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(§)  Semiconductor  device  for  generating  an  electron  current. 

3  7 ,  ©  The  efficiency  of  semiconductor  cathodes  based 
on  avalanche  breakdown  is  enhanced  by  using  "5- 
doping"  structures.  The  quantisation  effects  intro- 
duced  thereby  decrease  the  effective  work  function. 
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Semiconductor  device  for  generating  an  electron  current. 

The  invention  relates  to  a  semiconductor  de- 
vice  for  generating  an  electron  current,  comprising 
a  cathode  having  a  semiconductor  body  with  at 
least  an  n-type  semiconductor  region  and  a  first  p- 
type  semiconductor  region,  in  which  electrons  leav- 
ing  the  semiconductor  body  at  a  surface  can  be 
generated  in  said  body  by  giving  the  n-type  region 
a  positive  bias  with  respect  to  the  p-type  region. 

The  invention  also  relates  to  a  pick-up  tube 
and  a  display  device  provided  with  such  a  semi- 
conductor  device. 

Semiconductor  devices  of  the  type  described 
in  the  opening  paragraph  are  known  from  Nether- 
lands  Patent  Application  7905470  (PHN  9532)  in 
the  name  of  the  Applicant. 

They  are  used,  inter  alia,  in  cathode  ray  tubes 
in  which  they  replace  the  conventional  thermionic 
cathode  in  which  electron  emission  is  generated  by 
heating.  In  addition  they  are  used  in,  for  example, 
apparatus  for  electron  microscopy.  In  addition  to 
the  high  energy  consumption  for  the  purpose  of 
heating,  thermionic  cathodes  have  the  drawback 
that  they  are  not  immediately  ready  for  operation 
because  they  have  to  be  heated  sufficiently  before 
emission  occurs.  Moreover,  the  cathode  material  is 
eventually  lost  due  to  evaporation,  so  that  these 
cathodes  have  a  limited  lifetime. 

In  order  to  avoid  the  heating  source  which  is 
troublesome  in  practice  and  also  to  mitigate  the 
other  drawbacks,  research  has  been  done  in  the 
field  of  cold  cathodes. 

The  cold  cathodes  known  from  the  above-men- 
tioned  Patent  Application  are  based  on  the  emis- 
sion  of  electrons  from  the  semiconductor  body 
when  a  pn  junction  is  operated  in  the  reverse 
direction  in  such  a  manner  that  avalanche  mul- 
tiplication  occurs.  Some  electrons  may  then  obtain 
as  much  kinetic  energy  as  is  required  to  exceed 
the  electron  work  function;  these  electrons  are  then 
liberated  on  the  surface  and  thus  supply  an  elec- 
tron  current. 

Moreover,  the  cathodes  described  in  said  Pat- 
ent  Application  are  provided  with  an  acceleration  or 
gate  electrode. 

In  this  type  of  cathodes  the  aim  is  to  have  a 
maximum  possible  efficiency,  which  can  be 
achieved,  inter  alia,  by  a  minimum  possible  work 
function  for  the  electrons.  The  latter  is  realised,  for 
example,  by  providing  the  surface  of  the  cathode 
with  a  layer  of  material  which  decreases  the  work 
function.  Cesium  is  preferably  used  for  this  pur- 
pose  because  it  produces  a  maximum  decrease  of 
the  electron  work  function. 

However,  the  use  of  cesium  may  have 
drawbacks.  For  example,  cesium  is  very  sensitive 

to  the  presence  (in  its  ambiance)  of  oxidising  gases 
(water  vapour,  oxygen,  CO2).  Moreover,  cesium  is 
fairly  volatile,  which  may  be  detrimental  in  those 
uses  in  which  substrates  or  compounds  are  present 

5  in  the  vicinity  of  the  cathode  such  as  may  be  the 
case,  for  example,  in  electron  lithography  or  elec- 
tron  microscopy.  The  evaporated  cesium  may  then 
precipitate  on  these  objects. 

In  order  to  try  and  avoid  these  problems,  Neth- 
70  erlands  Patent  Application  no.  8600675  (PHN 

11.670)  in  the  name  of  the  Applicant  proposes  to 
provide  an  intrinsic  semiconductor  layer  between 
the  p-type  region  and  the  n-type  region. 

The  substantially  intrinsic  layer  introduces  in 
75  the  semiconductor  device  a  region  which  in  the 

operating  condition  is  completely  depleted  and  in 
which  a  maximum  field  strength  prevails  substan- 
tially  throughout  this  region.  As  a  result,  the  elec- 
trons  are  generated  earlier  and  at  a  higher  potential 

20  energy,  while  the  generated  electrons  in  the  intrin- 
sic  part  undergo  a  slight  scattering  of  ionised  dop- 
ant  atoms  so  that  the  effective  free  path  length  is 
increased. 

Since  alsot  electron  emission  is  then  possible 
25  as  a  result  of  the  tunnel  effect,  a  higher  efficiency 

is  achieved. 
It  is  one  of  the  objects  of  the  present  invention 

to  enhance  the  efficiency  of  such  a  semiconductor 
cathode  in  a  different  manner. 

30  To  this  end  a  semiconductor  device  according 
to  the  invention  is  characterized  in  that  the  n-type 
region  has  a  thickness  of  at  most  4  nanometers. 
This  thickness  is  preferably  smaller  than  2  nano- 
meters. 

35  The  invention  is  based,  inter  alia,  on  the  rec- 
ognition  that  quantisation  effects  occur  at  such  a 
small  thickness  (one  or  several  atomic  layers)  so 
that  the  effective  work  function  is  decreased. 

It  is  also  based  on  the  recognition  that  the 
40  factor  e"d/X  (X:  free  path  length)  which  also  influ- 

ences  the  efficiency  becomes  considerably  larger 
due  to  a  smaller  thickness. 

The  use  of  such  regions  with  a  thickness  of 
one  or  several  atomic  layers  is  possible  by  provid- 

45  ing  so-called  "S-doping"  or  "Planar  Doping"  struc- 
tures.  Such  an  n-type  (or  p-type)  layer  may  com- 
prise  a  partly  intrinsic  top  layer  due  to  the  special 
way  of  providing  the  structures.  Where  this  Ap- 
plication  refers  to  thin  n-type  or  p-type  layers,  such 

50  a  double  layer  of  an  n-type  or  p-type  layer  and  a 
thin  intrinsic  layer  is  also  included.  An  intrinsic 
layer  is  then  understood  to  mean  a  v-type  or  w-type 
layer  with  a  doping  of  at  most  5.1  01G  atoms/cm3. 

To  enhance  the  efficiency  to  a  further  extent, 
the  thin  n-type  layer  may  also  be  deliberately  sep- 
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arated  from  the  p-type  region  by  an  intrinsic  semi- 
conductor  layer,  similarly  as  described  in  Nether- 
lands  Patent  Application  no.  8600675  (PHN  1  1  .670) 
in  the  name  of  the  Applicant. 

The  above-mentioned  quantisation  effects  also 
occur  if  the  thin  n-type  layer  is  present  between 
two  p-type  regions. 

A  preferred  embodiment  of  the  invention  is 
therefore  characterized  in  that  the  n-type  region  is 
present  between  the  first  ptype  region  and  a  sec- 
ond  p-type  surface  region. 

This  second  p-type  surface  region  has  prefer- 
ably  also  a  thickness  of  at  most  4  nanometers.  An 
additional  advantage  of  such  a  device  is  that,  nota- 
bly  for  silicon,  the  distance  between  the  bottom  of 
the  conduction  band  and  the  vacuum  level  at  some 
distance  from  the  surface  is  lower  for  p-type  silicon 
than  for  n-type  silicon.  The  second  p-type  surface 
region  preferably  has  a  thickness  of  at  most  2 
micrometers,  for  example,  by  forming  it  again  as  a 
"Planar  Doping"  structure.  A  part  of  the  first  p-type 
region  may  also  be  realised  in  such  a  manner. 

Another  preferred  embodiment  of  a  semicon- 
ductor  device  according  to  the  invention  is  char- 
acterized  in  that  the  surface  has  an  electrically 
insulating  layer  in  which  at  least  one  aperture  is 
provided,  while  at  least  one  acceleration  electrode 
is  arranged  on  the  insulating  layer  at  the  edge  of 
the  aperture,  and  the  semiconductor  structure,  at 
least  within  the  aperture,  locally  has  a  lower  break- 
down  voltage  than  the  other  part  of  the  semicon- 
ductor  structure. 

Similar  advantages  (electron  beams  with  a  nar- 
row  energy  spectrum,  lens  action)  as  described  in 
Netherlands  Patent  Application  no.  7905470  can  be 
obtained  by  providing  the  semiconductor  structure 
with  such  an  acceleration  electrode.  For  electron- 
optical  functions  the  acceleration  electrode  may  be 
split  up  or,  if  necessary,  an  extra  electrode  may  be 
arranged  around  the  acceleration  electrode. 

A  cathode  according  to  the  invention  may  be 
advantageously  used  in  a  pick-up  tube,  while  there 
are  also  various  uses  for  a  display  device  compris- 
ing  a  semiconductor  cathode  according  to  the  in- 
vention.  One  use  is,  for  example,  a  display  tube 
having  a  fluorescent  screen  which  is  activated  by 
the  electron  current  originating  from  the  semicon- 
ductor  device. 

Some  embodiments  of  the  invention  will  now 
be  described  in  greater  detail  by  way  of  example 
with  reference  to  the  accompanying  drawing  in 
which 

Fig.  1  diagrammatically  shows  a  comparison 
between  the  structure  of  a  semiconductor  device 
according  to  the  invention  and  that  of  the  device 
described  in  Netherlands  Patent  Application  no. 
7905470. 

Fig.  2  diagrammatically  shows  a  comparison 

of  the  associated  prevailing  field  strength  in  the 
semiconductor  body, 

Fig.  3  shows  diagrammatically  the  associ- 
ated  energy  diagrams,  while 

5  Fig.  4  shows  diagrammatically  another  struc- 
ture  of  a  semiconductor  device  according  to  the 
invention,  and 

Fig.  5  shows  some  energy  diagrams  asso- 
ciated  with  the  'semiconductor  device  of  Fig.  4. 

10  The  Figures  are  shown  diagrammatically  and 
are  not  to  scale,  in  which  for  the  sake  of  clarity 
particularly  the  dimensions  in  the  direction  of  thick- 
ness  have  been  greatly  exaggerated.  Semiconduc- 
tor  zones  of  the  same  conductivity  type  are  gen- 

re  erally  shaded  in  the  same  direction;  corresponding 
parts  in  the  Figures  are  generally  indicated  by  the 
same  reference  numerals. 

The  advantages  of  a  semiconductor  device  ac- 
cording  to  the  invention  will  now  be  described  with 

20  reference  to  Figs.  1  to  3  and  compared  with  those 
as  described  in  Netherlands  Patent  Application  no. 
7905470.  The  device  described  in  this  Application 
(Fig.  1a)  comprises  at  a  main  surface  2  of  a  semi- 
conductor  body  1  an  n-type  surface  region  3  con- 

25  stituting  a  pn  junction  8  with  a  p-type  region  4.  The 
regions  3  and  4  may  be  biased  in  the  reverse 
direction  with  respect  to  each  other  so  that  ava- 
lanche  multiplication  occurs.  A  part  of  the  electrons 
which  are  then  liberated  may  then  obtain  as  much 

30  energy  as  is  required  to  be  emitted  from  the  semi- 
conductor  body. 

In  a  first  device  according  to  the  invention  (Fig. 
1  b)  the  n-type  surface  region  3  has  a  thickness  of 
at  most  4  nanometers  (for  example,  2  nanometers). 

35  For  the  sake  of  the  example  it  has  been  assumed 
for  the  device  of  Fig.  1  that  the  p-type  region  4  is 
completely  depleted  during  use.  The  p-type  re- 
gions  are  possibly  contacted  via  a  p  region  5. 

Fig.  2  shows  diagrammatically  the  variation  of 
40  the  field  strength  for  the  two  devices.  For  the 

devices  of  Fig.  1  a  maximum  field  occurs  at  the 
area  of  the  pn  junction  8,  which  field  decreases  to 
the  value  of  zero  on  both  sides  of  the  junction  at 
the  edges  of  the  depletion  zone  (line  a,  b).  Such  a 

45  field  variation  leads  to  an  electron  energy  diagram 
as  is  shown  by  means  of  drawn  lines  in  Fig.  3a  for 
the  device  of  Fig.  1a.  Viewed  from  the  surface  2, 
the  electron  work  function  is  initially  zero  until  it 
increases  in  the  depletion  zone  to  a  value  of  ap- 

50  proximately  0.8  volt  (in  silicon)  at  the  area  of  the  pn 
junction.  Since  it  holds  that 
E_  dV -  -  ax 
and  the  field  E  decreases  from  this  point  (see  Fig. 
2,  line  a),  the  curve  a  in  Fig.  3a  increases  less  and 

55  less  steeply  from  this  point  until  the  electron  work 
function  remains  constant  from  the  edge  of  the 
depletion  zone. 

A  similar  curve  for  the  device  of  Fig.  1b  differs 
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from  that  of  Fig.  3a  in  that  the  electron  work 
function  will  steeply  increase  at  approximately  2 
nanometers  from  the  surface  (see  Fig.  3b)  due  to 
the  small  thickness  of  the  n-type  region  3. 

To  be  able  to  reach  the  vacuum,  the  electrons 
must  have  an  energy  which  is  at  least  equal  to  the 
emission  energy  <t>.  For  an  electron  which  has  a 
potential  energy  which  is  equal  to  or  higher  than 
this  emission  energy  <t>  at  a  distance  x  from  the 
surface,  the  chance  of  emission  is  given  by  P  = 
Ae-x/\  where  A  is  a  standardising  constant  and  X  is 
an  effective  free  path  length. 

For  the  electrons  of  the  devices  described  it 
holds  that  this  chance  of  electrons  just  having  this 
potential  energy  is  given  by 

- d . / X .  
P  =Ae  a  a 

that  avalanche  multiplication  occurs,  the  electron 
work  function  in  the  region  3  increases  until  the 
quasi  Fermi  level  coincides  with  the  bottom  of  the 
conduction  band  of  the  (preferably  highly  doped)  p- 

5  type  surface  region  7. 
Electrons  which  are  generated  by  simultaneous 

occurrence  of  avalanche  breakdown  of  the  pn  junc- 
tion  8  fill  up  the  energy  levels  and  cross,  as  it 
were,  the  p-type  surface  region.  To  cause  a  mini- 

70  mum  loss  of  electrons,  a  small  layer  thickness  (<  4 
nanometers)  and  a  high  doping  is  preferably  cho- 
sen  for  this  p-type  region. 

An  additional  advantage  is  that  the  effective 
work  function  (4>  in  Fig.  5b)  for  electrons  in  p-type 

75  silicon  is  lower  than  that  for  electrons  in  n-type 
silicon  (4>,  Fig.  5a). 

Similarly  as  the  region  3,  the  p*-type  surface 
layer  7  may  alternatively  be  provided  by  means  of 
techniques  resulting  in  "5-doping  or  "Planar  Dop- 

20  ing"  structures,  i.e.  techniques  which  in  addition  to 
other  suitable  techniques  (molecular  beam  epitaxy) 
can  also  be  used  for  manufacturing  the  n-type 
surface  layer  3  in  the  device  of  Fig.  1b.  In  this 
respect  it  may  be  advantageous  to  manufacture  the 

25  p-type  layer  4  and/or  possible  intermediate  intrinsic 
layers  by  means  of  this  technique. 

As  stated  in  the  opening  paragraph,  a  semicon- 
ductor  cathode  according  to  the  invention  may 
have  an  insulating  layer  at  its  surface  2  on  which 

30  acceleration  electrodes  are  arranged  around  ap- 
ertures  for  the  purpose  of  emission;  the  possible 
forms  of  the  emitting  regions  and  the  acceleration 
electrodes  have  been  described  in  greater  detail  in 
the  above-mentioned  Netherlands  Patent  Applica- 

35  tion  no.  7905470.  For  example,  the  aperture  may 
be  slit-shaped  or  circular  with  a  gap  width  or  circle 
diameter  of  the  same  order  of  magnitude  as  the 
thickness  of  the  insulating  layer.  The  semiconduc- 
tor  structure  usually  has  a  lower  breakdown  voltage 

40  at  the  area  of  such  apertures.  The  acceleration 
electrode  (of,  for  example  polycrystalline  silicon) 
may  be  split  up  in  different  manners  in  which,  for 
example,  a  part  is  located  inside  and  another  part 
is  located  outside  a  circular  gap.  Moreover,  the 

45  surface  may  be  coated,  if  desired,  with  a  work 
function-decreasing  material  such  as  cesium  or 
barium.  Instead  of  silicon  it  is  alternatively  possible 
to  choose  an  A3-B5  semiconductor  material 
(gallium  arsenic). 

50  Semiconductor  cathodes  according  to  the  in- 
vention  can  be  used  in  pick-up  tubes  as  well  as 
display  tubes,  but  also,  for  example  in  electron 
microscopy. 

and 

_ , - V * b  
Pb=Ae 

respectively. 
Since  db  in  the  device  according  to  the  inven- 

tion  is  small  with  respect  to  the  thickness  da  in  the 
device  of  Fig.  1  ,  it  holds  that  db  <  da,  while  Xa  ~  Xb 
so  that  Pb>  Pa. 

Moreover,  due  to  the  small  thickness  of  the 
layer  3  quantisation  effects  occur,  which  are  shown 
as  discrete  levels  6  in  the  energy  diagram  of  Fig. 
3b.  This  results  in  a  decrease  of  the  effective 
emission  energy  4>  (distance  between  the  bottom  of 
the  conduction  band  and  the  vacuum  level).  Since 
the  total  efficiency  of  the  device  is  determined"  by  n 
=  Ae  'X/X.  e'*/kT,  this  leads  to  a  further  increase  of 
the  efficiency.  The  efficiency  can  be  even  further 
increased  by  replacing  the  p-type  region  4  by  an 
intrinsic  semiconductor  region  similarly  as  de- 
scribed  in  Netherlands  Patent  Application  no. 
8600675.  The  associated  energy  diagrams  are  de- 
noted  by  broken  lines  in  Fig.  3.  In  this  case  the 
effective  work  function  is  even  further  reduced  be- 
cause  the  quantisation  effects  cause  a  more 
favourable  division  of  the  levels  6. 

The  effect  of  these  quantisation  effects  can  be 
used  to  great  advantage  in  the  device  of  Fig.  4  in 
which  a  thin  n-type  region  3  is  present  between  a 
p-type  region  4  and  a  p-type  surface  region  7.  The 
n-type  region  3  is  only  several  atomic  layers  thick 
so  that  quantisation  effects  occur  of  the  energy 
levels  and  the  (quasi)  Fermi  level  comes  above  the 
bottom  of  the  conduction  band  of  the  n-type  region 
3  (Fig.  5a).  If  the  p-type  surface  region  7  (and 
hence  indirectly  the  n-type  region  3)  is  given  a 
positive  bias  with  respect  to  the  p-type  region  4,  so 

55 
Claims 

1.  A  semiconductor  device  for  generating  an 
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sub-electrode  being  present  outside  the  annular 
gap. 

13.  A  semiconductor  device  as  claimed  in 
Claim  12,  characterized  in  that  the  centre  line  of 

5  the  annular  gap  constitutes  a  circle. 
14.  A  semiconductor  device  as  claimed  in  any 

one  of  Claims  9  to  13,  characterized  in  that  a 
second  electrode  which  substantially  entirely  sur- 
rounds  the  acceleration  electrode  is  provided  on 

io  the  electrically  insulating  layer. 
15.  A  semiconductor  device  as  claimed  in 

Claims  1  to  14,  characterized  in  that  the  surface  of 
the  semiconductor  body  is  coated  with  an  electron 
work  function-decreasing  material  at  least  at  the 

75  area  of  the  emitting  surface. 
16.  A  semiconductor  device  as  claimed  in 

Claim  15,  characterized  in  that  the  work  function- 
decreasing  material  is  a  material  from  the  group  of 
cesium  and  barium. 

20  17.  A  semiconductor  device  as  claimed  in  any 
one  of  Claims  1  to  16,  characterized  in  that  the 
semiconductor  body  consists  of  silicon  or  an  A3-B5 
material. 

18.  A  semiconductor  body  as  claimed  in  any 
25  one  of  the  preceding  Claims,  characterized  in  that 

the  acceleration  electrode  comprises  polycrystal- 
line  silicon. 

19.  A  pick-up  tube  provided  with  means  for 
driving  an  electron  beam,  which  electron  beam 

30  scans  a  charge  image,  characterized  in  that  the 
electron  beam  is  generated  by  means  of  a  semi- 
conductor  device  as  claimed  in  any  one  of  Claims 
1  to  18. 

20.  A  display  device  provided  with  means  for 
35  driving  an  electron  beam,  which  electron  beam 

produces  an  image,  characterized  in  that  the  elec- 
tron  beam  is  generated  by  means  of  a  semicon- 
ductor  device  as  claimed  in  any  one  of  Claims  1  to 
18. 

40  21.  A  display  device  as  claimed  in  Claim  20, 
characterized  in  that  said  display  device  has  a 
fluorescent  screen  which  is  present  in  vacuo  at  a 
few  millimeters  from  the  semiconductor  device  and 
which  is  activated  by  the  electron  beam  originating 

45  from  the  semiconductor  device. 

electron  current,  comprising  a  cathode  having  a 
semiconductor  body  with  at  least  an  n-type  semi- 
conductor  region  and  a  first  p-type  semiconductor 
region,  in  which  electrons  leaving  the  semiconduc- 
tor  body  at  a  surface  can  be  generated  in  said 
body  by  giving  the  n-type  region  a  positive  bias 
with  respect  to  the  p-type  region,  characterized  in 
that  the  n-type  region  has  a  thickness  of  at  most  4 
nanometers. 

2.  A  semiconductor  device  as  claimed  in  Claim 
1  ,  characterized  in  that  the  thickness  of  the  n-type 
region  is  at  most  2  nanometers. 

3.  A  semiconductor  device  as  claimed  in  Claim 
1  or  2,  characterized  in  that  a  substantially  intrinsic 
semiconductor  region  is  present  between  the  first 
p-type  region  and  the  n-type  region. 

4.  A  semiconductor  device  as  claimed  in  Claim 
3,  characterized  in  that  the  substantially  intrinsic 
semiconductor  region  is  of  the  w-type  or  the  v  -type 
with  a  maximum  impurity  concentration  of  5.1  016 
atoms/cm3. 

5.  A  semiconductor  device  as  claimed  in  Claim 
1  ,  2,  3  or  4,  characterized  in  that  the  n-type  region 
is  present  between  the  first  p-type  semiconductor 
region  and  a  second  p-type  surface  region. 

6.  A  semiconductor  device  as  claimed  in  Claim 
5,  characterized  in  that  the  p-type  surface  region  is 
highly  doped  and  has  a  thickness  of  at  most  4 
nanometers. 

7.  A  semiconductor  device  as  claimed  in  Claim 
6,  characterized  in  that  the  thickness  of  the  p-type 
surface  region  is  at  most  2  nanometers. 

8.  A  semiconductor  device  as  claimed  in  any 
one  of  the  preceding  Claims,  characterized  in  that 
the  first  p-type  semiconductor  region  is  at  least 
partly  highly  doped  over  a  thickness  of  at  most  4 
nanometers. 

9.  A  semiconductor  device  as  claimed  in  any 
one  of  Claims  1  to  8,  characterized  in  that  the 
surface  has  an  electrically  insulating  layer  in  which 
at  least  one  aperture  is  provided,  while  at  least  one 
acceleration  electrode  is  arranged  on  the  insulating 
layer  at  the  edge  of  the  aperture,  and  the  semicon- 
ductor  structure,  at  least  within  the  aperture,  locally 
has  a  lower  breakdown  voltage  than  the  other  part 
of  the  semiconductor  structure. 

10.  A  semiconductor  device  as  claimed  in 
Claim  9,  characterized  in  that  the  aperture  is  slit- 
shaped  or  circular  with  a  gap  width  or  a  circle 
diameter  which  is  of  the  same  order  of  magnitude 
as  the  thickness  of  the  insulating  layer. 

11.  A  semiconductor  device  as  claimed  in 
Claim  9  or  10,  characterized  in  that  the  acceleration 
electrode  consists  of  two  or  more  sub-electrodes. 

12.  A  semiconductor  device  as  claimed  in 
Claim  11,  characterized  in  that  the  aperture  con- 
stitutes  a  substantially  annular  gap,  one  sub-elec- 
trode  being  present  within  the  annular  gap  and  one 
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