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CHARGE CENTROID DETERMINATION IN FIELD-EFFECT EXPERIMENTS 

S.D. Sen tu r i a ,  J. Rubins te in ,  S.J. Azoury and D. Adler 

Depar-tment of EZectricaZ Engineering and Computer Science, and Center for 
MateriaZs Science and Engineering, Massachusetts In s t i t u t e  of  TeehmZogy, 
Cambridge, MA, 021 39, U.  S. A. 

Abstract.-  Th i s  paper p r e s e n t s  a new method f o r  making f i e l d - e f f e c t  
measurements i n  low-conductivity ma te r i a l s .  The method complements 
convent ional  f i e l d  e f f e c t  methods by providing f o r  t h e  determinat ion o f  
t h e  charge  cen t ro id  o f  t h e  f ie ld- induced charge. 

In t roduct ion. -  I n  convent ional  f i e l d - e f f e c t  measurements, c o n t a c t s  a r e  app l i ed  t o  
a sample, a b i a s  is app l i ed  between t h e  c o n t a c t s ,  and a t r a n s v e r s e  e l e c t r i c  f i e l d  
is app l i ed  t o  t h e  sample through an i n s u l a t o r  t o  achieve modulation of t h e  sample 
conductance. I n t e r p r e t a t i o n  o f  t h e  f i e l d  e f f e c t  r e q u i r e s  knowledge both of  t h e  
c a r r i e r  mob i l i t y  and t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  charges  induced i n  t h e  
sample by t h e  t r a n s v e r s e  f i e l d .  T h i s  paper r e p o r t s  a new method o f  measurement 
t h a t  complements t h e  convent ional  f i e l d  e f f e c t  by providing independent measure- 
ment of t h e  c e n t r o i d  o f  field-induced charge.  The method can be used both  f o r  
s t a t i c  and dynamic measurements; t h i s  paper,  however, is concerned on ly  wi th  
s t a t i c  measurements. 

The method is  based on t h e  charge-flow t r a n s i s t o r  (CFT), a device  i l l u s -  
t r a t e d  i n  Fig.  1. The CFT resembles a convent ional  meta l -oxidesemiconductor  
f i e l d - e f f e c t  t r a n s i s t o r  (MOSFET), except  t h a t  a p o r t i o n  o f  t h e  g a t e  e l e c t r o d e  is 
replaced by t h e  sample m a t e r i a l  ( l ) .  Extensive  exper imenta l  exper ience  wi th  CFT1s 
both wi th  polymeric and chalcogenide  g l a s s  g a t e  m a t e r i a l s  has  shown t h a t  one can 
r e p r e s e n t  t h e  channel o f  t h e  CFT when operated i n  t h e  l i n e a r  region a s  c o n s i s t i n g  
of  two p a r t s ,  t h e  MOS region of  t o t a l  channel  l e n g t h  L-W , f o r  which t h e  charac- 
t e r i s t i c s  a r e  i d e n t i c a l  t o  a s t anda rd  MOSFET of  corresponding dimensions,  and t h e  
gap region of  channel l e n g t h  W ,  f o r  which t h e  c h a r a c t e r i s t i c s  have t h e  same 
a l g e b r a i c  form a s  t h e  s t anda rd  MOSFET, b u t  wi th  d i f f e r e n t  va lues  of t h re sho ld  
vo l t age  and t ransconductance .  

S p e c i f i c a l l y ,  wi th  r e fe rence  t o  t h e  equ iva len t  c i r c u i t  of  Fig .  2. t h e  CFT 
can be modeled a s  two FET1s i n  s e r i e s ,  Q ~ ~ ~ w h i c h  r e p r e s e n t s  t h e  metal-covered 
por t ion  of  t h e  channel ,  and QGAP, which r e p r e s e n t s  t h e  sample-covered por t ion  of  
t h e  channel.  I f  t h e  gate-to-channel capac i t ance  p e r  u n i t  a r e a  f o r  QFET is denoted 
by Ci ( = ~ ~ d t , ,  ), and if t h e  th re sho ld  vo l t age  o f  QFET is denoted by VT, t hen  
fron, s t anda rd  MOSFET t h r e o r y  (2). t h e  l i n e a r  region V- I  c h a r a c t e r i s t i c  .of QmT 
can be w r i t t e n  a s  fo l lows:  

where Z is  t h e  channel width,  u t h e  c a r r r i e r  mob i l i t y ,  VG t h e  gate-to-source 
vo l t age ,  and where t h e  parameter 11 d e s c r i b e s  how t h e  drain-to-source vo l t age  VDD 
d i v i d e s  between t h e  two t r a n s i s t o r s .  The c h a r a c t e r i s t i c  f o r  Q G A ~  has  t h e  same 
form a s  Eq. 1 ,  but  w i th  parameters  Cp rep lac ing  C i  and V p  r ep lac ing  VT. and wi th  
a p p r o p r i a t e  channel  dimensions and d r a i n  vo l t age .  That i a .  f o r  QGM: 
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Fig.  1. CFT c r o s s  s e c t i o n  Fig .  2. CFT c i r c u i t  model 

Experimentally.  11 is determined by t ak ing  advantage o f  t h e  f a c t  t h a t  QFET and 

QG% 
must always c a r r y  t h e  same c u r r e n t  ID. One f a b r i c a t e s  on t h e  same s u b s t r a t e  

bot  a CFT and an i n d e n t i c a l l y  dimensioned MOSFET with  complete meta l  g a t e .  The 
MOSFET s e r v e s  t o  measure both  V T  and U, s i n c e  t h e  channel dimensions and oxide 
t h i c k n e s s  a r e  known. By measuring ID vs. V G  f o r  t h e  CFT f o r  a smal l  va lue  of V D D  
(100 mV is t y p i c a l ) ,  and by us ing  t h e  known va lues  of  VG, VT , p, C i ,  L ,  Z ,  and 
W ,  one can e x t r a c t  t h e  va lue  o f  17 from Eq. 1 ,  and can then r e c a s t  Eq. 2 i n t o  t h e  
form 

Th i s  equat ion f o r  ID/s v s  VG is  l i n e a r ,  wi th  an i n t e r c e p t  a t  V p  and a s l o p e  from 
which t h e  parameter Cp can be r e a d i l y  determined. Exper imenta l ly ,  it is always 
found t h a t  Cp<Ci. and lvpl 2 1 ~ ~ 1 .  Both r e s u l t s  can be expla ined by examining t h e  
s p a t i a l  d i s t r i b u t i o n  o f  t h e  f ie ld- induced charge  i n  t h e  sample m a t e r i a l ,  and can, 
i n  t u r n .  be  used a c t u a l l y  t o  measure t h e  c e n t r o i d  of t h e  f ie ld- induced charge.  

Because t h e  th re sho ld  v o l t a g e s  VT and V p  depend on a l a r g e  number o f  process  
r e l a t e d  v a r i a b l e s  such a s  s u r f a c e - s t a t e  d e n s i t i e s ,  it t u r n s  o u t  t h a t  t h e  capaci- 
tance-per-unit-area parameter is t h e  more r e l i a b l e  source  o f  informat ion on t h e  
charge  cen t ro id .  The model f o r  e x t r a c t i n g  t h e  charge c e n t r o i d  from C p  is ex- 
p l a ined  i n  t h e  fo l lowing  sec t ion .  

Model f o r  CD.- The sample m a t e r i a l  i s  assumed t o  be cha rac te r i zed  by a sc reen ing  
l e n g t h  LS determined by t h e  d e n s i t y  o f  l o c a l i z e d  s t a t e s  near  t h e  Fermi l e v e l .  
which is presumed t o  be a t  l e a s t  weakly pinned near  midgap. Th i s  sc reen ing  l e n g t h  
w i l l  show up i n  two places :  I f  a Schot tky b a r r i e r  is formed a t  t h e  metal-sample 
c o n t a c t ,  t h e  space  charge  a s s o c i a t e d  wi th  t h e  Schot tky b a r r i e r  w i l l  extend i n t o  
t h e  sample a d i s t a n c e  o f  s e v e r a l  times Ls. S i m i l a r l y ,  f a r  from t h e  sample con- 
t a c t s ,  and assuming t h a t  t h e  sample t h i c k n e s s  is g r e a t e r  t han  s e v e r a l  s c reen ing  
l e n g t h s ,  t h e  f ie ld- induced cha rge  d e n s i t y  i n  t h e  sample w i l l  decay exponen t i a l ly  
from a maximum a t  t h e  sample-oxide i n t e r f a c e  toward ze ro  a t  t h e  upper s u r f a c e  o f  
t h e  sample wi th  a c h a r a c t e r i s t i c  l e n g t h  equal  t o  LS. Thus, f o r  a s u f f i c i e n t l y  
l a r g e  gap width and a s u f f i c i e n t l y  t h i c k  sample, t h e  d i s t r i b u t i o n  o f  f ie ld--  
induced charge  i n  t h e  sample is e s s e n t i a l l y  uniform a c r o s s  t h e  gap. and decays 
exponen t i a l ly  from t h e  oxide  toward t h e  upper su r face .  



The s t r u c t u r e  c o n s i s t i n g  of  t h e  gap m a t e r i a l ,  t h e  g a t e  oxide ,  and t h e  semi- 
conductor s u r f a c e  (which is presumed t o  be i n  s t r o n g  inve r s ion  when t h e  t r a n s i s -  
t o r  is  conduct ing)  forms a capac i to r  wi th  a capacitance-per-unit-area t h a t  is 
determined by t h e  l o c a t i o n  o f  t h e  charge c e n t r o i d  i n  t h e  sample m a t e r i a l .  I t  is 
p l a u s i b l e  t h a t  t h i s  capacitance-per-unit-area be i d e n t i f i e d  a s  t h e  parameter Cp. 
That is, i f  X, i s  t h e  d i s t a n c e  o f  t h e  charge c e n t r o i d  above t h e  sample-oxide 
i n t e r f a c e ,  and i f  i s  t h e  sample p e r m i t t i v i t y ,  t hen  f o r  a s u f f i c i e n t l y  t h i c k  
sample, 

We have c a r r i e d  o u t  a f u l l  two-dimensional numerical s imula t ion  of  t h e  
q u a s i - s t a t i c  CFT c h a r a c t e r i s t i c s ,  and have v e r i f i e d  t h a t  t h i s  i d e n t i f i c a t i o n  of  
Cp with  t h e  c e n t r o i d  is  v a l i d .  F igu re  3 shows t h e  c a l c u l a t e d  r a t i o  of  C p t o  C i  
f o r  two d i f f e r e n t  oxide th i cknesses ,  p l o t t e d  a s  f u n c t i o n s  o f  tp/LS, where tp is 
t h e  sample th i ckness .  It is  seen t h a t  above a r a t i o  o f  5 / L S = 2 ,  t h e  Cp/Ci r a t i o  
is c o n s t a n t ,  and, a l though n o t  shown e x p l i c i t l y  i n  t h e  f l g u r e ,  ag rees  wi th  t h e  
r e s u l t  o f  Eq. 3. Below tp/bS=2, however, t h e r e  is a sha rp  drop i n  Cp. i n d i c a t i n g  
t h a t  t h e  s imple  one-dimensional model f o r  t h e  f ie ld- induced charge  breaks  down. 
The a c t u a l  c e n t r o i d  i n  t h i s  case  becomes cons tan t  a t  h a l f  t h e  sample t h i c k n e s s ,  
whereas t h e  c e n t r o i d  one would i n f e r  from an exper imenta l  va lue  o f  Cp and t h e  use  
of  Eq. 3 would a c t u a l l y  f a l l  above t h e  sample midpoint ,  and could even f a l l  out- 
s i d e  t h e  sample. Th i s  f i c t i t i o u s  r e s u l t ,  i n  f a c t ,  provides  a u s e f u l  check on t h e  
v a l i d i t y  o f  t h e  model. I f  one f i n d s  a c e n t r o i d  from Eq. 3 above t h e  midpoint of  
t h e  sample, one can assume t h a t  t h e  one dimensional model is  i n v a l i d .  Th i s  i s s u e  
has  been d i scussed  more e x t e n s i v e l y  elsewhere (3) .  

Experimental  r e su l t s . -  We have c a r r i e d  o u t  experiments on a five-component chal-  
cogenide g l a s s ,  Te gAs36Ge7Si17P1. The dev ices  were p-channel enhancement mode, 
f a b r i c a t e d  on (1009 s i l i c o n  n-type s u b s t r a t e s  doped 7E15 cm-3. The o v e r a l l  chan- 
n e l  dimensions were 254 urn wide and 50.8 Pm long. Gap widths  v a r i e d  from 12.7 t o  
38.1 Pm. Four d i f f e r e n t  g a t e  oxide th i cknesses  were used i n  o rde r  t o  
dependence o f  Cp on oxide th i ckness .  These were 950. 1370. 2040. and 22 
d i f f e r e n t  t h i c k n e s s e s  o f  chalcogenide g l a s s  were used, 2100 I! and 5200 
d a t a  were obta ined from 28 d e v i c e s  wi th  2100 1 g l a s s  and from 6 d e v i c e s  wi th  5200 
J1 g l a s s .  

The va lues  of  Cp were e x t r a c t e d  f o r  each dev ice  a s  i n d i c a t e d  i n  t h e  I n t r o -  
duct ion.  No s i g n i f i c a n t  v a r i a t i o n  e i t h e r  with gap width  o r  g l a s s  th i ckness  was 
observed. Th i s  is c o n s i s t e n t  wi th  t h e  assumption t h a t  t h e  g l a s s  is more than two 
sc reen ing  l e n g t h s  t h i c k  and t h a t  t h e  gap widths  a r e  much l a r g e r  than  t h e  screen- 
i n g  l eng th .  There was, however, a s i g n i f i c a n t  and sys t ema t i c  v a r i a t i o n  o f  C p  wi th  
oxide  th i ckness .  I n  o r d e r  t o  v e r i f y  t h a t  t h e  v a r i a t i o n  was of  t h e  t y p e  p red ic t ed  
i n  Eq. 3,  it is u s e f u l  t o  r e c a s t  t h a t  equat ion i n t o  t h e  fo l lowing  form: 

(Ci/CP) - l = c ~ ~ x ~ / E ~ ~ ~ ~  (5) 

T h i s  form shows t h a t  a graph of  (Ci/Cp) - 1 ve r sus  l / to,  should  y i e l d  a 
s t r a i g h t  l i n e  through t h e  o r i g i n  wi th  a s lope  equa l  t o . €  . Figure  4 shows 
t h e  r e s u l t  o f  such a p l o t .  w i th  on ly  t h e  averages  o f  t h e O d ~ L E h r  each oxide 
t h i c k n e s s  shown f o r  c l a r i t y .  The s l o p e  o f  t h e  s o l i d  l i n e  corresponds  t o  a v a l u e  
of  charge c e n t r o i d  s c a l e d  by t h e  p e r m i t t i v i t y  o f  xC/cp = 119 * 4 1. Since  t h e  
r e s u l t  is independent o f  g l a s s  f i l m  th i ckness ,  we conclude t h a t  t h e  sc reen ing  
l e n g t h  must be l e s s  than  h a l f  of  2100 1. The p e r m i t t i v i t y  o f  a s i m i l a r  g l g s s  is 
repor t ed  t o  be 8.8 (4 ) .  Using t h i s  value .  we e s t i m a t e  a c e n t r o i d  o f  1047 A. which 
is  j u s t  h a l f  t h e  2100-1 f i l m  th i ckness .  and much l e s s  than t h e  5200-1 t h i c k n e s s ,  
bo th  c a s e s  being wi th in  t h e  range o f  v a l i d i t y  o f  t h e  charge-centroid model. 
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Fig.  3. Simulat ion r e s u l t s  Fig .  4.  Experimental, r e s u l t s  

Following t h e  determinat ion of  t h e  s t a t i c  c e n t r o i d  a s  desc r ibed  above, a 
q u a l i t a t i v e  experiment on t h e  e f f e c t  of  l i g h t  was performed. A f t e r  measuring t h e  
Cp va lue  i n  t h e  dark ,  t h e  dev ices  were exposed t o  a microscope l i g h t  f o r  s e v e r a l  
minutes ,  and t h e  dev ice  c h a r a c t e r i s t i c s  were then  remeasured i n  t h e  dark.  We 
found t h a t  Cp inc reased  by a few pe rcen t ,  corresponding t o  a smal l  dec rease  i n  
cen t ro id .  This  r e s u l t  c o r r e l a t e s  w e l l  wi th  t h e  decay o f  t h e  f i e l d  e f f e c t  noted by 
Frye  and Adler ( 5 ) .  
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