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ABSTRACT 

It i s  w e l l  known t h a t  Si-SiO, i n t e r f a c e  s t a t e s  gene ra t ed  by 

h o t - c a r r i e r - i n j e c t i o n  have p layed  an impor tan t  r o l e  i n  t h e  

deg rada t ion  of shor t -channel  MOSFETs. T h e o r e t i c a l  and exper imenta l  

r e sea rches  were c a r r i e d  o u t  i n  t h i s  p r o j e c t  t o  examine t h e  

h o t - c a r r i e r  e f f e c t s  and c h a r a c t e r i z e  t h e  Si-SiO, i n t e r f a c e  s t a t e s .  

Among t h e s e  r e sea rches ,  w e  proposed a  new charge-pumping method and 

a  p h y s i c a l  model f o r  fo rmula t ing  b i a s  dependence of l / f  n o i s e  i n  

t h e  s a t u r a t i o n  mode, and compared ho t - ca r r i e r -gene ra t ed  i n t e r f a c e  

s t a t e  d e n s i t i e s  wi th  t h e  DC parameter  deg rada t ions .  A computer 

sof tware/hardware i n t e g r a t e d  m i c r o e l e c t r o n i c  measurement system 

was b u i l t .  

The charge pumping technique  has  proven t o  be a  r e l i a b l e  probe 

of Si-SiO, i n t e r f a c e  s t a t e s .  However, f o r  more t h a n  two decades 

s i n c e  it was in t roduced ,  charge pumping measurements have been 

conducted by connec t ing  t h e  d r a i n  and source  t o g e t h e r .  Here, w e  

propose a  new charge pumping method, which u s e s  s e p a r a t e  d r a i n  and 

source  b i a s  v o l t a g e s .  It a l lows  us  f o r  t h e  f i r s t  t i m e ,  t o  measure 

t h e  Si-SiO, i n t e r f a c e  s t a t e s  d e n s i t y  (Nit)  near  t h e  d r a i n  and source  

independent ly  without  making any assumption.  W e  can now determine 

t h e  s p a t i a l  d i s t r i b u t i o n  of Nit a l ong  t h e  whole channel  f o r  s h o r t  

channel  dev i ce s .  Nit i s  found t o  be  non-uniformly d i s t r i b u t e d  a long  

t h e  channel  even f o r  u n s t r e s s e d  dev ices ,  and peaks of Nit can be 

found a t  bo th  t h e  source  and t h e  d r a i n  s i d e  of t h e  channel .  

The t r a p p i n g  and de t r app ing  of c a r r i e r s  by t h e  i n t e r f a c e  

s t a t e s  gene ra t ed  by h o t - c a r r i e r - i n j e c t i o n ,  and t h e  mob i l i t y  

f l u c t u a t i o n  caused by i n t e r f a c e  s c a t t e r i n g  have been known t o  be 

t h e  source  of low frequency o r  l / f  n o i s e  i n  MOSFETs. W e  proposed 

h e r e  a  p h y s i c a l  model t o  fo rmula te  t h e  b i a s  dependence of l / f  n o i s e  

J 
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f o r  MOSFETs i n  t h e  s a t u r a t i o n  mode. Good agreement has  been 

ob t a ined  between. t h e  t h e o r e t i c a l  p r e d i c t i o n s  and our  exper imental  

r e s u l t s  . 
DC parameters  which a r e  s e n s i t i v e  t o  h o t - c a r r i e r  e f f e c t s  were 

monitored and t h e i r  degrada t ions  a s  a f u n c t i o n  of h o t - c a r r i e r  

s t r e s s i n g  t i m e  were a l s o  measured. Comparison was made between t h e  

deg rada t ion  of maximum trans-conductance g, and charge pumping 

measured N,,. A s  we expected,  t h e  deg rada t ion  of g, has  shown t o  be 

a d i r e c t  probe of Nit g ene ra t ed  by  h o t - c a r r i e r  stress i n  our  s h o r t  

channel  NMOS dev ice s .  
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Chapter 1 Introduction 

As the basic element in VLSI circuits, MOSFETs have been 

extensively studied for various performance characteristics and 

technological improvements. Much effort has been expended on the 

reliability physics of MOSFETs . For example, hot-carrier-induced 

MOSFET degradation due to the Si-SiO, interface states has 

attracted a great deal of interest. 

It has been shown that Si-SiO, interface states play an 

important role in the degradation of MOSFETs, and there has been 

many methods developed to determine this kind of degradation. 

However, these methods can be classified into two major categories: 

one is concentrated on the performance degradation of the devices 

by measuring, for example, the degradation of the maximum 

trans-conductance g,, changing of the subthreshold properties and 

the shifting in threshold voltage. These performance degradation 

characterizations mostly concentrate on the DC parameters of the 

devices, hence we can call them the DC performance methods. The 

other category concentrates on the determination of the Si-SiO, 

interface state properties, such as the spatial and energy 

distributions of the interface state by using the charge pumping 

and l/f noise measurements. The correlations between the DC 

measurement and the interface states were demonstrated by many 

authors. In my M.A.Sc. thesis project, I conducted the DC 

performance test, charge pumping measurements and low frequency 

noise measurements to study the hot-carrier-injection degradation 

in MOSFETs. The motivation for doing all these measurements was to 

find a reliable probe for Si-SiO, interface states and their 

characteristics. So that we can investigate the interface states 

generation as a function of the electrical stressing time, which is 



important for understanding the failure mechanism of MOSFETs. 

The significance of my thesis work is its contribution to the 

understanding of Si-SiO, interface states and the MOSFET 

degradation studies by introducing a new charge pumping method for 

determining the spatial distribution of the interface states, and 

a new physical model for the low-frequency noise of MOSFET in 

saturation. 

The new spatial profiling charge-pumping technique provides a 

direct probe of the spatial distribution of Si-SiO, interface 

states. It allows us to detect interface states near the source 

and drain independently. No assumption on the interface state 

distribution is needed. 

The physical model for low-f requency noise at saturation is 

based on the mobility fluctuation model. By introducing a two 

region distribution of the channel carriers along the channel, we 

formulated the l/f noise as a function of the DC bias conditions. 

Very good agreements have been found between the theoretical 

predictions and our experimental results. 

DC measurements have been taken to examine the 

hot-carrier-injection-induced degradations. As expected, our NMOS 

devices showed steady decrease in performance characteristics as 

the stressing time increases. For instance, a steady decrease of 

maximum trans-conductance g, and a steady increase of the maximum 

substrate current were observed. That was a result of the 

increasing negative charge-trapping in the Si-SiO, interface, and 

the decreasing mobility as a result of increased interface 

scattering. 



Chapter 2 Theoretical Background 

I n  t h i s  c h a p t e r ,  t h e  t h e o r e t i c a l  background t o  t h e  t e c h n i q u e s  

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

There  a r e  t h r e e  major  s e c t i o n s  i n  t h i s  c h a p t e r  d e a l i n g  w i t h  

t h e o r i e s  a b o u t :  (1) t h e  Charge Pumping t e c h n i q u e ,  ( 2 )  DC pa ramete r  

measurements f o r  h o t - c a r r i e r - i n j e c t i o n  induced  d e g r a d a t i o n s ,  and  

( 3 )  low f requency  n o i s e  of  MOSFETs. These a r e  a l l  r e l a t e d  t o  

p r o p e r t i e s  of  Si-SiO, i n t e r f a c e  s t a t e s  i n  MOSFETs, and  hence  a r e  

d e s c r i b e d  t o g e t h e r  i n  t h i s  c h a p t e r .  

The c h a r g e  pumping t e c h n i q u e  h a s  been proven t o  b e  a r e l i a b l e  

p robe  of  Si-SiO, i n t e r f a c e  states, such  a s  t h e  t o t a l  number of  

s t a t e s ,  t h e  energy  and  s p a t i a l  d i s t r i b u t i o n s ,  and  t h e  v a r i a t i o n  of  

t h e s e  q u a n t i t i e s  as a f u n c t i o n  of  h o t - c a r r i e r - i n j e c t i o n  stress. 

There  are many DC p a r a m e t e r s  which are s e n s i t i v e  t o  t h e  i n t e r f a c e  

s t a t e s  and t h e y  may a l s o  b e  u s e d  as p r o b e s  of  t h e  i n t e r f a c e  s tate 

d e n s i t i e s .  The low f requency  n o i s e  o r  l / f  n o i s e  i n  MOSFETs h a s  

b a s i c a l l y  been unders tood  as a r e s u l t  of  t u n n e l i n g  carriers 

t r a p p i n g  by t h e  i n t e r f a c e  states a n d  m o b i l i t y  f l u c t u a t i o n s  caused  

by i n t e r f a c e  s t a te  s c a t t e r i n g .  T h e r e f o r e ,  it i s  p o s s i b l e  t o  o b t a i n  

Si-SiO, i n t e r f a c e  s t a te  i n f o r m a t i o n  by s t u d y i n g  t h e  low f requency  

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

$2.1 Charge Pumping Theory 

The charge-pumping t e c h n i q u e  w a s  developed by B r u g l e r  and  

J e s p e r s  i n  1969 [Brug69].  They a p p l i e d  p e r i o d i c  s q u a r e  p u l s e s  t o  

t h e  g a t e  of  a MOSFET whose s o u r c e  and  d r a i n  were connec ted  t o  

ground.  The a v e r a g e  s u b s t r a t e  c u r r e n t  w a s  moni to red .  It was 



Conventional Setup: 

New Setup: 

\ - - - - - - - -  
DEPLETION EDGE I 

\ !XCREASED VD 

SUBSTRATE - - _ _ _ _ _ _ _ ! _ 

Figure 2.1 Schematic Diagram of Charge Pumping Test Circuit 



observed that, in addition to the expected a.c. displacement 

current, an extra d.c. component of substrate current was 

present. This d.c. current is the so-called charge pumping 

current. The schematic structure of the test circuit is shown in 

figure 2.1. 

There are two principal mechanisms proposed to explain the 

charge pumping substrate current effect, and they both involve 

the transfer of charge from the source and drain terminals to the 

substrate in the assistance of recombinations and generations. 

One of the proposed mechanisms is the charge pumping current 

associated with the Si-SiO, interface traps. This part of the 

charge-pumping current provides the information on the interface 

state which plays an important role in reliability physics of 

MOSFET. The other part of the charge pumping substrate current 

is from bulk recombination in the substrate, which is called 

geometry current and provides no information on the interface 

states. 

When the channel is pulsed back and forth between inversion 

and accumulation, there will be either recombination of 

inversion-layer charges through bulk traps and recombination 

centers when the channel is in inversion, or recombination of 

interface state trapped charges with electrons or holes from 

source and drain when the channel is turned into accumulation. 

The recombination through the bulk traps and recombination 

centers forms the geometric current which is not a desirable part 

of the charge pumping current. For example, in an n-channel 

MOSFET, if the gate voltage changes quickly from inversion to 

accumulation, the electrons, which temporarily remain at the 

surface, attract holes from the substrate in order to satisfy 

charge neutrality. The induced electrical field and 



c o n c e n t r a t i o n  g r a d i e n t  r e s u l t  i n  t h e  t r a n s p o r t  o f  h o l e s  t o  t h e  

s u r f a c e  and  e l e c t r o n s  toward t h e  s u b s t r a t e .  The e l e c t r o n  f low i s  

due t o  recombina t ion  th rough  e i t h e r  b u l k  t r a p s  o r  r ecombina t ion  

c e n t e r s  a t  t h e  ohmic s u b s t r a t e  c o n t a c t .  

Because t h e  amount of t h e  i n v e r s i o n  l a y e r  charge  i n j e c t e d  

i n t o  t h e  s u b s t r a t e  t h r o u g h  b u l k  recombina t ion  i s  a  f u n c t i o n  of  

t h e  c h a n n e l  l e n g t h  and  width ,  t h i s  component of s u b s t r a t e  c u r r e n t  

h a s  been named a s  geomet r i c  c u r r e n t .  The geomet r i c  c u r r e n t  

s h o u l d  be  reduced  as much a s  p o s s i b l e  s i n c e  it c o n t a i n s  no 

i n f o r m a t i o n  on t h e  i n t e r f a c e  t r a p s .  There  are many ways t o  

reduce  t h e  geomet r i c  c u r r e n t .  A s i m p l e  way i s  t o  reduce  t h e  

geometry of t h e  s u b s t r a t e  t o  reduce  t h e  c u r r e n t .  I n c r e a s i n g  t h e  

g a t e  p u l s e  f requency  c a n  a l s o  reduce  t h e  g e o m e t r i c  c u r r e n t  s i n c e  

t h e  b u l k  recombina t ion  can n o t  f o l l o w  up t h e  g a t e  p u l s e  a t  v e r y  

h i g h  f requency ,  e . g .  50KHz o r  g r e a t e r .  

The recombina t ion  of t h e  i n t e r f a c e  s ta te  t r a p p e d  charge  

forms t h e  o t h e r  p a r t  of t h e  s u b s t r a t e  c u r r e n t .  For  i n s t a n c e ,  

when t h e  channe l  of  a n  NMOS t r a n s i s t o r  i s  i n  accumulat ion mode, 

t h e  i n t e r f a c e  t r a p p e d  e l e c t r o n s  w i l l  b e  recombined w i t h  t h e  

h o l e s .  T h i s  p a r t  of t h e  s u b s t r a t e  c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  

i n t e r f a c e  t r a p  d e n s i t y ,  t h e  e f f e c t i v e  gate a r e a  and  t h e  a.c.  

p u l s e  f requency .  Knowing t h e  e f f e c t i v e  g a t e  area and p u l s e  

f requency ,  w e  can  de te rmine  t h e  t r a p  d e n s i t y  a t  t h e  Si-SiO, 

i n t e r f a c e  which can  b e  u s e d  t o  e v a l u a t e  t h e  d e g r a d a t i o n  of  t h e  

MOSFETs. By v a r y i n g  t h e  d r a i n  and  s o u r c e  b i a s  v o l t a g e ,  w e  can  

change t h e  e f f e c t i v e  channe l  l e n g t h  t h e r e b y  o b t a i n i n g  

i n f o r m a t i o n  on t r a p s  i n  d i f f e r e n t  p a r t s  of  t h e  channe l .  I n  t h i s  

way, 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  i n t e r f a c e  t r a p  d e n s i t y  can  

b e  measured.  The energy  and  t i m e  c o n s t a n t  d i s t r i b u t i o n  of  t h e  

i n t e r f a c e  t r a p  can  a l s o  be  found by v a r y i n g  t h e  g a t e  p u l s e  



amplitude and rise-fall times. There are two major methods 

developed to determine these distributions from the experimental 

charge pumping current. The earlier model was proposed by 

Groeseneken et a1 [Groe84]. In order to overcome the difficulty 

in determining the transient process during the rise-fall-time, 

Tseng [Tsen871 developed the Staircase Charge Pumping method in 

1987. 

A comprehensive study of charge pumping was carried out by 

Groeseneken and his co-workers in 1984 [Groe84]. Recombination 

through the interface traps during the rise and fall transitions 

was described by a transient Shocklay--11-Read (SHR) 

recombination model developed by Simmons and Wei [Simm73a,b]. As 

an extension of the conventional SER [Shoc52] theory, the 

transient SBRtheory is capable of analyzing situations where the 

emission and capture of interface-trapped charge are not in 

steady-state conditions. Since the probability of occupancy of 

a particular trap is a function of time, the transient 

recombination parameters, such as electronsr and holesr capture 

cross sections, are required to determine the transient 

recombination during the rise-fall-time. However those 

parameters are not easy to determine. This is the principal 

drawback of the charge pumping technique described by Groeseneken 

[Groe84] . 
In addition to the above two sources of the charge pumping 

substrate current, the reverse current of the source and drain 

p-n junctions was found to be bothersome when we applied higher 

source and drain reverse bias voltages to reach the central part 

of the channel (at bias voltage - 6V for some of our test 

devices). This part of substrate current can be avoided by using 

smaller bias voltages, or by subtracting the DC leakage current 



from t h e  charge pumping c u r r e n t .  

The charge pumping c u r r e n t  wi thout  cons ide r ing  t h e  

t r a n s i e n t  recombination f o r  a  square  wave p u l s e  can be found from 

t h e  b a s i c  Groeseneken equa t ion  [Groe84]. The t o t a l  charge 

involved  i n  t h e  charge pumping p roces s  can be determined by t h e  

i n t e g r a t i o n  over  t h e  energy i n t e r v a l  swept by t h e  g a t e  p u l s e s ,  

and i s  g iven  by 

These charges  a r e  be ing  moved a t  f requency f ,  and they  form 

t h e  charge pumping s u b s t r a t e  c u r r e n t  I, g iven  by: 

I n  t h e  above equa t ions  Ad i s  t h e  e f f e c t i v e  a r e a  of t h e  g a t e .  

It i s  b e t t e r  t o  u se  t h e  e f f e c t i v e  g a t e  a r e a  i n s t e a d  of t h e  mask 

g a t e  a r e a  because on ly  t h e  charges  under t h e  e f f e c t i v e  g a t e  a r e a  

p a r t i c i p a t e  t h e  charge pumping p roces s  and f i s  frequency.  The 

i n t e r f a c e  t r a p  energy d e n s i t y  and i t s  average va lue  a r e  denoted 

by Nk and Pa r e s p e c t i v e l y ,  and Aw, i s  t h e  t o t a l  sweep of t h e  

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

Consider ing t h e  t r a n s i e n t  p rocess ,  charge pumping c u r r e n t  



Figure 2.2 Square Pulse in Charge Pumping Measurement 



Figure 2.3 Saw-tooth Pulse in Charge Pumping Measurement 



can be described by the following modified Groeseneken equations. 

For the square pulse shown in figure 2.2, the substrate current 

is : 

For saw-tooth pulses in figure 2.3, the charge pumping 

current can be given by: 

The shape dependence of the pulse in I ,  is included in 

equations (2.1.3) and 2 1.4) . These equations give better 

frequency dependency of I ,  than equation (2.1.2), especially for 

the saw-tooth pulses. However, the capture cross sections o,,o, 

for electrons and holes have to be determined before (2.1.3) and 

(2.1.4) can be used. 

02.1.1 Energy Profiling of Interface States 

There are many ways to use the charge pumping technique 

to determine energy distributions of the interface states 

[Tsen87, Cili90, Saks911. Recently, the stair-case charge 

pumping (SCP) method [Tsen87, Chun89, Saks911 has been used in 

many charge pumping measurements to get rid of the difficulty 

in parameter determination of transient processes. The 

stair-case charge pumping method also provides a way of 

determining the energy distribution of interface states and 



tinv 

F i g u r e  2 . 4  S t a i r - c a s e  P u l s e  i n  C h a r g e  P u m p i n g  M e a s u r e m e n t  



t r a p  c r o s s  s e c t i o n s  of e l e c t r o n s  and h o l e s  [Saks91].  

The b a s i c  i d e a  of SCP [Tsen87, Chun891 i s  t o  perform t h e  

charge pumping measurement i n  t h e  upper-half  of t h e  band gap 

f o r  n-channel dev i ce s  and t h e  lower-half  of t h a t  f o r  p-channel 

dev i ce s  wi thout  r e q u i r i n g  complex modeling o r  t h e  use  of 

numerous f i t t i n g  parameters .  The SCP t e chn ique  a l s o  g i v e s  a 

b e t t e r  p h y s i c a l  unders tanding  of t h e  charge pumping mechanism. 

However, t h e  SCP cannot be  conducted i n  our  l a b  now due t o  t h e  

l a c k  of a r e q u i r e d  t h r e e - l e v e l  wave f u n c t i o n  gene ra to r  t o  

produce t h e  s t a i r c a s e  p u l s e s .  

The s t a i r c a s e  p u l s e  employed i n  t h e  SCP measurement i s  

shown i n  f i g u r e  2 . 4 .  The t im ing  parameters  of t h e  SCP p u l s e  

such a s  T,, T,-, and T, a r e  chosen t o  be  much longer  t han  t h e  

d i e l e c t r i c  r e l a x a t i o n  t ime t o  ensu re  t h a t  e l e c t r o n s  and h o l e s  

i n  t h e  conduct ion and va lence  bands a r e  i n  dynamic e q u i l i b r i u m  

wi th  t h e  g a t e  b i a s  a t  a l l  t i m e .  

Assume t h a t  t h e  dev ice  exper ienced  two s t e p s  when t h e  

dev ice  changes from accumulation i n t o  i n v e r s i o n  by t h e  

s t a i r - c a s e  g a t e  pu l se ,  and assume t h e r e  i s  a cons t an t  

demarcation energy Ed l e v e l  a s  w e l l .  

I n  t h e  f i r s t  s t e p ,  when t h e  g a t e  b i a s  i n c r e a s e s ,  t h e  

i n t e r f a c e  t r a p s  w i l l  b e  f i l l e d  by h o l e s  ( t h e  fo l lowing  

d i s c u s s i o n  is  f o r  n-channel dev ice ,  except  o therwise  

s p e c i f i e d )  e m i t t e d  t o  t h e  s u b s t r a t e  from t h e  accumulation 

Fermi energy l e v e l  E, t o  t h e  demarcation l e v e l  Ed, and i n  t h e  

second s t e p  t h e  t r a p s  w i l l  be  f i l l e d  by e l e c t r o n s  from source  

and d r a i n  from Ed t o  t h e  i n v e r s i o n  Fermi l e v e l  EFwl. 

The charge pumping c u r r e n t  of t h e  s t a i r c a s e  g a t e  p u l s e s  

can be found a s :  



Assume t h a t  Ed is a constant when qyl,,,, and qyl,,, changes,  

t h e n  t h e  i n t e r f a c e  s t a t e  d e n s i t y  Nit c a n  b e  found by t h e  

d e r i v a t i v e  of e q u a t i o n  ( 2 . 1 . 5 )  a s :  

from which, w e  have:  

There fo re ,  by v a r y i n g  qyl,,,,, t h e  energy  band can  be swept, 

and t h e  energy d i s t r i b u t i o n  of t h e  s u r f a c e  s t a t e  d e n s i t y  can 

b e  found from e q u a t i o n  ( 2 . 1 . 7 ) .  

$2.1.2 Spatial Profiling of Interface States 

The s p a t i a l  p r o f i l e  of  i n t e r f a c e  states a l o n g  t h e  channe l  

i s  a n o t h e r  major  p r o p e r t y  of  Nit.  It i s  a l s o  i m p o r t a n t  i n  t h e  

h o t - c a r r i e r - i n j e c t i o n  d e g r a d a t i o n  of  MOSFETs. Many 

r e s e a r c h e r s  a r e  v e r y  i n t e r e s t e d  i n  d e t e r m i n i n g  where most of  

t h e  h o t - c a r r i e r - i n j e c t i o n  stress damage i s  l o c a t e d  i n  t h e  

d e v i c e .  Although t h e r e  are many hypo theses  a n d  i n d i r e c t  

e v i d e n c e s  abou t  t h e  s p a t i a l  d i s t r i b u t i o n  of  N,, no e f f e c t i v e  

c h a r g e  pumping t e c h n i q u e  h a s  been a v a i l a b l e  t o  p robe  Nit 



s p a t i a l l y .  Many a u t h o r s  have adapted  t h e  charge pumping 

technique  f o r  de te rmin ing  t h e  Nit d i s t r i b u t i o n  a long  t h e  channel 

[Maes82, Here89, Plos88, Saks901. However, a l l  t h e s e  prev ious  

r e s e a r c h e r s  used many assumptions on t h e  d i s t r i b u t i o n  of Nit 

i t s e l f ,  because t h e  source  and d r a i n  a r e  u s u a l l y  connected 

t o g e t h e r .  I n  my t h e s i s  p r o j e c t ,  w e  developed a  new s p a t i a l  

p r o f i l i n g  charge pumping technique  t o  g e t  r i d  of t h e s e  

assumptions on Nit,  s o  t h a t  w e  can determine t h e  s p a t i a l  p r o f i l e  

of N,,. We use  s e p a r a t e d  source  and d r a i n  b i a s  v o l t a g e s  i n  t h e  

new method. More d e t a i l s  about  t h e  new method can be found i n  

Chapter 53. 

The charge pumping can be performed by apply ing  t h e  

s imple  square  g a t e  p u l s e s  shown i n  f i g u r e  2.2 t o  t h e  t e s t  

dev ice .  If w e  f i x  t h e  ampli tude AV, ( IAV, I > I Vm-VT I ) of 

t h e  p u l s e  and change t h e  base  l e v e l  of t h e  p u l s e s  Val w e  expect  

t o  g e t  I ,  a s  a  f u n c t i o n  of V, a s  shown on f i g u r e  2.5.  

I n  t h e  charge pumping process ,  t h e  base  l e v e l  of g a t e  

p u l s e s  changes r e l a t i v e l y  t o  t h e  t h r e s h o l d  and f l a t  band 

v o l t a g e  a s  shown on t h e  lower p a r t  of f i g u r e  2 .5 .  When V, i s  

s o  low t h a t  V ,  i s  lower t h a n  V,, t h e  dev ice  s t a y s  i n  

accumulation a l l  t h e  t i m e  and no e l e c t r o n  from t h e  source  o r  

d r a i n  can be t r apped  by i n t e r f a c e  s t a t e s ,  t h e r e f o r e  no charge 

pumping c u r r e n t  can be measured. S i m i l a r l y ,  when V, i s  h igher  

t h a n  VTf t h e  dev ice  s t a y s  i n  i n v e r s i o n  a l l  t h e  t i m e ,  and no 

h o l e s  from t h e  s u b s t r a t e  can be a t t r a c t e d  t o  t h e  i n t e r f a c e  t o  

recombine wi th  t h e  t r apped  e l e c t r o n s  from t h e  source  o r  d r a in ,  

t h e r e f o r e  no charge pumping c u r r e n t  can be measured e i t h e r .  I ,  

can on ly  be measured when t h e  dev i ce  can be pu l sed  back and 

f o r t h  between accumulation and i n v e r s i o n .  



F i g u r e  2 . '  1, Dependence  on  V ,  



From e q u a t i o n  ( 2 . 1 . 3 ) ,  t h e  maximum charge  pumping c u r r e n t  

I, on f i g u r e  2 .5  can  b e  u s e d  t o  o b t a i n  energy  a v e r a g e  of  

i n t e r f a c e  s t a t e  d e n s i t y  p*, and  t h e  s h i f t  a l o n g  t h e  VGL a x i s  on 

f i g u r e  2 . 5  can  be  u s e d  t o  d e t e r m i n e  t h e  change of any f i x e d  

c h a r g e  i n  t h e  i n t e r f a c e  which can  a f f e c t  t h e  f l a t  band and  

t h r e s h o l d  v o l t a g e s .  

During t h e  p e r i o d  i n  which t h e  d e v i c e  i s  p u l s e d  between 

accumula t ion  and i n v e r s i o n ,  w e  can  r e a s o n a b l y  assume t h a t  t h e  

change of  s u r f a c e  p o t e n t i a l  i s  A ~ , = 2 4 ~ ,  and  u s e  I, i n  e q u a t i o n  

( 2 . 1 . 2 )  t o  de te rmine  t h e  energy  a v e r a g e  of  i n t e r f a c e  s t a t e  

d e n s i t y .  Ay, i s  a  compl ica ted  f u n c t i o n  of  t h e  d e v i c e  b i a s  

c o n d i t i o n s .  However, i f  g a t e  p u l s e  a m p l i t u d e  AVO i s  b i g  enough 

t o  p u l s e  t h e  d e v i c e  between deep i n v e r s i o n  and  accumulat ion,  

Ay, w i l l  b e  c l o s e  t o  24,. 

It i s  known t h a t  i n  t h e  d e p l e t i o n  r e g i o n ,  t h e  c a r r i e r  

d e n s i t y  i s  r e l a t i v e l y  low, and  t h e r e f o r e  t h e  g e n e r a t i o n  and 

recombina t ion  r a t e  i s  low i n  t h e  d e p l e t i o n  l a y e r .  I n t e r f a c e  

s t a t e s  s c r e e n e d  by t h e  d e p l e t i o n  l a y e r  w i l l  n o t  c o n t r i b u t e  t o  

t h e  charge  pumping s u b s t r a t e  c u r r e n t .  The b a s i c  i d e a  of  u s i n g  

t h e  charge  pumping t e c h n i q u e  t o  measure t h e  s p a t i a l  

d i s t r i b u t i o n  of N,, i s  t o  a p p l y  d i f f e r e n t  d r a i n  and  s o u r c e  b i a s  

v o l t a g e s  t o  change t h e  wid th  of t h e  d r a i n  and  s o u r c e  d e p l e t i o n  

l a y e r  t o  s c r e e n  d i f f e r e n t  p a r t s  of  t h e  channe l .  Thus w e  can  

de te rmine  N,, c o n t r i b u t i o n  from d i f f e r e n t  p a r t s  i n  t h e  channe l  

and  t h e r e f o r e  measure 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  

i n t e r f a c e  states a l o n g  t h e  c h a n n e l .  



82.1.3 Conventional Charge Pumping Technique 

I n  t h i s  s e c t i o n ,  w e  w i l l  p r e s e n t  a b r i e f  d e s c r i p t i o n  of  

a t y p i c a l  c o n v e n t i o n a l  c h a r g e  pumping t e c h n i q u e  f o r  

d e t e r m i n i n g  t h e  s p a t i a l  d i s t r i b u t i o n  of  Nit and  w e  w i l l  show t h e  

d e f i c i e n c y  of  t h e  o l d  method. To s o l v e  t h e  problems a s s o c i a t e d  

w i t h  t h e  o l d  method, a new method w i l l  b e  d i s c u s s e d  i n  Chapter  

S 3 .  The o l d  method conduc t s  t h e  c h a r g e  pumping measurement 

w i t h  t h e  d r a i n  and  s o u r c e  connec ted  t o g e t h e r .  Changing of  

d r a i n  and  s o u r c e  r e v e r s e  b i a s  w i l l  r e s u l t  i n  a s imul taneous  

change of  d e p l e t i o n  edges  n e a r  b o t h  s o u r c e  and  d r a i n  j u n c t i o n s .  

W e  u s e  I , , to d e n o t e  t h e  c h a r g e  pumping s u b s t r a t e  c u r r e n t  

of  t h e  ' v i r g i n f  d e v i c e  a s  a f u n c t i o n  of  t h e  r e v e r s e  v o l t a g e  a t  

d r a i n  and  s o u r c e  (V,=V,) : 

Note: t h e  o r i g i n  of  t h e  c o o r d i n a t e  sys tem i s  i n  t h e  c e n t e r  of  

t h e  channe l .  

A s  sume N,(X) = N, = comt., t h e n  

Ad = W L(V,) (2.1.10) 

are t h e  e f f e c t i v e  channe l  l e n g t h  and  e f f e c t i v e  gate area due 

t o  t h e  change of d e p l e t i o n  edges  under  t h e  d r a i n  a n d  s o u r c e  



b i a s  v o l t a g e  V,. 

A f t e r  t h e  h o t - c a r r i e r - i n j e c t i o n  (HCI) stress, cons ide r  

t h e  i n t e r f a c e  s t a t e  d e n s i t y  t o  be  a  f u n c t i o n  of p o s i t i o n  a long  

t h e  channel ,  t h e  charge pumping s u b s t r a t e  c u r r e n t  can be found 

a s  : 

Assuming t h a t  t h e  i n t e r f a c e  s t a t e s  d e n s i t y  N, near  t h e  

source  end of t h e  channel  remains i n  cons t an t  a f t e r  t h e  HCI 

stress, i . e. 

Nit(-L(VD )I21 = Niu (2.1.12) 

t h e  d e r i v a t i v e  of t h e  I ,  i n  equa t ion  (2.1.11) a s  a  f u n c t i o n  of 

d r a i n  and source  t o  s u b s t r a t e  b i a s  v o l t a g e  VD can t h e n  be 

ob t a ined  a s :  

The i n t e r f a c e  s t a t e  d e n s i t y  a t  t h e  d r a i n  d e p l e t i o n  edge 

can be so lved  from t h e  above equa t ion  a s  fo l lows:  

I n  t h e  above procedure,  two b a s i c  assumptions were used.  

One i s  t h a t  N, i s  a  cons t an t  a long  t h e  channel f o r  a v i r g i n  

dev i ce .  The o t h e r  i s  t h a t  Nit near  t h e  source  does no t  change 

a f t e r  t h e  h o t - c a r r i e r - i n j e c t i o n  stress equa t ion  (2.1.12). W e  



w i l l  f i n d  o u t  from o u r  exper iment  r e s u l t s  t h a t  t h o s e  

assumpt ions  a r e  n o t  a lways  v a l i d .  T h e r e f o r e ,  w e  need a method 

w i t h o u t  t h e s e  assumpt ions .  

32.2 DC Measurement of Performance Degradation 

The stress d e g r a d a t i o n s  of  g, w a s  r e p o r t e d  by many a u t h o r s  

[Logo, Kusa88, Here86, Hori87, Yang881 . The dependence of  AgJg, 

was shown t o  be  p r o p o r t i o n a l  t o  t h e  s t r e s s i n g  t i m e  t i n  l o g a r i t h m  

s c a l e  as: 

a 

AgJg, - t (2.2.1) 

The t rans -conduc tance  d e g r a d a t i o n  i s  mainly  caused  by t h e  

C L , ~  d e g r a d a t i o n .  The s t r o n g  dependence of  & on t h e  d i s t a n c e  

between t h e  i n t e r f a c e  c h a r g e s  and  t h e  carriers was d i s c u s s e d  i n  

[Chen74] and t h e  p o s i t i v e  f  i x e i  c h a r g e s ,  and /o r  i n t e r f  ac ia l  

e l e c t r o n  t r a p s  on have s t r o n g e r  e f f e c t s  on ~1.4  d e g r a d a t i o n  t h a n  

t h e  o x i d e  b u l k  t r a p p e d  c h a r g e s  [Chen74, Schm88, Hsu841 . 
T h e r e f o r e  t h e  d e g r a d a t i o n  of g,,, can  b e  a n  i n d i r e c t  p robe  of t h e  

Si-SiO, i n t e r f a c e  p r o p e r t i e s .  

The i n t e r f a c e  p r o p e r t i e s  can  a l s o  b e  d e t e c t e d  by t h e  

d e g r a d a t i o n  of s u b t h r e s h o l d  p r o p e r t i e s  [McWh86, Saks87, Here861. 

Hot c a r r i e r s ,  h i g h - f i e l d  stress, i o n i z i n g  r a d i a t i o n  and  

many o t h e r  c o n d i t i o n s  can  l e a d  t o  V,, s h i f t  i n  MOSFET. The change 

of  i n t e r f a c e  t r a p  d e n s i t y  Nit i s  n o t  t h e  o n l y  c a u s e  of t h e  V,, 

s h i f t i n g .  When u s i n g  t h e  s h i f t  of  V,, as a p robe  of i n t e r f a c e  

t r a p s ,  one s h o u l d  n o t i c e  t h a t  t h e  t r apped-ox ide  charge  No, can  

a l s o  c a u s e  a s h i f t  i n  V,, [McWh8 61 , i . e. 

AV, = AVNa + AVNH (2.2.2) 



V,, was found t o  i n c r e a s e  as approx imate ly  t h e  s q u a r e  r o o t  

of  t h e  stress t i m e  i n  l i t e r a t u r e  [Saks87] a t  b o t h  77K and 300K. 

However, w e  can  n o t  conclude t h a t  t h e  i n t e r f a c e  states a l s o  

change w i t h  stress t i m e  i n  t h i s  way because  t h e r e  a r e  o t h e r  

charge  change may c o n t r i b u t e  t o  V,, s h i f t .  

A method t o  s p l i t  t h e  two major  c a u s e s  of V,, s h i f t i n g  was 

i n t r o d u c e d  i n  [McWh86] , where t h e y  found  t h a t  1 A 1 > I AVNa I , 
and  a d e c r e a s e  i n  V,, w a s  found.  That  means t h e  p o s i t i v e  charge  

t r a p s  a r e  dominant i n  t h e  c a u s e s  of  V,, s h i f t i n g .  The same 

r e s u l t s  were a l s o  found by P .  Heremans [Here861 f o r  t h e  n-channel 

MOSFET. Because of  t h e  amount of  t r a p p e d  h o l e s  i s  much l a r g e r  

t h a n  t h e  amount of  t h e  i n t e r f a c e  s tates  which can  t r a p  e l e c t r o n s ,  

i n  l i t e r a t u r e s  [McWh86, Saks87, Here861, t h e y  a l l  found t h a t  t h e  

s h i f t  of  V,, i s  due t o  a n e t  p o s i t i v e  c h a r g e  which i s  t h e  t r a p p e d  

h o l e s  b u t  n o t  t h e  i n t e r f a c e  s ta te  t r a p s f  c o n t r i b u t i o n .  So t h a t  

V,, d e t e c t i o n  i s  n o t  s e n s i t i v e  enough t o  b e  a p robe  of i n t e r f a c e  

states u n l e s s  w e  c a n  s p l i t  t h e  two c o n t r i b u t i o n s  t o  AV,, [McWh86]. 

I n  summary of t h e  two DC methods, it h a s  been shown t h a t  

Ag,,,lg, i s  s t r o n g l y  c o r r e l a t e d  t o  t h e  i n t e r f a c e  s t a t e s  g e n e r a t i o n  

[Logo, Kusa88, Hori87, Yang88, Take831. The e x p e r i m e n t a l  r e s u l t s  

i n  [Logo, Take831 show t h a t  t h e  f o l l o w i n g  r e l a t i o n s h i p  

i s  w e l l  s a t i s f i e d .  T h i s  makes t r ans -conduc tance  g,,, d e g r a d a t i o n  

t o  b e  a power fu l  p robe  of t h e  i n t e r f a c e  ( s u r f a c e  ) s t a t e  

g e n e r a t i o n  i n  MOSFET d e g r a d a t i o n .  

On t h e  o t h e r  hand, V,, change i s  n o t  a d i r e c t  i n d i c a t o r  of  



the interface states degradation. More work is needed to 

separate the contribution of the interface states from the 

trapped charge in the oxide [McWh86]. 

82.3 l/f Noise Theory 

There are many models and theories proposed to characterize 

the low frequency noise in MOSFETs [Zie188b, Hunggo]. Low 

frequency noise in MOSFETs is contributed from both the bulk and 

interface noise [Hoog81]. All the theories can be sorted into 

three categories. One is mobility fluctuation theory started 

from the well known Hooge's empirical relation [Hoog76] in 

describing the bulk origin of low frequency noise in metals and 

semiconductors. This theory is also known as the mobility 

fluctuation theory [Hoog76,81, Vand8Oa,b, Klei81, Zie182, 

Zie188bl. However, the mobility fluctuation theory now is no 

longer limited to the bulk mobility fluctuations, and more 

attention is paid to interface-scattering-caused mobility 

fluctuations. The second one is the number fluctuation theory 

based on the McWhortert s interf ace charge trapping model [McWh57, 

Chri68, Berz70, Hsu70, Klaa71, Fu72, Vand80b, Celi85, Sury86, 

Zie188b, Klei901: And the third one is the unified theory 

[Hunggo, Grab89a,b, Zie188b, Grab88, Sury88, Miko821 considering 

the fact that the number fluctuation and the mobility fluctuation 

are strongly correlated to each other. 

For years, a huge amount of noise data have shown almost 

equal support to either one of the first two counterparts 

[Hafe89, Vand89, Grab88, Haya88, Hend88, Zie188a, Clev87, 

Fang86a,b, Maes85, Uren85, Reim84, Steg84, Aoki82, Miko82, 

Park82a,b, Zie182, Park81, ~oog81, Back80, Vand8Oa,b, Hoog78, 



Aoki77, Hoog76, Klaa71, Chri68bl. It seems that none of them is 

superior to the other in describing low frequency noise behavior 

in MOSFETs. However, it is also quite clear that the Hooge's 

empirical relation cannot be used with its simple form. The 

physical meaning of Hooge's noise parameter as well as its 

spatial dependence have to be worked out to achieve better 

agreement with the experimental results. The lack of a physical 

explanation of Hooge's noise parameter has been an obstacle for 

further development of the Hooge's mobility fluctuation theory 

[Zie188a]. On the other hand, the number fluctuation theory has 

plenty of room for further expansion because the physical 

concepts involved are much clearer. Even so, the number 

fluctuation theory alone is still not a universally accepted 

theory for l/f noise in MOSFETs. Due to the above reasons, there 

emerges the third theory, an unified noise theory trying to 

combine the two noise theories [Hunggo, Zie1881. The unified l / f  

noise theory is based on the knowledge that the carrier number 

fluctuation and the mobility fluctuation are so strongly 

correlated to each other that they can not be considered as 

separated in most cases. 

52.3.1 Mobility Fluctuation Theory 

The bulk origin of low frequency noise in metal and 

semiconductors can be described by Hooge's empirical relation 

Where a is the l/f noise parameter and N is the total number 



of charge carriers in the homogeneous sample subjected to 

homogeneous field. 

a has been found to be 2xl0-~ for variety of materials 

[Hoog81] . The experimental accuracy was not enough to 

determine if there is any material dependence of a. 

In order to practically measure the l/f noise, carrier 

number N < 10 " is desirable to measure l/f noise above the 
thermal noise in the frequency range of 1 Hz to lOKHz without 

applying too much current to the sample [Vand89]. 

The validity of the empirical relation has been found for 

a large number of materials such as metal films, homogeneous 

GaAs crystal and etc. By considering effective concentration 

and thickness, the results of l/f noise from an ion-implanted 

layer in Si can also be interpreted with Hooge's empirical 

relationship. 

The typical procedure of applying Hooge's empirical 

relation to structures more complicated than homogeneous 

samples is to consider the structure to be a combination of 

small homogeneous volumes on which the empirical relation can 

be applied. The noise of the whole structure due to bulk 

mobility fluctuation can then be found by integrating all the 

small volumes over the whole sample. However, this procedure 

cannot be easily applied to MOSFETs, even though it gives good 

results for some other structures [Vand89]. 

There are many models for l/f noise in MOSFETs utilizing 

the mobility fluctuation mechanism [Zie188aIb, Zie182, H00g8lr 

Klei81, Vand8Oa,b] as well as many experimental results in 

support of mobility fluctuation mechanism [Hend88, ~oog78, 

Hoog81, Park81, Park82a,b, Vand80a,b, Vand89, Zie182, 

Zie188al . 



The ac s h o r t  c i r c u i t ,  d r a i n  c u r r e n t  n o i s e  s p e c t r a l  

d e n s i t y  can  be found from t h e  Langevin s p a t i a l  c r o s s  s p e c t r a l  

d e n s i t y :  

where t h e  Langevin s p a t i a l  c r o s s  s p e c t r a l  d e n s i t y  i s  g i v e n  by:  

I n  t h e  above e q u a t i o n ,  t h e  Hoogefs pa ramete r  a i s  

c o n s i d e r e d  as a  f u n c t i o n  of  p o s i t i o n  i n  t h e  channe l  a s  w e l l  as 

a f u n c t i o n  of  e lec t r ic  f i e l d .  

T h i s  i s  a  direct  a p p l i c a t i o n  of  Hoogers e m p i r i c a l  

r e l a t i o n  t o  t h e  Langevin n o i s e  s o u r c e  t e r m .  For MOSFETs, t h e  

d r a i n  c u r r e n t  n o i s e  s p e c t r a l  d e n s i t y  can  be w r i t t e n  a s  

[Zie188] : 

T h i s  e q u a t i o n  i s  a s i m p l i f i e d  e x p r e s s i o n  f o r  Hoogef s 

r e l a t i o n  which c o n t a i n s  t h e  f o l l o w i n g  assumpt ions:  

1) t h e  Hoogef s paramete r  a i s  c o n s t a n t  a l o n g  t h e  c h a n n e l  

( b o t h  g e n e r a l  form and l i n e a r  form);  



2 )  e l e c t r o n  m o b i l i t y  p and d ~ d ~  a r e  cons t an t  a long  t h e  

channel  ( l i n e a r  form);  

The v a l i d i t y  of equa t ion  (2 .3 .4)  i s  limited by t h e  above 

assumptions .  

I f  w e  cons ide r  only t h e  spontaneous f l u c t u a t i o n  of 

m o b i l i t y  a s  t h e  source  of l / f  no ise ,  t a k i n g  i n t o  account t h e  

s p a t i a l  dependence of Hoogers parameter  and t h e  mob i l i t y ,  t h e  

d r a i n  n o i s e  s p e c t r a l  d e n s i t y  can t h e n  be worked o u t  by 

s u b s t i t u t i n g  equa t ion  (2 .3 .3)  i n t o  (2 .3 .2)  : 

It i s  very ha rd  t o  compare t h e  exper imenta l  r e s u l t s  wi th  

n o i s e  p r e d i c t e d  by equa t ion  (2 .3 .5)  s i n c e  t h e  s p a t i a l  

dependence of a ( x )  i s  unknown. This  problem can on ly  be so lved  

by de te rmin ing  t h e  p h y s i c a l  model f o r  a. However, i n  some 

c a s e s  -such a s  weak inve r s ion ,  t h e  f i e l d  and s p a t i a l  v a r i a t i o n  

of m o b i l i t y  may be r e l a t i v e l y  sma l l  and a  cons t an t  Hoogefs 

parameter  can be expected.  

By p u t t i n g  d i f f e r e n t  exp re s s ions  f o r  t h e  d r a i n  c u r r e n t  a s  

a  func t ion  t h e  g a t e  b i a s  i n t o  equa t ion  (2 .3 .4 ) ,  f o r  d i f f e r e n t  

o p e r a t i n g  modes of t h e  dev ice ,  t h e  d r a i n  c u r r e n t  no i se  s p e c t r a l  

dependence on g a t e  b i a s  has  been exper imenta l ly  v e r i f i e d  by 

d i f f e r e n t  a u t h o r s .  For example, i n  l i n e a r  o r  ohmic r eg ion  

[Vand80a, Zie182, Zie188b1, when VD i s  smal l ,  s u b s t i t u t i n g  t h e  

w e l l  known d r a i n  c u r r e n t  exp re s s ion :  

and 



i n t o  equa t ion  (2.3.4), t hen  t h e  g a t e  r e f e r r e d  v o l t a g e  no i se  

s p e c t r a  can be found a s :  

Note t h a t  i n  equa t ion  (2.3.7), t h e  g a t e  v o l t a g e  

dependence of m o b i l i t y  was ignored .  

Consider ing t h e  s imple  g a t e  v o l t a g e  dependence of 

m o b i l i t y  wi th  a none-zero s u r f a c e  m o b i l i t y  degrada t ion  f a c t o r  

0 : 

w e  can rewrite t h e  equa t ion  of d r a i n  c u r r e n t  and t h e  express ion  

of t rans-conductance a s  fo l lowing:  

and i n  t u r n  t h e  g a t e  r e f e r r e d  v o l t a g e  n o i s e  s p e c t r a  f o r  MOSFETs 

i n  l i n e a r  r eg ion  can be r e w r i t t e n  as: 



The v a l i d i t y  of t h i s  equa t ion  i s  limited by t h e  above 

d r a i n  c u r r e n t  equa t ion  (2 .3 .10)  which ho lds  f o r  sma l l  V,, and 

a l s o  equa t ion  (2 .3 .8 )  which does no t  i n c l u d e  t h e  l a t e r a l  

e l e c t r i c a l  f i e l d  e f f e c t  on t h e  m o b i l i t y .  

A s i m i l a r  b i a s  dependence of S,&) was a l s o  found by 

Grabowski [Grab881 from a  d i f f e r e n t  approach where phonon 

d e n s i t y  f l u c t u a t i o n  was cons idered  a s  t h e  source  of m o b i l i t y  

f l u c t u a t i o n  i n s t e a d  of Hooge's e m p i r i c a l  r e l a t i o n .  If  t h e  V, 

term i n  g, was not  neg l ec t ed  i n  h i s  equa t ion  (26), h i s  r e s u l t s  

should  be r e a d  a s  t h e  fo l lowing:  

where it was claimed t h a t  m 92.2, and $, are t h e  minimum 

and maximum r e l a x a t i o n  t i m e  of m o b i l i t y  f l u c t u a t i o n .  K i s  a  

f u n c t i o n  of s e v e r a l  parameters ,  such a s  s c a t t e r i n g  c e n t e r  

d e n s i t y  i n  t h e  i n t e r f a c e ,  c o e f f i c i e n t  of phonon s c a t t e r i n g ,  

c o e f f i c i e n t  of t r a n s f e r  of phonon f l u c t u a t i o n  t o  mob i l i t y  

f l u c t u a t i o n  and t h e  s c a t t e r i n g  c e n t e r  d e n s i t y  p e r  u n i t  volume 

a long  t h e  channel .  A l l  t h e s e  parameters  cannot be determined 



e a s i l y .  

It is  amazing t h a t  i f  w e  l e t  

t h e n  equa t ion  (2.3.13) w i l l  be e x a c t l y  t h e  same a s  equa t ion  

(2 .3 .12 ) ,  a l though  t h e y  were d e r i v e d  from d i f f e r e n t  

approaches .  

I n  t h e  non-ohmic reg ion ,  t h e  b i a s  dependence w i l l  be  more 

complicated [Hoog8l, Park81, Vand80b, Zie188bl.  I n  Chapter 4 ,  

a  new model f o r  t h e  MOSFET l / f  n o i s e  i n  s a t u r a t i o n  mode i s  

p re sen t ed .  

52.3.2 Number Fluctuation Theory 

Based on t h e  o r i g i n a l  work of McWhorter [McWh57], it is  

widely known t h a t  t h e  low frequency n o i s e  i s  p a r t l y  caused by 

t h e  random t r a p p i n g  and de t r app ing  p roces se s  of charges  i n  t h e  

ox ide  t r a p s  near  t h e  Si-SiO, i n t e r f a c e  [Chri68, Berz70, Hsu70, 

Klaa71, Fu72, Aoki77, Vand80b, Cel i85,  Sury86, Zie188b, 

Klei901. The l a t e s t  t h e o r e t i c a l  work can be found i n  [KleigO]. 

The number f l u c t u a t i o n  t h e o r y  is  widely suppor ted  by 

c o r r e l a t i o n s  between low frequency no i se  d a t a  and t h e  

i n t e r f a c e  s t a t e  d e n s i t i e s  [Hsu70, Klaa71, Fu72, Miko82, 

Maes851. 

It i s  ha rd  t o  i n t e r p r e t  t h e  r e l a t i o n  between i n t e r f a c e  

t r a p  d e n s i t y  and t h e  low frequency n o i s e  d a t a  i f  t h e  i n t e r f a c e  

t r a p  i s  t r e a t e d  a s  t h e  on ly  o r i g i n  of c a r r i e r  number 

f l u c t u a t i o n .  A s  a  f a c t ,  when t h e  charges  i n  t h e  channel  a r e  

t r a p p e d  and de t rapped  by t h e  i n t e r f a c e  s t a t e s  through 

tunne l ing ,  t h e  number of c a r r i e r s  w i l l  f l u c t u a t e .  However, 



t h a t  i s  n o t  a l l .  The charge  number f l u c t u a t i o n  w i l l  a l s o  

r e s u l t  i n  a change i n  t h e  p o t e n t i a l  a l o n g  t h e  channe l .  The 

p o t e n t i a l  f l u c t u a t i o n  w i l l ,  i n  t u r n ,  c o n t r i b u t e  t o  t h e  number 

f l u c t u a t i o n s .  The modula t ion of  p o t e n t i a l  f l u c t u a t i o n s  on t h e  

number f l u c t u a t i o n s  i s  a l s o  an  i m p o r t a n t  o r i g i n  of low 

f requency  n o i s e  of MOSFETs. Beyond t h e  c o r r e l a t i o n  between 

number f l u c t u a t i o n  and  p o t e n t i a l  f l u c t u a t i o n ,  t h e  c o r r e l a t i o n  

between number f l u c t u a t i o n  a n d  m o b i l i t y  f l u c t u a t i o n  i s  a l s o  

s i g n i f i c a n t  and a  u n i f i e d  n o i s e  model i s  needed t o  d e s c r i b e  it. 

W e  w i l l  d i s c u s s  u n i f i e d  models i n  n e x t  s e c t i o n .  

The energy  and  s p a t i a l  d i s t r i b u t i o n  of  i n t e r f a c e  s t a t e  

d e n s i t y  as w e l l  as t h e  p o t e n t i a l  f l u c t u a t i o n  modula t ion are 

r e s p o n s i b l e  f o r  d i f f e r e n t  charge  number dependence of low 

f requency  n o i s e  under  d i f f e r e n t  o p e r a t i o n  mode of MOSFETs. 

The classic  formula  f o r  t h e  l / f  n o i s e  i n  MOSFET 

a s s o c i a t e d  w i t h  t h e  number f l u c t u a t i o n s  was f i r s t  d i s c u s s e d  by 

C h r i s t e n s s o n  e t  a l .  i n  1968 [ C h r i 6 8 ] .  The g a t e  r e f e r r e d  n o i s e  

s p e c t r a  caused  by e l e c t r o n  t u n n e l i n g  from t h e  i n t e r f a c e  t r a p s  

can  be found a s  [McWh57, Steg841 : 

Where N,(EF) s t a n d s  f o r  t h e  t o t a l  number o f  i n t e r f a c e  states 

n e a r  t h e  Fermi l e v e l .  

P l e a s e  n o t e  t h a t  i n  t h e  rest of  t h i s  s e c t i o n ,  w e  w i l l  keep 

u s i n g  N f o r  t o t a l  number and  n f o r  number d e n s i t i e s .  

Equa t ion  (2 .3 .15)  i s  v a l i d  o n l y  f o r  s t r o n g  i n v e r s i o n ,  

s i n c e  it w a s  assumed t h a t  t h e  carrier number d e n s i t y  

f l u c t u a t i o n  6n was e q u a l  t o  t h e  t r a p  d e n s i t y  n e a r  t h e  Fermi 



l e v e l  n,,(E,). It is  i m p o s s i b l e  f o r  t h e  number f l u c t u a t i o n  6n 

t o  be e q u a l  t o  t h e  t r a p  d e n s i t y  n,,(E,) i f  t h e  t o t a l  number of 

carriers i s  less t h a n  nit(E,) [Kle igO].  The same e x p r e s s i o n  was 

d e r i v e d  by Grabowski i n  1984 [Grab841 f rom a s l i g h t l y  d i f f e r e n t  

approach .  

While t h e  i n p u t  r e f e r r e d  n o i s e  s p e c t r a  were s t u d i e d ,  t h e  

d r a i n  c u r r e n t  n o i s e  s p e c t r a  were a l s o  i n v e s t i g a t e d .  I n  1984, 

Reimbold [Reim84] p r e s e n t e d  t h e  normal ized  d r a i n  c u r r e n t  

f l u c t u a t i o n  a s :  

where = (  is  t h e  t u n n e l i n g  c o n s t a n t  of  e l e c t r o n s  w i t h  

e f f e c t i v e  m a s s  m' i n  t h e  o x i d e ,  g t h e  energy  barrier f o r  

t u n n e l i n g  e l e c t r o n s ,  a n d  fi  t h e  Planck '  s reduced  c o n s t a n t .  The 

c a p a c i t a n c e s  i n  t h e  denominator  are c a p a c i t a n c e  p e r  u n i t  area 

of  t h e  g a t e  o x i d e  (C,,) , t h e  d e p l e t i o n  l a y e r  (C,) , t h e  i n t e r f a c e  

states (C,,) , and  t h e  c a r r i e r  c h a r g e s  ( Cn=(qZlkT)(N/ WL )) . N 

i s  t h e  t o t a l  number of  carrier c h a r g e  i n  t h e  channe l .  T h i s  

e q u a t i o n  was c la imed  t o  be v a l i d  f rom weak t o  s t r o n g  i n v e r s i o n .  

It was i n  1987, Ghibaudo [Ghib87] proved t h a t  t h e  

Reimboldt s e x p r e s s i o n  e q u a t i o n  (2 .3 .15)  was i d e n t i c a l  t o  t h e  

earl ier  d e r i v e d  g a t e  r e f e r r e d  s p e c t r a  e x p r e s s i o n  i n  t h e  s t r o n g  

i n v e r s i o n  r e g i o n .  A p r o p e r l y  e x p r e s s e d  t r ans -conduc tance  i n  

t h e  ohmic o p e r a t i o n  [Ghib86] c o u l d  'make t h e  connec t ion ,  t h a t  

i s  : 



The b a s i c  r e l a t i o n  between t h e  g a t e  r e f e r r e d  s p e c t r a  and t h e  

d r a i n  c u r r e n t  s p e c t r a  [Gent811 w a s  u sed .  T h i s  work a g a i n  made 

it clearer t h a t  b o t h  formula  were good f o r  t h e  s t r o n g  i n v e r s i o n  

r e g i o n .  

C o n s i d e r i n g  t h e  g a t e  b i a s  dependence of  t h e  e f f e c t i v e  

m o b i l i t y ,  t h e  d r a i n  c u r r e n t  n o i s e  s p e c t r a  can  t h e n  b e  w r i t t e n  

as [Hafe89, Ghib871 : 

S u b s t i t u t i n g  e q u a t i o n  (2.3.9) i n t o  t h e  above e q u a t i o n ,  and 

under  t h e  s t r o n g  i n v e r s i o n  c o n d i t i o n :  

c, >(c, +cu+cd) 

t h e  d r a i n  c u r r e n t  n o i s e  s p e c t r a  t h e n  w i l l  be as: 

The latest  t h e o r e t i c a l  work on t h e  number f l u c t u a t i o n  

t h e o r y  was done by Kle inpenn ing  [KleigO] . I n  h i s  work, t h e  

p o s i t i o n  dependence of t h e  c h a n n e l  carrier c a p a c i t a n c e  was 

c o n s i d e r e d .  H e  s t a r t e d  w i t h  t h e  Langevin e q u a t i o n  f o r  t h e  

n o i s e  s o u r c e  t e r m s ,  a n d  h i s  r e s u l t s  c a n  b e  a p p l i e d  t o  t h e  

o p e r a t i n g  r e g i o n s  from l i n e a r  t o  s a t u r a t i o n .  



Assuming t h a t  t h e  i n t e r f a c e  t r a p  d e n s i t y  n,, a n d  m o b i l i t y  

k,, a l o n g  t h e  c h a n n e l  a r e  c o n s t a n t s ,  t h e n  t h e  Langevin s p a t i a l  

c r o s s  s p e c t r a l  d e n s i t y  s o u r c e  t e r m  f o r  t h e  number f l u c t u a t i o n  

i s  g i v e n  by :  

where 

y= CnI(Cd + C, + C, + C,) (2.3.22) 

and  t h e  d e f i n i t i o n  of c a p a c i t a n c e s  a r e  t h e  same as b e f o r e .  

The a . c .  s h o r t  c i r c u i t  d r a i n  c u r r e n t  n o i s e  s p e c t r a l  

d e n s i t y  can  b e  found from t h e  above Langevin s p a t i a l  c r o s s  

s p e c t r a l  d e n s i t y  s o u r c e  t e r m  as: 

Taking i n t o  a c c o u n t  t h e  p o s i t i o n  dependence o f  t h e  

c h a n n e l  c a r r i e r  c a p a c i t a n c e ,  t h e  c a p a c i t a n c e  n o i s e  r e d u c t i o n  

f a c t o r  y i n  e q u a t i o n  ( 2 . 3 . 2 2 )  can  b e  r e w r i t t e n  as f o l l o w i n g :  

where no i s  d e f i n e d  as: 



The d r a i n  c u r r e n t  no i se  s p e c t r a  f o r  t h e  dev ice  can t hen  

be de r ived  a s :  

So f a r ,  we have no t  made any assumption on t h e  o p e r a t i n g  mode 

of MOSFET. 

The i n t e g r a t i o n  can be e a s i l y  worked o u t  under t h e  

c o n d i t i o n  of s t r o n g  i n v e r s i o n  wi th :  

Theref o r e ,  w e  have : 

with 

No=&, r = l + N d N ,  s=l+(N,+N,)IN,  and q=VD/(VG-V,). (2.3.28') 

Equation (2.3.28) can be s i m p l i f i e d  under some t y p i c a l  

dev i ce  o p e r a t i n g  modes a s  fo l lows:  



I ~m,  
ohmic region, with q = 

VD 
fL(No+N)(No+N, + N )  

m N t ,  
on -set saturation, with q = 

VD 
( v G - v r ) =  

and N w N , w N o  

Z ~ , ,  
on-se t  saturation, with q= VD 

(VG - VT) 
= 

I n  t h e  weak i n v e r s i o n  reg ion ,  wi th  VD > kTlq, t h e  d r a i n  

c u r r e n t  w i l l  be  dominated by d i f f u s i o n  c u r r e n t :  

where t h e  e f f e c t i v e  c u r r e n t  f low c r o s s  s e c t i o n  a r e a  A i s  equa l  

t o  t h e  channel  width t imes  e f f e c t i v e  i n v e r s i o n  dep th .  Refer red  

t o  Sze [Size85 I ,  w e  have: 

The boundary c o n d i t i o n s  a r e :  

e*, e*,-BVD n(O)=n,e , and n(L)=n,e (2.3.32) 

The s u r f a c e  p o t e n t i a l  v, i s  a  f u n c t i o n  of g a t e  b i a s  v o l t a g e  a s  

fo l l ows  : 



The i n t e g r a t i o n  i n  equa t ion  (2.3.26) can be eva lua t ed  a s :  

$2.3.3 Unified l/f  Noise Theory 

It i s  q u i t e  c l e a r  t h a t  t h e  n o i s e  of MOSFET i s  a  r e s u l t  of 

combination of t h e  n o i s e  from m o b i l i t y  f l u c t u a t i o n  and from 

number f l u c t u a t i o n .  The s t r o n g  c o r r e l a t i o n  between t h e  number 

f l u c t u a t i o n  and t h e  m o b i l i t y  f l u c t u a t i o n  has  been no t i ced ,  and 

t h i s  has  led t o  t h e  i n t r o d u c t i o n  of u n i f i e d  n o i s e  models. 

There a r e  many papers  pub l i shed  on t h i s  i s s u e  [Hunggo, 

Grab89a, b, Zie188b, Grab88, Sury88, Miko82 I . 
The u n i f i e d  t heo ry  can be a s  s imple  a s  d e s c r i b i n g  t h e  

n o i s e  a s  a  sum of n o i s e  g iven  by bo th  m o b i l i t y  f l u c t u a t i o n  and 

number f l u c t u a t i o n .  For example, t h e  combined formula given 

by Grabowski [Grab88], i s  simply a  root-mean-square of 

equa t ions  (2.3.13) and (2.3.15) : 

However, one has  t o  keep i n  mind t h a t  t h e  f i r s t  term i n  



r ight-hand-s ide of equa t ion  (2.3.35) i s  on ly  good f o r  t h e  

s t r o n g  i n v e r s i o n  mode, whi le  t h e  second one i s  on ly  good f o r  

t h e  ohmic r eg ion .  Thus, equa t ion  (2.3.35) i s  v a l i d  on ly  i n  t h e  

s t r o n g  i n v e r s i o n  ohmic reg ion ,  i. e .  V, -VT>VD-0 .  The equa t ion  

cannot be used e i t h e r  sub th re sho ld  o r  s a t u r a t i o n  o p e r a t i n g  of 

MOSFETs . 
A u n i f i e d  model from f i rs t  p r i n c i p l e s  was p re sen t ed  by 

Hung and h i s  co-workers [Hunggo]. The i r  r e s u l t  i nco rpo ra t ed  

bo th  t h e  number f l u c t u a t i o n  and s u r f  a c e  m o b i l i t y  f l u c t u a t i o n  

mechanism, and i s  v a l i d  f o r  bo th  l i n e a r  and s a t u r a t i o n  

o p e r a t i n g  mode of t h e  dev i ce .  Consider ing t h e  d r a i n  c u r r e n t  

f l u c t u a t i o n  i s  due t o  c o n t r i b u t i o n s  from t h e  c a r r i e r  number 

f l u c t u a t i o n  and t h e  mob i l i t y  f l u c t u a t i o n ,  which a r e  coupled by 

t h e  i n t e r f a c e  s c a t t e r i n g .  The d r a i n  c u r r e n t  no i se  s p e c t r a  

g iven  by Hung [Hung901 i s :  

By making t h e  fo l lowing  s u b s t i t u t i o n :  

N&) = M E f )  (1 + w#)' 
= A  +BN+CN' (2.3.37) 

and p u t t i n g  t h e  d r a i n  c u r r e n t  equa t ion  and b i a s  dependence of 

c a r r i e r  d e n s i t y  i n t o  equa t ion  (2.3.36) , t h e  d r a i n  c u r r e n t  

n o i s e  s p e c t r a  can t h e n  be w r i t t e n  a s :  

where A, B, and C a r e  f i t t i n g  parameters  r e l a t e d  t o  t h e  

i n t e r f a c e  t r a p  d e n s i t y  around t h e  Fermi l e v e l ,  and 



No = CAVQ - VmY4 9 

NL = Car(VQ - Vm - a VD)/q . (3.3.39) 

The t u n n e l i n g  t r a p p i n g  cons t an t  y i s  g iven  by: 

y = h d G  (2.3.40) 

with  me be ing  t h e  e f f e c t i v e  mass of e l e c t r o n  i n  t h e  oxide,  $ 

t h e  b a r r i e r  he igh t  f o r  t u n n e l i n g  e l e c t r o n s ,  and A t h e  P l a n c k r s  

c o n s t a n t .  

For dev i ce s  i n  s a t u r a t i o n  mode, V, i n  equa t ion  (2.3.39) 

should  be r e p l a c e d  by V,,,. 

By chosing proper  f i t t i n g  parameters  A, B, and C, 

equa t ion  (2 .3 .38)  was found by Hung e t  a 1  [Hung901 t o  be  i n  

good agreement wi th  t h e i r  exper imenta l  r e s u l t s .  

I n  t h e  l i n e a r  reg ion ,  t h e  g a t e  r e f e r r e d  n o i s e  s p e c t r a  can 

be de r ived  from equa t ion  (2 .3 .36)  as: 

This  exp re s s ion  i s  s i m i l a r  t o  t h e  u n i f i e d  e m p i r i c a l  no i se  

formula i n  l i n e a r  r eg ion  found by Mikoshiba [Miko82] . From h i s  

exper imenta l  r e s u l t s ,  Mikoshiba found t h e  fo l lowing  b i a s  

dependence of g a t e  r e f e r r e d  n o i s e  s p e c t r a  i n  l i n e a r  reg ion :  

where m=0.7-1.2, and K,, K2 a r e  e m p i r i c a l  cons t an t s .  

Equation (2 .3 .41)  can be compared t o  (2.3.42) by i gno r ing  

t h e  h i g h e s t  o r d e r  term of N, s e t t i n g  m = l ,  and 



The equiva lence  between equa t ions  (2.3.41) and (2.3.42) 

provided  more exper imenta l  suppor t ,  i n  t h e  l i n e a r  region,  t o  

t h e  u n i f i e d  t heo ry  d e r i v e d  from f i r s t  p r i n c i p l e s  by Hung e t  a l .  

Hung's u n i f i e d  t heo ry  was a l s o  found t o  be  s u c c e s s f u l  i n  

t h e  s a t u r a t i o n  r eg ion  i n  comparison wi th  Hung's exper imenta l  

r e s u l t s .  I n  Chapter 4 ,  w e  w i l l  show t h a t  our  model i s  a l s o  i n  

good agreement wi th  t h e  u n i f i e d  n o i s e  t heo ry  i n  t h e  s a t u r a t i o n  

r eg ion  f o r  d e s c r i b i n g  n o i s e  b i a s  dependence. 



Chapter 3 New Spatial Profiling Technique 

I n  t h i s  chap te r ,  w e  w i l l  i n t roduce  a  new charge pumping method 

f o r  de te rmin ing  t h e  s p a t i a l  d i s t r i b u t i o n  of i n t e r f a c e  s t a t e s .  The 

new method u t i l i z e s  t h e  charge pumping t echn ique  with s e p a r a t e d  

source  and d r a i n  b i a s e s .  The advantage of t h i s  method i s  t h a t  it 

a l lows  u s  t o  measure Nit d i s t r i b u t i o n s  near  t h e  source  and d r a i n  

independent ly ,  and w e  c a l l  t h e  new method t h e  s p a t i a l  p r o f i l i n g  

charge pumping (SPCP) t echnique .  SPCP r e q u i r e s  no assumption on 

t h e  Nit d i s t r i b u t i o n ,  and i f  it is  combined wi th  t h e  s t a i r - c a s e  

charge pumping method, t h e n  w e  can determine t h e  o v e r a l l  s p a t i a l  

and energy d i s t r i b u t i o n s  of t h e  i n t e r f a c e  state d e n s i t y  a long  t h e  

channel .  A formula f o r  de te rmin ing  t h e  s p a t i a l  and energy 

d i s t r i b u t i o n  of Nit u s ing  t h e  combined charge pumping technique  w i l l  

a l s o  be p re sen t ed  i n  t h i s  c h a p t e r .  

53.1 Configuration and Formula 

The new charge pumping t echn ique  i s  proposed f o r  measuring 

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

MOSFETs. I n s t e a d  of connec t ing  t h e  sou rce  and d r a i n  t o g e t h e r  a s  

i s  u s u a l l y  done, w e  apply d i f f e r e n t  r e v e r s e  b i a s  vo l t ages  t o  t h e  

source  and d r a i n  s e p a r a t e l y .  The new method a l l ows  us  t o  measure 

t h e  d i s t r i b u t i o n  of Nit wi thout  making any assumption on it.  With 

t h e  new method, w e  can determine Nit d i s t r i b u t i o n  near  t h e  source  

and t h e  d r a i n  independent ly .  Our r e s u l t s  show t h a t  t h e  i n t e r f a c e  

s t a t e  d i s t r i b u t i o n  of a  v i r g i n  MOSFET i s  no t  cons t an t  a long  t h e  

channel .  



I n  gene ra l ,  t h e  charge pumping c u r r e n t  i s  g iven  by equa t ion  

(3 .1)  below i f  only t h e  s p a t i a l  d i s t r i b u t i o n  i s  cons idered .  

where 

a r e  t h e  w e l l  known pn-junct ion dep th  nea r  t h e  source  and d r a i n  

r e s p e c t i v e l y .  AvsO i s  t h e  change of s u r f a c e  p o t e n t i a l ,  f i s  t h e  

f requency of t h e  g a t e  p u l s e s  and W i s  t h e  width of t h e  dev i ce .  

A s  p o i n t e d  o u t  i n  s e c t i o n  52.1.3, t h e  assumptions i n  t h e  

convent iona l  method l i m i t e d  i t s  v a l i d i t y  f o r  measuring a r b i t r a r y  

Nit d i s t r i b u t i o n s .  I n  o r d e r  t o  o b t a i n  t h e  a c t u a l  s p a t i a l  

d i s t r i b u t i o n  a long  t h e  channel,  w e  proposed a  new scheme t o  

perform t h e  charge pumping measurement, shown schema t i ca l l y  i n  

F igure  2 .1 .  This  new method does no t  r e q u i r e  assumptions on Nit 

e i t h e r  f o r  t h e  v i r g i n  dev ice ,  o r  f o r  t h e  source  end of t h e  

dev ice ,  and it i s  s u i t a b l e  f o r  any Nit d i s t r i b u t i o n  a long  t h e  

channel .  

I n s t e a d  of connect ing t h e  source  and t h e  d r a i n  t o g e t h e r ,  w e  

app ly  d i f f e r e n t  r e v e r s e  b i a s  v o l t a g e s  t o  t h e  source  and t h e  d r a i n  

independent ly .  I n  f i g u r e  3.1,  w e  show t h e  coo rd ina t e  system f o r  

t h e  new CP scheme. The d i s t r i b u t i o n  of i n t e r f a c e  s t a t e s  i n  t h e  

d r a i n  r eg ion  can be found by va ry ing  t h e  d r a i n  b i a s  v o l t a g e  wi th  

f i x e d  source  b i a s .  S ince  t h e  source  bias is  f ixed ,  t h e  source  

end of t h e  d e p l e t i o n  r eg ion  Xs i n  t h e  channel  i s  f i x e d .  A f t e r  

measuring t h e  charge pumping c u r r e n t  i n  equa t ion  ( 3 . 1 ) ,  





we can find the spatial distribution N&) near the drain end by 

a straightforward calculation, that is, taking derivative of 

equation (3.1) to get: 

The distribution near the source region can similarly be 

measured by varying the source bias voltages with fixed drain 

reverse bias voltage to give: 

With equations (3.3) and (3.4), we can determine N,, around 

the drain and the source end of the channel independently without 

making any assumption on Nit. 

In order to reduce the interference to I, from 

hot-carrier-injection induced substrate current, the drain and 

source bias voltages were chosen to be very close to each other, 

i.e. V,, was small during the charge pumping measurement. 

83.2 Combination of SPCP and SCCP 

The spatial distribution of Nit given in last section is an 

average of its energy distribution. In this section, a more 

general formula will be given to find spatial and energy 

distributions of Nit It is a combination of the spatial 

profiling and stair-case charge pumping techniques. 

Considering both the energy and spatial distribution of Nit, 

we can find the charge pumping current from: 



The energy  and  s p a t i a l  d i s t r i b u t i o n  n e a r  t h e  d r a i n  can be  

measured by t a k i n g  d e r i v a t i v e s  of  I, r e s p e c t i n g  b o t h  d r a i n  b i a s  

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

p u l s e s .  The c a l c u l a t i o n s  a r e  s t r a i g h t f o r w a r d .  

N,(E,XD) ( , , ,vwdistr ibution n e a r  t h e  d r a i n  c a n  b e  g i v e n  by : 

and  t h e  d i s t r i b u t i o n s  n e a r  t h e  s o u r c e :  

The s p a t i a l  and  energy d i s t r i b u t i o n  o f  i n t e r f a c e  s t a t e s  can 

be u s e d  t o  e v a l u a t e  t h e  low f requency  n o i s e  due  t o  t h e  number 

f l u c t u a t i o n s  and  t h e  c o r r e l a t i o n  between t h e  number f l u c t u a t i o n  

and  m o b i l i t y  f l u c t u a t i o n .  The s p a t i a l  d i s t r i b u t i o n  can  a l s o  b e  

u s e d  i n  mode l l ing  t h e  a g i n g  of i n t e r f a c e  states. 



Chapter 4 l/f Noise Model of MOSFETs in Saturation 

The m o b i l i t y  f l u c t u a t i o n  t heo ry  of l / f  n o i s e  i n  MOSFET has  

p rev ious ly  been i n v e s t i g a t e d  by many r e s e a r c h e r s .  To da t e ,  t h e r e  

e x i s t s  both t h e o r e t i c a l  and exper imenta l  r e s u l t s  on low frequency 

n o i s e  f o r  t h e  l i n e a r  mode of o p e r a t i o n  i n  MOSFETs, and t h e  

agreement between t h e  t heo ry  and experiment i s  good. However, 

improvements a r e  needed f o r  t h e  e x i s t i n g  low frequency no i se  models 

of MOSFETs i n  s a t u r a t i o n .  The i n t e n t i o n  of t h i s  chap te r  i s  t o  

p r e s e n t  a  new low frequency n o i s e  model f o r  s a t u r a t e d  MOSFETs. A 

comparison of our  t h e o r e t i c a l l y  p r e d i c t e d  n o i s e  wi th  our  

exper imenta l  r e s u l t s  can be found i n  s e c t i o n  86.3. 

The l / f  n o i s e  models f o r  MOSFETs i n  ohmic reg ion  based on t h e  

m o b i l i t y  f l u c t u a t i o n  have shown succes s  by many a u t h o r s  [Hoog81, 

Hend88, Park81, Park82a, Vand80a, Zie188bl.  However, t h e  

e v a l u a t i o n  of equa t ion  (2 .3 .4)  i n  s a t u r a t i o n  mode is  not  a s  easy  a s  

t h a t  i n  t h e  l i n e a r  r eg ion .  

I n  t h i s  chap te r ,  w e  w i l l  p r e s e n t  t h e  g a t e - r e f e r r e d  n o i s e  

s p e c t r a  based on t h e  g e n e r a l  form of equa t ion  (2 .3 .4)  f o r  MOSFETs 

i n  t h e  s a t u r a t i o n  mode and w i l l  a l s o  cons ide r  t h e  f i e l d  dependence 

of m o b i l i t y .  

The channel  l e n g t h s  of most of ou r  tes t  dev i ce s  were less t h a n  

4 p ,  and w e  a r e  more i n t e r e s t e d  i n  ho t  c a r r i e r  e f f e c t s  i n  s h o r t  

channel  dev ices ,  t h e r e f o r e  w e  chose t h e  s h o r t  channel model i n  t h e  

fo l lowing  d i s c u s s i o n s .  

The d e r i v a t i o n  s t a r t s  wi th  equa t ion  (2 .3 .4 ) ,  Hooge's 

e m p i r i c a l  r e l a t i o n  a s  t h e  Langevin source  term of no i se .  Using t h i s  

r e l a t i o n ,  t h e  d r a i n  c u r r e n t  n o i s e  s p e c t r a  can be w r i t t e n  i n  t h e  

u s u a l  way : 



and f o r  t h e  l i n e a r  reg ion  of MOSFET ope ra t i on ,  equa t ion  (4.1) can 

be e a s i l y  e v a l u a t e d  a s :  

However, i n  t h e  s a t u r a t i o n  mode, t h e  i n t e g r a t i o n  i n  equa t ion  (4.1) 

i s  no t  simple,  and it has  t o  be  p r o p e r l y  eva lua t ed  be fo re  a 

comparison wi th  exper imenta l  r e s u l t s  can be  made. Here, we propose 

a p h y s i c a l  model t o  e v a l u a t e  equa t ion  (4.1) f o r  t h e  s a t u r a t i o n  mode 

of o p e r a t i o n  of NMOS dev ice s .  S i m i l a r  r e s u l t s  can a l s o  be ob t a ined  

f o r  PMOS dev ice s .  

The proposed model, c a l l e d  t h e  two-region model, d i v i d e s  t h e  

channel  i n t o  two p a r t s  a s  shown i n  f i g u r e  4.1. Note t h a t  t h e  

d i s t a n c e  between L' and L" has  been exaggera ted  t o  show t h e i r  

d i f f e r e n c e .  Region I, t h e  l i n e a r  reg ion ,  i s  t h e  conduct ive  channel  

from t h e  source  junc t ion  edge (X-0) t o  t h e  p inch  o f f  edge (x-L'). 

Region 11, t h e  v e l o c i t y  s a t u r a t i o n  reg ion ,  i s  t h e  d e p l e t e d  p a r t  

from t h e  p inch  o f f  edge (x-L') t o  t h e  d r a i n  junc t ion  edge (X-L) . 
I n  r eg ion  I, t h e  c a r r i e r  d e n s i t y  i s  r e l a t e d  t o  t h e  g a t e  

capac i t ance  charge which i s  a l i n e a r  f u n c t i o n  of t h e  p o s i t i o n  a long  

t h e  channel  and is  g iven  a s :  

n(x) = WC,(V,-V,)(l-xIL')/q (4.3) 

and 

L' =L-AL4 



GATE 

SOURCE DRAIN 

F i g u r e  4 . 1  C o o r d i n a t e s  i n  t h e  S a t u r a t i o n  MOSFET Noise Model 



I n  r e g i o n  11, t h e  c a r r i e r s  a r e  c o n s i d e r e d  t o  t r a v e l  a t  t h e  

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

n(x l L  2 x  2Lt')=no, i s  a c o n s t a n t  and  can  b e  de te rmined  from: 

I,, = qvxno . (4.5) 

The i n t e g r a t i o n  of  e q u a t i o n  ( 4  .l) i s  c a r r i e d  o u t  i n  two 

i n t e r v a l s :  [O, L'q and [L", L ] ,  and  c a r r i e r  c o n t i n u i t y  i s  m a i n t a i n e d  

a t  L " by t h e  r e l a t i o n :  

n(L") = WC,(VG - V,) (1 - L"1L')Iq 

- - no (4.6) 

From t h e  above model f o r  t h e  s a t u r a t e d  MOSFET, w e  can  w r i t e  

t h e  carr ier  d e n s i t y  d i s t r i b u t i o n  a s :  

S u b s t i t u t i n g  t h i s  d i s t r i b u t i o n  i n t o  e q u a t i o n  ( 4 . 1 ) ,  t h e  d r a i n  

c u r r e n t  n o i s e  s p e c t r a  can  b e  found by a s t r a i g h t f o r w a r d  c a l c u l a t i o n  

and  i s :  

- - (41 ;  L-AL. I,, AL. 4n.X 

fLWCAVG - VT) [771{7J+T-[K'j 
where AL. was d e f i n e d  i n  e q u a t i o n  ( 4 . 4 ) ,  and  I,, was d e f i n e d  as: 



and t h e  r e l a t i o n s h i p  between t h e  d r a i n  c u r r e n t  no i se  s p e c t r a  and 

t h e  i n p u t  r e f e r r e d  v o l t a g e  no i se  s p e c t r a  i s  known t o  be [Gent81]: 

I n  t h e  fo l lowing  s e c t i o n s ,  we a r e  going t o  cons ide r  two t y p i c a l  

c a s e s  i n  t h e  s a t u r a t i o n  mode of MOS dev ice  o p e r a t i o n .  And t h e  g a t e  

r e f e r r e d  n o i s e  s p e c t r a  w i l l  be  p r e sen t ed  f o r  bo th  c a s e s .  The two 

c a s e s  a r e :  

Case I ( s l i g h t l y  s a t u r a t e d  s h o r t  channel d e v i c e s  ) :VD-VD,d=(Va-VT) 

f o r  s h o r t  channel  dev i ce s  wi th  sma l l  VG-V,, w e  have ID = (vG-vT)'; 

Case I1 ( d e e p l y  s a t u r a t e d  shor t  channel d e v i c e s  ) : VD z(VG-Vr) > VD,= 

f o r  s h o r t  channel  dev i ce s  wi th  v e l o c i t y  s a t u r a t i o n ,  w e  have 

ID 0~ (Va - VT) ; 

84.1 Onset Saturation Model 

I n  t h i s  s e c t i o n ,  we w i l l  d e a l  wi th  t h e  o n s e t  of s a t u r a t i o n  

c a s e .  The c o n d i t i o n  f o r  o n s e t  s a t u r a t i o n  is :  

VD =Va- VT= V,, for small VG - V, in short channel devices. (4.11) 

I n  o r d e r  t o  determine t h e  b i a s  dependence of g a t e - r e f e r r e d  

n o i s e  s p e c t r a ,  w e  need t o  know t h e  s a t u r a t i o n  c u r r e n t  model. 

Using t h e  well-known exp re s s ion  of t h e  d r a i n  c u r r e n t  f o r  

t h e  o n s e t  of s a t u r a t i o n  i n  s h o r t  channel  MOSFETs: 

w e  can e v a l u a t e  t h e  t rans-conductance g,,, a s :  

The g a t e - r e f e r r e d  n o i s e  s p e c t r a  f o r  MOSFET a t  t h e  onse t  of t h e  



s a t u r a t i o n  mode i s  de te rmined  as: 

where I,, w a s  d e f i n e d  i n  e q u a t i o n  ( 4 . 9 ) .  

S i n c e  I,, = (VG-VT) and  t h e  d r a i n  c u r r e n t  ID = (vG-vT)', t h e  

second t e r m  i n  t h e  r igh t -hand-s ide  of  e q u a t i o n  ( 4 . 1 4 )  w i l l  b e  

approx imate ly  c o n s t a n t  a s  VG-VT i n c r e a s e s ,  w h i l e  t h e  f i r s t  t e r m  

w i l l  i n c r e a s e  s l i g h t l y .  There fo re ,  w e  e x p e c t  t h a t  t h e  gate 

r e f e r r e d  n o i s e  l e v e l  w i l l  i n c r e a s e  s l i g h t l y  a s  VG-VT i n c r e a s e s  a t  

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

$4.2 Velocity Saturated Model 

I n  t h i s  s e c t i o n ,  w e  w i l l  d i  s c u  ss a n  e x t r  erne s i t u a t i o n  i n  t h e  

s a t u r a t i o n  mode of  MOSFET o p e r a t i o n .  I n  t h i s  c a s e ,  t h e  v e l o c i t y  

of carriers i n  most of t h e  c h a n n e l  i s  s a t u r a t e d  t o  t h e  maximum 

v e l o c i t y  v,. T h i s  can  b e  a c h i e v e d  by b i a s i n g  t h e  s h o r t  channe l  

d e v i c e  under  t h e  f o l l o w i n g  c o n d i t i o n  : VD 1 (VG-VT) > VDSa. 

I n  case o f  t h e  deep  s a t u r a t i o n ,  t h e  d r a i n  c u r r e n t  i s  t h e  

maximum p o s s i b l e  d r a i n  c u r r e n t  which can  b e  w r i t t e n  as: 

ID = v,WC,(VG - VT) (4.15) 

and  t h e r e f o r e  t h e  t r ans -conduc tance  i s  a c o n s t a n t  as f o l l o w s :  

gm = vxWc= (4.16) 

S u b s t i t u t i n g  e q u a t i o n s  ( 4 . 8 ) ,  (4 .  I S ) ,  and (4.16) i n t o  

e q u a t i o n  (4 . l o ) ,  t h e  i n p u t  r e f e r r e d  n o i s e  s p e c t r a  i n  deep  

s a t u r a t i o n  can  t h e n  b e  found as: 



It will increase l inearly as Vo-VT increases. 



Chapter 5 Experimental Systems 

An automated microelectronics measurement system has been 

implemented for the microelectronics research group at school of 

engineering science, Simon Fraser university. This hardware and 

software integrated measurement system is capable of taking 

measurements on DC characterization, low frequency noise spectra 

and charge pumping of MOSFETs. It is very useful in studying the 

hot-carrier-induced effects and other short channel effects in 

short channel MOSFETs. 

05.1 Devices Studied 

The devices used in our experiments were supplied by 

Northern Telecom Electronics, Ottawa. The effective channel 

length of those devices varies from 0 . 6 ~  to 3 . 0 ~ .  All the 

devices have the same draw width of l o p  and the terminals of 

each device are separated. The effective channel doping is about 

2 ~ 1 0 ~ ~ c m - ~ ,  and the gate oxide thickness is 250 A for all devices 

used. 

05.2 Charge Pumping Measurements 

Our experimental setup is shown in figure 5.1. A HP4145B 

Semiconductor Parameter Analyzer (SPA) was programmed to provide 

both the source and the drain bias voltages, and to measure the 

substrate current in the charge pumping measurements. A Wavetek 

178 wave function generator was programmed to supply the square 

pulses to the gate with a variable base level. All the equipment 

are automated by an IBM compatible personal computer. 
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Figure 5.1 Charge Pumping Experimental Setup 



The HP4145B Semiconductor Paramete r  Analyzer  w a s  a l s o  used  

t o  stress t h e  MOSFET f o r  h o t - c a r r i e r - i n j e c t i o n  and  moni to r ing  t h e  

DC pa ramete r  d e g r a d a t i o n s .  

To measure t h e  i n t e r f a c e  s t a t e s  d i s t r i b u t i o n  near  t h e  d r a i n  

end, f o r  each  f i x e d  s o u r c e  v o l t a g e  V,, two measurements w e r e  t a k e n  

a t  d r a i n  b i a s  v o l t a g e s  of V, = ~ , f  ~ A V .  The d i f f e r e n c e  of t h e  d r a i n  

b i a s  AVD=AV and  t h e  change of charge  pumping c u r r e n t  Af, were 

used  i n  e q u a t i o n  ( 3 . 3 )  t o  c a l c u l a t e  (dIqldVD)Vs=,d. f o r  Nit@) n e a r  t h e  

d r a i n  end.  If w e  a d j u s t  t h e  s t e p  o f  t h e  s o u r c e  b i a s  v o l t a g e  t o  
1 
;AV, t h e n  w e  can  have t h e  change of  I,, w i t h  f i x e d  d r a i n  b i a s  f o r  

d i f f e r e n t  s o u r c e  b i a s  a t  t h e  same t i m e .  T h i s  changes  can  be used  

i n  e q u a t i o n  ( 3 . 4 )  t o  de te rmine  t h e  d i s t r i b u t i o n  n e a r  t h e  s o u r c e  

r e g i o n .  

I n  most of  o u r  measurements t h e  g a t e  p u l s e  f requency  i s  

f-100KHz. The f requency  i s  chosen t o  b e  h i g h  enough s o  t h a t  t h e  

b u l k  recombina t ion  i n  s u b s t r a t e  canno t  r espond  t o  it t o  reduce  

t h e  geomet r i c  s u b s t r a t e  c u r r e n t .  The f requency  dependence o f  

charge  pumping c u r r e n t  h a s  been i n v e s t i g a t e d  t o  f i n d  a p r o p e r  

g a t e  p u l s e  f requency .  The ampl i tude  of  g a t e  p u l s e s  i s  chosen t o  

be  7.5V o r  5 .  OV. Accordingly ,  t h e  change of s u r f a c e  p o t e n t i a l  

was e s t a b l i s h e d  t o  b e  abou t  0.6V(=2qF). 

S i n c e  t h e  new charge  pumping method m o d i f i e d  t h e  

c o n v e n t i o n a l  charge  pumping t e c h n i q u e  w i t h  d i f f e r e n t  v o l t a g e s  

a p p l i e d  t o  t h e  s o u r c e  and  d r a i n ,  a  q u e s t i o n  abou t  e f f e c t s  on t h e  

c h a r g e  pumping r e s u l t s  caused  by t h e  v o l t a g e  d i f f e r e n c e  may b e  

asked .  Our e x p e r i m e n t a l  r e s u l t s  showed t h a t  t h e  e f f e c t  can  b e  

e l i m i n a t e d  by c a r e f u l l y  s e l e c t i n g  o f  t h e  s o u r c e  and  d r a i n  b i a s  

v o l t a g e  d i f f e r e n c e .  It was found t h a t  t h e  b i a s  v o l t a g e  

d i f f e r e n c e  of  AV= 100mV was most s u i t a b l e  f o r  o u r  tes t  d e v i c e s .  

There  are two major f a c t o r s  i n v o l v e d  i n  d e t e r m i n i n g  t h i s  b i a s  



d i f f e r e n c e .  Too l a r g e  o r  t o o  smal l  AV w i l l  cause  problems, and 

more d e t a i l s  on t h i s  i s s u e  can be found i n  chap te r  6 .  

A computer c o n t r o l  program c a l l e d  CPSPA, was developed t o  

conduct t h e  automated charge pumping measurements. The syn tax  of 

u s i n g  CPSPA is :  

CPSPA configurat ion-f i lename 

I n s i d e  t h e  f i l e  : conf igu ra t i on  - f i lename,  8 parameters  a r e  

s p e c i f i e d .  They a r e  : 

s t a r t ,  s t op ,  and s t e p  va lues  of g a t e  p u l s e  o f f s e t  v o l t a g e  V,,, and 

d r a i n  b i a s  v o l t a g e  V,; g a t e  p u l s e  f requency f and ampli tude of 

g a t e  p u l s e  AVG; 

Table 5 . 1  shows a  t y p i c a l  f i l e  of conf igurat ion-f i lename 

f o r  a  NMOS dev ice .  

T a b l e  5.1 Conf igura t ion  f i l e  of Program CPSPA 

The v o l t a g e  d i f f e r e n c e  between t h e  d r a i n  b i a s  and source  

b i a s  i s  set t o  be  t h e  same of d r a i n  b i a s  s t e p  va lue  supp l i ed  by 

t h e  c o n f i g u r a t i o n  f i l e ,  and AV of t h e  d e r i v a t i v e  measurement i n  

equa t ion  (3.3) o r  (3.4) i s  double  of t h e  d r a i n  b i a s  s t e p  va lue  

supp l i ed  by t h e  c o n f i g u r a t i o n  f i l e .  

To run  t h i s  program, one needs t h e  fo l lowing  ins t rument :  

A HP4145B Semiconductor Parameter Analyzer (SPA) and A Wavetek 

178 wave f u n c t i o n  g e n e r a t o r .  

VGL 

s t a r t  

-8.0 

VD f 

Hz 

1. OE5 

s t o p  

2.0 

s t a r t  

0.05 

AVG 

(V) 

7.5 

s t e p  

0.1 

s t o p  

5.0 

s t e p  

0.05 



05.3 DC Measurements and Stress Scheme 

The DC parameter degradation measurements are performed by 

an automated HP4145B Semiconductor Parameter Analyzer. Computer 

control programs developed for the DC measurements and 

hot-carrier-injection stressing are SPA and SllRESS. 

Program SPA is for taking DC characteristic measurements. 

The syntax of using this program is: 

SPA c o n f i g u r r t i a n _ f i l s n ~ o  < o u t p u t - f i l s n e  

If output - filename was not provided, the default output file name 
datafrom.spa will be used. 

Program SllRESS is developed to stress the DUT for any given 

time interval under specified drain bias voltage. The program 

can automatically determine the gate bias voltage to achieve the 

maximum substrate current. To use program STRESS, the syntax is : 

STRESS P (N) (PdJWShYAWS) t a t  ( S a c )  <drain - bias  - ~0lt8p> 

If drain - bias - voltage was not supplied, the default 

drain-bias-voltage is 5V for NMOS with option N, and -5V for PMOS 

with option P .  

As discussed in section S2.2, the trans-conductance g,is a 

direct probe the hot carrier injection degradation in MOSFETs. 

The g, was determined from derivative the DC I, - V, curve at 

VD =50, 75, and 100mV, with both the source and the substrate 

connected to ground. The g, degradation as a function of the 

stressing time was monitored for NMOS devices with the effective 

channel length varying from 0 . 6 ~  to 3 . 0 ~ .  
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$5.4 l/f Noise Measurements 

The low frequency noise spectra  were measured fo r  our t e s t  

devices a t  sa tura t ion mode t o  ver i fy  the  t heo re t i ca l l y  predicted 

b ias  dependence of l / f  noise introduced i n  Chapter S 4 .  

A computer program fo r  taking the  noise measurement was 

developed. The program i s  ca l led  daY)SNOISE. This program i s  

capable of control l ing t h e  automated measurement system t o  take 

t he  noise data a s  well as  measure the  gain data of device under 

t e s t .  The noise data w i l l  be s tored i n  a f i l e  ca l led  

nxxxxxxx.xxx, and the  gain data i n  gxxxxxxx.xxx. In the  output 

f i l e  names, xxxxxxx.xxx i s  a user supplied s t r i n g  (maximum 7 

characters  before t he  dot l l . l l ,  and maximum 3 characters  a f t e r  

i t ) .  To use t h i s  program, type: 

bdOSNOISB XXXXXXX . XXX 

A HP3561 Dynamic Signal Analyzer, a Wavetek 178 wave 

function generator,  and a low noise per-amplifier a r e  needed t o  

run t h i s  measurement. In order t o  reduce unnecessary system 

noise, we use a ba t te ry  a s  our b ias  voltage supply. The program 

bdOSNOISE was designed t o  be i n t e r ac t i ve  fo r  necessary inputs and 

b i a s  adjustments. Figure 5.2 i s  a schematic diagram of our noise 

t e s t  system. 



Chapter 6 Results and Discussions 

Our e x p e r i m e n t a l  r e s u l t s  showed t h a t  t h e  proposed new s p a t i a l  

p r o f i l i n g  t e c h n i q u e  i s  c a p a b l e  of d e t e r m i n i n g  t h e  i n t e r f a c e  s tate 

d e n s i t y  d i s t r i b u t i o n  i n  MOSFETs, and  Nit i s  n o t  un i fo rmly  

d i s t r i b u t e d  a l o n g  t h e  channe l  even f o r  t h e  v i r g i n  d e v i c e s .  Peaks 

of  N, can  be  found a t  b o t h  t h e  s o u r c e  and  t h e  d r a i n  s i d e  of t h e  

c h a n n e l .  It was a l s o  found t h a t  t h e  change of  i n t e r f a c e  s t a t e  i s  

c o r r e l a t e d  t o  t h e  o r i g i n a l  v a l u e ,  and  t h e  h i g h e r  t h e  o r i g i n a l  

v a l u e ,  t h e  l a r g e r  t h e  i n c r e a s e  a f t e r  h o t  carr ier  i n j e c t i o n  stress. 

The e x p e r i m e n t a l  r e s u l t s  of  l / f  n o i s e  i n  s a t u r a t i o n  showed 

v e r y  good agreement w i t h  t h e  two r e g i o n  model 's  p r e d i c t i o n s .  Also, 

o u r  DC measurement r e s u l t s  conf i rmed t h a t  t h e  maximum 

t rans -conduc tance  g, i s  a c o n s i s t e n t  f u n c t i o n  of t h e  h o t - c a r r i e r  

i n j e c t i o n  stress ( H C I )  t i m e  f o r  NMOS d e v i c e s .  

$6.1 Spatial Distribution of N,, in MOSFETs 

A s  a  t e s t  of o u r  measurement system, t h e  g a t e  p u l s e  o f f s e t  

dependence of  t h e  charge  pumping c u r r e n t  w a s  measured and  t h e  

r e s u l t s  a r e  shown i n  f i g u r e  6 . 1  which i s  same as w e  p r e v i o u s l y  

p l o t t e d  i n  f i g u r e  2 . 5 .  I n  f i g u r e  6.1,  w e  a l s o  show t h e  s o u r c e  

and  d r a i n  b i a s  dependence of  I,,. It i s  e a s y  t o  u n d e r s t a n d  t h a t  

t h e  charge  pumping c u r r e n t  i s  reduced  when t h e  s o u r c e  and  d r a i n  

r e v e r s e  b i a s  v o l t a g e s  i n c r e a s e .  T h i s  i s  because  t h e  e f f e c t i v e  

c h a n n e l  l e n g t h  f o r  c h a r g e  pumping i s  g e t t i n g  s h o r t e r  and  

t h e r e f o r e ,  t h e  amount of i n t e r f a c e  states i n v o l v e d  i n  I,* i s  

reduced.  The s o u r c e  and  d r a i n  b i a s  dependence of  t h e  charge  

pumping c u r r e n t  i s  t h e  f o u n d a t i o n  of  s p a t i a l  p r o f i l i n g  t e c h n i q u e .  

The s p a t i a l  i n t e r f a c e  s t a te  d e n s i t y  d i s t r i b u t i o n s  have been 
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measured by t h e  proposed s p a t i a l  p r o f i l i n g  charge pumping method 

f o r  our  NMOS tes t  dev ice s .  The e f f e c t i v e  channel  l e n g t h  of t h e  

dev ice  i s  Leff = 1 . O p .  The v a r i a t i o n  of Nit under t h e  h o t - c a r r i e r  

i n j e c t i o n  s t r e s s  t i m e  was a l s o  i n v e s t i g a t e d .  

The charge pumping measurements w e r e  performed under t h e  

fo l lowing  cond i t i ons :  t h e  g a t e  p u l s e  ampli tude was AVG=5.0VI a t  

a  f requency of f = 100kHz, t h e  source  and d r a i n  b i a s  v o l t a g e  w e r e  

v a r i e d  from 0.05V t o  about  4 .OV,  which a l lowed us  t o  i n v e s t i g a t e  

t h e  i n t e r f a c e  s t a t e s  down t o  t h e  channel  c e n t r a l  reg ion  from both  

t h e  source  and t h e  d r a i n  s i d e .  

I n  f i g u r e  6 . 2 ,  w e  show our  r e s u l t s  of i n t e r f a c e  s t a t e  

d i s t r i b u t i o n  f o r  a  NMOS dev ice  wi th  Le,,-1. O p .  The N,, p r o f i l e s  

a long  t h e  channel  a r e  s i m i l a r  f o r  bo th  t h e  v i r g i n  (be fo re  

h o t - c a r r i e r  i n j e c t i o n  s t r e s s i n g )  and s t r e s s e d  dev ice .  W e  can see 

t h a t  t h e  i n t e r f a c e  s t a t e  has  two peaks a t  bo th  t h e  source  and t h e  

d r a i n  r eg ion .  This  r e s u l t  i s  i n  c o n t r a s t  t o  e i t h e r  t h e  l a t e s t  

r e s u l t s  r e p o r t e d  i n  [Saks90],  o r  t h e  r e s u l t s  i n  [Maes82] . The 

i n t e r f a c e  s t a t e  d e n s i t y  i s  not  a  c o n s t a n t  f o r  t h e  v i r g i n  dev i ce s  

a s  assumed i n  [Maes82, plos881. Peaks of Nit near  t h e  source  and 

d r a i n  of a  v i r g i n  dev ice  a r e  found not  always of t h e  same h e i g h t .  

This  d i f f e r e n c e  i s  b e l i e v e d  due t o  t h e  p roces s ing  s t e p s  t h a t  

a f f e c t  t h e  g a t e  ox ide  near  t h e  source  and d r a i n ,  and p o s s i b l y  

d i f f e r e n t  o v e r l a p  l e n g t h  of t h e  g a t e  ox ide  near  t h e  source  and 

d r a i n .  

The changes i n  t h e  i n t e r f a c e  s t a t e  d e n s i t y  near  both t h e  

source  and d r a i n  a s  a  f u n c t i o n  of HCI s t r e s s i n g  t i m e  a r e  a l s o  

shown i n  f i g u r e  6 . 2 .  We can s e e  t h a t  t h e  i n t e r f a c e  s t a t e  d e n s i t y  

i n c r e a s e d  a s  a  r e s u l t  of HCI stress. The dev ice  was s t r e s s e d  

under t h e  cond i t i on  t h a t  t h e  maximum s u b s t r a t e  c u r r e n t  was 

ach ieved  a t  V, =5.OV and V, = 1.8V f o r  two hours .  The i n t e r f  a ce  
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s ta te  d e n s i t y  a lmos t  doubled n e a r  t h e  d r a i n  w h i l e  n e a r  t h e  s o u r c e  

it remained t h e  same a s  f o r  t h e  v i r g i n  d e v i c e .  From f i g u r e  6.2,  

w e  can  a l s o  see t h a t  t h e  change i n  N,, i s  p r o p o r t i o n a l  t o  i t s  

o r i g i n a l  v a l u e .  That  is ,  t h e  l a r g e r  N,, w a s  i n  t h e  v i r g i n  d e v i c e ,  

t h e  l a r g e r  i s  i t s  change a f t e r  H C I  stress. T h i s  p r o p o r t i o n a l  

r e l a t i o n s h i p  was a l s o  r e p o r t e d  by o t h e r  r e s e a r c h e r s ,  such a s  

[Fang86bl.  Fang's  r e s u l t s  from l / f  n o i s e  i n  MOSFETs a l s o  showed 

t h a t  new t r a p s  were c r e a t e d  i n  p r o p o r t i o n  t o  t h e  e x i s t i n g  t r a p  

d e n s i t i e s .  T h i s  r e s u l t  w i l l  be  h e l p f u l  i n  u n d e r s t a n d i n g  and 

m o d e l l i n g  t h e  a g i n g  of  i n t e r f a c e  s t a t e s  under  H C I  stress. 

There  a r e  many f a c t o r s  t h a t  may a f  f e c t  t h e  charge  pumping 

r e s u l t s ,  such as: t h e  g a t e  p u l s e  f requency ,  waveform, and 

a m p l i t u d e  dependences.  However, a l l  t h e s e  problems have been 

e x t e n s i v e l y  i n v e s t i g a t e d  b o t h  e x p e r i m e n t a l l y  and  n u m e r i c a l l y  by 

many a u t h o r s  i n  las t  few y e a r s  [Groe84, Here89, Ghib88, Ghib891. 

For  o u r  sys tem and  t es t  d e v i c e s ,  t h e  o p t i m i z e d  pa ramete r s  were 

g i v e n  i n  s e c t i o n  55.2.  I n  t h i s  s e c t i o n ,  w e  w i l l  a d d r e s s  one 

p a r t i c u l a r  i s s u e  a s s o c i a t e d  w i t h  o u r  new s p a t i a l  p r o f i l i n g  

t e c h n i q u e  and  a n o t h e r  problem on which no p a p e r  h a s  been w r i t t e n .  

F i r s t  of  a l l ,  w e  want t o  d i s c u s s  t h e  s u b s t r a t e  c u r r e n t  

caused  by t h e  b i a s  d i f f e r e n c e  between t h e  s o u r c e  and d r a i n .  T h i s  

i s  new t o  t h e  c h a r g e  pumping t e c h n i q u e  because  d i f f e r e n t  s o u r c e  

and  d r a i n  b i a s  v o l t a g e s  are used  i n  o u r  s p a t i a l  p r o f i l i n g  method. 

During t h e  charge  pumping p r o c e s s ,  t h e  g a t e  p u l s e s  t h e  

c h a n n e l  between i n v e r s i o n  and  accumulat ion,  and t h e r e  w i l l  b e  a 

c u r r e n t  d r i v e n  by t h e  s o u r c e  and d r a i n  bias d i f f e r e n c e  when t h e  

c h a n n e l  i s  i n  i n v e r s i o n .  The s u b s t r a t e  c u r r e n t  h a s  been known t o  

b e  p r o p o r t i o n a l  t o  t h e  d r a i n  c u r r e n t .  Larger  b i a s  d i f f e r e n c e s  

w i l l  r e s u l t  i n  h i g h e r  d r a i n  c u r r e n t s  and  t h e r e f o r e  l a r g e r  
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s u b s t r a t e  c u r r e n t s .  T h i s  s u b s t r a t e  c u r r e n t  may b e  l a r g e  enough 

t o  i n t e r f e r e  w i t h  t h e  c h a r g e  pumping c u r r e n t  i f  t h e  b i a s  

d i f f e r e n c e  i s  t o o  l a r g e  o r  t h e  e f f e c t i v e  c h a n n e l  l e n g t h  i s  t o o  

s h o r t .  T h i s  p a r t  of t h e  s u b s t r a t e  c u r r e n t  can b e  reduced  by 

u s i n g  smaller b i a s  d i f f e r e n c e s .  However, t h e  smallest v a l u e  of 

t h e  b i a s  d i f f e r e n c e  i s  l i m i t e d  by t h e  a c c u r a c y  of  t h e  charge  

pumping c u r r e n t  measurement. The b i a s  d i f f e r e n c e  h a s  t o  be  l a r g e  

enough t o  make t h e  change of charge  pumping c u r r e n t  measurable .  

For  o u r  sys tem and  t e s t  d e v i c e s ,  t h e  optimum c h o i c e  of  t h e  b i a s  

d i f f e r e n c e  i s  50mV. 

The second i s s u e  w e  are g o i n g  t o  d i s c u s s  i s  t h e  s o u r c e  and 

d r a i n  p-n j u n c t i o n  r e v e r s e  l e a k a g e  c u r r e n t  which limits t h e  d e p t h  

i n t o  t h e  channe l  t h a t  t h e  charge  pumping t e c h n i q u e  can  p robe .  

The l e a k a g e  c u r r e n t  dominates  t h e  s u b s t r a t e  c u r r e n t  when t h e  

s o u r c e  and d r a i n  r e v e r s e  b i a s  v o l t a g e s  are t o o  l a r g e .  For  o u r  

d e v i c e ,  t h i s  o c c u r s  a t  abou t  4.OV o r  6.OV f o r  d i f f e r e n t  d e v i c e s .  

F i g u r e  6 . 3  showed t h e  s o u r c e  and  d r a i n  p-n j u n c t i o n  l e a k a g e  

c u r r e n t  as a f u n c t i o n  of t h e  r e v e r s e  bias v o l t a g e .  The s u b s t r a t e  

c u r r e n t  i n c r e a s e s  d r a m a t i c a l l y  when t h e  r e v e r s e  b i a s  v o l t a g e  

exceeds  3 V o l t s  and it i s  a l s o  a f u n c t i o n  of g a t e  v o l t a g e .  To 

see how much t h e  s u b s t r a t e  c u r r e n t  can  a f f e c t  t h e  Nit measurement, 

w e  p l o t t e d  t h e  change of  s u b s t r a t e  c u r r e n t  Nub from DC 

measurements as w e l l  as t h e  change of  maximum charge  pumping 

c u r r e n t  NF i n  f i g u r e  6 .4 .  For  b o t h  measurements, V, w a s  set  t o  

4.OV, 5.OV and  6.OV. The d r a i n  was b i a s e d  a t  two v o l t a g e s :  VD = 

V, - 0.05V and  VD - V, + 0.05V f o r ,  each  V,, and  t h e  c u r r e n t  

d i f f e r e n c e  w a s  measured between t h e  two d r a i n  b i a s e s .  For Nv, 

t h e  p o s i t i o n  i n  t h e  g a t e  v o l t a g e  a x i s  r e p r e s e n t s  t h e  g a t e  p u l s e  

o f f s e t  v a l u e  which y i e l d s  t h e  maximum charge  pumping c u r r e n t .  

AfSub showed r a p i d  i n c r e a s e  when t h e  g a t e  b i a s  approached l a r g e r  



n e g a t i v e  v a l u e s .  However, a t  t h e  g a t e  v o l t a g e s  of maximum I,,, 

Afd w a s  much s m a l l e r  t h a n  Al-. T h e r e f o r e  f o r  t h i s  t e s t  d e v i c e ,  

t h e  s u b s t r a t e  c u r r e n t  caused  by t h e  j u n c t i o n  l e a k a g e s  (up t o  6 .  OV 

r e v e r s e  S/D b i a s )  and  s o u r c e  and d r a i n  b i a s  d i f f e r e n c e  (0.05V) 

would n o t  a f f e c t  t h e  d e t e r m i n a t i o n  of  Nit which i s  p r o p o r t i o n a l  

t o  Al,. But some of  o u r  t e s t  d e v i c e s  r e q u i r e  lower  S/D r e v e r s e  

b i a s  v o l t a g e s  i n  o r d e r  t o  keep t h e  change o f  l e a k a g e  c u r r e n t  much 

less t h a n  Afcp .  The s u b s t r a t e  c u r r e n t  must t h e r e f o r e  b e  moni tored 

a f t e r  each  H C I  stress t o  e n s u r e  t h a t  it would n o t  a f f e c t  t h e  Nit 

measurement because  it w i l l  change as a r e s u l t  o f  H C I  stress. 

56.2 DC Parameter Degradation Under HCI 

There  a r e  many DC p a r a m e t e r s  t h a t  c a n  b e  u s e d  a s  p robe  of  

t h e  h o t - c a r r i e r  e f f e c t s .  I n  t h i s  s e c t i o n ,  w e  w i l l  show o u r  

e x p e r i m e n t a l  r e s u l t s  of changes of  t h e  maximum t rans -conduc tance  

g,, t h e  s u b s t r a t e  c u r r e n t  I,,,, and  t h e  c h a r g e  pumping c u r r e n t  I,, 

as f u n c t i o n s  of  c h a n n e l  h o t - c a r r i e r  i n j e c t i o n  stress ( H C I )  t i m e .  

The t o t a l  number of i n t e r f a c e  s t a t e s  Nit i s  p r o p o r t i o n a l  t o  t h e  

charge  pumping c u r r e n t  a s  shown by e q u a t i o n  ( 2 . 1 . 2 ) .  Comparison 

of  N, g e n e r a t i o n  and  t h e  g, and  I,,, d e g r a d a t i o n s  w i l l  a l s o  be  

r e p o r t e d .  A l l  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  a r e  f o r  NMOS 

o n l y .  

56.2.1 Maximum Trans-conductance 

The maximum t rans -conduc tance  g, d e g r a d a t i o n  h a s  been 

demons t ra ted  by many a u t h o r s  [Hu85, Chun901. S teady  d e c r e a s e  

of  g , a s  a f u n c t i o n  of h o t - c a r r i e r  i n j e c t i o n  stress t i m e  was 
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ob ta ined  from our  NMOS tes t  dev i ce s .  I n  f i g u r e  6.5, w e  p l o t t e d  

a t y p i c a l  g, degrada t ion  with  Ag,/g, a s  a f u n c t i o n  of H C I  

s t r e s s i n g  t i m e .  Note t h a t  Agm/g, was d e f i n e d  a s :  

Agmlgm = (85 - gmYg5, 

s i n c e  gm d e c l i n e s  when t h e  dev ice  i s  s t r e s s e d .  The two tes t  

dev i ce s  have t h e  e f f e c t i v e  channel  l e n g t h  of 1 . 3 ~  and 3 . 8 ~  

r e s p e c t i v e l y .  Both of them were s t r e s s e d  under VD=5.0V, and V, 

was chosen t o  be  VGm3.0V t o  ach ieve  maximum s u b s t r a t e  c u r r e n t .  

The s t eady  dec rease  of g, can be unders tood a s  a r e s u l t  

of a s t eady  i n c r e a s e  i n  t h e  number of accep tor - type  t r a p s  which 

t r a p  t h e  channel  e l e c t r o n s ,  and t h e r e f o r e  reduced t h e  d r a i n  

c u r r e n t  [Hu85]. During t h e  whole stress p roces s  f o r  t h e  

s h o r t e r  channel  dev i ce  and a few hours  l a t e r  f o r  t h e  longer  

dev ice ,  a l i n e a r  r e l a t i o n s h i p  i n  l oga r i t hm s c a l e  was ob t a ined  

between t h e  g, degrada t ion  and H C I  stress t ime .  The l i n e a r  

r e l a t i o n s h i p  i s  i n  good agreement wi th  equa t ion  (2 .2 .1)  , and 

t h e  s l o p e s  a r e  %--0.22, and 0.20 f o r  t h e  s h o r t e r  and longer  

dev i ce  r e s p e c t i v e l y .  Although t h e y  have t h e  s i m i l a r  s l ope  %-, 

Ag,/g, i s  much sma l l e r  f o r  t h e  longer  dev ice  t han  t h a t  f o r  t h e  

s h o r t e r  dev ice ,  which means t h a t  t h e  longer  dev ice  was l e s s  

s u s c e p t i b l e  t o  h o t - c a r r i e r  deg rada t ion .  I n  o t h e r  words, 

h o t - c a r r i e r  deg rada t ion  i s  much seve re  f o r  t h e  s h o r t  channel  

dev ices ,  which i s  i n  agreement wi th  t h e  r e s u l t  ob t a ined  f o r  

o t h e r  tes t  dev i ce s  i n  our  l a b o r a t o r y  [Quon90]. 

56.2.2 Substrate Current 

Under t h e  same H C I  s t r e s s  c o n d i t i o n s  desc r ibed  i n  86.2 .1 ,  

l i n e a r  a r e l a t i o n s h i p  i n  l oga r i t hm s c a l e  was a l s o  observed 

between t h e  s u b s t r a t e  c u r r e n t  deg rada t ion  and t h e  t i m e  of H C I  
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stress. A typical result is shown in figure 6.6 for our test 

device with L4= 1 . 3 ~ .  The relationship is : 

Mrd - - tad, with 

a,& 1.10.33 . (6.2.1) 

where the substrate current was measured under conditions of 

VD=5.0V, and VG chosen to be VG=3.0V, which yield maximum 

substrate current. The ta  time dependence is a result of a 

continuous exponential increase of maximum substrate current 

under HCI stress. Our results are in good agreement with those 

reported in [Hu85, Chun901. The substrate current can be 

expressed by its dependence on the effective electron 

temperature T, as [Hu85, Tam831 : 

where Ql is the minimum energy in electron-volts 

electron must have in order to create an impact 

(6.2.2) 

that a hot 

ionization. 

However, so far there is no physical model available for the 

stress time dependent of I,,,. In next section, we will try to 

obtain an empirical HCI stress time dependent of effective 

electron temperature T,, and theref ore the time dependent of 

06.2.3 Comparison with Interface State Generation 

The ta time dependence has been obtained form the 

degradations of both the maximum trans-conductance and the 
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s u b s t r a t e  c u r r e n t  d e g r a d a t i o n  u n d e r  H C I  stress. Al though w e  

do  n o t  h a v e  a p h y s i c a l  model  f o r  t i m e  dependence  o f  I,,,, w e  

have  a p h y s i c a l  model f o r  t h e  ta t i m e  d e p e n d e n t  o f  i n t e r f a c e  

s t a t e  g e n e r a t i o n  [Hu85].  Accord ing  t o  Hu t s  model,  w e  have :  

where @, i s  t h e  c r i t i c a l  e n e r g y  f o r  g e n e r a t i n g  a n  i n t e r f a c e  

t r a p .  From t h e  c h a r g e  pumping t h e o r y  d i s c u s s e d  i n  s e c t i o n  

S2 .1 ,  w e  know t h a t  t h e  change  o f  i n t e r f a c e  states AN, can  b e  

d e t e r m i n e d  by t a k i n g  t h e  CP measurement .  Us ing  e q u a t i o n  

( 2 . 1 . 2 ) ,  w e  have :  

% I n  f i g u r e  6 .7 ,  - was p l o t t e d  a g a i n s t  t h e  HCI stress t i m e  f o r  
'cp 

o u r  test  d e v i c e  w i t h  Ler= 1 . 3 ~ .  The ta t i m e  d e p e n d e n t  o f  YP shown 
'9. 

i n  f i g u r e  6 . 7  i s :  

4 - - taq, with 
Iw 

a, = 0.46 . (6.2.5) 

Comparing e q u a t i o n s  ( 6 . 2 . 5 )  a n d  ( 6 . 2 . 4 ) ,  t h e  t i m e  dependen t  

e x p o n e n t  o f  i n t e r f a c e  t r a p  g e n e r a t i o n  c a n  be d e t e r m i n e d  as: 

T h i s  v a l u e  i s  v e r y  c l o s e  t o  0 . 5  as r e p o r t e d  i n  [Hu85].  One may 

n o t i c e  t h a t  a', was u s e d  i n s t e a d  o f  a,, i n  e q u a t i o n  ( 2 . 6 . 3 )  . T h i s  

i s  b e c a u s e  w e  e x p e c t  ta t i m e  dependence  o f  AZV, t o  be: 

W e  now want t o  d e t e r m i n e  t h e  HCI stress t i m e  dependence  o f  t h e  

e f f e c t i v e  e l e c t r o n  t e m p e r a t u r e  T, a n d / o r  t h a t  o f  @, t o  e v a l u a t e  

t h e  t i m e  d e p e n d e n t  i n d e x  & i n  e q u a t i o n  ( 6 . 2 . 3 )  . I n  o r d e r  t o  
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A', A'9 do t h i s ,  w e  p l o t t e d  - a g a i n s t  - i n  f i g u r e  6 .8 .  The s l o p e  o f  
id '9 

t h e  l i n e  i s  found  t o  b e  0 .72 .  Comparing e q u a t i o n s  ( 6  - 2 . 1 )  , 
( 6 . 2 . 2 ) ,  a n d  ( 6 . 2 . 7 1 ,  w e  have:  

C o n s i d e r i n g  t h e  f a c t  t h a t  unde r  H C I  stress, t h e  change  o f  1 , i s  

r e l a t i v e l y  smaller. Then f rom t h e  s l o p e  o f  0 .72  ( i n  l o g a r i t h m  

scale) i n  f i g u r e  6 .8 ,  w e  have:  

QJkT, a,, 0.33 
a - a -  

0.46 
0.72 

a,,QJkT, + a,, In t a', 

T h i s  i s  a g a i n  a n  e v i d e n c e  o f  t h a t  b o t h  Oi/kT, and QJkT, are 

f u n c t i o n s  o f  H C I  stress t i m e ,  a n d  t h e i r  t i m e  dependence  c a n  b e  

d e r i v e d  f rom e q u a t i o n s  ( 6 2 . 1 ,  ( 6 . 2 . 2 ) ,  a n d  ( 6 . 2 . 7 )  as 

f o l l o w s  : 

4 + l k T e  = a,, lnt (6.2.10) 

a n d  

-a,,QJkT, = (atit - a,,) ln t 

Assuming t h a t  Q, = l.3eV, and Qit -3.3eV are c o n s t a n t s  [ChungO] , 
a n d  s u b s t i t u t i n g  them i n t o  t h e  above  e q u a t i o n s ,  w e  have :  

a n d  

a,, 10.26 . 
However, t h e  p h y s i c a l  r e l a t i o n  be tween t h e  e f f e c t i v e  e l e c t r o n  

t e m p e r a t u r e  a n d  t h e  i n t e r f a c e  s ta te  g e n e r a t i o n  i s  unknown, a n d  

it i s  a v e r y  i n t e r e s t i n g  t o p i c  f o r  f u r t h e r  i n v e s t i g a t i o n .  
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06.3 Low Frequency Noise in MOSFETs 

I n  f i g u r e  6 .9 ,  w e  showed a t y p i c a l  r e s u l t  of l / f  n o i s e  i n  

s h o r t  c h a n n e l  MOS d e v i c e  a t  f r e q u e n c i e s  of  10 and  20Hz. The b i a s  

p o i n t s  of t h e  measurement were shown by s o l i d  b l a c k  s q u a r e s  on 

f i g u r e  6 .10.  The e f f e c t i v e  channe l  l e n g t h  of  t h e  d e v i c e  i s  1 . 4 p ,  

t h e  width  i s  l o p ,  and t h e  o x i d e  t h i c k n e s s  2, i s  250A. From t h e  

DC c u r v e  i n  f i g u r e  6.10, w e  can  f i n d  t h a t  t h e  d e v i c e  was i n  t h e  

deep  s a t u r a t i o n  r e g i o n  under  t h e  b i a s  c o n d i t i o n s .  The s o l i d  

l i n e s  i n  f i g u r e  6 .9  were t h e  t h e o r e t i c a l  p r e d i c t i o n s  w i t h  

aH 5 1.01E - 3 .  AS w e  can  see, t h e  agreement i s  good. The 

e x p e r i m e n t a l  r e s u l t s  a t  h i g h e r  b i a s  v o l t a g e s  were lower  t h a n  

p r e d i c t e d  v a l u e s ,  and  t h i s  can  b e  e x p l a i n e d  by t h e  d e c r e a s e  of 

number of i n t e r f a c e  s t a t e s  due t o  t h e  e f f e c t i v e  channe l  l e n g t h  

s h o r t e n i n g  [Deengl] . 
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Chapter 7 Conclusions 

Three major t o o l s  f o r  i n v e s t i g a t i n g  t h e  h o t - c a r r i e r  e f f e c t s  

i n  MOSFETs have been used and/or  modif ied.  A s p a t i a l  p r o f i l i n g  

charge pumping (SPCP) method and a  p h y s i c a l  model f o r  l / f  no i se  i n  

s a t u r a t i o n  were proposed.  The DC parameter  degrada t ion  was 

monitored a s  a  f u n c t i o n  of h o t - c a r r i e r  s t r e s s i n g  t i m e ,  and an 

e m p i r i c a l  t i m e  dependent of e f f e c t i v e  e l e c t r o n  tempera ture  has  been 

found. 

The main advantage of SPCP method i s  t h a t  it a l lows  us  t o  

measure a r b i t r a r y  d i s t r i b u t i o n  of i n t e r f a c e  s t a t e s  wi thout  making 

any assumption on i t s  d i s t r i b u t i o n .  The d i s t r i b u t i o n  near  t h e  

source  and t h e  d r a i n  can be measured independent ly .  I t  may cover  

any p a r t  of t h e  channel ,  provided t h a t  t h e  channel  i s  not  t o o  long.  

The proposed method i s  a l s o  a  powerful  t o o l  f o r  i n v e s t i g a t i n g  

h o t - c a r r i e r - i n j e c t i o n  e f f e c t s ,  e s p e c i a l l y  f o r  t h e  s h o r t  channel  

dev i ce s .  

Nit i s  found t o  be  non-uniformly d i s t r i b u t e d  a long  t h e  channel  

even though i n  u n s t r e s s e d  dev ices ,  and peaks  of Nit can be found a t  

bo th  t h e  source  and t h e  d r a i n  s i d e  of t h e  channel .  A f t e r  t h e  H C I  

stress, new i n t e r f a c e  s t a t e s  a r e  most ly  gene ra t ed  near  t h e  d r a i n  

junc t ion  and t h e r e  i s  almost no change i n  near  t h e  source  junc t ion .  

The proposed low frequency n o i s e  model f o r  MOSFET i n  

s a t u r a t i o n  mode was compared with  our  exper imenta l  r e s u l t s ,  and 

good agreement has  been found. 

The DC parameter  deg rada t ion  due t o  h o t - c a r r i e r  e f f e c t s  was 

s t u d i e d  by examining t h e  maximum trans-conductance g,, t h e  

s u b s t r a t e  c u r r e n t  I,,, and t h e  charge pumping c u r r e n t  I,, 

deg rada t ions  under t h e  h o t - c a r r i e r  stress. The ta dependent has  

been observed f o r  a l l  of t h e s e  DC parameters .  
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