
NASA CR-72885 

N7r- >P 3 i 2 G  

TOPICAL REPORT 

SPACE CHARGE EFFECTS I N  A 
VACUUM THERMTONTC DIODE 

An,thony J. Cassano 

CONSOLIDATED CONTROLS CORPORATI ON 
1 5  Durant  Avenue 

B e t h e l ,  Connec t i cu t  06801 

p r e p a r e d  f o r  

NATI ONAL AERONAUT1 CS AND SPACE ADMINISTRATI ON 

A p r i l  30, 1971  

CONTRACT NAS 3-4170 

NASA Lewis Research Center  
Cleveland,  Ohio 

James P. Couch, P r o j e c t  Manager 
Space Power Systems D i v i s i o n  

https://ntrs.nasa.gov/search.jsp?R=19710018850 2020-03-11T19:56:32+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/85234973?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


TABLE O F  CONTENTS 

T i t l e  

A b s t r a c t  

Summary 

I n t r o d u c t i o n  

Space Charqe Model (Zero -Cur ren t )  

Space Charqe Model (non-Zero-Current)  

Exper imen ta l  proqram 

Summary of R e s u l t s  

Page No. 

iii 



LIST OF ILLUSTRATIONS 

Fig.  
No. - 

?age 
No, T i t l e  

E lec t ron  P o t e n t i a l  Energy Diagram 

Zero-Current P o t e n t i a l  Energy Diagram, Low 
C o l l e c t o r  Work Function 

Zero-Current P o t e n t i a l  Energy Diagram, High 
C o l l e c t o r  Work Function 

Applied Diode Voltage a s  Function of  C o l l e c t o r  
Work Function 

Zero-Current P o t e n t i a l s  a s   unctions o f  
C o l l e c t o r  Temperature 

Applied Diode Voltage a s  Function of  
C o l l e c t o r  Temperature 

Non-Zero-Current P o t e n t i a l  Energy Diagram 

Space Charge Curves, 1600°F C o l l e c t o r  

Space Charge Curves, 1400°F C o l l e c t o r  

Space Charge Curves, 1 2 0 0 ° W  C o l l e c t o r  

Space Charge Curves, 1000°F C o l l e c t o r  

Space Charge Curves, 1200°F C o l l e c t o r  

Space Charqe Curves, 1400°F Co l l ec to r  

Space Charge Curves, 1600°F C o l l e c t o r  

Space Charge Curves, 1600°F C o l l e c t o r  

Space Charge Curves, 1400°F C o l l e c t o r  

Space Charge Curves, 1200°F C o l l e c t o r  

Space Charge Curves, 1000°F C o l l e c t o r  

Space Charge Curves, 1200°P C o l l e c t o r  

Space Charge Curves, 1400°F C o l l e c t o r  

Space Charge Curves, 1600°F C o l l e c t o r  



ABSTRACT 

I n  t h e  s t anda rd  t r ea tmen t  of space-charqe e f f e c t s  i n  a 

vacuum thermionic  d iode ,  it i s  customarv t o  assume a  neg l ig -  

i b l e  c o n t r i b u t i o n  from t h e  c o l l e c t o r  e l e c t r o d e .  However, 

a s  t h e  c o l l e c t o r  temperature  i n c r e a s e s ,  i t s  c o n t r i b u t i o n  to 

t h e  diode vo l t age -cu r r en t  r e l a t i o n s h i p  must be cons idered ,  

A r e f i n e d  d iode  space-charqe model has  been developed which 

i n c l u d e s  emiss ion from both  t h e  e m i t t e r  and c o l l e c t o r  e l e e -  

t r o d e s .  The a n a l y s i s  was checked by vacuum diode exper iments  

conducted over  a  c o l l e c t o r  t empera ture  range o f  1000-160O0F- 

Reasonable c o r r e l a t i o n  was ob ta ined ,  i n d i c a t i n q  t h e  v a l i d i t y  

of t h e  model. 

iii 



S  UMMAR.Y 

The de te rmina t ion  of t h e  space charqe parameters  of  a vac- 

uum thermionic  diode i s  an e f f e c t i v e  check on diode pe r fomanee .  

However, c o r r e l a t i o n  between theo ry  and experiment p r e s e p t s  

two problems. F i r s t ,  t h e  s t anda rd  space charqe t r ea tmen t  

assumes a  n e g l i g i b l e  c o n t r i b u t i o n  from t h e  c o l l e c t o r  el.ectrac;de, 

Second, t h e  t h e o r e t i c a l  d iode d r i v i n g  v o l t a g e  i s  an i n t e r n a l  

parameter ,  n o t  r e a d i l y  a v a i l a b l e  exper imenta l ly .  

The aim o f  t h i s  e f f o r t  was t o  r e s o l v e  t h e s e  two difficulties- 

A r e f i n e d  space charqe model was developed which inc luded  col -  

l e c t o r  c o n t r i b u t i o n s  t o  t h e  d iode  c u r r e n t ,  t h e  e f f e c t s  of 

chanqes i n  t h e  c o l l e c t o r  s u r f a c e  c o n d i t i o n s ,  and t h e  e v a l u a t i o n  

o f  t h e  importance of  c o l l e c t o r  temperature .  Secondly,  t h e  model 

r e s u l t e d  i n  a  s e t  of  mas te r  space charqe curves  f o r  c o l b e e t s r  

temperatures  between 1 0 0 0  and 2000°P. These mas te r  curves  

were prepared us ing  d iode  c u r r e n t  and diode a p p l i e d  v o l t a g e ,  

a  r e a d i l y  a v a i l a b l e  exper imental  q u a n t i t y ,  a s  parameters ,  

The model was checked a g a i n s t  exper iments  conducted on 

o p e r a t i n g  d iodes  over  a  c o l l e c t o r  temperature '  range of  P000-1600°~ 

and reasonable  c o r r e l a t i o n  was ob ta ined .  

A t  h igh  d iode  c u r r e n t  l e v e l s ,  t h e  e f f e c t  o f  changes i n  

c o l l e c t o r  work func t ion  w a g  q u i t e  apparen t  and r e s u l t e d  i n  

dev i ,a t ions  from t h e  mas te r  curves .  I t  may be concluded t h a t  

meaningful  e v a l u a t i o n  o f  an o p e r a t i n g  diode a t  c o l l e c t o r  temp- 

e r a t u r e s  above 1000°F may be made bv us ing  t h e  mas te r  curves 

bu t  r e p e a t a b l e  diode ope ra t ion  depends s t r o n g l y  on c o n s i s t e n t  

c o l l e c t o r  work func t ion  c h a r a c t e r i s t i c s .  



INTRODUCTION 

I n  a  vacuum thermionic  d iode ,  an e m i t t e r  e l e c t r o d e  2s fie%-:?, 

and a  p o s i t i v e  v o l t a g e  i s  app l i ed  t o  a  c o l l e c t o r  e l e c t r o d e ,  

Thermal energy due t o  t h e  emitter temoera ture  r a i s e s  the enes-cjr 

l e v e l  of  t h e  e l e c t r o n s  t o  t h e  p o i n t  where t hey  a r e  capable  

of escap ing  t h e  e m i t t e r  s u r f a c e .  The e m i t t e r  e l e c t r o n s  rove 

a c r o s s  t h e  i n t e r - e l e c t r o d e  gap ,  from t h e  e m i t t e r  t o  t h e  co l -ec ,  

o r ,  wi th  a  f i n i t e  i n c r e a s i n q  v e l o c i t y .  As t h e  t e m p e r a t ~ r e  s k  

t h e  emi t t e r ( and  t h e  a s s o c i a t e d  e l e c t r o n  emiss ion)  i s  increase6 

t h e  number o f  e l e c t r o n s  i n  t h e  i n t e r e l e c t r o d e  space increases, 

This  i n c r e a s e  cont inues  up t o  a  p o i n t  determined by t h e  e r n ~ ~ t e r  - 

c o l l e c t o r  vo l t age .  However, a s  t h e  temperature  i s  f u r t h e r  

i nc reased ,  t h e  r e p u l s i v e  f o r c e  due t o  t h e  i n t e r e l e c t r o d e  e lec-  

t r o n s  ba lances  t h e  a t t r a c t i v e  f o r c e  o f  t h e  c o l l e c t o r  voltage Z L  

t h e  e m i t t e r  su r f ace .  Any f u r t h e r  t empera ture  i n c r e a s e  res~iPts  

i n  t h e  r e p u l s i v e  f o r c e  becoming g r e a t e r  t han  t h e  a t t r a c t i v e  

f o r c e  and t h e  a d d i t i o n a l  emi t t ed  e l e c t r o n s  r e t u r n  t o  t h e  enslt- 

t e r  s u r f a c e .  The e m i t t e r - c o l l e c t o r  c u r r e n t  t h e r e f o r e  reaches 

a  l i m i t  f o r  a given c o l l e c t o r  v o l t a s e  and w i l l  show very 

l i t t l e  f u r t h e r  i n c r e a s e  a s  e m i t t e r  temperature  exceeds this cr--= 

i c a l  va lue .  

The space charqe e f f e c t  denotes  t h e  r e p u l s i v e  force actinc 

on t h e  emi t t ed  e l e c t r o n s  due t o  t h e  e l e c t r o n  cloud i n  t h e  irizer- 

e l e c t r o d e  space.  F iqure  1 p r e s e n t s  t h e  u sua l  ~ o t e n t i a . 1  energti 

diagrams r e l a t e d  t o  t h e s e  s ta tements .  The symbols used i n  

F igure  1 a r e  a s  fol lows.  



FLc: C o l l e c t o r  Fermi l e v e l  energy 

FLe: Emi t t e r  Fermi l e v e l  energy 

V2:  Voltage a p p l i e d  t o  t h e  d iode  

V3: P o t e n t i a l  b a r r i e ~  r e f e r r e d  t o  c o l l e c t o r  

V4:  E m i t t e r  p o t e n t i a l  b a r r i e r  

V5:  P o t e n t i a l  due t o  space charqe e f f e c t  

V6: E f f e c t i v e  e m i t t e r - c o l l e c t o r  p o t e n t i a l  d i f f e r e n c e  

hc: C o l l e c t o r  work func t ion  

he: Emi t t e r  work func t ion  

D l :  E m i t t e r - c o l l e c t o r  d i s t a n c e  

D2: Emi t t e r  t o  maximum space charge d i s t a n c e .  

D3: C o l l e c t o r  t o  maximum space charge d i s t a n c e  

Curves A ,  B ,  C ,  d e p i c t  s i t u a t i o n s  f o r  i n c ~ e a s i n g  temperature  

a t  c o n s t a n t  vo l t age .  Curve A i s  f o r  low tempera ture  (emiss ion 

l i m i t e d ) .  The p o t e n t i a l  g r a d i e n t  i s  c o n s t a n t  from e m i t t e r  t o  

c o l l e c t o r .  When t h e  tempera ture  i s  r a i s e d  t o  t h e  c r i t i c a l  v a l u e  

mentioned above, Curve B i s  ob ta ined .  For t h i s  cond i t i on  t h e  

p o t e n t i a l  g r a d i e n t  i s  ze ro  a t  t h e  e m i t t e r  s u r f a c e .  A f u r t h e r  

i n c r e a s e  i n  temperature  r e s u l t s  i n  Curve C, where t h e  space 

charqe c r e a t e s  a  v i r t u a l  e m i t t e r  a t  d i s t a n c e  D 2  from t h e  actual 

e m i t t e r  s u r f a c e .  I n  d i s t a n c e  D 2 ,  t h e r e  e x i s t  c u r r e n t s  flowing 

i n  bo th  d i r e c t i o n s  between t h e  e m i t t e r  and t h e  maxim~un space 

charge p o t e n t i a l  p lane .  I n  D3, c u r r e n t  f lows on ly  towards t h e  

c o l l e c t o r .  Therefore ,  V6 becomes t h e  e f f e c t i v e  diode p o t e n t i a l  

d i f f e r e n c e .  This assumes t h a t  t h e r e  w i l l  be no e l e c t r o n  reflec- 

t i o n  o f f  t h e  c o l l e c t o r  s u r f a c e  and t h a t  t h e  c o l l e c t o r - e m i t t e r  

e l e c t r o n  c u r r e n t  i s  n e g l i g i b l e .  



Thermal energy due t o  t h e  e m i t t e r  temperature  r a i s e s  elec- 

t r o n s  over  t h e  p o t e n t i a l  b a r r i e r  V4 composed o f  t h e  e m i t t e r  

work func t ion  @e and t h e  space charge p o t e n t i a l  V5. They a re  

then  a t t r a c t e d  t o  t h e  c o l l e c t o r  s u r f a c e  by p o t e n t i a l  V6. Any 

k k a e t i c  enerqy gained by t h e  e l e c t r o n s  i s  d i s s i p a t e d  a s  h e a t  

when t h e  e l e c t r o n s  reach  t h e  c o l l e c t o r .  Upon e n t e r i n g  t h e  eol-  

l e c t o r ,  t h e  e l e c t r o n s  l o s e  p o t e n t i a l  fit and f a l l  t o  t h e  collector 

Fermi l e v e l  from which p o i n t  t h e y  a r e  r a i s e d ,  by t h e  appl ied  

vo l t age  V 2 ,  t o  t h e  e m i t t e r  Fermi l e v e l .  The c y c l e  t hen  repeats 

i t s e l f .  The two b a s i c  equa t ions  d e s c r i b i n g  t h e  d iode  c u r r e n t  

a r e  t h e  Langmuir-Child r e l a t i o n  f o r  o p e r a t i o n  i n  t h e  space charge 

l i m i t e d  mode ( s e e  Curve C O F  F igure  1) 

I = 2.34 X 1 0 - 6  (v6l3i2A amperes 

( ~ 2 )  

and t h e  Richardson-Dushman r e l a t i o n  f o r  t h e  emihsion c a p a b i l i t y  

of  a  s u r f a c e  (emission l i m i t e d  c o n d i t i o n ) .  

1 ~ = 1 2 0 ( ~ 1 ) ~ ~ e x p  - (e@e)  amperes (2) 
K - T 1  

where T 1  i s  t h e  e m i t t e r  temperature  ( O K ) ,  e ii t h e  e l ec t . ron i e  

charge (1.60 X 1 0 - l 9  coulomb), K i s  t h e  Boltzmann cons t an t  

(1.38 X joule/OK) and A i s  t h e  e m i t t i n g  s u r f a c e  a r e a .  

Equation 2 r e p r e s e n t s  t h e  d iode  c u r r e n t  f o r  e m i t t e r  temperature  

up t o  t h e  c r i t i c a l  temperature  r e s u l t i n g  i n  Curve B of  Figure  1. 

This  p o i n t  i s  an important  d iode  cond i t i on  s e p a r a t i n q  t h e  e m i s -  

s i o n  l i m i t e d  and space charge l i m i t e d  r eg ions .  



As the temperature is increased further, a space czharge 

potential is developed and a virtual emitter is created at the 

position D2 from the emitter with an effective work function V4 = 

(de + V 5 ) .  This condition is,represented by Curve C of Figure 

1. Therefore, the Richardson-Dushman relation can be written 

for the space charqe limited condition. 

Equations 1 and 3 are both valid representations for the 

space charge limited current. Emation 1 indicates the distance 

and voltage dependence while Equation 3 is useful in treatinq 

the emitter work function and tem~erature parameters. 

Standard treatments of these conditions usually assume that 

the collector-emitter electron current is neqligible. In the 

majority of cases, the collector temperature is low enough to 

make this a reasonable assumption. However, for some hiqh- 

temperature applications, the collector temperature and the pos- 

sible development of low-work-function collector surfaces in- 

dicate that collector emission may not be ignorable. In addition, 

as diode current changes, the virtual-emitter location affects 

the spacing parameter in Child" space-charge equation. 

Space-Charge conditians mav be analvzed in two aspects; 

the zero-current condition (~ositive voltage applied to the 

emitter) and the non-zero-current condition (positive voltaqe 

applied to the collector). Usinq these two conditions, a refined 

space-charge model has been developed which includes emission 

from both electrodes, is independent of their work-functions, and 



corrects for motion of the virtual emitter. Experimehtal 

results have been evaluated.aqainst this model and good agree- 

ment has been obtained. 



SPACE CHARGE MODEL (ZERO-CURMNT) 

The zero-cur ren t  model i s  based on equa l  and oppos i t e  electron 

flow from t h e  e m i t t e r  and c o l l e c t o r .  For t h i s  c o n d i t i o n  t o  

e x i s t ,  it normallv i s  necessarv  t o  apply  a  p o s i t i v e  v o l t a q e  t o  

t h e  e m i t t e r .  This  v o l t a g e  enhances c o l l e c t o r  emiss ion ,  s i n c e  

t h e  c o l l e c t o r  temperature  i s  n o t  u s u a l l y  h igh  enough t o  fully 

o f f s e t  e m i t t e r  e lec t ron- f low.  When t h e  c o l l e c t o r  work f u n c t i o n  

i s  s u f f i c i e n t l y  low, t h e  p o t e n t i a l  enerqy diagram i s  a s  shown 

i n  Figure  2 ,  w i th  I1 and I 2  r e f e r r i n g  t o  e m i t t e r  and c o l l e c t o r  

c u r r e n t  f low, r e s p e c t i v e l y .  The ze ro -po ten t i a l -g rad ien t  plane, 

corresponding t o  t h e  p o s i t i o n  o f  t h e  v i r t u a l  e m i t t e r ,  i s  located 

i n  t h e  i n t e r - e l e c t r o d e  gap. Under t h e s e  c o n d i t i o n s ,  t h e  model 

i s  determined complete ly  by t h e  mechanical  spacing ( D l )  of t h e  

diode and t h e  e m i t t e r  and c o l l e c t o r  t e m ~ e r a t u r e s  ( T 1  and T2), 

Nottingham (Reference 1) p r e s e n t s  a  u n i v e r s a l  r e l a t i o n  between 

c u r r e n t ,  temperature  and d i s t a n c e ,  s u b j e c t  t o  t h e  cond i t i on  

(V4 - $el > V 5 ;  i .e .  e x i s t a n c e  of  space charge l i m i t a t i - o n ,  

When app l i ed  t o  t h e  e m i t t e r  and c o l l e c t o r  c u r r e n t s ,  t h e  rela- 

t i o n  y i e l d s  t h e  fol lowing.  

I 2  = 7 . 7 2 9  X 1 0 - l 2  ( ~ 2 )  3 / 2 ~  amperes 
OZ 

Under zero-cur ren t  cond i t i ons ,  I1 = I 2  o r  



S i n c e  D l  = D 2  + D3, 

and 

Equa t ions  7 and 8 r e l a t e  t h e  d i s t a n c e s  D 2  and D3 t o  t h e  

d i s t a n c e  D l ,  t h e  mechanica l  s p a c i n g  o f  t h e  d i o d e ,  u s i n g  t h e  

e l e c t r o d e  t e m p e r a t u r e s  e x p r e s s e d  a s  t h e  pa ramete r  M = (T2/T11 3 / 4 ,  

I n  t h i s  way, t h e  emitter  and c o l l e c t o r  c u r r e n t  c o n t r i b u t i o n s  

may be c a l c u l a t e d  from Equa t ions  4 and 5. 

I t  i s  d e s i r a b l e  from an e x p e r i m e n t a l  s t a n d p o i n t  t o  be able 

t o  r e l a t e  t h e  z e r o - c u r r e n t  c o n d i t i o n  t o  t h e  a p p l i e d  vol- taqe V2, 

a  d i r e c t l y  measurab le  pa ramete r .  

S i n c e  t h e  e l e c t r o d e  c u r r e n t s  a r e  unique  f u n c t i o n s  o f  temp- 

e r a t u r e  and d i s t a n c e  (Equa t ions  4 and 51,  cor respond ing  unique 

r e l a t i o n s  may be o b t a i n e d  f o r  t h e  p o t e n t i a l  b a r r i e r  parameters 

V3 and V4.  (Refe rence  1) .  



where T1 and T2 a r e  e l e c t r o d e  tempera tures  ( O K ) ,  and D 2  and D 3  

a r e  t h e  d i s t a n c e  ( m e t e r s ) .  A s  s t a t e d  above, t h e  zero-cur ren t  

cond i t i on  should be r e l a t e d  t o  t h e  a p ~ l i e d  d iode  v o l t a g e ,  s i n c e  

t h i s  i s  t h e  parameter most e a s i l y  ob ta ined  du r ing  an experiment, 

The r e l a t i o n s h i p  i s  ob ta ined  from Equations 9 and 1 0  and r e f -  

e rence  t o  F igure  2 .  

V2 = V4 - v3 

I t  i s  now p o s s i b l e  t o  a r r i v e  a t  t h e  v o l t a g e  t h a t  must be 

a p p l i e d  t o  t h e  d iode  i n  o r d e r  t o  main ta in  zero-cur ren t  conditions 

f o r  a  g iven s e t  o f  e l e c t r o d e  tempera tures  and diode spacing,*  

However, t h e  c o l l e c t o r  work f u n c t i o n  g5c may be s t r o n q l v  in f luenced  

by t h e  c o l l e c t o r  t empera ture  and t h e  e f f e c t  of changes i n  & 
should be examined. 

Decreasing va lues  of  @, w i l l  do no th ing  t o  neqa te  t h e  model, 

on ly  s e rv ing  t o  r a i s e  t h e  emiss ion c a p a b i l i t v  o f  t h e  c o l l e c t o r .  

I nc reas ing  va lues  o f  4, a r e  o f  g r e a t  i n t e r e s t  s i n c e  a t  some point, 

t h e  c o l l e c t o r  w i l l  become emiss ion- l imi ted  and t h e  model will 

change accord ing ly .  

Refer r ing  t o  F iqure  2 ,  a s  g5c i n c r e a s e s ,  t h e  va lue  of V3 

w i l l  remain cons t an t .  However, when @3 i n c r e a s e s  t o  t h e  p o i n t  

t h a t  it i s  n e a r l y  equa l  t o  V3, t h e  ze ro -po ten t i a l -g rad ien t  nkan,,e 

w i l l  s h i f t  t o  t h e  c o l l e c t o r  s u r f a c e ,  reach inq  it when 6, = V3, 

The p o t e n t i a l  enerqv diagram o f  F igure  3 a p p l i e s  t o  t h e  s i t u a -  

t i o n  f o r  which 6, >, V3.  A t  e(c = V 3 ,  t h e  d i s t a n c e  D 2  = B1 and 

t h e  e m i t t e r  temperature  T 1  w i l l  e s t a b l i s h  a  new e m i t t e r  p o t e n t i a l  

b a r r i e r  V7 i n  accordance wi th  Equation 1 0 .  Th is  new p o t e n t i a l  will 

be g r e a t e r  t han  t h e  p o t e n t i a l  V4 and w i l l  remain c o n s t a n t  for 



f u r t h e r  i n c r e a s e s  i n  6,. I n s t e a d ,  f u r t h e r  i n c r e a s e s  i n .  6, 

w i l l  be r e f l e c t e d  i n  a  dec rease  i n  t h e  r equ i r ed  applied.  vol tage V2, 

A t  6, = V7, t h e  zero-cur ren t  a p p l i e d  v o l t a g e  i s  V2 = 0 .  For 

va lues  of  6, g r e a t e r  t han  V7, t h e  zero-cur ren t  a p p l i e d  voltage 

V2 must chanqe p o l a r i t y  and a c t  a s  a  c o n t r i b u t i n g  p o t e n t i a l  for 

t h e  e m i t t e r .  The q u a l i t a t i v e  behavior  o f  a p ~ l i e d  vo l t aqe  as 

a  func t ion  of  i n c r e a s i n q  c o l l e c t o r  work func t ion  i s  shown i n  

Figure  4 .  I t  i s  obvious t h a t  i n c r e a s e s  i n  6, can be t o l e r a t e d  

t o  a  c e r t a i n  p o i n t  ($c<V3) bu t  beyond t h a t ,  v a r i a t i o n s  i n  

ze ro-cur ren t  vo l t age  and subsequent space-charge vol tage-cur-  

r e n t  parameters  s e v e r e l y  h i n d e r  t h e  a b i l i t y  t o  c o r r e l a t e  experi- 

mental  v o l t a q e  and c u r r e n t  parameters  wi th  p r e d i c t e d  diode be- 

hav ior .  

Resu l t s  ob ta ined  from computer c a l c u l a t i o n s  based on t h e  

above zero-cur ren t  model a r e  shown i n  F iqures  5 and 6 .  For t h e  

exper imental  phase of  t h i s  s tudy ,  t h e  d iodes  used P h i l i p s  Type 

B impregnated porous t ungs t en  emi t t e r s  wi th  an ope ra t inq  ternlaera--- 

t u r e  of  T 1  = 2 1 0 0 ° F  ( 1 4 2 2 O K ) .  C o l l e c t o r  t empera tures  ( T 2 )  

between 1 0 0 0  and 2100°F were cons idered  a longlwi th  d iode  mechan- 

i c a l  spac ings  ( D l )  between 0 . 0 0 4  and 0 . 0 1 0  inch .  

I n  F igure  5 ,  va lues  f o r  t h e  p o t e n t i a l s  V3, V4 and V 7  are  

presen ted  a s  func t ions  of  c o l l e c t o r  temperature  and d iode  

mechanical spacing.  I n  Figure  6 ,  t h e  app l i ed  v o l t a g e  V2 i s  

p l o t t e d  a s  (V4-V3) and (V7-V3) corresponding t o  t h e  two con- 

d i t i o n s  o f  c o l l e c t o r  work func t ion ;  one (dc < V3) r e s u l t i n g  In 

t h e  v i r t u a l  e m i t t e r  being i n  t h e  i n t e r e l e c t r o d e  gap and the 



second (Tdc  > V3)  r e s u l t i n g  i n  t h e  v i r t u a l  e m i t t e r  being a t  t h e  

c o l l e c t o r  s u r f a c e .  

For t h e  lower va lues  of c o l l e c t o r  work f u n c t i o n , a s  t h e  

c o l l e c t o r  temperature  i nc reases ,  from 1 0 0 0  t o  2100°F, t h e r e  i s  

a  marked i n c r e a s e  i n  t h e  c o l l e c t o r  p o t e n t i a l  b a r r i e r  V3  about 

1.7 t o  about 3 v o l t s )  u n t i l  a t  2100°F, t h e  c o l l e c t o r  ant1 emitter 

p o t e n t i a l  b a r r i e r s  ( V 3  and V 4 )  a r e  equa l .  A t  t h i s  p o i n t ,  t h e  applied 

v o l t a g e  necessary  f o r  ze ro-cur ren t  cond i t i ons  i s  V2 = 0 and the 

diode  exper imental  space-charqe c h a r a c t e r i s t i c  (V2  p l o t t e d  

a g a i n s t  d iode  c u r r e n t )  w i l l  pass  through t h e  o r i g i n .  T h i s  i s  

t h e  on ly  cond i t i on  f o r  which t h i s  s t a t emen t  ho lds .  Any other 

combination of  c o l l e c t o r  work func t ion  and c o l l e c t o r  t e rn i~era ture  

w i l l  r e s u l t  i n  t h e  n e c e s s i t y  f o r  a  non-zero a p p l i e d  v o l t a g e  t o  

ach ieve  zero-current  cond i t i ons .  Knowledge of  c o l l e c t o r  tempera- 

t u r e  and work f u n c t i o n  i s  r e a u i r e d  be fo re  t h e o r e t i c a l  space- 

charge curves  can be p l o t t e d ,  a q a i n s t  which exper imental  data 

may be eva lua t ed .  



SPACE CHARGE MODEL (NON-ZERO CURRENT) 

The non-zero c u r r e n t  model i s  based on e l e c t r o n  flow from 

t h e  e m i t t e r  beinq i n  excess  o f  t h a t  from t h e  c o l l e c t o r ,  For 

t h i s  c a s e ,  t h e  app l i ed  diode v o l t a g e  V2 i s  used t o  r a i s e  t h e  

e m i t t e r  Fermi l e v e l  and t h e  p o t e n t i a l  energy diagram i s  as  shown 

i n  F igure  7 .  Again, t h e  c o l l e c t o r  work func t ion  6, i s  first 

assumed t o  be l e s s  t han  t h e  p o t e n t i a l  V3 and t h e  ze ro -po ten t i a l -  

g r a d i e n t  p lane  i s  l o c a t e d  i n  t h e  i n t e r - e l e c t r o d e  gap. The re- 

s u l t a n t  d iode c u r r e n t  i s  I3 and t h e  d iode  space-charge driving 

vo l t age  i s  denoted by t h e  p o t e n t i a l  V1. The d i s t a n c e  D 4  i s  used 

t o  denote  t h e  p o s i t i o n  of  a  psuedo ze ro -po ten t i a l -q rad ien t  p l a n e  

r e f e r r e d  t o  t h e  c o l l e c t o r  and determined by t h e  t o t a l  61i(3.de 

c u r r e n t  13. 

The main aim of t h i s  s tudy  was t o  develop a  s e t  of t h e o r e t i c a l  

d a t a  based on t h i s  model and from which a  s e t  of  mas te r  space- 

charqe curves  ( app l i ed  diode vo l t age  vs .  d iode c u r r e n t )  could be 

p l o t t e d  f o r  va r ious  c o l l e c t o r  t empera tures .  T e s t s  run on En 

o p e r a t i n g  diode would then  be compared wi th  t h e  mas te r  curves. 

The computer Drogram developed t o  c a l c u l a t e  t h e s e  t h e o r e t i c a l  

d a t a  used t h e  fol lowing procedure.  

1. A mechanical spacing D l  was e s t a b l i s h e d .  

2 .  A spacing D 2 ,  t h e  d i s t a n c e  from t h e  e m i t t e r  s u r f a c e  t o  t h e  

v i r t u a l  e m i t t e r  p l ane ,  was assumed. This  a l s o  r e s u l t e d  i n  

a  va lue  f o r  D 3  = Dl - D 2 .  



3 .  The e m i t t e r  and c o l l e c t o r  c u r r e n t s  (I1 and 1 2 )  were cal- 

c u l a t e d  from Equat ions  4  and 5. 

4 .  The diode c u r r e n t  I 3  = I1 - I 2  was c a l c u l a t e d  s u b j e c t  t o  

t h e  cond i t i on  I 3 > 0 .  I f  t h i s  cond i t i on  was n o t  m e t ,  t h e  allow- 

a b l e  range o f  D2 had been exceeded. 

5. A c o l l e c t o r  space-charge cond i t i on  was assumed (@(: *9 V3 1 

and t h e  d i s t a n c e  D 4  was determined from t h e  d iode  current 

I 3  u s ing  a  t ransposed  form of Equation 5. 

6 .  The space-charge d r i v i n g  v o l t a g e  V 1  was determined u s i n g  a 

t ransposed  Form of  C h i l d ' s  fo rmula t ion  (Equation 1.1 for spaee- 

charge c u r r e n t .  

wi th  D 5  = D l  - D2 - D 4  

7 .  The p o t e n t i a l s  V3 and V4 were c a l c u l a t e d  us ing  Equa t ions  9 

and 1 0 .  

8. The v o l t a g e  t h a t  must be a p p l i e d  t o  d iode  t o  maintain t h e  

s p e c i f i c  c u r r e n t  cond i t i on  was c a l c u l a t e d .  

v 2  = v1 + v 3  - v 4  

A s  w i th  t h e  zero-cur ren t  a n a l y s i s ,  t h e  e f f e c t  of  increising 

dc i s  of  g r e a t  i n t e r e s t .  The model i s  v a l i d  s u b j e c t  t o  t h e  con- 

d i t i o n  gic<V3. For a  g iven  diode c u r r e n t  l e v e l ,  t h e  potential 

V4 w i l l  remain f i x e d  r e g a r d l e s s  of  i n c r e a s e s  i n  6, beyond 



6, = V 3 ,  and t h e s e  i n c r e a s e s  i n  p5c w i l l  be matched d i r e c t l y  by 

r e q u i r e d  i n c r e a s e s  i n  t h e  d iode  a p p l i e d  v o l t a g e  V2.  

When space-charge d a t a  (V2 v s .  I 3  f o r  s p e c i f i c  values of 

D l ,  T 1 ,  and T 2 )  a r e  c a l c u l a t e d  from t h i s  model, a s e t  o f  master 

curves  may be p l o t t e d ;  a s  shown on F igures  8 throuqh 2 1 ,  A s  

long a s  6c<V3, t e s t s  run on an o p e r a t i n g  d iode  should agree 

wi th  t h e  mas te r  curves .  I f  p5c i n c r e a s e s  beyond V 3 ,  t h e  e x ~ e r i -  

mental  curve w i l l  d e p a r t  from t h e  mas te r  curve and indicate 

h ighe r  a p p l i e d  v o l t a q e  f o r  a  q iven  c u r r e n t  l e v e l .  The deviation 

w i l l  be equa l  t o  t h e  i n c r e a s e  i n  dc beyond i t s  c r i t i c a l  value 

of  V 3 .  



EXPERIMENTAL PROGRAM 

The f i n a l  computer program used t o  work o u t  t h e  ~lararneters 

o f  t h e  zero and non-zero-current  space charge models w a s  based 

on an e m i t t e r  temperature  of  2100°F, a  c o l l e c t o r  temperature  range 

of  1 0 0 0 - 2 0 0 0 ° F  and a  diode spac ing  range o f  0 . 0 0 1  - O.0l.O i n c h ,  

Resu l t s  of  t h e  zero-cur ren t  a n a l y s i s  a r e  p re sen ted  i n  Figures 

5 and 6 ;  mas te r  curves  f o r  non-zero c u r r e n t  cond i t i ons  a r e  shown 

on F igures  8 through 2 1  a lonq wi th  t e s t  r e s u l t s  from two tempera- 

t u r e  excurs ion  runs  ( 1 6 0 0 ,  1 4 0 0 ,  1 2 0 0 ,  1 0 0 0 ,  1 2 0 0 ,  1 4 0 0 ,  E G D O ° F )  

performed a s  p a r t  of a  p r e s s u r e  t r a n s d u c e r  program con.ducted 

f o r  NASA under c o n t r a c t  NAS3-4170 (Reference 2 ) .  

The t e s t  u n i t  was t h e  f i n a l  des iqn  con f igu ra t ion  of a p r e s s u r e  

t r a n s d u c e r  us inq  a  thermionic  diode senso r  t o  t rans form t h e  mech- 

a n i c a l  motion of a  r e f r a c t o r y  a l l o y  p r e s s u r e  capsu le  into a 

s u i t a b l e  e l e c t r i c a l  ou tpu t .  The thermionic  d iode  senso r  included 

two d iodes ;  one whose spacinq decreased  wi th  p r e s s u r e  applied 

t o  t h  ransducer  and ano the r  whose spacing was f i x e d .  The cur- + 
r e n t s  corresponding t o  t h e s e  d iodes  were c a l l e d  t h e  a c t i v e  

c u r r e n t  (I,) and r e f e r e n c e  c u r r e n t  (I,), r e s h e c t i v e l y .  

Tes t ing  was performed i n  a  high-vacuum environment (lom8 

t o r r )  wi th  c o n t r o l l a b l e  ambient ( c o l l e c t o r )  temperature .  The 

t r a n s d u c e r  s i g n a l  cond i t i on ing  system was designed wi th  a capa- 

b i l i t y  of main ta in ing  a  2100°F e m i t t e r  temperature  r e g a r d l e s s  

o f  ambient temperature  and moni tor ing t h e  space charge p a r a q e t e r s  

of  each diode.  Current  and v o l t a g e  s i g n a l s  were d e l i v e r e d  t o  

an X-Y r eco rde r .  A po ten t iometer  v o l t a g e  c o n t r o l  was used f o r  

cont inuous adjustment  of  t h e  diode v o l t a g e ,  r e s u l t i n g  i n  the ge.n- 
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e r a t i o n  of  a  cont inuous spaoe charge curve by t h e  r e c o r d e r .  

I n  F i s u r e s  8 throuqh 2 1 ,  t h e  computer-calcula ted m a s k e r  

curves  a r e  shown s o l i d  whi le  t h e  exper imental  ,runs a r e  shown 

do t t ed .  One curve i s  shown fo>r t h e  r e f e r e n c e  c u r r e n t  I,, 

which does n o t  change wi th  p r e s s u r e .  Three curves  a r e  shown for 

t h e  a c t i v e  c u r r e n t  1,; corresponding t o  p r e s s u r e s  of  0, 40 and 

80 p s i a  a p p l i e d  t o  t h e  t r ansduce r .  

Genera l ly ,  t h e  exper imenta l  space charge curves  supported 

t h e  model and agreed q u i t e  w e l l  wi th  t h e  mas te r  curves  f o r  l a w  

appl ied-vol taqe  l e v e l s  (up t o  about 3 v o l t s ) .  Moreover, there 

was an obvious nega t ive  vo l t age  requirement  f o r  ze ro-cur ren t .  

Both o f  t h e s e  f a c t s  i n d i c a t e d  t h a t  t h e  c o l l e c t o r  work f11nctic)n 

was indeed low and probably was c l o s e  t o  t h e  c r i t i c a l  va lues  

above which t h e  models a r e  no longe r  v a l i d .  A s  t h e  d iode  current 

i n c r e a s e s ,  t h e r e  w i l l  be a  tendency f o r  t h e  c o l l e c t o r  surface 

t o  c l e a n  due t o  e l e c t r o n  bombardment. The work f u n c t i o n  OF a 

c l e a n  s u r f a c e  of  t h e  r e f r a c t o r y  a l l o y  used f o r  t h e  c o l l e c t o r s  

i s  about 5 v o l t s .  Considering t h e  V3 curves  of  Figure  5 ,  it 

was apparen t  t h a t  t h e  zero  and low-current  vaJues  of  collector 

work func t ion  were we l l  below 2 . 5  v o l t s .  I n  t h i s  c o n t e x t ,  

t h e  d e v i a t i o n ,  a t  h igh-cur ren t  l e v e l s ,  of  t h e  exper imental  

d a t a  from t h e  mas te r  curves  was s u r e l y  a  d i r e c t  r e s u l t  of increases 

i n  t h e  c o l l e c t o r  work func t ion .  I n  a d d i t i o n ,  t h e  combination of 

changing c u r r e n t  l e v e l s  and c o l l e c t o r  temperature  could intro- 

duce non-repeatable  work func t ion  e f f e c t s .  



To o b t a i n  a  meaningful e v a l u a t i o n  of t h e  d iode ,  it was cbvious 

t h a t  d iode  ope ra t ion  must be l i m i t e d  t o  r eg ions  where (1) the 

c o l l e c t o r  work func t ion  i s  c o n s t a n t  o r  ( 2 )  changes i n  t h e  collector 

work f u n c t i o n s  a r e  r e p e a t a b l e  and may be compensated. 



SUMMARY O F  RESULTS 

Under o r d i n a r y  c i r c u m s t a n c e s ,  t h e  a n a l y s i s  of  t h e  opera-  

t i o n  o f  a  vacuum t h e r m i o n i c  d i o d e  i n  t h e  space  charge  limited 

regime i s  j u s t i f i e d  i n  n e q l e c t i n q  c o l l e c t o r  c o n t r i b u t i o n s .  

These c o n t r i b u t i o n s  i n c l u d e  b o t h  e m i s s i o n  e f f e c t s ,  which con- 

t r i b u t e  t o  t h e  d i o d e  c u r r e n t ,  and s u r f a c e  e f f e c t s ,  which may 

cause  u n d e s i r e d  changes i n  c o l l e c t o r  work f u n c t i o n .  

A r e f i n e d  space-charge  model h a s  been developed which 

i n c l u d e s  e m i s s i o n  from b o t h  t h e  emitter and c o l l e c t o r  elec-  

t r o d e s ,  an  u n d e r s t a n d i n g  o f  t h e  e f f e c t  O F  i n c r e a s i n g  c s l l e c t e r  

t e m p e r a t u r e ,  and a l l o w s  f o r  an  e v a l u a t i o n  o f  any v a r i a t i o n s  

i n  c o l l e c t o r  work f u n c t i o n .  

Computer c a l c u l a t i o n s  have a l lowed  t h e  c o n s t r u c t i o n  of  

a  se t  of  m a s t e r  space  charqe  c u r v e s  a g a i n s t  which t h e  e x p e r i -  

men ta l  d i o d e  may be compared. S i n c e  t h e  a p p l i e d  d i o d e  voltage 

i s  t h e  most r e a d i l y  a v a i l a b l e  t e s t  p a r a m e t e r ,  t h e  m a s t e r  curves 

have been e s t a b l i s h e d  from c a l c u l a t i o n s  r e s u l t i n s  i n  d i o d e  

c u r r e n t  and a p p l i e d  v o l t a q e  p a r a m e t e r s .  

Space c h a r g e  r u n s  made on e x p e r i m e n t a l  d i o d e s  o v e r  a collector 

t e m p e r a t u r e  of  1000-1600°F r e s u l t e d  i n  q e n e r a l  agreement  with 

t h e  m a s t e r  c u r v e s .  T h i s  agreement  was most e v i d e n t  a t  l o w  

v o l t a g e / c u r r e n t  v a l u e s .  A s  t h e  d i o d e  c u r r e n t  i n c r e a s e d ,  t h e  

e x p e r i m e n t a l  d a t a  d e v i a t e d  from t h e  m a s t e r  c u r v e s .  The deviations 

w e r e  c o n s i d e r e d  t o  be a  d i r e c t  r e s u l t  o f  i n c r e a s e s  i n  c o l l e c t o r  

work f u n c t i o n .  



I t  appeared t h a t  t h e  model developed was capable  of  be inq  

used a s  an e v a l u a t i o n  technique f o r  vacuum thermionic  diodes 

o p e r a t i n g  i n  an environment which r e s u l t s  i n  c o l l e c t o r  tempera- 

t u r e s  exceeding 1 0 0 0 ° F .  Moreover, c o m ~ a r i s o n  of  t h e  e:xperi- 

mental  d a t a  w i th  t h e  c a l c u l a t e d  mas te r  curves  could be used 

t o  determine t h e  optimum operatincr vo l t aqe / cu r r en t  v a l l ~ e s ,  

I d e a l l y ,  t h e  diode should be opera ted  such t h a t  t h e  coELector 

work func t ion  i s  cons t an t  o r  changes i n  t h e  c o l l e c t o r  work func- 

t i o n  a r e  r e p e a t a b l e  and may be compensated. I f  t h e s e  conditions 

a r e  no t  met, d iode  ope ra t ion  w i l l  be non-repeatable .  



REFERENCES 

1. W. B. Nottinqham; "The Thermionic Diode as a Heat-to- 
Electrical-Power Transducer", Direct Conversion OF Heat to 
Electricity, e. by J. Kave and J. A. Welsh, M.I.T. Sumer 
Session, Julv 1959, Cha~ter 2. 

2. A. J. Cassano; Topical Report, Pressure Measuring Systems 
for Closed Cycle Liquid Metal Facilities, NASA CF- 
To be published. 





ZERO - CURRENT POTENT\ 4L EMERGV D\ &PAG\ 
LON COLLECTOR NOPK FUNCT\OQ 



ZERO- CURREaT POTEUT\AL ENERGY DIAGRAM 
H\GH COLLECTOR NORk FU%T\ON 



APPLIED DIObh VOLTAGE A 5  FUNCT\OU 

OF COLLECTOR w~tl FU~CT\O).S 



1200 I 4-00 \600 \ am 
COLLECTOR TEMP. Cog) 

ZERO- CURRENT PO+EaTIALS A S  F UNCT \ON OF COLLELTOR 

TEMPERATURE 



APPL\EB D\OQE VOLTAGE A S  FUUCT \OM OF CQLLECTQZ 

T' EMPE RATURE 





SPACE CMARCE cUR?JE~ \ 600°F COLLECTOR 



SPACE CHAR&€ LUR?.fE~ 1400' F: COLLECT OR 

FIGURE 9 



cueeei-\T (V,\LL \ AMP e g ~ 5 )  

SPACE LWAQ6E C U R ~ \ I E ~  12oo'~ COLLECTOSL 



SPACE CWARtE cURVE5 \OOo°F LO\-LECTOR 

- - FIGURE I \  



SPACE CHAR&€ cUR~ES, \2 0 0 " ~  COLLECT OR: 



SPACE. tWARc3E CUR\JE~  \4  00'F COLLECT OF: 



FIGURE 14 





SPACE CHAR&€ C U R ~ E ~  \4 00''~ LO\-LECT CIR 



SPACE CHAFZCE cUP,~ES \2 0O8 F. COLLECT OR. 





SPACE CHARCE CUR\rES \ 2 00° F cO\-LECTOTZ 



SPACE LMARCE g_URAE$ \4 00' F COLLECT OR 



SPACE CHARGE CURqEs \6 OO'G COLLECT OR 

FIGURE 21 


