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ABSTRACT 

The objective of Phase I of this program has been to investigate 
the performance of certain types of tunneling cold cathodes to determine 
their suitabiiity for use in ultra-high 'v'iiciiiiiii gages. The specific 

goals were an emission capability of 1 milliamp/cm , an efficiency of 
1% and a life expectancy comparable with standard vacuum gage electron 
sources. 

2 

2 The achievements to date are an emission of 0.25 milliamp/cm on 

a pulse basis with an efficiency of 0.25% but with a lifetime shortened 

by a gradual, partially reversible deterioration process which we have 
not yet been able to identify. 
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I t 

a 
INTRODUCTION 

The p r i n c i p l e  of  t h e  tunneling cold cathode i s  i l l u s t r a t e d  i n  

Figure 1. 

i n s u l a t o r  b a r r i e r  by quantum mechanical tunneling. 

i s  very t h i c k ,  a l i  e i e c t r o n s  emitted by the base metal are  collected by 

t h e  cover metal and t h e  s t r u c t u r e  a c t s  l i k e  a "diode" with the  non- 

l i n e a r  I - V  c h a r a c t e r i s t i c s  shown i n  Figure 2a. I f  t h e  cover metal i s  

made very t h i n  (100A o r  less) some f r a c t i o n  of  t h e  e l e c t r o n s  i n j e c t e d  

from t h e  base i n t o  t h e  cover metal w i l l  r e t a i n  s u f f i c i e n t  k i n e t i c  

energy t o  pass through t h e  cover metal and surmount t h e  cover metal/ 

vacuum b a r r i e r .  These e l ec t rons  a r e  t h e  use fu l  emitted cu r ren t ,  

whose dependence on diode voltage V The 

e l e c t r o n s  which fa i l  t o  surmount t h e  cover metal/vacuum b a r r i e r  con- 

s t i t u t e  t h e  waste cu r ren t  %. 
defined as  t h e  emission eff ic iency.  

Electrons from t h e  base m e t a l  can p e n e t r a t e  t h e  base metal/  

I f  t h e  cover metal 

0 

'e 
i s  shown i n  Figure 2b. 

D 

The r a t i o  Ie/(Ie + 5) o r  Ie/ID is  

u 
b 
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Since t h e  p r o b a b i l i t y  o f  a n  e l e c t r o n  pene t r a t ing  t h e  base metal/ 

i n s u l a t o r  b a r r i e r  decreases  rapidly with energy below t h e  top o f  t he  

b a r r i e r  and t h e  supply of  e l ec t rons  i n  t h e  base metal decreases  

r a p i d l y  with energy above its Fermi l e v e l ,  almost a l l  of  t he  diode 

c u r r e n t  leaves t h e  base metal a t  energies  wi th in  a few t e n t h s  o f  an 

e l e c t r o n  v o l t  of  i t s  Fermi level.  

e l e c t r o n s  tunnels  i n t o  t h e  conduction band of  t h e  i n s u l a t o r .  I f  t h e  

e l e c t r o n s  did not i n t e r a c t  with t h e  i n s u l a t o r  or  t h e  cover metal, they 

would a l l  be t r ansmi t t ed  t o  the  vacuum and t h e  e f f i c i e n c y  would be 

100%. Unfortunately,  s t rong i n t e r a c t i o n s  do occur and present  evidence 

i n d i c a t e s  t h a t  l o s s e s  a r e  more severe i n  t h e  i n s u l a t o r  conduction band 

than i n  t h e  cover metal. The path shown f o r  the waste e l e c t r o n s  i n  

Figure 1 i s  presumed t o  be  r ep resen ta t ive  of  t h e  a t t e n u a t i o n  su f fe red  

by 99.5% of t h e  i n j e c t e d  electrons.  This means t h a t  t h e  d i s t r i b u t i o n  

This narrow ( i n  energy) beam of  

2 
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FIGURE 1 TUNNELING COLD CATHODE OPERATING PRINCIPLE 

A .  Diode Current 
ID 

B .  Emission Current 

VD 

FIGURE 2 TUNNELING COLD CATHODE OPERATING 
CHARACTERISTICS 
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i n  energy of t h e  e l e c t r o n s  a t  t h e  i n su la to r / cove r  metal i n t e r f a c e  w i l l  

have i t s  maximum at  o r  near  t h e  value of  t h e  in su la to r / cove r  metal 

barrier height .  

Poss ib l e  means f o r  improving t h e  e f f i c i e n c y  are:  p e r f e c t i n g  t h e  

s t r u c t u r e  of  t h e  i n s u l a t o r  and cover metal, hopeful ly  improving t h e i r  

e l e c t r o n  t ransmission c h a r a c t e r i s t i c s ;  reducing Ciie vacuum Woik fiinctioii 

o f  t h e  cover metal, so t h a t  less e n e r g e t i c  e l e c t r o n s  can escape; in- 

c r eas ing  t h e  in su la to r / cove r  metal b a r r i e r  height  so  a s  t o  r a i s e  t h e  

lower end of t h e  e l e c t r o n  energy spectrum and inc rease  t h e  supply of  

e l e c t r o n s  with s u f f i c i e n t  energy t o  surmount t h e  cover m e t a l  vacuum 

barrier. In  t h i s  phase of t h e  program, we have concentrated on t h e  

f irst  and t h i r d  o f  t h e s e  approaches. 

EXPERIMENTAL 

Cathode Design and Test Amaratus 

The device configurat ion chosen f o r  t h e s e  experiments i s  

shown i n  Figure 3. S i x  cathodes a r e  f a b r i c a t e d  simultaneously on a 

7/8" x 1" s u b s t r a t e  and can be  t e s t e d  without breaking t h e  vacuum. 

W e  have found t h a t  c a r e f u l l y  handled Corning 7059 g l a s s  i s  far supe r io r  

t o  any o t h e r  i n s u l a t i n g  s u b s t r a t e  and a l l  of  ou r  devices were made on 

t h i s  material. The base m e t a l  is aluminum, t h e  i n s u l a t o r  is aluminum 

oxide and t h e  cover metal is t y p i c a l l y  platinum. Af t e r  t h e  s ix  

aluminum bases are  deposited they are oxidized by t h e  plasma ox ida t ion  

technique (see Appendix) t o  a thickness usua l ly  less than 150A. Next 

a l a y e r  of s i l i c o n  monoxide o r  o the r  i n s u l a t o r  is  deposi ted over t h e  

aluminum bases leaving a 0.1 cm2 window on each,through which t h e  

aluminum oxide can be seen. T h i s  masks o f f  t h e  aluminum edges which 

appear  t o  be t h e  source of  i n s t a b i l i t i e s  observed i n  ea r l i e r  s t r u c t u r e s .  

A very t h i n  l a y e r  of  platinum is now app l i ed  over  t h e  e n t i r e  area.  

0 

Its  

4 
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a .  Planview 

Pd Bars 

b. Cross Section A-A 

FIGURE 3 EXPERIMENTAL TUNNELING COLD CATHODE 
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t h i ckness  i s  very d i f f i c u l t  t o  es t imate  s i n c e  r e s i s t a n c e  measurements 

a r e  meaningless on such t h i n  fi lms and ou r  qua r t z  c r y s t a l  thickness  

monitor reacts s t rong ly  to  t h e  high source temperatures necessary t o  

evaporate  platinum. A t  present  t h e  platinum thickness  i s  con t ro l l ed  

by evaporating u n t i l  a t ransparent  gray f i l m  i s  observed on t h e  g l a s s  

s u b s t r a t e .  F i n a l l y  a t h i c k  coating o f  palladium o r  o t h e r  m e t a l  i s  

deposi ted on top of t h e  piatinum t o  f a c i i i t a t e  de i ive ry  of cu r ren t  to 

t h e  a c t i v e  area.  This t h i c k  coating includes a series of  ba r s  t h a t  

c r o s s  t h e  a c t i v e  area and he lp  to make t h e  t h i n  platinum a b e t t e r  

e q u i p o t e n t i a l  su r f ace  i n  t h e  presence of heavy waste cu r ren t s .  

The completed cathodes are t e s t e d  i n  the  p l e x i g l a s s  f i x t u r e  

shown i n  Figure 4. Seven spring loaded p i n s  make contact  with t h e  

s i x  aluminum bases  and t h e  common cover m e t a l .  The b ras s  c o l l e c t o r  

e l e c t r o d e  i s  spaced 1 nun from the cathode su r face  and with a c o l l e c t o r  

b i a s  of 90 v o l t s  t h e  cathode could e m i t  up t o  200 mi11iamps/cm2 be fo re  

t h e  co l l ec t ed  cu r ren t  becomes space charge l imited.  The measurement 

e l e c t r o n i c s  is  shown i n  Figure 5 and c o n s i s t s  of  a t r a n s i s t o r  ramp 

gene ra to r  and a Tektronix 536 X-Y osci l loscope.  

i s  chopped between I and I a t  a 100 KC rate. 

The v e r t i c a l  d i s p l a y  

D e 

A 1 /A 1 203 /Pt  -Au Cathodes 

One of t h e  s p e c i f i c  aims i n  t h i s  study w a s  t o  i n v e s t i g a t e  t h e  

e f f e c t  on t h e  emission e f f i c i ency  of A l / A l  0 /Au cathodes of  i n s e r t i n g  

a very t h i n  l a y e r  of platinum between the  gold and t h e  oxide. 

6 summarizes ou r  findings.  Of t h e  s i x  cathodes on t h e  s u b s t r a t e ,  fou r  

w e r e  made using t h i n  gold a s  a cover metal while  t h e  o t h e r  two had t h e  

same amount of  gold p l u s  a very t h i n  platinum l aye r .  

e f f i c i e n c y ,  Ie/ID, is  indeed higher by a f a c t o r  of two f o r  t h e  Pt-Au 

cathode i n  s p i t e  of t h e  g r e a t e r  to ta l  cover m e t a l  th ickness .  However, 

t h e  c h a r a c t e r i s t i c s  a r e  very e r r a t i c  and t h i s  w e  f i nd  t o  be t y p i c a l  o f  

2 3  
Figure 

The emission 
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FIGURE 4 CATHODE TEST FIXTURE 

FIGURE 5 CATHODE TEST ELECTRONICS 
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FIGURE 6 INCREASE IN EMISSION EFFICIENCY DUE TO THIN 
Pt LAYER BETWEEN A1203 AND Au--Au Grid and As& 
Masking Insulator- -Area 10’1cm2--Plasma Oxidized for 
20 Minutes with AI Floating and 10 Minutes with A1 at +3 
Volts. 
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A 1 / A 1 2 0 3 / A u  diodes whose oxide layer  i s  t h i c k  enough t o  e x h i b i t  t h e  

s i x  v o l t  minimum turnover  vol tage required f o r  e l e c t r o n  emission. Even 

t h e  th inne r  A l / A l  0 /Au diodes a r e  l e s s  robust  than t h e i r  A 1 / A 1 2 0 3 / A 1  2 3  
coun te rpa r t s  and w e  conclude tha t  gold i s  an unsui tab le  ma te r i a l  f o r  

t hese  s t r u c t u r e s .  

During our  a t tempts  t o  r e f i n e  the  oxida t ion  process ,  we per- 

formed a cons iderable  number of experiments on A l / A l  0 / A 1  diodes. 

f ind ings  a r e  summarized i n  Figure 7 which i n d i c a t e s  t h e  range of I - V  

c h a r a c t e r i s t i c s  achievable  i n  such diodes by the  plasma oxida t ion  process. 

I n  a l l  t h r e e  cases  t h e  s u b s t r a t e  ho lder  was cooled through contac t  with 

a l i q u i d  n i t rogen  r e se rvo i r .  

were obtained by ox id iz ing  f o r  5 and 20 minutes r e spec t ive ly  wi th  the  

aluminum f l o a t i n g  whi le  t h a t  of 7c w a s  obtained by oxid iz ing  wi th  the  

aluminum f l o a t i n g  f o r  twenty minutes, then a t  +3 v o l t s  f o r  a few 

minutes and f i n a l l y  a t  +6 v o l t s  f o r  a few more minutes. 

oxide of Figure 7a can ca r ry  very l a r g e  cu r ren t s  which i n  f a c t  seem 

t o  be l imi t ed  by d i s s i p a t i o n  i n  t h e  connecting metal s t r i p s  r a t h e r  than 

the  oxide i t s e l f .  Appreciable cur ren t  flow i n  t h e  diode of  Figure 7b 

s t a r t s  a t  a higher  vo l t age  but  the  u l t ima te  cu r ren t  car ry ing  c a p a b i l i t y  

i s  much l e s s  than t h a t  f o r  t he  th in  oxides. For the  r e l a t i v e l y  t h i c k  

oxide (probably about 120;) of Figure 7c, t he  cu r ren t  flow begins  a t  

a s t i l l  higher  vo l t age  but t h e  diode can only ca r ry  a minute cu r ren t  

before  i t  s h o r t s  out.  Thicker oxides than t h i s  have a n e g l i g i b l e  

cu r ren t  car ry ing  capaci ty .  W e  conclude t h a t  wi th  aluminum a s  a cover 

metal, diodes cannot be  made by t h i s  process  which w i l l  c a r ry  apprec iab le  

cu r ren t s  a t  vol tages  g r e a t e r  than 2-1/2 v o l t s .  

Our 2 3  

The c h a r a c t e r i s t i c s  of Figure 7a and b 

The very t h i n  

9 
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B .  

e .  

5 Minute Floating 

20 ma/cm 
4 I 

20 Minute Floating 

20 ma/cm 

I 

20 Minute Flc 
Few Minutes 
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3at 
at 
at 

ing 
+3v 
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FIGURE 7 RANGE OF I-V CHARACTERISTICS OBTAINABLE IN AI/A12O3/Al 
STRUCTURES USING P L A S M  OXIDATION TECHNIQUE- -Sample 
A r e a  10-1 cm2 
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A l / A l  0 /P t  Cathodes 
2 3  

The most promising cathodes w e  have made so f a r  a r e  those  

using platinum a s  a cover metal with palladium bars .  

o r a t i o n  t o  which t h e s e  cathodes a r e  sub jec t  l i m i t s  t h e i r  cu r ren t  use- 

fu lness ,  they do have some i n t e r e s t i n g  p r o p e r t i e s  t h a t  provide grounds 

f o r  optimism. They a r e  no t  only unharmed by exposure t o  a i r ,  but they 

can be baked t o  a t  l e a s t  200 C in a i r  with dramatic improvement i n  

t h e i r  c h a r a c t e r i s t i c s  and a p a r t i a l  r eve r sa l  of t h e  d e t e r i o r a t i o n  

process .  I n  add i t ion ,  they a r e  capable of  e l e c t r o n  emission i n t o  a i r  

a t  atmospheric p re s su re  although wi th  an e f f i c i ency  only about one-tenth 

t h a t  of emission i n t o  vacuum. 

While t h e  d e t e r i -  

0 

Figure 8 shows the  diode and emission c h a r a c t e r i s t i c s  of such 

A word of explanation i s  i n  order  about t hese  photographs. a cathode. 

Our vo l t age  ramp gene ra to r  developed a malfunction whereby t h e  ramp 

became a s t e p  about two v o l t s  high followed by t h e  cont inua t ion  of t he  

ramp. Since t h e  f i r s t  few v o l t s  a r e  unimportant, we chose t o  delay 

r e p a i r s .  The r e s u l t i n g  photographs show a gap i n  t h e  I - V  c h a r a c t e r i s t i c s  

bu t  VD = 0 i s  s t i l l  a t  t h e  pos i t ion  of t he  le f tmost  b r i g h t  spots .  

Figure 8a shows cathode 61-3 j u s t  a f t e r  i t  was made. The 

s u b s t a n t i a l  l i n e a r  r i s e  i n  diode cu r ren t  a t  lower vol tages  is usual ly  

c h a r a c t e r i s t i c  of cathodes which have d e t e r i o r a t e d  through use but  

t h i s  p a r t i c u l a r  cathode s t a r t e d  out  t h a t  way. The usual  new diode 

c h a r a c t e r i s t i c  i s  s i m i l a r  i n  shape t o  Figure 6. Figure 8b shows the  

r e s u l t  of opera t ing  the  cathode f o r  f i v e  minutes a t  100 ramps per  

second. The diode cu r ren t  has  acquired a l a r g e  l i n e a r  component and 

t h e  emission cu r ren t  has a l l  but vanished. 

200 C i n  a i r ,  t h e  cathode c h a r a c t e r i s t i c s  have returned (F igure  8c) 

almost t o  t h e i r  o r i g i n a l  shape with t h e  exception of a s l i g h t  i nc rease  

i n  e f f i c i ency  and a small hump i n  t h e  diode c h a r a c t e r i s t i c  which i s  

t y p i c a l  of used cathodes. 

Af t e r  baking overnight  a t  
0 

11 



ID f 10 ma/cm 

IE 

A .  Unused Cathode 

ID 1 1 Oma/cm 

IE I 5 w/cm 
4 

B. After 5 Minute Life Test 

lOma/cm 
ID t 
IE t 5lia/cm 

vD lv/cm 

C .  After Overnight 2OOOC Air 
Bake 

FIGURE 8 EFFECT OF LIFE TEST AND BAKING ON CHARACTERISTICS 
OF Al/Al2O3/Pt CATHODE 
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Figure 9 shows cathode 61-6, on the  same s u b s t r a t e  a s  61-3, 

b e f o r e  and a f t e r  t h e  bake. 

minute l i f e  t es t  t h a t  wore out  61-3. 

Ie/ID a t  constant  V 
cathode subjected t o  the  same treatment no t  only showed a s imi l a r  

i n c r e a s e  i n  e f f i c i e n c y ,  but  w a s  much more durable  as w e l l .  While t h e  
unbaked cathndes w e i r  nr?t ir! five minutes, this baked one ran f o r  

s e v e r a l  hours be fo re  d e t e r i o r a t i o n  began t o  occur. 

This cathode was not  subjected t o  t h e  f i v e  

I ts  e f f i c i e n c y ,  def ined a s  

increased from .025% t o  .25% a t  8 v o l t s .  A l a t e r  D’ 

An explanat ion of t h i s  i n t r i g u i n g  r e v e r s i b l e  d e t e r i o r a t i o n  

would be most useful .  The improvement i n  c h a r a c t e r i s t i c s  a f t e r  baking 

i s  apparent ly  not  connected w i t h  t h e  r a t h e r  l a r g e  f i e l d  c rea t ed  i n  t h e  

i n s u l a t o r  by t h e  con tac t  p o t e n t i a l  d i f f e r e n c e  between t h e  aluminum 

and platinum e lec t rodes .  

i n  t h e  normal ope ra t ing  d i r ec t ion ,  a second with 1-1/2 v o l t s  of  t h e  

oppos i t e  p o l a r i t y  and a t h i r d  with no appl ied vol tage.  

cathode, t h e  b u i l t  i n  f i e l d  was  reduced from i t s  f l o a t i n g  value and 

probably reversed while i n  t h e  second cathode t h e  f i e l d  w a s  considerably 

increased. I f  f i e l d  induced migration of material through t h e  i n s u l a t o r  

were responsible  f o r  t h e  changes, one would expect some d i f f e r e n c e  i n  

t h e  cathode c h a r a c t e r i s t i c s  t o  r e s u l t  from t h e  above treatment.  

However, a l l  t h r e e  cathodes behaved i d e n t i c a l l y .  There i s  s t i l l  t h e  

p o s s i b i l i t y  t h a t  a f a i r l y  small f i e l d  of e i t h e r  p o l a r i t y  i s  s u f f i c i e n t  

t o  sweep mobile impur i t i e s  o u t  of t h e  i n s u l a t o r  and i n  such a s h o r t  

t i m e  t h a t  t h e  process could have gone t o  completion i n  a l l  t h r e e  

cathodes. 

One cathode was baked with a 1-1/2 v o l t  b i a s  

In t h e  f i r s t  

A s t r a igh t fo rward  s e r i e s  o f  t e s t s  can answer t h i s  question. 

One mechanism t h a t  has been proposed f o r  t h e  cathode 

d e t e r i o r a t i o n  is  electromigrat ion i n  t h e  t h i n  platinum f i l m  ( I ) .  

e f f e c t ,  which has been inves t iga t ed  i n  a number of metals ,  involves 

mass t r a n s p o r t  i n  a metal carrying a l a r g e  u n i d i r e c t i o n a l  cu r ren t  by 

d i r e c t  momentum exchange between t h e  m e t a l  atoms and e l ec t rons .  

This 

It 
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e 
is  u s u a l l y  observed a t  high temperatures but  because the  platinum f i lm  

i s  so t h i n ,  su r f ace  mobi l i ty  of  s i g n i f i c a n t  propor t ions  may occur a t  

lower temperatures.  I f  such an  e f f e c t  is p resen t ,  i t  could be neu t r a l i zed  

by opera t ing  the  cathode wi th  cur ren t  pu l se s  of a l t e r n a t e  p o l a r i t y .  

I n  summary, t he  A l / A l O  /P t  cathode s t r u c t u r e  appears  to  have 

cons iderable  promise. 

e l e c t r i c a l  wear r e s i s t a n c e  and can p a r t l y  re juvenate  worn out  cathodes. 

The d e t e r i o r a t i o n  phenomenon i s  r epea tab le  and wel l  behaved so t h a t  a 

f i rm foundation e x i s t s  f o r  t h e  experimental work required t o  determine 

i t s  cause. 

2 3  
Baking a t  200°C i n  a i r  g r e a t l y  improves the 

15 



THEORETICAL 

Application to evaporated thin film structures of analytical 

techniques which were evolved to describe single crystal bulk phenomena 

is a hazardous business at best. The thin films are almost always poly- 

crystalline or amorphous, the structures are sometimes only a few atomic 

layers thick and are certainly far from having neat plane-parallel 

geometry. 
use some outrageously simple model for a thin film structure and get 

good enough agreement between theory and experiment that sensible pre- 

dictions can be made about the effects on device performance of con- 

trollable parameters. The following analysis is made with due regard 

for its limitations and with the object of determining the sensitivity 

of the current emitted by tunneling cold cathodes to the barrier heights 
and charge scattering mechanisms in various parts of the structure. 

Therefore it is quite gratifying to find that one can often 

Figure 10 shows the x, E projection of the assumed cathode 
X 

band structure. The various layers are assumed to be parallel infinite 

planes, the y and z components of things being integrated out where 

necessary and ignored where possible. “be zero of energy is taken at 

the Fermi level of the aluminum base metal. The result desired from 
the analysis is Nt(E), the distribution in energy of the number of 

electrons/cm2-sec normally incident on the platinum/vacuum barrier and 

its integral, the total current which surmounts that barrier. 

The first step is the calculation of N(E), the current density 

distribution along the bottom of the insulator conduction band. 

major assumptions are made; first, the scattering mechanism for elec- 

trons in the insulator is such that an electron loses all of its x 

directed kinetic energy in a collision. Second, the scattering is 

proportional to the number of electrons present in a given space and 
energy interval. The latter leads to an exponential survival law whose 

characteristic parameter is an attenuation length, L(E’), which is gen- 
erally energy dependent but which we will assume to be constant. 

Two 

16 



AI 

-- 

I - 

-1 - 
eU 

X' 

t 
I 

62 

V 
E 

f 
x = s  x = t  x = o  

43 

*'2'3 Pt Vacuum 

FIGURE 10 ENERGY BAND STRUCTURE ASSTJMED FOR TUNNELING 
COLD CATHODE 

17 



I 
I -  
I 
II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

2 The number of electrons/cm -sec approaching the  metal/oxide 

b a r r i e r  at x = o wi th  x component of k i n e t i c  energy between E 

dE 

Wri t ing E f o r  E hencefor th  

and E + 
X X 

i s  equal t o  t h e  d e n s i t y  of  such e l ec t rons (2 )  t i m e s  t h e i r  v e l o c i t y .  
X 

X 

e l e c t r o n s  

c m  -sec-erg 
No(E) = - 

This  c u r r e n t  impinges on the  b a r r i e r  and has  a p r o b a b i l i t y  of t r ans -  
miss ion ,  using t h e  WKB approximation of (3) 

(0, - E) 3 1 2 )  
3h e U  + 0,- 0,  T(E) = exp 

The product No(E)T(E) = Po(E) represents  t he  component of t he  cu r ren t  

at t h e  conduction band bottom due t o  e l e c t r o n s  tunnel ing  d i r e c t l y  from 

t h e  aluminum. A more important con t r ibu t ion  i s  due t o  e l e c t r o n s  which 

have tunneled i n t o  the oxide at s o m e  h igher  energy E '  and have been 

acce le ra t ed  by t h e  f i e l d  u n t i l  they s u f f e r  a c o l l i s i o n  and f a l l  t o  t he  

conduction band bottom a t  energy E. The t o t a l  c u r r e n t  d e n s i t y  a t  

energy E i s  thus  

[Fal lout  from E * ]  dE* Sm N(E) = Po(E) + 
E 

(3) 

The f a l l o u t  can be computed by assuming t h a t  N(E') i s  known. 

number of e l e c t r o n s  per  cm2-sec i n  energy i n t e r v a l  dE' which surv ive  

without  s c a t t e r i n g  u n t i l  they reach t h e  p o s i t i o n  x i s  

Then the  

( 4 )  

18 



As a result of the assumed exponential survival law, the number of 

electrons per cm2-sec which are scattered into energy interval dE is 
expression (4) times - , where dx is the spatial interval associated 
with the intersection of dE and the conduction band bottom. Also one 
can take account of the known slope of the conduction band bottom 

dx 
L 

= 6, - A(U)x 

to rewrite ( 4 )  in terms of energy variables only. Performing these 

substitutions in the fallout term of (3) leads to the integral equation 

E J 

Now, letting L(E) be constant and making the substitutions 

the equation reduces to 

OD -at 
N(E) = Po(E)+ a[ .e N(t+E) dt 

Q 

This can be solved by differentiating with respect to E 

-at dN(t+E) dt 
+ a ( m  e dt 

dPo (E) - - 
dE 

0 

(7) 
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because of t h e  formal symmetry of N ( t + E )  wi th  r e spec t  t o  t and E. 

i n t e g r a l  can now be i n t e g r a t e d  by p a r t s  and equation (7) becomes 

The 

This can be d i r e c t l y  in t eg ra t ed  t o  

N(E) = Po(E) - a P (E) dE + cons tan t  I. 
Po(E) = No(E) T(E) i s  a func t ion  which i s  s i g n i f i c a n t  only 

i n  t h e  immediate v i c i n i t y  of the aluminum Fermi level s i n c e  N (E) decays 

r a p i d l y  above E and T(E) d e c a y s  r a p i d l y  below. This makes i t  p l a u s i b l e  

t o  assume t h a t  P (E) i s  a Dirac d e l t a  func t ion  although o t h e r  approxi- 

mations can be e a s i l y  used i n  (8). So l e t  

0 

F 
0 

where 

Po(E) = B6(Em - E) 

t h e  t o t a l  number of electrons/cm2-sec i n j e c t e d  from the  aluminum, and 

Em i s  t h e  energy a t  which t h e  maximumvalue of t h e  a c t u a l  P (E) occurs .  

Under these  cond i t ions  the  funct ion N(E) becomes 
0 

N(E) = B6(E - E) + a B  ; E 5 Em 

= o  ; E > E m  

m 
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With the  f a l l o u t  process a l r e a d y  accounted f o r  one can now 

write t h e  d i s t r i b u t i o n  N (E) in energy of t he  e l e c t r o n s  c ross ing  t h e  
X 

plane  a t  x as 

- 
L Nx(E) = N(E) e 

6,- E 
where x = - i s  the  value of x a t  the  i n t e r s e c t i o n  of the  con- E A(U) 

duct ion  band bottom w i t h  energy E. 

t h e  d i s t r i b u t i o n  i s  

A t  t he  en t rance  t o  t h e  cover m e t a l ,  

S 
a(@,- E) - - 

[6(E - E) + a] e Ns(E) = B e m 

I f  t he  a t t enua t ion  length i n  the cover metal i s  G and t h e  s c a t t e r i n g  

i n  t h e  metal i s  assumed to  remove the  e l ec t rons  from the  use fu l  p a r t  of 

t h e  d i ~ t r i b u t i o n ' ~ )  t h e  energy spectrum a t  the  vacuum b a r r i e r  i s  

S ( t - S l  a(@,- E) - - - 
Nt(E) = B e e L e  [tj (Ern- E) + a]; E 5 Em (9) 

= o  ; E > E m  

F i n a l l y ,  t he  e m i t t e d  cu r ren t  i s  

a, 

JE = e I Nt(E) dE 

Ev 

- -  - 
= e B  e e 

The in j ec t ed  cu r ren t  J 

i s  

= eB amps/cm2 so t h a t  t h e  cu r ren t  t r a n s f e r  r a t i o  D 
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- 
e e cy=-;-= JE 

Let  us estimate a f o r  t he  following set of parameters ,  for which 

Figure 10 i s  drawn t o  sca l e :  

6, = 1.5 

0, = 3 

0 ,  = 5 

S/L = 100g/5g = 20 

- -  - 50%/50x = 1 t-S 
.e 

-4 This  g ives  an (Y of 7.8 x 10 which i s  not  too f a r  from t h a t  obtained 

from r e a l  cathodes.  More important f o r  ou r  purposes is an estimate of 

t he  relative s e n s i t i v i t y  of the c u r r e n t  t r a n s f e r  r a t i o  t o  changes i n  

the  parameters.  These are ca lcu la ted  below f o r  t he  parameters l i s t e d  

above. 

whe're F is  the  f i e l d  i n  the  i n s u l a t o r .  
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- - -  d In CY 

63 

(0, - 6,) 
= - 0 . 3  

(eU + 6,- 02 

- 1  

This says that the most sensitive parameter is the cover metal/vacuum 

barrier but that its influence is less at higher insulator fields. The 

sensitivity to 6 which was the original object of this investigation, 
2 '  

turns out to be also quite large. 

double the value of CY. F'urthermore, an increase in 6 will allow a 
larger value of eU for the same insulator field, giving a double benefit. 

An increase of 0.5 e.v. in 6, will 

2 

These expressions are useful for getting a better measure of 
we some of the cathode parameters. One can measure eU directly and b 1 

have deduced to be 1.5 f 0.1 e.v. for Al/A1203 by carefully fitting I - V  

characteristics of Al/Al 0 /A1 diodes to the simple Holm equations. (5) 2 3  
With 6 known, 6 can be determined from the difference in insulator 
breakdown voltages for opposite polarities, ( 6 )  S can be approximately 
determined by combining the results of capacitance measurements, inter- 

ferometry and ellipsometry while t-S can be estimated by careful quartz 

crystal mass loading techniques. 

potential method which leaves L and 6 to be determined from the slopes 

1 2 

6, can be measured by the retarding 

of In CY vs S and In (Y vs t-S plots. Collins and Davies") have deduced 
0 values of L 5 and 6 ss 50A from similar measurements. 

The computation can be extended without too much trouble to 

include non-delta function injection, fancier scattering mechanisms and 

the like but such refinements seem unwarranted in view of the drastic 
approximations referred to in the first paragraph above. 

I 
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SUMMARY 

The most promising cold cathode conf igura t ion  found to  d a t e  i s  

a n  A l / A l  0 / P t  s t r u c t u r e  w i t h  palladium b a r s  t o  h e l p  d i s t r i b u t e  c u r r e n t  

t o  the  t h i n  platinum f i lm.  

t a n t  and t h e  plasma-grown oxide i s  b u i l t  up as gen t ly  as poss ib le .  

Baking t h e  device  a t  various s tages  dur ing  and a f t e r  i t s  f a b r i c a t i o n  

nn+ .*-* n - 1 ~ 7  ""&, iqrnves t he  characteristics of ~ n u s e d  cathodes but p a r t i a l l y  

restores t h e  emission capab i l i t y  of worn ou t  ones. These cathodes do 

n o t  s e e m  t o  d e t e r i o r a t e  on exposure t o  room air  and i n  f a c t  w i l l  e m i t  

e l e c t r o n s  i n t o  t h e  air. Deter iora t ion  comes only  through a c t u a l  use. 

2 3  
Smoothness of t h e  s u b s t r a t e  i s  very impor- 

So f a r  continuous opera t ion  has  not  been poss ib l e  because of 

r ap id  d e t e r i o r a t i o n  but  the  l i f e t i m e  under pulse  condi t ions  has  been 

improved from a few minutes t o  seve ra l  hours. These cathodes a l r eady  

have an emission c a p a b i l i t y  which i s  use fu l  f o r  c e r t a i n  app l i ca t ions  

bu t  t h e  d e t e r i o r a t i o n  mechanism must be  i d e n t i f i e d  and counteracted 

b e f o r e  they  can be used i n  a vacuum gage. W e  be l i eve  t h a t  t he  d e t e r i -  

o r a t i o n  process can be i d e n t i f i e d  by such techniques as d i r e c t  e l ec t ron -  

microscopic examination of cathode s t r u c t u r e s  be fo re ,  a f t e r  and poss ib ly  

dur ing  opera t ion .  

A meaningful prognosis f o r  t he  f u t u r e  of these  cathodes can 

on ly  be made when the  reason for t he  d e t e r i o r a t i o n  has  been found. 
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I 
APPENDIX 

i 

The plasma oxida t ion  technique c o n s i s t s  of  immersing t h e  ma te r i a l  

to  be oxidized i n  t h e  luminous p o s i t i v e  column of a glow discharge 

vhich i s  maintained i n  about 50 microns p re s su re  of  dry oxygen between 

t h e  base p l a t e  and an aluminum r ing  cathode a t  t he  top of t h e  b e l l  j a r .  

The discharge vo l t age  and current  w i l l  vary wi th  vacuum system geometry 

but  i n  our  system i s  t y p i c a l l y  800 - 1,000 v o l t s ,  50-100 milliamps. 

Since the  glow discharge  desorbs water from the  wa l l s  of t h e  system, 

we maintain a continuous flow of oxygen through t h e  system and a l s o  

keep a cold f i n g e r  i n  t h e  b e l l  j a r  f i l l e d  wi th  l i q u i d  n i t rogen  during 

t h e  oxida t ion  per iod.  

Two methods are used to cont ro l  t h e  oxide thickness .  I f  a th ick-  

nes s  of less than about 40 i  i s  des i red ,  t h e  sample i s  merely immersed 

i n  t h e  plasma wi th  no e l e c t r i c a l  connection. It assumes a f l o a t i n g  

p o t e n t i a l  of s eve ra l  v o l t s  negat ive wi th  r e spec t  t o  t h e  discharge anode 

and w i l l  grow a high q u a l i t y  amorphous oxide whose th ickness  i s  

determined by t h e  oxida t ion  time. The range of usefu l  times i s  about 

two t o  t h i r t y  minutes. 

Thicker oxides  a r e  obtained by making e l e c t r r c a l  contac t  t o  t h e  

samp:e acd a ~ ~ ” , ? % z g  2 p~sitive b i a s  wi th  r e spec t  t o  the  d ischarge  anode. 

The oxide growth i s  about 15-20A p e r  appl ied  v o l t .  
0 

Cer ta in  precaut ions  must  be observed i n  order  t o  ob ta in  t h e  h ighes t  
0 

q u a l i t y  of  oxide. 

be s u f f i c i e n t  t o  degrade the  oxide q u a l i t y  considerably,  e s p e c i a l l y  f o r  

t h e  th i cke r  ox ides ,  so  we usually cool t he  s u b s t r a t e  s l i g h t l y  by p lac ing  

a b ras s  p l a t e  a t  l i q u i d  ni t rogen temperature near  t he  back of t h e  sub- 

s t r a t e .  When growing t h i c k e r  oxides, i t  appears  advantageous t o  f i r s t  

A s u b s t r a t e  temperature r i s e  of  20-30 C appears t o  
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1 
I 
t ox id ize  f o r  a few minutes without making connection t o  t h e  sample and 

then  t o  e i t h e r  apply t h e  des i red  p o t e n t i a l  g radual ly  o r  through a high 

impedance supply so a s  t o  l i m i t  t he  anodiza t ion  r a t e .  I f  t h e  wire  o r  

probe used to  make contac t  wi th  t h e  sample i s  c a r e f u l l y  in su la t ed  so 

t h a t  it does not  draw any current  from t h e  discharge,  t h e  cu r ren t  drawn 

by the  sample when it  i s  b iased  can be observed t o  decay a s  t h e  anodiza- 

t i o n  proceeds and i n d i c a t e s  when t h e  process  has gone to coriipletioi;. 

27 


