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P i c M  e f f ~ l ~ ~ t  i n v e s t i g a t i o n s  on t h i n  cadmium s u l f i d e  f i ! ~ -  

have y i e lded  a  method of c o n t r o l l i n g  t h e  s u r f a c e  p o t e n t i a l .  

The c o n t r o l  of t h e  s u r f a c e  p o t e n t i a l  i s  achieved by t h e  succes-  

s i v e  evapora t ion  of two d i e l e c t r i c s ,  CaF, and SiO. The SiG 

produces donor - l ike  s u r f a c e  s t a t e s  a t  t h e  CdS s u r f a c e ,  whi le  

CaF, produces a c c e p t o r - l i k e  s u r f a c e  s t a t e s .  By evapora t i ng  

a  t h i n  l a y e r  of CaFz between t h e  CdS and SiO, t h e  e f f e c t  of 

t h e  donor - l ike  s u r f a c e  s t a t e s  on t h e  s u r f a c e  conduction of Cd,5 

may be reduced.  Thus, by proper  cho ice  of t h e  CaFz t h i c k n e s s ,  

avy s u r f a c e  p o t e n t i a l  between t h e  l i m i t s  of SiO and CaF, may 

be ob t a ined .  

The a n a l y s i s ,  c o n s t r u c t i o n ,  and performance of a new 

evaporated t h i n - f i l m  t r a n s i s t o r  capable  of w i th s t and ing  oT:e: 

300 V i s  d e s c r i b e d .  This  t h i n - f i l m  t r a n s i s t o r  w i l l  swi tch  a  

c u r r e n t  of 1 0 0 ~ a  wi th  a  g a t e  v o l t a g e  of l e s s  than  50 V, and 

i s  p a r t i c u l a r l y  s u i t e d  a s  a t r a n s i s t o r  c o n t r o l l e d  swi tch .  

The l a r g e  i n c r e a s e  i n  o p e r a t i n g  v o l t a g e  i s  achieved by 

changes i n  t h e  dev ice  geometry, m a t e r i a l  c h a r a c t e r i s t i c s ,  

and through c a r e f u l  c o n t r o l  of t h e  CdS s u r f a c e  p o t e n t i a l  by 

t h e  method desc r ibed  above. 

Devices were cons t ruc t ed  wi th  an i nc remen ta l  s a t u r a t i o n  

r e s i s t a n c e  of 200b19, and a maximum o p e r a t i n g  v o l t a g e  i n  excess  

of 350 '1. These t - ra r i s i s to rs  were used t o  swi tch e l e c t r o -  



.i~riiir?escerif ihmps :.:it" ,ate v ~ l t a g e s  of 50 V i n  l e s s  than 

0 . 2  msec. The t r a n s i s t o r s  with semiconducting l a y e r s  of CdS, 

u? i l i z i n g  CaF, , SiO, and GeO, i ~ s u l a t o r s  and A1 e l e c t r o d e s ,  

were f a b r i c a t e d  on g l a s s  s u b s t r a t e s  by vacuum evapora t i on .  

I n  r e l a t e d  experiment i t  was found t h a t  an evaporated 

CaF, l a y e r  could be used t o  va ry  t h e  s u r f a c e  p o t e n t i a l  of 

germanium, and. t h e  e f f e c t s  of c o n t r o l l i n g  t h e  s u r f a c e  p o t e n t i a l  

of a Ge(Li)  p- i -n  diode were observed.  A t h i c k n e s s  of 150 t o  

200 of CaF, appeared t o  r e s t o r e  t h e  s u r f a c e  p o t e n t i a l  i n  tkLe 

i n t r i n s i c  reg ion  t o  t h e  bu lk  va lue ,  and t h u s  r e s u l t e d  i n  a  

lower s u r f a c e  l eakage  c u r r e n t .  
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FIELD EFFECT INVESTIGATIONS I N  T H I N  CADMIUM SULFIDE FILMS 

I ,  INTRODUCTION 

1.1 H i s t o r i c a l  Review 

When an e l e c t r i c  f i e l d  i s  app l i ed  i n  a d i r e c t i o n  normal 

t o  t h e  s u r f a c e  of a  conductor ,  a  s u r f a c e  charge i s  produced. 

This  charge,  which i s  drawn i n t o  t h e  conductor v i a  t h e  c o n t a c t  

e l e c t r o d e ,  a l t e r s  t h e  c o n d u c t i v i t y  of t h e  s u r f a c e  r e g i o n .  

I n  me ta l s ,  t h e  d e n s i t y  of e l e c t r o n s  a v a i l a b l e  f o r  conduction 

i s  l a r g e  --  even i n  t h e  absence of a  t r a n s v e r s e  e l e c t r i c  f i e l d  - -  

and t h e  add i t i ona l .  e l e c t r o n s  which c o n s t i t u t e  t h e  s u r f a c e  charge 

a r e  a lmost  n e g l i g i b l e .  It i s  p o s s i b l e  t o  observe a  ve ry  small  

f i e l d  e f f e c t  i n  me ta l s  u s i n g  a  f e r r o e l e c t r i c .  (l) However, i n  

semiconducting m a t e r i a l s ,  t h e  a p p l i e d  f i e l d  should i n  p r i n c i p l e  

be a b l e  t o  a l t e r  t h e  c o n d u c t i v i t y  of t h e  s u r f a c e  r e g i o n  by  

many o r d e r s  of magnitude. The app l i ed  f i e l d  may t h e r e f o r e  be 

used t o  c o n t r o l  a  c u r r e n t  f lowing  i n  t h e  semiconductor,  and 

f i e l d  e f f e c t  modulat ion of c o n d u c t i v i t y  i s  of p r a c t i c a l  a s  wel l  

as of t h e o r e t i c a l  i n t e r e s t .  

The f i r s t  r e c o r d s  of c o n d u c t i v i t y  modulat ion by a  

t r a n s v e r s e  e l e c t r i c  f i e l d  a r e  con ta ined  i n  p a t e n t s  by L i l i e n -  

f i e l d  (2) i n  1930. I n  1935 ~ e i l ( ~ )  observed t h e  e f f e c t  i n  a 

t h i n - f i l m  s t r u c t u r e .  These e a r l y  dev i ce s  were l i m i t e d  by t h e  

low s e n s i t i v i t y  of t h e  semiconductor t o  t h e  app l i ed  f i e l d .  

I n  1948 Shockley and  earso on(^) modulated t h e  c o n d u c t i v i t y  of 



germanium f i l m s  and used Bardeen s  (5) t h e o r y  of su r f ace  s t a t e s  

t o  show t h a t  t h e s e  s t a t e s  were r e s p o n s i b l e  f o r  t h e  poor con- 

d u c t i v i t y  modulat ion.  I n  1960 Bockemuehl (6) cons t ruc t ed  a  

dev ice  which opera ted  on t h i s  p r i n c i p l e  of s u r f a c e  conduct i .v i ty  

modulat ion by a  t r a n s v e r s e  e l e c t r i c  f i e l d .  This  dev ice ,  which 

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

was cons t ruc t ed  by evapora t i on  of t h e  e l e c t r o d e s  and i n s u l a t i o n  

on s i n g l e  c r y s t a l  CdS. I n  1962 ~ e i m e r  (7), u s i n g  CdS, cons t ruc ted  

t h e  f i r s t  evaporated f i e l d - e f f e c t  dev i ce .  H e  observed t h a t  t h e  

type  of s u r f a c e  s t a t e s  on t h e  semiconductor were dependent 

upon t h e  n a t u r e  of t h e  evapora ted  i n s u l a t i n g  m a t e r i a l ,  and h i s  

e f f o r t s  a r e  l a r g e l y  r e s p o n s i b l e  f o r  t h e  c u r r e n t  work on s u r f a c e  

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

1 . 2  Desc r ip t i on  of t h e  Thin-Film T r a n s i s t o r  

The t h i n - f i l m  t r a n s i s t o r  i s  a  u n i p o l a r  dev ice  i n  which t h e  

d e n s i t y  of f r e e  m a j o r i t y  c a r r i e r s  a v a i l a b l e  t o  c a r r y  c u r r e n t  i n  

t h e  conduct ing r eg ion  i s  c o n t r o l l e d  by t h e  a p p l i c a t i o n  of an 

e l e c t r i c  f i e l d  t o  t h e  s u r f a c e  of a t h i n ,  semiconducting f i l m .  

I n  t h e  TFT e l e c t r o n s  f low from an ohmic c o n t a c t ,  c a l l e d  t h e  

source ,  through a  conduct ing s u r f a c e  channel  t o  ano ther  ohmic 

c o n t a c t ,  c a l l e d  t h e  d r a i n .  The c o n d u c t i v i t y  of t h e  channel  may 

be modulated by t h e  t r a n s v e r s e  e l e c t r i c  f i e l d  produced by t h e  

g a t e  e l e c t r o d e .  The g a t e  i s  one p l a t e  of a  c a p a c i t o r  which i s  

s epa ra t ed  from t h e  o t h e r  p l a t e ,  t h e  semiconducting s u r f a c e ,  by 

a  t h i n  i n s u l a t i n g  l a y e r .  



1 . 3  Phys i ca l  Requirements of t h e  M a t e r i a l s  used i n  a  TFT 

Although t h e  i n s u l a t i o n  and c o n t a c t  m a t e r i a l s  used a r e  

impor tan t ,  t h e  c h a r a c t e r i s t i c s  of a  TFT a r e  l a r g e l y  dependent 

upon t h e  p r o p e r t i e s  of t h e  semiconductor.  The q u e s t i o n  i s ,  

then,  how does one choose a  semiconductor f o r  t h i s  a p p l i c a t i o n ?  

One impor tan t  c r i t e r i o n  i s  m a j o r i t y  c a r r i e r  m o b i l i t y .  A 

h igh  m o b i l i t y  a s s u r e s  t h a t  t h e  source-dra in  t r a n s i t  t ime of 

t h e  i n j e c t e d  c a r r i e r s  w i l l  be smal l ;  t h e  dev ice  w i l l  t hen  have 

a  h igh  f requency  response .  Although t h e  h ighe r  m o b i l i t y  of 

s i n g l e  c r y s t a l s  i s  d e s i r a b l e ,  t h e  m o b i l i t y  of many p o l y c r y s t a l -  

l i n e  f i l m s  i s  a c c e p t a b l e .  To some e x t e n t  a  lower m o b i l i t y  can 

be compensated f o r  by a  sma l l e r  sou rce -d ra in  spacing,  bu t  h e r e  

p r a c t i c a l  l i m i t s  of about 5 p  a r e  encountered.  A second 

c r i t e r i o n  i s  f r e e  c a r r i e r  d e n s i t y .  The f r e e  c a r r i e r  d e n s i t y  of 

t h e  semiconductor must no t  be t o o  l a r g e  because t h e  amount of 

charge which can be modulated i s  l i m i t e d  by t h e  i n s u l a t o r  

d i e l e c t r i c  cons t an t  and e l e c t r i c  f i e l d  breakdown s t r e n g t h .  

For example, cons ide r  a s i l i c o n  d iox ide  f i l m  wi th  a  d i e l e c t r i c  

cons t an t  of 2.5 and a  d i e l e c t r i c  breakdown f i e l d  of 5 x  106 V/cm 

This  e l e c t r i c  f i e l d  t e r m i n a t e s  on a  s u r f a c e  e l e c t r o n  charge 

l a y e r  of 7 x  1012 e lec t rons /cm2.  I f  t h e  f r e e  c a r r i e r  d e n s i t y  i s  

g r e a t e r  t han  about 1019/cc t h e  r e s u l t i n g  s u r f a c e  c o n d u c t i v i t y  

change w i l l  be i n s i g n i f i c a n t .  

Two requ i rements  of t h e  i n s u l a t o r  m a t e r i a l  a r e  now 

appa ren t :  a  h igh  d i e l e c t r i c  cons t an t ,  and a  h igh  d i e l e c t r i c  

breakdown s t r e n g t h .  Since  h igh  e l e c t r i c  f i e l d s  a r e  impressed 



on t h e  i n s u l a t o r ,  i t  should a l s o  be f r e e  of mobile i o n s  and 

molecules  whose p o l a r i z a t i o n  e f f e c t s  r e s u l t  i n  i n s t a b i l i t y  of  

t h e  s u r f a c e  c o n d u c t i v i t y .  

1 . 4  M a t e r i a l s  and Methods used i n  TFT F a b r i c a t i o n  

TFTrs have been cons t ruc t ed  by vacuum evapora t ion  of a  

l a r g e  number of serniconductbrs.  Among t h e s e  a r e  s i l i c o n ( 8 )  , 
t e l l u r i u m ( 9 ) ,  cadmium s u l f i d e ( 7 ) ,  cadmium s e l e n i d e  (lo), cadmium 

t e l l u r i d e  (11), l e a d  s u l f i d e  (12), ga l l ium a r s e n i d e  (13), indium 

antimonide (14), z i n c  oxide  (11), t i n  oxide  (15), and indium 

oxide  (15) . In  a d d i t i o n  Wright (16) h a s  proposed aluminum 

antimonide and ga l l ium phosphide.  

The d e t a i l s  of t h e  d e p o s i t i o n  and p roces s ing  t echn iques  of  

each of t h e s e  f i l m s  a r e  a s  s i g n i f i c a n t  as t h e  cho ice  of t h e  

m a t e r i a l .  O f  t h e s e  m a t e r i a l s ,  f i l m s  of CdSe and CdS a r e  among 

t h e  e a s i e s t  t o  form by vacuum evapora t i on .  I n  p a r t ,  t h e  CdSe 

f i l m s  a r e  formed, more e a s i l y  t han  t h o s e  of CdS because  of t h e  

r e l a t i v e  c l o s e n e s s  of t h e  vapor p re s su re  curves  of  Cd and Se .  

Both CdSe and CdS f i l m s  were used i n  t h i s  s t udy .  However, t h e  

bu lk  of t h e  d a t a  were t aken  u s i n g  CdS f i l m s ;  l a r g e l y  because o f  

our g r e a t e r  exper ience  w i t h  t h i s  m a t e r i a l .  

The t echn iques  used t o  cons t , ruc t  t h e  TFT must be such t h a t  

t h e  d e n s i t y  of s u r f a c e  t r a p p i n g  s t a t e s  a t  t h e  semiconductor- 

i n s u l a t o r  i n t e r f a c e  i s  small compared wi th  t h e  charge densi ty  

t h a t  can be induced by t h e  t r a n s v e r s e  e l e c t r i c  f i e l d .  



~ c ~ h o r t e r ( ' ~ )  h a s  observed t h a t  t h e  l / f  n o i s e  a s s o c i a t e d  wi th  

t h e s e  dev i ce s  i s  due t o  t h e  t r a n s f e r  of c a r r i e r s  i n  and out  of 

s u r f a c e  s t a t e s ,  and a  red.uct;ion of t h i s  n o i s e  n e c e s s i t a t e s  

an even f u r t h e r  r e d u c t i o n  of t h e  s u r f a c e  s t a t e  d e n s i t y .  To 

t h i s  end, vacuum evapora t i on  of t h e  e n t i r e  dev ice  i n  one 

chamber seems most d e s i r a b l e  i n  o rde r  t o  minimize s u r f a c e  s t , a t e s  

a r i s i n g  from uncon t ro l l ed  changes of ambient c o n d i t i o n s .  

1 .  Scope of t h i s  Work 

This  t h e s i s  d e s c r i b e s  a method of c o n t r o l l i n g  t h e  su r f ac?  

p o t e n t i a l  of CdS by t h e  succes s ive  evapora t ion  of a  f l u o r i d e  

and an oxide i n s u l a t i o n  l a y e r .  This  work on c o n t r o l  of t h e  

s u r f a c e  p o t e n t i a l  h a s  l e a d  t o  t h e  development of a  new h igh  

v o l t a g e  t h i n - f i l m  t r a n s i s t o r .  The technique  was a l s o  app l i ed  t o  

germanium and was found t o  reduce t h e  s u r f a c e  l eakage  c u r r e n t  i n  

germanium p- i -n  d iodes .  

Sec t ion  2 reviews t h e  t h e o r y  of t h e  i n s u l a t e d  g a t e  t h i n -  

f i l m  t r a n s i s t o r ,  which prov ides  a  framework f o r  t h e  unders tand ing  

of c o n d u c t i v i t y  modulat ion by a  t r a n s v e r s e  e l e c t r i c  f i e l d .  

Sec t ion  3 d e s c r i b e s  a h igh  vacuum system f o r  t h e  p roduc t ion  of 

t h e  m u l t i l a y e r  t h i n  f i l m  s t r u c t u r e s ;  t h e  t echn iques  and m a t e r i a l s  

f o r  d e p o s i t i o n  and measurement of t h e  evaporated f i l m s  a r e  

d i s c u s s e d .  A review of t h e  d e p o s i t i o n  techniques  and p r o p e r t i e s  

of CdS f i l m s  i s  g iven  i n  S e c t i o n  4. Sec t ion  5 d i s c u s s e s  t h e  

method used t o  con t , ro l  t h e  s u r f a c e  p o t e n t i a l  of CdS. I n  S e c t i o n  6 



i t  i s  demonstrated t h a t  t h i s  t echn ique  can be used t o  reduce 

t h e  s u r f a c e  l eakage  c u r r e n t s  i n  germanium p- i -n  d iodes  used a s  

gamma r a y  d e t e c t o r s .  S e c t i o n  7 p r e s e n t s  t h e  t heo ry  of ope ra t i oL  

and f a b r i c a t i o n  t echn iques  of t h e  h i g h  v o l t a g e  t h i n - f i l m  

t r a n s i s t o r ;  S e c t i o n  8 d e s c r i b e s  t h e  performance c h a r a c t e r i s t i c s  

of t y p i c a l  u n i t s  f a b r i c a t e d .  Appendices d e a l i n g  wi th  r e l a t e d  

t o p i c s  a r e  a l s o  i nc luded .  



2 .  REVIEW OF THE THEORY OF THE INSULATED-GATE 
THIN-FILM TRANSISTOR 

2 1 In t roduc t ion  

A review of t h e  p h y s i c a l  t heo ry  of t h e  i n s u l a t e d - g a t e  

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

i s t i c s  a r e  f i r s t  analyzed f o r  a  s i m p l i f i e d  model and then  f o r  

t h e  gene ra l  ca se .  The sma l l - s igna l  parameters  der ived  from 

t h e  s t a t i c  c h a r a c t e r i s t i c s  a r e  d i scussed  and t h e i r  d e v i a t i o n s  

from observed c h a r a c t e r i s t i c s  a r e  explained i n  terms of changes 

i n  c a r r i e r  m o b i l i t y  and t r a p p i n g  e f f e c t s .  

2 . 2  The Gradual A ~ ~ r o x i m a t  i on  

An a n a l y s i s  of t h e  TFT based upon t h e  work of Many, a s  

publ ished by Borkan and weimer(18), and u s u a l l y  r e f e r r e d  t o  as 

t h e  g radua l  approximation i s  given h e r e .  The i d e a l i z e d  

s t r u c t u r e  of t h e  TFT i s  i l l u s t r a t e d  i n  F i g .  2 . 1 .  

The semiconducting f i l m  has  t h i ckness ,  t ,  width, w, and 

l eng th ,  L .  It i s  sepa ra t ed  from t h e  g a t e  e l e c t r o d e  by an 

i n s u l a t o r  of t h i ckness ,  h .  I n  t h i s  a n a l y s i s  t h e  fo l lowing  

assumptions a r e  made: 

1. The semiconducting l a y e r  i s  homogeneous and t h i n  compared 

t o  t h e  i n s u l a t i n g  l a y e r .  

2 .  The mob i l i t y ,  p, of t h e  semiconductor i s  a  cons t an t .  
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Only m a j o r i t y  c a r r i e r s  a r e  considered t o  e x i s t  i n  t h e  

semiconductor.  This  approximation i s  expected t o  be 

good f o r  a m a t e r i a l  such a s  CdS, a l though  i t  may f a i l  i n  

t h e  d e p l e t i o n  mode f o r  ve ry  l a r g e  v o l t a g e s .  

The gate-semiconductor capac i tance ,  CG, i s  assumed c o n s t a n t .  

Trapping e f f e c t s  a r e  neg lec t ed .  

The metal-semiconductor work f u n c t i o n  d i f f e r e n c e  i s  

neg lec t ed .  

The gradual-channel  approximation i s  assumed t o  ho ld .  

This approximation s t a t e s  t h a t  t h e  r a t e  of change of 

t h e  p o t e n t i a l  a long  t h e  channel  i s  very  smal l  compared 

t o  t h e  r a t e  of change of t h e  g a t e  p o t e n t i a l  normal t o  

t h e  channel .  

charge induced per  u n i t  a r e a  on t h e  g a t e  e l e c t r o d e  i s  

given by 

where ~ ( x )  i s  t h e  p o t e n t i a l  of t h e  semiconductor r e l a t i v e  t o  

t h e  source  measured a t  a d i s t a n c e  x from t h e  source ,  and m ( x )  

i s  t h e  number of charges  per  u n i t  a r e a  induced on t h e  g a t e  

e l e c t r o d e .  The d r a i n  c u r r e n t ,  ID, i n  t h e  semiconductor may 

then  be expressed a s  



N o  i s  t h e  t o t a l  number of i n i t i a l  charges  i n  t h e  semiconductor, 

q  i s  t h e  e l e c t r o n i c  charge,  and Ex i s  t h e  e l e c t r i c  f i e l d  i n  t h e  

x - d i r e c t i o n .  With t h e  a i d  of equa t ion  (2 -1)  one may in tegrat ;e  

equa t ion  (2-2)  

which g ives  

where VD i s  t h e  p o t e n t i a l  a t  t h e  d r a i n .  The term NOq ha s  t h e  CG 
dimensions of v o l t a g e  and i s  conven t iona l ly  r ep l aced  by a  

v o l t a g e  -Vo, where +Vo i s  t h e  minimum g a t e  v o l t a g e  which has  an 

e f f e c t  on ID. A p o s i t i v e  va lue  of No i m p l i e s  t h e  presence of 

f r e e  e l e c t r o n s  i n  t h e  conduct ing channel  a t  z e ro  g a t e  vo l t age ,  

whi le  a n e g a t i v e  va lue  of No i m p l i e s  t h e  presence of u n f i l l e d  

t r a p s .  

Equation (2-4)  i s  v a l i d  up t o  t h e  po in t  VD s (VG - V o ) .  

For l a r g e r  source-dra in  v o l t a g e s  a small r eg ion  of t h e  channel  

a t  t h e  d r a i n  becomes complete ly  dep l e t ed  of c a r r i e r s  and t h e  

c u r r e n t  i s  s t r i c t l y  space-charge- l imi ted ;  n e a r l y  a l l  of t h e  

source-dra in  v o l t a g e  i n c r e a s e  w i l l  appear a c r o s s  t h i s  r e g i o n .  

If i t  i s  assumed t h a t  t h i s  r eg ion  i s  smal l  and i t s  l e n g t h  

cons t an t ,  then  t h e  d r a i n  c u r r e n t  w i l l  be approximately  s a t u r a t e d  



s o  t h a t ,  

Th is  ze ro  ou tpu t  conductance o r  p e r f e c t  s a t u r a t i o n  of t h e  

c h a r a c t e r i s t i c s  ha s  never  been observed i n  a c t u a l  u n i t s .  

Depending on t h e  va lue  of Vo, two modes of dev ice  opera- 

t i o n  a r e  p o s s i b l e .  If V i s  made p o s i t i v e  t h e  dev ice  i s  " turned 
0 

o f f "  a t  z e ro  g a t e  b i a s ;  t h e  dev ice  i s  s a i d  t o  be o p e r a t i n g  i n  

t h e  "enhancement mode " because a p p l i c a t i o n  of a  p o s i t i v e  g a t e  

p o t e n t i a l  w i l l  enhance source-dra in  charge f low.  If Vo i s  

nega t ive ,  t h e  dev ice  i s  " turned on" a t  z e ro  g a t e  p o t e n t i a l ;  

t h e  dev ice  i s  now s a i d  t o  be o p e r a t i n g  i n  t h e  "dep le t i on  mode" 

because a p p l i c a t i o n  of a  n e g a t i v e  b i a s  w i l l  cause t h e  source-  

d r a i n  c u r r e n t  t o  dec rease .  F ig .  2-2 i l l u s t r a t e s  t y p i c a l  

s t a t i c  c h a r a c t e r i s t i c s  of a d e p l e t i o n  and an enhancement mode 

dev ice .  (7) 

Typ ica l l y ,  t h e  va lue  of Vo ob ta ined  depends upon t h e  

choice  of i n s u l a t i o n  m a t e r i a l  and i t s  method of d e p o s i t i o n  i n  

a d d i t i o n  t o  t h e  p rev ious  h i s t o r y  of t h e  semiconducting s u r f a c e .  

For example, evapora t ion  of SiO on a CdS l a y e r  p r e v i o u s l y  

exposed t o  oxygen r e s u l t s  i n  an enhancement u n i t ,  whi le  

evapora t i on  of SiO on a  f r e s h l y  depos i t ed  CdS f i l m  r e s u l t s  i n  

a  d e p l e t i o n  u n i t .  It i s  a l s o  known t h a t  CdS dev ice s  wi th  CaF, 

i n s u l a t i o n  a r e  "turned o f f "  a t  z e ro  g a t e  b i a s .  ('9) Thus t h e  

s u r f a c e  p o t e n t i a l  of t h e  semiconductor may be a l t e r e d  somewhat 
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by proper  choice  of t e chn iques  and m a t e r i a l s .  I n  Sec t ion  5 

a  new met,hod of cont inuous  c o n t r o l  of t h e  s u r f a c e  p o t e n t i a l  

u t i l i z i n g  compound l a y e r s  of i n s u l a t i o n  i s  d i s c u s s e d .  

2 . 3  The Space-Charge-Limited (SCL) Current  Model 

Phys i ca l  mechanisims have been put  forward by s e v e r a l  

a u t h o r s  (20,  21) t o  account f o r  t h e  observed non - idea l  s a t u r a t i o n .  

The model by ~ r i ~ h t ( ~ * )  d i s t i n g u i s h e s  a  source  r eg ion  where t h e  

g radua l  approximation i s  v a l i d ,  and a  d r a i n  r eg ion  through 

which a space-charge- l imi ted  c u r r e n t  f lows  i n  t h e  presence of 

a l o n g i t u d i n a l l y - d i r e c t e d  e l e c t r i c  f i e l d .  The p o i n t  a t  which 

t,he semiconductor p o t e n t i a l  e q u a l s  t h e  g a t e  p o t e n t i a l  d i v i d e s  

t h e  source  and d r a i n  r e g i o n s .  Desp i te  a mathemat ical  d i f f i c u l t y  

i n  matching t h e  two s o l u t i o n s  a t  t h e  junc t ion  of t h e  source  

r eg ion  and d r a i n  r eg ion ,  Wright i s  a b l e  t o  c a l c u l a t e  c u r r e n t -  

v o l t a g e  r e l a t i o n s  f o r  a  TFT w i t h  V o  = 0  ( i . e .  no s u r f a c e  o r  bu lk  

t r a p p i n g  s t a t e s )  which agree  w i t h  exper iment .  Th is  model shows 

t h a t  t h e  f i n i t e  ou tpu t  conductance i s  r e l a t e d  t o  t h e  i n c r e a s e  i n  

s i z e  of t h e  d r a i n  r eg ion  i n  which SCL c u r r e n t  f lows  a s  t h e  source-  

d r a i n  v o l t a g e  i s  i nc rea sed  beyond t h e  l i m i t s  of t h e  g radua l  

approximat ion.  S ince  t h e  e f f e c t i v e  channel  l e n g t h  (sour 'ce r e g i o n )  

dec rease s  s lowly w i th  i n c r e a s i n g  d r a i n  vo l t age ,  t h e  c a l c u l a t e d  

I - V  c h a r a c t e r i s t i c s  show a  s lope  beyond t h e  l i m i t s  of t h e  gradual  

approximat ion.  



2 .  The S t a t i c  Theory of t h e  Insu la ted-Gate  
F i e l d - E f f e c t  T r a n s i s t o r  

It i s  of i n t e r e s t  t o  compare t h e  a n a l y s i s  g iven i n  t h e  

p reced ing  s e c t i o n  w i t h  t h e  t heo ry  by Geurst  ( 23 ) .  ?n i s  a n a l y s i s ,  

which i s  v a l i d  on ly  f o r  t h e  s t a t i c  case ,  i s  t h e  only  t h e o r e t i c a l  

t r ea tmen t  t o  d a t e  t h a t  does n o t  make use  of t h e  g radua l  

approximat ion.  It does, however, make t h e  unphys ica l  assumption 

t h a t  t h e  semiconducting l a y e r  i s  i n f i n i t e l y  t h i n .  G e u r s t l s  

a n a l y s i s  makes use  of conformal mapping techniques  t o  so lve  a 

boundary va lue  problem f o r  t h e  e l e c t r i c  f i e l d .  everywhere i n  t h e  

i n s u l a t o r .  With t h i s  in format ion  t h e  s t a t i c  c h a r a c t e r i s t i c s  

a r e  ca lcu la ted . .  

I n  t h i s  model t h e  m o b i l i t y  i s  assumed cons t an t  and t h e  

occurrence of p a r t i a l l y  i o n i z e d  donors and h o t  e l e c t r o n s  i s  

n o t  cons idered .  The assumption i s  made t h a t  t h e  t h i c k n e s s  of  

t h e  semiconducting channel  i s  i n f i n i t e l y  t h i n  compared t o  t h e  

t h i c k n e s s  of  t h e  i n s u l a t i o n  l a y e r .  A two-dimensional model i s  

t hen  in t roduced  i n  which t h e  e l e c t r o d e  c o n f i g u r a t i o n  i s  assumed 

symmetric i n  t h e  sense  t h a t  t h e  semiconducting channel  i s  

f l anked  by g a t e  e l e c t r o d e s  a t  bo th  s i d e s .  Th is  symmetry has  

been in t roduced  f o r  mathemat ical  convenience.  F ig .  2-3  i l l u s -  

t r a t e s  t h e  geometry of t h e  model. 

It i s  reasonable  t o  expect  t h a t  t h e  ove r l ap  of g a t e  and 

source-dra in  e l e c t r o d e s  and t h e  ex t ens ion  of t h e  e l e c t r o d e s  

t o  i n f i n i t y  w i l l  n o t  s e r i o u s l y  a f f e c t  t h e  r e s u l t s  obta ined f o r  

t h e  s t a t i c  ca se .  





The c u r r e n t ,  I, t r a v e r s i n g  t h e  semiconducting channel  frorh 

t h e  source  (-L/2, 0) t o  t h e  d r a i n  (+L/2, 0 )  per  u n i t  width of' 

t h e  channel  i s  g iven by 

where a denotes  t h e  mobile charge per u n i t  s u r f a c e  a r e a  i n  tFLe 

channel  and v  r e p r e s e n t s  t h e  d r i f t  v e l o c i t y  of t h e  charge 

c a r r i e r s .  The mobile s u r f a c e  charge d e n s i t y  may be expressed 

a s  

where D' r e p r e s e n t  t h e  y-components of t h e  displacement  v e c t o r  
Y 

a t  t h e  upper and lower s i d e s  of t h e  channel .  The number of 

e l e c t r o n s / u n i t  width  o r i g i n a l l y  p re sen t  i n  t h e  channel  may be 

expressed a s  a  v o l t a g e  by t h e  r e l a t i o n  

Where E r  i s  t h e  r e l a t i v e  d i e l e c t r i c  cons t an t  of t h e  i n s u l a t o r .  

A p o s i t i v e  va lue  of Vo corresponds  t o  empty t r a p s  I n  t h e  

channel  and a  n e g a t i v e  va lue  of Vo corresponds  t o  t h e  mobile 

charge p re sen t  a t  ze ro  g a t e  b i a s .  The d r i f t  v e l o c i t y ,  v, 

( f o r  e l e c t r o n s )  i s  given by 

v  = -pExe (2-11) 

Upon n o t i n g  t h a t  t h e  l o n g i t u d i n a l  component Ex i s  cont inuous  



a c r o s s  t h e  channel  one may s u b s t i t u t e  equa t ions  (2 -g ) ,  ( 2 - i C ; ,  

and (2-11) i n  (2 -8)  t o  o b t a i n  

where t h e  s u p e r s c r i p t  denotes  t h e  l i m i t i n g  va lue  a t  t he  U p p r r  

s i d e  of t h e  channel .  Equat ion (2-12) i s  a  non - l i nea r  boundary 

cond i t i on  f o r  t h e  e l e c t r i c  f i e l d  i n  t h e  i n s u l a t i n g  r eg ion  

bounded by t h e  upper h a l f  of t h e  semiconducting channel .  The 

remaining boundary cond i t i on  a t  t h e  metal  e l e c t r o d e s  i s  giveK 

by 

Thus t h e  boundary cond i t i on  around t h e  e n t i r e  i n s u l a t i n g  regla-: 

i s  known. The d e t a i l e d  s t e p s  of t h i s  d e r i v a t i o n  have been 

omit ted  s i n c e  t h e  work i s  n o t  o r i g i n a l ,  

Before examining t h e  s o l u t i o n  t o  t h i s  problem i t  i s  of 

i n t e r e s t  t o  examine equa t ion  (2-12) f o r  t h e  case  where t h e  

e l e c t r i c  f i e l d  between t h e  g a t e  e l e c t r o d e  and t h e  channel  i s  

p a r a l l e l  to t h e  y - a x i s  ( i . e .  Ex << E a t  t h e  c h a n n e l ) ,  Equation 
Y 

(2-12) may now be w r i t t e n  as 

which, a p a r t  from t h e  f a c t o r  of 2 in t roduced  by symmetry, i s  

i d e n t i c a l  t o  equa t ion  ( 2 - 3 ) .  The stat,ernent Ex << E i s  t h e  
Y 



gradua l  approximation i n  t h e  t heo ry  given by Borkan and ~ei i ! .e l ; .~  " 

Note, however, t h a t  equa t ion  (2-12) r e t a i n s  i t s  v a l i d i t y  whell 

Ex does no t  s a t i s f y  t h e  g radua l  approximat ion.  

The s i m i l a r i t y  between t,he t h e o r i e s  of Geurst  and Wright 

become apparen t  when Equat ion (2-12) i s  examined f o r  t h e  case  

Vo = 0. For t h i s  case  i t  may be considered a s  a p a r t i c u l a r  

form of t h e  g e n e r a l  formula  f o r  space-charge- l imi ted  c u r r e n t a  

i n  s o l i d s  g iven by 

f o r  e l e c t r o n s  i n  an i n f i n i t e l y  t h i n  semiconductor.  The one- 

d imensional  case  of equa t ion  (2-15) w i t h  a l l  t h e  f i e l d  l i n e s  

p a r a l l e l  t o  t h e  d i r e c t i o n  of charge f low assumed by Wright f o r  

t h e  d r a i n  r eg ion  i n  h i s  model i s  

aE Y 
This  d i f f e r s  from Equat ion (2-15) on ly  by t h e  term i n  -----. 

a Y 
For t h e  case  of a  reasonably  t h i c k  semicondu@ting channel  

t h i s  approximation i s  v a l i d .  Thus i t  i s  seen t h a t  t h e  

t h e o r y  of Geurst  g i v e s  r e s u l t s  s i m i l a r  t o  t ,hose ob ta ined  by 

Wright, . 

Equat ions  (2-12) and (2-13) a r e  t h e  non - l i nea r  boundary 

cond i t i on  f o r  t h e  e l e c t r i c  f i e l d  i n  t h e  i n s u l a t o r  r e g i o n .  

By use  of a  complex t r ans fo rma t ion  t he  t r a n s c e n d e n t a l  equa t ion  

r e l a t i n g  t h e  source-dra in  c u r r e n t ,  ID, t o  t h e  source-dra in  



1 ?I . 

vol tage ,  VD, and t h e  g a t e  vo l t age ,  v~~ w a s  found t o  be 

where t h e  d imens ion less  c u r r e n t ,  j, and t h e  d imens ion less  

vo l t age ,  q, a r e  def ined  by 

This  equa t ion  has  been solved numer ica l ly  i n  terms of" tc,e 

geometr ic  r a t i o  h/L, which i s  t h e  r a t i o  of t h e  i n s u l a t i o n  

t h i c k n e s s  t o  source-dra in  gap. The model shows t h a t  t h e  

amount of s a t u r a t i o n  expected i s  r e l a t e d  i n  a  non - l i nea r  manner 

t o  t h e  r a t i o  h/L, and t h a t  f o r  sma l l e r  v a l u e s  of h / ~  i t  becomes 

asympto t ic  t o  t h e  g radua l  approximation w i th  p e r f e c t  s a t u r a t i o n  

f o r  V, s ( V  - V o ) .  

To i l l u s t r a t e  t h i s  behav ior  G e u r s t ' s  model ha s  been solved 

f o r  two va lues  of h/L f o r  a convent iona l  evaporated TFT. The  

r a t i o s  h / ~  = 1/50 and h/L = 1/25 correspond t o  i n s u l a t i o n  

t h i c k n e s s  of 1,500 and 3,000 f o r  L = 7 . 5 p .  The r e s u i t s  sf 



t h e s e  c a l c u l a t i o n s  a r e  d i sp l ayed  i n  F igu re s  2-4 and 2-5.  it 

can be seen t h a t  t h e  dev ice  w i th  t h e  t h i n n e r  i n s u l a t i o n  ( F i g ,  

2-4) ha s  a  h ighe r  s a t u r a t i o n  r e s i s t a n c e  as w e l l  as a  l a r g e r  

t ransconduc tance .  This  i s  due t o  t h e  i n c r e a s e d  s c r een ing  arid 

capac i t ance  of t h e  more c l o s e l y  spaced g a t e  e l e c t r o d e .  

2 .5  Low Frequency Cha rac t . e r i s t , i c s  

The smal l -  s i g n a l  t ransconduc tance ,  grc,, and ou tpu t  con- 

ductance,  
g ~ 0 3  

ob ta ined  from t h e  g radua l  approximation 

( equa t ion  2-4) a r e  g iven by 

a ID PCG 
g o  - = 7 (VG - vo - vD) f o r  vD 5 (vG - v0) 

av, v~ 

= 0 f o r  VD 2 (VG - Vo) i \ -  ,> ;, - - -  -: I 

Exper imental ly ,  one f i n d s  poor agreement wi th  t h e s e  e x p r e s s i o n s ,  

Typica l  r e s u l t s  f o r  a  s i l i c o n  evaporated T F T ( ~ ~ )  a r e  compared 

w i t h  t h i s  t heo ry  i n  F igu re s  2-6 and 2-7. 

I n  d e r i v i n g  equa t ions  (2-20) and (2-21) an extremely 

s i m p l i f i e d  model was used.  In  p a r t i c u l a r ,  t r a p p i n g  e f f e c t s ,  
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- - -  Gradual Approxima t ion 
v, = 2 v .  

o 2 4 ti 8 a 0 r 2 14 
--Vo i v d t s l -  

--V, (volts) - 





mobi l i t y  v a r i a t i o n s  arid g a t e  capac i tance  v a r i a t i o n s  were ignclze:-l  

Waxman e t  a l .  (25) have measured t h e  H a l l  m o b i l i t y  v s .  g a t e  

v o l t a g e  i n  a modified CdS TFT and have ob ta ined  t h e  r e s u l t s  shcwn 

i n  F i g .  2-8.  The i n c r e a s e  i n  m o b i l i t y  a t  low g a t e  p o t e n t i a l s  i s  

thought t o  be due t o  t h e  f i l l i n g  of t r a p s  a t  i n t e r c r y s t a l l i n e  

b a r r i e r s ,  (26' 27)  whi le  a t  h igh  g a t e  v o l t a g e s  t h e  m o b i l i t y  will 

va ry  as l / E G  as p r e d i c t e d  by ~ c h r i e f f e r ( ~ ~ )  f o r  non-degenerate 

s u r f  ace  s c a t t e r i n g .  

The measured dependence of g a t e  capac i t ance  on g a t e  

v o l t a g e  (19) f o r  a t y p i c a l  TFT i s  shown i n  F ig .  2-9 .  The t o t a l  

g a t e  capac i tance  corresponds t o  a s e r i e s  combination of t h e  

oxide and semiconductor s u r f a c e  capac i t ance .  

- - cox cs 
C~ C o x + C s  

Equation (2-22) i s  a ve ry  i n s t r u c t i v e  way of exp res s ing  t h e  

g a t e  capac i t ance  because t h e  t o t a l  capac i tance  w i l l  d e v i a t e  

from t h e  oxide capac i t ance  on ly  t o  t h e  e x t e n t  t h a t  t h e  s u r f a c e  

p o t e n t i a l  can fo l low t h e  a p p l i e d  s i g n a l .  

In  evaporated p o l y c r y s t a l l i n e  CdS f i l m s  t h e  t r a n s c ~ n d u c t z r ~ c ,  

as w e l l  as t h e  m o b i l i t y  w i l l  be dependent upon t h e  f i l l i n g  of 

t r a p s  l o c a t e d  a t  g r a i n  boundar ies  and s c a t t e r i n g  from ion ized  

i m p u r i t i e s .  S ince  a t ime cons t an t  i s  a s s o c i a t e d  wi th  t h e  

f i l l i n g  and emptying of t h e s e  t r a p s ,  t h e i r  presence may be 

observed most e a s i l y  by examining t h e  f requency dependence o f  

t h e  t ransconduc tance .  





In  t h e  nex t  s e c t i o n  a model by Haering i s  d i s cus sed  

which shows t h a t  t h e  magnitude and phase of t h e  sma l l - s igna l  

a .  c .  t r ansconduc tance  a l lows  one t o  i n f e r  which p h y s i c a l  

mechanism i s  r e s p o n s i b l e  f o r  t h e  c o n d u c t i v i t y  modulat ion.  

2 . 6  The A . C .  Transconductance 

~ a e r i n ~ ( ~ ~ )  h a s  d i s cus sed  a model of t h e  TFT i n  which t h e  

m o b i l i t y  a s  w e l l  as t h e  e l e c t r o n  concen t r a t i on  i s  allowed t o  

va ry  wi th  t h e  g a t e  v o l t a g e .  Thus t h e  d i f f e r e n t i a l  conductance,  

da, of  t h e  channel  becomes 

where q i s  t h e  e l e c t r o n i c  charge and n  i s  t h e  e l e c t r o n  concen i ra  

t i o n .  This  model p o s t u l a t e s  t h a t  t h e  m o b i l i t y  v a r i a t i o n s  depend 

upon t h e  occupancy of i m p u r i t i e s  o r  t r a p  s t a t e s ;  t h e  dependence 

of m o b i l i t y  on channel  naryowing i s  neg l ec t ed  a l though  t h e  model 

could be extended t o  i n c l u d e  t h i s  c a s e .  Waxman e t  a l l2% have 

a l s o  p o s t u l a t e d  and observed t h i s  v a r i a t i o n  i n  m o b i l i t y  wi th  

s u r f a c e  p o t e n t i a l ,  b u t  d i d  n o t  use  t h i s  in format ion  t o  c a l c u l a t e  

t h e  f requency  dependence of t h e  t ransconduc tance .  I n  a d d i t i o n  

t o  t h e  assumptions s t a t e d  i n  Sec t ion  2 .2  t h i s  model assumes a 

s i n g l e  s e t  of t r a p s  o r  impur i t y  s t a t e s  which obey t h e  Boltzmann 

d i s t r i b u t i o n .  

Using t h i s  model i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  f requency 

dependence of t h e  smal l  s i g n a l  t ransconduc tance ,  %, i n  terms 

of t h e  v a r i a t i o n  of m o b i l i t y  wi th  t h e  d e n s i t y  of t r apped  



e l e c t r o n s ,  The t ransconductance has  been shown t o  be 

where B = (nc/p) (dp/dn 1 ) ,  and dn denotes  t h e  change i n  t o t u  

e l e c t r o n  concen t r a t i on  as a r e s u l t  of a change, dVG, i n  g a t e  

v o l t a g e .  By assuming t h a t  t h e  a . c .  q u a n t i t i e s  i n  equa t ion  

(2-24) a r e  small, one may o b t a i n  t h e  f requency dependence of 

t h e  t ransconductance shown i n  F ig .  2-10. The importance of 

m o b i l i t y  v a r i a t i o n s  i s  inc luded  i n  t h e  parameter 8. For t h e  

case  $ = 0  ( c o n s t a n t  m o b i l i t y )  t h e  t ransconductance i s  always 

an i n c r e a s i n g  f u n c t i o n  of f requency.  That i s ,  f o r  f r e q u e n c i e s  

lower t han  those  c h a r a c t e r i z i n g  t h e  t r a p s ,  a f r a c t i o n  of t h ~  

e l e c t r o n s  induced w i l l  be t rapped  r e s u l t i n g  i n  a lower t r a n s -  

conductance than  a t  h igh  f r equenc ie s ,  where t h e  t r a p s  a r e  v n a F ~ l ;  

t o  fo l low t h e  induced c a r r i e r  v a r i a t i o n s .  

For t h e  case  of l a r g e  m o b i l i t y  v a r i a t i o n s  ( p  > i), t h e  

t ransconductance i s  a dec reas ing  f u n c t i o n  of f requency.  The 

t ransconductance w i l l  be l a r g e  a t  low f r e q u e n c i e s  due t o  t h e  

modulation of t h e  d e n s i t y  of t rapped  e l e c t r o n s .  S ince  t h e  

t r a p s  cannot fo l low t h e  g a t e  v o l t a g e  a t  h igh  f r equenc ie s ,  the 

t ransconductance i s  a dec reas ing  f u n c t i o n  of f requency.  

Experimental  s t u d i e s  (3') of TFT s wi th  slow s u r f a c e  t r a p s  

a r e  i n  accord wi th  t h e  p r i n c i p l e  of c a r r i e r  m o b i l i t y  v a r i a t i o n  

as w e l l  as c a r r i e r  concen t r a t i on  v a r i a t i o n  wi th  a p p l i e d  gate 

v o l t a g e ,  





Comparison of TFT Theory with  Experiment 

2 . 7 . 1  S t a t i c  C h a r a c t e r i s t i c s  

The s t a t i c  c h a r a c t e r i s t i c s  of a TFT may be adequa te ly  

desc r ibed  by equa t ion  (2-4) i n  t h e  reg ion  VD < (VG - V o ) .  

Within t h i s  r eg ion  t h e  models of Wright and Geurst  reduce 

t o  t h e  g radua l  approximation of Many. 

I n  t h e  s a t u r a t i o n  r eg ion ,  t h e  models of Wright and Geurst  

bo th  p o s t u l a t e  a  f i n i t e  s a t u r a t i o n  r e s i s t a n c e .  However, t h e  

two t h e o r i e s  a r e  based on e n t i r e l y  d i f f e r e n t  p h y s i c a l  

assumptions.  Wright h a s  assumed t h a t  t h e  c u r r e n t  i s  c a r r i e d  

i n  a h igh  r e s i s t i v i t y  m a t e r i a l  by space charge,  and t h a t  

ope ra t ion  occurs  under space-charge- l imited c o n d i t i o n s .  Geurst  

ha s  r e l a t e d  t h e  f i n i t e  s a t u r a t i o n  r e s i s t a n c e  t o  t h e  geometry of 

t h e  t r a n s i s t o r ,  s p e c i f i c a l l y  t o  t h e  geometr ic  con f igu ra t ion  of 

i t s  e l e c t r o d e s .  H i s  model, however, assumes an i n f i n i t e l y  t h i n  

semiconducting l a y e r .  

The above models a r e  inadequa te  t o  d e s c r i b e  t h e  non-sa tura ted  

behavior  o f t e n  observed.  For t h e  case  of t h e  semiconducting 

i n s u l a t e d  g a t e  f i e l d - e f f e c t  t r a n s i s t o r ,  Hofs te in  and ~ e i m a n ( ~ l )  

have r e l a t e d  t h e  ou tpu t  r e s i s t a n c e  i n  s a t u r a t i o n  t o  t h e  excess  

charge c a r r i e r s  induced i n  t h e  channel  by t h e  d r a i n  e l e c t r o d e  a t  

t h e  s u b s t r a t e  s i d e  of t h e  semiconductor.  The ou tpu t  r e s i s t a n c e  

c a l c u l a t e d  by t h e s e  a u t h o r s  g i v e s  r i s e  t o  a vo l t age  a m p l i f i c a t i o n  

of t h e  same o rde r  of magnitude as t h a t  measured on r e a l  t r a n s i s t o r s .  



A d i f f e r e n t  exp lana t ion  of t h e  f i n i t e  ou tpu t  r e s i s t a n c e  a t  

s a t u r a t i o n  has  been put  forward by ~ o h n s o n ( ~ O ) .  He assumes 

t h a t  t h e  donors p r e s e n t  i n  t h e  semiconducting l a y e r  a r e  only  

p a r t i a l l y  i o n i z e d .  The s a t u r a t i o n  reg ion  of t h e  I-V 

c h a r a c t e r i s t i c s  would then  correspond t o  i o n i z i n g  t h e  donors 

i n  t h e  deepe r - ly ing  l e v e l s .  Complete s a t u r a t i o n  would occur 

on ly  a t  d r a i n  v o l t a g e s  g r e a t e r  than  t h e  t r a n s i s t o r  could wi th  

s t a n d .  

None of t h e  above models t a k e  t r a p p i n g  s t a t e s  o r  m o b i l i t y  

v a r i a t i o n s  i n t o  account ,  t he reby  making a comparison wi th  t h e  

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

2 .7 .2  Dynamic C h a r a c t e r i s t i c s  

The measured t ransconductance and ou tpu t  conductance do 

n o t  agree  w e l l  wi th  t h e  g radua l  approximation as shown i n  F igu res  

2-6 and 2-7, because t h e  d e r i v a t i o n  n e g l e c t s  t h e  e f f e c t s  of t r a p s ,  

m o b i l i t y  v a r i a t i o n s  and g a t e  capac i tance  v a r i a t i o n s .  

The model of t h e  a . c .  t ransconductance of t h e  TFT by 

~ a e r i n ~ ( ~ 9 )  d i scus sed  i n  Sec t ion  2 . 6  has  been used by Miksic e t -  

a l .  (3') t o  ana lyze  t h e  f requency dependent t ransconductance of 

TFTfs  i n  t h e  range 1 t o  1,000 cps .  The obse rva t ions  can be 

unders tood i n  terms of t h e  model which p o s t u l a t e s  g a t e  vo l t age  

induced m o b i l i t y  v a r i a t i o n s  i n  a d d i t i o n  t o  t r a p p i n g  e f f e c t s .  

Although t h i s  model i s  unable  t o  e x p l a i n  t h e  h igh  e f f e c t i v e  mobi l i ty  



30.  

obta ined  by ~ e i m e r ( ~ ) ,  t he  p o s t u l a t e  of g a t e  vo l t age  induced 

m o b i l i t y  v a r i a t i o n s  i s  confirmed by t h e  work of Waxman e t  a1. (25) 

d i sp l ayed  i n  F ig .  2-8. 



3. APPARATUS AND MATERIALS FOR THE 
FABRICATION OF EVAPORATED THIN-FILM TRANSISTORS 

3 . 1  In t roduc t ion  

The t h i n - f i l m  dev ices  neces sa ry  f o r  t h i s  work were f a b r i -  

ca ted  by vacuum evapora t ion  techniques .  This  s e c t i o n  d e s c r i b e s  

t h e  equipment, m a t e r i a l s  and methods used t o  f a b r i c a t e  t h e  

s t r u c t u r e s ,  and t h e  appa ra tus  f o r  measuring t h e  t h i c k n e s s  of t h e  

depos i t ed  f i l m s .  

3.2 The Vacuum System 

The evapora t ion  system c o n s i s t s  of an NRC Model 3176' 

vacuum c o a t e r  equipped wi th  an 18" diameter  g l a s s  b e l l  jar and 

a 7" d i f f u s i o n  pump which i s  capable  of pumping t h e  system t o  

lo-' '  To r r .  A vacuum c o l l a r  w i th  1 6  two inch  p o r t s  was i n s t a l l e d  

between t h e  b e l l  j a r  and t h e  base  p l a t e  f o r  g r e a t e r  f l e x i b i l i t y .  

The mask changer,  which i s  mounted on t h e  c o l l a r ,  i s  capable  of 

r e g i s t e r i n g  any one of 6 masks ad j acen t  t o  t h e  s u b s t r a t e  t o  

w i th in  0 .001  i n .  and s h u t t e r i n g  t h e  evaporant  from any one of 5 

r e s i s t a n c e  hea ted  sou rces .  F ig .  3-1 i l l u s t r a t e s  t h e  mask 

changing appa ra tus .  

3 .3 Control  of t h e  S u b s t r a t e  Temperature 

I n  t h e  d e p o s i t i o n  of t h i n  l a y e r s  by vacuum evapora t ion ,  

knowledge of t h e  s u b s t r a t e  temperature  i s  impor tan t .  For example, 

f NRC Equipment Corp.,  Newton, Massachuset ts .  
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t he  r e s i s t i v i t y  of CdS, and t h e  d i e l e c t r i c  cons t an t  and o p t i c a l  

p r o p e r t i e s  of SiO and GeO, a r e  determined i n  p a r t  by t h e  

s u b s t r a t e  t empera ture .  The two main problems i n  t h e  c o n t r o l  

of t h e  s u b s t r a t e  t empera ture  a r e  t h e  i n a b i l i t y  t o  h e a t  t h e  

s u b s t r a t e  unif romly and t h e  d i f f i c u l t y  i n  measuring t h e  tempera- 

t u r e  of t h e  s u b s t r a t e  su r f ace  f a c i n g  t h e  evaporan t .  The most 

common m a t e r i a l  used as a s u b s t r a t e  i s  g l a s s ;  which, because of 

i t s  low thermal  c o n d u c t i v i t y  makes t h e  problems of temperature  

c o n t r o l  and measurement more d i f f i c u l t .  

One common technique used i s  t o  h e a t  t h e  s u b s t r a t e  by 

means of r a d i a t i o n .  A b l ack  box h e a t e r  o r  a l i n e  source  placed 

a t  t h e  f o c u s  of a pa rabo l i c ,  r e f l e c t i n g  c y l i n d e r  has  been 

used .  (31, 32, 33) Another commonly used h e a t e r  i s  cons t ruc t ed  by 

p r e s s i n g  t h e  s u b s t r a t e  a g a i n s t  a hea t ed  copper b lock .  (3') Unless 

t h e  s u b s t r a t e  makes r ep roduc ib ly  uniform c o n t a c t  t o  t h e  h e a t e r ,  

t h e  tempera ture  of t h e  f r o n t  s u r f a c e  w i l l  n o t  be a c c u r a t e l y  

known. S ince  t h e  s p e c t r a l  t r a n s m i t t a n c e  of most g l a s s  shows a 

d i s t i n c t  cu to f f  nea r  25,000 A, any r a d i a t i o n  whose wavelength i s  

g r e a t e r  t han  t h i s  w i l l  be absorbed by t h e  g l a s s .  ~ a n s o n ( 3 ~ )  has  

shown t h a t  a h e a t e r  whose tempera ture  i s  l e s s  t han  500" C w i l l  

have > 99% of i t s  energy i n  t h e  r eg ion  2 25,000 A .  Thus a 

l a r g e - a r e a ,  low-temperature h e a t e r  which w i l l  d i s t r i b u t e  energy 

evenly over t h e  s u r f a c e  of t h e  s u b s t r a t e  appears  most d e s i r a b l e .  

If extremely a c c u r a t e  temperature  c o n t r o l  over  a  l a r g e  

s u b s t r a t e  f o r  a  l ong  per iod  of t ime i s  d e s i r e d ,  then  one may 



use an e l a b o r a t e  method developed by ~ a n s o n ( 3 ~ ) ,  i n  which t h e  

e n t i r e  b e l l  jar i s  hea ted  i n  an oven. Such a system has  been 

a b l e  t o  main ta in  a temperature  s t a b i l i t y  of 250•‹C 2•‹C. 

When u s i n g  r a d i a t i o n  h e a t e r s  one conven t iona l ly  p r e s s e s  a  

thermocouple t o  t h e  s i d e  of t h e  s u b s t r a t e  f a c i n g  t h e  h e a t e r ( p ,  33)  

o r  evapora t e s  a thermocouple ( f o r  example, N i  - Fe) on t h e  s i d e  

of t h e  s u b s t r a t e  f a c i n g  t h e  evaporant .  (34, 35) Both a r e  s u b j e c t  

t o  e r r o r  because of temperature  g r a d i e n t s  i n  t h e  s u b s t r a t e .  Also, 

n e i t h e r  thermocouple absorbs  t h e  same energy per  u n i t  a r e a  from 

a r a d i a t i o n  h e a t e r .  Conduction h e a t e r s  a r e  u s u a l l y  monitored 

by a thermocouple a t t a c h e d  t o  t h e  h e a t e r  b lock .  In  such cases  

t h e  temperature  of t h e  f r o n t  su r f ace  i s  n o t  known u n l e s s  t h e  

h e a t e r  i s  f i r s t  c a l i b r a t e d .  

Two methods of h e a t i n g  were chosen by t h e  a u t h o r :  t h e  

convent iona l  conduction h e a t e r ,  where t h e  s u b s t r a t e  was clamped 

t o  a hea ted  copper block,  and t h e  d i r e c t l y  hea ted  s u b s t r a t e  where 

c u r r e n t  i s  passed through t h e  s i n t e r e d  t i n  oxide f i l m  on t h e  

r e v e r s e  s i d e  of t h e  s u b s t r a t e .  

3.3.1 The Conduction Heater  

The conduction h e a t e r  used i s  i l l u s t r a t e d  i n  F i g .  3-2. 

The s u b s t r a t e  i s  clamped t o  t h e  lower s u r f a c e  of t h e  copper 

h e a t  s i n k .  Imbedded i n  t h e  copper b lock  a r e  l e n g t h s  of & "  

copper t u b i n g  through which cryogenic  l i q u i d s  o r  hea ted  a i r  may 



be passed. This hea te r  was chosen because of the  wide tempera- 

t u r e  range t h a t  i s  so e a s i l y  ava i l ab le .  The temperature of the  

copper h e a t e r  was monitored by a  copper-constantan thermocouple. 

The mask and s h u t t e r  planes l i e  1 and 2 inches below the  s u b s t r a t e  

r e s p e c t i v e l y  before evaporat ion.  During evaporation the  mask plane 

i s  moved t o  within a  few thousandths of an inch from t h e  sub- 

s t r a t e .  The s u b s t r a t e  ma te r i a l  used was Corning 0211 g l a s s .  

The s u b s t r a t e s  were 2 "  x  2"  x ,024" and coated on one s i d e  with 

a  s i n t e r e d  t i n  oxide f i l m  with a  r e s i s t i v i t y  of 100Q/square. 

The SnO surface  was placed adjacent  t o  t h e  h e a t e r  t o  he lp  

achieve a  uniform temperature d i s t r i b u t i o n  on the  s u b s t r a t e .  

D e t a i l s  of s u b s t r a t e  c leaning  procedures may be found e l s e -  

where. ( 3 6 ,  37, 38)  

The temperature of t h e  f r o n t  sur face  was measured by use of 

an evaporated gold r e s i s t a n c e  thermometer. This thermometer 

was c a l i b r a t e d  by means of a  copper-constantan thermocouple. 

Annealing e f f e c t s  were observed during the  f i r s t  heat-up of the  

gold f i lm;  the  r e s i s t a n c e  was then l i n e a r l y  propor t ional  t o  the  

temperature.  

The s t eady-s ta t e  temperature of t h e  s u b s t r a t e  sur face  was 

then measured a s  a  funct ion  of t h e  hea te r  temperature with a  

TFT mask held i n  evaporation pos i t ion .  The time required f o r  

the  system t o  come t o  equi l ibr ium was 45 minutes. F ig .  3-3 

shows t h e  r e s u l t i n g  c a l i b r a t i o n  curve and t r a n s i e n t  response 

of the  system. Severa l  gold thermometers were cons t ruc ted .  A l l  
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gave r e s u l t s  w i th in  a few degrees .  The evapora t ion  of a  s i l v e r  

f i l m  o r  t h e  use of s i l v e r  p a i n t  on t h e  s i d e  of t h e  g l a s s  i n  

con tac t  wi th  t h e  h e a t e r  f a i l e d  t o  improve t h e  good thermal  

con tac t  between t h e  h e a t e r  and s u b s t r a t e  a l r e a d y  ob ta ined  with  

t h e  s i n t e r e d  t i n  oxide f i l m .  I n s u l a t i n g  l a y e r s  evaporated on 

t h e  Au thermometer through masks r e s u l t e d  i n  a temperature  r i s e  

of only  3 • ‹ C .  Th is  temperature  r i s e  i s  due t o  r a d i a n t  h e a t i n g  

of t h e  s u b s t r a t e  by t h e  source  and i s  small because of t h e  

d i s t a n c e  (16") between them. 

Although t h i s  system has  a ve ry  long  t ime cons t an t ,  i t  

i s  reasonably  a c c u r a t e  ( & O • ‹ C )  and can be used i n  t h e  tempera- 

t u r e  range - 1 8 0 " ~  t o  + l O O O ~ .  

3 .3 .2  The D i r e c t l y  Heated S u b s t r a t e  

A new h e a t i n g  method developed by t h e  au tho r  makes use  

of t h e  conduct ive  p r o p e r t i e s  of t h e  s i n t e r e d  t i n  oxide f i l m  

on t h e  Corning 0211 g l a s s .  Such g l a s s  has  been employed f o r  

some t ime i n  h e a t i n g  a i r c r a f t  windows. A uniform c u r r e n t  

d i s t r i b u t i o n  was obta ined  by baking s i l v e r  p a i n t  s t r i p s  a c r o s s  

oppos i te  ends of t h e  g l a s s .  F ig .  3-4 d e s c r i b e s  t h e  s u b s t r a t e  

h e a t e r .  The f r o n t  su r f ace  mi r ro r  l o c a t e d  behind t h e  s u b s t r a t e  

i s  used t o  reduce t h e  r a d i a t i o n  l o s s .  A r e f e r e n c e  thermocouple 

was i n s t a l l e d  s o  t h a t  i t  makes con tac t  wi th  t h e  conduct ing 

s i d e  of t h e  g l a s s  by means of a smal l  drop of mercury-gallium- 

indium a l l o y .  The r e f e rence  thermocouple was placed nea r  t h e  



edge of t h e  f i l m  so  t h a t  i t  w i l l  n o t  adve r se ly  a f f e c t  t h e  

temperature  d i s t r i b u t i o n  i n  t h e  reg ion  where t h e  TFT w i l l  be 

depos i t ed .  Although s p a c i a l  v a r i a t i o n s  i n  temperature  a r e  

a n t i c i p a t e d ,  i t  was expected t h a t  t h e  c e n t r a l  reg ion  would 

be uniform enough f o r  t h e  evapora t ion  of CdS, SiO,, and GeO, . 
A check was made a s  fo l lows :  t h e  temperature  i n  t h e  c e n t r a l  

r eg ion  of t h e  su r f ace  f a c i n g  t h e  evaporant  source  was measured 

wi th  a  small Pt/Pt-10 Rh thermocouple which was wetted wi th  

t h e  a l l o y  desc r ibed  above. The mask used f o r  t h e  d e p o s i t i o n  

of CdS i n  t h e  h igh  v o l t a g e  TFT con ta ins  f o u r  1/8" h o l e s  spaced 

0 . 2 "  a p a r t  i n  i t s  c e n t r a l  r eg ion ;  t h i s  mask was placed as 

du r ing  evapora t ion ,  and t h e  thermqcouple consecu t ive ly  placed 

i n  each h o l e .  The temperature  a t  each p o s i t i o n  was recorded 

f o r  a  cons tan t  r e f e r e n c e  temperature  whi le  t h e  system was 

pumped below Torr .  F ig .  3-5 shows t h e  r e s u l t s  ob t a ined .  

The v a r i a t i o n  observed i s  i n s i g n i f i c a n t  f o r  t h e  m a t e r i a l s  

evaporated i n  t h i s  s tudy .  

One obvious advantage of t h i s  h e a t e r  i s  i t s  small power 

requirement ;  only  t h e  g l a s s  i t s e l f  i s  be ing  heated d i r e c t l y  

and i t  has  a  small mass. F i g .  3-6 shows t h a t  l e s s  than 4 W .  

i s  neces sa ry  t o  achieve t h e  h i g h e s t  temperature  of i n t e r e s t .  

This system w i l l  come t o  thermal  equ i l i b r ium i n  10 min. 

because of t h e  smal l  h e a t  c a p a c i t y  of t h e  s u b s t r a t e .  F i g .  3-7 

shows a  c a l i b r a t i o n  curve f o r  t h e  h e a t e r  designed i n  t h i s  

s tudy .  It r e l a t e s  t h e  temperature  of t h e  r e f e rence  thermo- 

couple l o c a t e d  on t h e  r e v e r s e  s i d e  of t h e  s u b s t r a t e  t o  t h e  

f r o n t  su r f ace  temperature  i n  t h e  c e n t r a l  reg ion  where t h e  
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Figure 3-3. (a) Transient  response  of heater  and s u b s t r a t e .  

( b )  Correspondence between subs t ra te  surface 
tempera ture  and n e a t e r  t empera ture ,  



Figure  3-4. D i r e c t l y  hea ted  s u b s t r a t e .  A f r o n t  
s u r f a c e  mi r ro r  i s  l o c a t e d  1/16" behind 
t h e  s u b s t r a t e .  The s i l v e r  s t r i p s  and 
h o l e  f o r  t h e  r e f e r e n c e  thermocouple a r e  
v i s i b l e .  



a c t i v e  dev ices  were d s p a s i t e d ,  Although temperature  g r a d i e n t s  

l a r g e r  t han  those  shown i n  F ig .  3-5 may e x i s t  elsewhere on t h e  

s u b s t r a t e ,  i t  i s  seen t h a t  t h i s  h e a t e r  i s  u s e f u l  f o r  experiments 

where only  t h e  c e n t r a l  p o r t i o n  of t h e  s u b s t r a t e  i s  used f o r  

dev ices  where t o l e r a n c e s  of a few degrees  cen t ig rade  a r e  al lowed. 

Low power requirements  and a  s h o r t  t ime cons t an t  a r e  i t s  main 

advantages .  This s u b s t r a t e  may no t  be hea ted  much i n  excess  of 

250•‹C o r  thermal  g r a d i e n t s  may d e s t r o y  t h e  g l a s s .  A d e s c r i p t i o n  

of t h e  d i r e c t l y  hea ted  s u b s t r a t e  has  been publ i shed .  (39) 

3 .4  Evaporat ion Sources,  M a t e r i a l s  and Techniques 

3.4.1 Cadmium S u l f i d e  

The source  h e a t e r  used f o r  cadmium s u l f i d e  fo l lows  a 

des ign  by ~ a ~ i l v a ( ~ O )  as shown i n  F ig .  3-8. The CdS f i l m s  

were prepared from Eagle-Picher  " ~ i g h  P u r i t y  Grade A "  CdS 

which was packed around t h e  c e n t r a l  core  and covered wi th  a  

b a f f l e  t o  prevent  " s p l i t t i n g " .  A d e t a i l e d  d i scuss ion  of t h e  

evapora t ion  of CdS i s  given i n  Sec t ion  4 .  

3 .4 .2 .  S i l i c o n  Monoxide 

The p r o p e r t i e s  of SiO f i l m s  a r e  q u i t e  s e n s i t i v e  t o  t h e  

evapora t ion  conditions; t h e  evapora t ion  r a t e ,  source  temperature ,  

s u b s t r a t e  temperature  and ambient oxygen p re s su re  i n f l u e n c e  

t h e  e l e c t r i c a l ,  p h y s i c a l  and o p t i c a l  p r o p e r t i e s  of t h e  depos i ted  

f i l m s .  I n  t h i s  subsec t ion  a b r i e f  summary of t h e  cond i t i ons  

known t o  i n f luence  t h e  n a t u r e  of t h e  SiO f i l m s  i s  given,  followed 
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Figure  3-5. Temperature d i s t r i b u t i o n  on subs t r a t e  i n  
regions used  Cor evapora t i on  of CdS i n  
the hl&i vo l t age  TFT. 
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by t h e  technique employed Tn t h i s  s t u d y *  

Schwartz and Berry (41) have r epo r t ed  t h a t  f o r  SiO evaporated 

a t  p r e s s u r e s  of < 10-5 Torr  t h e  f i l m  composition depends upon 

t h e  depos i t i on  r a t e .  For r a t e s  of 1-5 i / s e c .  porous low-density 

f i l m s  were ob ta ined  which oxidized q u i c k l y  i n  a i r  t o  c o l o r l e s s  

f i l m s  w i th  an u l t r a v i o l e t  t r ansmis s ion  c h a r a c t e r i s t i c  of SiO,, A t  

i n t e rmed ia t e  depos i t i on  r a t e s  of 6-12 i / s e c .  t h e  f i l m s  had a 

d e n s i t y  comparable t o  bulk  SiO and an amber c o l o r .  A t  h igh  

depos i t i on  r a t e s  (25  - 30 %/see . ) ,  t h e  f i l m  d e n s i t y  exceeded t h a t  

of bu lk  SiO, and e l e c t r o n  d i f f r a c t i o n  i n d i c a t e d  a s o l i d  s o l u t i o n  

of S i  and SiO,. They a l s o  observed p e e l i n g  when f i l m s  were 

exposed t o  mois ture .  This  p e e l i n g  was caused by excess ive  
7 

compressional  s t r e s s ,  and could be e l imina t ed  by h e a t i n g  t h e  

s u b s t r a t e  du r ing  d e p o s i t i o n .  

The c o l o r  change of f i l m s  evaporated i n  Torr of 

oxygen i s  a t t r i b u t e d  t o  ox ida t ion  of t h e  SiO t o  h igher  phases.  

It was thought t h a t  t h i s  phase was predominantly SiO, b u t  

r e c e n t  work by ~ i t t e r  (42)  has  shown t h e  e x i s t a n c e  of an i n t e r -  

mediate phase Si,O,. 

Anastasia (43) has  shown t h a t  t h e  d i e l e c t r i c  cons tan t  and 

d i e l e c t r i c  l o s s  a r e  a func t ion  of t h e  r a t i o  of molecular  

impingement r a t e s  of 0, and SiO on t h e  s u b s t r a t e  independent 

of t h e  a b s o l u t e  va lues  of p re s su re  o r  r a t e  w i th in  t h e  ranges  

s tud ied  ( 2  x  - 2 x  lo-' Torr ,  and 10 - 110 V s e c . ) .  
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Figure 3-8.  Tantalum Sources f o r  the Evaporat ion 
of SiO and CdS 



When t h i s  r a t i o ,  a, i s  l e s s  than  1 (excess  SiO),  i t  was 

observed t h a t  t h e  d i e l e c t r i c  l o s s  sha rp ly  i nc reased ;  f o r  a l l  

v a l u e s  of a s tud ied  t h e  d i e l e c t r i c  cons tan t  was a dec reas ing  

f u n c t i o n  of a.  

Thus f i l m s  formed a t  h igh  r a t e s  o r  low 0, p r e s s u r e s  

( a  < 1) a r e  u n s u i t a b l e  f o r  i n s u l a t i o n  l a y e r s ,  because of t h e  

high d i e l e c t r i c  l o s s  due t o  t h e  f r e e  s i l i c o n  con ten t .  Films 

formed a t  low r a t e s  and h igh  0, p r e s su re s  (a  > 1) conta in  a  

l a r g e r  f r a c t i o n  of SiO, and Si,O,, which have lower d i e l e c t r i c  

c o n s t a n t s  t han  SiO, and a r e  more s t a b l e  because they  con ta in  

fewer 0, vacanc ies .  

I n  a d d i t i o n  t o  t h e  a r r i v a l  r a t e s  of 0, and SiO a t  t h e  

s u b s t r a t e ,  t h e  concen t r a t i on  of h igher  ox ides  i s  a f f e c t e d  

by t h e  s u b s t r a t e  temperature ,  which determines  t h e  s u r f a c e  

m o b i l i t y  of t h e  depos i t ed  m a t e r i a l ,  and by gas  phase r e a c t i o n s  (41). 

In  t h i s  s tudy  SiO was t y p i c a l l y  evaporated from a source  

he ld  a t  1300•‹C a t  a  r a t e  of 5 - 10  u s e c .  i n  t h e  presence of 

Torr  of 0, on to  a s u b s t r a t e  he ld  a t  200aC. The r e s u l t i n g  

f i l m  i s  t r a n s p a r e n t  and i s  r e f e r r e d  t o  i n  t h i s  work a s  S O x .  

I f  t h e  0, p r e s su re  i s  kep t  below 10-5 Torr ,  t h e  r e s u l t i n g  f i l m  

i s  amber and more c l o s e l y  resembles  SiO. 

The source  h e a t e r  used f o r  t h e  evapora t ion  of s i l i c o n  

monoxide shown i n  F i g .  3-8 i s  i d e n t i c a l  t o  t h a t  used f o r  CdS 



except f o r  the metllod of suppor t ing  t h e  charge.  The SiO 

used i n  t h i s  s tudy was Union Carbide " s e l e c t  grade" ,  i n  t he  

form of 1/4" x 3/8" p e l l e t s  o r  i n  t h e  form of #10 mesh lumps. 

A s  shown i n  F ig .  3-8, t h e  p e l l e t s  were d r i l l e d  and suspended 

on a  tantalum wire l oca t ed  i n  t h e  c e n t e r  of t h e  c y l i n d r i c a l  

h e a t e r .  The lumps were evaporated from a boron n i t r i d e  

c r u c i b l e  placed i n  t h e  c y l i n d r i c a l  t an ta lum h e a t e r ,  and covered 

by a  b a f f l e .  It i s  important  t h a t  t h e  SiO does  n o t  come i n t o  

con tac t  wi th  t h e  heated T a  w a l l s  a s  t h e  r e s u l t i n g  f i l m s  were 

found t o  have a  high d i e l e c t r i c  l o s s  f a c t o r .  This  i s  most 

l i k e l y  due t o  t he  decomposition of SiO i n t o  f r e e  s i l i c o n  and 

tanta lum pentoxide;  f r e e  s i l i c o n  i s  known t o  cause a h igh  

d i e l e c t r i c  l o s s , ( 4 4 )  and i n  t h e s e  ca ses  t h e  SiO r e s i d u e  was 

coated wi th  a purple  tanta lum oxide d e p o s i t .  Decomposition of 

t h e  SiO due t o  a r e a c t i o n  with  t h e  source  can be e l imina t ed  

by use  of an e l e c t r o n  beam source .  

3 . 4 . 3  Germanium Dioxide 

Germanium d iox ide  f i l m s  were evaporated from a f l a t  

p la t inum boa t  a t  a temperature  of 1,300•‹C and a  r a t e  of 

-4  " 4 A/sec. i n  t h e  presence of 10 Torr  of oxygen on to  a sub- 

s t r a t e  he ld  a t  200•‹C. During t h e  i n i t i a l  ope ra t ion  of a  f r e s h  

- 4  GeO, charge,  t h e  t o t a l  system p re s su re  may reach  2  x  10 Tor r .  

This  i s  i n  agreement wi th  Drowart (45) who has  shown t h a t  GeO, 

evapora t e s  accord ing  t o  t he  r e a c t i o n  

GeO, ( s )  -. GeO (g)  + +O, ( g )  



The f i l m s  depos i ted  are  probably  a mixture of lower and h ighe r  

ox ides  of germanium as was t h e  case  f o r  s i l i c o n  monoxide. 

Schwartz and ~ e r r ~ ( $ l )  have shown t h a t  m u l t i p l e  d i e l e c t r i c s  

composed of 5,000 of SiO and 1,000 % of MgF,, SiO, o r  A1,0, 

show even lower leakages  than  SiO a lone .  GeO, was a l s o  used 

f o r  t h i s  purpose.  

3 .4 .4  Aluminum 

Aluminum was evaporated from both  tan ta lum c o i l s  and 

r e s i s t a n c e - h e a t e d  r e f r a c t o r y  c r u c i b l e s  cons t ruc t ed  from boron 

n i t r i d e  and boron n i t r i d e / t i t a n i u m  d i b o r i d e .  However, tanta lum 

forms an a l l o y  wi th  aluminum, as does molybdenum and tungs ten ,  

and only t h e  f i r s t  1,000 % o r  s o  a r e  pure enough t o  make ohmic 

con tac t  t o  CdS. This type  of source  i s  u s e f u l  i n  CdS device  

f a b r i c a t i o n  where only  one aluminum evapora t ion  i s  needed o r  

where t h e  CdS ohmic c o n t a c t s  a r e  made with  t h e  f i r s t  of t h e  

aluminum evapora t ions .  In  a l l  o t h e r  ca ses  a more e l a b o r a t e  

aluminum evapora t ion  technique must be chosen. 

Cruc ib les  made from carbon o r  alumina a r e  u n s a t i s f a c t o r y  

because of t h e  format ion of aluminum ca rb ide  and aluminum oxide.  

Cruc ib les  made from boron n i t r i d e ,  t i t a n i u m  d ibo r ide ,  were found 

t o  be s a t i s f a c t o r y .  These m a t e r i a l s  may be r . f .  hea ted  o r  

r e s i s t a n c e  hea ted  by a  tanta lum c y l i n d e r .  Because aluminum wets 

and c reeps  on t h e s e  m a t e r i a l s ,  t h e  t op  of t h e  c r u c i b l e  should 

p r o j e c t  s u f f i c i e n t l y  above t h e  h e a t e r  as t o  be below t h e  

me l t i ng  po in t  of aluminum. The c r u c i b l e s  should be thoroughly 



vacuum out  gdssed before use  a f t e r  t hey  have been exposed t o  

atmospheric p re s su re .  This  may be done by h e a t i n g  slowly t o  

t h e  evapora t ion  temperature  of l , O O O • ‹ C  and wa i t i ng  u n t i l  a 

b r i g h t  aluminum f i l m  i s  depos i t ed .  When hea ted ,  boron n i t r i d e  

may be decomposed by water  vapor;  t h e  ammonia which i s  formed 

w i l l  then combine wi th  t h e  aluminum t o  form aluminum n i t r i d e .  (46)  

If one does no t  p rope r ly  ou tgas  t h e  c r u c i b l e ,  t h e  f i r s t  aluminum 

l a y e r  evaporated w i l l  con ta in  a l a r g e  amount of t h e  n i t r i d e  

and w i l l  be t i n t e d  brown. A summary of aluminum evapora t ion  

techniques  i s  given by Holland (47) ;  however, t h i s  book was 

publ ished be fo re  t h e  advent of t h e  e l e c t r o n  beam h e a t e r  o r  of 

t h e  boron n i t r i d e  type  c r u c i b l e .  

3 .4 .5  Calcium F luo r ide  

Calcium f l u o r i d e  was evaporated from a  simple tanta lum 

boa t  a t  a temperature  of 1,250•‹C onto a room temperature  

s u b s t r a t e  a t  r a t e s  of 10 - 100 A/sec. CaF, vapor i ze s  according 

t o  t h e  r e a c t i o n  (45) 

however, C ~ F '  i s  a l s o  formed by d i s s o c i a t i v e  i o n i z a t i o n  of 

3 .5  Mask Design and Cons t ruc t ion  

The masks used t o  d e l i n i a t e  t he  p a t t e r n  f o r  each evapora t ion  



were cons t iuc t ed  frcx 0.~05" beryll ium-copper f o i l .  A master  

drawing of each mask was f i r s t  cons t ruc ted  23 t imes  t h e  

a c t u a l  s i z e .  The drawings were then photographed on 35 mm. 

d i r e c t  p o s i t i v e  f i l m .  This image was then  con tac t  p r i n t e d  

on t h e  beryll ium-copper coated wi th  a t h i n  l a y e r  of Kodak-Photo- 

R e s i s t .  (49) Subsequent e t c h i n g  of t h e  exposed f i l m  i n  f e i s r i c  

c h l o r i d e  produced t h e  f i n a l  mask. 

With t h e  a i d  of r e g i s t r a t i o n  marks, t h e  masks were spo t  

welded t o  s t a i n l e s s  s t e e l  frames f o r  proper l o c a t i o n  i n  t h e  

mask h o l d e r .  Each one of t h e  6 masks could be a l i gned  t o  

w i th in  .001" of i t s  i d e a l  p o s i t i o n ,  t h u s  a l lowing  t h e  cons t ruc-  

t i o n  of i n t r i c a t e  m u l t i - l a y e r  s t r u c t u r e s .  

3.6 Film Thickness Monitor 

A q u a r t z  c r y s t a l  monitor technique was used i n  t h i s  

s tudy .  This  method r e q u i r e s  t h a t  a q u a r t z  c r y s t a l  be l o c a t e d  

i n  t h e  vapor s t ream nea r  t h e  s u b s t r a t e .  The depos i t ed  f i l m  

lowers  t h e  resonant  f requency of t h e  c r y s t a l .  For small changes 

i n  resonant  f requency t h e  change i n  resonant  f requency i s  a 

l i n e a r  func t ion  of t h e  depos i ted  mass. The monitor system i s  

d i scussed  i n  d e t a i l  i n  Appendix C .  

Some exper imenta l ly  determined f requency c o n s t a n t s  f o r  

t h e  system used i n  t h i s  s tudy  a r e  l i s t e d  i n  Table 3-1. It 

should be noted,  however, t h a t  due t o  the  system geometry, 

each source  coated only  a f r a c t i o n  of t h e  c r y s t a l  a r e a .  Also, 



some m a t e r i a l s  have s t i c k l n g  c o e f f i c i e n t s  which va ry  wi th  

temperature  and m a t e r i a l ,  and t h u s  i t  i s  neces sa ry  t h a t  t h e  

system be c a l i b r a t e d  by evapora t ing  a t e s t  f i l m  from each 

source .  The t e s t  f i l m  was covered wi th  a t o t a l l y  r e f l e c t i n g  

l a y e r  of s i l v e r  o r  aluminum, and t h e  F izeau  f r i n g e  s h i f t s  a r e  

measured by means of an o p t i c a l  in te r fe rometer '  t o  an accuracy 

of - 100 i. Fig .  3-9 i l l u s t r a t e s  t h e  i n t e r f e r e n c e  f r i n g e s  

ob ta ined  from a 2,000 CdS f i l m .  A c a l i b r a t i o n  f a c t o r  i s  

then  ob ta ined  which l i n e a r l y  r e l a t e s  t h e  f requency s h i f t  of 

t h e  c r y s t a l  t o  t h e  t h i c k n e s s  of t h e  f i l m  obta ined .  

+ 
Sloan Angstrometer, Sloan Instrument Company, San ta  Barbara,  
C a l i f o r n i a .  



M a t e r i a l  C a l i b r a t i o n  Fac to r  

Cadmium S u l f i d e  -100 " C 0 .43  i / cps .  @ Tsubstrate- 

S i l i c o n  Monoxide 1 .47  i / cps .  

Calcium F luo r ide  3.46 i / cps .  

Germanium Dioxide 6.95 L/cps. 

Gold. 0 .15  k/cps. 

Table 3-1. C a l i b r a t i o n  F a c t o r s  f o r  Some M a t e r i a l s  
Evaporated i n  t h i s  System. 

F igure  3-9 I n t e r f e r e n c e  f r i n g e s  f o r  a  2 ,000 i  CdS 
f i l m .  The l i n e  spac ing  corresponds t o  
t h e  h a l f  wavelength of t h e  sodium l i n e  
x = 5,890i. 



4. THE VACUUN ES'A'ZORATION O F  CADMIUM SULFIDE 

4 . 1  I n t r o d u c t i o n  

This  s e c t i o n  d e s c r i b e s  t h e  mechanisms of vacuum evapora t ion  

and condensat ion of CdS. I n  a d d i t i o n  t h e  p h y s i c a l  and e l e c t r i -  

c a l  p r o p e r t i e s  of t h e  r e s u l t i n g  f i l m s  a r e  de sc r ibed  i n  terms of 

t h e  t echn iques  and procedures  used .  

4 .2  Mechanisms of Evaporat ion 

Cadmium s u l f i d e  i s  a member of a group of polyatomic 

s o l i d s  which d i s s o c i a t e  upon v a p o r i z a t i o n .  It vapor i ze s  

accord ing  t o  t h e  dominant r e a c t i o n  (5') 

CdS ( S o l i d )  - Cd (vapor )  + *S, ( v a p o r ) .  

The v a p o r i z a t i o n  of c r y s t a l l i n e  CdS i n  vacuum from an open 

source  i s  c a l l e d  " f r e e  evapora t i on"  and i s  c h a r a c t e r i z e d  by a  

markedly slower evapora t i on  r a t e  t han  t h a t  ob ta ined  from 

e q u i l i b r i u m  v a p o r i z a t i o n  where t h e  gas  i s  i n  thermodynamic 

e q u i l i b r i u m  wi th  t h e  s o l i d .  Exper imental ly ,  equ i l i b r ium 

evapora t i on  i s  ob ta ined  from an e f f u s i o n  c e l l .  I n  an 

e f f u s i o n  c e l l  t h e  molecular  vapors  do n o t  s t i c k  t o  t h e  hea ted  

w a l l s ,  and t h u s  come t o  thermodynamic equ i l i b r ium wi th  t h e  

s o l i d  be fo re  emanating from t h e  small e x i t  h o l e .  

Experiments have been c a r r i e d  ou t  by Somorjai ( 5 O )  on 

s i n g l e  c r y s t a l  CdS t o  determine t h e  mechanism of evapora t i on  and 



why t h e  free evapora t ion  r a t e  i s  an o rde r  of magnitude l e s s  thar! 

t h e  equ i l i b r ium r a t e .  Somorjai has  p o s t u l a t e d  t h a t  t h e  evapora- 

t i o n  of s i n g l e  c r y s t a l  CdS i s  cha rac t e r i zed  by t h e  fo l lowing  

s t e p s :  

1. Formation of cadmium and s u l f u r  s u r f a c e  atoms a t  t h e i r  

l a t t i c e  p o s i t i o n s .  

2 .  The d i f f u s i o n  of Cd and S  atoms on t h e  s u r f a c e .  

3. Recombination of S  atoms t o  form S, molecules .  

4. Evaporat ion of Cd atoms from t h e  s u r f a c e  i n t o  vacuum. 

5. Evaporat ion of S, molecules from t h e  su r f ace  i n t o  vacuum, 

The r a t e  l i m i t i n g  s t e p  i n  t h e  f r e e  evapora t ion  of an 

undoped CdS s i n g l e  c r y s t a l  ha s  been shown t o  be a  charge t r a n s f e r  

su r f ace  r e a c t i o n  which t a k e s  p lace  p r i o r  t o  t h e  deso rp t ion  of 

n e u t r a l  cadmium atoms and s u l f u r  molecules from t h e  s u r f a c e .  (5 l )  

For Cd o r  S  doped CdS s i n g l e  c r y s t a l s ,  Somorjai ha s  shown t h a t  

t h e  charge t r a n s f e r  p rocess  l e a d s  t o  a cond i t i on  i n  which t h e  

evapora t ion  i s  c o n t r o l l e d  by t h e  o u t d i f f u s i o n  of excess  s u l f u r  

o r  cadmium from t h e  l a t t i c e .  A s  t h e  exces s  s u r f a c e  Cd o r  S, 

evapora tes ,  i t  i s  r ep l en i shed  from t h e  bu lk  by d i f f u s i o n .  Thus, 

bulk  d i f f u s i o n ,  which i n  t u r n  c o n t r o l s  t h e  su r f ace  concen t r a t i on  

of t h e  excess  element i s  t h e  r a t e  l i m i t i n g  s t e p  i n  t h i s  case .  

For p o l y c r y s t a l l i n e  CdS powder t h e  s i t u a t i o n  i s  no t  so  

c l e a r .  The observed r a t e s  a r e  f a s t e r  than  f r e e  evapora t ion  bu t  



slower thaii e q u l l i b r d ~ t n  tk7apurat ion because a l a r g e  percentage 

of t h e  i n t e r i o r  s u r f a c e  of t h e  powder sample f a c e s  small 

c r e v i c e s  i n  which t h e  vapor may be i n  thermodynamic 

equ i l i b r ium with  t h e  s o l i d .  

I n  t h e  fo l lowing  sub-sec t ion  evapora t ion  techniques  w i l l  

be d i scus sed  i n  t h e  l i g h t  of t h i s  model of evapora t ion .  

Techniques of Producing Evaporated CdS Films 

CdS f i l m s  a r e  t y p i c a l l y  evaporated on to  a hea ted  g l a s s  

- -  ( 3 8 )  s l i d e  from a f r e e l y  vapor i z ing  o r  e q u i l i b r i u m  source .  Boer 

and Ter ry  (52) have evaporated CdS from f r e e l y  vapor i z ing  q u a r t z  

o r  t an ta lum sou rces  on to  s u b s t r a t e s  wi th  tempera tures  i n  t h e  

range 23•‹C t c  150•‹C. A t  t empera tures  over 150•‹C v i r t u a l l y  no 

CdS w i l l  s t i c k  t o  t h e  g l a s s ,  whi le  a t  room tempera tures  t h e  

f i l m s  a r e  g ray  t o  b lack ,  i n d i c a t i n g  a  g r e a t  excess  of cadmium. 

~ d d i s ( 5 3 )  h a s  evaporated CdS from an equ i l i b r ium source .  The 

reg ion  between t h e  source  and t h e  hea ted  s u b s t r a t e  i s  enclosed 

by a  chamber whose walls a r e  hea ted  t o  a temperature  n e a r  t h a t  

of t h e  source .  The impinging vapor s t ream t h u s  bounces o f f  t h e  

chamber walls bu t  s t i c k s  t o  t h e  s u b s t r a t e .  The r a t e  of 

condensat ion on t h e  s u b s t r a t e  i s  t h u s  equa l  t o  t h e  r a t e  of 

v a p o r i z a t i o n  from t h e  CdS i n  equ i l i b r ium.  I n  t h i s  manner good 

q u a l i t y  f i l m s  were evaporated a t  much h ighe r  t empera tures  (up 

t o  3 5 0 " ~ ) .  

Mass spec t rome t r i c  a n a l y s i s  by D r o ~ a r t ( ~ 5 )  of t h e  non- 

cvndensible  gases  evolved upon h e a t i n g  of t h e  source  m a t e r i a l  



i n  a plat inum e f f u s i o n  c e l l  a t  l , O O O • ‹ K  showed t h a t  t h e  main 

c o n s t i t u e n t s  were Cd, S, S,, S,, S,, whi le  ~ d d i s  (53) has  shown 

t h a t  H,S and CS, e x i s t  i n  a s i m i l a r  c e l l  i n  a d d i t i o n  t o  SO, 

f o r  samples p rev ious ly  exposed t o  a i r .  

For a f r e e l y  vapor i z ing  charge of CdS Coburn (54) has  

shown t h a t  Cd and S, a r e  predominant v a p o r i z a t i o n  produc ts .  

F i g .  4-1 shows p o r t i o n s  of t h e  mass spectrum b e f o r e  and du r ing  

h e a t i n g  of t h e  CdS charge.  The s e n s i t i v i t y  of t h e  spectrometer  

i s  n o t  cons t an t  over  t h e  mass range shown; t h u s  one should examine 

only t h e  r e l a t i v e  changes of a p a r t i c u l a r  mass peak. The S, 

peak inc reased  by a f a c t o r  of 300, whi le  t h e  mass 32 peak (0,, S )  

i nc reased  only by a  f a c t o r  of 2 .  In  a d d i t i o n ,  mass peaks a t  65 

4 ( ~ 3 ~  ~ 3 3 ) ~  and 66 ( ~ 3 ~  ~3 ) were c l e a r l y  v i s i b l e .  A l l  e i g h t  

cadmium i s o t o p e s  were p r e s e n t .  

I n  t h i s  s tudy  CdS was evaporated from t h e  c y l i n d r i c a l ,  

b a f f l e d  tan ta lum source  d i scussed  i n  Sec t ion  3.4 wi th  a source  

t o  s u b s t r a t e  d i s t a n c e  of 16". S u b s t r a t e  t empera tures  from 

77•‹K t o  1 8 0 " ~  were used.  Above 120•‹C no d e p o s i t s  were observed 

on t h e  s u b s t r a t e .  In t h e  range 90 t o  110" C b r i g h t  yel low f i l m s  

approximately  2,000 A t h i c k  were depos i ted  which had r e s i s t i v i t i e s  

i n  t h e  range 50 t o  1,000 R-cm. Films of t h e  same t h i c k n e s s  

depos i t ed  on room temperature  s u b s t r a t e s  were b lack ,  i n d i c a t i n g  

a heavy cadmium concen t r a t i on ,  whi le  those  depos i ted  a t  77•‹K 

were dark  orange,  which i s  t h e  c h a r a c t e r i s t i c  c o l o r  of amorphous 

CdS. 



CdS CRUCIBLE TEMP. 2 S 0 C  

MASS NUMBER- 

CdS CRUCIBLE TEMP~700• ‹C 

- MASS NUMBER --- 
Figure 4-1, Mass spectrum before and during the evaporation 

of CdS from a Ta crucible. 



The r e s i s t i v i t y  and H a l l  mob i l i t y  of evaporated CdS f i l m s  

a r e  f u n c t i o n s  of t h e  s u b s t r a t e  temperature  and condensation 

r a t e  of t h e  f i l m .  I n  gene ra l ,  both  q u a n t i t i e s  i n c r e a s e  wi th  

h ighe r  s u b s t r a t e  t empera tures  and decrease  wi th  h ighe r  condensa- 

t i o n  r a t e s .  A r e s i s t i v i t y  range of 10 t o  l o 5  R-cm and a 

m o b i l i t y  range of 5 t o  40 cm2/v-sec. have been r e p o r t e d .  ( 48) 

The r e s i s t i v i t y ,  Hal l  mob i l i t y ,  and f r e e  c a r r i e r  concen t r a t i on  

of t y p i c a l  f i l m s  evaporated i n  t h i s  s tudy  a r e  shown i n  Table 4-1. 

Sample R e s i s t i v i t y  H a l l  Mobi l i ty  E l e c t r o n  Concentra t ion 
(0-cm) cmZ/V-sec. cm- 

Table 4-1. Ress s t i v i t y ,  H a l l  mob i l i t y ,  and 
f r e e  e l e c t r o n  concen t r a t i on  of t y p i c a l  
2,000 t o  7,000 t h i c k  CdS f i l m s  evapor- 
a t e d  on a  g l a s s  s u b s t r a t e  and measured a t  
room temperature .  

One must t a k e  c a r e  i n  comparing r e s i s t i v i t y  and H a l l  m o b i l i t y  

data f o r  t h i n  f i l m s ,  as ambient su r f ace  cond i t i ons  can enhance 

o r  d e p l e t e  t h e  s u r f a c e  l a y e r s  g iv ing  r i s e  t o  o rder  of magnitude 

e r r o r s  due t o  f r e e - c a r r i e r  concen t r a t i on  and m o b i l i t y  v a r i a t i o n s  

a c r o s s  t h e  t h i c k n e s s  of t h e  f i l m .  For ve ry  t h i n  f i l m s  ( < 2,000 i) 

i t  i s  p o s s i b l e  f o r  t h e  s u r f a c e  cond i t i on  t o  mask ou t  almost  



e n t i r e l y  ihe v a r i a t i a c s  due to s u b s t r a t e  temperature  and 

condensation r a t e .  This  i s  d i scussed  i n  d e t a i l  i n  Sec t ion  5. 

Addis (53) has  made t h e  fo l lowing  model t o  account f o r  t h e  

v a r i a t i o n s  i n  r e s i s t i v i t y  of CdS f i l m s  wi th  s u b s t r a t e  tempera- 

t u r e .  Since Cd and S, e x i s t  i n  vapor,  t h e i r  condensation 

c o e f f i c i e n t s  may be considered s e p a r a t e l y .  A t  s u f f i c i e n t l y  

low tempera tures  t h e  cadmium condensation c o e f f i c i e n t  i s  q u i t e  

high,  whi le  f o r  s u l f u r  i t  is q u i t e  low ( t h e  s u l f u r  vapor 

p re s su re  i s  about f o u r  o r d e r s  of magnitude g r e a t e r  than  t h e  

cadmium vapor p r e s s u r e ) .  The s u l f u r  condenses e f f e c t i v e l y  

only  when i t  a r r i v e s  a t  a p p r o p r i a t e  s i t e s  f o r  reforming CdS. 

Thus f i l m s  wi th  a l a r g e  excess  of cadmium and a consequent 

low r e s i s t i v i t y  a r e  formed. A t  h ighe r  t empera tures  t h e  cadmium 

condensat ion c o e f f i c i e n t  i s  decreased,  and f i l m s  a r e  formed 

wi th  a sma l l e r  excess  of cadmium. A t  s u f f i c i e n t l y  h igh  temp- 

e r a t u r e s  t h e  cadmium condensat ion c o e f f i c i e n t  becomes 

n e g l i g i b l y  small, and no f i l m  forms on t h e  s u b s t r a t e .  

The condensation c o e f f i c i e n t  of cadmium i s  a l s o  a f u n c t i o n  

of t h e  s u b s t r a t e  m a t e r i a l  as w e l l  a s  t h e  tempera ture .  CdS 

f i l m s  evaporated over ohmic c o n t a c t s  of aluminum o r  indium 

show a t h i c k n e s s  g r a d i e n t  ex tending  - 1 mm. on t o  t h e  g l a s s ;  

t h e  f i l m  depos i t ed  immediately over t h e  m e t a l l i c  con tac t  was 

t h i c k e r  and da rke r  i n  co lo r  i n d i c a t i n g  cadmium enrichment.  

weimer(19) has  shown t h a t  gold,  which normally makes a 

r e c t i f y i n g  con tac t  t o  CdS, makes ohmic con tac t  i n  t h i s  manner 



because c~ an i n s t ?  -; la, 21 f ~ a t  1s very cadmium r i c h ,  Good 

f i l m  un i formi ty  nea r  c o n t a c t s  was ob ta ined  by d e p o s i t i n g  t h e  

CdS p r i o r  t o  t h e  ohmic c o n t a c t s .  

The i n c r e a s e  i n  m o b i l i t y  i s  due t o  t h e  i n c r e a s e  i n  

c r y s t a l l i t e  s i z e  wi th  h o t t e r  s u b s t r a t e  t empera tures ;  i n t e r -  

c r y s t a l l i n e  b a r r i e r s  and t r a p p i n g  s t a t e s  a r e  thought t o  be 

t h e  dominant s c a t t e r i n g  mechanism. (25) 

4 .5  C r y s t a l l i n e  S t r u c t u r e  

CdS has  two phases,  hexagonal ( w u r t z i t e )  and cubic  

( z i n c b l e n d e ) .  ~ d d i s ( 5 3 )  has  depos i ted  t h i n  f i l m s  ( l e s s  than 

1,000 A )  of CdS from an e f f u s i o n  c e l l  on to  g l a s s  and noted 

t h a t  t h e  f i l m s  cons i s t ed  of an agglomeration of small hexagonal 

c r y s t a l l i t e s  about 800 - 900 a c r o s s .  He concludes t h a t  t h e  

f i l m s  were randomly o r i e n t e d  as a l l  t h e  allowed Bragg r e f l e c t i o n s  

a t  about t h e  r i g h t  i n t e n s i t i e s  were observed.  These r e s u l t s  

a r e  i n  agreement wi th  ~ G e r ( 3 ~ )  and Ter ry .  (52) Thin f i l m s  

depos i ted  i n  t h i s  s tudy  showed similar c h a r a c t e r i s t i c s .  The 

CdS f i l m s  were removed from t h e  g l a s s  by e t c h i n g  away t h e  g l a s s  

wi th  HF. The f i l m s  then  f l o a t e d  t o  t h e  su r f ace  where they  were 

placed on a microscope sc reen .  F ig .  4-2 (a )  shows a t ransmiss ion  

e l e c t r o n  micrograph of a 700 W f i l m  evaporated on to  a  g l a s s  

s u b s t r a t e  a t  100•‹C. The observed c r y s t a l l i t e  s i z e s  of about 

300 - 500 k a c r o s s  show t h a t  t h i n  f i l m s  depos i ted  onto  g l a s s  

from a f r e e l y  evapora t ing  source  a r e  e s s e n t i a l l y  t h e  same a s  

those obta ined  from an e f f u s i o n  c e l l  by Addis. F i g ,  4-2 ( 5 )  



shows a st- $r;.cted art 2 t f d n s r n ~  s s ion  d i f f r a c t i o n  p a t t e r n  of t he  

700 A f i l m ;  t h e  a r e a  s e l e c t e d  i s  approximately  0 . 2 5 ~ .  The 

more i n t e n s e  ( h , k , l  = 0 )  r e f l e c t i o n s  show t h a t  t h e r e  i s  some 

p re fe r ence  f o r  t h e  c - a x i s  t o  be o r i e n t e d  pe rpend icu l a r  t o  

t h e  s u b s t r a t e .  If a l l  of t h e  c r y s t a l l i t e s  were o r i e n t e d  i n  

t h i s  manner, only  ( h , k , l  = 0 )  r e f l e c t i o n s  would be p r e s e n t .  

No a - a x i s  o r i e n t a t i o n  was observed.  These r e s u l t s  a r e  i n  

agreement wi th  t h o s e  of ~ e r r ~ ( 5 ~ )  and F o s t e r .  (55) 

For t h i c k e r  f i l m s  (-  lP) t h e  c r y s t a l l i t e s  con t inue  t o  

grow predominantly i n  t h e  hexagonal phase wi th  t h e  c - a x i s  

p r e f 2 r e n t i a l l y  o r i e n t e d  perpendicu la r  t o  t h e  s u b s t r a t e .  

C r y s t a l l i t e  s i z e s  of 1 p  have been observed by Addis and Te r ry ,  

The hexagonal phase was observed t o  be t h e  most predominant 

even i n  the t h i n n e s t  f i l m s .  (52)  No evidence of t h e  cub ic  

phase was found i n  t h i s  work. 

The l a c k  of p r e f e r e n t i a l  o r i e n t a t i o n  i n  a d d i t i o n  t o  t h e  

small c r y s t a l l i t e  s i z e  i n  t h i n  f i l m s  observed by t r ansmis s ion  

e l e c t r o n  microscopy a p p a r e n t l y  c o n t r a d i c t s  t h e  r e s u l t s  ob ta ined  

on t h i c k e r  f i l m s  u s i n g  X-ray and r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  

t echn iques .  This  apparen t  d i sc repancy  i s  exp la ined  by t h e  smal l  

randomly o r i e n t e d  c r y s t a l l i t e s  i n  t h e  i n i t i a l  ( <  1,000 i) l a y e r  

of  t h e  f i l m .  

4 .6  R e c r y s t a l l i z e d  Layers  

R e c r y s t a l l i z a t i o n  i s  a  pos t  d e p o s i t i o n  t rea tment  g iven t o  

&I-i evaporated f i l m  i n  o rde r  t o  i n c r e a s e  t h e  g r a i n  s i z e  and 



Figure Electron Micrograph of thin CdS film 
(700 thick) ; 
~lectron transmission pattern for this 
film. 



improve cvyi, tai  b o u ~ ? c i ~ ~ r i ~  - L C  the e x t e n t  t h a t  t h e  e f f e c t i v e  

m o b i l i t i e s  approach va lues  observed i n  s i n g l e  c r y s t a l s .  A CdE  

f i l m  may be r e c r y s t a l l i z e d  by f i r s t  c o a t i n g  wi th  a  t h i n  f i l m  

of an a c t i v a t o r  such as s i l v e r  o r  copper fol lowed by t r ea tmen t  

i n  vacuum o r  i n  an i n e r t  ga s .  These techniques  were no t  

employed i n  t h i s  s tudy  as t h e  CdS was one l a y e r  of a s t r u c t u r e  

composed of up t o  e i g h t  evaporated meta l ,  i n s u l a t o r ,  and 

semiconducting l a y e r s  f a b r i c a t e d  i n  one pump down. Heat 

t rea tment  of such a s t r u c t u r e  would adve r se ly  a f f e c t  t h e  

r e s i s t i v i t y  of t h e  CdS f i l m  a s  t h e  aluminum used f o r  c o n t a c t s  

becomes a  donor impur i ty  upon d i f f u s i o n  i n t o  t h e  CdS; removing 

t h e  dev ice  from t h e  vacuum system f o r  pos t  CdS d e p o s i t i o n  

t r ea tmen t  i n t r o d u c e s  an unknown amount of s u r f a c e  contaminat ion.  

For a complete t rea tment  of r e c r y s t a l l i z a t i o n  one may c o n s u l t  

papers  by van Cakenberghe (56), ~ o e r  (39, 57), and Addis. (53) 



,- . CONTROL 3F" THE SLJRFACE POTENTIAL OF 
EVAPORATED CdS LAYERS 

5 . 1  In t roduc t ion  

The conductance of evaporated f i l m s  i s  s t r o n g l y  a f f e c t e d  

by t h e  changes i n  t h e  f i l m  s u r f a c e .  weimer( l9)  has  r epo r t ed  

t h a t  d e p l e t i o n  o r  enhancement su r f ace  l a y e r s  may be produced 

on CdS f i l m s  by a  s u i t a b l e  choice of t h e  i n s u l a t i n g  m a t e r i a l  and 

depos i t i on  cond i t i ons .  These methods, however, do no t  a l low 

cont inuous c o n t r o l  of t h e  su r f ace  p o t e n t i a l  and e l e c t r o n  

concen t r a t i on .  It i s  t h e  purpose of t h i s  s e c t i o n  t o  d e s c r i b e  

a  simple method of c o n t r o l l i n g  the  su r f ace  p o t e n t i a l  and 

measuring t h e  d e p l e t i o n  depth i n  evaporated CdS f i l m s .  

5.2 P r i n c i p l e s  of t h e  Method 

It has  been shown t h a t  evapora t ion  of SiO, i n  a good 

vacuum produces an enhancement l a y e r  on t h e  CdS s u r f a c e  whi le  

CaF, produces a d e p l e t i o n  l a y e r .  ( l 9 )  By evapora t ing  a t h i n  

CaF, l a y e r  between t h e  CdS and SiO, t h e  au thor  has  shown t h a t  

t h e  enhancement e f f e c t  of t h e  SiO on t h e  CdS su r f ace  i s  reduced.  

A s  t h e  t h i c k n e s s  of t h e  CaF, l a y e r  i s  inc reased ,  t h e  s u r f a c e  

e l e c t r o n  concen t r a t i on  i s  reduced and e v e n t u a l l y  t h e  s u r f a c e  

i s  completely d e p l e t e d .  Thus, by proper  choice  of CaF, t h i ckness ,  

any s u r f a c e  p o t e n t i a l  between t h e  l i m i t i n g  p o t e n t i a l s  of pure 

SiO, and CaF, i s  p o s s i b l e .  The l i m i t i n g  p o t e n t i a l  of SiO, i s  

no t  f i x e d  i n  t h a t  i t  depends upon t h e  oxygen p re s su re  and 

substrate temperature  du r ing  evapora t ion .  



The ..clergy band stiri::r,'ure of a CdS f i l m  wi th  e q u a l l y  

KT dep le t ed  s u r f a c e s  i s  shown i n  F ig .  5-1. If 1 (s - >> - 
q  ' 

t h e  su r f ace  w i l l  be completely dep le t ed  of e l e c t r o n s .  is and 

Gb a r e  t h e  su r f ace  and bu lk  p o t e n t i a l s  r e s p e c t i v e l y  measured 

from t h e  fe rmi  l e v e l .  One may then analyze t h e  problem wi th  

t h e  t o t a l  exhaus t ion  approximation.  In  t h i s  approximation t h e  

f r e e  c a r r i e r  d e n s i t y  i s  ze ro  wi th in  a d i s t a n c e  do from each 

su r f ace ,  and has  t h e  va lue  nb i n  t h e  remainder of t h e  f i l m ;  

provided t h e  f i l m  t h i ckness ,  t ,  i s  g r e a t e r  than  2d0. For a 

f i l m  of uniform e l e c t r o n  concen t r a t i on  ( m s  = G b )  t h e  conductance 

per  square  w i l l  be 

where G i s  t h e  f i l m  conductance, 1 i s  t h e  l e n g t h  of t h e  f i l m ,  

w i s  t h e  width and a i s  t h e  c o n d u c t i v i t y .  The conductance between 

oppos i t e  edges of a square  shee t  of any s i z e  i s  t h e  same and i s  

c a l l e d  t h e  "conductance pe r  square" .  I f ,  however, t h e  f i l m s  

a r e  dep le t ed  of c a r r i e r s  w i t h i n  a d i s t a n c e  do from each s i d e ,  

t h e  conductance/square may be expressed by 

Hence, a p l o t  of G ve r sus  t y i e l d s  bo th  t h e  "bulk" conduc t iv i ty  

of t h e  f i l m  a s  w e l l  as do.  A nega t ive  va lue  of do imp l i e s  t h a t  

the s u r f a c e  concen t r a t i on  i s  g r e a t e r  than  t h e  bulk  concen t r a t i on .  



Valence Cd S 
Band 
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Figure  3-22, (Cro;n-S~(:t,ior, of the Evaporated  
:~en,icanri;i('?,o~--f.r,;;uJ ;il,~r 2% ~ w ~ ' t u r e ,  



To demonstra te  t h e  c o n t r o l  of t h e  s u r f a c e  p o t e n t i a l ,  CdS 

f i l m s  of s e v e r a l  t h i c k n e s s e s  and wi th  symmetrical  s u r f a c e  

c o a t i n g s  were evaporated having t h e  geometry shown i n  F ig .  5-2. 

I n  a d d i t i o n  t o  t h e  ohmic c o n t a c t s  shown a t  t h e  ends of t h e  

r e c t a n g u l a r  f i l m ,  H a l l  probes were evaporated a t  t h e  midpoint .  

The e n t i r e  s t r u c t u r e  was f a b r i c a t e d  i n  one pump-down. F i g .  5-3 

shows a photograph of t h e  r e s u l t i n g  s t r u c t u r e s .  Each of t h e  

samples i s  0.22 cm wide and 0 .55 cm long .  The t h i c k n e s s  

changes were ob ta ined  by succes s ive ly  masking o f f  t h r e e  samples 

a t  a time a s  t h e  CdS d e p o s i t i o n  proceeded. The conductances 

of 3 i d e n t i c a l  f i l m s  were then averaged i n  t h e  i n t e r p r e t a t i o n  

of t h e  d a t a .  

5 . 4  Experimental  R e s u l t s  

F i g .  5-4 shows t h e  r e s u l t s  of two t y p i c a l  evapora t i ons .  

One s e t  of f i l m s  ( A )  was coated wi th  2,000 k of CaF, on bo th  

s i d e s  and has  a d e p l e t i o n  dep th  of do = 1,050 A and an e l e c t r o n  

c o n c e n t r a t i o n  of nb = 3.7 x 1016 If i t  i s  assumed t h a t  

t h e r e  i s  one f r e e  e l e c t r o n  f o r  each ion i zed  donor, then  t h e  

t o t a l  exhaus t ion  approximation g ives  a  s u r f a c e  p o t e n t i a l  of 

( a s  - mb 1 = 0.32 V. The second s e t  of f i l m s  ( B )  was coated wi th  

50 d of Cap, fol lowed by 2,000 of SiO,. The apparen t  n e g a t i v e  

d e p l e t i o n  l a y e r  simply means t h a t  t h e  s u r f a c e  c o n d u c t i v i t y  i s  

g r e a t e r  t han  t h e  bu lk  conduc t iv i t y .  I n  such p o l y c r y s t a l l i n e  

CdS films, t he  s u r f a c e  m o b i l i t y  may d i f f e r  from t h e  bu lk  



mobi l i t y ,  ::c t h a t  .Ha l l  rac.d,suut.nents on such s t r u c t u r e s  a r e  

d i f f i c u l t  t o  i n t e r p r e t .  (58) 

I n  F i g ,  5-5 t h e  measured dependence of t h e  d e p l e t i o n  

dep th  of CaF, t h i c k n e s s  i s  shown f o r  f i l m s  coated wi th  2,000 

of SiOx and v a r i o u s  t h i cknesses  of CaF, between t h e  CdS and 

SiO,. From F ig .  5-5 i t  may be noted t h a t  f o r  CaF, t h i cknesses  

of o rde r  1,000 o r  l a r g e r  t h e  e f f e c t  of t h e  SiO s u r f a c e  s t a t e s  

on t h e  CdS i s  n e g l i g i b l e .  For t h i n  CaF, l a y e r s  a nega t ive  

d e p l e t i o n  l a y e r  o r  s u r f a c e  excess  i s  observed.  Films coated 

wi th  approximately 150 1 of CaF, fol lowed by SiOx show ze ro  

d e p l e t i o n  dep th  which imp l i e s  t h a t  4, = G b .  

The p re sen t  r e s u l t s  i n d i c a t e  t h a t  t h e  e l e c t r o s t a t i c  p o t e n t i a l  

a t  t h e  i n s u l a t o r  s u r f a c e  i s  determined by bo th  s u r f a c e  s t a t e s  

and s t a t e s  d i s t r i b u t e d  i n  t h e  i n s u l a t i o n  r eg ion  due t o  i m p u r i t i e s  

o r  vacanc ies .  In  p a r t i c u l a r ,  t h i s  s tudy  has  shown t h a t  t h e s e  

s t a t e s  a r e  d i s t r i b u t e d  over ( o r  screened a f t e r )  a d i s t a n c e  of 

1,000 t o  2,000 i n  t h e  i n s u l a t i n g  m a t e r i a l .  young(59) and 

Seraphim (60) have shown t h a t  t h e  bulk  s t a t e s  i n  SiO, a r e  caused 

by oxygen vacanc ie s .  The n a t u r e  of t h e  s t a t e s  of t h e  CaF, - CdS 

system has  n o t  been determined,  however some specu la t ion  may be 

made. Sur face  s t a t e s  from chemisorbed oxygen i o n s  a r e  known t o  

cause a  d e p l e t i o n  l a y e r  on c ~ s ( ~ ~ ) ;  chemisorbed f l u o r i n e  i o n s  

may behave i n  a  similar manner. 

The r e s u l t s  i n d i c a t e  a simple and e f f e c t i v e  method f o r  

c o n t r o l l i n g  t h e  s u r f a c e  p o t e n t i a l  con t inuous ly  between t h e  va lues  



Figure  5-3. The completed r e s i s t i v i t y  sample 
showing twelve dev i ce s ,  each 
con ta in ing  H a l l  and r e s i s t i v i t y  
c o n t a c t s .  
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Figure 5-5. Measured d e p l e t i o n  d e p t h  of CdS coated 
with CaF, f o l l o w e d  by 2,OOOA of Sfox. 



correspor:(!lng t o  SiO z.16 233 ,  i n s u l a t i o n .  The p o s s i b l i t y  of 
X 

e x t e n d i n g  t h i s  t e c h n i q u e  t o  o t h e r  semiconductors  i s  d i s c u s s e d  

i n  t h e  next  s e c t i o n .  A summary of  t h e  above r e s u l t s  h a s  been 

p u b l i s h e d  ( 62) . 
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6 . 1  I n t r o d u c t i o n  

The r e s u l t s  ob ta ined  i n  t h e  p rev ious  s e c t i o n  i n d i c a t e  

t h a t  t h e  evaporated l a y e r s  of i no rgan ic  ox ides  and f l u o r i d e s  may 

be used t o  c o n t r o l  t h e  s u r f a c e  p o t e n t i a l  of CdS f i l m s .  One 

may s p e c u l a t e  t h a t  t h i s  technique may a l s o  be a p p l i c a b l e  t o  

o t h e r  semiconductors.  This  s e c t i o n  d e s c r i b e s  an a p p l i c a t i o n  

of t h e  r e s u l t s  of Sec t ion  5 t o  t h e  c o n t r o l  of t h e  su r f ace  

p o t e n t i a l  on a l i t h i u m - d r i f t e d  germanium p-i-n d iode  used as 

a  d e t e c t o r  i n  gamma-ray spec t roscopy .  

6.2 Appl i ca t i on  t o  Li th ium-Drif ted  Germanium Diodes 

The s e n s i t i v i t y  of exposed s u r f a c e s  of germanium t o  

ambient c o n d i t i o n s  and t h e  e f f e c t s  of t h e  s u r f a c e  s t a t e s  on 

t h e  p r o p e r t i e s  of germanium-lithium p-i-n p a r t i c l e  d e t e c t o r s  

(Ge ( L i )  d iodes )  have been s t u d i e d  i n  some d e t a i l .  (63-67) 

Charges t rapped  i n  s u r f a c e  s t a t e s  can cause t h e  fo rmat ion  of 

e i t h e r  n  o r  p-type i n v e r s i o n  l a y e r s  nea r  t h e  s u r f a c e ,  and t h e  

model proposed by ~ l a c e r ( ~ ~ 5  @ )  p rov ides  a good exp lana t ion  of 

t h e  r o l e  of t h e s e  s u r f a c e  s t a t e s  and r e s u l t i n g  i n v e r s i o n  

l a y e r s  i n  de te rmin ing  n o i s e  and excess  l eakage  c u r r e n t  i n  

p - i -n  d iodes .  A s  shown i n  F i g .  6-1, an n- type s u r f a c e  l a y e r  

ex tend ing  a c r o s s  t h e  i n t r i n s i c  reg ion  can g ive  r i s e  t o  a  r eg ion  

of h igh  e l e c t r i c  f i e l d  nea r  t h e  i - p  boundary. This  conduction 



l a y e r  cai_.:se s t h e  exce 2,::  :;,ia;l (68, 69) 

I n  t h e  course  of Ge(Li)  d e t e c t o r  f a b r i c a t i o n  and mounting, 

and n - t y p e  i n v e r s i o n  l a y e r  may be formed from an e t c h  and 

water  wash, and exposure t o  room environments.  ( T o ,  7 l )  I n  o rder  

t o  remove t h i s  i n v e r s i o n  l a y e r  chemical d i p s  such as H,O, and 

HNO, a r e  commonly used.  These t r ea tmen t s  l a c k  c o n t r o l  and do 

no t  p r o t e c t  t h e  s u r f a c e  from f u t u r e  exposure t o  room environ-  

ments. (63) 

The r e s u l t s  of Sec t ion  5 on c o n t r o l l i n g  t h e  s u r f a c e  p o t e n t i a l  

of CdS wi th  evaporated CaF, and SiOx l a y e r s  sugges t  t h a t  t h e  

evapora t ion  of a  t h i n  CaF, l a y e r  on t h e  edges  of a Ge(Li)  

d iode may remove t h e  n-type i n v e r s i o n  l a y e r ,  The evapora t ion  of 

a  c r i t i c a l  t l , j ckness  ( y e t  t o  be determined)  of CaF, on t h e  f o u r  

exposed edges of a  Ge(Li)  d iode should t h e r e f o r e r e s t o r e  t h e  s u r f a c e  

p o t e n t i a l  i n  t h e  i n t r i n s i c  ' region t o  t h e  bu lk  va lue ,  and t h u s  

r e s u l t  i n  a  lower s u r f a c e  l eakage  c u r r e n t ,  making t h e  diode 

s u r f a c e  l e s s  s e n s i t i v e  t o  exposure t o  ambient c o n d i t i o n s .  The 

r e s u l t s  ob ta ined  h e r e  should be q u a l i t a t i v e l y  a p p l i c a b l e  t o  

s i l i c o n  d iodes  as w e l l .  

6 .3  Experimental  Procedure 

The d e t e c t o r  f a b r i c a t i o n  process  used i n  t h i s  work h a s  

been p re sen t ed  i n  some d e t a i l  e lsewhere  (72) and t h u s  on ly  t h e  

f i n a l  s t e p  i n  p repa r ing  t h e  p-i-n diode w i l l  be o u t l i n e d ,  



Figure  6-1. Energy b m d  diagram of p - i - n  d i o d e .  S o l i d  
l i c e s  .;how ;jo::ition of entrgy bands  i n  t h e  
hxl k mrt1,cri:~l whi le  dol, Led .line:: show erlercby 
t~ancls on an n - t y p e  surf : icc .  



Af te r  a ;c" lg  l i t h i l ~ r  -rift ;:) sr! e l e c t r l c  f i e l d  a t  room tempera- 

t u r e ,  a two-stage e t z h  c o n s i s t i n g  of 3 minutes i n  a 2 : l  volume 

mixture  of HNO, and HF and 15 seconds i n  a 5 : l  mixture i s  

c a r r i e d  out  fol lowed by washing in  de ion ized ,  d i s t i l l e d  water  

and d ry ing  i n  n i t r o g e n  gas .  Af t e r  mounting i n  t h e  c r y o s t a t  and 

-6  reduc ing  t h e  p re s su re  t o  10 Torr, t h e  diode i s  cooled t o  

-72•‹C and a r e v e r s e  b i a s  of 500 - 1,000 V i s  app l i ed  u n t i l  no 

f u r t h e r  leakage c u r r e n t  reduc t ion  i s  noted;  t y p i c a l l y  t h e  t ime 

r equ i r ed  i s  72 t o  96 hours .  The diode i s  then cooled t o  7T•‹K, 

i t s  r e v e r s e  leakage measured, and t e s t  s p e c t r a  run .  

The diode i s  then  brought t o  room temperature  over a 

per iod  of s e v e r a l  hours  under vacuum, t r a n s f e r r e d  t o  t h e  

evapora tor  and coated wi th  CaF,. The coo l ing  procedure i s  

then repea ted  wi th  a  s h o r t e r  cleanup d r i f t  a t  -72"C, and t h e  

r e v e r s e  Leakage and t e s t  s p e c t r a  remeasured. A l l  t e s t  s p e c t r a  

were taken on t h e  662 KeV gamma r a y  of Cs137. 

6 . 4  R e s u l t s  

F i g .  6-2 shows t h e  r e s u l t i n g  r e v e r s e  b i a s  c h a r a c t e r i s t i c s  

a t  77•‹K f o r  f o u r  d iodes  coated wi th  v a r i o u s  amounts of CaF, 

on t h e i r  e tched  s u r f a c e s .  I n  6-2 ( a )  i t  i s  seen t h a t  50 of 

CaF, gave no measurable d i f f e r e n c e  i n  r e v e r s e  c h a r a c t e r i s t i c ;  

the 7KeV r e s o l u t i o n  of t h e  662 KeV gamma r a y  of Cs137 a t  -90 v o l t s  

b i a s  was a l s o  unchanged. In  6-2 ( b )  i t  i s  seen t h a t  150 of 

CaF, gave a s i g n i f i c a n t  r educ t ion  i n  t h e  r e v e r s e  leakage c u r r e n t .  

- ~ x g .  6-3 shows t h ~ t  i t s  r e s o l u t i o n  improved from 5.04 KeV 

L 4.2 E k V  at t h e  same b i a s .  The a c t u a l  i n c r e a s e  i n  r e s o l u t i o n  



1s g r e a t e   an   he I + -1 ~ n c r  E ~ S ?  ~ h : _ e ~ v e ( ?  i n  F lg .  6-3 

because of the  p r ? - a r n p i l f l e r  n o i s e .  When t h e  spectrum i n  

F ig .  6-3 ( a l t e r  c o a t i n g )  was r e t aken  us ing  a low-noise f i e l d -  

e f f e c t  t r a n s i s t o r  p re -ampl i f i e r ,  t he  r e s o l u t i o n  was found t o  be 

2.37 KeV (F ig .  6 -4 ) .  F i g .  6-2 ( c )  shows t h e  improvement i n  

b i a s  c h a r a c t e r i s t i c  f o r  a  200 i CaF, f i l m .  A t  -50 V b i a s  t h e  

r e s o l u t i o n  was improved from 15 KeV t o  8 KeV. F i n a l l y ,  F ig .  

6-2 ( d )  shows t h e  r e s u l t s  of a 2,090 1 c o a t i n g .  Apparently 

a s t r c n g  p-type i n v e r s i o n  l a y e r  now e x i s t s  a t  t h e  su r f ace ;  t h e  

r e s u l t i n g  diode i s  unusable a s  a  d e t e c t o r .  

6.5 Conclusion 

These r e s u l t s  i n d i c a t e  t h a t  CaF, c o a t i n g s  a l t e r  t h e  

su r f ace  p s i t l i - c i a l  of germanium s i g n i f i c a n t l y ;  i n  p a r t i c u l a r ,  

.15!:-2(JI9 of CaF, may provide enough " su r f ace  s t a t e s "  t o  

compensate t h e  s t a t e s  produced by t h e  e t c h  procedure and t h u s  

i eave  t h e  s u r f a c e  p o t e n t i a l  of t h i s  germanium approximately 

equa l  t o  t h e  bulk  p o t e n t i a l .  

It i s  a l s o  l i k e l y  t h a t  CaF, i s  only  one of a c l a s s  of 

i no rgan ic ,  oxygen-free i n s u l a t o r s  ( e . g .  MgF,) which w i l l  have 

t h e  same e f f e c t  on c e r t a i n  semiconductors.  Moreover, such 

c o a ~ i n g s  should be rugged and provide some p r o t e c t i o n  a g a i n s t  

~ b j 2 r p t i o n  of water  vapor ,  A summary of t h e s e  r e s u l t s  h a s  

heen publ i shed .  ( 7 3 )  
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Figure 6-4. ~ 5 3 7  Gamma Ray Detected with G e ( L i )  D i o d e  
Coated with 150i CaF, Followed by FET 
P r e a m p ,  



7 .1  In t roduc t ion  

The r e s u l t s  of Sec t ion  5 may be app l i ed  t o  t h e  t h i n - f i l m  

t r a n s i s t o r  where c o n t r o l  of the  s u r f a c e  p o t e n t i a l  i s  necessary  

t o  p r e d i c t  t h e  dev ice  c h a r a c t e r i s t i c s .  This  s e c t i o n  d e s c r i b e s  

t h e  des ign  of a  new t h i n - f i l m  t r a n s i s t o r  capable  of w i th s t and ing  

over 300 V. This t r a n s i s t o r  w i l l  swi tch a c u r r e n t  of 100pa 

wi th  a  c o n t r o l  vo l t age  of 50 V.  The new dev ice ,  which we s h a l l  

r e f e r  t o  a s  a h igh  vo l t age  t h i n - f i l m  t r a n s i s t o r ,  i s  b a s i c a l l y  

an ex t ens ion  of t h e  t h i n - f i l m  t r a n s i s t o r  o r i g i n a l l y  proposed 

by Weimer (7) . 

C o n v e n t i o ~ a l  TFT s have source-dra in  breakdown v o l t a g e s  

of approximately 20 V. The increased  o p e r a t i n g  range i s  

achieved through c a r e f u l  c o n t r o l  of t h e  s u r f a c e  p o t e n t i a l  of 

t h e  a c t i v e  l a y e r  and through a p p r o p r i a t e  changes i n  t h e  dev ice  

geometry and m a t e r i a l  c o n s t a n t s .  

The geometry and m a t e r i a l  c o n s t a n t s  of a TFT wi th  t h e  

neces sa ry  c h a r a c t e r i s t i c s  have been c a l c u l a t e d  u s i n g  t h e  

g radua l  approximation and v e r i f i e d  by t h e  t heo ry  of ~ e u r s t ( ~ 3 ) .  

The fo l l owing  subsec t ions  d i s c u s s  t h e  mod i f i ca t i ons  r e q u i r e d  t o  

achieve h i g h  v o l t a g e  ope ra t i on ,  and d e s c r i b e  t h e  dev ice  

f a b r i c a t i o n .  



The s t a t i c  c h a r a c t e r i s t i c s  of a  t y p i c a l  low vo l t age  TFT 

a r e  sketched m F ig .  2 -2 .  Severa l  c h a r a c t e r i s t i c s  of t h e  

convent iona l  TFT should be reviewed h e r e .  The s t a t i c  source- 

d r a i n  c h a r a c t e r i s t i c s  t end  t o  s a t u r a t e ,  bu t  t h e  s a t u r a t i o n  

s lopes  a r e  lOKQ (i . e .  s a t u r a t i o n  i s  no t  p e r f e c t ) .  Also no te  

t h a t  t h e  impedance corresponding t o  VG = 0 i s  comparable i n  

magnitude t o  t h e  s a t u r a t i o n  impedance. The source-dra in  

curves  i n  F ig .  2-2 cannot be extended t o  a r b i t r a r i l y  l a r g e  

source-dra in  v o l t a g e s .  In  t y p i c a l  u n i t s  e i t h e r  t h e  CdS o r  

the  g a t e  i n s u l a t i o n  w i l l  break down a t  source-dra in  v o l t a g e s  

exceeding 1 5  - 20 V. 

A s  d i scussed  i n  Sec t ion  2 .2  t h e  i d e a l i z e d  theo ry  p r e d i c t s  

t h e  fol.lowingdependence of t h e  source-dra in  c u r r e n t ,  ID, on 

g a t e  v o l t a g e ,  VG, and source-dra in  vo l t age ,  VD. 

" U U " C i  
v - 1  v n  - -1 

2 and VG > Vo 

11 Equation (7-1)  i s  v a l i d  only up t o  t h e  knee" of t h e  curves  

i n  F ig .  2-2.  This  knee occurs  when VD = (VG - V,) . For 

l a r g e r  source-dra in  v o l t a g e s  t h e  i d e a l i z e d  model p r e d i c t s  

p e r f e c t  s a t u r a t i o n ,  s o  t h a t  : 

U ' and VG > Vo 



D e s ~ i , .  c.le char a ,I ; -t: s 3 f  a h l p h  vo i t age  TFT would be 

pen tode- l ike  C ~ ~ ~ ~ L ~ F - ~ T L L , ~ I C S  wi th  a  s a t u r a t e d  source-dra in  

c u r r e n t  of - 5 1 ~ 3 .  with  rlo app l i ed  ga te  vo l t age ,  and a source-  

d r a i n  c u r r e n i  of - l0Opa wi th  a ga t e  v c l t a g e  o f ,  say,  20 V. 

In  a d d i t i o n ,  t h e  dev ice  should be ab l e  t o  wi ths tand source-  

d r a i n  v o l t a g e s  of - 300 V. Thus, t he  mode of ope ra t ion  

envisaged f o r  t h e  h igh  v o l t a g e  TFT imp l i e s  ope ra t ion  i n  t h e  

extreme s a t u r a t i o n  r eg ion  ( g a t e  vo l tage  << source-dra in  v o l t a g e ) .  

Three b a s i c  changes i n  t h e  convent ional  TFT a r e  r equ i r ed  

t o  f a b r i c a t e  a  h igh  vo l t age  device  wi th  t h e  d e s i r e d  cha rac t e r -  

istics. 

The source-dra in  gap must be increased  s o  t h a t  t h e  a c t i v e  

l a y e r  w i l l  no t  break down when p o t e n t i a l s  of s e v e r a l  

hundred  v o l t s  a r e  app l i ed  between t h e  source  and t h e  

e r a i n .  

The g a t e  i n s u l a t i o n  t h i c k n e s s  must be i nc reased  i n  o rder  

t o  wi ths tand  v o l t a g e s  of s e v e r a l  hundred v o l t s ,  s i n c e  

t h e  source-dra in  v o l t a g e  e f f e c t i v e l y  a l s o  appears  between 

drai r ;  and g a t e .  

The impedance of t h e  dev ice  corresponding t o  VG = 0  V 

must be i nc reased  from a t y p i c a l  va lue  of l O K R  t o  a 

va lue  h igh  compared wi th  t h e  impedance of a  t y p i c a l  l o a d ,  

For example, an e l ec t ro luminescen t  c e l l  has  an impedance 

of 10 t o  100 MR. P a r t  of t h i s  i n c r e a s e  i n  impedance w i l l  



An es t i r f ia te  of t h e  source-dra in  gap may be made by n o t i n g  

-4  t h a t  convent iona l  u n i t s  w i th  a source-dra in  gap of 7 .5  x 10  cm. 

a r e  a b l e  t o  wi ths tand  a  source-dra in  vo l t age  of 15 t o  20 V 

b e f o r e  b reak ing  down. If we make t h e  reasonable  assumption 

t h a t  breakdown occurs  a t  a c r i t i c a l  f i e l d  ( n o t  a t  a  c r i t i c a l  

v o l t a g e )  t h i s  imp l i e s  a gap of 2 x  cm. f o r  source-dra in  

v o l t a g e s  of 400 V.  Hence t h e  modified TFT r e q u i r e s  a  source-  

d r a i n  gap which i s  about 25 t imes  l a r g e r  than  t h a t  of con- 

v e n t i o n a l  u n i t s .  In  a similar manner t h e  g a t e  i n s u l a t i o n  

t h i c k n e s s  may be c a l c u l a t e d .  The breakdown f i e l d  s t r e n g t h  of 

t h i s  i n s u l a t i - f l  i s  about 4 x 106 ~ / c m .  Thus, a  g a t e  

i n s u l a t i o n  thSckness of 10,000 w i l l  w i ths tand  400 V.  

Assuuiing t h a t  t h e  l a t e r a l  width  of t h e  modified TFT i s  

t h e  same as t h a t  of convent iona l  u n i t s  (approximately  2 mm) 

t h e  1,000 t o  10,000 f o l d  i n c r e a s e  i n  t h e  r e q u i r e d  dev ice  

impedance w i l l  r e q u i r e  an i n c r e a s e  i n  t h e  l a y e r  r e s i s t i v i t y  by 

a f a c t o r  of 40 t o  400. S ince  convent iona l  TFT1s use  a c t i v e  

l a y e r s  w i th  p - 10  - 100R-cm, t h e  modified TFT s  w i l l  r e q u i r e  

am e f f ec tLve  r e s i s t i v i t y  of l o 3  - 105R-cm. 

These changes i n  t h e  dev i ce  geometry w i l l  have a profound 

e f f e c t  on t h e  dev i ce  performance.  Values of important  parameters  

such a s  on c u r r e n t ,  o f f  c u r r e n t ,  vo l t age  ga in ,  and t h e  ga in-  

?,.mdwidth product  may e a s i l y  be c a l c u l a t e d  from t h e  geomet r ica l  

:hzLges a For example, t h e  exp re s s ion  f o r  t h e  gain-bandwidth 



' \ 
product  

1 ~ V G - V , )  GBP " - 

However, Lnew = 25L, and assuming ( V  - Vo)new = 10 (Vg - V O ) '  g  
t h e  new GBP w i l l  be 

GBP - GBP 10 
new (25)  

Since convent ional  u n i t s  have a GBP = l o 7 ,  t h i s  imp l i e s  t h a t  t h e  

h igh  vo l t age  TFT w i l l  have a  GBP l o 5 .  For t h e  expected 

vo l tage  ga in  ("10) t h i s  imp l i e s  a swi tch ing  t ime of 0 .2  msec. 

It i~ <,I i n t e r e s t  t o  examine t h e  r e l a t i v e  s u r f a c e  s t a t e  

d e n s i t i e s  of t h e  two s t r u c t u r e s .  In  Sec t ion  2 .2  t h e  t o t a l  

number cf t r a p s  o r  e l e c t r o n s ,  i n  t h e  channel  a t  ze ro  g a t e  

p a t e n t i a l  was expressed a s  

where no i s  t h e  s u r f a c e  d e n s i t y .  I n  t h e  convent ional  TFT, 

v a l u e s  of Vo = 5 V a r e  ob ta ined ;  va lues  of Vo = 5 - 1 5  V a r e  

accep tab le  f o r  t h e  h igh  vo l t age  dev ice .  Thus t h e  d e n s i t y  of 

s u r f a c e  t r a p s  must be 3 - 10 t imes smal le r  than  accep tab le  i n  

convent iona l  u n i t s .  This  imp l i e s  a d e n s i t y  equa l  t o  t h e  



u,, t h e  t k i ~ u r y  of t h e  i n s u l a t e d  g a t e  f i e l d  e f f e c t  t r a n s i s t o r  by 

G e u r ~ t ( ~ 3 1  t o  v e r i f y  t h e  above assumptions and conc lus ions  about 

t h e  s t a t i c  dev i ce  c h a r a c t e r i s t i c s .  I n  h i s  model, Geurs t  assumes 

the t h i c k n e s s  of t h e  semiconducting channel  t o  be i n f i n i t e l y  

smal l  compared to t h e  t h i c k n e s s  of t h e  i n s u l a t i n g  l a y e r .  I n  

t h e s e  dev i ce s  t h e  g a t e  i n s u l a t i o n  i s  10,000 i, and t h u s  i s  l a r g e  

compared t o  t h e  a c t i v e  m a t e r i a l  t h i c k n e s s  of - 1,500 %. It 
t n e r t f o r e  seems r ea sonab le  t o  ana lyze  t h i s  s t r u c t u r e  i n  terms 

of Geurst  s model. 

Th is  Fr - _Jrsis has  been c a r r i e d  ou t  assuming a  r a t i o  of 

ins.,;2ctc.i. t h i c k n e s s  t o  source-dra in  spac ing  of l /250 and a  

-srrier l xob i l i t y  of  10  cm2/v-sec. To o b t a i n  t h e  r e q u i r e d  

z e r o  g a t e  b i a s  c h a r a c t e r i s t i c  (ID = 5pa, V = 300V) t h e  model 0 

p r e d i c t s  a  s u r f a c e  c a r r i e r  d e n s i t y  of 3 x  1 O l 1  e l ec t rons /cm2.  

(Note t h a c  i t  i s  n o t  p o s s i b l e  from t h i s  s u r f a c e  c a r r i e r  d e n s i t y  

t o  c a l c u l z t e  t h e  m a t e r i a l  r e s i s t i v i t y  e x p l i c i t l y  because Geurst  

5 a s  assumed an i n f i n i t e l y  t h i n  o r  two-dimensional semiconducting 

l a y e r .  Thus, t h e  o r i g i n a l  assumption r e g a r d i n g  t>he a c t i v e  

i ~ ~ r e r  r e s i s t i v i t y  must be checked e x p e r i m e n t a l l y . )  To o b t a i n  

L ~ - ~  , des i red  sou rce -d ra in  c u r r e n t  of - 100pa a t  s a t u r a t i o n  t h e  

ixcdel p r e d i c t s  a  g a t e  v o l t a g e  of 17  V.  The  va lue  of g a t e  



F i g .  7-1 i l l u s t r a t e s  t h e  s t a t i c  e l e c t r i c a l  c h a r a c t e r i s t i c s  

of' t h i s  s t r u c t u r e  as c a l c u l a t e d  from G e u r s t l s  model. Note 

t h a t  complete s a t u r a t i o n  i s  p r e d i c t e d .  This i s  c o n s i s t e n t  

witn t h e  model which shows t h a t  t h e  amount of s a t u r a t i o n  

expected i s  r e l a t e d  i n  a non- l i nea r  manner t o  t h e  r a t i o  of 

i n s u l a t o r  t h i c k n e s s  t o  source-dra in  spac ing  a s  w e l l  a s  t h e  

f r e t  c u r r i e r  m o b i l i t y  and i n i t i a l  d e n s i t y  of s u r f a c e  charges .  

In Table 7-1 t h e  dimensions of t he  high vo l t age  TFT a r e  

summarized 2 - _  compared t o  t h e  convent iona l  TFT. 

High Voltage TFT Conventional  TFT 

Active Ma te r i a l  CdS CdS 
L ~ c t i v e  Ma te r i a l  Thickness "1,500 -2,000 A 
Source-Drain Gap 0.025 cm 7 .5  x lo-11 cm 
ir-isulation Thickness 10,000 A 1,000 i 
Elec t rode  Width 0 . 2  cm 0 . 2  cm 

b e  7 -  Dimensions of t h e  High Voltage and Conventional  TFT. 

7 . 3  Device F a b r i c a t i o n  

F ig .  7-2 i l l u s t r a t e s  two forms of t h e  h igh  vo l t age  TFT 

; :onstr?lcted wi th  t h e  dimensions given i n  Table 7-1.  The 

~ ~ ~ o m e t r y  i l l u s t r a t e d  i n  F ig .  7-2 ( a ) i s  s impler  t o  c o n s t r u c t  



than  t h a t  u s  is - I n  7 -  2 pb), 3 i ~ t  it h a s  two d i s -  

advantages .  'Tht f l n s t  m E  i s  t h a t  t h e  CdS c h a r a c t e r i s t i c s  

may be unp red i c t ab ly  a l t e r e d  by t h e  h igh  s u b s t r a t e  temperature  

r equ i r ed  f o r  t h e  ensu ing  i n s u l a t i o n  evapora t ion ;  and s i n c e  

C d S  vapor d i f f u s e s  du r ing  evapora t ion ,  a l l  o t h e r  sources  i n  

t h e  system which a r e  t o  be subsequent ly  used may be contaminated 

with CdS. The form of t h e  h igh  v o l t a g e  TFT i l l u s t r a t e d  i n  

F ig .  7-2 (b) surmounts t h e s e  d i f f i c u l t i e s  by evapora t i ng  t h e  

i n s u l a t i o n  l a y e r  f i r s t .  Two source-dra in  e l e c t r o d e s  have been 

made i n  t h i s  form --  above and below t h e  CdS. weimer(18) has  

r e p c r t e d  t h a t  aluminum e l e c t r o d e s  evaporated under CdS do no t  

make good ohmic c o n t a c t s ,  however, e l e c t r o d e s  evaporated above 

t h e  CdS a r e  u n s a t i s f a c t o r y  because of s o l i d  s t a t e  e l e c t r o l y s i s  

e f f e c t s .  The i igh f i e l d s  e x i s t i n g  between t h e  g a t e  and d r a i n  

e l e c t r o d e s  cause oxygen i o n s  i n  t h e  i n s u l a t i o n  t o  migra te  t o  

t n e  d r a i n  e l e c t r o d e  wi th  t h e  r e s u l t  t h a t  a b lock ing  con tac t  i s  

formed a t  t h e  semiconductor-drain i n t e r f a c e .  By p l a c i n g  a 

source-dra in  e l e c t r o d e  above and below t h e  CdS, mobile i o n s  

may be screened from t h e  semiconductor-drain i n t e r f a c e  and 

good ohmic con tac t  a s su red .  

This  more complicated s t r u c t u r e  means t h a t  t h r e e  h igh  

q u a l i t y  aluminum l a y e r s  must be f a b r i c a t e d  i n  one pump down - 

a feat t h a t  cannot be done from a  simple Mo, Ta, o r  W c o i l  

because of source  contaminat ion.  Thus, a  more s o p h i s t i c a t e d  

alum&urn source  such as a boron n i t r i d e  c r u c i b l e ,  o r  an 

e l e c t r o n  beam h e a t e r  must be used.  
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The ,, :ic~; CUY L U '  Led , ~ l k i  S i O X  ~ ~ ~ s ~ - i a . t i o n  were 

s a t i s f a c t o r y  becduse t h e  zero b i a s  d ra in  c u r r e n t  a t  VD 

was - 500pa. Devices cons t ruc ted  wi th  CaF, i n s u l a t i o n  

no t  

= 200 v 

were 

a l s o  u n s a t i s f a c t o r y  because t h e  d r a i n  c u r r e n t  under s i m i l a r  

cond i t i ons  was < l p a  wi th  l i t t l e  g a t e  c o n t r o l  observable .  The 

SiO, i n s u l a t i o n  produces an enhancement l a y e r  (excess  su r f ace  

c o n d u c t i v i t y )  on CdS. The degree  of enhancement depends 

c r i t i c a l l y  on t h e  oxygen p re s su re  and t h e  s u b s t r a t e  temperature  

du r ing  t h e  SiO, evapora t ion .  CaF, produces a c c e p t o r - l i k e  

su r f ace  s t a t e s  a t  t h e  CdS i n t e r f a c e  which cause t h e  CdS t o  

b e  dep le t ed  of f r e e  c a r r i e r s  nea r  t h e  s u r f a c e .  For t h e  a p p l i -  

c a t i o n s  envisaged t h e s e  i n s u l a t o r s  produced dev ices  which were 

t o o  enhanced o r  t o o  dep le ted  of su r f ace  c a r r i e r s .  

I n  Sec t ion  5  i t  was demonstrated t h a t  a t h i n  CaF, l a y e r  

evaporated between t h e  CdS and SiO, reduced t h e  enhancement 

e f f e c t  of t h e  SiO, on t h e  CdS s u r f a c e .  A s  t h e  t h i c k n e s s  of 

t h e  CaF, l a y e r  i s  increased ,  t h e  su r f ace  becomes completely 

d e p l e t e d .  I n  p a r t i c u l a r ,  i t  was shown f o r  t h e  f i l m s  depos i ted  

I n  t h i s  l a b o r a t o r y  t h a t  - 150 of CaF, evaporated ad j acen t  

t o  t h e  CdS followed by an SiO, l a y e r  > 2,000 a r e s u l t e d  i n  an 

approximately f l a t  band s t r u c t u r e  ( @  su r f ace  = @ b u l k ) .  For 

t h i s  dev ice  t h e  CaF, f i l m  was placed ad j acen t  t o  10,000 of 

Sic! - 
X 

I n  a d d i t i o n  t o  a d j u s t i n g  t h e  p o t e n t i a l  of t he  f r o n t  CdS 

s x f a c e  t o  t h e  d e s i r e d  value,  one must cons ider  t h e  shunt ing  



e f f e c t  ot l e ~ k a g i .  ~._r,:g opposit~ s u r f a c e  of t h e  CdS 

( t h e  su r f ace  o p p o s i t e  L O  the gate e l e c t r o d e ) .  This c u r r e n t  

m y  be e l imina t ed  easi'y by evapora t ing  a  f i l m  of CaF, over 

t h i s  s u r f a c e .  The e f f e c t  of CaF, on t h e  d e p l e t i o n  dep th  i n  

evaporated CdS f i l m s  has  been measured a s  a func t ion  of t h i c k -  

ness ,  and i t  has  been shown t h a t  1,000 8. of CaF, w i l l  d e p l e t e  

t h e  CdS of f r e e  c a r r i e r s  t o  a depth of 1,000 8.. The s h i f t  

i n  t h e  su r f ace  p o t e n t i a l  i n  t h i s  case  i s  about 0 . 3  eV. 

F ig .  7-3 i l l u s t r a t e s  t h e  energy band diagram and e l e c t r o n  

concen t r a t i on  of t h e  CdS i n  a t y p i c a l  s t r u c t u r e .  With t h e s e  

i n s u l a t i o n  techniques ,  dev ices  wi th  accep tab le  s t a t i c  

c h a r a c t e r i s t i c s  have been produced and w i l l  be d i scussed  i n  

t h e  nex t  s e c t i m .  This device  i s  p a r t i c u l a r l y  s u i t e d  as a 

t r a n s i s t o r  c o n t r o l l e d  switch f o r  a p p l i c a t i o n s  i nvo lv ing  

high impedance loads ,  such as t h e  e lec t ro luminescen t  lamp 

(EL lamp) descr ibed  i n  Appendix D.  
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8.1  Device I-V C h a r a c t e r i s t i c s  

P l o t s  of t h e  d r a i n  c u r r e n t  v s .  d r a i n  vo l t age  f o r  v a r i o u s  

va lues  of p o s i t i v e  g a t e  b i a s  f o r  two dev ices  cons t ruc t ed  wi th  

t h e  geometry given i n  Table 7-1 a r e  shown i n  F i g ' s .  8-1 and 

8-2.  The c h a r a c t e r i s t i c s  d i sp layed  i n  F i g .  8-1 were taken 

wixh a  Tektronix type  575 curve t r a c e r  where t h e  source-drain  

volxage was swept a t  a  r a t e  of 120 cps; a cons t an t  g a t e  

v o l t a g e  was suppl ied  by an e x t e r n a l  source .  The lower t r a c e  

of t h e  h y s t e r e s i s  loop i s  f o r  i n c r e a s i n g  g a t e  v o l t a g e .  The 

d r a i n  vo l t age  i s  l i m i t e d  by t h e  curve t r a c e r  t o  a  maximum 

va lue  of 200 V. A curve t r a c e r  wi th  a l i m i t i n g  vo l t age  of 350 V 

was construi \  r-d t o  demonstrate t h e  extremely h igh  vo l t age  

c a p a S l l i z y  af  t he se  dev ices .  A t y p i c a l  r e s u l t  i s  shown i n  

Fig. 8-10. The I-V c h a r a c t e r i s t i c s  d i sp layed  i n  F ig .  8-2 

were taken on an X-Y r eco rde r  and a r e  t h u s  " s t a t i c "  cha rac t e r -  

i s t i c s .  The i n s u l a t i o n  l a y e r  i n  t h e s e  dev ices  cons i s t ed  of 

150 of CaF, ad j acen t  t g  t h e  s u b s t r a t e  and fol lowed,  i n  most 

ca ses ,  by 8,000 of SiO and 2,000 of GeO,. The fo l lowing  

subsec t ions  d e s c r i b e  t h e  performance c h a r a c t e r i s t i c s  of t h e  

h igh  vo l t age  TFT and i t s  a b i l i t y  t o  ope ra t e  a s  a switch f o r  

an e l ec t ro luminescen t  lamp. In  o rde r  t o  i l l u s t r a t e  t h e  

var.ious p h y s i c a l  mechanisms which a r e  r e l e v a n t ,  we purposely  

d i s p l a y  TFTts wi th  a wide range of c h a r a c t e r i s t i c s  -- i nc lud ing  
', . 

e f f e c t s  which a r e  d e t r i m e n t a l  t o  device  ope ra t ion .  



Figure  8-1. Dark C h a r a c t e r i s t i c s  of  two TFT1s a s  
Displayed on t h e  Tektronix 575 Curve 
Trace r .  





From Sec t ion  2.5 t h e  r e l a t i o n  between m o b i l i t y  and 

t r ansconduc ta r~ce  i s  seen t o  be 

One obvious 7-quirement f o r  h igh  t ransconductance i s  high 

m o b i l i t y  - 

The m o b i l i t y  of t h e  CdS i s  i n  t u r n  a  f u n c t i o n  of t h e  

d e p o s i t i o n  c o n d i t i o n s .  It was noted i n  Sec t ion  4 .4  t h a t  t h e  

m o b i l i t y  i n c r e a s e s  wi th  s u b s t r a t e  temperature ,  b u t  a t  

t empera tures  i n  exces s  of 120•‹C l i t t l e  CdS condensed on t h e  

s u b s t r a t e .  The CdS f i l m s  s t u d i e d  h e r e  were evaporated a t  

s u b s t r a t e  t empera tures  of 100 - l l 5 "C ,  wi th  a  small 

improvement no ted  a t  t h e  h ighe r  t empera ture .  By use  of 

equa t ion  (8-1) t h e  e f f e c t i v e  m o b i l i t y  of s e v e r a l  TFT1s was 

determined and i s  presen ted  i n  Table 8-1. 



Table 8-1. Measured E f f e c t i v e  Mobi l i ty  i n  Seve ra l  TFTfs 

The f i e l d  e f f e c t  m o b i l i t y  i s  a l s o  dependent upon t h e  g a t e  

p o t e n t i a l .  For i n c r e a s i n g  p o s i t i v e  g a t e  b i a s ,  t r a p p i n g  s t a t e s  

nea r  t h e  insu la tor - semiconductor  i n t e r f a c e  and between 

c r y s t a l l i t e s  a r e  be ing  f i l l e d  caus ing  a  r educ t ion  i n  e l e c t r o n  

s c a t t e r i n g ,  and an i n c r e a s e  i n  mob i l i t y .  

For t h e  extreme s a t u r a t i o n  reg ion ,  equa t ion  (8-2) p r e d i c t s  

t h a t  gm w i l l  be l i n e a r l y  p r o p o r t i o n a l  t o  VG f o r  (VG - Vo) > 0 

and w i l l  be z ~ r o  f o r  (VG - Vo) < 0 .  Since a p o s i t i v e  va lue  of 

V, i r n p l l e s  u n f i l l e d  s u r f a c e  s t a t e s ,  t h i s  i s  another  way of saying 

V, i s  t h e  minimum va lue  of g a t e  vo l t age  which has  an e f f e c t  on 

t h e  d ~ a i n  c u r r e n t .  F ig .  8-3 shows t h e  t ransconductance v s .  

g a t e  vo l t age  f o r  3 dev ices .  Unit 30b, whose I - V  c h a r a c t e r i s t i c s  

a r e  shown i n  F ig .  8-4 a long  with  t hose  of u n i t  30C, had one 

of t h e  h i g h e s t  t ransconduc tances  and lowest  va lues  of Vo 

measured. Unfor tuna te ly ,  due t o  i n s u l a t i o n  breakdown, t he  d r a i n  

vo l t age  could no t  be i nc reased  beyond ~ O V .  The S-shape of t h e  

I - V  c h a r a c t e r i s t i c s  of Uni t  30c i s  i n d i c a t i v e  of r e c t i f y i n g  

c o n t a c t s  a s  expla ined  i n  Sec t ion  8 . 7 .  Unit 54a, whose I - V  

c h a r a c t e r i s t i c s  a r e  shown i n  F ig .  8-6, showed a h igher  va lue  

rf V, - 100V. Unit  39b has  an accep tab le  va lue  of V,, bu t  a  

L ~ W  rnob5li ty.  These l a r g e  v a ~ i a t i o n s  i n  V a r e  due i n  p a r t  t o  
0 



o V ,  = 6 0 v .  

1 
( S t a t i c )  

0 

Figure 8-3.  7'Fi1 Tra.noconductance v:; . Gate Voltage.  - 



F i r  - 4 .  TFT Showing lLi,;ki M o b i l i t y  and Trmr.conductance. 



The model from whrch equa t ions  (8-1) and (8-2)  a r e  der ived  

i s  frequency indepzndent and ignores  t h e  e f f e c t  of e l e c t r o n  

t r a p s .  Lrl r e a l i t y  t h e  CdS f i l m  con ta ins  a l a r g e  number of such 

t r a p s .  For t h e  case  of cons tan t  m o b i l i t y  i t  was shown i n  

Sec t ion  2 . 6  t h a t  t h e  t ransconductance i s  an i n c r e a s i n g  func t ion  

o f  f requency.  For f r equenc ie s  lower than those  c h a r a c t e r i z i n g  

t h e  t r a p s ,  a f r a c t i o n  of t h e  e l e c t r o n s  induced w i l l  be t rapped 

r e s u l t i n g  i n  a  lower t ransconductance than a t  h ighe r  f r equenc ie s ,  

wher, the $raps  a r e  unable  t o  fo l low t h e  induced c a r r i e r  v a r i a -  

t i o n s .  F i g .  8-5 d i s p l a y s  t he  range of t h e  f requency dependence 

of the  t r anscn~-3uc tance  observed i n  t h e s e  dev ices .  

3 i lutput Conductance 

In  t h e  i d e a l  dev ice  descr ibed  i n  Sec t ion  2, t h e  d r a i n  

c u r r e n t  i s  s a t u r a t e d  f o r  VD > (VG - V o ) .  The model by Geurst  

has  shown t h a t  t h e  incrementa l  ou tpu t  r e s i s t a n c e  i s  n o t ,  i n  

g e n e r a l ,  l n f i n i t e  f o r  (VG - Vo) < VD bu t  dependent upon t h e  

c a r r i e r  m o b i l i t y  and on t h e  e l e c t r o s t a t i c  s h i e l d i n g  of t h e  

d r a i n  e l e c t r o d e  by t h e  g a t e  e l e c t r o d e .  However, f o r  t h e  condi- 

t i o n s  a p p r o p r i a t e  t o  our p re sen t  s t r u c t u r e s  t h e s e  e f f e c t s  a r e  

Ir,%dequa,te t o  account f o r  t h e  observed f i n i t e  s a t u r a t i o n  and 

a l t e r n a t i v e  mechanisms must be p r e s e n t .  

'i'he dominant e f f e c t s  i n  reduc ing  t h e  incrementa l  ou tpu t  



, fad r e s i s t a n :  - .,re %he ' -_ -, i +; < % y l s  snd m.isi11ty v a r i a t i o n s .  

Also, an urimodul_,tcd p a l a l l e l  conduction phth between t h e  source  

and t h e  dra i r ,  r e s u l t i n g  from donor su r f ace  s t a t e s  on t h e  

r e v e r s e  s i d e  of t h e  f i l m  o r  t o o  t h i c k  a  semiconducting f i l m  

could reduce t h e  ou tpu t  r e s i s t a n c e .  The shunt conductance a long  

t h e  r e v e r s e  s i d e  has  been e l imina t ed  by t h e  techniques  descr ibed  

I n  Sec t ion  7 .3 .  F ig .  8-6 shows i n  t h e  I-V c h a r a c t e r i s t i c s  of a 

TFT with  a very  high s a t u r a t i o n  r e s i s t a n c e .  The incrementa l  

ou tpu t  r e s i s t a n c e  of two dev ices  i s  p l o t t e d  i n  F ig .  8-7. 

Sazura t ion  r e s i s t a n c e s  of > 1 0 ' ~  a r e  d e s i r a b l e  a t  ze ro  g a t e  b i a s  

ir t h e  device  i s  used t o  d r i v e  EL lamps. 

8 . 4  Switching Speed 

The s w r ~ c h i n g  speed a n a l y s i s  of a TFT o p e r a t i n g  i n  t h e  

s h t ~ x r a t ~ i o n  reg ion  i s  given i n  F ig .  8-8. The c i r c u i t  under 

cons ide ra t ion  i s  i l l u s t r a t e d  i n  F i g .  8 - 8 ( a ) .  The t o t a l  capac i -  

t ance  between t h e  source  and d r a i n  i s  made up of t h e  load ,  

s t r a y ,  and source-dra in  capac i t ances .  F ig .  8 -8(b)  shows t h e  

dev ice  c h a r a c t e r i s t i c s  under c o n s i d e r a t i o n .  When a s t e p  g a t e  

vo l t age  1s app l i ed ,  t h e  o p e r a t i n g  po in t  i n s t a n t l y  swi tches  from 

po in t  1 t o  2,  as t h e  v o l t a g e  a c r o s s  t h e  t o t a l  source  d r a i n  

capac i tance  cannot change i n s t a n t l y .  The o p e r a t i n g  p o i n t  then  

r e l a x e s  t o  p o i n t  3 wi th  t ime cons t an t ,  7, given by 





Figure 8-6. TFT With High Sa tu ra t ion  Resis tance.  



t h e  t u r n  o f f  time i s  seen t o  be i d e n t i c a l  provided r does n o t  
SD 

change wi th  g a t e  vo l t age .  

The ga t e -d ra in  capac i tance ,  which has  been neg lec ted  

a l lows  a f r a c t i o n  of t h e  g a t e  vo l t age  t o  appear a c r o s s  t h e  

load with a p o l a r i t y  oppos i te  t o  t h e  d r a i n  s i g n a l .  The i n i t i a l  

r n~gn i tude  of t h i s  s i g n a l  i s  seen t o  be 

Measurement of t h e  swi tch ing  time of a h igh-vol tage  TFT i s  

shown is F ig .  8 - 9 ( a )  and F i g .  8 - g ( c )  f o r  two va lues  of load  

r e s i s t a n c e .  For a load  r e s i s t a n c e  of 107a ,  t h e  swi tch ing  t ime 

i s  0 .2  n s e c , ,  and f o r  a load  r e s i s t a n c e  of 10eQ, t h e  swi tch ing  

t ime Is C - L  msec. 

The equ iva l en t  c i r c u i t  of a t y p i c a l  load,  an EL lamp, 

( s e e  Appendix D)  i s  a  p a r a l l e l  r e s i s t a n c e  and capac i t ance .  For 

a lamp wi th  an a r e a  of 0 .25 cm2 t h i s  i s  approximately 10% i n  

p a r a l l e l  wi th  100 p f .  The swi tch ing  speed of t h i s  R C  load i s  

st~own i n  F ig .  8 -g (b )  t o  be 0 .2  msec. A lamp with  an a r e a  of 

0 ' 2 .  cm2 i s  equ iva l en t  t o  1 0 7 ~  i n  p a r a l l e l  wi th  33 p f .  F ig .  8 -g (d )  





shows tha! such a laru,p, c ~ i :  be switched i n  0.5 msec. From t h i s  

measurement one can determine t h e  maximum s i z e  lamp t h a t  can be 

switched i n  t h e  r equ i r ed  t ime with  a  h igh  v o l t a g e  TFT. The 

a c t u a l  swi tch ing  t imes  w i l l  be somewhat sma l l e r  as about 25  p f .  

of t h e  t o t a l  source-dra in  capac i tance  i s  due t o  t h e  t e s t  

c i r c u i t .  A p rope r ly  encapsu la ted  c i r c u i t  would have a  s t r a y  

capac i tance  of - 5 p f .  Equation (8-5) shows t h a t  t h e  c a p a c i t i v e  

feed- through s i g n a l  i s  reduced f o r  l a r g e r  load  capac i t ances .  

This  i s  v e r i f i e d  i n  F i g .  8-9. 

Voltage L i m i t a t i o n s  

The h igh  v o l t a g e  TFT desc r ibed  i n  Sec t ion  7 .2  was designed 

t o  wi ths tand  a source-dra in  v o l t a g e  of 400 V f o r  a d i e l e c t r i c  

breakdown s t r e n g t h  of 4 x  l o 6  V/cm. Measured d i e l e c t r i c  break-  

dorrm s t r e n g t h s  were i n  excess  of 4 .4  x 106 V/cm. and as h igh  as 

6 x 106 V/cm. implying vSD = 440 - 600 v as an upper l i m i t  f o r  

an i n s u l a t i o n  spac ing  of 10,000 A .  I n  most ca ses  t h e  I - V  

curves  were p l o t t e d  on a curve t r a c e r  wi th  a maximum a v a i l a b l e  

v o l t a g e  of 200 V, and t h i s  c a p a b i l i t y  w a s  n o t  appa ren t .  A curve 

t r a c e r  wi th  a h ighe r  v o l t a g e  c a p a b i l i t y  was cons t ruc t ed ,  and 

F i g .  8-10 shows t h e  I - V  c h a r a c t e r i s t i c s  of a dev ice  f o r  which 

t h e  source-dra in  v o l t a g e  was swept t o  350 V. The h igh  breakdown 

vo l t age  of t h i s  u n i t  i s  t y p J c a l  of t h e  g r e a t  m a j o r i t y  of u n i t s  

cons t ruc t ed  i n  t h i s  s tudy .  





Slost r L - c l a i ~ s  a p e r a t e  ori cj. , - - 1 t h e  TFT d r a i n  must 

always oe L L ~ .  ir l i 7 ?  w i t l . ,  r e s ~ e ~ t  TL, i,ne s w r c e .  One convenient  

s ~ ! p p l y  f o r  ,. = l m y ~  hard TI;"? . L ~  ru l i -dave  r e c t i f i e d  s i n e  wave 

3 3  shown --:I k i g .  b - l l .  A l t e r n a t i v e l y  i,he c i r c u i t  could be 

s x p ~ l i e t i  by 5 vo l t age  V t 2V S i n ( u t ) .  With ze ro  g a t e  v o l t a g e  

t h e  extrem?,y h igh  ou tpu t  r e s i s t a n c e  of  t h e  TFT i s  s u f f i c i e n t  t o  

hoic- t he  i ~ * ~ i ,  c l r ' ,  The lamp i r l q  be svar,ched on w i t h  t h e  

ary,li 2 t i on  ,?? a p > s i t i v e  gats v o l t 3 , g ~ ' .  Lamps have been opera ted  

i n  this laborat~- , r*y,  i n  t h e  extreme s a t u r a t i a n  r eg ion  wi th  a  

~ I & . - L ~  - ,ri T~ v,,~t,ttge of 350 V peak and sw.,tched wi th  a  g a t e  

v o l t a p e  a s  L(YS ~ 4 s  5 O  V. A f u ~ . t h e r  reduct io ; !  i n  t h e  g a t e  

volt-f.;e necAe, ) -  may be a c h ~  eved by r : ,creasing t h e   nobility of 

tne l'! 1 1 1  j t ~ b l l i ~ i n g  t h e  i n s u l a t o r ,  Typica l  lamp s i z e s  

u ; ~ d  , d.1 to 0.25 em2. S ince  t h e  b r i g h t n e s s  of t h e  lamps 

I s  ~ ; r , r ~ n l i .  + t ~ l y  l i n e a r  w i th  f requency ,  i t  i s  d e s i r a b l e  t o  use  

db i ;g L _iZ:t.quer;cy as i s  p r a c t i c a l  i n  The d r a i n  supply .  The 

rnaxirnld:,, L) ~ ; 1 e  f requency i s  t hen  determined by t h e  shun t ing  

eYfer+ , ' I L ~  s ~ u r ~ e  drain ~ a p a c i t a r ~ c e ,  aria i s  about 2Kc f o r  

e i s t c r s ,  A s  discusseif. l r !  S e c t i c n  8 .4 ,  t h e  swi tch ing  

, ,;me - i,. d. :unct,ion of t n e  load  and t o e  transistor; a swi tch ing  

t i n e  (,I s e v e r a l  m i l l i s e c o n d s  i s  adequate  f o r  v i s i a l  d i s p l a y s .  

The ou!,put l i g h t  i n t e n s i i ; ~  f o r  a t y p i c a l  TFT d r i v i n g  a  

O.:?? ci:," !.amp i_s >norrin i n  F i g ,  &i2. Ai a  g a t e  v o l t a g e  of 

6' .  i , ::he lamp produces suf'f i c i r n i  ? ) r i g h t n e s s .  When VG i s  



Figure 8-9. Switching Time f o r  a Trans i s to r  with 
Various RC Loads. 



Figure 8-10. TFT Operating with VSD.=  350 v o l t s .  
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i n c r e a s e -  r,-- ~1 ? 1 l r .%z;isi ty s a t u r a t e s .  The 

maximum  brig^^,^ : x-l.i;i_l lists ~ ~ m p d r k b l e  to that  ob ta ined  by 

t h e  d i r e ~ . r  i 2 z o i z ~ 8 ~ i ~ r :  J S  a .  2. z3 t h 2  lamp. The d a t a  i n  

F ig .  8-12 w- , t a k e n  - h l c n  a silicon s o l a r  c e l l  mounted ad j acen t  

t o  t h e  1'F41' ai,d were compur;ed u s i n g  t h e  s e n s i t i v i t y  of t h e  s o l a r  

c e l l  a t  the  peak (520  m p )  i n t e n s i t y  of t h e  EL lamp. 

The h igh  v o l t a g e  TFT1s and i n t e r c o n n e c t i o n s  neces sa ry  t o  

swi tch  an array 01' lamps may a l l  be depos i t ed  on t h e  same 

s u b s t r a t e  and mcunted a d j a c e n t  t o  t h e  lamps r e s u l t i n g  i n  a 

compact, compatS b l e  s t r u c t u r e ,  

8.7 The E f f e c t s  of R e c t i f y i n g  Contzcts  

Ohmic c .  . , a c t s  w i t h  CdS f i l m s  may be made wi th  aluminum, 

g a l l i l . ~ ~ :  x d  iildium. However, indium and ga l l ium melt  a t  t h e  

h igh  z u b s t r a t e  t empera tures  used i n  dev ice  f a b r i c a t i o n .  Great  

c a r e  i s  r equ i r ed  wi th  t h e  aluminum evapora t ion  i f  ohmic 

c o n t a c t s  a r e  d e s i r e d .  If evaporated t o o  slowly,  a  semi- 

i n s u l a t i n g  b a r r i e r  w i l l  be f ~ r m e d  under t h e  e l e c t r o d e .  Rec t i -  

f y i n g  c o n t a c t s  may a l s o  be formed when t h e  aluminum r e a c t s  

w i th  t h e  source  producing an a l l o y  which w i l l  n o t  make ohmic 

c o n t a c t .  R e c t i f y i n g  c o n t a c t s  were formed whell a tan ta lum 

f i l x i ~ e n t  was used more than  once t o  evapora te  aluminum c o n t a c t s .  

,The effects of r e c t i f y - i n g  c o n t a c t s  may be seen by examining 

t h e  1-71 c h a r a c t ; t r i s t i c s  of a TFT. A r e c t i f y i n g  source  con tac t  
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produces r (3 ?t 1 i - I I ,  t e e ; ; t . : ,  d t  h igh  g a t e  v o l t a g e s .  

The rect i fy iL. ;y  ,.I,.,,:, a t  t h e  scl-rx.,c. i s  a  r eve r sed  b i a sed  

diode wilicn l l n i  s tht. amount of c u r r e r x  t h a t  may be drawn i n  

from t h e  SOLJ ce e l e c t r o d e .  A r e c t i f y i n g  CdS-A1 d r a i n  c o n t a c t  

produces ari 2-shaped I - V  c h a r a c t e r i s t i c  n e a r  t h e  o r i g i n ;  t h i s  

d iode w i l l  be forward b i a sed  and w i l l  n o t  l i m i t  t h e  maximum 

d r a i n  c u r r e n t .  F i g .  8-13 shows t h e  e f f e c t  of a  r e c t i f y i n g  d r a i n  

c o n t a c t  on tFle i - V  c h a r a c t e r i s t i c  of a TFT. 

One then wonders why one con tac t  i s  r e c t i f y i n g  when bo th  

were f a b r i c a t e d  a t  t h e  same t ime .  In  t h e s e  two d e v i c e s  t h e  

lower aluxinurn zource-dra in  c o n t a c t  (F ig .  7 - 2 ( b ) )  between t h e  

CdS and SiO was miss ing ,  The h igh  g a t e - d r a i n  f i e l d  produced 

s o l i d  s t a t e  e l  c - r t r o l y s i s  e f f e c t s ;  i t  was thought t h a t  oxygen 

i o n s  d i f ' l u s t d  through t h e  i n s u l a t i o n  and CdS and made a semi- 

i n s u l a t m g  b a r r i e r  on t h e  d r a i n  e l e c t r o d e .  This  i s  i l l u s t r a t e d  

i n  F i g .  bi4. Where t h e  I - V  curves  i n  F i g .  8 -14 (a )  were t aken  

f i r s t ,  and a r e c t i f y i n g  d r a i n  e l e c t r o d e  h a s  been formed. The 

source  and a r a i n  e l e c t r o d e s  were r eve r sed  and t h e  I - V  curves  

of F ig .  8 - 1 a ( b )  t aken ;  t h e  s a t u r a t i o n  of t h e  new source  

e l e c t r o d e  ,s appa ren t .  To avoid  t h i s  type of behavior ,  a 

source-Grain  e l e c t r o d e  should be placed between t h e  CdS and 

SiO, as i n d i c a t e d  i n  F i g .  7-2. 

8 .8  Device S t a b i l i t v  

In  a s t a b l e  dev ice  t h e  d r a i n  c u r r e n t  should be un ique ly  

C a f i l i e ~  3 ; r  t h e  ga te  v o l t a g e  and t h e  d r a i n  v o l t a g e .  I n  many 
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dev ices  ~ r ) ;  ; I:, - - L ,  I t . The most t r o u b l e -  

some form c: - l d u I  - L 1  ,,, ; ! , s > ~ z t s r s  r :  he t h e  motion of 

i o n s  due t; t 8 x a  hi& L.,;,;,~ied t._le(:trl:_ f ~ e . i . J .  The oxide c o n t a i n s  

mobile, po l  etomic molecules  w i r l c i ;  may be e a s i l y  d i s s o c i a t e d .  (7l i )  

The a p p l i c d t i o n  of a  p o s i t i v e  v o l t a g e  t o  t h e  g a t e  causes  t h e  

migration of ~ e g a t i v e  i o n s  toward t h e  g a t e  e l e c t r o d e  and p o s i t i v e  

i o n s  toward t h e  CdS. Tne slcw mig ra t i on  of i o n s  causes  t h e  

e l e c t r i c  f i e l d  ac t h e  CdS s u r f a c e  t o  s lowly i n c r e a s e  w i th  t ime,  

a s  l l i u s t r a t e d  i n  F ig .  8 -15  This  slow d r i f t  of c h a r a c t e r i s t i c s  

of a very  u n s t a b l e  dev ice  i s  aemonstra ted i n  F i g .  8-16. 

~ v h ~ r ~  t h e  gaze vo l t age  i s  removed, t h e  t r a n s i s t o r  does no t  

r e t u r n  t o  i t s  previous  " o f f "  cond i t i on  f o r  some t ime .  The 

change i n  "off '' characteristic can be ~ n t e r p r e t e d  as a change 

i n  t h e  else Lrol- o r  t r a p  c o n c e n t r a t i o n .  ~ e i m a n  (74) h a s  r epo r t ed  

ccangc; In unpass iva ted  t he rma l ly  grown SiO, on S i  a s  h igh  a s  

&I = 5 x 1011/cm2, whi le  a f t e r  p a s s i v a t i o n  wi th  phosphorous 

t h i s  chmgp i s  reduced t o  an = 5 x 101 0/cm2. I n  t h i s  s t udy  

s i m i l a r  r ' langes of = 5 x lOfl/crn2 f o r  evaporated SiOx i n  a 

d r y  N, a<,rosphere  were observed.  The i on  m o b i l i t i e s  i n  t h e  

i n s u l & t c l  determine t h e  speed wi th  which t h e  d r a i n  c u r r e n t  

d r i f t s  a f t e r  a p p l i c a t i o n  of a g a t e  b i a s .  

Humidity a l s o  a f f e c t s  t h e  va lue  of Vo, t h e  pinch o f f  

v o l t a g e .  Absorption of wate r  vapor i n  t h e  i n s u l a t i o n  h a s  an 

e f f e c t  which i s  t he  same a s  c r e a t i o n  of a c c e p t o r - l i k e  s t a t e s  a t  

the CdS i n t e r f a c e .  By connec t ing  t h e  t r a n s i s t o r  a s  a diode 







( V  = V L  ? e  ma: - G - L I ,I 1 ~ ~ 1 : 1 1 3 ~ t y  on V 
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Fig .  8-1'1 

shows t h e  d l ~ ~ i c  , . i - r i  A.L - ~ L ~ - L I C  of' a veiy u n s t a b l e  TFT i n  d ry  

N, and i n  I z ,nl humidity;  V hds ckm;gea "cy about 100 V i n d i c a t i n g  
0 

t h a t  nn = 2 .j x 1 0 ' ~ / c m ~ .  In  a more s t a b l e  u n i t  such as 39b, 

( s e e  F i g .  - 2  AV* - 15 V w h l c k i  corresponds t o  An = 2 x 1011/cm2. 

This shows t h a t  t he  e f f e c t  of ion d r i f t  i n  t h e  i n s u l a t o r  i s  

g r e a t e r  than t h e  e f f e c t  of humidity.  The r e l a t i v e  humidity i n  

t h e  l a b o r a t o r y  was t y p i c a l l y  50 - 70%. I n s t a b i l i t y  e f f e c t s  

due t o  humidity were e l imina ted  by p o t t i n g  t h e  TFT i n  S i l i c o n e  

rubbe r .  

Tile degree  of i n s t a b i l i t y  was found t o  va ry  cons iderab ly  

wi th  t h e  technique  used f o r  e v a p o r a t i ~ g  t h e  SiG l a y e r s .  The 

most s t a b l e  f i l a s  were depos i ted  from SiO p e l l e t s  suspended on 

a tantaLum wire a s  desc r ibed  i n  Sec t ion  3 .4 .2 .  SiO f i l m s  

deposltZzd from a  tanta lum c r u c i b l e  proved t o  be very  u n s t a b l e .  

Free  silicon, which i s  formed from decomposition of SiO, 

forms a e u t e c t i c  wi th  plat inum a t  830• ‹c (75)  a l s o  making f i l m s  

depos i ted  from pla t inum b o a t s  u n s t a b l e .  Boron n i t r i d e  seems 

somewhat b e t t e r ,  bu t  an e l e c t r o n  beam source  should probably 

be used f i ~ r  b e s t  r e s u l t s .  

8.9 Sugges t ions  f o r  Improvement of t h e  C h a r a c t e r i s t i c s  

Improvement i n  dev ice  performance may be r e a l i z e d  by 

improving t h e  s t a b i l i t y  of t h e  oxide l a y e r  and i n c r e a s i n g  

t h e  f i l m  m o b i l i t y .  One avenue of approach t o  t h i s  problem 

m y  be ehe selection of a  semiconductor such a s  CdSe with  a 
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Figure 8-16. Instability in TFT Characteristics. 
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Figure 8-17. TFT Connected as a Diode (VG V ) 
Showing Shift in Characteristic gue 
to Moisture in the Insulator. 



h i g h e r  rfi, I I i t ~ r .  ,A. * .- r ..- ,dl I Y ~ C ~ L ~  2 ~ 1 , ~  of CdSe i s  

600 cm2/v-sec ~ m , ~ i , ,  w ~ s i ~  300 c m 2 , / ~ - s t c .  f o r  MS. One 

CdSe t r a n s i s t o r  was cons t ruc t ed  i n  t h l s  s tudy .  Although t h e  

r e s i s t i v i t y  was t o o  low f o r  use  a s  an EL swi tch,  t h e  e f f e c t i v e  

m o b i l i t y  was 2 .5  cm2/V-sec. There i s  every  reason t o  expect  

t h a t  a  h i g h e r  va lue  of m o b i l i t y  i s  a t t a i n a b l e .  The s e l e c t i o n  

of an i n s u l a t o r  w i t h  a  c l o s e r  l a t t i c e  s t r u c t u r e  t han  SiO w i l l  

a s l o  h e l p  t o  reduce i on  mig ra t i on ,  

Add i t i ona l  improvement i n  dev lce  ga in  a t  t h e  expense of 

band width may be ob ta ined  by u s i n g  a symmetrical  double g a t e  

TF'I'. The double g a t e  TFT has  an i n s u l a t e d  g a t e  on each s i d e  

of  t h e  semiconductor and has  been e x t e n s i v e l y  analyzed(T6,  77). 

For t h e  case  wben t h e  two g a t e s  a r e  a t  t h e  same p o t e n t i a l  t h e  

equa t ions  w h c h  d e s c r i b e  t h e  double g a t e  TFT a r e  t h e  same a s  

t h e  single g a t e  TFT except  

The g a t e  v o l t a g e  r e q u i r e d  t o  supply the  same d r a i n  c u r r e n t  i n  

s a t u r a t i o n  i s  g iven  by 

- I 
( V ~  - ' o ) ~ o u b l e  - P ( v ~  - V o ) ~ i n g l e  

Gate Gate 

This  i n c r e a s e  i n  ga in  i s  a t  t h e  expense of bandwidth; t h e  

double g a t e  TFT would. s t i l l  have adequate bandwidth t o  d r i v e  an 

EL lamp. 



This  i n v e s t i g a t i o n  of f i e l d  e f f e c t s  i n  cadmium s u l f i d e  

f i l m s  h a s  y i e l d e d  a  new h ign  vo l t age  t h i n - f i l m  t r a n s i s t o r  

cons t ruc t ed  e n t i r e l y  by vacuum evapora t i on .  This  TFT, which 

i s  capable  of w i th s t and ing  over 300 V, w i l l  sw i t ch  a  c u r r e n t  

of 10Opa wi th  a  g a t e  v o l t a g e  of l e s s  than  50 V, and i s  

p a r t i c u l a r l y  s u i t e d  as a  t r a n s i s t o r  c o n t r o l l e d  swi tch  f o r  a p p l i -  

c a t i o n s  i n v o l v i n g  a h igh  impedance l o a d .  

Devices were cons t ruc t ed  wi th  an incrementa l  s a t u r a t i o n  

r e s i s t a n c e  of 200 MR and a  maximum o p e r a t i n g  v o l t a g e  of 350 V.  

Rise t imes  of 9.2 msec. f o r  a  1 0 ' ~  load  were observed.  The 

t ransconduc tance  ranged from 3 t o  13  urnhose The l a r g e  g a t e  

v o l t a g e  r e e ~ _ r e d  and t h e  low t ransconduc tance  observed were 

a t t r i b ~ t e d  t o  t h e  low e l e c t r o n  m o b i l i t y  ( 0 . 5  , 2 . 5  cm2/V-sec.) 

of t h e  p o l y c r y s t a l l i n e  f i l m s ,  and t h e  h igh  d e n s i t y  of e l e c t r o n  

t r a p s  (up t o  1012/cma) a t  t h e  CdS s u r f a c e .  The v a r i a t i o n  of 

t h e  pinch o f f  v o l t a g e ,  Vo, and t h e  i n s t a b i l i t y  i n  t h e  c h a r a c t e r -  

i s t i c s  were a t t r i b u t e d  t o  t h e  i n s u l a t i o n  evapora t ion  t echn iques .  

The d e n s i t y  of mobile i ons ,  which a f f e c t  t h e  dev ice  s t a b i l i t y ,  

i s  a  f u n c t i o n  of t h e  i n s u l a t i o n  evapora t i on  technique and 

environment; dev i ce s  w i th  SiO i n s u l a t i o n  were observed t o  be 

u n s t a b l e  u n l e s s  opera ted  i n  a  n i t r o g e n  atmosphere. There a r e  

no e x t e n s i v e  d a t a  y e t  on t h e  r e p r o d u c i b i l i t y  of t h e  h igh  v o l t a g e  

TFT, bu t  based on t h e  l i m i t e d  number of dev i ce s  cons t ruc t ed  i t  

dppears  t h a t  r ep roduc ib l e  dev i ce s  w i l l  no t  be d i f f i c u l t  t o  

.:lake 



Re:- r 1 x 7 1 ~ h r  - -  _ I I t _ y 7  v:, A :~:*e:riei?t s on CaF,/SiO 

coated CdS PI:?, a ~ , _ z  L::,AL , ~ i l t r o i  LI : t:e Cd3 s u r f a c e  po ten t i  s~ 

was p o s s i b l e ,  By e v a p o r a t m g  a t h i n  l a y e r  of CaF, between the  

CdS and SiO, the  e f f e c t  of t he  donor - l lke  s u r f a c e  s t a t e s  of SiO 

was reduced by t h e  e f f e c t  of t j ~ e  a c c e p t o r - l i k e  s u r f a c e  s t a t e s  

of CaF,. By proper  choice  of CaF, t h i ckness ,  any s u r f a c e  

p o t e n t i a l  between t h e  l i m i t s  a p p r o p r i a t e  t o  SiO and CaF, could 

be ob ta ined .  

It was found t h a t  an evaporated CaF, l a y e r  could be used 

t o  c o n t r o l  t h e  s u r f a c e  p o t e n t i a l  of germanium, and t h e  e f f e c t  

of Z i J u s t i n g  tile s u r f a c e  p o t e n t i a l  of a Ge(Li)  gamma-ray 

d e t e c t o r  w a s  seen t o  be an i n c r e a s e  i n  t h e  r e s o l u t i o n  of over 

20% on t h e  662Kev gamma-ray of C S ~ ' ~ .  Appl ica t ion  of 150 - 

200 of C d ,  t o  t h e  exposed edges of t h e  d e t e c t o r  appeared t o  

r e s t o r e  t h e  su r f ace  p o t e n t i a l  i n  t h e  i n t r i n s i c  r eg ion  t o  t h e  

bu lk  va lue ,  and t h u s  r e s u l t  i n  a lower su r f ace  leakage c u r r e n t ,  

and inc reased  r e s o l u t i o n .  

F u r ~ h e r  s tudy  may improve t h e  performance c f  t h e  h igh  

l ~ o l t a g e  TFT by s t a b i l i z i n g  t h e  oxide l a y e r  and i n c r e a s i n g  t h e  

f i l m  mob2i i ty .  Increased  m o b i l i t y  may be obta ined by 

improving t h e  CdS d e p o s i t i o n  techniques ,  o r  by choosing another  

semiconductor such a s  CdSe. The s e l e c t i o n  of an i n s u l a t o r  

w i t h  a c l o s e r  l a t t i c e  s t r u c t u r e  than  SiO should h e l p  t o  reduce 

ion  migra t ion  i n  t h e  i n s u l a t o r .  



In  t h e  d d l  S C Z ~  1 a t l C Y i  ci;? 2'Fl  -. d r a c t e r i s t i c s ,  t h e  

m o b i l i t y  n r ~ d  gd te  capac i tdnce  are considered t o  be c o n s t a n t .  

It 1s i n s t r u c t i v e  t o  r e - d e r i v e  t h e  exp re s s ions  f o r  t h e  t r a n s -  

conductance dnd cu tpu t  conductance or' a I'FT whi le  a l lowing  

t h e s e  quan t ; t l ? s  tc: va ry  W I L ~  sallrce arztin vo l t age ,  v ~ .  and 

gate i ~ l ~ a g e ,  Vz. Thls  d e r ~ v a ~ l o n  w l , i  show t h e  f u n c t i o n a l  
Q 

dependence of tfLe t rdnsccnductdncz and o ~ d t p u t  conductance on 

. - .  
u i t .  ,, :*y ace g a t e  capac i t ance  ~ a r ~ ~ t ~ i i r ~ s .  NO a t t empt  

w i l l  be made here L O  r e l a t e  t h e s e  v a r i a x l o r s  t o  t he  p h y s i c a l  

proce.;ses i n ~ ~ ~ ' ~ e d ,  Tn is  nioaei wlll bc . / d . : d  i n  t h e  g radua l  

approxia,  ,,,,_, d d i scus sed  i n  Sec t ion  2 . 2 .  

-3,. 2 L ' a l ~ ~ ~  ~ a r r o n  cf t h e  Transconductance 

The t r~ansccnduc tance  i s  de f ined  a s  

 he variation i n  d r a i n  c u r r e n t  may be w r i t t e n  a s  



LDJ i s  t! - ,tipt,n _ a - J ,  ; Q S  a r e  distr ibu-leci  

i n  t h e  semxcor~,?~, tsi L:, crLc ; r ~ ~ i ~ ~ c e r . ! e n t .  r egLon .  To so lve  for 

do, one alit,ws 1 0 t h  n , t h e  den.-] t y  of coliduction e l e c t r o n s ,  
(3" 

and p, t h e  m ~ ~ l l i t y  t o  change wl th  gate v o l t a g e .  

where t h e  average n, may be expressed as 

N0/L3WL i s  t h e  d e n s i t y  of e l e c t r o n s  on t h e  semiconducting 

s u r f a c e  a t  VG = T I D  = 0 i f  No i s  p o s i t i v e ,  or t h e  d e n s i t y  of 

u n f i l l e d  trav ,it VG = VD = 0 i f  No i s  n e g a t i v e .  No may be 

expresseu as 2 v c l t a g e  i n  t h e  fo l lowing  way: 

where C o  i s  t h e  oxide capac i tance  of t h e  g a t e  i n s u l a t i o n .  

Thus : 

The v a r i a t i o n  of g a t e  capac i tance  wi th  g a t e  vo l t age  i s  conta ined 

i n  t h e  term 

dnc - an, dCG an, 
- - - -  + -- 
d?iG a ~ , ,  dvG 

I-; aTJG 



The f i r s t  term i s  i d e n t i c a l  to t he  term obta ined  by Borkan 

and weimer(18) f o r  t h e  case  of cons tan t  m o b i l i t y  and g a t e  

capac i tance .  Equation (A-8) shows t h a t  i f  dp/dVG " p, then  

~~c 'cT1Lty v a r i a t i o n s  cannot be neg lec t ed .  F ig .  2-8 shows t h a t  

t h i s  i s  indeed t h e  case  f o r  low g a t e  v o l t a g e s .  The sma l l e r  

magnitude of the g a t e  capac i tance  v a r i a t i o n  (F ig .  2-9) would 

imply t h a t  _:.IS term i s  no t  as important  a s  t h e  m o b i l i t y  

v a r i a t i o r ~  term. 

A . 3  Ca l cu l a t i on  of t h e  Output Conductance 

The ou tpu t  conductance ' i s  def ined  by 

The source-dra in  c u r r e n t ,  ID, may be w r i t t e n  as: 

f r o n  w h l ~ h  one o b t a i n s  



Upon s u b s t i t u t i n g ,  one o b t a i n s  i n  an ana logous  manner t h e  

e x p r e s s i o n  fdr t h e  o u t p u t  conductance.  

Again, t he  first t e rm a g r e e s  w i t h  t h e  model of c o n s t a n t  and 

g a t e  c a p a c i t a n c e ,  



B . l  I n t roduc t ion  

The apptiratus used was designed by F i sche r ,  Grieg, and 

Mooser. It d i f f e r s  from previous  ins t ruments  i n  t h a t  i t  

w i l l  permit  measurement of sample r e s i s t i v i t i e s  f o r  sample 

r e s i s t a n c e s  i n  t h e  range 10 - 1 0 l a n  and de te rmina t ion  of t h e  

H a l l  c o e f f i c i e n t  f o r  samples wi th  a m o b i l i t y  as low as 1 cm2/V-see. 

Such a  range i s  neces sa ry  f o r  measurement of h igh  r e s i s t i v i t y - l o w  

m o b i l i t y  evaporated CdS f i l m s .  In  a d d i t i o n  t o  t h e  6 te rmina l  

s tandard  H a l l  sample, t h i s  appara tus  w i l l  permit  measurements 

wi th  t h e  van d e r  Pauw geometry(79, 80, and o t h e r  t echniques  

designed f o ~  -,gh r e s i s t i v i t y  evaporated t h i n  f i l m s  such a s  

t h e  one dnfcr ibed  by Gobrecht, e t .  a l .  P2) 

Theory of Operat ion 

The s imp les t  c i r c u i t  pe rmi t t i ng  independent measurement 

of V and I i s  shown i n  F ig .  B-1.  This c i r c u i t  can only  be 

grounded aL one t e rmina l ,  A o r  B; thus ,  s h i e l d i n g  of t h e  

ungrounded c i r c u i t  becomes d i f f i c u l t  f o r  h igh  impedance samples. 

The s i g n i f i c a n t  change made by t h e  des igne r s  i s  t h e  a d d i t i o n  of 

ano ther  e l ec t rome te r  and potent iometer  as shown i n  F ig .  B-2. 

By n u l l i n g  e l ec t rome te r  E, wi th  potent iometer  P,, t h e  c u r r e n t  

supply i s  connected t o  t h e  vo l tage  measuring c i r c u i t  by a low 

r e s i s t a n c e  pa th  (P , )  and o n l y  s h i e l d i n g  of t he  sample i s  





necessar; L ~ J O  e_itSc . , PJ ;r. ::ow be r?ulled to make a 

voltage rneiisuuel 1 1  .,, ~?;e , < L &  , tihis is ol f s e t  by simpler 

shielding. 

B. 3 Measurement Techniques 

The complete bridge is described in the block diagram of 

Fig. B-3.  The sample current is determined by electrometer 

E l  and its decade shunt. Potentiometer P, serves to connect 

the primary or current supply circuit to the secondary or 

voltage measurement circuit. This potentiometer need not be 

caifbrated; but stable drift free operation is essential. 

Potentiometer P, alone is used to measure the sample voltage 

for the four terminal resistivity measurement. For Hall 

measure me^,^, tne voltage is measured by the series combination 

of P, ana P, in the following manner. 
* 

With the forward magnetic field (or zero field) on, 

potentiometer P, is used to null out electrometer E,; then the 

magnetic field is reversed (or turned on) and potentiometer Pl 

is switched in series with P,. The signal corresponding to 

2vH (or VH) may now be read on P, which is calibrated from 1 p V  

to 1V. The purpose of P, is to null out the signal at the Hall 

terminals corresponding to contact misalignment. Thus the 

bridge consists of two very stable uncalibrated potentiometers 

(P,, P,) and one stable calibrated potentiometer (P,). The 

potentiometers shown in the accompanying figures (B-4 and B-5) 
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r e  - 4 .  Circuit,  of Pot,(.,, ti i l i : i t x t , e ' r  ir, 
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I n  a d d i t i o n  t o  t h e  s t a n d u d  geometry, t h i s  b r idge  i s  

designed f o r  convenient  ope ra t ion  wi th  samples of t h e  van 

d e r  Pauw geometry. (79) This  geometry i s  very  u s e f u l  f o r  t h i n  

f i l m s  of h igh  r e s i s t i v i t y  and uniform th i ckness ,  and f o r  t h i n  

a n i s o t r o p i c  c r y s t a l s  of uniform t h i c k n e s s .  (80, 81) 



The q u s l r ~  c r y s t d l  u s e d  f o r  rnou~l tor lng  t h e  f l l m  t h i c k n e s s  

i s  mounted In t,r~e vapor stream 1:ear  he s u b s t r a t e .  The deposited 

mass lowers  rkLe resonari t  f reyi lency c r  t he  c r y s t a l  l i n e a r l y  

provided that t h e  t o t a l  change i n  mass 1s very  small. Two 

d e r i v a t i o n s  of t h e  cons t an t  of p r o p o r t i o n a l i t y  a r e  given below. 

Consider t h e  t h i n  q u a r t z  p l a t e ,  whose l a t e r a l  dimensions 

a r e  large compared t o  i t s  th i ckness ,  shown i n  F ig .  C-1. The 

5Mc, c r y s t a l s  used he re  suppor t  a t h i c k n e s s  mode shear  wave. 

The equa t ion  of motion of a  shea r  wave i n  an i s o t r o p i c  s o l i d  

i s  given by 

where v i s  the  p a r t i c l e  displacement  pe rpend icu la r  t o  z, p i s  

the mass d e n s i t y ,  arrd p i s  t h e  shear  moduluso A p rope r  s o l u t i o n  

of equatron (@-1) i s  

v  (z, t )  = ( ~ e - j ~ '  + B e  j k z  ) e  jut 

where k i s  t h e  propagat ion cons tan t  def ined  by 

and t h e  shea r  v e l o c i t y ,  v,, i s  given by 



- I  - Evaporated Film 

- 2  - Quartz Plate 

-a 

j - 1  C;rji?i:.~':.7':; il.;ecl in i ! : ~ i c u l u t ~ i r ~ r ~ ,  t h f ?  resonant .- i r t  ; I I ; $ : ~ , ,  ...%; i ' j i" :I ( !or~. t ,e~d q t l : t r t , ~  C ~ Y S ~ ; : L ~  . 



The bc:>-cda,jc-y ccm-ldli;ions f o r  such  & system a r e  d i scussed  

by Mason. ('3) A t  t h e  i n t e r f j c e  z = a, t he  s t r e s s  component, 
+ 

T43 and t h e  displacement ,  v, must be cont inuous 

T i  ( a )  = T: ( a )  

A t  t h e  f r e e  _,ea of t h e  p l a t e  t h e  s t r e s s  T4  = 0 

T: (0) = TZ ( b )  = 0 

The resonant  f r equenc ie s  of t h i s  c a v i t y  a r e  dependent upon t h e  

n a t u r e  of t h e  boundary c o n d i t i o n s .  The boundary cond i t i ons  

f o r  t h e  compound c a v i t y  wi th  f r e e  s u r f a c e s  a r e  assumed t o  be 

I d e a l  i n  the  sense  t h a t  any s t r e s s e s  a t  t h e  f r e e  s u r f a c e s  have 

been neg lec t ed  a long  wi th  any s l i p  a t  t h e  q u a r t z  c r y s t a l -  

evaporated f i l m  i n t e r f a c e .  

i T ,  is the o f ~ i y  non-zero  component of the s t r e s s  t e n s o r  f o r  
-2 " 

t'i.~: g t r o n ~ t r j ,  mode, xi," d i r e ~ t l a n  of propagat ion.  



Afte  3 p )  yxr-I - A ,- c_:;Iu_ l , l r , n ~  to s o l u t i o n s  of 

t h e  form giver, , ,::.,,,,r~ , d - 2  1, one o L t & ~ i : s  t h e  fo l l owing  

r e l a t i o n  : 

1 - .2Jk2(b - a )  
l p  t a n  (k , a )  = 3 -  Y 

k2 P, 1 + e2 jk , (b  - a )  

where i t  i s  r e c a l l e d  t h a t  k, = cu/Vs,, k, = u / V S 2 .  Equat ion 

(c-8) i s  an exac t  s o l u t i o n  f o r  t h e  al lowed f r e q u e n c i e s  of  

o s c i l l a t i o n  of t h e  compound c a v i t y  as a f u n c t i o n  of t h e  f i l m  

t h i cknes s ,  ( b  - a ) .  The r i g h t  hand s i d e  of equa t ion  (c-8) 

may be s i m p l i f i e d  by n o t i n g  t h a t  k, (b  - a)  = k ,z '  << 1; i . e . ,  

t h e  depos i t ed  f i l m  t h i c k n e s s  i s  much sma l l e r  than  t h e  c r y s t a l  

th ickness . .  - 1  i new f r e q u e n c i e s  of  o s c i l l a t i o n  w i l l  t h e r e f o r e  

be on12 <;; Lghtly per tu rbed  from t h e  n a t u r a l  resonant  f r e q u e n c i e s ,  

w of t h e  q u a r t z  p l a t e .  The n a t u r a l  r e sonan t  f r e q u e n c i e s  of t h e  n )  

uncoated q u a r t z  p l a t e  may be c a l c u l a t e d  i n  a s t r a i g h t f o r w a r d  

manner and a r e  found t o  be 

For t h e  lowest  allowed mode t h e  l e f t  hand s i d e  of equa t ion  

(c-8) may be expanded as 

cu,a a m  
t a n  (k , a )  = tan (- + ---) = 

vs 1 vs l 

h W  Am 
= t a n  (n t ----$ - 

j T  
S L 

V 
S 1 



and t h e  r e s u l t i n g  f requency cons t an t  i s  seen t o  be 

where dm, i s  ?,hc aen3'clnt of  IrldSS dddeJ, and A i s  t h e  c r y s t a l  

a r e a ,  The p r o p c r t i o n a l i t y  c o n s t a n t s  ( f  / *  a )  measured i n  
2 h, 

t h i s  s tudy  f o r  t hose  sources  which depos i t ed  f i l m s  on equa l  

a r e a s  of t h e  c r y s t a l  f i t  t h i s  dependence g u a l i ~ d t i v e l y ;  t h a t  i s  

t h e  cons t an t  ,..Yc, l i n e a r l y  propor t iona;  t o  t h e  mass d e n s i t y  of 

t h e  d e p ~ s l t t . ~ I  f i l m .  The r e s u l t  i s  a l s o  v a l i d  f o r  c r y s t a l s  

vibrating i n  t h e  t h i c k n e s s - l o n g i t u d i n a l  mode. 

This r ~ s a l t  ag rees  wi th  t h a t  ob ta ined  by ~ e h r n d t ( ~ ' )  based 

on a  more e lementary  d e r i v a t i o n .  I f  t h e  c r y s t a l  i s  e x c i t e d  

i n  t h e  t h i c k n e s s  shea r  mode, t h e  t h i c k n e s s  corresponds  t o  a 

hal f -wavelength  of t h e  fundamental  f requency;  equa t ion  (C-9). 

D i f f e r e n t i a t i o n  of t h i s  equa t ion  w i th  r e s p e c t  t o  t h e  c r y s t a l  

t h i c k n e s s ,  a, and i n t r o d u c t i o n  of 

y i e l d s  



Since  an anti:. d e  is f op r i~+d  ~ r i  t n i c k r ~ ? s s - s r ~ ? a r  o s c i l l a t i o n s  on 

t h e  s u r f a c e  91 t h r  quartz p l a t e ;  on;y t h e  weight of t h e  

m a t e r i a l  depos i t ed  w i l l  a f f e c t  t h e  f requency provided t h a t  dm 

i s  s u f f i c i e n t l y  snral.1. This  means t h a t  a t h i n  f i l m  of any 

m a t e r i a l  w i l l  r e s u l t  i n  t h e  same f requency s h i f t  a s  t h e  

e q u i v d e n t  mass sf q u a r t z .  T h i s  argument h o l d s  only  f o r  f i l m s  

whick3 a r e  s 7 1 f f : ~ e ~ e n t l y  t h i n  ccnnpared ~ 5 t h  t h e  t h i c k n e s s  of t h e  

q u a r t z  p l a t e ,  and ag rees  wi th  t h e  r e s u l t  ob ta ined  by cons ider -  

i n g  Lhe f i l m  and q u a r t z  p l a t e  a s  a compound a c o u s t i c a l  c a v i t y .  

~ e h r n d t ( * ~ )  has c a l c u l a t e d  t h e  maximum p e r n i s s i b l e  d f  f o r  1% 

d e v i a t i o n  frc,? l i n e a r i t y  t o  be 

where fo i s   he n a t u r a l  r e sonan t  f requency of t h e  q u a r t z  p l a t e .  

The most dominant u n d e s i r a b i e  f requency s h i f t  i n  t h i s  

method i s  caused by changes i n  temperature  of t h e  q u a r t z  

c r y s t a l ,  These changes can u s u a l l y  be minimized by mounting 

the  c r y s t a l  on a cooled h o l d e r .  

The b lock  diagram of t h e  complete f i l m  t h i c k n e s s  monitor  

i s  i l l u s t r a t e d  i n  F ig .  C - 2  and t h e  c i r c u i t  diagram f o r  t h e  5 Mc. 

o s c i l l a t o r  used i s  shown i n  F ig .  C - 3 .  
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E l e c t r o l - ~ r t ~ i ~ i e s t e n t  ~ a g r l l  o r o d o c i l s r 1  I:; dk'hlieved by 

apply ing  a 1 1 1 ~ : ~ ~  ,tL (,el r , ~ s , ~ n g  ~ L ~ L ' C  r l , ?  f l c ' i d  1.0 a  s u i t a b l e  

phosphor. I'; ~ i c d l y ,  lanip; &re ccns tn  llcted by d e p o s i t i n g  a 

t h i n  ( - 0 0 3  t o  .006 i n . )  l a y e r  of phosphor i n  a  d i e l e c t r i c  

between two conduct ing s u r f a c e s ,  one of which must be t r a n s -  

paren t  t o  t h e  eml t ted  l i g h t .  A phosphor, such as ZnS, i s  

depos i t ed  on a conducting g i a s s  s u b s t r a t e ,  and covered wi th  an 

evaporated aluminum e l e c t r o d e  F ig .  G - 1  i l l u s t r a t e s  t h e  

measured e m i s s i m  spectrum of a green ZnS phosphor; t h e  

inter.:ity of t h e  emission i s  approximately l i n e a r  wi th  t h e  

frequency of t h e  app l i ed  e l e c t r i c  f i e l d .  

A t  p r e p  , EL lamps a r e  of lower b r i g h t n e s s  than f l u o r e s -  

cen t  l a ~ q s  x i , a  t l i e r e fo re  f i n d  a  more r e s t r i c t e d  f i e l d  of use  

where space i s  I m i t e d ,  and where low t o  medium b r i g h t n e s s  i s  

needed, such a s  ms t rumen t  pane l s .  They w i l l  wi ths tand i n t e n s e  

v i b r a t i o n  and temperature  v a r i a t i o n  wi thout  f a i l u r e .  I n  t h e s e  

a p p l i c a t i c n s  many small segments (0 .05  - 0.25  cm2) a r e  used 

t o  make up alpha-numeric o r  bar-graph d i s p l a y s .  Logic 

c i r c u i t r y  must be provided t o  swi tch  each segment independent ly .  

To swi tch  t h e  EL lamp o f f ,  a h ighe r  impedance must be placed 

i n  s e r i e s .  The impedance c h a r a c t e r i s t i c  of a  0 . 1  cma lamp 

o p e r a t i n g  a t  lKc i s  shown i n  F i g .  D-2. The lamp impedance may 

be var ied  cons iderab ly  by s u i t a b l e  choice  of f requency and a r e a .  

The switch must be capable  of w i th s t and ing  t h e  h igh  vo l t age  



- L a m p  Voltage (Vp-p) - -s  



(120 - 3,~ Xj r c  b #  , . - I - , iu ,n. ' ; ls tors  &re 

u n s u i t a b l e .  3witeQing ~ Y V L C P S  ~ h a l  hdrr h r e ?  used  (85) a r e  

t h e  s i l i c o r ~  , i r b t r c l l t  1 r e c t l r  l e r ,  ttle :nca,r,tlescent-photo 

conduc t ive  &;~* ,e ,  dnd %he IrLdg:~ei;lc ga te .  A l l  of t h e s e  d e v i c e s  

a r e  l a r g e  irl s i z e  compared w i t h  the EL lamps and i n  c o n t r a s t  

t o  t h e  proposed high v o l t a g e  TFT, a r e  i n c o m p a t i b l e  w i t h  i t s  

method of manufac tu re ,  
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