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A SURVEY OF SEMICONDUCTOR MATERIALS AND PROCESSES 
FOR THICK-FILM FIELD -EFFECT TRANSISTOR FABRICATION 

By F. W. Duncan, Y. F. Chang, and 
H. C. Gorton 

ABSTRACT 

The cri teria descr ibed  i n  t h e  r e p o r t  were app l i ed  t o  a number 

of cand ida te  materials (semiconductor, d i e l e c t r i c ,  and e l e c t r o d e ) ,  depos i -  

t i o n  processes ,  and dev ice  conf igu ra t ions  obta ined  from t h e  TFT l i t e r a t u r e  

and elsewhere.  

of materials, processes  and conf igu ra t ions  appear  t o  have some p o t e n t i a l  

f o r  u se  i n  t h e  f a b r i c a t i o n  of t h i c k - f i l m  i n s u l t a t e d - g a t e  FET's. These 

s p e c i f i c  combinations o r  models inc lude  s taggered ,  coplanar ,  and inve r t ed -  

coplanar  s t r u c t u r e s .  

On t h e  b a s i s  of t h i s  a n a l y s i s ,  n ine  s p e c i f i c  combinations 

Semiconductor d e p o s i t i o n  processes  inc lude  t h e  w e t  chemical depo- 

s i t i o n  of PbS a t  room temperature ,  t he  p y r o l y t i c  d e p o s i t i o n  of CdS a t  210 C, 

t h e  p y r o l y t i c  d e p o s i t i o n  of S i  a t  1000 - 1200 C, and t h e  r educ t ion  of  

d i e l e c t r i c  BaTiO a t  900 C t o  o b t a i n  semiconducting BaTiO 

models SiOz, BaTi03, o r  T i 0 2  d i e l e c t r i c s  and Au, o r  T i  e l e c t r o d e s  are used 

wi th  t h e  above semiconductors,  

I n  t h e  n ine  (3 -x) ' 3 

The n ine  models have been d iv ided  i n t o  t h r e e  groups accord ing  t o  

t h e i r  l i ke l ihood  o f  s u c c e s s f u l  implementation. 

minimal d e p a r t u r e  from s tandard  t h i c k  f i l m  technology and are recommended as 

having reasonable  p o t e n t i a l  f o r  s u c c e s s f u l  development. The models i n  Group 2 

r ep resen t  a s i g n i f i c a n t  b u t  no t  incompatible  depa r tu re  from t h i c k  f i l m  tech-  

nology and inc lude  process  s t e p s  t h a t  may r e q u i r e  cons ide rab le  cont inued 

The models i n  Group 1 rep resen t  

vi 



development f o r  s u c c e s s f u l  implementation i n  a t h i c k  f i l m  device .  Because 

of a n  unmodulated component i n  the  sou rce - to -d ra in  r e s i s t a n c e ,  t h e  models 

i n  Group 3 are no t  recommended f o r  implementation. 

v i i  



A SURVEY OF SEMI 
FOR THICK-FILM F 

By F. W. Duncan, Jr., Y. F. Chang 
and H. C. Gorton 

SUMMARY 

The purpose of t h i s  s tudy  is t o  assess the  reasonably a v a i l a b l e  

and p e r t i n e n t  l i t e r a t u r e  t o  determine i n s o f a r  as p r a c t i c a l  those  materials 

(semiconductor, d i e l e c t r i c ,  and e l e c t r o d e ) ,  d e p o s i t i o n  processes ,  and 

device  conf igu ra t ions  which possess  t h e  h ighes t  p o t e n t i a l  f o r  t he  f a b r i c a -  

t i o n  of t h i ck - f i lm  f i e l d - e f f e c t  t r a n s i s t o r s .  

s e l e c t e d  f o r  f u r t h e r  cons ide ra t ion  a re  be l i eved  t o  be i d e n t i c a l  t o  o r  com- 

p a t i b l e  wi th  those  used i n  e x i s t i n g  t h i c k - f i l m  technology. 

A l l  materials and processes  

An h i s t o r i c a l  s k e t c h  of t h e  development of  t h e  t h i n - f i l m  f i e l d -  

effect t r a n s i s t o r  (FET) is presented  and two recent a t t empt s  a t  making 

th i ck - f i lm  FET's are descr ibed .  

Criteria are  p resen ted  f o r  t he  e lec t r ica l ,  chemical, phys i ca l  

and mechanical, and m e t a l l u r g i c a l  p r o p e r t i e s  of t h e  semiconductor, d i e l e c t r i c ,  

and e l e c t r o d e  materials. 

t i o n  and  thick-f i lm-compatible  processes  of  depos i t i on .  Frequent app l i ca -  

t i o n s  of t h e s e  cr i ter ia  occur throughout t h e  r e p o r t .  

Addi t iona l  cr i ter ia  dea l  w i t h  t h e  device configura-  

and t h e  t r ans -  ID Equations are presented  f o r  t h e  d r a i n  c u r r e n t  

gm as a f u n c t i o n  of semiconductor and d i e l e c t r i c  p r o p e r t i e s ,  conductance 

device  geometry, and a p p l i e d  vo l t ages .  

a 
ing th i ck - f i lm  device .  

The express ions  are  developed f o r  

t h i n - f i l m  insu la t ed -ga te  PET and a r e  assumed t o  apply  t o  t h e  correspond- 

The t h i n - f i l m  insu la t ed -ga te  FET conf igu ra t ions  inc lude  the 

aggered, coplanar ,  inverted-staggered,  and inver ted-coplanar  s t r u c t u r e s  

e of a p o l y c r y s t a l l i n e  s 

them appropr i a t e  f o r  c o n s i d e r a t i o n  i n  the  f a b r i c a t i o n  of  t h i ck - f i lm  

iconductor  l a y e r  i n  t h e s e  conf igu ra t ions  

A number o f  semiconductor materials r epor t ed  i n  t h e  t h i n - f i l m  



of the following 14 materials for consideration as semiconductor layers 
in this study: 

S i  Ag2Te CdS GaAs PbS BaTi03 - 
Ge CdSe InAs Sn02 Ti02 
Te CdTe InSb 

In a similar evaluation of dielectric materials, Si0 

-X 

BaTi03, 2' 
Ti02, and Ta 0 were selected for further consideration as gate insulators 
Gold and titanium were selected for further consideration as 

electrode materials. 

2 5  

A number of processes for the deposition of the semiconductor, 
dielectric, and electrode layers (excluding vacuum evaporation and sputter- 
ing) were evaluated on the basis of the process criteria. The subsequent 
application of the configuration criteria to the numerous combinations of 
specific materials, processes, and device configurations resulted in the 
selection of nine particular combinations (or models) which appear to have 
some potential for use in the fabrication of thick-film insulated-gate 

FET's, These nine models include the staggered, coplanar, and inverted- 
coplanar structures depicted in Figures 5 through 13 and in Table 7. 

The semiconductor deposition processes employed in the models 
include the wet chemical deposition of PbS at room temperature, the pyrolytic 

deposition of CdS at 210 C, the pyrolytic deposition of silicon at 1000 to 
1200 6, and the reduction of dielectric BaTi03 at 900 C (estimated) to obtain 
semiconducting BaTi03-x* 

SiO,, BaTi03 and Ti0 are employed as dielectrics in the models. 
¶ 2 

The Si0 
850 C (estimated), or thermal oxidation at 900 to 1300 C. 
layers are obtained by printing and firing a thick-film paste at 750 to 
1000 C, reoxidation of semiconducting BaTi03 - x, or utilization of a BaTiOg 
substrate as the dielectric layer. In addition, Ti0 films are obtained 
by anodization or thermal oxidation. 

is deposited by anodization at 20 C, pyrolytic decomposition at 
2 

The BaTi03 

2 

One of the electrode materials used in the models is a thick-film 
gold paste, printed and fired at 750 to 1000 C, The other electrode material 



is titanium, bonded to the substrate by the process described for titanium, 
in Reference (51). 

The nine models have been divided into three groups according to 
their likelihood of successful implementation. 
(Figures 9 and 10) represent minimal departure from standard thick film 
technology and are recommended as having reasonable potential for success- 
ful development. The models in Group 2 (Figures 11, 12 and 13) represent 
a significant but not incompatible departure from thick film technology 
and include process steps that may require considerable continued develop- 
ment for successful implementation in a thick film device. Because of their 
sizeable unmodulated component of source-to-drain resistance, the models in 
Group 3 (Figures 5 ,  6, 7, and 8 )  are not recommended for implementation. 

The models in Group 1 

INTRODUCTION 

The first concept of a field-effect device was given by J. E. 
Lilienfeld and patents were granted in the years 1930 through 1933. 

early invention did not prove workable primarily due to the very low hole 

mobility in the Cu S semiconductor materials. 

This 

(2) 

(3) 
2 

The first modern-day field-effect device was invented by Shockley , 
who was granted a patent in 1956. 
transistor" is a workable device in which source and drain electrodes make 

ohmic contact to the ends of a bar of semiconductor material, and a p-n 
junction is formed on the surface of the bar between the source and drain 
electrodes. 
As a reverse bias is applied to the gate junction, the space-charge region 
associated with the junction extends into the body of the semiconductor bar. 
The mode of operation is by depletion of charge carriers. 
of the conducting channel in the semiconductor bar can be controlled by the 
gate voltage. 
also applicable to the newer versions of the field-effect device. The 
Shockley invention was reduced to practice by Dacey and Ross t4) .  

referred to as the junction- (or channel-) type FET. 

The Shockley "unipolar field-effect 

This p-n junction serves as the controlling gate of the device. 

Thus, the width 

The basic principle of modulating the conductivity is 

It is 

3 



The next  development i n  t h e  E T  was t h e  use of a n  i n s u l a t e d  g a t e  

e l ec t rode .  

g a t e  e l e c t r o d e  s e p a r a t e d  from t h e  semiconductor by a t h i n  l a y e r  of i n  

The i n s u l a t o r  was u s u a l l y  s i l i c o n  d ioxide  o f  approximately 1000 2 t h i ckness .  

The conduc t iv i ty  of t h e  semiconductor d i r e c t l y  benea th  t h e  g a t e  e l e c t r o d e  

is modulated by a c a p a c i t i v e  effect .  As a vo l t age  i s  a p p l i e d  a c r o s s  t h e  

meta 1- insulator-semiconduc t o r  capac i to r ,  t h e  a p p r o p r i a t e  charge carriers 

accumulate on t h e  oppos i t e  p l a t e  of t h e  c a p a c i t o r .  

accumulating a t  t h e  semiconductor s u r f a c e  are t h e  minor i ty  carriers, 

m a j o r i t y  carriers w i l l  be r epe l l ed ,  and t h e  conduc t iv i ty  of t h e  semiconductor 

w i l l  be  reduced. This  is t h e  same as t h e  d e p l e t i o n  mode of ope ra t ion  i n  t h e  

channel- type FET. I n  the  enhancement mode o f  opera t ion ,  t h e  me ta l - in su la to r -  

semiconductor c a p a c i t o r  i s  charged such that m a j o r i t y  carriers accumulate 

a t  t h e  semiconductor s u r f a c e ,  Thus, t h e  c o n d u c t i v i t y  of t he  semiconductor 

is increased .  

Atalla(5) and Kahng") were g ran ted  p a t e n t s  on t h e  i d e a  of a 

I f  t h e  charge carriers 

With the advent  of t h e  in su la t ed -ga te  v e r s i o n  FET, t h e  device has 

become much more v e r s a t i l e .  The p o s s i b i l i t y  of ope ra t ion  i n  t h e  enhancement 

mode as w e l l  as i n  t h e  d e p l e t i o n  mode advanced t h e  development of t he  f i e l d -  

effect device .  It w a s  soon d iscovered  t h a t  t h e r e  was not  a n e c e s s i t y  f o r  

u s i n g  s i n g l e - c r y s t a l  semiconductor m a t e r i a l s  i n  t h e  device .  I n  1962, 
Weimer(7) r epor t ed  a n  FET made from a t h i n  f i l m  of p o l y c r y s t a l l i n e  cadmium 

s u l f i d e .  

f a b r i c a t e d  e n t i r e l y  by vacuum evapora t ion .  

adherence between each ad jacen t  l aye r ,  i t  is  r equ i r ed  t h a t  t h e  sou rce  and 

d r a i n  e l e c t r o d e s  form ohmic c o n t a c t s  t o  t h e  semiconductor and t h a t  t h e  

i n s u l a t o r  f i l m  does not c o n t a i n  p i n  holes .  

A l l  t h e  components of  t h e  t h i n - f i l m  t r a n s i s t o r  (TFT) can be 

Aside from t h e  cons ide ra t ion  of 

The above t h i n - f i l m  work demonstrated the occurrence of a f i e l d  

'effect i n  a p o l y c r y s t a l l i n e  semiconductor l a y e r  depos i ted  by vacuum evapora- 

t i o n .  

thick-f i lm-compatible  process  might be expected t o  l ead  t o  t h e  development 

of a thick-film insu la t ed -ga te  FET. 

Thus, t h e  d e p o s i t i o n  of  a p o l y c r y s t a l l i n e  semiconductor l a y e r  by a 

Thick-f i lm techniques  f o r  t he  depos i t i on  o f  pas s ive  components, 

such as th i ck - f i lm  r e s i s t o r s  and capac i to r s ,  have been used f o r  many years .  



Pass ive  networks prepared by s c r e e n  p r i n t i n g  and f i r i n g  have been combined 

wi th  p r e f a b r i c a t e d  a c t i v e  components t o  produce microminia tur ized  hybr id  

c i r c u i t s ,  

of semiconducting materials such as CdS by s c r e e n  p r i n t i n g  and f i r i n g  f o r  

the purpose of f a b r i c a t i n g  CdS pho toce l l s .  

developed t o  a h igh  degree of p e r f e c t i o n  and a re  commercially a v a i l a b l e .  

Also, ex tens ive  r e s e a r c h  h a s  been c a r r i e d  out  on t h e  depos i t i on  

These CdS p h o t o c e l l s  have been 
(8) 

Y. T. Sihvonen and h i s  coworkers a t  Texas Instruments  performed 

a n  exp lo ra to ry  i n v e s t i g a t i o n  o f  materials, processes ,  and conf igu ra t ions  

s u i t a b l e  f o r  a p r i n t a b l e  in su la t ed -ga te  E T .  They produced a number of 

o p e r a t i o n a l  devices  us ing  a semiconductor l a y e r  of s i n t e r e d  CdS-CdSe i n  

conjunct ion  w i t h  va r ious  d i e l e c t r i c s .  

films of n i t r o c e l l u l o s e  (Duco cement), s i l i ca t e  cement (Sauereisen) ,  and 

g l y c e r y l  monostearate .  I n  add i t ion ,  devices  of  comparable q u a l i t y  employed 

a BaTiO s u b s t r a t e  as  t h e  d i e l e c t r i c  "layer".  The e l e c t r o d e  materials 

were e i t h e r  meta l l ic  p a i n t s  o r  low-melting a l l o y s  a p p l i e d  a t  o r  near  room 

temperature .  

The b e t t e r  devices  used d i e l e c t r i c  

3 

Some of  t h e  devices  had h ighe r  t ransconductance (52000 pmho) 

coupled w i t h  poor f requency response (<lo0 Hz), wh i l e  o t h e r s  had lower t r ans -  

conductance (120 pmho) coupled wi th  better frequency response (>lo0 Hz), 

Considerable  development i s  s t i l l  r equ i r ed ,  however, t o  improve s t a b i l i t y  

and raise t h e  performance l e v e l  t o  t h a t  of t h e  t h i n - f i l m  FET. 

g a t e  FET's w i t h  a mixture  of t h i ck -  and t h i n - f i l m  l a y e r s .  (8) 
f i l m  (o r  thick-f i lm-compatible)  l a y e r s  inc luded  a sc reen -p r in t ed  and f i r e d  

CdS semiconductor and  p y r o l y t i c a l l y  depos i t ed  S i 0  d i e l e c t r i c .  Thin-fi lm 

source,  d ra in ,  and g a t e  e l e c t r o d e s  were depos i ted  by vacuum evapora t ion .  

These devices  had t ransconductance va lues  on t h e  o r d e r  of 1000 pmho and 

e x h i b i t e d  d r a i n  c u r r e n t  s a t u r a t i o n .  

W i t t ,  Huber, and Laznovsky a t  RCA have made ope ra t iona l  i n su la t ed -  

The th i ck -  

2 

Subsequent a t tempts  by t h e  same re sea rche r s  t o  f a b r i c a t e  a n  a l l  

t h i ck - f i lm  insu la t ed -ga te  FET were not success fu l .  

problems were r evea led  i n  t h i s  work: 

The fo l lowing  

(a) Damage t o  o t h e r  FET l a y e r s  by t h e  c o r r o s i v e  c h l o r i n e  

vapors r e l e a s e d  from t h e  CdS f l u x  dur ing  f i r i n g .  

5 



(b) Degradation o f  t h e  CdS semiconductor l a y e r  dur ing  

f i r i n g  by migrant  i m p u r i t i e s  from -o ther  t h i ck - f i lm  

l a y e r s  (such as t h e  gold e l e c t r o d e s ) .  

I f  t h i ck - f i lm  FET's could  be f a b r i c a t e d  by processes  compatible 

wi th  the  p r i n t i n g  and f i r i n g  process  o f  t h i ck - f  i l m  technology, then  th i ck -  

f i l m  i n t e g r a t e d  c i r c u i t s  could  be r e a l i z e d .  Such c i r c u i t s ,  a l t hough  l a r g e r  

i n  s i z e  than  t h e  s i l i c o n  i n t e g r a t e d  c i r c u i t s ,  have t h e i r  own p l a c e  i n  the  

t o t a l  spectrum of e l e c t r o n i c  a p p l i c a t i o n s ,  The advantages of t h i ck - f i lm  

i n t e g r a t e d  c i r c u i t s  over s i l i c o n  i n t e g r a t e d  c i r c u i t s  inc lude  lower u n i t  

c o s t  f o r  small product ion  q u a n t i t i e s ,  g r e a t e r  f l e x i b i l i t y  i n  accommodating 

des ign  changes, and reduced p a r a s i t i c  coupl ing  among a c t i v e  devices  on t h e  

same s u b s t r a t e .  

The purpose of t h i s  s t u d y  is  t o  e s t a b l i s h  t h e  r e l a t i v e  p o t e n t i a l  

o f  candida te  m a t e r i a l s ,  processes, and conf igu ra t ions ,  r epor t ed  i n  t h e  TFT 

l i t e r a t u r e  and elsewhere,  f o r  use i n  the f a b r i c a t i o n  of t h i ck - f i lm  FET's. 

DISCUSSION OF CRITERIA 

A l a r g e  amount of in format ion  on p o t e n t i a l  materials, processes ,  

and conf igu ra t ions  f o r  t h e  f a b r i c a t i o n  of t h i ck - f i lm  f i e l d - e f f e c t  t r a n s i s t o r s  

had t o  be eva lua ted  i n  t h i s  s tudy .  A l i s t  of t he  c r i t e r i a  used i n  t h e  

e v a l u a t i o n  is  presented  i n  t h e  fo l lowing  s e c t i o n s .  These cr i ter ia  w i l l  be 

d i scussed  as  t h e i r  a p p l i c a t i o n  t o  the  va r ious  materials, processes ,  and 

conf igu ra t ions  arises throughout t h e  body of the r e p o r t .  

The fo l lowing  n o t a t i o n  is  used i n  the l i s t i n g  of t h e  c r i t e r i a :  

p = charge c a r r i e r  m o b i l i t y  

n = charge carrier d e n s i t y  

g 
E = bandgap energy 

TFT = t h i n  f i l m  t r a n s i s t o r  

= FET transconductance 

= FET d r a i n  c u r r e n t  

K = d i e l e c t r i c  cons t an t  ( r e l a t i v e  p e r m i t t i v i t y )  

t th i ckness  of d i e l e c t r i c  l a y e r  

p = electr ical  r e s i s t i v i t y  

gin 

ID 
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Materials Criteria 

(I) Electr ical  P r o p e r t i e s  

(a) Semiconductor 

p, ( f i e l d  effect)  > 0 
18 3* < n < 10 /cm 

0.18 (InSb) 5 E 5 2.4 e V  (CdS)* 
g 

Operat ion as a TFT w i t h  g > 0 

and I,, s a t u r a t i o n  p r e f e r a b l e  

S u f f i c i e n t l y  low d e n s i t y  of  t r a p s  

a s s o c i a t e d  w i t h  t h e  semiconductor- 

d i e l e c t r i c  i n t e r f a c e  t o  permi t  

modulation of t h e  source-to-dra i n  

conduc t iv i ty  by the t r a n s v e r s e  

electric f i e l d  imposed by a reason- 

a b l e  g a t e  p o t e n t i a l  

Low r e s i s t a n c e  ohmic c o n t a c t  of source  

** 

and d r a i n  e l e c t r o d e s  t o  t h e  semiconductor 

(b) Dielectric 
5 

(1) 
(2) E (breakdown) > 10 V/cm 

(3)  p > 10 62-cm 

( 4 )  

K / t  > 10 / c m  (or  lO/micron) 
5 

6 

S u f f i c i e n t l y  Low d e n s i t y  of t r a p s  

a s s o c i a t e d  wi th  t h e  semiconductor- 

d i e l e c t r i c  i n t e r f a c e  t o  permi t  modula- 

t i o n  of  the source- to-drain conduc t iv i ty  

by t h e  transverse electric f i e l d  imposed 

by a reasonable  g a t e  p o t e n t i a l  

( c )  Elec t rodes  

(1) p < (50-100) pa-cm 

* 
These "criteria" are not  r i g i d ,  b u t  r ep resen t  t h e  ranges o f  values  r epor t ed  
i n  t h e  TFT l i t e r a t u r e .  

Not a r i g i d  requirement.  
Jwc 
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(2) Lmi resistance ohmic c o n t a c t  of 

5mrce and d r a i n  e l e c t r o d e s  t o  t h e  

semiconduc t o r  

(If) Phys ica l  and Mechanical P r o p e r t i e s  

(a) 
(b) Reasonably matched l i n e a r  e x p a n s i v i t i e s  

(c) Uniform th ickness ,  free o f  p inho les  and 

Good adhes ion  o f  ad jacen t  l a y e r s  

volds  (p r imar i ly  f o r  t h e  d i e l e c t r i c )  

(111) Chemical and Meta l lu rg ica l  P r o p e r t i e s  

(a) Low r e a c t i v i t y  w i t h  environmental  water vapor 

and oxygen a t  ope ra t ing  temperatures  

& 0 - 100 c) 
(b) Low chemical and m e t a l l u r g i c a l  r e a c t i v i t y  a t  

. t h e  i n t e r f a c e s  a t  ope ra t ing  temperatures  

(M 0 - 100 C)  

( c )  Chemical and m e t a l l u r g i c a l  c o m p a t i b i l i t y  of 

a d j a c e n t  materials dur ing  process ing  

Process ing  C r i t e r i a  

(I) Thick-fi lm process ,  o r  a process  compatible w i t h  th i ck -  

f i l m  technology 

(11) No vacuum evapora t ion  o r  s p u t t e r i n g  (p re fe rab le )  

(111) Chemical and m e t a l l u r g i c a l  c o m p a t i b i l i t y  of a d j a c e n t  

materials dur ing  process ing  

Conf igura t ion  Criteria 

(I) An FET conf igu ra t ion  f o r  which a sequence of process ing  

s t e p s  exists with:  

(a) Low degrada t ion  o f  i n i t i a l  FET l a y e r s  by 

depos i t i on  o f  subsequent ??ET l a y e r s  

Low degrada t ion  of o the r  t h i ck - f i lm  components 

on t h e  same s u b s t r a t e  by FET process ing  
(b) 
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(11) An FET conf igu ra t ion  which w i l l  minimize the  

unmo du la t e d c omp one n t  of s our  ce - t o  - d r a i n  

r e s i s t a n c e  i n  the  semiconductor layer 

DISCUSSION OF DEVICE DESIGN AND OPERATION 

Theory of FET Operat ion 

The phys ica l  phenomenon governing t h e  ope ra t ion  of a n  in su la t ed -  

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  i s  fundamental and r e l a t i v e l y  s imple t o  analyze.  

Borkan and Weimer (I1) and Sah (I2) have w r i t t e n  papers  on t h i s  a n a l y s i s .  

The major assumptions i n  t h e  a n a l y s i s  are a s  fo l lows .  Only ma jo r i ty  c a r r i e r s  

a r e  assumed t o  exis t  i n  t h e  semiconductor, The semiconductor l aye r  is 
assumed t o  be homogeneous and t h i n  compared w i t h  the  i n s u l a t o r  l a y e r .  

carrier m o b i l i t y  i n  t h e  semiconductor l a y e r  i s  cons tan t ,  and the source and 

d r a i n  c o n t a c t s  are ohmic. 

electric f i e l d  i s  perpendicular  t o  the  s u r f a c e  of  the semiconductor. This 

is the I'gradual approximation" in t roduced  by Shockley") . 
f i e l d  can be perpendicular  t o  the  s u r f a c e  of the semiconductor on ly  i f  the  

dra in- to-source  e l e c t r i c  f i e l d  i s  small. This cond i t ion  is  not s a t i s f i e d  

under ope ra t ing  cond i t ions  p a r t i c u l a r l y  when t h e  d r a i n  c u r r e n t  has reached 

s a t u r a t i o n .  

The 

There i s  a l s o  a n  i m p l i c i t  assumption t h a t  t h e  

The e l e c t r i c  

The 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  a t y p i c a l  FET are shoKn i n  F igure  1 
The dev ice  is ope ra t ing  i n  the  enhancement mode, where ma jo r i ty  carriers are 

accumulated i n  the  semiconductor by a c t i o n  of t h e  g a t e  vo l t age  ac ross  t h e  

gate-semiconductor capac i to r .  I n  the  s imple theory,  express ions  are der ived  

f o r  t h e  d r a i n  c u r r e n t  and f o r  t he  mutual t ransconductance.  

Assuming t h a t  t h e  "gradual approximation" i s  va l id ,  t h e  vol tage  

across the gate-semiconductor capac i to r  is given by 

where V is the g a t e  vo l t age  r e f e r r e d  t o  the  source  contac t ,  and V(x) 
is  the vo l t age  on t h e  semiconductor a l s o  r e f e r r e d  t o  the source  p o t e n t i a l .  

A drawing of the device s t r u c t u r e  is shown i n  Figure 2. 

G 
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Gate voltage, VG 

Drain Voltage, Vo 

FIGURE 1 TYPICAL FIELD-EFFECT TRANSISTOR 
CHARACTERISTICS (ENHANCEMENT MODE) 
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2. F E T  DEVICE STRUCTURE 

L I- Drain 

USED FOR ANALYSIS 

The added charge accumulat ing on t h e  p l a t e s  of t h e  c a p a c i t o r  p e r  u n i t  a r e a  

w i l l  be 
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where An(x) i s  t h e  charge p e r  u n i t  area, CG is  t h e  capac i tance  of t h e  

gate-semiconductor capac i to r ,  L is  t h e  source- to-dra in  spacing,  W is 

t h e  wid th  o f  the device--i .e. ,  t h e  l e n g t h  of  t h e  source  and d r a i n  contacts-- ,  

and  q i s  t h e  e l e c t r o n i c  charge.  

The added charge c a r r i e r s  modulate the conduc t iv i ty  of t h e  s e m i -  

conductor ,  which becomes 

where ~ ( x )  i s  t h e  l o c a l  conduct iv i ty ,  p is t h e  charge carrier mobi l i ty ,  

n is t h e  e q u i l i b r i u m  carrier concent ra t ion ,  and h is  t h e  th ickness  o€ 

t h e  semiconductor,  

c o n d u c t i v i t y  and l o c a l  electric f i e l d  

0 
The d r a i n  c u r r e n t  is g iven  by t h e  product  o f  t h e  l o c a l  

' 

where E(x) i s  the l o c a l  electric f i e l d .  After performing t h e  appropr i a t e  

s u b s t i t u t i o n s ,  t h e  fo l lowing  i n t e g r a l  i s  obtained.  

The q u a n t i t y  qWLhno/CG is a t h r e s h o l d  vol tage ,  t h e  minimum vo l t age  

necessary  on t h e  g a t e  t o  t u r n  on t h e  d r a i n  c u r r e n t .  Therefore,  it can be 

r ep  l a c e d  by -Vt * 

.The simple i n t e g r a t i o n s  i n  Equat ion (5) y i e l d  t h e  r e s u l t  

5s t h e  d r a i n  vo l t age .  This is  t h e  s imple t h e o r e t i c a l  express ion  'D whe re 

f o r  t h e  d r a i n  c u r r e n t  as a f u n c t i o n  of t h e  gate-semiconductor capaci tance,  

t h e  t h r e s h o l d  v o l t a g e  Vt, and t h e  g a t e  and d r a i n  vo l t ages .  It w i l l  be 

used t o  d e r i v e  a n  expres s ion  f o r  t h e  mutual t ransconductance of  t h e  device.  



When 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  a t  cons t an t  g a t e  vo l t age ,  

- Vt - VD = 0. Under t h i s  condi t ion ,  a s a t u r a t i o n  G (aI,/av ) = 0, o r  v 
D VG 

d r a i n  v o l t a g e  i s  def ined  as 

d r a i n  c u r r e n t  i s  given by 

VD(sat) = VG - Vt. A s  a re su l t ,  t he  s a t u r a t i o n  

The mutual  t ransconductance of  t h e  device  

o r  - WCG (VG - V t I 2  
2L2 

(7) 

a t  d r a i n  vo l t ages  above s a t u r a t i o n  

i s  de f ined  by the  cond i t ion  g = (aID(sat)/aVG)VD. The r e s u l t  i s  simply m 

It is ev iden t  from t h i s  express ion  t h a t  c e r t a i n  device  des ign  f e a t u r e s  

should be considered.  m' 
the carrier mob i l i t y  and t h e  gate-semiconductor capac i tance  should be l a r g e ,  

and the Source- to-drain spac ing  and t h e  threshold  vo l t age  should be small. 

A small threshold  vo l t age  can be obta ined  w i t h  small semiconductor volume 

and l o w  equ i l ib r ium c a r r i e r  dens i ty .  Thus, the  source- to-dra in  spacing and 

t h e  carrier d e n s i t y  are found t o  be most c r i t i ca l  $or a n  FET of h igh  ga in .  

I n  o r d e r  t o  o b t a i n  dev ices  wi th  h igh  va lues  of g 

From the  materials s t andpo in t ,  t h e  most d e s i r a b l e  semiconductor i s  

one w i t h  low equ i l ib r ium carr ier  concen t r a t ion  and h igh  carr ier  mob i l i t y .  

From a f a b r i c a t i o n  s t andpo in t ,  t he  device  needs t o  be small, and of p a r t i c u -  

lar  importance i s  t h e  source-dra in  spacing. 

Some mod i f i ca t ions  and a d d i t i o n s  have been made to  t h e  s i m p l e  

The most important  a n a l y s i s  i s  one made by Geurst(13), where t h e  theory.  

"gradual  approximation" w a s  no t  used. Among o t h e r  t h ings ,  he found t h a t  t h e  

s a t u r a t i o n  r e s i s t a n c e  of a n  FET, where t h e  d r a i n  c u r r e n t  does no t  s a t u r a t e  

b u t  increases slowly wi th  d r a i n  v o l t a g e ,  i s  i n v e r s e l y  p ropor t iona l  t o  the  

i s  the  th i ckness  of t h e  i n s u l a t o r  i n s  bins rat io  

layercwhich has  been def ined  i n  t h i s  r e p o r t  as t) ,  and L i s  the  source- 

t o - d r a i n  spacing.  

/L. I n  t h i s  r e l a t i o n ,  h 
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FET Configurations 

The two basic types of field-effect transistors are the junction 

(or channel) FET and the insulated-gate FET. 
crystalline bulk semiconductor material. 

FET (or IGFET) also uses single-crystalline bulk semiconductor material, 
while the other form of IGFET consists of a structure of thin film layers 

The junction FET uses single- 
One form of the insulated-gate 

(usually polycrystalline). 
The common configurations for the thin film IGFET or(TFT) are 

shown in Figure 3 .  They include the staggered, coplanar, inverted-staggered, 
and inverted-coplanar structures. 

In identifying materials and processes suitable for the fabrica- 
tion of a thick-film FET, attention will be focused on these four configura- 
tions. Related configurations in which the substrate contains the dielectric 
or semiconductor layer will also be investigated. 

Thin Film Transistor Interfaces.-- The eight relevant interfaces 
arising in the basis TFT configurations are indicated in Table 1. 

TABLE 1. THIN FILM TRANSISTOR INTERFACES 

Source & Drain 
Substrate Electrodes Semiconductor Dielectric 

Gate Electrode SI’ GI* 

cI C Dielectric 

Semiconductor s, c SY c 
Source & Drain S 
Electrodes 

* s  - staggered configuration 

C - coplanar configuration 

SI, CI - inverted configurations 
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The following requirements apply to each of the above interfaces: 

(1) Good adhesion 

(2) Reasonably matched linear expansivities 

(3) Chemical and metallurgical compatibility of adjacent 

materials during processing 

(a) For example, avoid doping semiconductor at 
semiconductor-substrate interface to obtain 

high-conductivity surface channel. 

(4) Low chemical and metallurgical reactivity at opera- 
ting temperature & 0-100 C). 

In addition, the following electrical requirements apply at the 
semiconductor -dielectric interface and the semiconductor-electrode interfaces: 

(1) Sufficiently low density of traps associated with 
the semiconductor-dielectric interface to permit 
modulation of the source-to-drain conductivity 
by the transverse electric field imposed by a 
reasonable gate potential 

(2) 

DISCUSSION OF DEVICE MATERIALS 

Semiconductors 

Semiconductors Selected for Study.-- Table 2 lists all the semi- 
conductor materials that were considered in this study. The materials in 
the table are divided into two groups: the elemental semiconductors and 
the compound semiconductors. Within each group, the materials are ordered 
on the basis of their position in the periodic table. Attention is limited 
to semiconductors deposited as polycrystalline films. 

15 



Q 

C 
01 
$4 

W 

d 

. 
5 
E .  
A .  
r lu 
W 0  

Q 
& w  
O W  
U Q  
O 
7'0 m r l  

O W  
l.I 

0 C Q I  .A 

3 2  
m 
Id 

h 
7 u  
O C  
sal 
a h  
C l l d  o a  
€!a 
4 4  

H 
H 
H 

m 

Q 

C 
rl 

rn 
..I 

C 
5 

n E  

" d  

n 
VI 
d 
W 

n 

c( 
W 

to 

I c 
0 
C 
.rl a 
0 
G 

Q a 
h U 
l a 

W 

h 

n 
0 c 
E 
3 
0 
0 
N 

V 

d 
v w  
M W  
N O  

I- 

O 

F 

r 
a 

o x  
r ( a  os 

r l c  
I .I 

m a  
0 6  

s \ 
& I  

H > 

0 
Lo 

U m 
r) a, 
Q 

w m  a m  
W Q .A .A 

n a 
W 

.. 
m 
Q 
U 
0 z 

Q 
C 

.r( 
rl 
d 

m U 
10 
h 
$4 
0 
h rl 

0 a 
rl 
rl 
m 
a 
$4 
m 

z 
d 
4 
P4 

m 
.rl 
W 
.rf 
0 
a, a 
VI 

a3 

2 
Q 

5 
VI 
10 
Q 
d c 
7 
2 
0 .Pi 
U 
m 
L! 
0 a 
m 
3 
Q 

3 a 
3 

h 
P 

m 
Q 

m a 
& a 
E 
d 
.r( 
w 
$4 

U 
0 

m 
0 
0 
.r( 

cn 3 

P 
W 

10 
$4 
a 
..-I 
L! 
$4 
m 

h U 

.A 
$4 

m 
E 
$4 

0 W 

'r) 

-+I z 
II 

Q 

Q 

5 
m 
VI 
m 
3 
m c 
.. 

G 

n 
Q 

24 
4 3  

U, 
Q 

d 
m 

m 
U 

tw d 

a 
d 
m 
U 

n 
P 
W 

16 



n 
r( 

N W 

I 
G 

rt a 
2 

s 
8 
m 

a 
0 
0 
M 

-i 4 

5 
04 

n a  o 
+ S I  m 
m m  I 
m N  O W  
o ( d  o w  $Le N O  

n 
N 
N W 

PI 
U m 
& 
U 
10 
n : 

-2. 
z 

al 
& 
4 

a 

!z 
0 

B 
3 
0 
0 

N 
N 

O- 

8 
E 

bo 

h 

2 
W 

n 
0 W 

Ei 4 
4 
W 

m 
rl 

m U 
a 
0 
0 
ld 

n 

H 

H 
H 
? 

0 m a 

n 
.j. 

u 

m 
E 
0 
m 
W 

W 
W 

I 
SI 

C ..I 
a 
!. a 
8 
W 

U 
0 m 

W w 
m 
n 

P m  
r l u  
a t 4  
*.I c 
h 3  

n 
m > 

PI*( .a 
I n 0  I m  m w  

0' 
?2 

n 
0) 
rl 

0.0 o m  
O \ E  
P I 0  
1 . 4  
0 0  
o m  r l m  
5 

. w  

H 

H 
H 

? 

m 
P u 

n 
M 
N v 

W 
W 
0 
I c 
0 c 
4 
a 
P 
0 

- 0  
r l b o  

4 0  ac 
h E  
JJ3  

0 
0 0  

5ul 
N 

0 
0 0  o u  
-3 a 

3 -  

v 

-g O!. 

n r )  

$2 

n n  
\D PI 
N N 
w w  

17 



m 
E 
rl 

m 
r f  

c 
5 

L) 

n 
a3 
W 

n 
In 
N W 

fn 
& al e 
W 
0 
Y 
& 

!2 

M 
E 
rl 
U 
a 

P 
0 
0. 

w c 

n 
al o >  

Inrl 
r l U  

0 
I Q  

W 
r l w  

m a l  
0- 

n n 
CQ 0 

N N w W 

H 
h 
H 
& 
0 
W 

9) 
4 

m U 
rl 

n 

Z n  
al 

E 

h H 

d 
rl 

n 
E rl 
*I 
W 
W 

? 
N e 

2 
0 
rl 

n n  n m o  rl 
m N r n  

4 4  v 

n 

0 
rl 
4: 

m 
N 

5 
rl 
3 

n 
E d 
rl 
W 
w 

0 m 
I e 

7 
H 
H 

al 
VJ a 
V 

f 
0 
0 
G n  m a l  
S T l  
G O  
a l f i  

U 
0 6  
N a l  
A E  

W 

18 



* 
n n  h n c  m 0 m UJ r- 
r( r( 2 e z , ,  

n n n n n  
9) 9) 
v 

H F 
H H H  H H  

n 
m v 

- 0  
9) 

n 
0 
N 
L 

g 
4 
U 

U $ 
m m 
a 
H 
cr 

f 
0 
0 
hl 

u 
8 

n 
I- 
rl 
W 

C 
0 
1.I 
U 
m 
& 

m m 

H 

U 
at 
rl 
W 

m 
m 
al 
d 

?, 

a 

e .  
u c  
0 3  

w a  9)s 
M 

a1.I 
4.c a 
1.Iu 
k a t  

G I 4  

? 
H 
H 

9) 
H a v 

19 



a 

al 
& 
al 

W 

2 

2 

E 
4 
al 

6 
0 

m 
- 1  

c 
8 

- 8  
d 0. 

n 
W 
rl 
W 

n 
V 
0 
Vr 
m 

0 U 

a 
1 

8 
E 
.-I 
U 

a a 
0 

n 
al 
U 
H 
&I w 

H 

H 
H 

? 

rn 
V 
U 

v) 
E 
N 

c\ 
W 
rl 
W 

G 
0 
4 
U a 
& 
1 
U : 
c 
H 

0 
G 

U 
0 

W 
W 
al 

..I 

21 
Q 
rl 
&I 

? 
H 
I4 

al 
H 
E 
N 

n 
W 
m 
W 

3 

4 
II 

3 

9) a 
0 
E 

2 

(9 

.I 

n r- 
3 

n 
H 

2 
rl 
W 

rl 
U 

E 
3 
U 

n 
U 
V 

W 
W 
al 
V 
rl 

oal 
0.4 o w  
m -  

W 
4 
0 
rl 

X 
00 

n 
'CI v 
n 

w v  
N r l  

0- 
? 2  

? 
H 
H 
H 

3 
H 

n LI 
0 a 

W 
W a 

821 

V I 2  

ooa 
rlrl 

n 

rl 
4 
W 

0 
W 
M 

e 

W 

12 
rl s: 

X 
12 

m 

m 

0 
9 

s 
H 
H 
H 

n 
rn 
G 
H 

20 



n m 
N W 

C 
0 
rl 
U 

U 5 
2 
P 

H 

0 
C 

U 
0 

W 
W 
m 
a 
rl 
m 
rl 
R 

m 

? 
R 

a, 
H 
PI 
n 

n 
rl 

W 

n 

$ 1 
0 
0 m 
N 

4 
W 

U 
0 
m W 
W 
9) 

a 
rl 
m 
rl 
R 

n 
6 rl 
rl 
W 
W 

0 
?- 

VI 

H :: 
R 

5r m 

n 
\o 
rl 
W 

o c  
0 0  
O r l  
m u  m 
U b I  

sf 
rl 
a c  
rlH U 
r l o  c c  
4 .  

U 
- 0  

c m  o w  r l w  
Up1 
a! a a  
m c r  
M a l  
b o d  
O W  

0 0  
6.C 
;=9  

e-- 
m 
N W 

h 

0 v 
U 
0 
al 
W 
W 
m 
a 
rl 
m 
rl 
W 

m 
rl 
U 
U + 
rl 

h 
L, 
01 
3 

n 
6 rl 
rl 
W 
W 

rl 

V 

W 

W 2 

m 
C m 

n 
m 
N v 

n 
m 
rl 

a! 
C 
rl 
U 
v) 
m 

v 

U 
0 
m 
W 
W 
m 

n 

% 

21 
rl 
W 

! 
m 

W 

2 

m 
m 

rl 
m 
wN 

21 



Q 
0 
C 

aJ 
W 

E 

2 

cd 
C 
.rl 

0 
rial 
c d m  
U’ I 

;p 
cu 

m 
- 1  

C 
8 

n 
0 
N v 

E 4 
5 
C 
4 

U 
0 
Q w w 
al 

‘0 
d 
al 
4 
W 

?- 
H 
3 

m 
Q 

9 

!!2 
.) 

m 

n m 
N W 

C 
0 
4 
U 

E 
3 
n 

1 
U 

H 
0 
C 

U 
0 
Q 
W 
W 
Q 

‘0 
rl 
Q 
4 
h 

.. 

s 
VI 

? 
E 
E- 

a 

22 



For each semiconductor m a t e r i a l ,  t he  t a b l e  i n d i c a t e s  t h e  e l e c t r i c a l  

r e s i s t i v i t y ,  c a r r i e r  concent ra t ion ,  mob i l i t y  and remarks on TFT performance, 

where reported.  

Various terms have been used i n  the  "Remarks" column of Table 2 

t o  desc r ibe  the  degree of  d r a i n  c u r r e n t  ID s a t u r a t i o n .  These terms are 

def ined  i n  F igure  4. 
o f f "  i s  used t o  mean d r a i n  c u r r e n t  s a t u r a t i o n .  

I n  many of t he  TFT papers  reviewed, t he  term "pinch- 

No TFT's u s ing  a ZnS semiconductor l a y e r  (by i t s e l f )  were repor t ed  

i n  t h e  l i t e r a t u r e  reviewed f o r  t h i s  r e p o r t .  

PdO was considered because of t he  p o s s i b i l i t y  of  i t s  being grown 

on e x i s t i n g  Pd-bearing, th ick- f i lm,  conduct ive o r  r e s i s t i v e  pastes i n  a 
f i r i n g  ope ra t ion .  (34) 

semiconductor was considered i n  view of t he  ex i s t ence  
( 3 - 4  

BaTiO 

of the  reduced t i t a n a t e  c a p a c i t o r  technology. (43) 

d i e l e c t r i c  BaTiO i s  reduced t o  ob ta in  semiconducting BaTiO 3 
of t h i s  procedure t o  o b t a i n  a semiconductor -d ie lec t r ic  i n t e r f a c e  might be 

a p p l i c a b l e  i n  the  f a b r i c a t i o n  of  a t h i c k  f i l m  IGFET. 

exis t  f o r  reducing the  d i e l e c t r i c  T i 0  t o  o b t a i n  semiconducting T i 0  

The n o n f e r r o e l e c t r i c  na tu re  of T i 0 2  may make i t  p r e f e r a b l e  t o  BaTiO 

th i ck - f i lm  TFT. 

I n  t h i s  technology 

The use  (3-x) 

S imi l a r  processes  

2 (2-x) ' 
i n  a 3 

(10) 

MnO, i s  of i n t e r e s t  because of i t s  use  as a coun te re l ec t rode  i n  
I 

s o l i d  e l e c t r o l y t i c  tantalum capac i to r s .  (42) The ad jacen t  l a y e r s  of tantalum, 

Ta205, and MnO i n  t hese  c a p a c i t o r s  bear  a c l o s e  resemblance t o  the  ad jacen t  

l a y e r s  of g a t e  e l e c t r o d e ,  g a t e  i n s u l a t o r ,  and semiconductor i n  the  inver ted-  

s taggered TFT conf igura t ion .  F i n a l l y ,  semiconductor g l a s s e s  a r e  of i n t e r e s t  

because of t h e i r  p o t e n t i a l  c o m p a t i b i l i t y  wi th  th i ck - f i lm  processing. 

2 

Appl ica t ion  of Semiconductor Mate r i a l  Criteria.-- The m a t e r i a l  

cr i ter ia  f o r  t he  semiconductor l a y e r  are t h e  following: 

23 



1, saturation 

V, , drain voltage 

FIGURE 4 .  DEGREES OF DRAIN CURRENT SATURATION 
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p(fie1d effect) > 0 
< n < cm-3* 

0.18 (InSb) < E < 2.4 eV (CdS)Jc 
Operation as a TFT with gm > 0 and I,, saturation 
preferable* 
Sufficiently low density of traps associated with the 
semiconductor-dielectric interface t o  permit modulation 
of the source-to-drain conductivity by the transverse 
electric field imposed by a reasonable gate potential 
Lox resistance ohmic contact of source and drain 

electrodes to the semiconductor 
Good adhesion of adjacent layers 
Reasonably matched linear expansivities 
Low reactivity with environmental water vapor and 
oxygen at operating temperatures & 0 - 100 C) 
Low chemical and metallurgical reactivity at the 
interfaces at operating temperatures & 0-100 C) 
Chemical and metallurgical compatibility of adjacent 

materials during processing. 

- g -  

Table 3 embodies an attempt to apply criterion (d) to the semicon- 

ductor materials under consideration. In this table, the semiconductors for 
which TFT operating information was found in the literature were divided 

into groups. 
effect and the degree of drain current 
does exist. 
The semiconductors within a particular group are listed in order of decreas- 
ing TFT transconductance gm, where values were reported. 

The groups reflect the existence or nonexistence of field 

ID saturation when a field effect 
The groups are arranged in order of decreasing desirability. 

* These "criteria" are not rigid, but represent the ranges reported in the 
TFT literature. 

JHt. Not a rigid requirement. 

25 



TABLE 3. PERFORMANCE OF SOME SEMICONDUCTOR 
POLYCRYSTALLINE T H I N  FILMS I N  IGFET'S 

Semiconductor gm, P, 
Material *mho p c m  

n,  
cm-3 

F i e l d  E f f e c t  and I D  Saturat ion:  

Te s 40,000 few ten ths  5~ 3x1OI7 (calc . )  > 200 (ef fec t ive)  0.32, 0.37 

Cd S I; 25,000 104 FJ 101~ 0.1-150 (ef fec t ive)  2.4 

CdSe 5 10,000 > 20 D-- 4-30 1.7 

CdS-CdSe 5 2,000 --- 
GaAS 5 20 

CdS-ZnS > o  --- 

--- 
1.39 

Fie ld  Effec t  and Incomplete ID Saturat ion:  

InAs 10,000 0.026 (calc . )  8x10I6 3000 ( f i e l d  e f f e c t )  0.36 

InSb(a) 5 3,000 0.03 5x10L7 600 (f i lm) 0.18 

PbS 5 1,500 5 0.024(b) (calc.) s 1018 (b) ?: 260 (e f fec t ive)  0.41 

si 5J 100 500 1 . 7 ~ 1 0 ~ ~  (calc.) 5-10 (e f fec t ive)  1.10 

AggTe > O  --- --- s 400 (film) 0.17 

G e  > O  L-- D -- --- 0.66 

FJ 1.45 --- o w -  --- CdTe > O  

Fie ld  Effec t  and No In Saturat ion:  

(a) ID satura ted  in one reference.  

(b) The meaning of the term "actual  charge density" i s  not c l e a r  as reported i n  reference (40). 

(c) Before degradation. (I6) 
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TABLE 3 .  PF..KPQ!3E%YGE OF SOME SEMLCONDUCTOR POLYCRYSTALLINE 
THIN FILNS I N  IGFET’S (Cont inued)  

0 1  ns vs % 9 
S e m i c o n d u c t o r  g,, 

Material pmho R-cm cm-3 cd/V-sec e V  

Se < 2 0 0  - 2  

ZnTe > O  2.2 

PbTe > O  0.32 

BigSeg > O  0.35 

MnSe > O  --- 
MnTe > O  --- 

S m a l l  F i e l d  E f f e c t :  

B 

cos 

ZnO 

ed2Se3 

SnS 

EloTe3 

ws3 
We3 

MnSi2 

sic - 0  2.2(@), 3.12(cU) 

Bi2Te3 N O  0.15 

Very L i t t l e  o r  No F i e l d  E f f e c t :  

630 

w o  

M O  

x o  

2 0  

w o  

- 0  

w o  

w o  

--- 
-e- 

N o  A e e e p t a b l e  F i lm:  

4.2 BaO 
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Several of the semiconductors in the latter part of Table 3 were 

examined only briefly in short-term investigations. 
that more extensive experimental development of such materials could improve 
their TFT performance levels above that indicated in Table 3 .  As it stands, 

however, Table 3 is representative of the TFT performance levels reported 
in the available literature for the indicated materials. 

It is quite possible 

Examination of Table 3 suggests that TFT's using the followiqc 
semiconductor materials more fully satisfy criterion (d) : 

Si Ag2Te CdS G a A S  PbS 
Ge CdSe InAS Sn02 
Se CdTe InSb 

Te 
The pseudo-binary alloys, CdS-CdSe and CdS-ZnS have not been 

included for two reasons. First, they do not appear to offer advantages 

over CdS and CdSe as semiconductors in a thin-film IGFET; and second, the 
fabrication of devices using these materials as semiconductors would be more 

complicated than using CdS or CdSe alone. 
The semiconductor layer is polycrystalline both in the TFT's con- 

sidered and in the thick film IGFET's envisioned. The extent to which a 
given semiconductor material satisfies criterion (d), however, is still 

dependent on the process of deposition. Thus the successful use of a semi- 
conductor material in a TFT does not necessarily guarantee that the same 
material will work well in a thick film IGFET. Unfortunately, only limited 
information is available on the properties of these semiconductors deposited 
by thick-film-compatible processes. As a result, the successful use of a 
semiconductor in a TFT will be regarded as at least a rough indication of 
potential success in a thick film IGFET. 

Values of resistivity p, carrier concentration n, mobility p, 

and bandgap energy E were also listed in Table 3 ,  where reported, in an 
g 

attempt to determine the ranges of these parameters associated with success- 
ful TFT operation. It had been hoped that this procedure would yield a set' 
of fairly narrow ranges of p, n, 1.1, and E which could then be used 

g 
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t o  estimate t h e  p o t e n t i a l  o f  o t h e r  semiconductors f o r  which no r e p o r t s  o f  

TFT ope ra t ion  were a v a i l a b l e .  

t o  be s u f f i c i e n t l y  restrictive f o r  the  intended purpose. 

The r e s u l t i n g  ranges were too  wide, however, 

The a b i l i t y  of t h e  13 m a t e r i a l s l i s t e d  above t o  more f u l l y  s a t i s f y  

c r i t e r i o n  (d) sugges ts  t h a t  w i th  one except ion ,  they a l s o  s a t i s f y  cri teria 

(a) through (c) and (e) through (h). 

Se i s  t h e  except ion.  The hexagonal a l l o t r o p e ,  JMLS a l a r g e r  l i n e a r  
-6 -1 -6 -1 e x p a n s i v i t y  of 37 x 10 C at ZOC,compared wi th  5.9 x 10 C f o r  a 96% 

alumina substi-ate between 25 and 200 C. Thus 

of  i t s  f a i l u r e  t o  s a t i s f y  c r i t e r i o n  (h). 

was mentioned ear l ier  as 

view of  t h e  e x i s t e n c e  o f  t he  reduced t i t a n a t e  
( 3 - 4  

BaTiO 

Se must be r e j e c t e d  because 

a candida te  semiconductor i n  
c a p a c i t o r  technology. (43) 

semiconductor l a y e r  were found 

satis- 
(3-1 Since no r e p o r t s  o f  TFT's u s ing  a B a T i O  

i n  t h e  l i t e r a t u r e  survey, i t  i s  d i f f i c u l t  t o  determine i f  BaTiO 

fies cr i ter ia  (d) and (e). F u r t h e r  s ea rch ing  of the  l i t e r a t u r e  could be 

expected t o  v e r i f y  t h a t  c i r ter ia  (a) and ( f )  are s a t i s f i e d .  The use  of 

BaTiO i n  t h i c k  f i l m  c a p a c i t o r s  

(3-x) 

may imply the  s a t i s f a c t i o n  of  c r i t e r i a  (49) 
3 

(€9 and (h) 0 

Thus reduced BaTi03 semiconductor appears  t o  have p o t e n t i a l  f o r  

u s e  i n  a t h i c k  f i l m  IGFET, pending more informat ion  on c e r t a i n  material 

p r o p e r t i e s  i n d i c a t e d  i n  the  above d i scuss ion .  

The (2-x) A similar eva lua t ion  a p p l i e s  t o  semiconducting T i 0  

remaining materials are S i ,  G e ,  Te ,  Ag Te ,  CdS, CdSe, CdTe, G a A s ,  InAs, 

InSb, PbS, Sn02, BaTiT3-* and T i t 2 _ $  The s a t i s f a c t i o n  of  c r i te r ia  (i) 

and ( j )  by t h e s e  14 semiconductors i s  r e l a t e d  t o  the  long-term s t a b i l i t y  

o f  t h e  device .  Although no major problems are expected, i t  i s  d i f f i c u l t  

t o  a c c u r a t e l y  p r e d i c t  t h e  p o t e n t i a l  s t a b i l i t y  o f  a t h i c k  f i l m  IGFET us ing  

these  materials. 

2 

Laznovsky has  r epor t ed  degrada t ion  of  a CdS semiconductor f i l m  

by migrant  i m p u r i t i e s  from a d j a c e n t  t h i c k  f i l m  l a y e r s  of gold e l e c t r o d e s  

and BaTi03 dielectric. '")  He a l s o  r epor t ed  damage t o  o t h e r  l a y e r s  by 

c o r r o s i v e  c h l o r i n e  vapors  r e l eased  from t h e  semiconductor f l u x  dur ing  

29 



f i r i n g .  

u r a t i o n  and processes  f o r  depos i t i on  of t h e  a d j a c e n t  e l e c t r o d e  and d i e l e c t r i c  

l a y e r s  i n  a n  a t t empt  t o  more n e a r l y  s a t i s f y  c r i t e r i o n  (k). 

These r e s u l t s  emphasize the  n e c e s s i t y  of  s e l e c t i n g  a device  config-  

The u s e  o f  PdO semiconductor i n  a t h i c k  f i l m  IGFET was mentioned 

earlier because of  t h e  p o s s i b i l i t y  o f  i t s  be ing  grown on e x i s t i n g  Pd-bearing, 

th ick- f i lm,  conduct ive o r  r e s i s t i v e  p a s t e s  dur ing  f i r i n g .  The inco rpora t ion  

of this  process ing  technique i n t o  a th i ck - f i lm  IGFET, however, d id  n o t  appear  

t o  be p r a c t i c a l .  

MnO and t h e  semiconductor g l a s s e s  were a l s o  mentioned ear l ier  as 2 
cand ida te  semiconductors t o  be eva lua ted  f o r  u se  i n  a t h i c k  f i l m  IGFET. A 

more thorough review of  t h e  l i t e r a t u r e  i s  r equ i r ed  t o  determine the  p o t e n t i a l  

o f  t hese  materials. 

P r e f e r r e d  Semiconductor Materials.-- A number of semiconductor 

ma te r i a l s r epor t ed  i n  t h e  TFT l i t e r a t u r e  and elsewhere have been eva lua ted  

on t h e  b a s i s  o f  t he  l i s t e d  material cr i ter ia .  The r e s u l t  o f  t h i s  eva lua t ion  

i s  t h e  s e l e c t i o n  of  t he  fo l lowing  14 materials f o r  cons ide ra t ion  as s e m i -  

conductor  l a y e r s  i n  t h i s  study: 

CdS GaAs PbS BaTiO 
Ag2Te (3-1 

S i  

G e  CdSe I d s  Sn02 T i 0  

T e  CdTe InSb 
( 2 - 4  

D i e l e c t r i c s  

Review of TFT Materials.-- Table 4 l i s t s  the  g a t e  i n s u l a t o r  

materials noted i n  the  survey of  the  TFT l i t e r a t u r e .  The t a b l e  inc ludes  

informat ion  on t h e  mating semiconductor,  method of i n s u l a t o r  depos i t i on ,  

i n s u l a t o r  f i l m  th i ckness ,  d i e l e c t r i c  cons tan t  and breakdown e l e c t r i c  f i e l d ,  

where repor ted .  

S i 0  i s  probably the  most commonly used d i e l e c t r i c  i n  TFT's. It 

i s  also used i n  combination wi th  o t h e r  materials such a s  Dy203, B i 2 0 3 ,  

B203, and Si02. 
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A 1  0 has been used as a TFT gate insulator. This material can be 2 3  
grown on an aluminum gate electrode in an inverted configuration. 
obtained a significant improvement in the stability of CdSe TFT'S by using 
dry plasma anodized A1 0 

Waxman 

(44 )  in place of SiO. 2 3  
Other inorganic dielectrics used in TFT's include the fluorides 

of calcium, magnesium and aluminum. 

tor in a TFT. (') 
room temperature. 

Sihvonen reported the use of a BaTi03 substrate as the gate insula- 
He also tried some organic dielectrics deposited at or near 

Si N is the only nitride dielectric reported. 
The Melpar investigation of rare-earth oxides as dielectrics was 

motivated by an interest in operating TFT's at temperatureup to 500 C and 
possibly in a radiation environment. 

3 4  

Consideration of current capacitor manufacturing technologies 

suggests the addition of at least two materials to the list of dielectrics 
obtained from the TFT literature survey. They are Ti02 and Ta 0 A num- 2 5' 
ber of other refractory metals form stable thermal and anodic oxide films, 

but Ti0 and Ta 0 were selected because of the considerable experience in 2 2 5  
their use. 

Application of Dielectric Material Criteria.-- The material 
criteria for the gate insulator dielectric are the following: 

5 K/t > 10 /cm (lO/micron) 

Ebreakdown > 10 V/cm 
6 p > 10 0-cm 

Sufficiently low density of traps associated with the 
semiconductor-dielectric interface to permit modula- 
tion of  the source-to-drain conductivity by the trans- 
verse electric field imposed by a reasonable gate 

potential 
Good adhesion of adjacent layers 
Reasonably matched linear expansivities 

5 
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(g) Uniform th i ckness  

(h) 

(i) 

Freedom from pinholes  and v o i d s  

Low r e a c t i v i t y  w i t h  environmental  water vapor and 

oxygen a t  o p e r a t i n g  temperatures (% 0-100 C) 

Low chemical and m e t a l l u r g i c a l  r e a c t i v i t y  a t  t h e  

i n t e r f a c e s  a t  o p e r a t i n g  temperatures (x 0-lOOC) 

Chemical and m e t a l l u r g i c a l  c o m p a t i b i l i t y  of a d j a c e n t  

materials du r ing  process ing .  

(j) 

(k) 

The d i e l e c t r i c  material c r i t e r i a  w i l l ' b e  a p p l i e d  t o  S i 0  BaTi03, 2' 
T i 0  and Ta 0 f o r  which w e l l  known thick-fi lm-compatible processes  o f  2 2 5  
depos i t i on  exis t .  

quent s e c t i o n  o f  t h i s  r e p o r t .  

The d e t a i l s  o f  t hese  p rocesses  are d iscussed  i n  a subse- 

Si02: The s u c c e s s f u l  o p e r a t i o n  of a TFT u s i n g  a p y r o l y t i c a l l y  

g a t e  in su la to r (8 )  imp l i e s  t h e  s a t i s f a c t i o n  of c r i t e r i a  (a) depos i ted  S i 0  2 
through (h). The s a t i s f a c t i o n  of c r i te r ia  (i) and (j) i s  r e l a t e d  t o  t h e  

long-term s t a b i l i t y  of t h e  device .  It i s  d i f f i c u l t  t o  p r e d i c t  t h e  p o t e n t i a l  

s t a b i l i t y  of a t h i c k  f i l m  IGFET u s i n g  a n  Si02 d i e l e c t r i c .  

of c r i t e r i o n  (h) depends on the  conf igu ra t ion ,  and on t h e  materials and 

d e p o s i t i o n  processes  used i n  the  a d j a c e n t  l a y e r s ,  

The s a t i s f a c t i o n  

BaTi03: 

BaTi03 can be p r i n t e d  and f i r e d  t o  o b t a i n  f i l m s  wi th  a d i e l e c t r i c  cons t an t  

of  600 a t  room temperature.  App l i ca t ion  of c r i t e r i o n  (a) t o  such a d i e l e c -  

t r i c  f i lm ,  i m p l i e s  a maximum th i ckness  of 60 microns. A t h i ckness  o f  50 t o  

60 microns i s  t y p i c a l  f o r  p r i n t e d  and f i r e d  t h i c k  f i l m  l a y e r s  of t h i s  type. 

Commercially a v a i l a b l e  t h i c k  f i l m  p a s t e s  con ta in ing  

A B a T i O  s u b s t r a t e  could be expected t o  have a d i e l e c t r i c  cons t an t  3 
on t h e  o r d e r  o f  2000 a t  room temperature.  

t o  such a s u b s t r a t e  imp l i e s  a maximum s u b s t r a t e  t h i ckness  of 200 microns 

(approximately 8 m i l s ) .  

a g a t e  i n s u l a t o r  comes reasonably  c l o s e  t o  s a t i s f y i n g  c r i t e r i o n  (a). 

The a p p l i c a t i o n  of c r i t e r i o n  (a) 

Thus t h e  use  of a 10 m i l  t h i c k  BaTi03 s u b s t r a t e  as 

BaTiO may f a l l  somewhat s h o r t  of s a t i s f y i n g  c r i t e r i o n  (b) ,  bu t  3 
t h i s  appa ren t  shortcoming i s  probably a c c e p t a b l e  i n  view of  the  g r e a t e r  

t h i ckness  of t h e  BaTi03  l a y e r s .  
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Hamer r epor t ed  a r e s i s t i v i t y  of  approximately lox3 R-cm f o r  

Th i s  va lue  e a s i l y  s a t i s f i e s  c r i t e r i o n  (c).  BaTi03. (43) 

The use  o f  a BaTi03 s u b s t r a t e  i n  a n  experimental  t h i c k  f i l m  IGFET 

by Sihvonen") sugges ts  t h a t  c r i t e r i o n  (d) i s  s a t i s f i e d  wi th  a CdS-CdSe 

semiconductor l a y e r .  

f i l m  c a p a c i t o r s .  (49) 

are s a t i s f i e d .  

Hoffman r epor t ed  the  use  of p r i n t e d  and f i r e d  BaTiO i n  t h i c k  3 
H i s  r e s u l t s  i n d i c a t e  t h a t  cr i ter ia  ( e )  through (h) 

The s a t i s f a c t i o n  of  c r i t e r i a  (i) and ( j)  i s  r e l a t e d  t o  t h e  long- 

Although no major problems are expected,  i t  term s t a b i l i t y  o f  t h e  device.  

is d i f f i c u l t  t o  p r e d i c t  t h e  p o t e n t i a l  s t a b i l i t y  of a t h i c k  f i l m  IGFET us ing  

a BaTiO d i e l e c t r i c .  3 
Laznovsky r epor t ed  degrada t ion  of a CdS semiconductor l a y e r  by 

migrant  i m p u r i t i e s  from a t h i c k  f i l m  BaTiO d i e l e c t r i c  l a y e r .  This  

r e s u l t  p o i n t s  o u t  t h e  need t o  s e l e c t  conf igu ra t ions  and processes  fo r  

d e p o s i t i o n  of t h e  ad jacen t  semiconductor and e l e c t r o d e  l a y e r s  i n  o rde r  t o  

satisfy c r i t e r i o n  (k). 

3 

Ta205: App l i ca t ion  of c r i t e r i o n  (a) t o  T a  0 sugges ts  a maxi- 

Ta205 
(42) 

2 5) 
mum th ickness  of  2.6 microns f o r  a d i e l e c t r i c  cons tan t  of 26. 

l a y e r s  of less than  2.6 micron th i ckness  are e a s i l y  ob ta inab le  us ing  
(42) anodiza t ion .  

6 (42) With a breakdown e l ec t r i ca l  f i e l d  of  2 x 10 V / c m  , Ta205 
e a s i l y  s a t i s f i e d  c r i t e r i o n  (b). 

The e x t e n s i v e  u s e  of  Ta 0 i n  s o l i d  e l e c t r o l y t i c  tantalum capa- 2 5  
c i t o r s  sugges ts  t h a t  c r i te r ia  (c), (e), (f), ( g ) ,  and (h) are s a t i s f i e d .  

Whether o r  no t  c r i t e r i o n  (d) i s  s a t i s f i e d  cannot be p red ic t ed  on 

t h e  b a s i s  of the  informat ion  available f o r  t h i s  r epor t .  An experimental  

e f f o r t  would be r equ i r ed  t o  r e s o l v e  t h i s  ques t ion .  

The s a t i s f a c t i o n  o f  cri teria (i) and ( j )  i s  r e l a t e d  t o  the  long- 

term s t a b i l i t y  of  t h e  device.  

d i f f i c u l t  t o  p r e d i c t  t h e  p o t e n t i a l  s t a b i l i t y  of  a t h i c k  f i l m  IGFET us ing  

Although no problems are expected, i t  i s  

Ta205. 
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The satisfaction of criterion (k) depends on the device configura- 
tion, and the materials and deposition processes used in the adjacent layers. 

2 Ti02: 

Preferred Dielectric Materials.-- A number of dielectric materials 

Application of the dielectric material criteria to Ti0 
suggests its potential for use as a gate insulator in a thick film IGFET. 

reported in the TFT literature and elsewhere have been evaluated on the basis 
of the listed material criteria and the existence of thick-film-compatible 

processes for their deposition. The result of this evaluation is the 

selection of Si0 

insulator materials in this study. 

BaTiOg, Ta205, and Ti0 for further consideration as gate 
2’ 2 

Electrodes 

Source and Drain Electrodes.-- Table 5 lists the source and drain 
electrode materials noted in the survey of the TFT literature. 
source and drain electrode material, the table indicates the mating semi- 
conductor, electrode deposition process, and literature reference information. 

The listed source and drain electrode materials include Au, In-Au, In, Al, 
Nichrome, Co, Kovar, Cr, Sb, Bi, Te, Hg-In, and Sn-Ga. Ag is excluded from 
the list because of problems with Ag migration in Ag-bearing pastes used in 
passive thick film technology. 

For each 

The material criteria for source and drain electrodes are the 

p < (50-100) pln-cm. 
Low resistance ohmic contact to semiconductor 

Good adhesion to adjacent layers 
Reasonably matched linear expansivities 
Low reactivity with environmental water vapor 
and oxygen at operating temperatures (a 0 - 100 C) 
Low chemical and metallurgical reactivity at the 

interfaces at operating temperatures (fi: 0 - 100 C) 
Chemical and metallurgical compatibility of adjacent 

materials during processing. 
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TABLE 5 .  SOURCE AND D R A I N  ELECTRODES USED I N  TFT'S (cont.)  

.- 

Source  & D r a i n  Mating 
Material Semiconductor Remarks Reference 

A 1  si (15) 

A 1  Cd S 

A 1  Cd S 
( p r i n t e d  & f i r e d )  

A1 Z d S  

Source & d r a i n  
above CdS 

A 1  I n S b  n- type o p e r a t i o n  (38) 

Nichr ome Te Co & Kovar be t t e r  (16) 
t h a n  Nichrome i n  Te 
TFT'S 

Nichrome 

Nichrome 

Cd Se 

CdS, CdSe, 
Te 

N i  c h r  ome CdS, CdSe, 
CdTe 

Low work f u n c t i o n  
conductor  f o r  n- type  
semiconductor  ; h i g h  
work f u n c t i o n  conduc- 
t o r  fo r  p- type 
semiconductor  

co Te (22) 

Go Te Co & Kovar b e t t e r  than 
Nichrome i n  Te TFT's 

(16) 

co Te (27) 
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TABLE 5 .  SOURCE AND DRAIN ELECTRODES USED I N  TFT'S (cont . )  

Source & Drain Mating 
Material Semiconductor Remarks Re f e r enc e 

Kova r Te Co & Kovar b e t t e r  (16) 
t h a n  Nichrome i n  Te 
TFT'S 

C r  

C r  

CdSe C r  sou rce  e l e c t r o d e  (44) 
y i e l d s  h i g h  c o n t a c t  
r e s i s t a n c e  t o  CdSe 

CdS, CdSe, Low work f u n c t i o n  (21) 
Te conductor  f o r  n- type 

semiconductor ;  h i g h  
work f u n c t i o n  conductor  
for p- type semiconductor  

Sb InSb  n-type o p e r a t i o n  (38) 

B i  Se (18) 

Te Se (18) 

90% Hg-lO% I n  Cd S-Cd Se P r i n t  conduc to r  ( 9 )  
( p r i n t e d  6 f i r e d )  p a s t e  & h e a t  t o  120 C 

' i n  vacuum 

Sn-Ga Cd S-Cd Se Wet f i l m ;  does n o t  
(5-10% Sn) ( p r i n t e d  & f i r e d )  flow 

Au r e s i n a t e  Cd S -CdSe Au predepos i t ed  & 
s o l u t i o n  : ( p r i n t e d  & f i r e d )  f i r e d  b e f o r e  CdS- 
Hanovia L iqu id  . CdSe 
Brite Gold 7621 

( 9 )  

( 9 )  
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TABLE 5 .  SOURCE AND DRAIN ELECTRODES USED I N  TFT'S 

, - . -  .~ 

Source & Drain Mating 
Material Semiconductor Remarks Ref ereAce 

-.. . _ .  _ _  - .  __. . 

Au Te (19) 

AU 

Au 

Au 

Au 

A u  

Au 

Ail 

AU 

Au 

Cd S 

Cd S 

Cd S 

CdS, CdSe 

Cd Se 

Cd Se 

InSb 

AU PbS 

Source & d r a i n  
under CdS 

Source & d r a i n  
under CdS & CdSe 

p-type o p e r a t i o n  

( 5  9 

( 4  4) 

(35) 

In-Au Cd Se (30) 

I n  -Ail Cd Se ( 4  4) 

In Cd S ( 4  4) 
( source  o n l y )  
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The source  and d r a i n  e l e c t r o d e  material cr i ter ia  w i l l  be app l i ed  

t o  gold f o r  which a w e l l  known thick-f i lm-compatible  process  of depos i t i on  

e x i s t s .  

The u s e  of Hg-In o r  Sn-Ga source and d r a i n  e l e c t r o d e s  i n  a n  inve r -  

ted-s taggered conf igu ra t ion  might be o f  i n t e r e s t ,  except  f o r  t h e  p o s s i b i l i t y  

of  exceeding the  conductor me l t ing  p o i n t s  a t  t h e  modestly e l eva ted  tempera- 

t u r e  a s s o c i a t e d  w i t h  device  opera t ion .  

Gold, Pd-Au, and Pt-Au source and d r a i n  e l e c t r o d e s  can be 

depoki ted by p r i n t i n g  and f i r i n g  commercially a v a i l a b l e  t h i c k  f i l m  conduc- 

t o r  pas t e s .  These gold e l e c t r o d e s  could be expected t o  s a t i s f y  a l l  of t he  

cr i ter ia  l i s t e d  above, wi th  t h e  p o s s i b l e  except ion  of c r i t e r i o n  (g). 

migrant  i m p u r i t i e s  from a gold t h i c k  f i l m  e l e c t r o d e  l a y e r .  ('*) 

p o i n t s  o u t  t h e  need t o  select  conf igu ra t ions  and processes  f o r  depos i t i on  

of t h e  semiconductor and d i e l e c t r i c  l a y e r s  so  as t o  minimize the  migra t ion  

of i m p u r i t i e s  from the  gold t h i c k  f i l m  source and d r a i n  e l e c t r o d e s .  

Gate Electrodes.--  Table 6 l i s t s  t h e  g a t e  e l e c t r o d e  materials 

Laznovsky r epor t ed  degrada t ion  o f  a CdS semiconductor l a y e r  by 

Th i s  r e s u l t  

noted i n  our  review of the  TFT l i t e r a t u r e .  For  each g a t e  e l e c t r o d e  material ,  

t h e  t a b l e  i n d i c a t e s  t h e  mating g a t e  i n s u l a t o r  and t h e  l i t e r a t u r e  r e fe rence  

information.  The l i s t e d  g a t e  e l e c t r o d e  materials inc lude  aluminum, gold ,  

t i t an ium,  molybdenum, and s i l v e r .  Each of t he  materials was depos i ted  by 

vacuum evapora t ion ,  except  f o r  t h e  s i l v e r  which was a p a i n t  (duPont no. 5584).  

The material cr i ter ia  f o r  t he  g a t e  e l e c t r o d e  are t h e  same as  those  

l i s t e d  i n  t h e  prev ious  s e c t i o n  f o r  source and d r a i n  e l e c t r o d e s ,  except  t h a t  

c r i t e r i o n  (b) does n o t  apply.  

The g a t e  e l e c t r o d e  material c r i te r ia  w i l l  be app l i ed  t o  gold,  

t i t an ium and poss ib ly  s i l v e r  f o r  which w e l l  known thick-f i lm-compatible  

processes  of  depos i t i on  e x i s t .  

The s i l v e r  p a i n t  i s  no t  expected t o  s a t i s f y  cr i ter ia  ( f )  and (9) 

because o f  s i l v e r  mig ra t ion  and o t h e r  problems c o n t r i b u t i n g  t o  poor s t a b i l i t y .  
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TABLE 6. GATE ELECTRODES USED I N  TFT'S 

Gate E l e c t r o d e *  
Materia 1 

Mating Gate 
I n s u l a t o r  Remarks Re f e r en  ce 

A 1  s io  

A 1  

A I  

A 1  

A 1  

A 1  

A 1  

AI. 

A 1  

A l  

A 1  

A 1  

A 1  

A 1  

s io 
s io  
si0 

s io  
SiO, o t h e r s  

s io-s io2  

SiO-Dy203 

s io2  

A1203 

A1203 

*l2'3 

A1203 (anodized)  

Not clear 

(351 

(38) 

(21) 

(4 5 )  

(27) 

A 1  g a t e  e l e c t r o d e  g i v e s  (31) 

(36) 

(31) 

b e t t e r  s t a b i l i t y  than  Au. 

A1203 i s  d r y  plasma 
anodized on AI g a t e .  

A 1  0 is  d r y  plasma 
anodized  on A 1  ga te .  2 ?  

T i  & Mo appear  no b e t t e r  
t h a n  A 1  f o r  g a t e  e l e c t r o d e .  

(17) 

Au si0 (26) 

Au s50 - Si02 

Au s i 0 2  

(36) 

S i 0  formed t o o  h i g h l y  (40 )  
conduct ing  s u r f a c e  channel  
on PbS semiconductor .  
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TABLE 6. GATE ELECTRODES USED IN TFT'S 
(Continued)\. 

Gate Electrode'? Mating Gate 
Materia 1 Insu la tor  Remarks Re f e rence 

T i  Not c lear  T i  appears no be t te r  than (17) 
A I  €or gate electrode. 

Mo Not c lea r  Mo appears no be t t e r  than (17) 
A1 for gate electrode. 

Aqueous Ag ink Organic 
d i e l e c t r i c  

duPont Ag paint Cement, ceramic, 
io. 5584 inorganies 

(9) 

( 9 )  

* Note: A l l  gate e lectrode mater ia ls  were deposited by vacuum evaporation unless 
. otherwise specified.  
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The gold thick film conductor is expected to be suitable for use 

as a gate electrode, subject to the same precautions discussed previously 
in connection with source and drain electrode materials. 

titanium films to a ceramic substrate. (51) 
of 42 P-cm and a linear expansivity of 8.4 x 10 
titanium satisfies criteria (a) and (d). Criterion (c) is satisfied in 
an inverted configuration where the titanium layer is bonded to the 
ceramic substrate at one interface and has its own thermal oxide for a gate 

insulator at the other interface. Titanium is also expected to satisfy 
criteria (e), (f) and (g). 

A thick-film-compatible process exists for the application of 

With an electrical resistivity 
-6  -1 C (both at 20 C), 

A similar application of material criteria to tantalum suggests 
its use as a gate electrode material, providing a suitable process of 

deposition exists (such as that for titanium). 
Preferred Electrode Materials.-- A number of electrode materials 

reported in the TFT literature and elsewhere have been evaluated on the 
basis of the listed material criteria and the existence of thick-film- 

compatible processes for their deposition. The results of this evaluation 
are the selection of gold source and drain electrodes and gold, titanium 
and tantalum gate electrodes for consideration in this study. 

DISCUSSION OF DEVICE FABRICATION 

Thick-Film-Compatible Fabrication Processes 

Semiconductor Deposition Processes.-- The following processes 
were considered for deposition of the polycrystalline semiconductor layer: 

(1) Sintering (CdS, CdSe) 
(2 )  Pyrolytic decomposition (Si, Ge, CdS, SnO ) 
(3) Rapid pressing of molten material between flat quartz 

2 

plates (InSb) 
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(4) Wet Chemical d e s p o s i t i o n  (PbS) 

(5) Vapor t r a n s p o r t  ( G a A s ,  InAs) 

(6) Reduction o f  a d i e l e c t r i c  material a t  e l e v a t e d  

temperature [ T i 0  1. ( 3 - 4  
BaTiO (2-x) , 

The fo l lowing  process  c r i te r ia  were l i s t e d  i n  a previous  s e c t i o n  

o f  t h i s  r e p o r t :  

(a) Thick f i l m  process  o r  a process  compatible wi th  

t h i c k  f i l m  technology 

(b) No vacuum evapora t ion  o r  s p u t t e r i n g  (p re fe rab le )  

(c) Chemical and m e t a l l u r g i c a l  c o m p a t i b i l i t y  of a d j a -  

c e n t  materials dur ing  processing. 

A b r i e f  d e s c r i p t i o n  of t h e  s p e c i f i c  semiconductor d e p o s i t i o n  pro- 

cesses i n d i c a t e d  above i s  now presented .  C r i t e r i o n  (b) i s  s a t i s f i e d  by each 

of t h e  processes .  

cr i ter ia  (a) and (c)]  i s  inc luded  i n  t h e  fo l lowing  d i scuss ion .  

An e v a l u a t i o n  of each process  [based on c o n s i d e r a t i o n  of 

S i l i c o n :  S i l i c o n  f i lms  can be prepared by t h e  hydrogen r educ t ion  

of SiC14 or SiHC13. 

o f  t h e  h a l i d e  vapor and hydrogen i s  passed over a hea ted  s u b s t r a t e .  The 

s i l i c o n  h a l i d e s  are reduced t o  s i l i c o n  a t  s u b s t r a t e  temperatures above 

1000 C y  w i th  1200 C be ing  a t y p i c a l  d e p o s i t i o n  temperature.  A similar 

p rocess  employs hydrogen-diluted s i l a n e  (SiH ). (52) 

few microns have been obta ined .  

I n  t h e s e  p y r o l y t i c  decomposition processes ,  a mixture  

Film th i cknesses  of a 4 
(53) 

The 1000 t o  1200 C process ing  temperature range sugges ts  t h a t  

t h i s  s t e p  should precede t h e  d e p o s i t i o n  o f  o t h e r  FET l a y e r s .  Th i s  o r d e r i n g  

o f  t h e  p rocess  s teps  i s  r equ i r ed  i n  o r d e r  t o  avoid  the  r i s k  o f  degrading 

o t h e r  t h i c k  f i l m  l a y e r s  by a 1000 t o  1200 C reducing atmosphere. The 

p o s s i b i l i t y  of damaging t h e  s i l i c o n  f i l m  dur ing  process ing  of subsequent 

e l e c t r o d e  and d i e l e c t r i c  l a y e r s  could p r e s e n t  a problem i n  s a t i s f y i n g  

c r i t e r i o n  (a). 

Germanium: Germanium f i l m s  of c o n t r o l l e d  th i ckness  and resis- 

t i v i t y  have been grown by means of t h e  hydrogen r educ t ion  of G e C l  and 

GeBr4. ( 5 4 y 5 5 )  The r e a c t i o n s  w i l l  proceed a t  temperatures i n  excess of 
4 
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600 C f o r  G e B r  

by inc lud ing  i n  the  germanium-containing gas c o n t r o l l e d  amounds o f  phos- 

phorus h a l i d e s  f o r  n-type conduc t iv i ty  o r  boron h a l i d e s  f o r  p-type conduc- 

t i v i t y .  

and 615 C f o r  GeC14. Doping of t he  f i l m s  i s  accomplished 4 

Cadmium Sulphide and Cadmium Selen ide :  A process  f o r  p r i n t i n g  

and f i r i n g  CdS h a s  been developed i n  connection wi th  t h e  f a b r i c a t i o n  o f  

pho toce l l s .  

powder with a s o l v e n t  s o l u t i o n  o f  d i b u t y l  c a r b o t o l .  The paste i s  sc reen  

p r i n t e d  on t h e  s u b s t r a t e  and s i n t e r e d  a t  about 500 C i n  a i r  f o r  30 

The paste i s  prepared by mixing CdS power and e t h y l  c e l l u l o s e  

minutes.  (8) 

Another process  f o r  d e p o s i t i n g  a p o l y c r y s t a l l i n e  l a y e r  of CdS 

was developed by t h e  Nat iona l  Cash Register Company f o r  t he  f a b r i c a t i o n  

o f  t h i n -  f i l m  pho tovo l t a i c  ce l l s  (56) 

process ing  temperatures (M 200 C ) .  The technique  invo lves  a chemical 

spray depos i t i on  depending on t h e  p y r o l y t i c  decomposition o f  an  o rgan ic  

complex t o  y i e l d  CdS. [Cd(SCN)2] o r  a com- 

b i n a t i o n  of cadmium c h l o r i d e  and t h i o u r e a  {Cd[(NH ) CS] C 1  ] s e r v e s  as  t h e  

o rgan ic  complex. Films of l ess  than one micron th i ckness  have been obta ined  

a t  a s u b s t r a t e  temperature of 210 C.  

It o f f e r s  t h e  advantage of  lower 

E i t h e r  cadmium th io-cyanate  

2 2  2 2 

CdSe l a y e r s  can be p r i n t e d  and f i r e d  i n  a manner s imilar  t o  t h a t  

desc r ibed  f o r  CdS. I n  a d d i t i o n ,  r e s e a r c h e r s  a t  Texas Ins t ruments  have 

developed a CdS-CdSe p a s t e  f o r  use  i n  t h i c k  f i l m  i n s u l a t e d - g a t e  FET's. 

Reference (9) con ta ins  a d e t a i l e d  s tep-by-s tep  d e s c r i p t i o n  of t h e  prepara- 

t i o n  of t h e  CdS-CdSe powder, t h e  mixture  o f  t h e  paste,  s c reen  p r i n t i n g ,  

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

( 9 )  

The s i n t e r i n g  processes  f o r  CdS and CdSe may f a i l  t o  s a t i s f y  

c r i te r ia  (a) and (c) i n  two r e s p e c t s .  F i r s t ,  t h e  release of c o r r o s i v e  C l  

vapors from t h e  semiconductor f l u x  du r ing  f i r i n g  could damage o t h e r  t h i c k  

f i l m  l a y e r s .  (lo) 

and d i e l e c t r i c  l a y e r s  i n t o  t h e  CdS o r  CdSe du r ing  f i r i n g  (at  500 C) could 

Second, t h e  mig ra t ion  o f  i m p u r i t i e s  from the  e l e c t r o d e  

s u b s t a n t i a l l y  a l t e r  t h e  e lec t r ica l  p r o p e r t i e s  of t h e  semiconductor l a y e r .  (10) 

The lower process ing  temperature (210 C) f o r  t h e  p y r o l y t i c  d e p o s i t i o n  of 
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CdS i s  expected t o  h e l p  overcome t h e s e  two problems. It i s  probable t h a t  

t h i s  process  could be adapted f o r  d e p o s i t i o n  of CdSe. 

Indium Arsenide: RCA has  developed a process  f o r  t h e  p r e p a r a t i o n  

o f  p o l y c r y s t a l l i n e  f i l m s  o f  InAs f o r  u s e  i n  pho tovo l t a i c  s o l a r  energy 

cells.  (57) 
c r y s t a l l i n e  source  wafers  i n  a flow o f  hydrogen gas. The InAs source  

temperature i s  e s t ima ted  t o  be 725 C and t h e  s u b s t r a t e  temperature i s  

approximately 650 C. Films approximately fou r  microns t h i c k  were obta ined  

i n  two hours  and i t  i s  assumed t h a t  t h i n n e r  l a y e r s  could be depos i ted  i n  

s h o r t e r  times . 

The InAs f i l m  i s  grown by vapor t r a n s p o r t  from n-type poly- 

The 650 C s u b s t r a t e  temperature f o r  t h i s  process  makes i t  awkward 

f o r  i n c o r p o r a t i o n  i n t o  t h e  sequence o f  process  s t e p s  r equ i r ed  i n  FET f a b r i -  

c a t i o n .  Th i s  raises some problems i n  connection w i t h  c r i t e r i o n  ( a ) .  F i r s t ,  

i t  i s  n o t  c l e a r  whether o r  n o t  t he  d e p o s i t i o n  o f  subsequent e l e c t r o d e  and 

d i e l e c t r i c  l a y e r s  w i l l  damage t h e  InAs semiconductor l a y e r .  Second, i f  t h e  

semiconductor l a y e r  i s  depos i t ed  l as t ,  i t  may be  degraded by mig ra t ion  o f  

i m p u r i t i e s  from a d j a c e n t  l a y e r s .  I n  a d d i t i o n ,  p rev ious ly  depos i t ed  t h i c k  

f i l m  l a y e r s  might be a l t e r e d  by t h e  h o t  hydrogen reducing atmosphere. 

Gallium Arsenide: Thin p o l y c r y s t a l l i n e  l a y e r s  of GaAs have been 

depos i t ed  by a vapor t r a n s p o r t  p rocess  s imilar  t o  t h a t  desc r ibed  f o r  

Indium Antimonide: Bate and Taylor  prepared t h i n  f i l m s  of InSb 

by a "squashing" technique where molten material  i s  p h y s i c a l l y  squashed 

between two pa ra l l e l  o p t i c a l l y  f l a t  s u r f a c e s  ( p r e f e r a b l y  qua r t z ) .  (58) InSb 

melts a t  530 C. The t h i n  l a y e r  prepared i n  t h i s  way i s  always polycry- 

s t a l l i n e .  

t h e  "squashing" o p e r a t i o n  reduces t h e  p r o b a b i l i t y  of degrading t h e  InSb 

by mig ra t ion  o f  i m p u r i t i e s  from a d j a c e n t  l a y e r s .  Th i s  process  has  t h e  

d isadvantage  t h a t  i t  would r e q u i r e  some development f o r  i t s  a d a p t a t i o n  t o  

use  i n  the  f a b r i c a t i o n  of a th i ck - f i lm  IGFET. 

The r e l a t i v e l y  s h o r t  t i m e  r equ i r ed  i n  t h e  molten state dur ing  

Lead Su l f ide :  Thin p o l y c r y s t a l l i n e  f i l m s  o f  PbS are depos i t ed  
( 5 9 )  by a w e t  chemical process  i n  t h e  f a b r i c a t i o n  o f  i n f r a r e d  d e t e c t o r s ,  

The s u b s t r a t e  i s  p laced  i n  a n  aqueous s o l u t i o n  of l ead  acetate and th iou rea .  
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Sodium Hydroxide i s  added and a m i r r o r - l i k e  coa t ing  of PbS p r e c i p i t a t e s  

over  the  s u b s t r a t e .  The p o l y c r y s t a l l i n e  f i l m s  are about  one micron t h i c k  

wi th  c r y s t a l l i t e  dimensions on the  o r d e r  of  0.1 micron. 

can be p ro tec t ed  from atmospheric  e f f e c t s  by overcoa t ing  wi th  a t h i n  f i l m  

of b u t y l  methacrylate .  

The PbS l a y e r  

Since t h e  e n t i r e  process  i s  performed a t  room temperature ,  i t  i s  

s u i t a b l e  as t h e  f i n a l  p rocess ing  s t e p  i n  the  f a b r i c a t i o n  of  a n  i n v e r t e d  

coplanar  IGFET. This  process  appears  t o  s a t i s f y  a l l  t h r e e  process  c r i t e r i a .  

I f  t he  PbS source- to-dra in  r e s i s t a n c e  i s  too low, the  use  of a t h i n n e r  f i l m  

and pos t -depos i t ion  h e a t  t rea tment  i n  a i r  could be used t o  i n c r e a s e  t h e  

r e s i s t a n c e .  An ox ida t ion  t rea tment  t o  i n c r e a s e  s e n s i t i v i t y  i s  a commonly- 

used s t e p  i n  l ead  su lphide  i n f r a r e d  d e t e c t o r  f a b r i c a t i o n .  It i n c r e a s e s  

f i l m  r e s i s t a n c e  markedly. 

decomposition f o r  use  i n  d i s c r e e t  r e s i s t o r s .  (42) 

spraying  aqueous organic  SnCl 

hea ted  t o  500 t o  800 C.  Hydrolysis  of  t he  SnCl produces SnO f i lms .  

Due t o  t h e  reducing  atmosphere caused by t h e  o rgan ic s ,  t h e  f i l m  i s  h ighly  

oxygen d e f i c i e n t  r e s u l t i n g  i n  a n  n-type semiconductor. The a d d i t i o n  of 

donors such as  Sb, A s ,  T e ,  W ,  P ,  o r  F lowers t h e  r e s i s t i v i t y  and y i e l d s  

a more p o s i t i v e  temperature c o e f f i c i e n t .  Acceptors  such as Fey  B y  Cd, I n ,  

o r  A 1  have the  oppos i t e  e f f e c t .  These a d d i t i v e s  are incorpora ted  i n t o  t h e  

o r i g i n a l  s o l u t i o n .  Sb doping provides  the  g r e a t e s t  environmental  s t a b i l i t y .  

S t ann ic  Oxide: SnO f i l m s  are c u r r e n t l y  produced by p y r o l y t i c  

They are depos i ted  by 
2 

s o l u t i o n s  on a g l a s s  o r  ceramic s u b s t r a t e  4 

4 2 

The problems a s s o c i a t e d  wi th  t h i s  process  are s imilar  t o  those  

prev ious ly  d iscussed  i n  connect ion wi th  t h e  depos i t i on  of InAs by vapor 

t r a n s p o r t .  

Reduced Barium T i t a n a t e :  A reduced, o r  semiconducting BaTiO 
( 4 3 j  ceramic c a p a c i t o r  i s  used i n  t h i c k  f i l m  hybr id  i n t e g r a t e d  c i r c u i t s .  

The reducing s t e p  changes t h e  ceramic from an  i n s u l a t o r  t o  a semiconductor. 

The r e a c t i o n  i s  c a r r i e d  o u t  above 900 C i n  a s t r o n g  reducing atmosphere 

such as hydrogen. The B a T i O  i n s u l a t o r  has a h igh  d i e l ec t r i c  cons t an t  

and a r e s i s t i v i t y  on t h e  o rde r  of n-cm, whi le  t he  reduced t i t a n a t e  

i s  a semiconductor w i th  a r e s i s t i v i t y  i n  t h e  range from 1 t o  10 R-cm. 

3 
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The 900 C reducing temperature  p l aces  t h e  semiconductor depos i t i on  

a t  o r  near  t he  beginning of t he  sequence of  process ing  s teps  i n  the  f a b r i c a -  

t i o n  of  a t h i c k  f i l m  IGFET. The BaTiO t o  be reduced could be a screen-  3 
p r i n t e d  l a y e r  of commercial p a s t e  o r  a po r t ion  of  a BaTiO s u b s t r a t e .  

S a t i s f a c t i o n  of c r i t e r i a  (a) and (c) might be impaired by migra t ion  of 

e l e c t r o d e  i m p u r i t i e s  i n t o  t h e  semiconductor dur ing  i t s  f i r i n g  o r  dur ing  

the f i r i n g  of subsequent e l e c t r o d e  l a y e r s .  

3 

Reduced Titanium Dioxide: A s i m i l a r  reducing process  can be 

2’ from d i e l e c t r i c  T i 0  
(2-1 

employed t o  o b t a i n  semiconducting T i 0  

D i e l e c t r i c  Deposi t ion Processes . - -  The fo l lowing  processes  were 

considered f o r  depos i t i on  of the  p o l y c r y s t a l l i n e  d i e l e c t r i c  l a y e r :  

(a) 
(b) P y r o l y t i c  decomposition (S i0  ) 

P r i n t  and f i r e  a t h i c k  f i l m  paste (BaTiOg) 

2 
(c) Thermal ox ida t ion  (S i0  , T i 0 2 ,  Ta 0 ) 

(d) Anodizat ion (S i0  T i 0 2 ,  Ta 0 ) 
2 2 5  

2’ 2 5  
(e)  Oxidat ion of a t h i n  l a y e r  on the  s u r f a c e  of a 

reduced semiconductor (BaTiO T i 0 2 )  3’ 
( f )  Use of t h e  s u b s t r a t e  as  d i e l e c t r i c  ( B a T i O  ) 3 
Si02 ,  BaTi03 ,  T i 0 2  ( r u t i l e ) ,  and Ta 0 d i e l e c t r i c s  have been 2 5  

se l ec t ed  f o r  cons ide ra t ion  i n  t h i s  study. The a p p l i c a b i l i t y  of the  above 

processes  t o  these  d i e l e c t r i c s  i s  ind ica t ed  above i n  p a r e n t h e s i s  and below 

i n  t h e  fol lowing t a b l e .  

D i e l e c t r i c  

S io2 
BaTi03  

T io2 

Ta205 

Process  of Depos i t ion  
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A b r i e f  d e s c r i p t i o n  of t h e  s p e c i f i c  d i e l e c t r i c  depos i t i on  processes  

ind ica t ed  i n  the  t a b l e  i s  now presented.  C r i t e r i o n  (b) i s  s a t i s f i e d  by 

each o f  t h e  processes .  

o f  c r i t e r i a  (a) and (c ) ]  i s  inc luded  i n  t h e  fo l lowing  d iscuss ion .  

by t h e  p y r o l y t i c  decomposition of  s i l a n e  (SiH 4 ). (8) I n  t h i s  process ,  a gascom- 

p r i s e d  of 3% SiH 

tempera ture  was not  r epor t ed  bu t  i t  i s  es t imated  t o  be 850 C. 

An e v a l u a t i o n  o f  each process  [based on cons ide ra t ion  

S i l i c o n  Dioxide: RCA has  depos i t ed  t h i n  f i lms  o f  S i 0  d i e l e c t r i c  
2 

and 97% N2 f lows ove r  a heated  s u b s t r a t e .  The s u b s t r a t e  4 

The growth o f  a thermal  oxide  on S i  i s  a w e l l  known f a c e t  o f  S i  

process ing  technology. Using dry  0 temperaturesof  900-1300 C are  requi red .  2 ,  

t h i s  process ,  a s o l u t i o n  o f  o x a l i c  a c i d  and e thy lene  g lyco l  i s  used wi th  

a n  anodiz ing  p o t e n t i a l  of  20-30 v o l t s .  

(60) In S i 0  can a l s o  be grown on S i  by a n  anod iza t ion  process .  2 

The p y r o l y t i c  d e p o s i t i o n  o f  S i 0  has  been used i n  IGFET's w i th  2 
p r i n t e d  and f i r e d  CdS. The h igh  d e p o s i t i o n  temperature  (850 C y  es t imated)  

i s  somewhat of  a disadvantage.  

The thermal growth of  Si02 on a S i  s u r f a c e  has  t h e  advantage t h a t  

t h e  process  can probably be performed i n  a s tandard  tunne l  k i l n  a v a i l a b l e  

a t  every  t h i c k  f i l m  f a c i l i t y .  

The w e t  anod iza t ion  of S i 0  on a S i  s u r f a c e  has  the  advantage 2 
o f  be ing  a room temperature  process .  

A l l  t h r e e  o f  t h e s e  processes  have s t r o n g  p o t e n t i a l  f o r  u se  i n  t h e  

f a b r i c a t i o n  o f  a t h i c k  f i l m  IGPET. 

Barium T i t ana te :  Hoffman has  r epor t ed  t h e  r e c e n t  development of  

The s r r een -p r in t ed  d i e l e c t r i c  is  ( 4 9 )  a B a T i 0 3  t h i c k  f i l m  d i e l e c t r i c  pas te .  

€!iced a t  750-1050 C, over  which range t h e  d i e l e c t r i c  c o n s t a n t  increases from 

400 t o  800. 

The p repa ra t ion  o f  BaTiO semiconductor by a high-temperature  

reducing  process  was descr ibed  i n  a previous  s e c t i o n  o f  t h i s  r e p o r t .  It  i s  

3 p o s s i b l e  t o  r eox id ize  a BaTiO 

d i e l e c t r i c .  

(3-1 

s u r f a c e  t o  o b t a i n  a t h i n  l a y e r  of  B a T i O  
( 3 - 4  

When a BaTiO s u b s t r a t e  i s  used, t h e  s u b s t r a t e  i t s e l f  can se rve  3 
as the  d i e l e c t r i c  l a y e r .  Texas Ins t ruments  has  made some experimental  IGFET's 
u s ing  t h i s  approach. (33) 
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D i f f i c u l t i e s  i n  the  use  of t h e  p r i n t e d  and f i r e d  B a T i O  d i e l e c t r i c  
(10) pas t e  i n  a t h i c k  f i l m  FET were revea led  i n  t h e  r e c e n t  work a t  RCA. 

These d i f f i c u l t i e s  may be a t t r i b u t a b l e  t o  degrada t ion  of the  semiconductor 

e lec t r ica l  p r o p e r t i e s  by the  migra t ion  of  i m p u r i t i e s  from the  B a T i O  

i n t o  the  semiconductor, t h e  roughness of t he  BaTi03-semiconductor i n t e r -  

f a c e  and t h e  p o s s i b l e  e f f e c t  of the  domain s t r u c t u r e  of  a f e r r o e l e c t r i c  

material a t  t h e  i n t e r f a c e  w i t h  t h e  semiconductor m a t e r i a l .  

3 

semiconducting s u b s t r a t e  wi th  a t h i n  
(3-1 

The u s e  of a BaTiO 

l a y e r  of  reoxid ized  BaTiO 

s e v e r i t y  of t he  above d i f f i c u l t i e s .  

su r f ace  us ing  a thermal  o x i d a t i o n  process .  (61) Oxidat ion temperatures  

range from 700 t o  875 C ,  above which nonadherence of the  oxide becomes 

p reva len t .  

as a d i e l e c t r i c  might be expected t o  reduce t h e  3 

Titanium Dioxide: T i 0  d i e l e c t r i c  can be grown on a t i t an ium 2 

An anod iza t ion  process  can be used t o  grow T i 0  on a t i t an ium 

Such an  
2 

su r face ,  o r  t o  i n c r e a s e  the  th i ckness  of thermally grown T i 0 2 .  

anod iza t ion  process  i s  descr ibed  i n  r e fe rence  (61).  

I n  a d d i t i o n ,  T i 0  d i e l e c t r i c  can be prepared by r eox id iz ing  a 2 
semiconductor. This  process  i s  similar t o  

(2 -x> 
t h i n  su r face  l a y e r  of T i 0  

t h a t  a l r e a d y  descr ibed  f o r  BaTi03.  

I f  t he  f e r r o e l e c t r i c  na tu re  of BaTiO i s  a s i g n i f i c a n t  problem 3 
i n  i t s  u s e  as  a d i e l e c t r i c  l a y e r  i n  a t h i c k  f i l m  IGFET, t h e  u s e  of 

reoxid ized  T i 0  d i e l e c t r i c  i n  conjunct ion  wi th  T i 0  2 
would overcome t h i s  problem. 

semiconduc t o r  
(2 -4 

The thermal ox ida t ion  of  T i 0  has  t h e  advantage t h a t  i t  could 2 
be performed i n  a s tandard  tunnel  k i l n  a v a i l a b l e  a t  every t h i c k  f i l m  

f a c i l i t y .  The anod iza t ion  of T i 0  has t h e  advantage of be ing  a room 

temperature  process .  A l l  t h r e e  of  t hese  processes  have high p o t e n t i a l  

f o r  the  intended a p p l i c a t i o n .  

2 

Tantalum Oxide: The p repa ra t ion  of  anodic  Ta  0 has  rece ived  2 5  
ex tens ive  a t t e n t i o n  i n  connect ion wi th  the  f a b r i c a t i o n  of  tantalum oxide 

e l e c t r o l y t i c  c a p a c i t o r s .  (42) A t y p i c a l  Ta205 c a p a c i t o r  d i e l e c t r i c  process  
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y i e l d s  0.2 micron l a y e r s  ob ta ined  wi th  a 130 v o l t  anodiza t ion  p o t e n t i a l  i n  

a room temperature  e l e c t r o l y t e .  

h igh  p o t e n t i a l  f o r  t he  intended a p p l i c a t i o n .  

P repa ra t ion  of Ta 0 by anod iza t ion  has  2 5  

Elec t rode  Deposi t ion Processes . - -  On the  b a s i s  of  t he  previous 

a p p l i c a t i o n  of  material c r i t e r i a  t o  a number of candida te  e l e c t r o d e  

materials, gold ,  t i t an ium and tantalum were s e l e c t e d  f o r  f u r t h e r  cons idera-  

t i o n  i n  t h i s  s tudy.  

Gold, Pt-Au, and Pd-Au e l e c t r o d e s  can be depos i ted  on a n  alumina 

s u b s t r a t e  by screen  p r i n t i n g  and f i r i n g  a commercially a v a i l a b l e  t h i c k  f i l m  

pas t e .  The f i r i n g  temperature  can be anywhere i n  t h e  range from 760 t o  

1000 C. Gold e l e c t r o d e s  are  used r o u t i n e l y  i n  the manufacture of t h i c k  

f i l m  capac i to r s .  (The same cannot be s a i d  f o r  t h i c k  f i l m  Pd-Ag e l e c t r o d e s ,  

however, because of s i l v e r  migra t ion  problems.) The use  of gold e l e c t r o d e s  

i n  t h i c k  f i lm  c a p a c i t o r s  sugges ts  a s u f f i c i e n t l y  low r e a c t i v i t y  dur ing  pro- 

ces s ing  a t  t h e  d i e l e c t r i c - t o - e l e c t r o d e  i n t e r f a c e s .  The g r e a t e r  s e n s i t i v i t y  

of t he  semiconductor l a y e r  t o  p o s s i b l e  doping by t h e  c o n s t i t u e n t s  of t he  

e l e c t r o d e  and d i e l e c t r i c  pastes i s  expected t o  p re sen t  a more s e r i o u s  

p r  ob lem . (10) 

I n  the  case of t i t an ium,  the  complete s u b s t r a t e  could be coated 

wi th  a t h i n  f i l m  of the  conductor by the  process  conceived by R. A.  Quinn 

and R. F. Karlak.  (51) 

by the  a p p l i c a t i o n  o f a n e t c h  res is t  and the  subsequent e t ch ing  away of t he  

unwanted conductor a r e a s .  

The des i r ed  conductor p a t t e r n  could then  be obtained 

Tantalum w i l l  be removed from f u r t h e r  cons ide ra t ion  i n  t h i s  s tudy 

because a well-known thick-f i lm-compatible  process  i s  no t  a v a i l a b l e  f o r  i t s  

depos i t ion .  

Thick-Film IGFET Conf igura t ions  

S p e c i f i c  combinations of t he  s e l e c t e d  semiconductor,  d i e l e c t r i c ,  

and e l e c t r o d e  materials i n  the  four  major conf igu ra t ions  w i l l  now be 

descr ibed .  The s taggered ,  coplanar ,  inver ted-s taggered ,  and inve r t ed -  

coplanar  conf igu ra t ions  were descr ibed  i n  a previous s e c t i o n  of t h i s  r e p o r t .  
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The fo l lowing  n o t a t i o n  w i l l  be used i n  desc r ib ing  t h e  va r ious  

IGFET l a y e r s :  

Symbol Meaning 

G Gate e l e c t r o d e  

G I  Gate i n s u l a t o r  (o r  d i e l e c t r i c )  

sc Semiconductor 

S Source e l e c t r o d e  

D Drain E lec t rode  

S u b s t r a t e  m 
P&F Screen p r i n t  and f i r e  

Conf igura t ions  Using A1203 Subs t r a t e .  

Staggered Configurat ion:  I n  t h e  s taggered  conf igu ra t ion ,  t h e  

source and d r a i n  e l e c t r o d e s  are the  f i r s t  l a y e r s  depos i ted  on t h e  s u b s t r a t e .  

Th i s  s t e p  can be accomplished by t h e  p r i n t i n g  and f i r i n g  of  a gold conduc- 

t o r  p a s t e  a t  1000 C. It fo l lows  t h a t  t h e  semiconductor l a y e r  must be 

depos i ted  a t  a process  temperature  i n  a s u i t a b l e  range below 1000 C. Such 

processes  have been descr ibed  f o r  t he  depos i t i on  of  G e ,  Ids, G a A s ,  

BaTiO 

s i d e r a t i o n  of  t he  p y r o l y t i c  depos i t i on  of a n  Si02 d i e l e c t r i c  l a y e r  a t  

850 C (es t imated)  o r  t he  p r i n t i n g  and f i r i n g  of BaTi03 a t  750 C r e v e a l s  

a n  important  d i sadvantage  inhe ren t  t o  the  s taggered  conf igu ra t ion .  

a t  temperatures  i n  the  range from 500-900 C. Con- 
( 3 - 4  and ( 2 - 4  

The disadvantage arises from the  need f o r  semiconductor and 

d i e l e c t r i c  process ing  temperatures  t o  f a l l  i n  t he  range from 1000 t o  750 C ,  

t h e  process ing  temperatures  of t h e  source  and d r a i n  e l e c t r o d e s ,  and t h e  

g a t e  e l e c t r o d e ,  r e s p e c t i v e l y .  The narrowness of  t h i s  250 C temperature 

range l e a d s  t o  a h igh  p r o b a b i l i t y  of  semiconductor degrada t ion  by migrant  

i m p u r i t i e s  from ad jacen t  l a y e r s  du r ing  t h r e e  process ing  s t e p s ,  each pe r -  

formed a t  over  500 C, 

Two s taggered  conf igu ra t ions  are  shown i n  F igures  5 and 6 ,  however, 

which tend t o  overcome t h e  d isadvantages  j u s t  descr ibed .  
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€3 F,750C) 

Si02 , thermal oxidation, 9OOC 
Si02 , anodization, 20 C 

( T i  , deposition from liquid salt solution, 
700 -800 C) 

At2O3 substrate 

L SC ( S i ,  pyrolytic deposition, IOOOC) 

* Note: The process ing  of source e l e c t r o d e s  w i l l  be the  same as  t h a t  f o r  

d r a i n  e l e c t r o d e s  un le s s  o therwise  s p e c i f i e d .  

FIGURE 5. STAGGERED CONFIGURATION - MODEL 1 
Source and Drain E lec t rodes  - Titanium; Semi- 
conductor - S i l i c o n ;  Gate I n s u l a t o r  - S i l i c o n  
Dioxide; Gate E lec t rode  - Gold 

61 



G ( A u ,  P 81 F ,750C) 

GI [ Ba Ti  0, , reoxid ized 900 C (est.)] 

D ( A u ,  P & F, IOOOC) 

-+- A I2O3 substrate 

SC ( Ba T i  reduced I 900 C 1 

FIGURE 6. STAGGERED CONFIGURATION - MODEL 2 
Source and Drain E lec t rodes  - Gold; Semi- 
conductor - Reduced Barium T i t a n a t e ;  
I n s u l a t o r  - Barium T i t a n a t e ;  Gate E lec t rode  - 
Gold 

Gate 

Coplanar Conf igura t ions :  The depos i t i on  o f  source,  d r a i n ,  and 

g a t e  e l e c t r o d e s  by sc reen  p r i n t i n g  and f i r i n g  i n  a coplanar  conf igu ra t ion  

where a t h i n  d i e l e c t r i c  l a y e r  i s  grown on t h e  semiconductor su r face  reveals 

impor tan t  d i f f i c u l t i e s .  The l o c a t i o n  of  the  g a t e  e l e c t r o d e  between the  

sou rce  and d r a i n  r e q u i r e s  a l a r g e r  source- to-dra in  spacing L thus  s i g n i f i -  

c a n t l y  reducing  the  device t ransconductance 

s i n c e  t h e  g a t e  e l e c t r o d e  does no t  extend beyond the  ends of the  source and 

d r a i n  e l e c t r o d e s ,  as i s  t h e  case i n  s taggered  conf igu ra t ions ,  t h a t  p a r t  of 

t h e  semiconductor between t h e  g a t e  e l e c t r o d e  and t h e  source and d r a i n  elec- 

t r o d e s  w i l l  remain unmodulated by t h e  g a t e  p o t e n t i a l .  Thus, i n  t h e  

enchancement mode, the  unmodulated p o r t i o n  of  t h e  semiconductor w i l l  r ep resen t  

a large unmodulated component of the  source- to-dra in  r e s i s t a n c e .  Complete 

2 
a 1/L . Also,  gm gm, s i n c e  
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coverage of the source-to-drain spacing by the gate electrode is not required, 
however, for operation in the depletion mode, since depletion of the current 
carriers at one point only between the source and drain electrodes is 
sufficient to "pinch off" the device. The above difficulties associated 
with the coplanar configuration could be minimized by making the source- 
to-gate and drain-to-gate spacings as small as possible. 

accomplished using photolithographic techniques to form the electrode con- 
figurations from a screen printed and fired conductive film, such as is 

depicted in Figure 7. In this Figure, a silicon semiconductor layer is 

used in conjunction with a Si0 gate insulator. 

This might be 

2 
Figure 8 shows essentially the same configuration but with a 
semiconductor layer and a reoxidized BaTiO gate insulator. 

Inverted-Staggered Configuration: The inverted-staggered con- 
figuration has the disadvantage that the deposition of the semiconductor 
layer is followed by the 750 C firing of the gold source and drain electrodes. 
This arrangement gives rise to semiconductor degradation by migrant impuri- 
ties from the source and drain electrode layers. Also, with the gate 
electrode on the opposite side of the semiconductor film from the source 
and drain electrodes, a large unmodulated component to the source-to- 
drain resistance will be associated with the film thickness. 

(3-4 3 BaTiO 

Inverted-Coplanar Configuration: The above disadvantages of the 

inverted-staggered configuration are essentially overcome in the inverted- 
coplanar configuration. 
figuration are illustrated in Figures 9, 10 and 11. 

Three specific forms of the inverted coplanar con- 

Configurations Using BaTi03 Substrates.-- The use of BaTiO as a 3 
substrate material leads to the simple configuration shown in Figure 12. 
The use of reduced titanate processing on a BaTiO substrate is shown in 

Figure 13.  
2 
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anodization , 20C 

Step I :  

SC ( S i  , pyrolytic deposition, 1000-1200 C )  

Note: unwanted Si02 
etched with HF 

Step 2 : 

Au, P 8 F,75OC 

Step 3: 

Note : 
unwanted Au 
etched (using 
photoresist 
masking technique) 
to separate S ,  
Gand 0 

Step 4 :  

FIGURE 7. COPLANAR CONFIGURATION- MODEL 3 
Semiconductor - S i l i c o n ;  Gate I n s u l a t o r  - S i l i c o n  
Dioxide; Source, Drain and Gate E lec t rodes  - Gold 
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Etch away fired Au layer, 
where indicated, ( using photo- 
resist masking technique ) to 
separate S G and D 

* 

Au P & F, 750C 

A120, substrate 

SC ( BaTi Os+ reduced, 900- 1000 C 

GI [ Ba Ti 0, reoxidized , 900 C (est.) ] 

FIGURE 8. COPLANAR CONFIGURATION - MODEL 4 
Semiconductor - Reduced Barium T i t a n a t e ;  Gate 
I n s u l a t o r  - Barium T i t a n a t e ;  Source,  Drain and 
Gate E l e c t r o d e s  - Gold 
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S , pyrolytic deposition, 210 C 
Pb S , wet chemical deposition , 20 C 

G ( Au, P 8 F, IOOOC) 

cof ire with GI, 

J203 substrate 

750 C ) 

L GI ( BaTi 0, , P and cofire with S and D electrodes, 750 C f  

FIGURE 9. INVERTED-COPLANAR CONFIGURATION - MODEL 5 
Gate E lec t rode  - Gold; Gate I n s u l a t o r  - 
Barium T i t a n a t e ;  Source and Drain E lec t rodes  - 
Gold; Semiconductor - Cadmium S u l f i d e  o r  
Lead S u l f i d e  
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Cd S , pyrolytic deposition , 210C 
Pb S, wet chemical deposition , 20 C 

D ( A u , P & F , 7 5 0 C )  

A1203 substrate 

G ( A u ,  P 8 F, IOOOC) 

GI [SiO, , pyrolytic deposition, 850 C (est.)] 

S & 
- A1203 substrate 

FIGURE 10. INVERTED-COPLANAR CONFIGURATION - MODEL 6 
Gate E lec t rode  - Gold; Gate I n s u l a t o r  - S i l i c o n  
Dioxide; Source and Drain E lec t rodes  - Gold; 
Semiconductor - Cadmium S u l f i d e  o r  Lead S u l f i d e  
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CdS , pyrolytic deposition, 21OC 
Pb S, wet chemical deposition, 20 C 

F ,750 C) 

AI,O, substrate 

T i 0 2 ,  thermal oxidation 
TiO, , anodization 

FIGURE 11. INVERTED-COPLANAR CONFIGURATION - MODEL 7 
Gate E lec t rode  - Ti tan ium;  Gate 
I n s u l a t o r  - Titanium Dioxide; Source and 
Drain E lec t rodes  - Gold; Semiconductor - 
Cadmium S u l f i d e  o r  Lead S u l f i d e  
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pyrolytic deposition, 210 C 
wet chemical deposition , 20 C 

S 

I 1 

1 I I 

I 

G ( A u ,  P 81 F,IOOOC) ( Au, P 81 F, IOOOC 

'GI ( BaTiO,, substrate) 

P 8 F, 750C) 

BaTi 0, 
substrate 

FIGURE 12. COPLANAR CONFIGURATION - MODEL 8 
Gate E lec t rode  - Gold; Gate I n s u l a t o r  - Barium 
T i t a n a t e ;  Source and Drain E lec t rodes  - Gold; 
Semiconductor - Cadmium S u l f i d e  o r  Lead S u l f i d e  
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D( A u ,  P 8 F,750C) 

GI ( BaTi 0, , substrate 1 

SC ( BaTi03-X, reduced,  900 C) 

BaTiO, substrate 

FIGURE 13. STAGGERED CONFIGURATION - MODEL 9 
Gate E lec t rode  - Gold; Gate I n s u l a t o r  - Barium 
T i t a n a t e ;  Semiconductor - Reduced Barium 
T i t a n a t e ;  Source and Dra in  E lec t rodes  - Gold 
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DISCUSSION AND CONCLUSIONS 

The criteria for application of solid state electronic technology 

to thick film compatible FET's described earlier in the report have been 

applied to various combinations of constituent materials, fabrication pro- 

cesses and device configurations. Those combinations (or models) which 
appear to have some potential for successful application were shown in 

Figures 5 through 13 and are listed again in Table 7. The nine models have 
been divided into three groups according to their likelihood of successful 

implementation. 
The first group, comprising Models 5 and 6 (Figures 9 and l o ) ,  con- 

tain materials and processes representing the least deviation from standard 
thick film technology, and are deemed to have the highest potential for 
successful development. The second group, comprising Models 7, 8 and 9 
(Figures 11, 12 and 13), contain either unconventional materials or con- 
figurations which increase the complexity of the processing procedure or 
introduce process steps that may require additional development for success- 
ful implementation. Associated with the third group, comprising Models 1, 
2, 3 ,  and 4 ,  (Figures 5, 6, 7, and 8), are problems inherent in the device 
design that would severely limit the quality of their operation. Following 
is a discussion of the particular advantages and problem areas related to 

the models in each of the three groups. 

Group 1 

Model 5.-- The gate electrode, dielectric film, and source and 

drain electrodes are all deposited by standard thick film techniques. The 
semiconductor material - either CdS or PbS - is deposited by a low tempera- 
ture process which should preclude the possibility of contamination from 

adjacent layers, which has been a problem in some of the higher temperature 
processes. A conventional substrate is used in this model and a l l  materials 

are commercially available. 
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Among the l imitat ions o r  problems t o  be resolved concerning Model 

(1) 

'j are the following: 
Definition of the area of the  semiconductor material bridging 
the source and drain electrodes would be requlred e i the r  
by some scheme of select ive application of the semiconductor 
or by apply ingthe  semiconductor over the  en t i r e  surface and 
selectively etching the material from the unwanted areas. 

Limitations on the thickness tolerance of the  BaTiO 

gate insulator  applied by th ick . f i lm techniques may be 

suf f ic ien t ly  severe t o  result i n  appreciable va r i ab i l i t y  
of the gate capacitance f o r  a given gate voltage from 
device t o  device. 
The width and uniformity of the source-to-drain spacing 
w i l l  be limited by the s t a t e  of the  art of thick film 

technology . 
(4) Applying both the gate electrode and gate insulator  by 

screen pr int ing and f i r i n g  may r e s u l t  i n  a semiconductor- 
d i e l ec t r i c  interface of suf f ic ien t  roughness t o  cause 
appreciable loca l  var ia t ions i n  the f i e l d  strength. 
Contact res is tance between the gold source and drain 
electrodes and the semiconductor could be a problem 
requiring some experimentation. 

(6) As hypothesized i n  reference (lo), the  fe r roe lec t r ic  
nature of BaTiO might present a problem. 

kodel 6.- Model 6 is  the same as Model 5 with the exception of 

3 (2) 

(3)  

( 5 )  

3 

the  gate insulator,  which i n  t h i s  case i s  a pyrolyt ical ly  deposited film of 
SiO,. 
t o  the processing procedure, Model 6 would be recommended i f  problems such 
as the fe r roe lec t r ic  nature of the BaTiO 

be anticipated t h a t  the SiO, would be deposited over the  en t i r e  substrate 
containing the gate electrodes and would be select ively removed w i t h  photo- 
lithographic masking and etching. 
thickness could be closely controlled. 

Although the pyrolytic deposition s tep represents an added complexity 

layer  precluded i t s  use. It would 3 

The rate of deposition and hence the f i l m  
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Group 2 

Model 'I.-- N o d e l  7 consists of a titanium gate electrode applied 

t o  an alumina substrate by a deposition process such as that described i n  
reference (51); a gate insulator  formed by anodization or  thermal oxidation 
of the gate metal; and the same arrangement f o r  source and drain electrodes 
and semiconductor as i n  Models 5 and 6. Model 7 has the advantage of providing 
a t h in  dielectric layer  of controlled thickness. 
d i e l ec t r i c  layer  i n  t h i s  case would be expected t o  be limited by the smooth- 
ness of the substrate. The referenced deposition iechnique, however, is r e l a t i v e l y  

untried, and a number of po ten t ia l  problems associated wi th  it would need 
t o  be resolved. 
would be required e i t h e r  t o  apply the material t o  the e n t i r e  surface of the 

substrate and select ively remove the unwanted regions, o r  t o  develop 
masking procedures f o r  depositing the  extremely small geometries required 
f o r  the gate electrodes. 
problems of compatibility of the masking material with the  etchant and of 
undercutting the  narrow gate regions would need t o  be considered. If the 

insulat ing oxide is  grown anodically, the compatibility of the in t e r f ac i a l  
bond with the e lec t ro ly te  would be of concern; and i f  the oxide were g??m 

thermally, the in tegr i ty  of the bond a t  the oxidation temperature would need 
t o  be verified.  

The smoothness of the 

As i n  the  case of the  pyrolytic deposition of Si02, it 

If etching were required f o r  film removal, the 

Model 8.-- Model 8 u t i l i z e s  the substrate material as the gate 

insulator. 
screen pr int ing and f i r i n g  and the semiconductor i s  the same as described i n  
the previous models. 
procedure i n  that the separate application of a gate insulator  i s  not 
required, additional complications are associated with the necessity of 
applying the gate electrode on the opposite side of the substrate from the  

source and drain electrodes. Specifically, the advantage of a visual check 
on alignment i s  lo s t ;  and because of tolerance limits on substrate s ize  and 

shape, separate sets of reg is t ra t ion  pins would probably be required so 
that the same sides and angles of the substrate could be used fo r  alignment 
when pr int ing on each side. 

on the opposite side of the substrate from the source and drain electrodes 

The source, drain and gate electrodes a r e  applied by conventional 

While t h i s  model represents a simpler processing 

The requirement for the gate electrode t o  be 
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could be an advantage or a disadvantage depending on c i r c u i t  design. 
a11 the c i r c u i t  were designed f o r  one side of the substrate,  feed-throughs 
o r  other mans  would be needed t o  provide contact t o  the gate electrode. 
Because of tolerance limits on substrate thickness, appreciable variation 
from device t o  device might be expected t o  occur i n  the f ie ld  strength a t  
the  semiconductor-dielectric interface f o r  a given gate voltage. To maintain 
t h e  gate capacitance i n  the range of that required f o r  successful TFT 
operation, a d ie l ec t r i c  constant K of 2500 would be required f o r  a 10 mil 
th ick  substrate.  Values of K > 2000 at room temperature have been reported 
f o r  polycrystall ine BaTiO formulations. (62) Both the ava i l ab i l i t y  and cost  
of such materials would represent disadvantages over the more conventional 
substrate materia&. Additional disadvantages of the BiT iO substrate material 

might include the possible nonuniformity of the d i e l ec t r i c  constant and the 
f e r roe l ec t r i c  nature of the material. 

If 

3 

3 

Model 9.-- Model 9 i s  a var ia t ion of Model 8, both incorporating 
the  substrate  as the gate insulator,  and requiring the  gate electrode t o  be 

on the opposite side frm the source and drain electrodes. 
however, the semiconductor film i s  formed by reducing selected areas of the 
insu la t ing  BaTiO 

semiconductor areas i n  the substrate, it would be required e i the r  t o  develop 
a mask t h a t  could withstand the high temperature reducing environment or 
t o  reduce the en t i r e  surface of the substrate and remove mterial f romthe  
unwanted areas by etching. 

In Model 9, 

To form 
( 3 - X I '  

substrate t o  form semiconducting %Ti0 3 

Group 3 

Models 1 and 2.- The unique aspect of the fabrication of Models 
1 and 2 is  associated wi th  the  semiconductor and gate insulator. In Model 

1, the semiconductor is a pyrolytically-deposited layer  of polycrystall ine 
s i l i con  and the gate insulator  i s  either a thermally or anodically grown 
layer of Si02. 

thicknesses could be produced by t h i s  method. 
of s i l i con  technology would be required i n  order t o  grow s i l icon  films with 

Thin layers of s i l i con  and SiO, with closely controlled 
However, a considerable amount 
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controlled physical and e l e c t r i c a l  properties. 
t he  smoothness of the films would be l imited by the smoothness of the 

substrates. Also, the contact res is tance between the s i l i con  and the 

titanium electrodes would be a rmtter of concern. 

Applied t o  ceramic substrates, 

l ayer  i s  t o  be formed 
( 3 - 4  

In Model 2, the semiconducting BaTiO 

by print ing a BaTiO thick f i l m  paste and f i r i n g  it i n  a reducing atmosphere 
at  about 900 C. 

surface region of the reduced barium t i t ana te  layer. Although the forming 
of semiconducting barium t i t a n a t e  fram the insulat ing material by hydrogen 
reduction and the forming of insulating barium t i t a n a t e  from the semiconducting 
material by oxidation are well-known processes, such modifications have not 
been carr ied out, t o  our knowledge, with barium t i t a n a t e  thick film pastes. 
The f e a s i b i l i t y  of the oxidation and reduction processes i n  thick 
films of barium titanate, therefore, is  i n  question; and it i s  t o  be 

expected t h a t  some research would be required t o  develop appropriate 
oxidation and reduction procedures f o r  the material i n  paste form. 
the reduction of a BaTiO 

i t s  surface region is  feasible, the achievable thicknesses and thickness 

control of the d i e l ec t r i c  layer  are more i n  question than i n  the case of 
Modell, since less i s  knm about the oxidation process f o r  reduced barium 

t i t a n a t e  than about the oxidation process f o r  si l icon. 
of Model 1, the  contact resistance between the  semiconductor and the source 
and drain electrodes might prove t o  be a problem. 

3 
The gate insulator  wauld be formed by reoxidizing the 

Assuming 
thick f i lm paste and the subsequent oxidation of 3 

Also, as i n  the case 

Common t o  Models 1 and 2 i s  the staggered configuration i n  which 
the current ca r r i e r s  a re  required t o  pass through the thickness of the 
semiconductor layer  i n  t h e i r  t r a n s i t  between the enhanced region of the 
semiconductor-dielectric interface and the source and drain electrodes. 
The associated high series resistance would be expected t o  limit the per- 

formance of a device designed to operate i n  the enhancement mode, par t icular ly  
in Model 2 where a thicker  semiconductor layer  is  used. 

Models 3 and 4.-- Models 3 and 4 incorporate no new material 
combinations, but are characterized by a coplanar arrangement f o r  the source, 
drain and gate electrodes in which the electrode layer i s  l a i d  down as a 
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single  fi lm and separation of the electrodes i s  achieved by etching. 
screen pr in t ing  and f i r i n g  technique i s  envisioned f o r  electrode depositicn, 
and etching of the film would be accomplished u t i l i z i n g  photolithographic 
msking procedures. 
appropriate etchants and etching procedures f o r  the thick film conductor 
materials. 
between the gate and t h e  source and drain electrodes under which the  semi- 

conductor would not be modulated by the  gate electrode. This unmodulated 
region would represent a high ser ies  resistance t o  the modulated semicon- 
ductor under the gate electrode and would be expected t o  severely l i m i t  the 

performance of a device designed f o r  operation i n  the enhancement mode. 

A 

It is anticipated that work would be required t o  develop 

Inherent i n  t h e  design of Models 3 and 4 is  a coplanar gap 

In  conclusion, the  models i n  Group 1 represent minimal departure 
from standard thick f i l m  technology and are recommended as having reasonable 
potent ia l  f o r  successful development. 
s ignif icant  but not incompatible departure from thick f i lm technology and 

include process steps that  may require considerable continued development 
f o r  successf i l  implementation i n  a thick f i l m  device. 
3 represent configurations incorporating an m o d u l a t e d  component of the 
semiconductor material between the source and drain electrodes which would 
comprise a high series resistance and thus seriously l i m i t  the performance 
of a device designed f o r  operation i n  the enhancement mode. 
in Group 3, therefore, are not recommended f o r  implementation. 

The models i n  Group 2 represent a 

The models i n  Group 

The models 
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APPENDIX I. RECOMMENDATIONS FOR FUTURE RESEARCH 

A s  i nd ica t ed  i n  the  Discussion and Conclusions s e c t i o n ,  t r a n s i s t o r  

Model 5 r e p r e s e n t s  an  a l l  th i ck - f i lm  process  wi th  t h e  except ion  of t he  l as t  

s t e p  which i s  the  a p p l i c a t i o n  of  t h e  semiconductor f i lm.  The recommended 

semiconductors are e i t h e r  cadmium s u l f i d e ,  app l i ed  by a low temperature 

p y r o l y t i c  d e p o s i t i o n  process  o r  l ead  s u l f i d e  app l i ed  by a room temperature ,  

w e t  chemical depos i t i on  process .  

each o f  t hese  semiconductors.  (Cadmium s u l f i d e ,  of course ,  has  been f a r  

more i n t e n s i v e l y  explo i ted . )  

f i l m  FET conceived i n  th i s  s tudy ,  t h e  procedures  r e l a t i n g  t o  the  f a b r i c a t i o n  

of  Model 5 d i g r e s s  t h e  least from convent ional  t h i c k  f i l m  e l e c t r o n i c  tech- 

nology. It would thus  appear  t h a t  i f  a s a t i s f a c t o r y  device  could be deve- 

loped on t h e  b a s i s  of t he  gene ra l  concepts  of t h a t  model, e x i s t i n g  t h i c k  

f i l m  technology would be per turbed  t h e  least .  

chances f o r  success fu l  development of  a device  on t h a t  b a s i s  are s u f f i c i e n t l y  

h igh  t o  warran t  cons ide ra t ion  of exp lo ra to ry  experimental  work. 

such a program, i t  may be expected t h a t  several problem areas w i l l  r e q u i r e  

i n v e s t i g a t i o n .  Among them are the  fol lowing:  

Thin f i l m  FET's have been opera ted  us ing  

O f  those approaches t o  t h e  des ign  of a t h i c k  

It i s  concluded t h a t  t h e  

I n  pursuing 

(1) It would be r equ i r ed  t o  develop a means f o r  appro- 

p r i a t e l y  p o s i t i o n i n g  the  semiconductor over  t h e  

source  and d r a i n  e l e c t r o d e s .  This  might be 

accomplished by a masking procedure dur ing  f i l m  

depos i t i on  t o  apply  t h e  f i l m  only i n  t h e  a p p r o p r i a t e  

areas, o r  by depos i t i ng  the  f i l m  over  t h e  e n t i r e  

su r face  and removing i t  from t h e  unwanted areas by 

a masking and e t ch ing  procedure.  

(2) The c o m p a t i b i l i t y  of t he  semiconductor and con tac t  

materials would have t o  be determined. Because of  

t h e  low-temperature depos i t i on  process  f o r  t he  

CdS, i t  i s  n o t  envis ioned t h a t  contaminat ion from 

t h e  t h i c k  f i l m  gold e l e c t r o d e s  would be a problem. 

However, experimental  v e r i f i c a t i o n  would be 
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required. 
the electrodes and semiconductor may be of concern 
also. If contact resistance did prove to be a pro- 
blem, either replacement of or modification to the 
electrode materials would be required. 

The problem of contact resistance between 

( 3 )  Apart from possible problems arising from the ferro- 
electric properties of barium titanate, it is possi- 

ble that limitations on thickness control of the 

barium titanate gate insulator as well as surface 
roughness problems on the gate electrode and the 

gate insulator will prove important. Depending 

upon their severity, they may lead to appreciable 
variability in operating characteristics from 

device to device. The dimensions and significance 
of this problem must be clarified by experimenta- 

t ion. 
Also significant in the uniformity or reproduc- 
ability of device characteristics will be the 
precision with which the source-drain spacing 
can be reproduced using thick film techniques. 
Here again, experimentation will be required. The 
degree to which this matter is a problem will be 
dependent, in part, upon the quality of transistor 
characteristics being sought. For example, if a 
given transconductance can be achieved with a 
source-drain spacing of ten mils, then a given 
limit on the achievable precision in source-drain 
spacing will be less significant than if the required 
transconductance demanded a source-drain spacing of 
three mils. 
A further consideration relating to reproducibility 
of devices will be the need for and ability to 

(4) 

(5) 
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reproduce c r i t i c a l  e lec t r ica l  p r o p e r t i e s  of  t he  

depos i ted  semiconductor l a y e r .  P r o p e r t i e s  of  

primary concern he re  w i l l  be conduc t iv i ty  type,  

f r e e  charge carrier d e n s i t y ,  e f f e c t i v e  mob i l i t y  

and t h e  e l e c t r o n i c  p r o p e r t i e s  of  the  su r face .  It 

i s  known, of  course,  t h a t  t h e  p r o p e r t i e s  o f  both 

CdS and PbS f i l m s  can be i n t e n t i o n a l l y  va r i ed .  It 

i s  a l s o  known t h a t  u n i n t e n t i o n a l  v a r i a t i o n  i n  pro- 

p e r t i e s  can occur.  The degree t o  which a necessary 

level of c o n t r o l  can be maintained i n  t h e  s t r u c t u r e  

of Model 5 and t h e  a s s o c i a t e d  f a b r i c a t i o n  processes  

must a l s o  be  eva lua ted  exper imenta l ly  i n  the l i g h t  

of  t r a n s i s t o r  requirements.  

A t  some s t a g e ,  most of  t h e s e  i n d i v i d u a l  areas of i n v e s t i g a t i o n  can 

p r o f i t a b l y  be pursued on a somewhat i s o l a t e d  bas i s .  It seems ev iden t ,  

however, t h a t  i n d i v i d u a l  experimentat ion wi th  s p e c i f i c  a s p e c t s  of  the  over- 

a l l  problem should be preceded by some exp lo ra to ry  work involv ing  f a b r i c a -  

t i o n  of complete t r a n s i s t o r s .  It would appear  t h a t  on ly  i n  t h i s  way can 

those  problems which r e p r e s e n t  the  most fundamental l i m i t a t i o n s  t o  u l t i m a t e  

success  be i d e n t i f i e d  both i n  na tu re  and i n  s e v e r i t y .  

With r e s p e c t  t o  the  o t h e r  t r a n s i s t o r  models d i scussed ,  p a r t i c u l a r l y  

those  i n  groups 2 and 3 ,  a number of  problems p e c u l i a r  i n  some way t o  a 

p a r t i c u l a r  model o r  t o  a p a r t i c u l a r  process  c a l l e d  f o r  i n  t h e  model have 

been c a l l e d  out  i n  t h e  Discussion and Conclusion sec t ion .  Apart  from those 

s p e c i a l  cons ide ra t ions ,  i t  i s  reasonable  t o  expect  t h a t  detai ls  of t h e  s o r t  

mentioned above i n  connect ion wi th  t r a n s i s t o r  Model 5 w i l l  be of equal  

s i g n i f i c a n c e  i n  t h e  development of a dev ice  based on any one of  t he  o t h e r  

models. I f  t h e r e  i s  any problem a r e a  common and unique t o  t h e  concept of 

a t h i c k  f i l m  t r a n s i s t o r ,  t h a t  problem i s  t h e  one a s s o c i a t e d  w i t h  t h e  

p o s s i b l e  roughness of va r ious  su r faces  and t h e  e f f e c t  o f  t h a t  roughness on 

t h e  uni formi ty  and q u a l i t y  of performance of t he  g a t e  i n s u l a t o r  func t ion .  

Should t h a t  problem prove insurmountable by any a d a p t a t i o n  o f  convent ional  

p r a c t i c e s ,  then cons ide ra t ion  could be given t o  the  u t i l i z a t i o n  of  glazed 

s u b s t r a t e s  o r  o t h e r  such modi f ica t ions .  The i r  use could be eva lua ted  i n  
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relation to need and to their possible perturbations on established thick 

film fabrication technology. 

The possibility of developing a practical thick film transistor 

would be an interesting and a challenging undertaking. 

tion of concepts upon which to base such a transistor leads to the conclu- 
sion that the pursuit of such a development is justified. An evaluation 

of the matter from an economic point of view is more difficult to make. 

It probably cannot be made validly without some information to be obtained 
from experimental investigation as well as from considerations of the 
breadth of application of the desired transistor. By way of simple example, 
initial experimental work for one reason or another might lead to the con- 
clusion that a major development program would be required in order to 
achieve a satisfactory device, 
ment would have to be judged in the light of the needs for that transistor 
and the benefits which would accrue from it in contrast to using silicon 
chip devices in a hybrid thick film circuit configuration. Full considera- 
tion of these aspects of the desirability of thick film transistor develop- 
ment are beyond the scope of the present study and as indicated above 
depend upon some information not presently at hand with respect to the 
utilization and control of various fabrication procedures. 

A technical evalua- 

The wisdom of such a long-range develop- 
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