known  sources  of  micrometer  radiation 
include  high  temperature  radiators,  electron  synchro- 
trons,  backward  wave  oscillators  and  gas  lasers.  All  of 
these  known  devices  are  inefficient  and  have  low  power 
densities  and  most  of  them  are  disadvantageously  large  15 
and  complex. 

Gas  lasers  may  be  used  to  amplify  micrometer  ra- 
diation  but  are  large,  expensive  and  impractical  for 
many  applications.  There  are  no  other  devices  available 
for  amplifying  micrometer  radiation.  20 

Frequency  multiplication  of  micrometer  radiation 
can  be  carried  out  using  Josephson  junctions  or  non- 
linear  dielectric  materials  but  these  known  methods  are 
inefficient. 

There  are  a  number  of  widely  used  solid  state  de-  25 
vices  which  operate  at  microwave  frequencies,  such  as 
double  barrier  resonant  tunnelling  diodes,  Gunn  diodes 
and  tunnel  diodes,  but  none  of  these  is  capable  of  op- 
erating  at  micrometer  wave  frequencies.  The  high  fre- 
quency  working  limit  of  such  devices  is  limited  by  the  30 
properties  of  the  materials  used  to  fabricate  the  devices. 
Materials,  i.e.  semiconductors,  are  constantly  being  im- 
proved  to  extend  this  limit  but  it  is  generally  accepted 
that  existing  solid  state  devices  cannot  be  made  to  work 
at  frequencies  associated  with  micrometer  radiation.  35 

There  are  a  number  of  important  current,  and  po- 
tential,  uses  of  micrometer  radiation  including:  scientific 
research,  particularly  in  the  area  of  remote  sensing  and 
radio  astronomy;  instrumentation,  including  gas  analy- 
sis;  metrology,  especially  of  voltage  through  the  Joseph-  40 
son  effect,  of  distance  and  of  very  short  times;  commu- 
nications,  including  deep  space  communications  and 
secure  links;  and  radar  systems,  particularly  with  ultra 
compact  antennas. 

An  object  of  the  present  invention  is  to  provide  a  45 
device  which  can  operate  at  micrometer  wavelengths 
and  which  obviates  or  mitigates  the  disadvantages  of 
the  known  devices  discussed  above. 

Journal  of  Applied  Physics  vol  71  no  6,  15  March 
1  992,  pages  301  9-3024  concerns  a  double-barrier  res-  so 
onant  tunneling  structure  having  a  first  potential  well  de- 
fining  a  first  energy  level,  associated  with  asupperlattice 
structure  comprising  three  periods  and  defining  a  sec- 
ond  and  a  third  energy  level. 

According  to  the  present  invention  there  is  provided  55 
a  quantum  well  device  having  an  active  region  adapted 
in  use  to  pass  atunnelling  current  of  charge  carriers,  the 
active  region  comprising  layers  of  material  forming  al- 

ternating  potential  barriers  and  potential  wells  arranged 
so  as  to  define  a  first  potential  well  at  one  end  of  the 
active  region  having  regard  to  the  direction  of  flow  of  the 
tunnelling  current  and  a  further  structure  comprising  at 
least  a  second  potential  well,  said  first  potential  well  de- 
fining  a  first  quasi-defined  energy  level  and  the  further 
structure  defining  second  and  third  quasi-defined  ener- 
gy  levels,  the  relative  heights  and  thicknesses  of  the  po- 
tential  barriers  when  the  device  is  in  use  being  struc- 
tured  so  that  the  first  quasi-defined  energy  level  has  a 
longer  lifetime  than  the  second  and  third  quasi-defined 
energy  levels  and  there  is  a  degree  of  coupling  between 
the  three  quasi-defined  energy  levels  which  is  strongest 
between  the  second  and  third  quasi-defined  energy  lev- 
els,  the  arrangement  being  such  that  the  transmission 
coefficient  through  the  active  region  shows  a  resonance 
peak  at  each  of  the  energies  of  the  three  quasi-defined 
energy  levels,  the  first  resonance  peak  at  the  energy  of 
the  first  quasi-defined  energy  level  being  greater  than 
the  second  and  third  resonance  peaks  at  the  energies 
of  the  second  and  third  quasi-defined  energy  levels  re- 
spectively,  and  that  when  the  tunnelling  current  is  flow- 
ing  the  energy  of  the  first  quasi-defined  energy  level  lies 
between  the  energies  of  the  second  and  third  quasi-de- 
fined  energy  levels  but  is  greater  or  less  than  the  aver- 
age  of  the  energies  of  the  second  and  third  energy  lev- 
els,  and  such  that  on  application  of  an  A.C.  field  to  the 
device  an  alternating  current  will  flow  which  increases 
when  the  frequency  of  the  applied  A.C.  field  corre- 
sponds  to  the  energy  difference  between  the  first  quasi- 
defined  energy  level  and  either  the  second  or  third  qua- 
si-defined  energy  levels  as  a  result  of  a  coupling  be- 
tween  the  first  resonance  peak  and  both  the  second  and 
third  resonance  peaks. 

In  use  the  current  of  charge  carriers  through  the  de- 
vice  may  be  modulated  by  the  application  of  a  periodic 
disturbance,  such  as  an  A.C.  field,  to  the  device.  As  with 
prior  art  devices,  such  as  double  barrier  resonant  tun- 
nelling  devices,  the  degree  of  modulation  will  in  general 
decrease  as  the  frequency  of  the  applied  A.C.  field  in- 
creases  towards  the  inverse  of  the  lifetime  of  the  quasi- 
defined  energy  level  which  is  predominant  in  the  trans- 
mission  of  charge  carriers  through  the  device  under  op- 
erating  conditions,  that  is  the  first  quasi-defined  energy 
level  referred  to  above.  However,  it  can  be  shown,  using 
theory  discussed  below,  that  the  device  according  to  the 
present  invention  exhibits  the  surprising  result  that,  in 
contrast  to  prior  art  devices,  the  degree  of  modulation 
increases  again  (against  the  general  trend  of  decreas- 
ing  modulation)  at  certain  modulation  frequencies.  That 
is,  whenever  the  product  of  the  modulation  frequency, 
Planck's  constant  and  any  integer  approaches  the  dif- 
ference  between  the  first  quasi-defined  energy  level  and 
the  second  and  third  quasi-defined  energy  levels  the  de- 
gree  of  modulation  increases.  This  condition  is  herein- 
after  referred  to  as  "the  modulation  condition". 

Thus  with  the  device  according  to  the  present  in- 
vention  the  high  frequency  operating  limit  is  determined 

2 



3 EP  0  687  384  B1 4 

by  the  relative  energies  of  the  three  quasi-defined  ener- 
gy  levels.  The  device  can  be  readily  constructed  so  that 
the  energy  level  differences  correspond  to  operating  fre- 
quencies  associated  with  micrometer  wave  radiation. 

The  precise  characteristics  of  the  high  frequency 
behaviour  of  the  device  are  determined  by,  in  addition 
to  the  energies,  the  lifetimes  and  wave  functions  of  the 
quasi-defined  energy  levels  and  the  degree  of  coupling 
between  them,  and  the  maximum  transmission  coeffi- 
cients  of  the  resonances.  Again  the  device  can  be  read- 
ily  constructed  so  that  these  parameters  have  the  ap- 
propriate  values  for  the  desired  behaviour  of  the  device. 

The  underlying  theory  of  the  present  invention  is 
firmly  based  in,  but  extends,  existing  quantum  mechan- 
ical  theory.  The  following  theory  is  discussed  particularly 
in  relation  to  semiconductor  materials.  However,  the  de- 
vice  according  to  the  present  invention  need  not  be  fab- 
ricated  from  semiconductor  materials.  For  instance  lay- 
ers  of  metals  and  insulators  could  be  used  to  define  the 
required  sequence  of  potential  barriers  and  wells.  The 
following  theory  can  be  readily  applied  to  such  alterna- 
tive  materials. 

Quantum  effects  may  be  calculated  using  the  solu- 
tions  to  Schrodinger's  wave  equation.  In  particular,  if 
time  dependant  effects  are  to  be  investigated,  such  as 
effects  due  to  the  application  of  an  a.c.  field  to  a  system, 
then  the  time  dependant  form  of  Schrodinger's  equation 
is  used. 

It  is  known  that  in  any  semiconductor  device  there 
will  be  regions  in  which:  (a)  there  is  no  electric  charge; 
(b)  there  is  a  constant  static  electric  charge;  and  (c) 
there  is  static  electric  field  which  varies  linearly  with  dis- 
tance.  It  can  be  shown  (see  for  example  the  article  "Mis- 
cellanea  in  Elementary  Quantum  Mechanics  II"  by  Kodi 
Husimi,  Progress  of  Theoretical  Physics,  Vol.  9,  No.  4, 
p381  )  that  there  are  exact  solutions  to  the  time  depend- 
ant  Schrodinger  equation  in  each  of  these  three  regions 
respectively  when  considered  in  the  presence  of  an  al- 
ternating  field  which  gives  rise  to  a  periodically  varying 
potential.  These  exact  solutions  can  be  used  to  calcu- 
late  the  high  frequency  behaviour  of  solid  state  tunnel- 
ling  devices  (see  for  example  the  paper  by  Buttiker  M. 
and  Landauer  R.,  1982  Phys.  Rev.  Lett.,  49,  1739). 

A  solid  state  tunnelling  device  consists  of  a  number 
of  regions  separated  by  steps  in  the  potential  energy  of 
charge  carriers  which  tunnel  through  the  device.  An  ap- 
propriate  one  of  the  above  discussed  exact  solutions  to 
Schrodinger's  equation  is  used  to  describe  the  particle 
wave  associated  with  a  charge  carrier  within  each  re- 
spective  region  in  the  presence  of  an  a.c.  electric  field. 

The  wave  function,  and  its  derivative,  associated 
with  each  tunnelling  charge  carrier  must  be  continuous 
at  all  times  and  at  each  of  the  boundaries  between  the 
regions.  Because  of  the  difference  in  the  potential  of  ad- 
jacent  regions,  which  gives  rise  to  differences  in  the  spa- 
tial  dependence  of  the  wave  functions,  the  continuity 
equations  can  only  be  satisfied  if  there  are  additional 
waves  with  discreet  energies  H  +  nhv,  where  H  is  the 

energy  of  the  wave  function  in  question,  h  is  Planck's 
constant,  v  is  the  frequency  of  modulation  and  n  is  an 
integer.  Effects  linear  in  the  a.c.  electric  field  are  de- 
scribed  by  waves  for  which  n  =  1  . 

5  The  degree  by  which  a  current  of  charge  carriers  is 
modulated  is  found  by  summing  the  components  gen- 
erated  at  the  boundaries  of  each  region  and  combining 
these  with  the  transmitted  particle  wave.  This  calcula- 
tion  is  repeated  for  all  the  energies  for  which  charge  car- 

10  riers  might  enter  the  active  region  of  the  structure.  The 
overall  degree  of  modulation  is  found  by  summing  the 
degree  of  modulation  for  each  different  energy  weighted 
by  the  probability  of  a  tunnelling  charge  carrier  having 
that  energy. 

is  Using  this  established  theory  the  tunnelling  current 
through  a  single  barrier  device  can  be  shown  to  be  am- 
plitude  modulated  by  an  a.c.  field  across  the  barrier.  The 
degree  of  modulation  increases  with  an  increase  in  the 
modulating  frequency  of  a  constant  amplitude  a.c.  field. 

20  However  the  effect  is  so  small  that  such  single  barrier 
devices  can  not  be  used  as  practical  sources  of  microm- 
eter  waves. 

Applying  the  theory  to  a  tunnelling  current  through 
a  double  barrier  resonant  tunnelling  device  shows  that 

25  the  degree  of  modulation  decreases  with  increasing  fre- 
quency.  The  maximum  frequency  at  which  a  tunnelling 
current  through  the  device  can  be  modulated  is  approx- 
imately  the  inverse  of  the  lifetime  of  the  quasi-confined 
energy  level  in  the  potential  well  between  the  two  barri- 

30  ers.  There  are  practical  limitations,  resulting  from  the 
characteristics  of  known  materials,  to  the  extentto  which 
the  lifetime  of  the  quasi-defined  energy  level  can  be  re- 
duced  whilst  maintaining  a  working  device.  It  is  gener- 
ally  accepted  that  even  if  further  improvements  can  be 

35  made  in  the  materials  used  to  make  these  devices  that 
it  will  not  be  possible  to  construct  such  a  device  to  be 
operable  at  micrometer  wavelengths. 

The  present  invention  represents  a  departure  from 
known  quantum  well  devices  which  makes  use  of  pre- 

40  viously  unrealised  quantum  mechanical  effects. 
The  magnitude  of  the  tunnelling  current  which  is 

passed  by  the  device  will  depend  upon  the  number  of 
charge  carriers  leaving  the  active  region  from  the  final 
potential  well  defined  by  the  active  region.  The  inventor 

45  has  shown  that  with  an  active  region  configured  in  ac- 
cordance  with  the  present  invention,  application  of  an  a. 
c.  field  of  a  frequency  approximately  equal  to  that  cor- 
responding  to  the  energy  difference  between  the  first 
quasi-defined  energy  level  and  eitherthe  second  orthird 

so  quasi-defined  energy  levels  results  in  a  previously  un- 
appreciated  oscillation  effect  stemming  from  the  cou- 
pling  of  the  three  energy  levels.  (A  similar  oscillation  ef- 
fect  associated  with  confined  triple  well  systems  has 
been  demonstrated  by  AT  &  T  Bell  Laboratories,  Phys- 

55  ical  Review  Letters,  Vol.  68,  No.  7,  17  February  1992 
pages  1010-101  3).  The  result  of  this  complex  oscillation 
effect  is  the  establishment  of  an  oscillating  electric  di- 
pole  between  the  first  and  last  wells  with  an  associated 

3 
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increase  in  the  modulation  of  the  tunnelling  current 
through  the  device. 

The  effect  of  an  a.c.  field  on  a  device  constructed 
in  accordance  with  the  present  invention  has  been  cal- 
culated  using  the  theory  discussed  above  and  disclosed 
in  the  cited  references. 

In  general  the  modulation  of  the  tunnelling  current 
in  the  region  where  the  modulation  condition  holds  will 
vary  from  a  small  negative  conductance  through  a  max- 
imum  negative  conductance  followed  by  a  maximum 
positive  conductance  followed  by  a  small  positive  con- 
ductance,  or  vice  versa,  as  the  modulation  frequency 
varies.  Under  conditions  of  maximum  negative  or  posi- 
tive  conductance  the  phase  of  the  modulation  of  the  cur- 
rent  of  charge  carriers  will  be  at  45°  to  the  modulating 
field.  Optimum  phase  and  amplitude  performance  can 
be  achieved  by  careful  design  of  the  active  region  of  the 
device. 

Preferably  the  first  potential  well  is  defined  at  the 
front  end  of  the  active  region  having  regard  to  the  direc- 
tion  of  flow  of  the  tunnelling  current  of  charge  carriers. 
This  results  in  the  greatest  modulating  effect  on  the  tun- 
nelling  current  in  an  applied  alternating  field. 

Since  the  first  quasi-defined  energy  level  of  the  de- 
vice  has  a  greater  lifetime  than  the  other  quasi-defined 
energy  levels  it  is  the  dominant  state  in  the  transmission 
of  charge  carriers  through  the  device  and  therefore  has 
the  greatest  density  of  occupation  by  the  charge  carri- 
ers.  The  magnitude  of  the  tunnelling  current  flowing  out 
of  the  device  will  be  dependent  on  the  density  of  charge 
carriers  in  the  final  well  in  the  active  region.  Under  the 
application  of  an  applied  alternating  field  of  appropriate 
frequency,  i.e.  corresponding  to  the  modulation  condi- 
tion,  the  density  of  charge  carriers  in  the  final  well  will 
vary,  the  greater  the  variation  the  greater  the  modulating 
effect  of  the  device.  By  positioning  the  dominant  state 
at  the  front  of  the  active  region  it  will  act  as  a  reservoir 
supplying  charge  carriers  to  the  rest  of  the  structure,  and 
in  particular  to  the  final  well.  This  allows  for  a  consider- 
able  variation  in  carrier  density  in  the  final  well  for  a  rel- 
atively  small  amplitude  applied  field.  This  has  the  effect 
of  increasing  the  negative  conductance  of  the  device  rel- 
ative  to  the  d.c.  current  that  flows  through  the  device. 

In  addition,  positioning  the  first  well,  and  thus  the 
dominant  transmission  state,  at  the  front  of  the  active 
region  ensures  that  changes  in  the  energies  of  the  other 
states  relative  to  the  dominant  state  associated  with 
changing  the  bias  on  the  structure  correspond  to  a  shift 
with  little  change  in  energy  differences  between  the  oth- 
er  states.  This  allows  the  structure  to  be  brought  to  its 
optimum  operating  point  by  varying  the  bias  on  the 
structure  thus  providing  for  compensation  for  slight  dif- 
ferences  in  structure  between  individual  devices. 

The  width,  in  energy,  of  the  transmission  peak  as- 
sociated  with  the  dominant  state  is  narrower  than  those 
of  the  other  states.  Preferably  the  active  region  is  con- 
structed  so  that  the  width  of  the  transmission  peak  as- 
sociated  with  the  first  quasi-defined  energy  level  is  sub- 

stantially  smaller  than  the  transmission  peaks  associat- 
ed  with  the  said  second  and  third  quasi-defined  energy 
levels  respectively.  This  makes  it  possible  to  arrange 
that  with  the  optimum  applied  bias  the  image  of  the 

5  transmission  peak  associated  with  the  first  quasi-de- 
fined  energy  level,  i.e.  the  dominant  state,  when  shifted 
up  or  down  in  energy  by  Plank's  constant  multiplied  by 
the  modulation  frequency,  i.e.  the  frequency  of  the  ap- 
plied  field,  essentially  spans  only  one  side  of  the  trans- 

10  mission  peaks  associated  with  the  second  and  third 
quasi-defined  energy  levels.  This  minimises  the  degree 
of  cancelation  of  the  modulation  effects  between  the  dif- 
ferent  charge  carrier  energies  in  the  dominant  transmis- 
sion  state. 

is  The  said  further  structure  of  the  active  region  of  the 
device  in  accordance  with  the  present  invention  may 
comprise  second  and  third  potential  wells  separated  by 
a  potential  barrier  thinner  than  the  potential  barriers 
which  define  the  first  potential  well  and  thus  the  first  qua- 

20  si-defined  energy  level,  the  second  and  third  potential 
wells  defining  the  second  and  third  quasi-defined  ener- 
gy  levels  respectively. 

The  splitting  of  the  second  and  third  quasi-defined 
energy  levels  under  operating  conditions  is  approxi- 

25  mately  equal  to  twice  the  fundamental  frequency  of  the 
applied  field  at  which  the  device  will  operate.  Thus  the 
operating  frequency  of  the  device  can  be  determined  by 
altering  the  height  and  width  of  the  barrier  separating 
the  second  and  third  potential  wells. 

30  The  highest  operating  frequencies  are  achieved  by 
dispensing  with  the  barrier  between  the  second  and 
third  potential  wells  to  form  a  single  well  which  can  be 
structured  to  define  the  required  two  energy  levels.  That 
is  the  second  and  third  quasi-defined  energy  levels  may 

35  be  defined  by  a  single  potential  well. 
The  application  of  an  alternating  field  to  the  device 

couples  charge  carriers  in  the  first  quasi-defined  energy 
level  to  states  higher  and  lower  in  energy,  ie  the  second 
and  third  quasi-defined  energy  levels.  Because  there  is 

40  simultaneous  coupling  to  states  with  energies  in  the  cor- 
rect  positions  above  and  below  the  dominant  state,  the 
conductances  associated  with  the  second  and  third  en- 
ergy  states  will  add  and  the  their  susceptances  will  can- 
cel.  It  is  thus  possible  to  arrange  that  the  magnitude  of 

45  the  conductance  of  the  device  is  maximum  at  a  frequen- 
cy  at  which  the  susceptance  is  equal  to  zero  and  the 
tunnelling  current  is  in  phase  with  the  applied  field.  At 
the  same  time  this  ensures  that  the  current  associated 
with  the  displacement  of  carriers  within  the  structure  is 

so  purely  reactive.  These  are  clearly  advantageous  fea- 
tures. 

For  maximum  effect  it  is  desirable  that  the  active 
region  is  structured  so  that  the  first  quasi-defined  energy 
level  lies  close  to  the  average  of  the  energies  of  the  sec- 

55  ond  and  third  energy  levels  and  also  that  its  transmis- 
sion  peak  is  substantially  greater  than  the  transmission 
peaks  of  the  second  and  third  quasi-defined  energy  lev- 
els. 

4 
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For  most  foreseeable  applications  of  the  device  the 
first  quasi-defined  energy  level  will  have  to  lie  above  the 
average  of  the  energies  of  the  second  and  third  quasi- 
defined  energy  levels.  However  it  will  be  necessary  for 
some  applications,  for  instance  to  enable  the  device  to  s 
be  used  as  a  modulator,  to  position  the  first  quasi-de- 
fined  energy  level  below  the  average  of  the  other  two  so 
that  the  device  displays  a  maximum  positive  conduct- 
ance. 

The  said  further  structure  of  the  device  may  be  con-  10 
structed  so  as  to  define  further  pairs  of  energy  levels 
lying  above  and  below  the  second  and  third  quasi-de- 
fined  energy  levels  but  having  substantially  the  same 
average  energy.  This  would,  for  instance,  enable  the  de- 
vice  when  used  as  a  frequency  multiplier  to  operate  at  15 
much  higher  efficiencies  than  would  otherwise  be  pos- 
sible. 

The  said  further  energy  levels  may  each  be  defined 
by  a  respective  potential  well  formed  in  the  further  struc- 
ture  of  the  active  region.  Alternatively  each  pair  of  further  20 
energy  levels  may  be  defined  by  a  single  respective  po- 
tential  well. 

Preferably  the  device  is  provided  with  first  semicon- 
ductor  regions  which  are  doped  on  either  side  of  the  ac- 
tive  region  having  regard  to  the  direction  of  flow  of  the  25 
tunnelling  current,  the  composition  and  doping  of  said 
semiconductor  regions  being  such  as  to  provide  a  flow 
of  charge  carriers  through  the  device  when  the  device 
is  in  use.  The  said  first  semiconductor  regions  may,  for 
example,  be  fabricated  from  n-type  GaAs.  30 

Preferably  second  regions  of  semiconductor  mate- 
rial  which  are  undoped  are  provided  between  said  first 
regions  of  semiconductor  material  and  the  active  region 
of  the  device  to  prevent  variations  in  the  electric  field  at 
the  edges  of  the  first  semiconductor  regions  from  having  35 
a  significant  effect  of  the  active  region. 

This  is  desirable  because  using  existing  doping 
techniques  there  will  be  non-uniform  electric  field  at  the 
edges  of  the  doped  semiconductor  region  resulting  from 
the  unpredictable  distribution  of  dopants  throughout  the  40 
material.  Such  a  non-uniform  electric  field  would  clearly 
have  an  undesirable  effect  on  the  structure  and  opera- 
tion  of  the  active  region  of  the  device. 

Preferably  a  region  of  undoped  or  depleted  semi- 
conductor  material  is  provided  adjacent  the  back  end  of  45 
the  active  region  having  regard  to  the  direction  of  flow 
of  the  tunnelling  current  through  the  device,  to  increase 
the  tunnelling  conductance  of  the  device  relative  to  the 
capacitance  conductance  of  the  active  region. 

Preferably  the  device  is  constructed  so  that  the  ac-  so 
tive  region  lies  between  regions  of  material  the  compo- 
sition  of  which  is  such  that  the  potential  energy  of  the 
charge  carriers  at  one  side  of  the  active  region  is  raised 
with  respect  to  the  potential  wells  and  the  potential  en- 
ergy  of  the  charge  carriers  at  the  other  side  of  the  active  55 
region  is  lowered  with  respect  to  the  potential  wells  such 
that  charge  carriers  only  enter  the  active  region  via  said 
one  side  and  leave  via  said  other  side. 

Preferably  the  active  region  of  the  device  is  fabri- 
cated  from  layers  of  semiconductor  material,  for  exam- 
ple  GaAIAs  may  be  used  to  form  the  potential  barriers 
and  GaAs  may  be  used  to  form  the  potential  wells.  Thus 
in  accordance  with  the  present  invention  there  is  provid- 
ed  a  solid  state  device  which  may  be  operated  at  fre- 
quencies  at  which  existing  solid  state  devices  cannot 
operate.  In  particular  the  device  can  be  constructed  to 
operate  at  frequencies  associated  with  micrometer 
waves  and  does  not  suffer  the  disadvantages  discussed 
above  in  association  with  existing  devices  which  oper- 
ate  at  these  frequencies. 

The  required  tunnelling  current  of  charge  carriers  is 
preferably  provided  by  applying  a  d.c.  bias  to  the  device 
but  may  be  provided  by  alternative  methods,  e.g.  a  p-n 
junction  could  be  used. 

Specific  embodiments  of  the  present  invention  will 
now  be  described,  by  way  of  example,  with  reference  to 
the  accompanying  drawings,  in  which: 

Fig.  1  is  a  schematic  illustration  of  the  active  region 
of  a  first  device  in  accordance  with  the  present  in- 
vention; 
Fig.  2  is  a  plot  of  the  transmission  coefficient  as  a 
function  of  incident  particle  energy  for  a  tunnelling 
current  through  the  device  of  Fig.  1  ; 
Fig.  3  is  a  schematic  illustration  of  the  active  region 
of  a  second  device  in  accordance  with  the  present 
invention; 
Fig.  4  shows  a  plot  of  the  transmission  coefficient 
as  a  function  of  incident  particle  energy  for  a  tun- 
nelling  current  through  the  device  shown  in  Fig.  3; 
Fig.  5  shows  plots  of  both  the  transmission  coeffi- 
cient  and  the  negative  conductance  function,  as  a 
function  of  energy,  for  the  device  shown  in  Fig.  3 
and  illustrates  the  effect  of  applying  an  a.c.  field  to 
the  device; 
Figs.  6  to  8  show  plots  of  the  negative  conduction 
of  a  device  shown  in  Fig.  3  as  a  function  of  modu- 
lation  frequency  in  the  presence  of  three  different 
d.c.  biasing  fields  respectively; 
Fig.  9  is  a  plot  of  the  amplitude  and  angle  of  the 
modulation  of  the  tunnelling  current  through  the  de- 
vice  of  Fig.  3  as  a  function  of  frequency; 
Fig.  1  0  is  a  plot  showing  that  the  conductance  of  the 
device  of  Fig.  3  as  afunction  of  modulation  frequen- 
cy  with  a  d.c.  bias  in  the  opposite  sense  to  that  of 
Figs.  6,  7  and  8;  and 
Fig.  11  illustrates  one  embodiment  of  a  device  in 
accordance  with  the  present  invention. 

Referring  to  Fig.  1  ,  this  schematically  illustrates  the 
active  region  of  a  first  device  in  accordance  with  the 
present  invention.  The  device  comprises  three  sequen- 
tial  potential  wells  1  ,  2  and  3,  defined  by  potential  bar- 
riers  4,  5,  6  and  7.  The  barriers  all  have  the  same  height, 
that  is  200meV,  but  are  not  all  of  the  same  thickness. 
The  barriers  4  and  5,  which  are  of  equal  thickness,  are 
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thicker  than  barriers  6  and  7  which  themselves  are  of 
equal  thickness.  The  ratio  of  the  thicknesses  of  the  bar- 
riers  4  to  7  is  1.5:1.5:1:1.  The  wells  1  to  3  however  each 
have  the  same  width  which  is  twice  the  thickness  of  the 
barriers  6  and  7.  The  overall  length  of  the  active  region, 
from  the  rising  edge  of  the  first  potential  barrier  4  to  the 
falling  edge  of  the  last  potential  barrier  7,  is  approxi- 
mately  30nm.  The  device  is  constructed  to  pass  a  tun- 
nelling  current  of  charge  carriers  which  have  an  effective 
mass  of  0.1  the  mass  of  an  electron. 

Fig.  1  illustrates  the  configuration  of  the  potential 
wells  and  barriers  as  they  exist  when  the  device  is  not 
in  use.  To  function  as  desired  the  potential  barriers  and 
wells  will  have  to  remain  substantially  unaltered  when 
the  device  is  in  use.  Thus  with  such  a  structure  a  d.c. 
field  cannot  be  applied  to  the  device  to  provide  the  nec- 
essary  tunnelling  current  as  this  would  distort  the  con- 
figuration  of  the  potential  barriers  and  wells.  In  this  case 
some  other  means  of  charge  carrier  injection  must  be 
employed,  for  instance  a  p-n  junction  could  be  used. 

Because  each  of  the  wells  has  the  same  thickness 
the  quasi-defined  energy  levels  that  will  be  defined  in 
the  wells  when  the  device  is  in  use  are  nearly  equal. 
However,  because  the  potential  barriers  4  and  5  are 
thicker  than  the  potential  barriers  6  and  7  the  quasi-de- 
fined  energy  level  in  the  first  well,  hereinafter  referred 
to  as  a  first  quasi-defined  energy  level,  has  a  greater 
lifetime  than  the  quasi-defined  energy  levels  in  the  sec- 
ond  and  third  potential  wells,  hereinafter  referred  to  as 
the  second  and  third  quasi-defined  energy  levels  re- 
spectively.  As  a  consequence  of  this  there  is  a  narrower 
distribution  of  energies  for  transmission  through  the  first 
quasi-defined  energy  level  than  the  second  and  third 
quasi-defined  energy  levels. 

When  the  device  is  in  use  a  degree  of  coupling  will 
exist  between  the  three  quasi-defined  energy  levels.  Be- 
cause  the  potential  barrier  6  which  separates  the  poten- 
tial  wells  2  and  3  is  thinner  than  the  potential  barrier  5, 
the  potential  wells  2  and  3  will  be  the  most  strongly  cou- 
pled  and  will  give  rise  to  two  quasi-defined  energy  levels 
whose  energies  are  respectively  higher  and  lower  than 
the  first  quasi-defined  energy  level.  The  difference  in  the 
energies  of  these  two  states  is  determined  by  the  degree 
of  coupling  between  the  wells  2  and  3  and  hence  the 
thickness  and  height  of  the  potential  barrier  6  which  sep- 
arates  them.  As  mentioned  above  it  is  this  difference  in 
energy  which  determines  the  frequency  of  operation  of 
the  device.  The  degree  of  coupling  between  the  poten- 
tial  wells  2  and  3  can  readily  be  varied  over  a  consider- 
able  range  of  energies  simply  by  changing  the  charac- 
teristics  of  the  potential  barrier  6  and  thus  the  operating 
frequency  of  the  device  can  also  be  varied  over  a  con- 
siderable  range.  In  the  limit  the  barrier  6  could  be  dis- 
pensed  with  altogether  so  that  wells  2  and  3  are  effec- 
tively  replaced  by  a  single  well,  in  which  case  the  dimen- 
sions  of  the  single  well  must  be  such  that  the  required 
two  energy  levels  are  defined  within  the  well.  In  this  case 
the  separation  of  the  second  and  third  quasi-defined  en- 

ergy  levels  will  be  greatest  and  thus  the  operating  fre- 
quency  will  be  a  maximum. 

Fig.  2  shows,  as  a  function  of  energy,  the  probability 
that  any  given  particle  arriving  at  the  first  potential  bar- 

5  rier  4  will  tunnel  through  the  active  region  of  the  device 
and  emerge  from  the  last  potential  barrier  7.  The  three 
peaks  8,  9  and  10  in  the  transmission  coefficient,  i.e.  the 
probability,  are  associated  with  the  three  different  ener- 
gy  levels  respectively. 

10  The  central  transmission  peak  9  is  much  higher 
than  the  transmission  peaks  8  and  10  and  is  that  asso- 
ciated  with  the  first  quasi-defined  energy  level.  This 
peak  falls  at  an  energy  slightly  higher  than  the  average 
of  the  energies  of  the  transmission  peaks  8  and  9  and 

is  has  a  significantly  narrower  width  at  half  height.  This 
represents  the  major  channel  for  the  transmission  of  a 
spectrum  of  particles  with  a  broad  range  of  energies 
through  the  device. 

As  explained  above,  the  operation  of  the  device  is 
20  determined  by  the  energies  of  the  transmission  peaks, 

their  widths  and  their  associated  wave  functions. 
A  device  which  is  more  practical  than  that  illustrated 

in  Fig.  1  is  schematically  illustrated  in  Fig.  3.  This  shows 
the  configuration  of  the  potential  barriers  and  potential 

25  wells  of  a  second  device  in  accordance  with  the  present 
invention  in  use  with  a  d.c.  field  applied  across  the  de- 
vice  to  provide  the  necessary  current  of  charge  carriers. 
As  in  the  case  of  the  device  illustrated  in  Fig.  1  ,  the  ef- 
fective  mass  of  the  charge  carriers  is  0.1  of  the  mass  of 

30  an  electron.  The  device  is  substantially  the  same  as  that 
shown  in  Fig.  1  and  thus  like  reference  numerals  will  be 
used  for  like  features. 

The  widths  of  the  potential  barriers  and  wells,  and 
the  depth  of  the  wells,  of  the  device  shown  in  Fig.  3  are 

35  the  same,  in  use,  as  those  of  the  device  shown  in  Fig. 
1  .  However,  the  active  region  illustrated  in  Fig.  2  is  bor- 
dered  by  semiconductor  regions  11  and  12  the  compo- 
sition  and  doping  of  which  is  such  that  charge  carriers 
in  the  semi  conductor  region  8  which  borders  the  poten- 

40  tial  barrier  4  have  a  higher  potential  than  the  charge  car- 
riers  within  the  wells  1  ,  2  and  3  and  the  charge  carriers 
in  the  semiconductor  region  9  bordering  potential  barrier 
7  is  lower  than  the  potential  energy  of  the  charge  carriers 
in  the  wells  1,  2  and  3.  More  specifically,  the  potential 

45  wells  have  a  depth  of  200  meV,  whereas  the  potential 
deference  between  the  top  of  the  barriers  4  and  7  and 
the  semiconductors  regions  8  and  9  is  1  55  meV  and  300 
meV  respectively.  This  configuration  ensures  that  there 
will  be  a  significant  flux  of  charge  carriers  incident  into 

so  the  device  through  the  potential  barrier  4,  and  no  charge 
carriers  incident  into  the  device  through  the  potential 
barrier  7.  This  therefore  dictates  the  direction  in  which 
the  charge  carriers  will  flow  through  the  device. 

As  can  be  seen  from  Fig.  4,  which  shows  a  plot  of 
55  the  transmission  coefficient  as  a  function  of  energy  for 

the  device  illustrated  in  Fig.  3,  the  pattern  of  transmis- 
sion  peaks  is  not  significantly  affected  by  raising  the  po- 
tential  in  the  region  8  and  lowering  the  potential  in  the 

6 
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region  9  relative  to  the  depth  of  the  potential  wells.  The 
transmission  is  still  dominated  by  the  peak  associated 
with  the  first  quasi-defined  energy  level.  The  only  nota- 
ble  difference  is  that  the  lowest  energy  peak  11  is  re- 
duced  in  amplitude  relative  to  the  other  two  transmission 
peaks  12  and  13. 

Figure.  5  illustrates  the  effect  of  applying  an  a.c. 
field  to  the  device  of  Fig.  3  in  the  presence  of  a  small 
positive  d.c.  bias,  the  arrangement  being  such  that  the 
dominant  transmission  peak  14  lies  just  above  the  av- 
erage  of  the  energies  of  the  peaks  1  3  and  1  5.  On  appli- 
cation  of  an  a.c.  field  of  frequency  v  corresponding  ap- 
proximately  to  the  difference  in  energy  between  the 
peak  14  and  the  peaks  13  and  15  respectively,  i.e.  the 
modulation  condition  referred  to  above,  images  of  the 
dominant  peak  1  4  are  produced  shifted  up  and  down  in 
energy  by  an  amount  equal  to  v  multiplied  by  Planck's 
constant.  As  can  be  seen  from  Fig.  4,  because  the  peak 
14  initially  (i.e.  when  unshifted  by  the  a.c.  field)  lies 
above  the  average  of  the  energies  of  the  peaks  1  3  and 
15,  the  image  of  the  shifted  peak  14  lies  on  the  same 
side  of  the  peaks  of  the  negative  conductance  functions 
associated  with  the  transmission  peaks  13  and  15  re- 
spectively  and  therefore  the  device  exhibits  a  resultant 
negative  resistance  characteristic.  It  will  be  apparent 
that  the  convolution  of  the  electron  transmission  coeffi- 
cient  with  the  negative  conductance  function  is  greatest 
when  the  central  peak  is  narrow  and  the  shift  is  arranged 
to  place  the  "image"  peaks  on  the  maxima  of  the  nega- 
tive  conduction  function. 

Similarly,  if  the  device  is  constructed  or  arranged  in 
operation  so  that  the  dominant  peak  1  4,  in  the  absence 
of  an  applied  a.c.  field,  lies  below  the  average  of  the 
energies  of  the  peaks  13  and  15  then  the  applied  a.c. 
field  will  shift  the  dominant  peak  14  so  as  to  produce  a 
maximum  positive  conductance  effect. 

The  importance  of  ensuring  that  the  dominant  peak 
1  4  lies  either  above  or  below  the  average  of  the  energies 
of  the  peaks  1  3  and  1  5  will  thus  be  evident.  If  the  energy 
of  the  peak  14  is  exactly  equal  to  the  average  of  the 
energies  of  the  peaks  1  3  and  1  5  the  effect  of  shifting  the 
peak  14  upwards  or  downwards  in  energy  will  be  nil 
since  the  effect  of  the  more  energetic  carriers  in  the  peak 
is  cancelled  by  the  effect  of  the  less  energetic  carriers. 
Thus  there  will  be  no  significant  resultant  positive  or 
negative  conductance  effect. 

The  negative  conductance  as  a  function  of  modu- 
lation  frequency  for  the  device  shown  in  Fig.  3  is  illus- 
trated  in  Fig.  6.  The  curve  is  calculated  using  the  theory 
discussed  above.  The  data  illustrated  in  Fig.  6  shows 
the  degree  of  modulation  of  a  tunnelling  current  180° 
out  of  phase  with  the  modulating  field  and  with  an  d.c. 
bias  of  4.4  mV  across  the  active  region.  The  spectrum 
of  incident  particles  was  taken  from  a  Maxwell-Boltz- 
mann  distribution  with  a  temperature  of  80K.  As  can  be 
seen  from  Fig.  6  the  device  exhibits  a  negative  conduct- 
ance  over  a  significant  range  of  frequencies  in  the  mi- 
crometer  range. 

The  curves  shown  in  Figs.  7  and  8  correspond  to 
that  shown  in  Fig.  6  but  with  d.c.  biasing  fields  of  2.2  mV 
and  6.6  mV  respectively  instead  of  the  4.4  mV  biasing 
field  applied  in  the  case  of  Fig.  6.  As  can  be  seen  from 

5  Figs.  7  and  8  the  negative  resistance  characteristic  of 
the  device  is  not  eliminated  by  small  changes  in  the  d. 
c.  voltage  applied  across  the  device  and  also  that  it  is 
possible  to  optimise  the  operation  of  the  device  by  a  var- 
iation  of  the  bias  field.  There  is  thus  a  significant  scope 

10  for  variation  in  the  detailed  structure  whilst  maintaining 
the  desired  negative  conductance  characteristic. 

Fig.  9,  which  shows  the  amplitude  and  angle  of  the 
modulation  of  the  tunnelling  current  through  the  device 
of  Fig.  3  as  a  function  of  frequency,  presents  data  from 

is  the  same  calculation  as  in  Fig.  6  but  presented  in  an 
alternative  manner.  An  angle  of  0  degrees  represents 
pure  negative  resistance.  From  Fig.  9  it  will  be  seen  that 
it  is  possible  to  construct  the  device  so  as  to  have  the 
current  modulation  at  its  peak  and  in  phase  with  the 

20  modulating  field  at  the  same  modulating  frequency. 
The  curve  shown  in  Fig.  9  corresponds  with  that 

shown  in  Figs.  6,  7  and  8  but  in  the  presence  of  a  d.c. 
biassing  field  of  -2.2  mV  which  shifts  the  central  reso- 
nance  peak  1  4  below  the  average  of  the  energies  of  the 

25  peaks  13  and  15.  This  shows  that  it  is  possible  for  the 
device  to  be  constructed  so  as  to  exhibit  a  maximum 
positive  conductance  as  well  as  a  maximum  negative 
conductance  at  frequencies  corresponding  to  microme- 
ter  radiation.  This  feature  extends  the  possible  applica- 

30  tions  to  which  the  device  can  be  put,  for  instance  this 
maximum  positive  conductance  characteristic  enables 
the  device  to  be  used  as  a  modulator. 

The  devices  described  above  and  illustrated  sche- 
matically  in  Figs.  1  and  3  exhibit  enhanced  modulation 

35  of  the  tunnelling  current  in  the  frequency  range  corre- 
sponding  to  micrometer  radiation.  The  conductance 
may  be  either  positive  or  negative  depending  on  the  di- 
rection  of  the  bias  field  applied  to  the  device.  These 
properties  are  dependent  upon  the  energies  of  the  qua- 

40  si-defined  energy  levels  present  in  the  potential  wells 
and  the  degree  of  coupling  between  them.  The  detailed 
structure  of  the  device  may  be  modified,  i.e.  by  changing 
the  barrier  heights  and  the  widths  of  the  barriers  and 
wells,  without  significantly  affecting  the  modulation 

45  characteristics  so  long  as  the  energies  of  the  quasi-de- 
fined  energy  levels  and  the  degree  of  coupling  between 
them  remain  substantially  the  same. 

The  operational  frequency  of  the  device  within  the 
micrometer  range  can  readily  be  varied  by  varying  the 

so  degree  of  coupling  between  the  energy  levels  with  ap- 
propriate  modifications  of  the  structure  of  the  potential 
barriers.  The  maximum  operating  frequency  is  limited 
by  the  maximum  separation  of  the  second  and  third  qua- 
si-defined  energy  levels  which  is  achieved  by  dispens- 

es  ing  with  the  barrier  separating  the  second  and  third  wells 
so  as  to  form  a  single  well  with  two  strongly  coupled  en- 
ergy  levels,  and  by  the  maximum  barrier  height  which  is 
dependent  upon  the  material  from  which  the  barrier  is 

7 
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constructed.  The  minimum  operating  frequency  will  de- 
pend  upon  the  temperature  at  which  the  device  is  con- 
structed  to  operate  and  the  degree  of  control  with  which 
the  device  can  be  fabricated.  The  practical  limit  using 
current  technology  is  approximately  500  GHz,  but  there 
is  no  theoretical  lower  limit. 

The  large  negative  conductive  exhibited  by  the  de- 
vice  can  be  used  in  various  ways  to  produce  practical 
power  sources.  A  single  device,  or  a  number  of  devices 
arranged  in  parallel,  could  be  coupled  electromagneti- 
cally  to  a  resonance  structure  (for  example  a  dipole,  a 
wave  guide  cavity  or  a  transmission  line  resonator)  ar- 
ranged  so  that  the  resonator  provides  a  modulating  field 
across  the  device  and  thus  power  is  extracted  from  the 
modulating  field  by  virtue  of  the  negative  resistance 
characteristic. 

Two  devices  might  be  connected  in  series  with  one 
biassed  so  as  to  exhibit  negative  conductance  and  the 
other  biassed  to  exhibit  a  smaller  positive  conductance. 
Such  an  arrangement  will  be  unstable  and  oscillate  at  a 
frequency  in  the  micrometer  range.  The  alternating  elec- 
tric  and  magnetic  fields  associated  with  such  an  ar- 
rangement  may  be  coupled  to  an  external  system  or  di- 
rectly  to  free  space. 

The  basic  structure  of  figure  3  will  exhibit,  in  addition 
to  the  conductance  associated  with  the  modulation  of 
the  tunnelling  current,  admittances  associated  with  the 
capacitance  between  terminals  which  in  use  will  be  con- 
nected  on  either  side  of  the  active  region  and  with  the 
displacement  of  the  charge  carriers  between  the  wells 
within  the  device  structure.  The  latter  will  be  inductive 
when  the  structure  is  operating  in  the  negative  conduct- 
ance  mode.  The  relative  importance  of  the  tunnelling 
conductance  compared  with  the  capacitance  conduct- 
ances  may  be  increased  by  adding  a  region  of  undoped 
or  depleted  semiconductor  to  the  right  of  the  structure 
shown  in  Fig.  3.  The  thickness  of  this  region  is  limited 
by  the  velocity  of  the  charge  carriers  and  the  operating 
frequency. 

The  negative  conductance  can  also  be  used  to  am- 
plify  micrometer  radiation.  This  can  be  achieved  by  cou- 
pling  a  device  according  to  the  present  invention  elec- 
tromagnetically  to  a  bidirectional  or  unidirectional  prop- 
agating  structure,  for  example  a  waveguide  incorporat- 
ing  some  polarised  magnetic  material  or  optically  active 
material.  Using  this  system  it  would  be  possible  for  the 
device  to  increase  the  power  of  a  propagating  wave  as 
it  passed  along  the  structure  thereby  amplifying  it. 

The  response  of  the  device  shown  in  Fig.  3  to  ap- 
plied  fields  is  so  large  that  significant  non-linear  effects 
will  be  exhibited  with  voltages  across  the  device  as  small 
as  0.2  mV,  corresponding  to  electric  fields  of  the  order 
of  5  x  103  V/m.  This  non-linearity  may  be  used  in  a  de- 
tector  to  detect  the  presence  of  micrometer  radiation  by 
a  change  in  the  d.c.  current  through  the  device  at  con- 
stant  bias.  Such  a  detector  would  normally  be  used  in 
conjunction  with  a  resonant  structure  to  which  the  de- 
vice  is  coupled  in  order  to  increase  the  sensitivity  of  de- 

tection  and  to  provide  some  frequency  selectivity. 
The  large  non-linear  response  can  be  used  to 

achieve  frequency  multiplication  in  structures  similar  to 
that  of  Fig.  3  but  structured  to  define  more  than  3  quasi- 

5  defined  energy  levels.  For  instance,  a  structure  with  5 
wells  producing  two  quasi-defined  energy  levels  above 
and  below  the  dominant  state  will  provide  a  strong  sec- 
ond  harmonic  generation  and  may  exhibit  power  gain  if 
the  structure  of  the  device  is  fully  optimised. 

10  The  device  shown  in  Fig.  3  can  be  readily  be  used 
as  the  emitter  in  a  three  terminal  device  similar  to  a  tran- 
sistor.  In  such  a  device  the  current  associated  with  the 
capacitance  part  of  the  device  conductance  and  the 
transport  part  of  the  device  conductance  would  appear 

is  at  separate  terminals.  In  this  case  it  would  not  be  nec- 
essary  to  use  the  negative  conductance  characteristic 
of  the  structure  to  produce  power  gain.  A  three  terminal 
device  might  be  easier  to  incorporate  into  certain  de- 
signs  of  amplifiers  and  oscillators. 

20  It  will  be  appreciated  that  devices  constructed  in  ac- 
cordance  with  the  present  invention  may  be  used  in  dif- 
ferent  applications  to  those  described  above.  That  is  a 
device  having  the  essential  characteristics  of  the 
present  invention  and  therefore  being  operable  at  mi- 

25  crometer  wavelengths  has  many  potential  applications 
of  which  those  described  above  are  non-exhaustive  ex- 
amples. 

As  mentioned  above,  a  variety  of  materials  may  be 
used  to  fabricate  a  device  in  accordance  with  the 

30  present  invention  so  long  as  the  required  potential  bar- 
riers  and  potential  wells  are  formed.  Fig.  11  illustrates 
schematically  a  device  in  accordance  with  the  present 
invention  having  an  active  region  fabricated  from  semi- 
conductor  materials. 

35  Referring  to  Fig.  1  1  the  illustrated  device  comprises 
an  active  region  fabricated  from  alternating  layers  15  to 
21  of  Ga0  7AI0  3As  and  GaAs.  Layers  15,  17,  19  and  21 
are  composed  of  Ga0  7AI0  3As  and  form  the  required  po- 
tential  barriers,  and  layers  16,  18  and  20  are  composed 

40  of  GaAs  and  form  the  potential  wells.  The  thicknesses 
of  the  layers  1  5  to  21  are  respectively:  1  8  A;  60  A;  1  5  A; 
65  A;  25  A;  70  A;  and  25  A  (1  oA=1  nm).  Each  of  the  lay- 
ers  in  the  active  region  is  undoped. 

The  active  region  is  bounded  on  each  side  by  0.3 
45  micrometer  thick  layers  of  undoped  GaAs,  22  and  23 

respectively.  The  GaAs  layers  22  and  23  are  themselves 
bounded  by  layers  of  n-type  doped  GaAs  24  and  25 
which  have  a  doping  density  of  1018cnr3.  Electrical  ter- 
minals  26  and  27  are  connected  to  the  layers  of  GaAs 

so  24  and  25  respectively. 
The  layers  24  and  25  of  n-type  doped  GaAs  provide 

the  charge  carriers  for  the  tunnelling  current  through  the 
device.  The  purpose  of  the  undoped  layers  22  and  23 
is  to  space  the  active  region  from  the  doped  layers  24 

55  and  25  to  prevent  the  non-uniform  electric  field  which 
will  be  present  at  the  edges  of  the  doped  layers  24  and 
25  (using  currently  available  doping  techniques  it  is  not 
possible  to  precisely  locate  the  dopants  so  as  to  prevent 
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the  formation  of  this  field)  from  affecting  the  operation 
of  the  active  region.  It  will  be  appreciated  that  the  spacer 
layers  22  and  23  may  not  be  necessary  if  some  other 
source  of  charge  carriers  is  used,  or  if  the  doping  of  the 
layers  24  and  25  can  be  more  carefully  controlled.  s 

The  device  as  shown  in  Fig.  1  1  may  be  readily  fab- 
ricated  using  existing  methods  of  semiconductor  device 
manufacture.  The  device  will  exhibit  the  characteristics 
discussed  above  in  relation  to  Figs.  3  to  1  0,  but  will  have  2. 
a  different  operating  frequency.  As  mentioned  above  the  10 
device  may  be  used  in  a  number  of  ways  depending  on 
the  nature  of  the  external  circuitry  the  device  is  used  in 
conjunction  with. 

The  present  invention  therefore  provides  a  new  3. 
type  of  quantum  well  device,  which  in  particular  can  be  15 
readily  fabricated  from  existing  semiconductor  materi- 
als,  which  can  perform  a  whole  range  of  possible  func- 
tions  within  a  frequency  range,  particularly  those  fre-  4. 
quencies  associated  with  micrometer  radiation,  within 
which  existing  solid  state  devices  can  not  operate.  20 

Claims 

1.  A  quantum  well  device  having  an  active  region  25 
adapted  in  use  to  pass  a  tunnelling  current  of  5. 
charge  carriers,  the  active  region  comprising  layers 
of  material  forming  alternating  potential  barriers 
(4-7)  and  potential  wells  (1  -3)  arranged  so  as  to  de- 
fine  a  first  potential  well  (1  )  at  one  end  of  the  active  30 
region  having  regard  to  the  direction  of  flow  of  the 
tunnelling  current  and  a  further  structure  comprising 
at  least  a  second  potential  well  (2),  said  first  poten-  6. 
tial  well  defining  a  first  quasi-defined  energy  level 
and  the  further  structure  defining  second  and  third  35 
quasi-defined  energy  levels,  the  relative  heights 
and  thicknesses  of  the  potential  barriers  when  the 
device  is  in  use  being  structured  so  that  the  first  7. 
quasi-defined  energy  level  has  a  longer  lifetime 
than  the  second  and  third  quasi-defined  energy  lev-  40 
els  and  there  is  a  degree  of  coupling  between  the 
three  quasi-defined  energy  levels  which  is  strong-  8. 
est  between  the  second  and  third  quasi  defined  en- 
ergy  levels,  the  arrangement  being  such  that  the 
transmission  coefficient  through  the  active  region  45 
shows  a  resonance  peak  (8,  9,  10)  at  each  of  the 
energies  of  the  three  quasi-defined  energy  levels, 
the  first  resonance  peak  (9)  at  the  energy  of  the  first  9. 
quasi-defined  energy  level  being  greater  than  the 
second  and  third  resonance  peaks  (8,  1  0)  at  the  en-  so 
ergies  of  the  second  and  third  quasi-defined  energy 
levels  respectively,  and  that  when  the  tunnelling 
current  is  flowing  the  energy  of  the  first  quasi-de- 
fined  energy  level  lies  between  the  energies  of  the 
second  and  third  quasi-defined  energy  levels  but  is  55 
greater  or  less  than  the  average  of  the  energies  of 
the  second  and  third  energy  levels,  and  such  that  10, 
on  application  of  an  A.C.  field  to  the  device  an  al- 

ternating  current  will  flow  which  increases  when  the 
frequency  of  the  applied  A.C.  field  corresponds  to 
the  energy  difference  between  the  first  quasi-de- 
fined  energy  level  and  either  the  second  or  third 
quasi-defined  energy  levels  as  a  result  of  a  coupling 
between  the  first  resonance  peak  and  both  the  sec- 
ond  and  third  resonance  peaks. 

A  quantum  well  device  according  to  claim  1  ,  where- 
in  the  first  potential  well  (1)  is  defined  at  the  front 
end  of  the  active  region  having  regard  to  the  direc- 
tion  of  flow  of  the  tunnelling  current. 

A  quantum  well  device  according  to  claim  1  or  claim 
2,  wherein  the  second  and  third  quasi-defined  en- 
ergy  levels  are  defined  by  a  single  potential  well. 

A  quantum  well  device  according  to  claim  1  or  claim 
2,  wherein  the  further  structure  comprises  second 
and  third  potential  wells  (2,  3)  separated  by  a  po- 
tential  barrier  (6)  thinner  than  those  which  define  the 
first  quasi-defined  energy  level,  the  second  and 
third  potential  wells  defining  the  second  and  third 
quasi-defined  energy  levels  respectively. 

A  quantum  well  device  according  to  claim  3  or  claim 
4,  wherein  the  further  structure  defines  fourth  and 
fifth  quasi-defined  energy  levels  having  a  greater 
separation  in  energy  than  the  second  and  third  qua- 
si-defined  energy  levels  but  substantially  the  same 
average  energy. 

A  quantum  well  device  according  to  claim  5,  where- 
in  the  further  structure  comprises  fourth  and  fifth  po- 
tential  wells  which  define  the  fourth  and  fifth  quasi- 
defined  energy  levels  respectively. 

A  quantum  well  device  according  to  claim  5,  the 
fourth  and  fifth  quasi-defined  energy  levels  are  de- 
fined  by  a  single  potential  well. 

A  quantum  well  device  according  to  any  one  of 
claims  3  to  7,  wherein  the  further  structure  defines 
additional  pairs  of  energy  levels  of  successively 
greater  separation  in  energy  but  having  substantial- 
ly  the  same  average  energy. 

A  quantum  well  device  according  to  any  preceding 
claim,  wherein  first  semiconductor  regions  which 
are  doped  are  provided  on  either  side  of  the  active 
region  having  regard  to  the  direction  of  flow  of  the 
tunnelling  current,  the  composition  and  doping  of 
said  semiconductor  regions  being  such  as  to  pro- 
vide  a  flow  of  charge  carriers  through  the  device 
when  the  device  is  in  use. 

A  quantum  well  device  according  to  claim  9,  where- 
in  the  said  first  semiconductor  regions  are  fabricat- 

9 
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ed  from  n-type  GaAs. 

11.  A  quantum  well  device  according  to  claim  9  or  claim 
10,  wherein  second  regions  of  semiconductor  ma- 
terial  which  are  undoped  are  provided  between  said  s 
first  regions  of  semiconductor  material  and  the  ac- 
tive  region  of  the  device  to  prevent  variations  in  the 
electric  field  at  the  edges  of  the  first  semiconductor 
regions  from  having  a  significant  effect  of  the  active 
region.  10 

12.  A  quantum  well  device  according  to  any  preceding 
claim,  wherein  a  region  of  undoped  or  depleted 
semiconductor  material  is  provided  adjacent  the 
back  end  of  the  active  region  having  regard  to  the  15 
direction  of  flow  of  the  tunnelling  current  through  the 
device,  whereby  the  tunnelling  conductance  of  the 
device  is  increased  relative  to  the  capacitance  con- 
ductance  of  the  active  region. 

20 
13.  A  quantum  well  device  according  to  any  preceding 

claim,  wherein  the  active  region  is  constructed  so 
that  the  half  height  width  of  the  transmission  peak 
associated  with  the  first  quasi-defined  energy  level 
is  substantially  smaller  than  the  half  height  width  of  25 
the  transmission  peaks  associated  with  the  second 
and  third  quasi-defined  energy  levels  respectively. 

14.  A  quantum  well  device  according  to  any  preceding 
claim,  wherein  the  active  region  is  constructed  so  30 
that  the  energies  of  the  first  second  and  third  quasi- 
defined  energy  levels  are  nearly  equal. 

15.  A  quantum  well  device  according  to  any  preceding 
claim,  wherein  the  active  region  lies  between  re-  35 
gions  of  material  the  composition  of  which  is  such 
that  the  potential  energy  of  the  charge  carriers  at 
one  side  of  the  active  region  is  raised  with  respect 
to  the  potential  wells  and  the  potential  energy  of  the 
charge  carriers  at  the  other  side  of  the  active  region  40 
is  lowered  with  respect  to  the  potential  wells  such 
that  charge  carriers  only  enter  the  active  region  via 
said  one  side  and  leave  via  said  other  side. 

16.  A  quantum  well  device  according  to  any  preceding  45 
claim,  wherein  the  energy  of  the  first  quasi-defined 
energy  level  is  nearly  the  same  as  the  average  of 
the  energies  of  the  second  and  third  quasi-defined 
energy  levels. 

50 
17.  A  quantum  well  device  according  to  any  preceding 

claim,  wherein  the  active  region  is  fabricated  from 
layers  of  semiconductor  material. 

18.  A  quantum  well  device  according  to  claim  17,  55 
wherein  the  potential  barriers  are  formed  by  layers 
of  GaAIAs  and  the  potential  wells  are  formed  by  lay- 
ers  of  GaAs. 

1.  Quantentopfvorrichtung  mit  einem  aktiven  Bereich, 
derdazu  angepaBt  ist,  bei  einer  Verwendung  einen 
Tunnelstrom  von  Ladungstragern  durchzulassen, 
wobei  deraktive  Bereich  Materialschichten  umfaBt, 
die  alternierende  Potentialbarrieren  (4  -  7)  und  Po- 
tentialtopfe  (1  -  3)  bilden,  die  so  angeordnet  sind, 
dal3  sie  einen  ersten  Potentialtopf  (1)  relativ  zur 
FlieBrichtung  des  Tunnelstroms  an  einem  Ende  des 
aktiven  Bereichs  und  eine  weitere  Struktur,  die  min- 
destens  einen  zweiten  Potentialtopf  (2)  umfaBt,  de- 
finieren,  wobei  der  erste  Potentialtopf  ein  erstes 
quasidefiniertes  Energieniveau  definiert  und  die 
weitere  Struktur  ein  zweites  und  ein  drittes  quasi- 
definiertes  Energieniveau  definiert,  wobei  die  rela- 
tiven  Hohen  und  Breiten  der  Potentialbarrieren  bei 
einer  Verwendung  der  Vorrichtung  so  strukturiert 
sind,  dal3  das  erste  quasidefinierte  Energieniveau 
eine  langere  Lebensdauer  hat  als  das  zweite  und 
das  dritte  quasidefinierte  Energieniveau  und  dal3 
ein  gewisses  Mal3  von  Kopplung  zwischen  den  drei 
quasidefinierten  Energieniveaus  auftritt,  die  zwi- 
schen  dem  zweiten  und  dem  dritten  quasidefinier- 
ten  Energieniveau  am  starksten  ist,  wobei  die  An- 
ordnung  eine  solche  ist,  dal3  der  Transmissionsko- 
effizient  durch  den  aktiven  Bereich  bei  jeder  der  En- 
ergien  der  drei  quasidefinierten  Energieniveaus  ei- 
ne  Resonanzspitze  (8,  9,  10)  zeigt,  wobei  die  erste 
Resonanzspitze  (9)  bei  der  Energie  des  ersten  qua- 
sidefinierten  Energieniveaus  groBer  ist  als  die  zwei- 
te  und  die  dritte  Resonanzspitze  (8,  1  0)  bei  den  En- 
ergien  des  zweiten  bzw.  des  dritten  quasidefinierten 
Energieniveaus,  und  dal3  dann,  wenn  der  Tunnel- 
strom  flieBt,  die  Energie  des  ersten  quasidefinierten 
Energieniveaus  zwischen  den  Energien  des  zwei- 
ten  und  des  dritten  quasidefinierten  Energieniveaus 
liegt,  aber  groBer  oder  kleiner  ist  als  der  Mittelwert 
der  Energien  des  zweiten  und  des  dritten  Energie- 
niveaus,  und  eine  solche,  dal3  bei  einer  Anwendung 
eines  Wechselstromfeldes  auf  die  Vorrichtung  ein 
Wechselstrom  flieBt,  der  sich  infolge  der  Kopplung 
zwischen  der  ersten  Resonanzspitze  und  sowohl 
der  zweiten  als  auch  der  dritten  Resonanzspitze 
verstarkt,  wenn  die  Frequenz  des  angewandten 
Wechselstromfeldes  der  Energiedifferenz  zwi- 
schen  dem  ersten  quasidefinierten  Energieniveau 
und  entweder  dem  zweiten  oder  dem  dritten  quasi- 
definierten  Energieniveau  entspricht. 

2.  Quantentopfvorrichtung  nach  Anspruch  1  ,  bei  der 
der  erste  Potentialtopf  (1)  relativ  zur  FlieBrichtung 
des  Tunnelstroms  am  vorderen  Ende  des  aktiven 
Bereichs  definiert  ist. 

3.  Quantentopfvorrichtung  nach  Anspruch  1  oder  An- 
spruch  2,  bei  der  das  zweite  und  das  dritte  quasi- 
definierte  Energieniveau  durch  einen  einzigen  Po- 
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tentialtopf  definiert  sind. 

4.  Quantentopfvorrichtung  nach  Anspruch  1  oder  An- 
spruch  2,  bei  der  die  weitere  Struktur  einen  zweiten 
und  einen  dritten  Potentialtopf  (2,  3)  umfaBt,  die  s 
durch  eine  Potentialbarriere  (6)  getrennt  sind,  die 
schmaler  ist  als  diejenigen,  die  das  erste  quaside- 
finierte  Energieniveau  definieren,  wobei  der  zweite 
und  der  dritte  Potentialtopf  das  zweite  bzw.  das  drit- 
te  quasidefinierte  Energieniveau  definieren.  10 

5.  Quantentopfvorrichtung  nach  Anspruch  3  oder  An- 
spruch  4,  bei  der  die  weitere  Struktur  ein  viertes  und 
ein  f  unftes  quasidefiniertes  Energieniveau  definiert, 
die  eine  groBere  Energietrennung  als  das  zweite  15 
und  das  dritte  quasidefinierte  Energieniveau,  aber 
im  wesentlichen  den  gleichen  Energiemittelwert 
aufweisen. 

6.  Quantentopfvorrichtung  nach  Anspruch  5,  bei  der  20 
die  weitere  Struktur  einen  vierten  und  einen  funften 
Potentialtopf  umfaBt,  die  das  vierte  bzw.  das  funfte 
quasidefinierte  Energieniveau  definieren. 

7.  Quantentopfvorrichtung  nach  Anspruch  5,  bei  der  25 
das  vierte  und  das  funfte  quasidefinierte  Energieni- 
veau  durch  einen  einzigen  Potentialtopf  definiert 
sind. 

8.  Quantentopfvorrichtung  nach  einem  der  Anspruche  30 
3  bis  7,  bei  der  die  weitere  Struktur  zusatzliche  En- 
ergieniveaupaare  definiert,  die  eine  sukzessiv  gro- 
wer  werdende  Energietrennung,  aber  im  wesentli- 
chen  den  gleichen  Energiemittelwert  aufweisen. 

35 
9.  Quantentopfvorrichtung  nach  einem  der  vorherge- 

henden  Anspruche,  bei  der  relativ  zur  FlieBrichtung 
des  Tunnelstroms  auf  beiden  Seiten  des  aktiven 
Bereichs  erste  Halbleiterbereiche,  die  dotiert  sind, 
bereitgestellt  werden,  wobei  die  Zusammenset-  40 
zung  und  die  Dotierung  dieser  Halbleiterbereiche 
eine  solche  ist,  dal3  bei  einer  Verwendung  der  Vor- 
richtung  ein  Flul3  von  Ladungstragern  durch  die 
Vorrichtung  bereitgestellt  wird. 

45 
10.  Quantentopfvorrichtung  nach  Anspruch  9,  bei  der 

die  genannten  ersten  Halbleiterbereiche  aus  n-lei- 
tendem  GaAs  hergestellt  sind. 

11.  Quantentopfvorrichtung  nach  Anspruch  9  oder  An-  so 
spruch  10,  bei  der  zwischen  den  genannten  ersten 
Bereichen  aus  Halbleitermaterial  und  dem  aktiven 
Bereich  der  Vorrichtung  zweite  Bereiche  aus  Halb- 
leitermaterial,  die  undotiert  sind,  bereitgestellt  wer- 
den,  urn  zu  verhindern,  dal3  Schwankungen  des  55 
elektrischen  Feldes  an  den  Randern  der  ersten 
Halbleiterbereiche  eine  signifikante  Wirkung  auf 
den  aktiven  Bereich  haben. 

12.  Quantentopfvorrichtung  nach  einem  der  vorherge- 
henden  Anspruche,  bei  der  relativ  zur  FlieBrichtung 
des  Tunnelstroms  durch  die  Vorrichtung  angren- 
zend  an  das  hintere  Ende  des  aktiven  Bereichs  ein 
Bereich  undotierten  bzw.  verarmten  Halbleiterma- 
terials  bereitgestellt  wird,  wodurch  der  Tunnelleit- 
wert  der  Vorrichtung  relativ  zum  kapazitiven  Leit- 
wert  des  aktiven  Bereichs  erhoht  wird. 

13.  Quantentopfvorrichtung  nach  einem  der  vorherge- 
henden  Anspruche,  bei  der  der  aktive  Bereich  so 
aufgebaut  ist,  dal3  die  Halbwertsbreite  der  Trans- 
missionsspitze,  die  mit  dem  ersten  quasidefinierten 
Energieniveau  assoziiert  ist,  wesentlich  kleiner  ist 
als  die  Halbwertsbreite  der  Transmissionsspitzen, 
die  mit  dem  zweiten  bzw.  mit  dem  dritten  quaside- 
finierten  Energieniveau  assoziiert  sind. 

14.  Quantentopfvorrichtung  nach  einem  der  vorherge- 
henden  Anspruche,  bei  der  der  aktive  Bereich  so 
aufgebaut  ist,  dal3  die  Energien  des  ersten,  des 
zweiten  und  des  dritten  quasidefinierten  Energieni- 
veaus  nahezu  gleich  sind. 

15.  Quantentopfvorrichtung  nach  einem  der  vorherge- 
henden  Anspruche,  bei  der  der  aktive  Bereich  zwi- 
schen  Materialbereichen  liegt,  deren  Zusammen- 
setzung  eine  solche  ist,  dal3  die  potentielle  Energie 
der  Ladungstrager  an  einer  Seite  des  aktiven  Be- 
reichs  relativ  zu  den  Potentialtopfen  erhoht  ist  und 
die  potentielle  Energie  der  Ladungstrager  an  der 
anderen  Seite  des  aktiven  Bereichs  relativ  zu  den 
Potentialtopfen  verringert  ist,  so  dal3  Ladungstrager 
nur  iiber  die  genannte  eine  Seite  in  den  aktiven  Be- 
reich  eintreten  und  iiber  die  genannte  andere  Seite 
daraus  austreten. 

16.  Quantentopfvorrichtung  nach  einem  der  vorherge- 
henden  Anspruche,  bei  der  die  Energie  des  ersten 
quasidefinierten  Energieniveaus  nahezu  gleich 
dem  Mittelwert  der  Energien  des  zweiten  und  des 
dritten  quasidefinierten  Energieniveaus  ist. 

17.  Quantentopfvorrichtung  nach  einem  der  vorherge- 
henden  Anspruche,  bei  der  der  aktive  Bereich  aus 
Halbleitermaterialschichten  hergestellt  ist. 

18.  Quantentopfvorrichtung  nach  Anspruch  17,  bei  der 
die  Potentialbarrieren  durch  GaAIAs-Schichten  ge- 
bildet  werden  und  die  Potentialtopfe  durch  GaAs- 
Schichten  gebildet  werden. 

Revendications 

1.  Dispositif  a  puits  quantiques  possedant  une  region 
active  concue,  lorsque  le  dispositif  est  utilise,  pour 
laisser  passer  un  courant  de  penetration  par  effet 
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tunnel  de  porteurs  de  charge,  la  region  active  com-  4. 
prenant  des  couches  d'une  matiere  formant,  en  al- 
ternance,  des  barrieres  de  potentiels  (4-7)  et  des 
puits  de  potentiels  (1  -3)  arranges  de  facon  a  definir 
un  premier  puits  de  potentiel  (1  )  a  une  extremite  de  s 
la  region  active  lorsqu'on  se  refere  a  la  direction  de 
circulation  du  courant  de  penetration  par  effet  tun- 
nel  et  une  structure  supplemental  comprenant  au 
moins  un  second  puits  de  potentiel  (2),  ledit  premier 
puits  de  potentiel  definissant  un  premier  niveau  10 
energetique  quasi-defini  et  la  structure  supplemen-  5. 
taire  definissant  des  deuxieme  et  troisieme  niveaux 
energetiques  quasi-definis,  les  hauteurs  et  les 
epaisseurs  relatives  des  barrieres  de  potentiels, 
lorsque  le  dispositif  est  utilise,  etant  structurees  de  15 
telle  sorte  que  le  premier  niveau  energetique  quasi- 
defini  possede  une  duree  de  vie  plus  longue  que 
celle  des  deuxieme  et  troisieme  niveaux  energeti- 
ques  quasi-definis  et  de  telle  sorte  qu'un  degre  de  6. 
couplage  existe  entre  les  trois  niveaux  energeti-  20 
ques  quasi-definis,  qui  est  le  plus  fort  entre  les 
deuxieme  et  troisieme  niveaux  energetiques  quasi- 
definis,  I'arrangement  etant  tel  que  le  coefficient  de 
transmission  a  travers  la  region  active  presente  un 
pic  de  resonance  (8,  9,  1  0)  a  chacune  des  energies  25  7. 
des  trois  niveaux  energetiques  quasi-definis,  le  pre- 
mier  pic  de  resonance  (9)  a  I'energie  du  premier  ni- 
veau  energetique  quasi-defini  etant  superieur  aux 
deuxieme  et  troisieme  pics  de  resonance  (8,  10) 
aux  energies  des  deuxieme  et  troisieme  niveaux  30  8. 
energetiques  quasi-definis,  respectivement,  et  en 
ce  que,  lorsque  le  courant  de  penetration  par  effet 
tunnel  circule,  I'energie  du  premier  niveau  energe- 
tique  quasi-defini  se  situe  entre  les  energies  des 
deuxieme  et  troisieme  niveaux  energetiques  quasi-  35 
definis,  mais  est  superieure  ou  inferieure  a  la 
moyenne  des  energies  des  deuxieme  et  troisieme  9. 
niveaux  energetiques,  et  de  telle  sorte  que,  lors- 
qu'on  applique  un  champ  de  courant  alternatif  sur 
le  dispositif,  un  courant  alternatif  va  circuler,  qui  40 
augmente  lorsque  la  frequence  du  champ  de  cou- 
rant  alternatif  applique  correspond  a  la  difference 
d'energie  entre  le  premier  niveau  energetique  qua- 
si-defini  et,  soit  le  deuxieme,  soit  le  troisieme  niveau 
energetique  quasi-defini  suite  au  couplage  realise  45 
entre  le  premier  pic  de  resonance  et  a  la  fois  le 
deuxieme  et  le  troisieme  pic  de  resonance. 

10 
2.  Dispositif  a  puits  quantiques  selon  la  revendication 

1,  dans  lequel  le  premier  puits  de  potentiel  (1)  est  so 
defini  a  I'extremite  frontale  de  la  region  active  lors- 
qu'on  se  refere  a  la  direction  de  circulation  du  cou- 
rant  de  penetration  par  effet  tunnel.  11 

3.  Dispositif  a  puits  quantiques  selon  la  revendication  55 
1  ou  2,  dans  lequel  les  deuxieme  et  troisieme  ni- 
veaux  energetiques  quasi-definis  sont  definis  par 
un  seul  puits  de  potentiel. 

Dispositif  a  puits  quantiques  selon  la  revendication 
1  ou  2,  dans  lequel  la  structure  supplemental 
comprend  des  deuxieme  et  troisieme  puits  de  po- 
tentiels  (2,  3)  separes  par  une  barriere  de  potentiel 
(6)  plus  mince  que  celles  qui  definissent  le  premier 
niveau  energetique  quasi-defini,  les  deuxieme  et 
troisieme  puits  de  potentiels  definissant  les  deuxie- 
me  et  troisieme  niveaux  enerqetiques  quasi-definis, 
respectivement. 

Dispositif  a  puits  quantiques  selon  la  revendication 
3  ou  4,  dans  lequel  la  structure  supplemental  de- 
finit  des  quatrieme  et  cinquieme  niveaux  energeti- 
ques  quasi-definis  possedant  une  separation  en 
energie  superieure  a  celle  des  deuxieme  et  troisie- 
me  niveaux  energetiques  quasi-definis,  mais  es- 
sentiellement  la  meme  energie  moyenne. 

Dispositif  a  puits  quantiques  selon  la  revendication 
5,  dans  lequel  la  structure  supplemental  com- 
prend  des  quatrieme  et  cinquieme  puits  de  poten- 
tiels  qui  definissent  les  quatrieme  et  cinquieme  ni- 
veaux  energetiques  quasi-definis,  respectivement. 

Dispositif  a  puits  quantiques  selon  la  revendication 
5,  dans  lequel  les  quatrieme  et  cinquieme  niveaux 
energetiques  quasi-definis  sont  definis  par  un  seul 
puits  de  potentiel. 

Dispositif  a  puits  quantiques  selon  I'une  quelconque 
des  revendications  3  a  7,  dans  lequel  la  structure 
supplemental  definit  des  paires  supplementaires 
de  niveaux  energetiques  possedant  une  separation 
en  energie  successivement  superieure,  mais  pos- 
sedant  essentiellement  la  meme  energie  moyenne. 

Dispositif  a  puits  quantiques  selon  I'une  quelconque 
des  revendications  precedentes,  dans  lequel  des 
premieres  regions  semi-conductrices,  qui  sont  do- 
pees,  sont  prevues  de  part  et  d'autre  de  la  region 
active  lorsqu'on  se  refere  a  la  direction  de  circula- 
tion  du  courant  de  penetration  par  effet  tunnel,  la 
composition  et  le  dopage  desdites  regions  semi- 
conductrices  etant  tels  que  Ton  obtient  un  courant 
de  porteurs  de  charge  a  travers  le  dispositif  lorsque 
le  dispositif  est  utilise. 

Dispositif  a  puits  quantiques  selon  la  revendication 
9,  dans  lequel  lesdites  premieres  regions  semi-con- 
ductrices  sont  fabriquees  a  partir  de  GaAs  de  type 
N. 

Dispositif  a  puits  quantiques  selon  la  revendication 
9  ou  10,  dans  lequel  on  prevoit  des  secondes  re- 
gions  de  matieres  semi-conductrices  qui  ne  sont 
pas  dopees,  entre  lesdites  premieres  regions  de 
matieres  semi-conductrices  et  la  region  active  du 
dispositif  pour  empecher  des  variations  dans  le 
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champ  electrique  aux  bords  des  premieres  regions 
semi-conductrices  d'avoir  un  effet  significatif  sur  la 
region  active. 

1  2.  Dispositif  a  puits  quantiques  selon  I'une  quelconque 
des  revendications  precedentes,  dans  lequel  on 
prevoit  une  region  d'une  matiere  semi-conductrice 
non  dopee  ou  appauvrie  en  position  adjacente  a 
I'extremite  dorsale  de  la  region  active  lorsqu'on  se 
refere  a  la  direction  de  circulation  du  courant  de  pe- 
netration  par  effet  tunnel  a  travers  le  dispositif,  si 
bien  que  Ton  augmente  la  conductance  de  penetra- 
tion  du  dispositif  par  effet  tunnel  par  rapport  a  la  ca- 
pacitance/conductance  de  la  region  active. 

1  3.  Dispositif  a  puits  quantiques  selon  I'une  quelconque 
des  revendications  precedentes,  dans  lequel  la  re- 
gion  active  est  construite  de  telle  sorte  que  la  lar- 
geur  a  mi-hauteur  du  pic  de  transmission  associe 
au  premier  niveau  energetique  quasi-defini  est  es- 
sentiellement  inferieure  a  la  largeur  a  mi-hauteur 
des  pics  de  transmission  associes  aux  deuxieme  et 
troisieme  niveaux  energetiques  quasi-definis,  res- 
pectivement. 

1  4.  Dispositif  a  puits  quantiques  selon  I'une  quelconque 
des  revendications  precedentes,  dans  lequel  la  re- 
gion  active  est  construite  de  telle  sorte  que  les  ener- 
gies  des  premier,  deuxieme  et  troisieme  niveaux 
energetiques  quasi-definis  sont  approximativement 
egales. 

1  5.  Dispositif  a  puits  quantiques  selon  I'une  quelconque 
des  revendications  precedentes,  dans  lequel  la  re- 
gion  active  se  situe  entre  des  regions  de  matieres 
dont  la  composition  est  telle  que  I'energie  potentiel- 
le  des  porteurs  de  charge  d'un  cote  de  la  region  ac- 
tive  augmente  par  rapport  aux  puits  de  potentiels, 
et  I'energie  potentielle  des  porteurs  de  charge  de 
I'autre  cote  de  la  region  active  diminue  par  rapport 
aux  puits  de  potentiels  de  telle  sorte  que  les  por- 
teurs  de  charge  ne  penetrant  dans  la  region  active 
que  via  ledit  premier  cote  et  ne  la  quittent  que  via 
ledit  autre  cote. 

1  6.  Dispositif  a  puits  quantiques  selon  I'une  quelconque 
des  revendications  precedentes,  dans  lequel  I'ener- 
gie  du  premier  niveau  energetique  quasi-defini  est 
approximativement  la  meme  que  la  moyenne  des 
energies  des  deuxieme  et  troisieme  niveaux  ener- 
getiques  quasi-definis. 

1  7.  Dispositif  a  puits  quantiques  selon  I'une  quelconque 
des  revendications  precedentes,  dans  lequel  la  re- 
gion  active  est  fabriquee  a  partir  de  couches  d'une 
matiere  semi-conductrice. 

18.  Dispositif  a  puits  quantiques  selon  la  revendication 

17,  dans  lequel  les  barrieres  de  potentiels  sont  for- 
mees  par  des  couches  de  GaAIAs  et  les  puits  de 
potentiels  sont  formes  par  des  couches  de  GaAs. 
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