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ABSTRACT 

Th i s t h e s i s i s concerned w i t h t h e change i n charge on a 

s i l i c o n MOS c a p a c i t o r (MOS-C) s u b j e c t e d t o a v o l t a g e s t e p . 

The t r a n s i e n t charge (Q-t) i s c o n t r o l l e d by t h e g e n e r a t i o n 

and r e c o m b i n a t i o n processes i n t h e s i l i c o n . A r e v i e w o f these 

processes i n t h e MOS-C, and o f Q-t and o t h e r methods o f 

measuring g e n e r a t i o n l i f e t i m e (^g) i - s g i v e n . A thoro u g h 

e x p e r i m e n t a l i n v e s t i g a t i o n o f Q-t t r a n s i e n t s i s g i v e n i n c l u d i n g 

t h e e f f e c t s o f t h e guard r i n g v o l t a g e , a p p l i e d b i a s , v o l t a g e 

s t e p magnitude, and v o l t a g e s t e p p o l a r i t y . The measurements 

were performed w i t h an automated apparatus, u s i n g a m i c r o ­

computer c o n t r o l l e d measuring system developed f o r t h e purpose. 

An improved t h e o r y f o r t h e Q-t t r a n s i e n t has been developed 

f o r d e t e r m i n i n g t h e l i f e t i m e . T his i s midway between t h e si m p l e 

t h e o r y o f H o f s t e i n and t h e more e l a b o r a t e computer method o f 

C o l l i n s and C h u r c h i l l . Both t h e g e n e r a t i o n and r e c o m b i n a t i o n 

cases o f t h e Q-t t r a n s i e n t are covered f o r t h e f i r s t time and 

th e t h e o r e t i c a l r e s u l t s compare w e l l w i t h t h e exp e r i m e n t s . 

The p r e s e n t Q-t method o f d e t e r m i n i n g l i f e t i m e i s a l s o compared 

t o o t h e r Q-t analyses and w i t h t h e C-t, C-V, and f a s t ramp 

methods. Good agreement i s o b t a i n e d w i t h o t h e r Q-t and C-t 

methods, b u t not w i t h t h e C-V and f a s t ramp methods. 

More than one hundred samples were used i n t h i s work b u t 

d e t a i l e d r e s u l t s are p r e s e n t e d f o r t y p i c a l ones o n l y . T h i s 

i n v e s t i g a t i o n g i v e s c o n f i d e n c e i n t h e use o f t h e Q-t method 

f o r measuring t h e m i n o r i t y c a r r i e r l i f e t i m e e a s i l y and accurat e I 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and O b j e c t i v e s 

The m e t a l - o x i d e - s e m i c o n d u c t o r (MOS) d e v i c e s t r u c t u r e 

has become v e r y i m p o r t a n t i n modern e l e c t r o n i c s f o r h i g h 

performance s i l i c o n i n t e g r a t e d c i r c u i t s p a r t i c u l a r l y i n v e r y 

l a r g e s c a l e i n t e g r a t i o n (VLSI) d e s i g n . I n t h e s t u d y o f t h e 

MOS d e v i c e c h a r a c t e r i s t i c s , two o f t h e most i m p o r t a n t p a r a ­

meters are t h e do p i n g c o n c e n t r a t i o n N o f t h e semiconductor 

and t h e m i n o r i t y c a r r i e r l i f e t i m e T ( a l s o known as t h e 
g 

g e n e r a t i o n l i f e t i m e ) . The dop i n g d e n s i t y i s one o f t h e par a ­

meters t h a t d e t e r m i n e t h e v a l u e o f t h e t h r e s h o l d v o l t a g e o f 

MOS t r a n s i s t o r s w h i l e t h e l i f e t i m e i s r e s p o n s i b l e f o r t h e 

dynamics o f charge s t o r a g e d e v i c e s such as cha r g e - c o u p l e d -

d e v i c e s (CCD's) and dynamic memory c e l l s . 

I n CCD's t h e minimum frequency o f o p e r a t i o n i s 

d e t e r m i n e d by t h e c a r r i e r g e n e r a t i o n r a t e o r t h e g e n e r a t i o n 
l i f e t i m e x . A h i g h g e n e r a t i o n r a t e , o r low x , would mean g y g 
t h a t t h e minimum f r e q u e n c y o f o p e r a t i o n o f CCD's has t o be 

h i g h . For t h e dynamic RAM, as t h e number o f c e l l s g e t s 

l a r g e r , t h e s t o r a g e t i m e becomes more c r i t i c a l . T h i s i s 

because t h e memory c e l l s are n o t a v a i l a b l e f o r r e a d i n g o r 

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

i n t h e system i f i t has t o w a i t f o r t h e r e f r e s h c y c l e t o be 

completed. The v a l u e o f de t e r m i n e s t h e t i m e i n t e r v a l 

between r e f r e s h s i g n a l s t h a t are used t o r e s t o r e t h e i n f o r m a ­

t i o n w h i c h i s h e l d i n t h e form o f charge i n MOS c a p a c i t o r s 

b e f o r e i t decays away t h r o u g h r e c o m b i n a t i o n and leakage 
p r o c e s s e s i 
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Due t o t h e im p o r t a n c e o f these a p p l i c a t i o n s , 

g e n e r a t i o n - r e c o m b i n a t i o n processes i n MOS d e v i c e s have been 

e x t e n s i v e l y s t u d i e d . T h i s t h e s i s i s concerned w i t h t h e 

s t u d y o f t h e measurement o f T i t s e l f and p a r t i c u l a r l y w i t h 

measurements based on t h e t r a n s i e n t response o f MOS c a p a c i t o r s , 

w h i c h have n o t y e t been f u l l y e x p l o r e d . 

I n t h e p a s t decade o r so, many papers have been 

w r i t t e n on methods o f measuring T . Many o f them are con­

cerned w i t h t h e c a p a c i t a n c e t r a n s i e n t a n a l y s i s t h a t i s based 

on t h e method o f Z e r b s t ( 1 ) and s e v e r a l a u t h o r s have 

suggested improvements and r e f i n e m e n t s t o t h i s t e c h n i q u e . 

The c a p a c i t a n c e t r a n s i e n t (C-t) method, t h e f a s t - r a m p method, 

and t h e c a p a c i t a n c e - v o l t a g e (C-V) method f o r m t h e background 

f o r t h e t h e s i s . These methods w i l l be c r i t i c a l l y d i s c u s s e d 

and some comparative r e s u l t s u s i n g them w i l l be p r e s e n t e d . 

However, t h e main p a r t s o f t h e t h e s i s are concerned w i t h t h e 

charge t r a n s i e n t (Q-t) method o f d e t e r m i n i n g which has been 

c o m p a r a t i v e l y l i t t l e used. 

The o b j e c t i v e s o f t h e work p r e s e n t e d were t o c a r r y 

o u t a t h o r o u g h e x p e r i m e n t a l i n v e s t i g a t i o n o f t h e Q-t method 

o f measurement and t o compare i t w i t h t h e a l t e r n a t i v e methods 

mentioned above from t h e p o i n t o f view o f acc u r a c y , ease o f 

measurement, e t c . The work showed t h a t , a l t h o u g h t h e r e are 

s e v e r a l papers on t h e t h e o r y o f t h e Q-t method, v e r y few 

e x p e r i m e n t a l r e s u l t s have been p u b l i s h e d p r e v i o u s l y . The 

t h e s i s c o n t a i n s t h e f i r s t t h o r o u g h i n v e s t i g a t i o n o f t h e 

e x p e r i m e n t a l v a r i a b l e s a f f e c t i n g t h e form o f t h e Q-t t r a n s i e n t 

and hence t h e l i f e t i m e v a l u e s d e t e r m i n e d from i t . I t was 

o n l y p o s s i b l e t o make t h e l a r g e number o f measurements r e q u i r e d 

by a u t o m a t i n g t h e method w i t h microcomputer c o n t r o l which was 

s u c c e s s f u l l y " dohe. 
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A l l the methods of measuring can, i n p r i n c i p l e , 
be used i n con d i t i o n s of c a r r i e r generation or c a r r i e r r e ­
combination. With l a r g e d e v i a t i o n s from e q u i l i b r i u m , i t i s 
not p o s s i b l e to de f i n e a s i n g l e l i f e t i m e for both because 
the d e t a i l s of the generation and recombination processes 
are d i f f e r e n t . The published analyses of a l l the methods of 
measurement have appl i e d almost e n t i r e l y to the experimental 
c o n d i t i o n s i n which generation predominates because i t i s 
the s i m p l e s t . I n the Q-t measurements made here, equal 
emphasis i s given to conditions f o r generation and recombina­
t i o n and an attempt i s made to analyse r e s u l t s f o r both of 
them i n terms of fundamental t r a n s i t i o n s . This i s aided by 
a numerical modelling program which has been w r i t t e n by the 
author. 

The device s t r u c t u r e s used f o r the study i n t h i s 

t h e s i s were MOS c a p a c i t o r s of aluminium, s i l i c o n oxide, and 

s i l i c o n . A v a r i e t y of samples were used, some made by the 

author using standard m i c r o e l e c t r o n i c techniques. B a s i c a l l y , 

the c a p a c i t o r s were prepared by thermally growing the oxide 

on the s u r f a c e of the s i l i c o n followed by the dep o s i t i o n of 

aluminium e l e c t r o d e s , the areas of both being determined by 

standard photolithographic techniques. D e t a i l s of the f a b r i c a ­

t i o n process are given i n Chapter 3 of the t h e s i s . 

1.2 The P h y s i c s of the MOS Capacitor i n E q u i l i b r i u m 

Although the p h y s i c s of the MOS c a p a c i t o r i s now 

w e l l understood, we w i l l review i t b r i e f l y here to introduce 

many terms used throughout the t h e s i s . We w i l l consider the 

energy band diagrams of the MOS s t r u c t u r e under the i n f l u e n c e 

of an e x t e r n a l b i a s , a t f i r s t under e q u i l i b r i u m c o n d i t i o n s , 

and then i n the non-equilibrium case f o l l o w i n g the a p p l i c a t i o n 
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of a step voltage to the metal e l e c t r o d e ( S e c t i o n 1.3). 

For the sake of s i m p l i c i t y an i d e a l MOS c a p a c i t o r w i l l be 

considered f i r s t . T h i s i m p l i e s that the charge i n the oxide 

and at the i n t e r f a c e are n e g l i g i b l e and t h a t the work funct i o n 

of the metal i s equal to t h a t of the semiconductor. The 

e f f e c t of these assumptions, which do not hold f o r r e a l 

capacitor^, w i l l be considered l a t e r . 

We need to c o n s i d e r four types of c o n d i t i o n s f o r the 

band s t r u c t u r e of the MOS c a p a c i t o r depending on the applied 

voltage as shown i n Figure 1.1. Considering a p-type semi­

conductor, a negative voltage applied to the metal r e l a t i v e 

to the bulk of the semiconductor b i a s e s the s i l i c o n s u r f a c e 

i n t o accumulation, zero voltage corresponds to " f l a t - b a n d " , 

and p o s i t i v e voltages give d e p l e t i o n or i n v e r s i o n of the 

s u r f a c e . Each of these conditions w i l l need to be considered 

i n more d e t a i l . 

1.2.1 The Accumulation Condition 

F i g 1.1(a) shows the band diagram fo r the c a p a c i t o r 

b i a s e d n e g a t i v e l y i n t o accumulation. The concentrations of 

e l e c t r o n s and holes i n the semiconductor are given by the 

equations 

( E f - E ) 

n = n.exp ^ 1 (1.1a) 

(E.-E ) 
p = n.exp ^ T

 £ ( L i b ) 
where n^,P and n are the i n t r i n s i c , hole and e l e c t r o n 

concentrations r e s p e c t i v e l y . 
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i s the Fermi energy l e v e l 

E^ i s the i n t r i n s i c energy l e v e l 

k i s Boltzman's constant 

T i s the absolute temperature 

When a negative bi>as i s a p p l i e d to the metal e l e c t r o d e the 

metal Fermi l e v e l i s r a i s e d and the energy band i n the 

s u r f a c e of the semiconductor bends s l i g h t l y upwards c r e a t i n g 

an e l e c t r i c f i e l d which p u l l s the holes towards the semi­

conductor-oxide i n t e r f a c e . Since the oxide i s an i n s u l a t o r , 

the holes accumulate very c l o s e to the s u r f a c e . From 

equations(1.1) i t i s seen t h a t the concentration of the 

holes i n c r e a s e s at the s u r f a c e of the s i l i c o n where (E^-E^) 

i s g r e a t e s t while the e l e c t r o n d e n s i t y i s even l e s s than i n 

the bulk. The MOS c a p a c i t o r i s now s i m i l a r to a p a r a l l e l 

p l a t e c a p a c i t o r with the oxide as the d i e l e c t r i c and the 

capacitance per u n i t area i s t h a t of the oxide, C . A very 

s m a l l amountof band bending can give the p o s i t i v e charge on 

the c a p a c i t o r because of the r i s i n g exponential i n Equation 

(1.1b). 
o 

1.2.2 The F l a t Band Condition 

Since we have assumed an i d e a l case, when the 

a p p l i e d voltage i s zero the energy bands are f l a t , w i th 

no p o t e n t i a l g r a d i e n t s anywhere i n the sample as shown 

i n Figure 1.1(b). The f l a t band voltage i s s a i d to 
r a 

be zero i n the i d e a l c o n d i t i o n . I n p r a c t i c e V^- i s not 

•zero f o r reasons t h a t w i l l be given i n S e c t i o n 1.2.5. 
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1.2.3 The Depletion Condition 

When the voltage applied to the metal has a small 

p o s i t i v e value the energy l e v e l s near the semiconductor-oxide 

i n t e r f a c e are p u l l e d downwards reducing the d i s t a n c e between 

E.̂  and E f as shown i n Figure 1.1(C). From Equations (1.1) 

i t i s seen t h a t the hole d e n s i t y t h e r e f o r e decreases while 

the e l e c t r o n d e n s i t y i n c r e a s e s near the s u r f a c e . T h i s i s 

due to the holes being r e p e l l e d by the e l e c t r i c f i e l d of the 

charge on the metal e l e c t r o d e . Thus a l a y e r depleted of 

m a j o r i t y c a r r i e r s i s formed between the semiconductor surfacie 1 

and the bulk. The negative charge i n the semiconductor which 

balances the p o s i t i v e charge on the e l e c t r o d e i s mainly t h a t 

of the uncompensated i o n i s e d doping atoms i n the d e p l e t i o n 

region. The magnitude of t h i s charge per u n i t area i s 

= q N x, M a d (1.2) 

where N g i s the doping concentration 

and x.^ i s the width of the de p l e t i o n l a y e r formed 

From Poisson's equation and using the d e p l e t i o n approximation 

which ignores the mobile c a r r i e r s , the p o t e n t i a l at a 

d i s t a n c e X i n t o the d e p l e t i o n region i s 

qN 0 

* - 2T- <*d-*> ( 1 - 3 ) 

S 

where e g i s the p e r m i t t i v i t y of the semiconductor. 

At the semiconductor-oxide i n t e r f a c e where * = 0, the p o t e n t i a l 

r e l a t i v e to the bulk i s known as the "surface p o t e n t i a l " ^ s 

given by :-
qN 0 

^ = a x . 2 (1.4) 
va 2fc„ d 
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The magnitude of the p o s i t i v e charge on the metal i s Q (=CK) 
m a 

so t h a t the e l e c t r i c f i e l d i n the oxide. F , i s 
ox 

q N x, V F = a d _ ox 
ox e t 

ox ox 

where e i s the p e r m i t t i v i t y of the oxide ox 
t i s the oxide t h i c k n e s s ox 

and V i s the voltage a c r o s s the oxide ox 
q N X t q N x, 

v _ a d ox ^ a d 
ox e C 

ox ox 

The appli e d v o l t a g e , V , i s th e r e f o r e 

V = V + \l> a ox ys 
2 

q N X, q N x V = a d + a d 

a C 2 e ox s 

Thi s equation enables x^ to be found for a given V_, and 
a 

hence tl> , and V to be evaluated, K s ' ox 

1.2.4 The I n v e r s i o n Condition 

As the p o s i t i v e applied voltage i s i n c r e a s e d the 

su r f a c e p o t e n t i a l i n c r e a s e s and the energy bands are bent 

more s i g n i f i c a n t l y . The d i s t a n c e between E i and E f gets 

smaller so t h a t the holes are r e p e l l e d f u r t h e r i n t o the 

bulk so i n c r e a s i n g the de p l e t i o n l a y e r width. At the same 

time the e l e c t r o n d e n s i t y must i n c r e a s e a t the s u r f a c e 

because the p.n product remains constant i n the e q u i l i b r i u m 

c o n d i t i o n . . When the applie d voltage reaches the t h r e s h o l d 

value for weak i n v e r s i o n the midgap energy c r o s s e s the 

constant Fermi energy l e v e l E^. When t h i s occurs the e l e c t r o n 

d e n s i t y a t the s u r f a c e i s g r e a t e r than the hole d e n s i t y g i v i n g 

a weak i n v e r s i o n l a y e r . 
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With f u r t h e r i n c r e a s e of voltage the e l e c t r o n d e n s i t y 

i n the s u r f a c e reaches N^ at the onset of strong i n v e r s i o n 

as shown i n Figu r e 1.1(d), and the d i f f e r e n c e between and 

E^ at the s u r f a c e i s 

E„ - E. = 4>, (1.5) 
f i b 

where 4 ^ i s the energy d i f f e r e n c e between E i and E f i n the 

n e u t r a l bulk of the semiconductor. T h i s corresponds to the 

s u r f a c e e l e c t r o n c o n c e n t r a t i o n , n g , becoming equal to 

N (= P ) i n the bulk. From the figure i t i s seen t h a t the a p to 

s u r f a c e p o t e n t i a l \\> a t the onset of strong i n v e r s i o n becomes 

* s = 2 <j>b (1.6) 

Now i f the appli e d voltage i s f u r t h e r i n c r e a s e d beyond the 

onset of strong i n v e r s i o n , ^ g the d i f f e r e n c e between E i and 

E f w i l l i n c r e a s e only slowly because of the exponential r i s e 

i n the concentration of e l e c t r o n s i n the i n v e r s i o n l a y e r , 

Equations ( 1 . 1 ) . Thus the e x t r a charge beyond i n v e r s i o n i s 

e a s i l y provided by an i n c r e a s e i n the e l e c t r o n charge i n the 

s u r f a c e with l i t t l e change of tys. So, the de p l e t i o n l a y e r 

charge, which i s due to the uncompensated i o n i s e d doping atoms, 

remains almost constant beyond i n v e r s i o n . 

1.2.5 The Non-Ideal MPS Capacit o r 

I n t h i s s e c t i o n we s h a l l be looking b r i e f l y at the 

non-ideal MOS c a p a c i t o r . I n p r a c t i c e a r e a l MOS c a p a c i t o r 

contains i n t e r f a c e t r a p s and oxide charges. The i n t e r f a c e 

t r a p s are due to the occurrence of energy s t a t e s r e s u l t i n g 

from the d i s c o n t i n u i t y of the s i l i c o n bonds at the semi­

conductor-oxide i n t e r f a c e , while the oxide charges are u s u a l l y 
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due to the presence of i o n i s e d sodium atoms as w e l l as the 

charge den s i t y t h a t remains a f t e r the i n t e r f a c e t r a p charge 

i s annealed out. The charges present i n the i n t e r f a c e t r a p s 

and i n the oxide are both normally p o s i t i v e . I n a d d i t i o n , 

the workfunctions of aluminium and the semiconductor of a r e a l 

MOS c a p a c i t o r are not equal. For aluminium the vacuum work 

functi o n $ m i s 4.25 v o l t s t h e r e f o r e g i v i n g the work fu n c t i o n 

d i f f e r e n c e $ between aluminium and p-type s i l i c o n of 0.90 ms 
15 -3 

v o l t i f the doping concentration of the s i l i c o n i s 10 cm 

The e f f e c t of these imperfections i s t h a t when there 

i s no b i a s the bands are no longer f l a t as assumed i n the 

i d e a l case thus causing the high frequency C-V curve to be , 

s h i f t e d by an amount equal to the f l a t band voltage V F B which 

i s the voltage r e q u i r e d to brin g about the f l a t band c o n d i t i o n . 

F i g u r e 1.2 shows the energy band diagram f o r a non-ideal p-type 

MOS c a p a c i t o r w i t h zero b i a s and p o s i t i v e l y biased i n t o ^e-

i n v e r s i o n mode. 

In t h i s work, s i n c e the MOS c a p a c i t o r i s i n i t i a l l y 

b i a s ed i n t o the i n v e r s i o n mode the problem of charging up of 

the i n t e r f a c e s t a t e s does not a r i s e and so the e f f e c t of the 

i n t e r f a c e s t a t e s can g e n e r a l l y be neglected. 

1.3 The MOS Capacitor out of E q u i l i b r i u m 

The preceding d i s c u s s i o n holds f o r the MOS c a p a c i t o r 
2 

i n the e q u i l i b r i u m c o n d i t i o n where the r e l a t i o n pn = n^ holds 

throughout the semiconductor. Since t h i s work i s concerned 

with the response immediately a f t e r the a p p l i c a t i o n of a voltage 

step the c a p a c i t o r i s i n a non-equilibrium c o n d i t i o n during 

the t r a n s i e n t . When the step i s f i r s t a p p l i e d e q u i l i b r i u m i s 

di s r u p t e d f o r a w h i l e and we have the s i t u a t i o n where 

ftp5 2 n^ 2 %S m> h i 2 near the £iffllggft&u^8MStiS i n t e r f a c e . 
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Figure 1.3 shows the e f f e c t of band bending immediately a f t e r 

the a p p l i c a t i o n of a step voltage where the sample i s taken 

from an e q u i l i b r i u m i n v e r s i o n c o n d i t i o n to h e a v i e r i n v e r s i o n . 

Before reaching the f i n a l e q u i l i b r i u m c o n d i t i o n the sample 

goes i n t o "deep d e p l e t i o n " where the d e p l e t i o n width extends 

beyond the maximum e q u i l i b r i u m width, r e t u r n i n g to the 

e q u i l i b r i u m value a t a r a t e determined by the generation of 

c a r r i e r s . The s u r f a c e p o t e n t i a l i s much g r e a t e r than 2<\>^)in . 

deep d e p l e t i o n . As e l e c t r o n s are generated thermally they 

flow r a p i d l y to the s u r f a c e and b u i l d up the e x t r a i n v e r s i o n 

charge r e q u i r e d by the i n c r e a s e d a p p l i e d v o l t a g e . T h i s causes 

to r e l a x back from the deep d e p l e t i o n value to l i t t l e more 
s 

than 2c)),. The r e l a x a t i o n r a t e i s t h e r e f o r e a measure of the b 
minority c a r r i e r generation r a t e i f the t r a n s i e n t can be 

c o r r e c t l y analysed. S i m i l a r l y the r e l a x a t i o n of the s u r f a c e 

charge following a step of the opposite p o l a r i t y i s determined 

by minority c a r r i e r recombination although the a n a l y s i s i s 

more complicated i n t h i s s i t u a t i o n . 

There has been some controversy as to which region 

i n the semiconductor c o n t r i b u t e s most to the c a r r i e r generation. 

Zerbst ( i ) suggested t h a t the net generation i s i n t h a t 

p a r t of the d e p l e t i o n l a y e r which i s i n excess of the e q u i l i b r i u m 

width. T h i s i m p l i e s t h a t t h e r e i s no net generation i n the 

region near the s u r f a c e and t h i s has been disputed by s e v e r a l 

authors. The work of Simmons and Wei ( 2 ) has given a more 

acceptable model for the a n a l y s i s of the generation i n the 

d e p l e t i o n l a y e r . C o l l i n s e t a l (3,4 ) showed by a computer 

s i m u l a t i o n t h a t the generation r a t e as used by Zerbst i s 

i n a c c u r a t e and t h a t another a l t e r n a t i v e suggested by Sah e t a l 
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( 5 ) gives a b e t t e r approximation. They a l s o showed good 

agreement between t h e i r computer c a l c u l a t i o n s and the 

a n a l y t i c a l s o l u t i o n of Simmons and Wei. C a r r i e r generation 

from the bulk appears to have been neglected by these and 

a l l other authors although i t w i l l l a t e r be shown to be 

important. A l l these models w i l l be d i s c u s s e d i n g r e a t e r 

d e t a i l i n t h i s t h e s i s . 

1.4 Methods of Measuring x g 

Nearly a l l the methods used to study the MOS 

c a p a c i t o r out of e q u i l i b r i u m have been used to f i n d the 

minority c a r r i e r l i f e t i m e i n charge generation c o n d i t i o n s . 

For t h i s reason the symbol x^ w i l l g e n e r a l l y be used i n the 

t h e s i s except when r e f e r r i n g s p e c i f i c a l l y to recombination. 

1.4.1 The Capacitance T r a n s i e n t (C-t)Method 

The determination of minority c a r r i e r l i f e t i m e r g 

from a capacitane t r a n s i e n t curve i s the most widely used 

of s e v e r a l methods a v a i l a b l e . A considerable amount of work 

has been done on the C-t method (6-16) and a number of authors have 

suggested methods of l i f e t i m e determination i n v o l v i n g 

capacitance t r a n s i e n t s . These are mainly based on the work 

of Zerbst ( 1 ) who was the f i r s t to develop an a n a l y s i s of 

the C-t t r a n s i e n t i n terms of charge generation. I n t h i s 

method the MOS c a p a c i t o r i s pulsed i n t o i n v e r s i o n by applying 

a voltage step to the metal e l e c t r o d e and the small s i g n a l 

a.c. capacitance t r a n s i e n t i s recorded and analysed. The 

equation developed by Zerbst i s based upon the r a t e of change 

of the i n v e r s i o n charge at the semiconductor s u r f a c e . From 

the slope and i n t e r c e p t of a p a r t i c u l a r p l o t the value of x 
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as w e l l as the s u r f a c e recombination v e l o c i t y S can be 

e x t r a c t e d . The advantage of t h i s method i s t h a t the 

response time of the sample ca p a c i t a n c e i s very much g r e a t e r 

than the minority c a r r i e r l i f e t i m e i t s e l f thus a l l o w i n g very 
a 

s h o r t l i f e t i m e s to be determined from^comparatively slow 

experiment. D e t a i l s of t h i s method are de s c r i b e d i n Chapter 7. 

Other workers have t r i e d to improve on the i n t e r ­

p r e t a t i o n of the capacitance t r a n s i e n t response given by 

Zerbst. These i n c l u d e Schroder and Nathanson ( 17 ) who 

included the e f f e c t of l a t e r a l spreading of the d e p l e t i o n 

l a y e r . Heiman ( 6 ) suggested an a n a l y t i c a l r a t h e r than 

g r a p h i c a l s o l u t i o n to the C-t d i f f e r e n t i a l equation w h i l e 

Huang ( 7 ) proposed a simple method of obtaining by 

g r a p h i c a l means. His method uses l a r g e voltage steps and 

r e q u i r e s the co n d i t i o n t h a t the d e p l e t i o n capacitance should 

be very much g r e a t e r than the oxide capacitance for h i s 

approximation to hold. Tomanek ( 18 ) suggested a method 

where a pulse of opposite p o l a r i t y i s appli e d to the MOS 

ca p a c i t o r i n i n v e r s i o n so t h a t the d e p l e t i o n l a y e r c o l l a p s e s . 

By measuring the capacitance a t the end of a pulse of v a r i a b l e 

duration he was able to c a l c u l a t e T G . Muller and Schiek ( 8 ) 

a l s o worked on the pulsed C-t measurement using p u l s e s of 

opposite p o l a r i t y . I n t h e i r method the MOS c a p a c i t o r i s 

pulsed from i n v e r s i o n to accumulation, where i n t h i s case the 

t r a n s i e n t response i s very much f a s t e r than i n Zerbst"s method. 

Consequently a broad band high frequency d e t e c t i n g system was 

used to allow a good time r e s o l u t i o n i n the capacitance 

measurements. The value of T was obtained by choosing a 
y 

s u i t a b l e time constant f o r a c l o s e f i t between the c a l c u l a t e d 

Valueg and the measured r e s u l t s . 
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1.4.2 The Charge T r a n s i e n t (Q-t)Method 

I n s t e a d of measuring the capacitance t r a n s i e n t to 

obtain the value of x i t i s a l s o p o s s i b l e to measure the 
y 

charge response (Q-t) of the MOS c a p a c i t o r s u b j e c t e d to a 

s u i t a b l e voltage s t e p . H o f s t e i n ( 21) was the f i r s t to use 

the Q-t method for the e v a l u a t i o n of the l i f e t i m e . His 

method r e q u i r e s the a p p l i c a t i o n of a s m a l l voltage step 

( ^ kT/q) superimposed on a f i x e d b i a s which maintains the 

MOS c a p a c i t o r i n heavy i n v e r s i o n . The voltage step takes the 

sample i n t o h e a v i e r i n v e r s i o n and immediately a f t e r i t s 

a p p l i c a t i o n the d e p l e t i o n l a y e r widens before r e l a x i n g back 

to i t s e q u i l i b r i u m ' i n v e r s i o n width. During t h i s r e t u r n to 

e q u i l i b r i u m the charge Q on the sample i s measured. For a 

s m a l l d e v i a t i o n from e q u i l i b r i u m Hofstein assumed t h a t Q v a r i e s 

e x p o n e n t i a l l y with time and by using an e q u i v a l e n t c i r c u i t 

for the MOS c a p a c i t o r i n i n v e r s i o n he obtained the time constant 

which i s r e l a t e d t o the generation l i f e t i m e of the sample. 

This method of a n a l y s i s , i s l i m i t e d to the case of a very s m a l l 

d e v i a t i o n from e q u i l i b r i u m . 
Z e c h n a l l and Werner (22) t r i e d to improve on H o f s t e i n ' s 

method of determining T by using the Shockley-Read-Hall(25,26 ) 
g 

expression f o r the generation of c a r r i e r s . Although t h i s 

method i s very s i m i l a r to the H o f s t e i n ' s i t r e q u i r e s r a t h e r 

l a b o r i o u s c a l c u l a t i o n s to obtain the l i f e t i m e and has the 

same disadvantage which i s the l i m i t a t i o n to very s m a l l 

voltage steps which give only s m a l l changes of charge. 

Viswanathan and Takino ( 2 ^ ) proposed a d i f f e r e n t 

approach to the a n a l y s i s of the Q-t t r a n s i e n t . They adopted 

s i m i l a r equations t o those of Zerbst and obtained an e x p r e s s i o n 



14 

t h a t allows the determination of T and S from Q-t measure-
g 

mentswith l a r g e voltage s t e p s . The method however r e q u i r e s 

d i f f e r e n t i a t i o n of the Q-t t r a c e as i n Zerbst's method and 

t h i s i s q u i t e d i f f i c u l t to do a c c u r a t e l y i n p r a c t i c e . 

Apart from these authors the Q-t method appears to 

have been neglected i n s p i t e of some experimental advantages. 

The main pa r t of the present t h e s i s i s concerned with the 

Q-t method which w i l l be d e s c r i b e d i n more d e t a i l i n l a t e r 

chapters and compared with a l t e r n a t i v e methods i n Chapter 7. 

1.4.3 The Non-Equilibrium F a s t Ramp Method 

I n the preceding methods the MOS c a p a c i t o r was 

s t i m u l a t e d w i t h a v o l t a g e s t e p . I n the f a s t ramp method a 

continuously v a r y i n g voltage i n the form of a t r i a n g u l a r wave 

i s used. Measurements i n v o l v i n g the a p p l i c a t i o n of voltage 

ramps have been used i n the c h a r a c t e r i s a t i o n of MOS d e v i c e s 

for many y e a r s . U s u a l l y they are i n conjunction with c a p a c i t a n c e 

or conductance measurements which r e q u i r e an a.c. s i g n a l super­

imposed on the d.c. v o l t a g e . A slow voltage ramp i s used i n 

t h i s way f o r the purpose of v a r y i n g the d.c. b i a s on the sample 

a u t o m a t i c a l l y . The f a s t ramp method r e q u i r e s no a.c. s i g n a l 

as the sample c u r r e n t due to the changing b i a s voltage can be 

measured d i r e c t l y . Charge i s moving continuously i n the MOS 

c a p a c i t o r under the i n f l u e n c e of the changing b i a s v o l t a g e . 

There are two periods i n the voltage sweep t h a t can be 

considered. The f i r s t i s where the ramp voltag e i s tending 

to b r i n g the sample towards deeper d e p l e t i o n . For a p-type 

sample t h i s i s the period of p o s i t i v e s l o p e . The sample w i l l 

be taken i n t o accumulation, d e p l e t i o n and i n v e r s i o n modes i f 

the r a t e of voltage i n c r e a s e i s slow enough. However, for the 
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higher r a t e used i n f a s t ramp method, the MOS c a p a c i t o r never 

reaches the e q u i l i b r i u m i n v e r s i o n mode as the i n v e r s i o n 

charge cannot be generated f a s t enough. I n the second per i o d , 

the r e v e r s e sweep, the sample i s nearer to e q u i l i b r i u m as the 

de p l e t i o n edge moves i n the same d i r e c t i o n as the generation 

c u r r e n t . A p l o t of c u r r e n t versus the ap p l i e d voltage (I-V) 

forms a c l o s e d loop f o r the complete sweep. The shape has 

been analysed by Board and Simmons ( 27 ) who have shown 

how the value of can be determined from i t . D e t a i l s of 

t h i s techique are presented i n Chapter 7. 

1.4.4 The C-V Method 

The measurement of the small s i g n a l high frequency 

c a p a c i t a n c e versus b i a s v o l t a g e (C-V) i s the b a s i c t o o l used 

f o r most MOS c a p a c i t o r c h a r a c t e r i s a t i o n . I t i s used fo r the 

determination of doping p r o f i l e , e x t r a c t i o n of the i n t e r f a c e 

t r a p l e v e l d e n s i t y and the determination of the flatb a n d 

v o l t a g e . A number of authors have a l s o t r i e d to extend the 

b a s i c C-V measurement technique to give the generation l i f e t i m e 

T . 
g 

P i e r r e t (28) suggested one method of using the C-V 

p l o t f o r the determination of T . I n t h i s , s e v e r a l C-V p l o t s 

are r e q u i r e d f o r d i f f e r e n t sweep r a t e s s t a r t i n g from i n v e r s i o n 

and moving r a p i d l y i n t o deep d e p l e t i o n . When the sweep volta g e 

becomes s u f f i c i e n t l y l a r g e the deep d e p l e t i o n capacitance 

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

a g a i n s t the sweep r a t e and the slope of t h i s p l o t g i v e s T . 

The main drawback i s t h a t the MOS sample has to be p e r f e c t l y 

f r e e of leakage i n order to obtain the s a t u r a t i o n c a p a c i t a n c e . 

Taniguchi (30 ) worked on a s i m i l a r region of the 

C-V curve but h i s method needed only two sweep r a t e s . I n s t e a d 
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of depending on the s a t u r a t i o n c a p a c i t a n c e he measured the 

length of the f l a t i n v e r s i o n p o r t i o n of the C-V p l o t with 

decreasing, b i a s . By p l o t t i n g a s e t of complicated t h e o r e t i c a l 

curves f o r d i f f e r e n t l i f e t i m e s and s u r f a c e recombination 

v e l o c i t i e s , t h e a c t u a l value of T and S can be obtained by 

f i t t i n g the experimental data to the p l o t . One advantage 

claimed f o r t h i s method i s t h a t a s i n g l e s e t of curves can be 

used t o cover a wide range of minority c a r r i e r l i f e t i m e 

and s u r f a c e recombination v e l o c i t i e s , so s i m p l i f y i n g the 

a n a l y s i s of experimental measurements. 

1.4.5 Other Methods 

There are s t i l l other methods t h a t can be used f o r 

the determination of the minority c a r r i e r l i f e t i m e i n MOS 

c a p a c i t o r s . To d e s c r i b e a l l of them i s beyond the scope 

of t h i s t h e s i s , but among the methods t h a t have been used are 

the currenttttLme t r a n s i e n t of Trullermans and Van De Weile 

( 34 ) , the c u r r e n t - c a p a c i t a n c e measurements of C a l z o l a r i 

et a l ( 9 ) ,and the admittance measurement method by Baccardiii 

e t a l ( 35 ) . 

1.5 O u t l i n e of the T h e s i s 

T h i s t h e s i s i s concerned with the measurement of 

generation and recombination processes i n MOS c a p a c i t o r s 

from the t r a n s i e n t response to a p p l i e d s t e p v o l t a g e s . Most 

of i t i s concerned with the Q-t method of determining the 

minority c a r r i e r l i f e t i m e because there are very few p u b l i c a ­

t i o n s on the Q-t method as compared to e l a b o r a t e s t u d i e s of 

the C-t c a s e . Very few Q-t r e s u l t s have been published and 

there i s s t i l l no completely s a t i s f a c t o r y d e s c r i p t i o n of the 

a c t u a l charge generation/recombination processes i n MOS 

C a p a c i t o r s . 
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I n Chapter 2 v a r i o u s techniques i n v o l v i n g previous 

Q-t measurements are reviewed. T h i s chapter a l s o covers the 

work on the improvements of the a n a l y s i s of the t r a n s i e n t 

response which have been appl i e d to the Q-t method. T y p i c a l 

p l o t s of the methods d e s c r i b e d are a l s o given. The e x p e r i ­

mental techniques used i n the present work are given i n 

Chapter 3 which a l s o i n c l u d e s d e t a i l s of the MOS sample 

p r e p a r a t i o n . I n Chapter 4 r e s u l t s are presented to show the 

e f f e c t s of v a r i o u s experimental c o n d i t i o n s on the measured 

t r a n s i e n t . The theory of^Q-t method and the a n a l y s i s of the 

r e s u l t s i s presented i n Chapter 5 while Chapters 6, 7 and 

8 give a comparison of the Q-t method with some of the others 

a l s o d e s c r i b e d i n t h i s t h e s i s . F i n a l l y , the co n c l u s i o n s from 

the work are given i n Chapter 9. 
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CHAPTER 2 

PREVIOUS WORK ON THE Q-t METHOD 

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

T h i s c h a p t e r d e s c r i b e s t h e p u b l i s h e d work on t h e Q-t 

method o f measuring t h e m i n o r i t y c a r r i e r l i f e t i m e i n MOS 

c a p a c i t o r s . T h i s p r e v i o u s work formed t h e b a s i s f o r t h e 

p r e s e n t i n v e s t i g a t i o n o f t h e Q-t method d e s c r i b e d i n Chapters 

4 and 5. 

The p u b l i s h e d papers d i f f e r m a i n l y i n t h e i r methods 

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

and i n t h e p r e s e n t a t i o n o f t h e Q-t d a t a i n a form s u i t a b l e 

f o r e x t r a c t i n g t h e c a r r i e r g e n e r a t i o n l i f e t i m e , T . A l l o f 

them make necessary a p p r o x i m a t i o n s t o an ex a c t a n a l y s i s o f t h e 

problem. 

2.2 T r a n s i e n t A n a l y s i s by H o f s t e i n 

I n H o f s t e i n ' s method o f measuring l i f e t i m e ( 2 1 ) , a 

s m a l l s t e p o f v o l t a g e i s a p p l i e d t o t h e MOS c a p a c i t o r which 

i s i n i t i a l l y b i a s e d i n t o t h e i n v e r s i o n mode i n e q u i l i b r i u m . 

The response o f t h e c a p a c i t o r i m m e d i a t e l y f o l l o w i n g t h e s t e p 

i s m o n i t o r e d . Assuming t h e MOS c a p a c i t o r i n i n v e r s i o n can be 

approximated by t h e e q u i v a l e n t c i r c u i t o f F i g u r e 2.1 f o r a 

s m a l l d e v i a t i o n f r o m e q u i l i b r i u m , t h e t r a n s i e n t s h o u l d f o l l o w 

an e x p o n e n t i a l law. The t i m e c o n s t a n t o f t h e e x p o n e n t i a l 

response T r i s measured and r e l a t e d t o t h e g e n e r a t i o n l i f e t i m e 

x by t h e f o l l o w i n g e q u a t i o n :-

T = T - (C, + C ) (2.1) 
g q n ±x. d

 v d ox' 

where Cy and C are t h e d e p l e t i o n and o x i d e c a p a c i t a n c e s a ox 
r e s p e c t i v e l y . 
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4>s i s t h e s u r f a c e p o t e n t i a l 

x^ i s t h e d e p l e t i o n w i d t h 

n. i s t h e i n t r i n s i c c a r r i e r c o n c e n t r a t i o n . 1 

By s u b s t i t u t i n g f o r i n terms o f t h e i n v e r s i o n c a p a c i t a n c e , 

C , t h e l i f e t i m e x can be o b t a i n e d from t h e e q u a t i o n :-m g ^ 

T = T 
q n. e , ,, * ^ 1 s 1 (1-a) 

9 * s c 2 a 

ox 

where a = C /C ( t h e r a t i o o f t h e i n v e r s i o n c a p a c i t a n c e t o nr ox r 

t h a t o f t h e o x i d e ) . The t i m e c o n s t a n t o f t h e response (T^) 

i s o b t a i n e d by p l o t t i n g t h e n o r m a l i s e d charge v e r s u s t i m e on 

a l o g - l i n e a r graph. The e x p o n e n t i a l r e l a t i o n s h i p f o r t h e 

change o f charge d u r i n g t h e t r a n s i e n t i s 

Q = Q - B e (2.3) m 

where Q i s t h e change o f charge a t t i m e t 

Q m i s t h e maximum charge i n c r e a s e (as i n F i g u r e 2.2a) 

B = Q -Q where Q i s t h e change o f charge AQ a t t = 0+ m o+ o+ 
Re a r r a n g i n g E q u a t i o n (2.3) g i v e s 

An 
\ 

Q - Q , , 
m — ~ = - — t (2.4) 
B S T 

R / Q Q \ 
Thus t h e p l o t o f £n I — — — / a g a i n s t t g i v e s a s t r a i g h t l i n e 

w i t h a s l o p e e q u a l t o - — . The l i f e t i m e T i s t h e n c a l c u l a t e d 

f r o m E q u a t i o n ( 2 . 2 ) . 

H o f s t e i n measured t h e charge w i t h an el e c t r o m e t e r -

connected t o a s t o r a g e o s c i l l o s c o p e t o m o n i t o r t h e o u t p u t s i g n a l 

The e l e c t r o m e t e r was an o p e r a t i o n a l a m p l i f i e r w i t h an e x t e r n a l 

MOSFET t o i n c r e a s e t h e i n p u t impedance and i t was connected t o 



Oxide Capacitance 

Depletion Layer 
Capacitance 

_L 
E f f e c t i v e R e s i s t a n c e 

FIG. 2. 1 E q u i v a l e n t C i r c u i t of MOS Capac i t o r in I n v e r s i o n 
f o r Small Voltage Steps a f t e r H o f s t e i n (21) 

( 1 ) 

FIG. 2.2 

( b ) 

Diagram showing (a) the Q-t T r a n s i e n t s f o r i n c r e a s i n g 
and d e c r e a s i n g I n v e r s i o n s and (b) the H o f s t e i n and 
Z e c h n a l l and Werner Log. P l o t for the T r a n s i e n t 

FIG. 2.3 The P l o t of Viswanathan and TaKino Method 
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a charge a m p l i f i e r . The sample was connected with i t s back 

contact to the input of the electrometer and the metal e l e c t r o d e 

to a d.c. supply f o r b i a s i n g . The voltage step was applied on 

top of the b i a s by a s u i t a b l e c i r c u i t . The charge generated 

during the r e l a x a t i o n period was recorded and analysed. A 

t y p i c a l p l o t of the generated charge i s shown i n Figure 2.2(a) 

and a log p l o t of charge a g a i n s t time i s given i n Figure 2.2(b). 

T h i s approximate method of a n a l y s i s g i v e s a quick and 

simple means of e v a l u a t i n g the bulk l i f e t i m e of minority c a r r i e r s 

s i n c e the device i s i n i n v e r s i o n before and a f t e r the a p p l i c a ­

t i o n of the voltage s t e p , and s u r f a c e e f f e c t s can thus be 

neglected. The drawback i s i n the approximation made i n 

assuming the exponential behaviour of the response. Also the 

charge measurement i s a f f e c t e d by noise s i n c e the voltage step 

i s very small ( ^ m i l l i v o l t s ) so t h a t i t r e q u i r e s c a r e f u l 

instrumentation techniques to produce a reasonably c l e a n Q-t 

t r a c e . 

2.3 T r a n s i e n t A n a l y s i s by Zechnall and Werner 

Although Hofs t e i n ' s method of a n a l y s i s has the advantage 

of s i m p l i c i t y , i t s major drawback i s i n o v e r - s i m p l i f y i n g the 

Q-t t r a n s i e n t by assuming t h a t the time constant i s d i r e c t l y 

r e l a t e d t o the minority c a r r i e r l i f e t i m e by a simple e x p r e s s i o n . 

Zechnall and Werner ( 2 2 ) proposed another method of a n a l y s i s 

without t a k i n g such an assumption. T h e i r experimental s e t up 

was the same as t h a t of H o f t s t e i n ' s but with improvements i n 

the method of a n a l y s i n g the response. The b a s i c expression 

f o r the generation r a t e as used by H o f s t e i n was 

n 
U (2.5) 
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This was replaced by the Schockley, Read, and H a l l (12,13) 

e x p r e s s i o n . 

2 
pn - n. 

U = (2.6) T (p+n.) + T (n+n.) no I po I 

where p and n are the hole and e l e c t r o n d e n s i t i e s during 

the t r a n s i e n t response. 

x i s the l i f e t i m e of e l e c t r o n s no 
T i s the l i f e t i m e of holes, po 

The generation c u r r e n t J e n was obtained by i n t e g r a t i n g the 

above expression over the width of the space charge region. 

That i s 
x (t) 

d Q. f d 

J = — - i ^ = q 
9 e n dt 

Ujdx (2.7) 

By s u b s t i t u t i n g the value of the p n product which was 

s i m p l i f i e d by a T a y l o r ' s expansion, and by approximating 

the i n t e g r a l to t h a t with e q u i l i b r i u m v a l u e s of c a r r i e r 

d e n s i t i e s , they modified the expression for the generation 

c u r r e n t from Equation (2.7) to 

d Q i n v q n i (2-8) , ^ i n v = ^ A [ x . ( t ) - x, ] 
dt x L d d°°J 

g 
where Q. i s the mobile charge i n the i n v e r s i o n region inv ^ 

x ^ ( t ) and x ^ are the d e p l e t i o n widths of time t and 

t = °o r e s p e c t i v e l y . 

A i s a constant which i s independent of T provided 
T /T i s constant, no po 
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I f the value of A i s u n i t y i n the above exp r e s s i o n then 

Equation (2.8) becomes the same as used i n the lar g e s i g n a l 

C-t a n a l y s i s by Zerbst. The value of A i s very dependent 

on the dopant concentration however. 

To obtain T , Zechnall and Werner combined Equation 

(2.8)with the exp r e s s i o n f o r the t o t a l charge i n the MOS 

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

Q+.o4. = Q. „ + q N x, (t) (2.9) t o t inv a d 

This i s d i f f e r e n t i a t e d with r e s p e c t to time and combined with 

the r e l a t i o n s h i p between x ^ ( t ) and the appl i e d voltage using 

a T a y l o r ' s expansion and n e g l e c t i n g high order terms. The 

following e x p r e s s i o n was f i n a l l y obtained. 

A n. 
§r = " M ^o-.A (2.10) dt N T R a g 

where R i s a constant t h a t depends on the parameters of the 

sample 
00 

A = ft^t - Qt 0t i - s t n e change of charge stored i n the 

MOS c a p a c i t o r as i n Figure 2 . 2 ( a ) . The d i f f e r e n t i a l equation 

above i m p l i e s an exponential behaviour of A with time. The 

s o l u t i o n of Equation (2.10) i s 

A n. 
£n A = - ~ . t + K (2.11) N T R a g 

where K i s a constant of i n t e g r a t i o n . 

From Equation (2.11) the l i f e t i m e can be obtained from the 

slope of the p l o t of In A versus t . 

Although the a n a l y s i s of the Q-t t r a c e and the c a l ­

c u l a t i o n of the l i f e t i m e i n t h i s method i s q u i t e s i m i l a r to 
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t h a t of H o f s t e i n ' s , the constant A which i s present i n t h i s 

method has to be evaluated numerically to obtain the r e s u l t . 

Also, the r a t i o T /T needs to be constant f o r the assumption 
no po ^ 

th a t A i s independent of to be v a l i d . A f u r t h e r assumption 

i s made i n t h a t the i n t e g r a l t h a t i s present i n the expression 

f o r A i s evaluated using e q u i l i b r i u m c o n d i t i o n s i n s t e a d of the 

r e a l - t i m e dependent ones. 

2.4 T r a n s i e n t A n a l y s i s by Viswanathan and Takino 

I n the analyses of Hofstein and Zech n a l l and Werner, 

the measured Q-t responses were assumed to be expone n t i a l s . 

An improvement over these methods was proposed by Viswanathan 

and Takino (23) and by Takino (?/(•) which i s supposed to over­

come the l i m i t a t i o n of the two previous methods to a very 

small step s i z e . I n t h i s method the approximation to an 

exponential response was a l s o removed. 

Viswanathan and Takino s t a r t e d t h e i r a n a l y s i s with the 

Zerbst expression f o r the r a t e of i n c r e a s e of the mobile 

i n v e r s i o n charge, Q, inv 
d Q. q n. in v M l 
dt 2 x 

<xd - x d f ) + q n.S (2.12) 

S i s the s u r f a c e recombination v e l o c i t y . 

x^ and x ^ are the depletion widths at times t and °° 

r e s p e c t i v e l y . Equation (2.12) i m p l i e s t h a t the generation 

region i s assumed to be j u s t t h a t p a r t between x^ and 

From the b a s i c equations f o r the MOS c a p a c i t o r together with 

Equation (2.12) the fo l l o w i n g equation was obtained : 

q N. 
1 -

ox 

d<p£ 

dx~ 
-1 d Qm d n 

dt ~ ^ ( X d " X d f ) + q n i S ( 2 - 1 3 ) 
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I n t h i s method, a s t r a i g h t l i n e i s obtained by p l o t t i n g 

-1 ~ 
q N. 

1 -
d ^ 

ox 

m 
dt 

as a funct i o n of (x,-x,,-) . The value of di|> /dx, i s obtained 
d df r s d 

from the r e l a t i o n 

q N 
x 2 e d 

s 
(2.14) 

so t h a t Equation (2.13) becomes simply 

1 -
fa N e a s 

ox 2 
d Q, m q n. 
dt ( x d - x )+ qruS (2.15) 

The value dQ m/dt i s obtained from the Q-t p l o t . The other 

unknown i s which i s c a l c u l a t e d from the expression 

AQ (t) 
if; (t) = ij; + AV 2 K s r s o a C ox 

(2.16) 

where i s the e q u i l i b r i u m s u r f a c e p o t e n t i a l i n i n v e r s i o n 

Av"a i s the voltage step 

AQ m(t) i s the increment of the charge stored i n the 

MOS c a p a c i t o r a f t e r time t . 

Taking the slope of the l i n e a r p o r t i o n of the p l o t of 

Equation (2.15), the minority c a r r i e r l i f e t i m e i s c a l c u l a t e d 

and the i n t e r c e p t on the v e r t i c a l a x i s gives the s u r f a c e r e ­

combination v e l o c i t y S as shown i n Figure 2.3. 

The apparatus used by Viswanathan and Takino was 

s i m i l a r to Ho f s t e i n ' s . The voltage step was appli e d i n the 

same way with the sample alr e a d y i n heavy i n v e r s i o n and the 
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p o l a r i t y was such as to take the sample i n t o h e a v i e r i n v e r s i o n . 

This e l i m i n a t e s e f f e c t s due to the charging up of s u r f a c e 

s t a t e s a t the oxide-semiconductor i n t e r f a c e . The s u r f a c e 

p o t e n t i a l i n e q u i l i b r i u m was assumed to be the same before 

and a f t e r the a p p l i c a t i o n of the step even though the voltage 

increment could be l a r g e . 

2.5 Surface C o r r e c t i o n due to Schroder and Nathanson 

An improvement to the a n a l y s i s of the t r a n s i e n t respqnse 

of the MOS c a p a c i t o r was suggested by Schroder and Nathanson 

( 1 7 ) . Although they worked on the C-t t r a n s i e n t , t h e i r model 

f o r s e p a r a t i n g the bulk and s u r f a c e components of c a r r i e r 

generation, i s a p p l i c a b l e to other non-equilibrium MOS 

processes p a r t i c u l a r l y the Q-t method of Viswanathan and 

Takino. 

Due to the i n f l u e n c e of the s u r f a c e and the edge of 

the c a p a c i t o r the l i f e t i m e obtained from the measurements of 

Zerbst or Heiman must be an e f f e c t i v e l i f e t i m e r a t h e r than 

the true bulk generation l i f e t i m e . These authors showed t h a t 

measurements of l i f e t i m e made on d i f f e r e n t devices from the 

same wafer were very v a r i a b l e , and t h a t the bulk l i f e t i m e and 

s u r f a c e generation v e l o c i t y apparently v a r i e d i n v e r s e l y with 

each other. T h i s should not happen because, although the s u r f a c e 

s t a t e d e n s i t i e s may vary a great d e a l , the bulk l i f e t i m e should 

be q u i t e constant across the wafer. Thus the observed v a r i a t i o n 

of the bulk l i f e t i m e could be a spurious e f f e c t due to the 

s u r f a c e . I n t h e i r paper Schroder and Nathanson explained t h i s 

by the f a c t t h a t when a d e p l e t i n g voltage i s applied, the space 

charge region spreads l a t e r a l l y around the c a p a c i t o r e l e c t r o d e 

as w e l l as i n t o the depth of the semiconductor. This l a t e r a l 

spread i s assumed to be bf the same dimension as the d e p l e t i o n 
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l a y e r width. A f t e r the a p p l i c a t i o n of a step voltage the 

semiconductor s u r f a c e beyond the e l e c t r o d e becomes f u r t h e r 

depleted w h i l e the s u r f a c e beneath i t f i r s t becomes depleted 

and then i n v e r t e d as minority c a r r i e r s are generated. The 

s u r f a c e generation v e l o c i t y i s g r e a t e s t where there i s 

d e p l e t i o n and beneath the e l e c t r o d e the i n v e r s i o n l a y e r screens 

o f f the s u r f a c e generation from the bulk, lowering the value 

of S t h e r e . I t follows t h a t there are two values of s u r f a c e 

generation, one beneath the e l e c t r o d e and the other at the 

l a t e r a l l y depleted s u r f a c e . Also s i n c e the s u r f a c e beneath 

the e l e c t r o d e changes from d e p l e t i o n to i n v e r s i o n during the 

t r a n s i e n t , the value of S f o r t h i s region i s time dependent. 

Taking t h i s i n t o c o n s i d e r a t i o n the l i f e t i m e value obtained 

from a Zerbst p l o t i s found to be t h a t for the i n v e r t e d s u r f a c e 
i 

which i s now known as the e f f e c t i v e l i f e t i m e T . T h i s i s 
g 

r e l a t e d to the a c t u a l bulk l i f e t i m e T by the equation :-
g 

1 i 4 s 

— = , - — ( 2 . 1 7 ) 
T T d 
g g 

where S q i s the s u r f a c e generation v e l o c i t y at the depleted 

s u r f a c e beyond the e l e c t r o d e (as i n Figure 2.4) 

d i s the diameter of the e l e c t r o d e assumed to be c i r c u l a r , 

From the Zerbst expression f o r the t r a n s i e n t capacitance 

f o l l o w i n g the a p p l i c a t i o n of a step v o l t a g e , which w i l l be 

d e s c r i b e d i n d e t a i l i n Chapter 7, 

"A .s 
N 
a 

(2.18) 
where C f l f i s the f i n a l c a p a c i t a n c e at t = 
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i t i s p o s s i b l e to obtain the v a r i a t i o n of s during the 

t r a n s i e n t . The value of S at the beginning ( t = o) gives 

the value S for the su r f a c e outside the e l e c t r o d e . A o 
i 

f u r t h e r c o r r e c t i o n was made to x by Schroder and Nathanson 

to allow f o r the v a r i a t i o n of S with time. T h i s i s given 

by the r e l a t i o n 

-1 

(2.19) * e g |_ wVs J 

c 
. . . . - ox 

T = T 

i 
where x i s the co r r e c t e d x 

n i s the gradient of a p l o t of s against - ^ \—j 

t i s the oxide t h i c k n e s s , ox 
The a c t u a l l i f e t i m e i s then obtained from the expression 

4 S 
+ S (2.20) x x d ge g 

This c o r r e c t i o n can only be used i f the sample i s pulsed 

from f l a t band to strong i n v e r s i o n , a s the value of S
Q has 

to be obtained before the formation of the i n v e r s i o n l a y e r . 

Once the i n v e r s i o n l a y e r has formed, the surf a c e w i l l be 

screened o f f from the depl e t i o n region by the width of the 

i n v e r s i o n l a y e r . Therefore the su r f a c e recombination v e l o c i t y 

w i l l appear to be s m a l l . When the sample i s pulsed from 

i n v e r s i o n i n t o heavier i n v e r s i o n as i n the Q-t measurements, 

a separate experiment i s req u i r e d to obtain the value of S
Q / 

and t h i s has t o be done on a MOS c a p a c i t o r from the same wafer 

and having the same area e l e c t r o d e but with l a r g e perimeter-

t o - a r e a r a t i o . 
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For the Q-t method, t h i s c o r r e c t i o n can be a p p l i e d 

by using Equation (2.20) provided the value of S q i s known. 

This would r e q u i r e the whole experiment to be done from the 

i n i t i a l stage of preparation of samples with d i f f e r e n t 

perimeter to area r a t i o s , and hence i t i s not p r a c t i c a l i n 

t h i s work. As long as the perimeter to area r a t i o i s kept 

low, the i n f l u e n c e of the i n t e r f a c e generation i s very s m a l l . 

2.6 Published Experimental R e s u l t s for the Q-t Method 

In the Q-t papers by H o f s t e i n , Zechnall and Werner, 

and Viswanathan and Takino, there are r e l a t i v e l y few experimental 

r e s u l t s compared with many for the C-t method elsewhere. 

Hofstein published only one Q-t r e s u l t f o r an n-type MOS 

c a p a c i t o r and the d i s t o r t i o n observed to occur between the 

Q-t t r a c e s biased i n t o h e a v i e r i n v e r s i o n and for the r e t u r n 

to i n i t i a l s t a t e was not explained at a l l . Z e chnall and 

Werner published r e s u l t s from four n-type samples of varying 

oxide t h i c k n e s s e s . They too d i d not i n v e s t i g a t e the problem 

of the d e v i a t i o n from an exponential t r a n s i e n t f o r l a r g e r 

voltage s t e p s . In the work of Viswanathan and Takino again 

only four samples were used, two with a uniform and two with 

a non-uniform doping con c e n t r a t i o n , N. These authors used 

both p- and n-type samples. They a l s o published the p l o t of 

the v a r i a t i o n of d e p l e t i o n width with s u r f a c e p o t e n t i a l during 

the Q-t t r a n s i e n t . I n a l l the published work on Q-t method, 

none of the authors included e i t h e r the recombination or bulk 

d i f f u s i o n terms for the c a r r i e r s i n the d e p l e t i o n l a y e r . 

Also the case of "negative" voltage s t e p s , i . e . voltage steps 

of p o l a r i t y such as to b r i n g the MOS c a p a c i t o r from h e a v i e r 

i n v e r s i o n i n t o l e s s heavy i n v e r s i o n , was not d e a l t with a t a l l . 
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F i n a l l y , a l l the above authors compared the l i f e t i m e 

obtained from the Q-t method with t h a t of the Zerbst method 

of e v a l u a t i o n but none of them made a comparison with any 

of the other methods of measuring l i f e t i m e . The r e s e a r c h 

described i n t h i s t h e s i s attempts to overcome some of these 

d e f i c i e n c i e s . 
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CHAPTER 3 

SAMPLE PREPARATION AND Q-t 

EXPERIMENTAL MEASURING DETAILS 

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

The Q-t measurement method as developed by Hofstein 

( 2 1 ) i s s u s c e p t i b l e to both no i s e pick-up and d r i f t . Noise 

can be reduced by c a r e f u l experimental technique and some of 

the d r i f t can be e l i m i n a t e d using a s u i t a b l e e l e c trometer. 

However, d r i f t can a l s o be due to leakage of charge through 

the sample oxide. With t h i s i n mind the experimental lay-out 

and the samples were c a r e f u l l y constructed so t h a t the Q-t 

t r a n s i e n t could be a c c u r a t e l y t r a c e d out f o r a n a l y s i s . T h i s 

c a l l e d for c l o s e a t t e n t i o n to the p u l s i n g c i r c u i t and the 

t r a n s i e n t recording technique, as w e l l as the sample f a b r i c a ­

t i o n . 

I t i s the purpose of t h i s chapter to d e s c r i b e the 

sample used i n the experiment and i t s preparation as w e l l as 

to give an account on the c o n s t r u c t i o n of the measuring gear. 

The f i r s t h a l f of the chapter deals with the steps taken i n 

the making of the MOS d e v i c e s i n t h i s department while the 

other h a l f i s devoted to the instrumentation involved and i t s 

development leading to the f u l l computer-controlled set-up. 

3 . 2 Sample Design 

I n Figure 3.1, a c r o s s - s e c t i o n of the d e v i c e s used 

for measurement i s shown. F i g u r e 3.1(a) i s the type prepared 

i n the department's own c l e a n room and Figure 3.1(b) i s the 

MOS c a p a c i t o r sample made by ITT. The s t r u c t u r e of the 

former i s advantageous because i t s gate oxide i s grown i n 
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(b) The ITT MOS C a p a c i t o r Sample 

F i g . 3.1 C r o s s - s e c t i o n s of the MOS C a p a c i t o r 
Samples used i n t h i s E x p eriment 
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areas etched away from the masking or f i e l d oxide which i s 

about 1.50 ym t h i c k . T h i s reduces the inten s e edge f i e l d 

e f f e c t s , as the aluminium m e t a l l i s a t i o n overlaps over the 

edges of the masking oxide windows r e s u l t i n g i n a more u n i ­

form e l e c t r i c f i e l d a t the edges compared to the ordinary 

dot-evaporated c a p a c i t o r s . E l e c t r i c a l connections were made 

using microprobes on bonding pads, w e l l away from the c a p a c i t o r s 

themselves. The pads are 130 ym square and are connected to the 

gate e l e c t r o d e by 15 ym wide aluminium s t r i p s . The capacitance 

c o n t r i b u t i o n from the pads i s very small and about 0.30 pF 

each as compared to the devi c e s capacitance of about 120 pF 

fo r the biggest c a p a c i t o r (Figure 3.2). 

In the process of f a b r i c a t i n g the c a p a c i t o r , two masks 

were used. Mask 1 was for d e f i n i n g windows through the t h i c k 

oxide f o r the growth of the t h i n oxide of the c a p a c i t o r s . 

Mask 2 i s f o r removing excess aluminium to define the metal 

e l e c t r o d e s f o r the c a p a c i t o r s . Each of the masks i s made on 

a g l a s s p l a t e containing a 5 x 5 arra y of chips 1.8 mm square 

using a step-and-repeat camera. A s i n g l e c e l l from t h i s array 

i s shown i n the diagram of the s i n g l e chip of Figure 3.2. 

The ITT samples were f a b r i c a t e d on p-type s i l i c o n 

s u b s t r a t e s of r e s i s t i v i t y about 8 cm. The c a p a c i t o r s have 

a simple c r o s s - s e c t i o n a l s t r u c t u r e without the masking oxide. 

Each c i r c u l a r e l e c t r o d e i s about 1.00 mm i n diameter with an 

annular guard-ring around i t of 45 ym width. There i s a gap 

between the gate and the guard-ring of 30 ym. The oxide t h i c k ­

ness i s about 1000 8. 
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FIG. 3 o 2 MASK 1 - Dotted l i n e (oxide window) 
MASK 2 - F o i l U n a (Metal e l e c t r o d e 
and Connection Pad) 
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3.3 Sample P r e p a r a t i o n 

The f a b r i c a t i o n p r o c e s s f o r MOS d e v i c e s i s o u t l i n e d 

by Allison(36-39) and t h e p r e s e n t p r o c e d u r e i s s i m i l a r . B e f o r e 

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

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

( U l t r a r and A r i s t a r ) . The d e t a i l s were a s f o l l o w s : -

(a) B o i l t h e sample i n 1 1 1 - T r i c h l o r o e t h a n e ( T C E ) f o r 

5 m i n u t e s and f o l l o w w i t h an u l t r a s o n i c wash i n TCE 

f o r 1 m i n u t e . 

(b) Blow d r y w i t h a h o t a i r b l o w e r . 

(c) B o i l f o r 30 m inutes i n 'bomb' s o l u t i o n 

( 1 : 1 , H 2 0 2 : H 2 S 0 4 ) . 

(d) Leave i t i n r e c i r c u l a t i n g d e i o n i s e d ( D . I . ) w a t e r 

u n t i l t h e r e s i s t i v i t i e s o f t h e incoming and o u t g o i n g 

w a t e r a r e e q u a l a t above 12 9. cm. 

(e) E t c h i n 10% H y d r o f l u o r i c (H.F.) a c i d f o r 2 m i n u t e s 

( f ) Repeat s t e p ( d ) . 

(g) R i n s e i n p r o p a n - 2 - o l (IPA) i n an u l t r a s o n i c b a t h . 

(h) Blow d r y . 

The masking o x i d e was t h e n t h e r m a l l y grown by wet 

o x i d a t i o n a t 1100°C a f t e r c h e c k i n g t h e f u r n a c e t e m p e r a t u r e 

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

two h o u r s p r i o r t o l o a d i n g t h e tube t o a l l o w i t t o s t a b i l i s e . 

The f l o w r a t e f o r d r y n i t r o g e n and oxygen f o r f l u s h i n g t h e 

tube was 500 c . c . p e r m i n ute, and f o r o x i d a t i o n i t was 200 c . c 

p e r minute. 

The g a t e o x i d e was grown a f t e r windows had been e t c h e d 

through t h e masking o x i d e by s t a n d a r d p h o t o l i t h o g r a p h y . The 

p h o t o r e s i s t u s e d was a S h i p l e y AZ-1350 p o s i t i v e t y p e and was 

spun on a t 4000RPM. The e v e n n e s s o f t h e p h o t o r e s i s t l a y e r 
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was checked by w a t c h i n g t h e l i g h t r e f l e c t e d from t h e f i l m 

s u r f a c e . The u l t r a v i o l e t e x p o s u r e was made on t h e K u l i c k e 

and S o f f a mask a l i g n m e n t machine Model 682 A through Mask 1 

( r e f e r F i g 3 . 2 ) . The exposed p h o t o r e s i s t was d e v e l o p e d away 

i n S h i p l e y MF 312 d e v e l o p e r and t h e r e m a i n i n g p h o t o r e s i s t was 

baked t o ha r d e n i t . T h i s was f o l l o w e d by e t c h i n g t h e un­

p r o t e c t e d o x i d e i n 1:5 HF-NH^F s o l u t i o n . To f i n d out whe t h e r 

t h e e t c h i n g was c o m p l e t e , t h e sample was o c c a s i o n a l l y p u l l e d 

s l i g h t l y above t h e s u r f a c e o f t h e e t c h a n t t o watch f o r t h e 

o n s e t o f t h e h y d r o p h o b i c s t a t e w h i c h , b e i n g due t o t h e absence 

o f SiC>2, i n d i c a t e d adequate e t c h i n g . The sample was t h e n 

washed i n r e c i r c u l a t i n g DI w a t e r and t h e r e m a i n i n g p h o t o r e s i s t 

was removed i n p h o t o r e s i s t remover ( d i l u t e d 1 : 2 ) , f o l l o w e d by 

an o t h e r wash i n D . I . w a t e r . To e n s u r e t h a t no o x i d e remained 

b e h i n d i n t h e e t c h e d a r e a s , t h e sample was di p p e d a g a i n f o r 

10 seconds i n 10% H.F ; f o l l o w e d by a f i n a l wash i n r e ­

c i r c u l a t i n g D . I . w a t e r . A f t e r a q u i c k r i n s e i n IPA i n an u l t r a ­

s o n i c b a t h t h e sample was l e f t t o d r y i n t h e mouth of t h e 

f u r n a c e t u b e . I t was t h e n o x i d i s e d i n d r y oxygen a t 1100°C 

a t a f l o w r a t e of 200 c . c . p e r minute, f o r 30 m i n u t e s . 

M e t a l l i s a t i o n was done i n an ion-pumped e l e c t r o n beam e v a p o r a ­

t i o n s y s t e m . The m e t a l u s e d was 99.99% pure aluminium. The 

t h i c k n e s s e v a p o r a t e d was checked by o b s e r v i n g t h e aluminium 

d e p o s i t i o n on a g l a s s p l a t e p l a c e d i n t h e e v a p o r a t i n g chamber 

w i t h t h e sample. F o l l o w i n g t h e s t a n d a r d p h o t o l i t h o g r a p h y 

p r o c e s s u s i n g Mask 2 ( r e f e r F i g . 3 . 2 ) t h e unwanted aluminium 

was e t c h e d away i n an o r t h o p h o s p h o r i c - n i t r i c a c i d s o l u t i o n 

o f c o m p o s i t i o n 30 p a r t s t o 2 p a r t s t o 7 p a r t s o f w a t e r . The 

hardened p h o t o r e s i s t was removed and t h e sample was washed i n 

fi.I.Water" f o l l o w e d by a wash i n f P l i l l art u l t r a s o n i c b a t h and 
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blown d r y . The sample was t h e n a n n e a l e d a t 490 C f o r 10 

m i n u t e s i n a n i t r o g e n f l o w o f 400 c . c . p e r minute. 

The e l e c t r i c a l c o n n e c t i o n t o t h e s u b s t r a t e was made 

through t h e back c o n t a c t . T h i s was done by e v a p o r a t i n g g o l d -

antimony f o r t h e n - t y p e s u b s t r a t e and p u r e g o l d f o r t h e p - t y p e 

s u b s t r a t e . G r e a t c a r e was t a k e n i n t h e removal of o x i d e p r i o r 

t o e v a p o r a t i o n so t h a t a good ohmic c o n t a c t was o b t a i n e d . The 

d e t a i l s were as f o l l o w s : -

(1) Lap o f f t h e o x i d e on t h e u n d e r s i d e of t h e sample 

by u s i n g 'Hyprez' diamond compound o f 3 ym g r a i n s i z e . 

(2) C l e a n o f f t r a c e s of the diamond p a s t e w i t h a c e t o n e 

and blow d r y . 

(3) Apply a few drops o f 10% I I . F . onto t h e l a p p e d 

back and o b s e r v e f o r t h e h y d r o p h o b i c c o n d i t i o n . 

(4) Wash i n D . I . w a t e r . 

(5) Dry i n oven. 

The g o l d was e v a p o r a t e d i n a c o n v e n t i o n a l d i f f u s i o n -

r o t a r y pump e v a p o r a t o r . The c o n t a c t was t h e n a n n e a l e d f o r 7 

m i n u t e s a t 400°C i n n i t r o g e n . Two s t r i p s o f g o l d were 

e v a p o r a t e d and t h e r e s i s t a n c e between them was measured t o 

e n s u r e t h a t p r o p e r ohmic c o n t a c t s had been formed. 

3.4 C o n s t r u c t i o n and Development of t h e Manual Measurement 

A p p a r a t u s 

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

ment o f t h e manual v e r s i o n o f t h e measurement a p p a r a t u s i s 

g i v e n . I t i n v o l v e s t h e c o n s t r u c t i o n o f t h e p r o b i n g box, t h e 

e l e c t r o m e t e r and t h e b i a s c o n t r o l c i r c u i t s . 

3.4.1 B a s i c C i r c u i t 

As o u t l i n e d p r e v i o u s l y t h e c i r c u i t u s e d f o r t h e Q-t 
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e x p e r i m e n t s was b a s i c a l l y a c h a r g e a m p l i f i e r . A s c h e m a t i c 

diagram i s shown i n F i g u r e 3.4 w h i c h shows t h a t i t i s a 

c h a r g e - t o - v o l t a g e c o n v e r t e r . The c h a r g e on t h e i n p u t 

c a p a c i t o r i s d e t e r m i n e d by t h e v o l t a g e a c r o s s i t and a l s o 

i t s c a p a c i t a n c e . T h i s i s g i v e n by 

Q. = C. V. i n i n i n 

where V. i s t h e v o l t a g e a c r o s s C. . 

i n ^ i n 

T h i s c h a r g e w i l l a l s o appear on t h e feedback c a p a c i t o r 

as t h e y a r e i n s e r i e s , and s i n c e t h e i n p u t of t he dp amp 

i s v i r t u a l l y a t ground t h i s c h a r g e i s r e l a t e d t o t h e ou t p u t 

v o l t a g e V o f t h e a m p l i f i e r by 

Thus t h e o u t p u t v o l t a g e i s d i r e c t l y p r o p o r t i o n a l t o t h e i n p u t 

c h a r g e . T h i s c h a r g e a m p l i f i e r c i r c u i t was used as an e l e c t r o ­

m eter t o measure t h e t r a n s i e n t c h a r g e r e s u l t i n g from t h e 

p u l s i n g o f t h e MOS c a p a c i t o r w h i c h was used i n p l a c e of t h e 

i n p u t c a p a c i t o r of t h e a m p l i f i e r . I n t h i s s e c t i o n wc d i s c u s : ; 

t h e e x p e r i m e n t a l d e t a i l s and t h e i r development. 

The c o n s t r u c t i o n of t h e m e a s u r i n g g e a r s t a r t e d w i t h 

t h e b u i l d i n g of a box f o r h o l d i n g t h e sample under t e s t , 

p r o b e r s f o r making t h e e l e c t r i c a l c o n n e c t i o n t o the g a t e 

e l e c t r o d e and t h e g u a r d - r i n g when p r e s e n t , and a c o n d u c t i n g 

p l a t f o r m a s a b a s e p l a t e t o h o l d t h e sample f i r m l y and t o 

p r o v i d e t h e e l e c t r i c a l c o n n e c t i o n t o t h e back c o n t a c t of t h e 

sample. 

The box was c u t out o f a c u b i c b l o c k of s t a i n l e s s s t e e l 

w i t h t h e top opening s l i g h t l y r e c e s s e d t o t a k e a glass p.l.ite 

!:Ur viBWimj when s e t t i n g Up. An cliUWJ n.iiiHi [H.alb wiifi usee I lo 
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s l i d e on t o p o f t h e g l a s s p l a t e t o p r o v i d e e l e c t r i c a l 

s c r e e n i n g . Tubes were b u i l t i n t o t h e box t o a l l o w f l u s h ­

i n g t h e chamber w i t h n i t r o g e n when r e q u i r e d . An opening 

was p r o v i d e d on one s i d e f o r t h e main p r o b e r t o e n t e r . The 

l a t t e r was clamped t o t h e x-y movement mechanism w h i c h a l s o 

had a l e v e r f o r t h e v e r t i c a l movement. T h i s e n a b l e d t h e 

p r o b e r t o be r a i s e d o r l o w e r e d on t o t h e sample. T e f l o n 

s l e e v e s were u s e d t o p r o v i d e e l e c t r i c a l i n s u l a t i o n . A nother 

opening was a l s o p r o v i d e d on t h e same s i d e , t o t a k e a s e c o n d 

p r o b e r , o f s i m p l e r c o n s t r u c t i o n t h a n t h e main one. T h i s was 

used f o r p r o b i n g t h e guard r i n g . The b a s e p l a t e on w h i c h t h e 

samples were p l a c e d d u r i n g measurements was b u i l t on T e f l o n 

p i l l a r s t o make t h e l e a k a g e p a t h as long as p o s s i b l e . A 

vacuum chuck was b u i l t i n t o i t t o h o l d t h e sample f i r m l y so 

as t o p r o v i d e a good e l e c t r i c a l c o n n e c t i o n t o the back c o n t a c t 

o f t h e sample. The e l e c t r o m e t e r c i r c u i t was p l a c e d i n s i d e ;>n 

aluminium box s c r e w e d t o one s i d e of t h e probe chamber. I t : ; 

i n p u t was c o n n e c t e d t o t h e b a s e p l a t e through a h o l e a t the 

s i d e of t h e chamber. On t h e o t h e r s i d e was a n o t h e r box w h i c h 

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

diagram showing t h e top v i e w o f t h e probe chamber i s shown 

i n F i g u r e 3.3. I n t h e f o l l o w i n g p a r a g r a p h s t h e c i r c u i t s used 

a r e d e s c r i b e d . 

The e l e c t r o m e t e r c i r c u i t was based on H o f s t e i n ' s method 

and i t s c i r c u i t d i agram as shown i n F i g u r e 3.5. The o p e r a t i o n a l 

a m p l i f i e r used was t h e P h i l b r i c k Nexus SQ-lOa and an RCA MOSPI'lT 

t y p e 3N128 was c o u p l e d t o the i n p u t of t h e o p e r a t i o n a l a m p l i f i e r 

t o i n c r e a s e t h e i n p u t impedance of t h e c i r c u i t . The f e e d b a c k 

c a p a c i t o r was a m i c a t y p e and a r e e d s w i t c h was used f o r d i s -
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c h a r g i n g i t p r i o r t o making a measurement. The s e components 

were c o n n e c t e d t o t h e i n p u t o f t h e e l e c t r o m e t e r w h i c h i s t h e 

g a t e o f t h e MOSFET. The c o n n e c t i o n o f t h e b a s e p l a t e , t h e 

fe e d b a c k c a p a c i t o r and t h e r e e d s w i t c h t o t h e i n p u t o f t h e 

e l e c t r o m e t e r were c a r e f u l l y made t o e n s u r e t h a t t h e r e was no 

l e a k a g e s t o t h e o t h e r p a r t s o f t h e c i r c u i t , o t h e r w i s e t h e 

o u t p u t r e a d i n g o f t h e e l e c t r o m e t e r would d r i f t e x c e s s i v e l y . 

Due t o t h e s e n s i t i v i t y o f t h e m e a s u r i n g c i r c u i t and 

t h e low l e v e l of ch a r g e i n j e c t i o n , t h e m i l l i v o l t s t e p gen­

e r a t o r had t o be c a r e f u l l y d e s i g n e d . V a r i o u s methods were 

t r i e d . At f i r s t a r e e d s w i t c h was used t o change t h e a p p l i e d 

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

i n F i g u r e 3.6 where p o i n t s A and B were s e t s u c h t h a t t h e i r 

p o t e n t i a l d i f f e r e n c e was c o n t r o l l a b l e t o g i v e a few t e n s o f 

m i l l i v o l t s on top of t h e f i x e d b i a s v o l t a g e w h i c h was n o r m a l l y 

needed t o b r i n g t h e d e v i c e under t e s t i n t o t h e i n v e r s i o n mode. 

T h i s f i x e d v o l t a g e was d e t e r m i n e d by t h e v a l u e s of and . 

An e l e c t r o n i c c o n t r o l c i r c u i t , was b u i l t t o d r i v e t h e s o l e n o i d 

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

t o s u i t t h e t e s t d e v i c e c h a r a c t e r i s t i c ; and a l s o a c o n t r o l l e d 

p r e - p u l s e o u t p u t b e f o r e t h e main p u l s e t o a l l o w p r o p e r 

t r i g g e r i n g of t h e r e c o r d i n g equipment. The problem w i t h t h i s 

s e t up was t h a t s p i k e s were s e e n on t h e o u t p u t s i g n a l a t t h e 

b e g i n n i n g and a t t h e end of t h e t r a c e as shown i n F i g u r e 3.7. 

T h i s was found t o be due t o c o n t a c t bounce and n o i s e p i c k u p 

by t h e r e e d s w i t c h . I n v i e w o f t h i s a p u r e l y e l e c t r o n i c 

s w i t c h was d e s i g n e d . 

The c i r c u i t u s e d i s as shown i n F i g u r e 3.8. A 741 

o p e r a t i o n a l a m p l i f i e r was c o n n e c t e d up i n a n o n - i n v e r t i n g mode. 

The t r a n s i s t o r ' T R l was u s e d t o Bftahge t h e p t i t i s t t t i a l a t p o i n t A, 
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w h i l e c o n t r o l and t i m i n g was p r o v i d e d by t h e same box as 

was used w i t h t h e r e e d s w i t c h c i r c u i t . T h i s s i m p l e c i r c u i t 

was adequate f o r p r o d u c i n g t h e m i l l i v o l t s t e p s w i t h o u t t h e 

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

e x p e r i m e n t s i t was found t h a t t h e b i a s l e v e l and t h e v o l t a g e 

s t e p magnitude needed t o be changed t o c a t e r f o r t h e d i f f e r e n t 

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

network had t o be changed e a c h time d i f f e r e n t s e t t i n g s were 

r e q u i r e d . The s i t u a t i o n was t h e same w i t h t h e p u l s e g e n e r a t o r 

as i t would need f u r t h e r m o d i f i c a t i o n t o t h e c i r c u i t i n o r d e r 

t o produce t i m i n g p u l s e s t o cope up w i t h d i f f e r e n t s a m p l e s . 

M u l t i p l e p o l e s w i t c h e s c o u l d have been us e d f o r t h e above 

pur p o s e but as t h i s became c o m p l i c a t e d , i t was d e c i d e d t o 

go f o r a programable v o l t a g e - s t e p g e n e r a t o r . 

3.4.2 Use of KIM M i c r o p r o c e s s o r Board 

The F i g u r e 3.9 shows t h e s e t - u p which employed t h e 

KIM m i c r o p r o c e s s o r b o a r d . T h i s board has two i n p u t / o u t p u t 

( I / O ) p o r t s . A l l t h e 8 b i t s o f t h e I/O p o r t A were programmed 

t o be i n t h e o u t p u t mode. A F e r r a n t i ZN 4 25 D/A con­

v e r t e r was used t o c o n v e r t t h e d i g i t a l i n f o r m a t i o n i n t o 

a n a l o g u e form. By c h a n g i n g t h e c o n t e n t s o f t h e o u t p u t 

r e g i s t e r , i t was p o s s i b l e t o change t h e v o l t a g e s t e p h e i g h t , 

w i t h 255 v a l u e s p o s s i b l e w i t h an 8 - b i t machine. F i n e r a d j u s t ­

ments c o u l d be made on t h e analogue s i g n a l by t h e u s e o f a 

741 o p e r a t i o n a l a m p l i f i e r t o g i v e t h e e x a c t v o l t a g e s t e p 

r e q u i r e d f o r t h e d e v i c e under t e s t . One l i n e from t h e second 

I/O p o r t ( p o r t B) was used f o r t r i g g e r i n g t h e o s c i l l o s c o p e . 

I n t h i s arrangement t h e t i m i n g and c o n t r o l o f t h e v o l t a g e 

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

m i c r o p r o c e s s o r was programmed i n Machine code and t h e 

program i s summarized i n t h e f l o w c h a r t o f F i g u r e 3.10. 

The v o l t a g e o u t p u t from t h e e l e c t r o m e t e r , w h i c h i s 

a measure of t h e i n p u t c h a r g e from t h e d e v i c e a f t e r a p u l s e 

a p p l i c a t i o n , was m o n i t o r e d on t h e o s c i l l o s c o p e and t h e t r a c e 

was f i r s t r e c o r d e d u s i n g a P o l a r o i d camera. However, t h i s 

r e c o r d was found t o be too s m a l l f o r an a c c u r a t e a n a l y s i s 

t o be made. The B r y a n s x-y p l o t t e r was too s l o w f o r t h e 

p urpose so an u l t r a v i o l e t r e c o r d e r was t r i e d i n s t e a d . T h i s 

d i d n o t p r o v e t o be a v e r y c o n v e n i e n t way o f d o i n g t h e 

e x p e r i m e n t . The r e c o r d i n g p a p e r d i d not have p r o p e r g r i d 

and i t was a f f e c t e d by ambient l i g h t w h i c h c a u s e d d e t e r i o r a -

i o n t o t h e r e c o r d e d t r a n s i e n t t r a c e which had t o be normal­

i s e d and r e p l o t t e d b e f o r e i t c o u l d be a n a l y s e d . F u r t h e r m o r e 

t h e e l e c t r o m e t e r was v e r y s e n s i t i v e and as t h e s i g n a l measured 

was r a t h e r s m a l l , t h e r e were s e r i o u s n o i s e p i c k - u p p r o b l e m s . 

A d i g i t a l r e c o r d i n g t e c h n i q u e was t h e r e f o r e c o n s i d e r e d w h i c h 

overcame t h e above p r o b l e m s . T h i s i n v o l v e d i n t e r f a c i n g t h e 

e x p e r i m e n t t o a m icrocomputer so t h a t t h e o u t p u t t r a c e c o u l d 

be r e c o r d e d and s t o r e d a t f a s t speed arid t h e n p l o t t e d l a t e r 

a t t h e speed o f t h e p l o t t e r . 

3.5 C o n s t r u c t i o n and Development of the Automated 
Measurement A p p a r a t u s 

With t h e need f o r d i g i t a l r e c o r d i n g , t h e o p p o r t u n i t y 

was t a k e n t o put t h e e n t i r e e x p e r i m e n t under microcomputer 

c o n t r o l w h i c h would a l s o r e d u c e t h e tedium o f d o i n g t h e 

measurements and a n a l y s i n g t h e r e s u l t s . The KIM m i c r o ­

p r o c e s s o r was s u i t a b l e f o r c o n t r o l l i n g v o l t a g e s t e p s but i t 
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has l i m i t e d memory s i z e f o r d a t a s t o r a g e and r e q u i r e s 

programs w r i t t e n i n Machine Language ( ^ l ) . A microcomputer 

c o u l d t h e r e f o r e do a g r e a t d e a l more. A p a r t from h a n d l i n g 

t h e v o l t a g e s t e p c o n t r o l , i t can s t o r e d a t a from t h e e l e c t r o ­

meter o u t p u t i n i t s memory and on m a g n e t i c t a p e . T h i s can 

t h e n be p l o t t e d out, e i t h e r as o b t a i n e d from t h e e l e c t r o m e t e r , 

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

a l l , i t c a n a l s o do a v e r a g i n g on t h e d a t a o v e r a few measure­

ments and so r e d u c e t h e e f f e c t s of n o i s e . I n t h e f o l l o w i n g 

s e c t i o n s a d e t a i l e d a c c o u n t on t h e use o f a m icrocomputer 

t o c o n t r o l t h e experiment( /l-2,^3) i ; ; givon. I I turned out to \>o 

e x t r e m e l y s a t i s f a c t o r y and w e l l worth t h e development e f f o r t . 

3.5.1 Use o f PET Microcomputer t o C o n t r o l t h e 
E x p e r i m e n t 

The microcomputer u s e d was t h e CBM m icrocomputer 

( b e t t e r known as P E T ) . To u s e a PET t o c o n t r o l t h e e x p e r i ­

ment i n machine code r e q u i r e d a good u n d e r s t a n d i n g o f the 

f u n c t i o n of t h e I E E E - 4 8 8 and u s e r p o r t s . T h i s knowledge 

was n o t w i d e l y a v a i l a b l e when t h e p r o j e c t s t a r t e d . 

F i g u r e 3.11 shows t h e b l o c k diagram o f t h e s e t - u p , 

where t h e PET was u s e d t o p r o v i d e t h e v o l t a g e s t e p a s w e l l 

as r e c o r d i n g t h e e l e c t r o m e t e r o u t p u t s i g n a l . The I E E E p o r t 

was used t o p r o v i d e t h e v o l t a g e s t e p as c o n t r o l l e d by a 

s e c o n d 6520 p e r i p h e r a l i n t e r f a c e a d a p t e r (PIA) c h i p (4o). Table 

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

works w i t h s t a n d a r d I E E E - 4 8 8 bus p e r i p h e r a l s so a s p e c i a l 

I E E E D/A c o n v e r t e r b u i l t i n t h e Department was u s e d . The 

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

d e v i c e number o f t h e p e r i p h e r a l ( i n t h i s c a s e t h e D/A con-
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v e r t e r , I E E E a d d r e s s 6) w i t h an i n s t r u c t i o n t o send out a 

b i n a r y c h a r a c t e r . The analogue o u t p u t from t h e c o n v e r t e r 

was added t o t h e b i a s v a l u e t h r o u g h a 741 o p e r a t i o n a l 

a m p l i f i e r w h i c h p r o v i d e d t h e f i n a l s e t t i n g o f t h e v o l t a g e 

s t e p h e i g h t . 

The p r o b e r box used w i t h t h i s arrangement was 

improved o v e r t h e p r e v i o u s d e s i g n by u s i n g t h r e e E l e c t r o g l a s 

M i c r o p r o b e r s Model 252. One p r o b e r was used f o r the g a t e 

c o n n e c t i o n , one f o r t h e g u a r d r i n g b i a s and one f o r c o n t i n u i t y 

and c o n t a c t c h e c k s . The g e n e r a l l a y o u t was s t i l l t h e same 

bu t a K e i t h l e y 600B e l e c t r o m e t e r was u s e d t o r e p l a c e t h e 

h o m e - b u i l t one. As t h e o u t p u t from t h e e l e c t r o m e t e r was i n 

a n a l o g u e form an A/D c o n v e r t e r was used t o i n t e r f a c e i t t o 

t h e PET i n p u t . The A/D c o n v e r t e r b u i l t f o r t h i s work used 

a F e r r a n t i ZN 425 D/A c o n v e r t e r c h i p w h i c h has a b u i l t - i n 

8 - b i t b i n a r y c o u n t e r . T h e r e i s an o u t p u t t e r m i n a l t h a t 

p r o d u c e s a s t a i r c a s e ramp a s t h e c o u n t e r i s f e d w i t h c l o c k 

p u l s e s . A c l o c k i n h i b i t i n g g a t e and a comparator were t h e 

o t h e r main p a r t s u s e d as shown i n F i g u r e 3.12. A c r y s t a l 

o s c i l l a t o r c i r c u i t was u s e d t o p r o v i d e t h e 1 MHz c l o c k p u l s e s 

and a 531 o p e r a t i o n a l a m p l i f i e r was u s e d as t h e v o l t a g e 

c o m p a r a t o r . T h i s changes i t s o u t p u t s t a t e whenever t h e 

v o l t a g e ramp c a t c h e s up w i t h t h e i n p u t v o l t a g e . I n t h i s s e t 

up t h e c o n v e r s i o n r a t e was dependent on t h e magnitude of t h e 

i n p u t v o l t a g e . To overcome t h i s d i s a d v a n t a g e , a time d e l a y 

loop was i n c o r p o r a t e d i n t o t h e s o f t w a r e c o n t r o l whore a d e l a y , 

w h i c h was e q u a l t o t h e maximum time r e q u i r e d t o c o n v e r t the 

h i g h e s t i n p u t v o l t a g e c a p a b l e o f b e i n g c o n v e r t e d , was u s e d . 

The c o n v e r s i o n was a r r a n g e d t o t a k e p l a c e d u r i n g t h i s d e l a y 
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p e r i o d . Thus t h e c o n v e r s i o n time remained dependent o n l y 

on t h e c l o c k f r e q u e n c y . 

On r e c e i v i n g t h e " s t a r t - c o n v e r t " s i g n a l on t h e CB 2 

l i n e t h e g a t e s t a r t s t o p a s s c l o c k p u l s e s t o t h e c o n v e r t e r 

where a s t a i r c a s e ramp i s produced. T h i s i s compared t o t h e 

i n p u t v o l t a g e from t h e e l e c t r o m e t e r . When t h e ramp v o l t a g e 

e q u a l s t h e i n p u t v o l t a g e the comparator changes i t s o u t p u t 

s t a t e c a u s i n g t h e g a t e t o open and t h u s s t o p the c o n v e r s i o n . 

At t h e same time an " e n d - o f - c o n v e r s i o n " s i g n a l i s s e n t on th 

CA 1 l i n e t o l a t c h t h e d a t a on the i n p u t l i n o i n t o t h e PE'I" s 

i n p u t r e g i s t e r . 

An a l t e r n a t i v e method t o do t h e a n a l o g u e - t o - d i g i t a l 

c o n v e r s i o n would now be t o u s e a s u c c e s s i v e a p p r o x i m a t i o n 

A/D c o n v e r t e r . A low c o s t one c h i p c o n v e r t e r o f t h i s t y p e 

was n o t a v a i l a b l e when t h e p r o j e c t s t a r t e d . I t would o n l y 

have produced a s i g n i f i c a n t d i f f e r e n c e o v e r t h e one u s e d i f 

t h e Q-t t r a n s i e n t was v e r y f a s t . However, t h e t r a n s i e n t s 

measured on t h e s a m p l e s u s e d i n t h i s work were a l l s l o w 

enough t o be a c c u r a t e l y s t i m u l a t e d by t h e s t e p c o n v e r t e r 

d e s c r i b e d above. 

3.5.2 The U s e r P o r t I n t e r f a c e 

The u s e r p o r t was u s e d t o r e c o r d t h e o utput Q-t 

s i g n a l from t h e A/D c o n v e r t e r by p u t t i n g i t i n t o t h e PET 

memory. The u s e r p o r t p r o v i d e s f a s t e r d a t a a c q u i s i t i o n 

when programmed i n machine code t h a n t h e I E E E p o r t w h i c h 

has a t i m i n g sequence t o be f o l l o w e d . I t has a 2 4 - t e r m i n a l 

edge c o n n e c t o r i n 2 groups o f 12. The l o w e r 12 were u s e d 

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

Of t h e 12 l i n e s 8 a r e I/O l i n e s , 2 l i n e s (CAl and CB2) a r e 
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f o r t h e handshake c o n t r o l and t h e r e m a i n i n g 2 a r e ground 

c o n n e c t i o n s . The I/O l i n e s a r e i n d i v i d u a l l y p r o gramable. 

T h i s p o r t communicates w i t h t h e m i c r o p r o c e s s o r t h r o u g h t h e 

6522 v e r s a t i l e - i n t e r f a c e - a d a p t e r (VIA) chip( i+4) . This chip has 

6 r e g i s t e r s w i t h 16 a d d r e s s e s . T a b l e 3.2 shows t h e a d d r e s s e s 

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

t h e s e a d d r e s s e s have t h e i r own f u n c t i o n s . 

I n t h e e x p e r i m e n t t h e 8 d a t a l i n e s o f p o r t A were 

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

and t h e CB2 l i n e , w h i c h i s c o n t r o l l e d by t h e p e r i p h e r a l 

c o n t r o l r e g i s t e r (PCR), was programmed as an o u t p u t . The 

l a t t e r l i n e was used f o r s e n d i n g t h e " s t a r t - t o - c o n v e r t " 

s i g n a l t o t h e A/D c o n v e r t e r . I t was n o r m a l l y h e l d h i g h as 

d e t e r m i n e d by t h e s o f t w a r e , t o i n h i b i t t h e c l o c k p u l s e s from 

t h e c o n v e r t e r and p r e v e n t t h e c o n v e r s i o n p r o c e s s o c c u r r i n g . 

The CAl l i n e was used as an i n t e r r u p t l i n e and l o o k i n g a t 

t h e b l o c k d iagram of t h e A/D c o n v e r t e r we see t h a t t h e CAl 

l i n e w i l l be n o r m a l l y low. The " s t a r t - c o n v e r t " s i g n a l was 

s e n t by s e t t i n g CB2 l i n e low. T h i s a l l o w e d t h e c l o c k s i g n a l 

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

c h i p . The CB2 l i n e s h o u l d o n l y be mom e n t a r i l y low b e f o r e 

r e t u r n i n g t o i t s h i g h s t a t e a g a i n , o t h e r w i s e t h e c o n v e r s i o n 

w i l l n ot end. D u r i n g t h i s t i m e t h e programme i s h a l t e d and 

w a i t s f o r an i n t e r r u p t t o o c c u r . When t h e c o n v e r s i o n i s 

compl e t e , t h e CAl l i n e goes low a g a i n and as the i n t e r r u p t i s 

programmed t o d e t e c t a n e g a t i v e t r a n s i t i o n , t h e change i n t h e 

CAl l i n e l o g i c l e v e l (from h i g h t o low) s e t s t h e i n t e r r u p t 

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

i n p u t r e g i s t e r . When t h i s o c c u r s t h e i n p u t i s r e a d and 
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s t o r e d i n t o t h e a l l o c a t e d memory l o c a t i o n . Another time 

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

program b e f o r e t h e s t a r t of t h e n e x t c o n v e r t command. T h i s 

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

The programme f o r t h e above d a t a a c q u i s i t i o n r o u t i n e 

i s summarised i n t h e f l o w c h a r t o f F i g u r e 3.13. I t was w r i t t e n 

i n Machine l a n g u a g e . T h i s was done on t h e PET by l o a d i n g t h e 

machine code i n s t r u c t i o n s i n t o t h e second c a s s e t t e b u f f e r 

u s i n g BASIC where t h e machine code program was t r e a t e d a s 

a s u b r o u t i n e . The r e a s o n f o r c h o o s i n g t h e second c a s s e t t e 

b u f f e r was t h a t BASIC program and i t s v a r i a b l e s and s t r i n g s 

m ight c o r r u p t t h e machine code i n s t r u c t i o n s i f t h e l a t t e r 

was s t o r e d e l s e w h e r e and u n p r o t e c t e d i n t h e u s e r RAM. The r e 

a r e 2 c a s s e t t e b u f f e r s i n PET. These a r e p r o t e c t e d from 

BASIC programs and a s o n l y one c a s s e t t e r e c o r d e r was used , 

so t h e second c a s s e t t e b u f f e r was a v a i l a b l e f o r s t o r i n g t h e 

Machine Code s u b r o u t i n e . 

The d i g i t i s e d Q-t t r a n s i e n t s i g n a l c o u l d be r e a d 

and s t o r e d d i r e c t l y from a s i n g l e measurement i f t h e n o i s e 

l e v e l was n o t too l a r g e . A l t e r n a t i v e l y , a number o f t r a n ­

s i e n t s c o u l d be a v e r a g e d t o remove t h e random n o i s e p i c k - u p . 

As w i t h t h e Machine Code i n s t r u c t i o n s t h e s t o r a g e a r e a o f 

t h e d a t a had t o be p r o t e c t e d from t h e BASIC program and as 

t h e second c a s s e t t e b u f f e r was used f o r s t o r i n g t h e machine 

code program i n s t r u c t i o n s , t h e s e were s t o r e d i n l o c a t i o n s 

r e s e r v e d a s i d e f o r them. I n PET t h e BASIC program i n s t r u c ­

t i o n s a r e s t o r e d from t h e bottom o f t h e RAM upwards w h i l e 

t h e v a r i a b l e s and s t r i n g s a r e s t o r e d from t h e top of t h e 

u s e r RAM downwards. The s i z e o f t h i s u s e r memory i s then 
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r e d u c e d by c h a n g i n g t h e c o n t e n t o f t h e top o f the RAM p o i n t e r 

t o p o i n t t o a lo w e r l o c a t i o n i n t h e memory. T h i s has t h e 

e f f e c t o f l o w e r i n g t h e upper l i m i t o f t h e RAM. V a r i a b l e s 

and s t r i n g s w i l l now be s t o r e d from t h i s new a d d r e s s l o c a t i o n 

downwards. Thus t h e r e w i l l be some a r e a o f t h e memory l e f t 

above t h i s new l i m i t w h i c h can be used t o s t o r e d a t a . As 

t h i s a r e a i s p r o t e c t e d from t h e BASIC program, t h e d a t a once 

s t o r e d i n i t a r e n o t l o s t when t h e program r e s e t s . The above 

method was adopted f o r s t o r i n g t h e d a t a from t h e experiment.' 

The d a t a was t h e n t r a n s f e r r e d i n t o an a r r a y f o r t h e purpose 

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

r e q u i r e d t r a n s i e n t f o r a n a l y s i s . Permanent s t o r a g e was 

p o s s i b l e by s t o r i n g t h i s a r r a y on magnetic t a p e . 

3.5.3 The BASIC Programs 

The main program t o c o n t r o l t h e o v e r a l l e x p e r i m e n t a l 

s e t - u p was w r i t t e n i n BASIC language. I t c o n s i s t e d of 

s e v e r a l p a r t s . The f i r s t b e i n g t h e ' s e t - u p ' p a r t t o a d j u s t 

t h e s e t t i n g s o f t h e equipments. T h i s was t o a l l o w d i r e c t 

communication between t h e e x p e r i m e n t a l s e t up and PET. A 

t r i a l run was t h e n performed where t h e program was made t o 

c o n t i n u o u s l y i n t e r r o g a t e t h e ou t p u t from t h e e l e c t r o m e t e r 

and d i s p l a y t h e i n f o r m a t i o n on t h e VDU t o e n a b l e a d j u s t m e n t s 

f o r t h e c o r r e c t s e n s i t i v i t y and range t o be made. Then t h e 

program was put i n t o an i n t e r a c t i v e s t a t e where v a r i o u s d e v i c e s 

were d i s p l a y e d on t h e VDU s c r e e n a w a i t i n g i n s t r u c t i o n s as t o 

which r o u t i n e t o be performed. To s t a r t o f f t h e e x p e r i m e n t , 

an i n s t r u c t i o n was s e n t t o o u t p u t t h e v o l t a g e s t e p t hrough t h e 

I E E E p o r t . Both t h e p o s i t i v e and n e g a t i v e Q-t t r a n s i e n t s were 

r e c o r d e d , i . e . f o r bo t h d i r e c t i o n s o f t h e a p p l i e d v o l t a g e s t e p . 

i H € K i s e x p e r i m e n t t h e measured 1 eKitrtfe was o f t h e o r d e r of 



46 

10 Coulomb and t h i s was t h u s s u s c e p t i b l e t o n o i s e . The 

Q-t d a t a was t h e r e f o r e a v e r a g e d o v e r s e v e r a l r e a d i n g s t o 

redu c e t h e random n o i s e p i c k - u p . On c o m p l e t i n g t h i s t a s k 

the program the n s e n t t h e computer i n t o t h e i n t e r a c t i v e 

s t a t e a g a i n t o e n a b l e o t h e r p a r t s o f t h e program r o u t i n e t o 

be c h o s e n . These a r e (a) t h e p l o t r o u t i n e , (b) t h e c a l c u l a ­

t i o n , ( c ) t h e d a t a s t o r a g e r o u t i n e and (d) t h e r e s e t r o u t i n e 

r e p e a t s t h e whole e x p e r i m e n t . A summary of t h e program s t e p s 

i s given i n the f l o w c h a r t of F i g 3-1^ and the f u l l program i s i n Appendix 1 

3.5.4 Performance 

The e f f o r t made i n i n t e r f a c i n g t h e e x p e r i m e n t t o t h e 

microcomputer g r e a t l y improved t h e e f f i c i e n c y of the work. 

I t a l l o w e d t h e magnitude o f t h e v o l t a g e s t e p and t h e b i a s 

v o l t a g e t o be v a r i e d by keyboard c o n t r o l , and t h e Q-t t r a n ­

s i e n t r e s u l t s were r e c o r d e d , a v e r a g e d and t r a n s f o r m e d v e r y 

r a p i d l y . The o v e r a l l p e rformance was t h e r e f o r e f a r s u p e r i o r 

t o t h e e a r l i e r methods, p a r t i c u l a r l y i n t h e e l i m i n a t i o n of 

n o i s e . As w i l l be shown, smooth and r e p r o d u c i b l e Q - t . c u r v e s 

c o u l d e a s i l y be o b t a i n e d f o r t h e f i r s t t i m e . The microcomputer 

made t h e t e d i o u s and l a b o r i o u s measurements and a n a l y s e s e a s y 

t o p e r f o r m , and e n a b l e d v e r y many more r e s u l t s t o be o b t a i n e d 

t h a n i n any o f t h e p u b l i s h e d p a p e r s on t h e Q-t method. 



Obtain required data 

START ^ 

INITIAL S 
enter de 

ET-UP 
vice para. 

Set aside RAM memory 
for experimental data 

SET RAM POINTER 
LOAD M/C PROGRAM 

T r i a l run for proper 
setting of equipment 

GENERATE VOLTAGE 
STEP (IEEE PORT) 

Display t e s t reading 
on VDU 

Check on s e n s i t i v i t y 
and range setting 

Adjusting sampling 
rate to suite sample 

READ INPUT 

SENS. no O.K? 

yes 

no RATE n.K? 

SET AS 
REQUIRED 

yes 

Routine Options 
( r e f e r Appendix l ) > 

SELECT SUB-ROUTINE 
a) Plot Q-t transient 
b) Read Input 
c) Averaging Routine 
d) Data Record Routine 
e) Calculations 
f ) Repeat Experiment 

APT 
no OVER? 

yes C END 
FIG. 3.14 FLOWCHART OF THE MAIN PROGRAM IN BASIC 



- 47 -

CHAPTER 4 

THE Q-t EXPERIMENTAL RESULTS 

I n t h i s c h a p t e r the p r i n c i p a l new r e s u l t s o f t h e Q-t 

measurements a r e p r e s e n t e d . T h i s w i l l show t h e main f e a t u r e s 

o f t h e t r u e t r a n s i e n t r e s p o n s e o f t h e MOS c a p a c i t o r and t h e 

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

i s c a r r i e d out i n C h a p t e r 8. 

I n t h i s work more t h a n f i v e hundred r e s u l t s were 

o b t a i n e d on Q-t t r a n s i e n t s a l o n e and t h o s e p r e s e n t e d h e r e 

a r e j u s t t y p i c a l o nes. More measurements were made on p - t y p e 

s a m p l e s t h a n n-type b e c a u s e t h e y were r e a d i l y a v a i l a b l e and 

o n l y the p-type samples had a guard r i n g around the e l e c t r o d e . 

The a p p a r a t u s and t e c h n i q u e s used i n o b t a i n i n g t h e s e 

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

t h e e x p e r i m e n t a l p r e c a u t i o n s f o r c h a r g e measurements w i t h 

minimum n o i s e and d r i f t . 

S e c t i o n 4.1 i s c o n c e r n e d w i t h e x p e r i m e n t s on t h e 

i n f l u e n c e o f a guard r i n g and t h e c h o i c e o f b i a s t o e n s u r e 

m i n i m a l l a t e r a l f l o w of c h a r g e and a l s o a w e l l d e f i n e d 

e f f e c t i v e e l e c t r o d e a r e a . T h i s i s f o l l o w e d by a d e s c r i p t i o n 

of e x p e r i m e n t s t o f i n d t h e i n f l u e n c e of t h e i n i t i a l d .c. b i a s 

on t h e Q-t t r a n s i e n t . S e c t i o n 4.3 i s on e x p e r i m e n t s on t h e 

e f f e c t o f t h e v o l t a g e s t e p magnitude whi c h a r e o n l y p a r t l y 

d e s c r i b e d h e r e , as t h e y w i l l be d e a l t w i t h i n more d e t a i l i n 

t h e a n a l y s i s o f C h a p t e r 8. T h e r e f o r e o n l y t h e p r e l i m i n a r y 

e x p e r i m e n t s w i t h a l i m i t e d r a n g e o f t h e s t e p magnitudes a r e 

d e s c r i b e d i n t h i s s e c t i o n . I n S e c t i o n 4.4, r e s u l t s on t h e 
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e f f e c t o f t h e p o l a r i t y o f t h e v o l t a g e s t e p a r e p r e s e n t e d . 

F o r t h i s e x p e r i m e n t t h e guard r i n g p o t e n t i a l and t h e 

v o l t a g e s t e p magnitude a l s o i n f l u e n c e t h e r e s u l t s . Measure­

ments were a l s o made on t h e e f f e c t o f e x p o s u r e t o U/V l i g h t and 

o f t h e a t m o s p h e r i c c o n d i t i o n s b ut t h e s e a r e n o t g i v e n h e r e 

a s i t has n o t been p o s s i b l e t o e x p l a i n them i n d e t a i l . 

4.1 The E f f e c t o f a Guard R i n g on t h e Measured Q-t 

T r a n s i e n t 

I n c a r r y i n g out any e l e c t r i c a l measurements on p- t y p e 

MOS c a p a c i t o r s i n i n v e r s i o n , c a r e s h o u l d a l w a y s be t a k e n t o 

m i n i m i z e l a t e r a l c h a r g e f l o w . T h i s i s e s p e c i a l l y i m p o r t a n t 

when m e a s u r i n g c h a r g e s a s i n t h e Q-t e x p e r i m e n t . The s i l i c o n 

d i o x i d e l a y e r i n a p r a c t i c a l MOS c a p a c i t o r n o r m a l l y c o n t a i n s 

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

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

sodium and p o t a s s i u m w h i c h e n t e r t h e o x i d e d u r i n g t h e f a b r i ­

c a t i o n p r o c e s s e s . At room t e m p e r a t u r e t h e o x i d e c h a r g e i s 

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

and i t t e n d s t o i n c r e a s e towards one of t h e i n t e r f a c e s . A l s o 

t h e r e a r e f i x e d c h a r g e s a t t h e i n t e r f a c e between o x i d e and 

s i l i c o n formed a f t e r t h e i n t e r f a c e s t a t e s , due t o the 

" d a n g l i n g bonds", a r e a n n e a l e d (^5,46) . Consequently the surface 

b e n e a t h t h e o x i d e o f a p - t y p e sample w i l l o f t e n be d e p l e t e d and 

w i t h e l e c t r o n s a t t r a c t e d towards t h e i n t e r f a c e , i t may even be 

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

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

c a s e o f an n-type sample, where a p o s i t i v e o x i d e c h a r g e w i l l 

p r oduce an a c c u m u l a t i o n l a y e r i n t h e s u r f a c e t h u s r e p e l l i n g 

m i n o r i t y c a r r i e r s ( h o l e s ) from t h e i n t e r f a c e j u s t below t h e 

e l e c t r o d e a r e a when a v o l t a g e i s a p p l i e d . 
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When a v o l t a g e s t e p i s a p p l i e d t o an MOS c a p a c i t o r 

as i n a Q-t e x p e r i m e n t , a deep p o t e n t i a l w e l l i s c r e a t e d 

below t h e e l e c t r o d e and t h e d e p l e t i o n w i d t h e x t e n d s beyond 

i t s maximum e q u i l i b r i u m v a l u e . The r e t u r n o f t h e d e p l e t i o n 

w i d t h t o i t s e q u i l i b r i u m v a l u e i s m a i n l y due t o t h e t h e r m a l 

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

d e p l e t i o n r e g i o n . I n p - t y p e s a m p l e s , t h e p r e s e n c e o f an 

i n v e r s i o n l a y e r around t h e m e t a l e l e c t r o d e , i n d u c e d by 

p o s i t i v e o x i d e c h a r g e , w i l l s u p p l y e l e c t r o n s w h i c h c a n move 

l a t e r a l l y i n t o t h e p o t e n t i a l w e l l . T h i s w i l l have t h e e f f e c t 

o f i n c r e a s i n g t h e r a t e o f change of c h a r g e a f t e r t h e v o l t a g e 

s t e p and so p r o d u c i n g a f a s t e r r e s p o n s e w h i c h i s no l o n g e r 

e n t i r e l y due t o t h e r m a l g e n e r a t i o n . E r r o n e o u s r e s u l t s f o r 

l i f e t i m e a r e t h e r e f o r e o b t a i n e d f o r p-t y p e s a m p l e s . 

To overcome t h i s problem, a guard r i n g around t h e 

m e t a l e l e c t r o d e s h o u l d be us e d . T h i s i s seen i n F i g u r e 4.1 

which i s a c r o s s - s e c t i o n of a p-type MOS sample made by I T T . 

The i d e a i s t o a p p l y a n e g a t i v e v o l t a g e b i a s on t h e guard r i n g 

s u c h t h a t t h e p-type s e m i c o n d u c t o r s u r f a c e b e n e a t h i t i s i n 

a c c u m u l a t i o n w i t h a h i g h c o n c e n t r a t i o n of h o l e s and v e r y few 

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

l a t e r a l l y . Hence t h e e f f e c t i v e a r e a o f t h e c a p a c i t o r i s 

c o n f i n e d by t h e a c c u m u l a t e d c h a r g e s . I n t h i s s e c t i o n we s h a l l 

i n v e s t i g a t e t h e e f f e c t s o f t h e guard r i n g on t h e Q-t t r a n s i e n t s . 

The e x p e r i m e n t was c a r r i e d o u t as i n a normal Q-t 

measurement but w i t h an e x t r a probe t o a p p l y d i f f e r e n t v o l t a g e s 

t o t h e guard r i n g ( F i g u r e 4 . 2 ) . The p r o b i n g box was f l u s h e d 

w i t h d r y n i t r o g e n t o p r e v e n t s u r f a c e c o n d u c t i o n w h i c h may be 

c a u s e d by t h e p r e s e n c e o f w a t e r vapour i n t h e atmosphere. 

The Q-t t r a n s i e n t was r e c o r d e d and a n a l y s e d f o r e a c h guard r i n g 

v o l t a g e . 



Guard R i n g Metal 
E l e c t r o d 

i 
11 i l ' 11 

S i O r 
p~cype 

F I G . 4.1 p-MOS C a p a c i t o r w i t h Guard R i n g a s made by I T T 

Measuring ? a 

C o n n e c t i o n 

Guard R i n g 
Yp C o n n e c t i o n 

A-1 A. Vr>0 

(a) 

V V m 

Vr<0 

(b) 

FIG. 4. 2 D e p l e t i o n L a y e r i n p-MOS C a p a c i t o r a t t=0+ 

(a) With Vr=0 
Cb) With Vr B i a s e d t o A c c u m u l a t i o n 



- 50 -

4.1.1 R e s u l t s 

F o r t h e i n v e s t i g a t i o n on t h e guard r i n g e f f e c t , t h e 

I T T samples were used e x c l u s i v e l y as t h e s e a r e t h e o n l y ones 

a v a i l a b l e h a v i n g guard r i n g s around t h e i r e l e c t r o d e s . S i n c e 

t h i s problem does not a r i s e w i t h n-type MOS c a p a c i t o r s , o n l y 

p - t y p e samples were measured. I n t h i s i n v e s t i g a t i o n a v o l t a g e 

s t e p o f 2 5 mv was u s e d f o r a l l t h e samples and t h e i n i t i a l 

f i x e d b i a s was + 5 V. F o r t h e f i r s t sample ITTAU2,2, t h e 

g u a r d r i n g v o l t a g e s o f -1 V, -3 V, and -5 V were u s e d . 

The t r a n s i e n t s f o r p o s i t i v e v o l t a g e s t e p s a r e shown i n F i g u r e 

4.3. From t h e s e c u r v e s , t h e time t a k e n t o r e a c h 90% o f t h e 

maximum c h a r g e Q were 0.87s, 0.88s, and 0.99s f o r t h e V 
^ max r 

v a l u e s o f -1 V, -3V, and -5 V r e s p e c t i v e l y . The f a s t e r 

r e s p o n s e f o r t h e c a s e when V • = - I V and V = -3 V i s due t o 
r r n o l 

t h e f a c t t h a t t h e s u r f a c e b e n e a t h t h e guard r i n g i s K f u l l y 

a c c u m u l a t e d by such a low b i a s so t h a t t h e r e m a i n i n g e l e c t r o n s 

from b e n e a t h t h e guard r i n g can f l o w i n t o t h e p o t e n t i a l w e l l t o 

c a u s e t h e f a s t e r r e s p o n s e . F o r t h e c a s e of V^ = -5 V t h e 

v o l t a g e had come c l o s e t o p r o d u c i n g t o t a l a c c u m u l a t i o n so 

t h e r e s p o n s e t i m e i n t h i s c a s e was ^ ^ e f • , • •• S i m i l a r 

r e s u l t s were a l s o found on t h e sample ITTF4 where t h e t i m e s 

t o r e a c h 90% of Q was 3.66 s and rj.4 3s f o r V v a l u e s o f 
max r 

0 V and -5 V ( F i g u r e 4 . 4 ) . 

F o r t h e sample I T T F 2 t h e v a l u e s o f V^ were + 8V, +5V, 

+2V, and -5V. T h i s was done t o compare p o s i t i v e and n e g a t i v e 

guard r i n g v o l t a g e s as w e l l t o show t h e e f f e c t t h a t an i n c r e a s e d 

p o s i t i v e o x i d e c h a r g e s would have. As c a n be s e e n from F i g u r e 

4.5, when t h e s u r f a c e b e n e a t h t h e guard r i n g i s i n v e r t e d f o r 

V r = +8V, +5V, and +2V, t h e Q-t t r a n s i e n t s show e v i d e n c e of 
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l a t e r a l f l o w o f c h a r g e a t t = 0+ where t h e i n i t i a l s t e p Q Q 

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

when t h e s u r r o u n d i n g i n v e r s i o n i s s t r o n g e r ( i . e . i n c r e a s e d 
-12 -12 p o s i t i v e l y ) . The v a l u e s o f a r e 2.67 x 10 C, 2.16 x 10 C, 

-12 -12 2.01 x 10 C, and 1.50 x 10 C r e s p e c t i v e l y and a t t h e same 

time t h e t r a n s i e n t becomes f a s t e r as i s i n c r e a s e d p o s i t i v e l y . 

Measurements made on t h e sample ITTG2 f o r V r v a l u e s of 

+3 V, -2V, and -5V gave a s i m i l a r t r e n d f o r the r e s p o n s e time 

and t h e i n i t i a l s t e p h e i g h t as shown i n F i g u r e 4.6. 

4.1.2 D i s c u s s i o n 

The aim of t h e s e e x p e r i m e n t s was t o f i n d out how t h e 

v o l t a g e on t h e guard r i n g a f f e c t s t h e Q-t t r a n s i e n t o f a p - t y p e 

MOS c a p a c i t o r . They were a l s o t o show t h a t by i g n o r i n g t h e r o l e 

o f t h e guard r i n g , s e r i o u s e r r o r s c a n o c c u r i n a Q-t e x p e r i ­

ment aimed a t d e t e r m i n i n g t h e b u l k l i f e t i m e . The r e s u l t s show 

t h a t t h e shape o f t h e Q-t c u r v e s i s g r e a t l y a f f e c t e d by t h e 

v o l t a g e o f the guard r i n g . F o r a l l t h e samples measured, t;hc 

Q-t r e s p o n s e was f a s t e r and i t would g i v e a f a l s e l y s h o r t 

m i n d r i t y c a r r i e r l i f e t i m e i f t h e guard r i n g i s not s u f f i c i e n t l y 

n e g a t i v e l y b i a s e d so a s t o produce an a c c u m u l a t i o n b e n e a t h i t . 

The e r r o r due t o n o t h a v i n g a guard r i n g a t a l l would t h e r e f o r e 

become l a r g e i f t h e o x i d e c h a r g e c o n c e n t r a t i o n was h i g h . T h i s 

e f f e c t was shown e x p e r i m e n t a l l y by t h e a p p l i c a t i o n of p o s i t i v e 

v o l t a g e s t o t h e guard r i n g w h i c h r e f l e c t s t h e same s i t u a t i o n 

as h a v i n g a h i g h p o s i t i v e c h a r g e c o n c e n t r a t i o n i n t h e o x i d e . 

The e x p e r i m e n t n o t o n l y showed t h a t t h e r e s p o n s e time was 

s h o r t e n e d by i n v e r s i o n o u t s i d e t h e e l e c t r o d e a r e a but a l s o t h a t 

t h e i n i t i a l s t e p o f t h e Q-t c u r v e was i n c r e a s e d . The r e a s o n 

f o r t h e l a t t e r phenomenon i s as f o l l o w s . 
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F i g u r e 4.2 shows t h e d e p l e t i o n l a y e r i n a p - t y p e MOS 

c a p a c i t o r w i t h a guard r i n g around i t s m e a s u r i n g e l e c t r o d e . 

On t h e a p p l i c a t i o n o f t h e v o l t a g e s t e p t h e d e p l e t i o n w i d t h 

i m m e d i a t e l y widens i n t o t h e b u l k o f t h e s e m i c o n d u c t o r g i v i n g 

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

component of t h e change i n t h e c h a r g e i n a Q-t e x p e r i m e n t a t 

t = 0 +. However, t h e p r e s e n c e of e l e c t r o n s i n t h e i n v e r s i o n 

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

t h e c h a r g e i n c r e m e n t i n t h e sample a t t = 0 + as t h e e l e c t r o n s 

move l a t e r a l l y and a c c u m u l a t e a t t h e o x i d e s e m i c o n d u c t o r i n t e r ­

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

l e s s t h a n t h a t between t h e i n c r e m e n t c h a r g e a t t h e d e p l e t i o n 
i 

l a y e r edge and t h e e l e c t r o d e so t h a t t h e e l e c t r o n movement has 

a c o m p a r a t i v e l y l a r g e e f f e c t r e s u l t i n g i n a l a r g e r i n i t i a l s t e p 

i n t h e Q-t t r a n s i e n t . 

As time i n c r e a s e s ( t > 0) t h e r e t u r n o f t h e d e p l e t i o n 

w i d t h t o i t s e q u i l i b r i u m v a l u e i s n o r m a l l y due t o t h e t h e r m a l 

g e n e r a t i o n o f e l e c t r o n s ( m i n o r i t y c a r r i e r s ) which r e d u c e d t h e 

magnitude o f t h e s u r f a c e p o t e n t i a l t o i t s e q u i l i b r i u m v a l u e . 

With an i n v e r s i o n l a y e r , s u r r o u n d i n g t h e e l e c t r o d e t h e r a t e 

o f i n c r e a s e of the i n v e r s i o n c h a r g e i n t h e d e v i c e i s a s s i s t e d 

by t h e l a t e r a l f l o w o f e l e c t r o n s from t h e p e r i p h e r y . F o r t h i s 

r e a s o n t h e t r a n s i e n t becomes f a s t e r . The e x p e r i m e n t s t h e r e f o r e 

f u l l y c o n f i r m e d t h e e x p e c t a t i o n deduced from o t h e r MOS s t u d i e s . 

To a v o i d t h e e r r o r s d i s c u s s e d above t h e guard r i n g must 

t h e r e f o r e be p r o p e r l y b i a s e d t o p r e v e n t l a t e r a l f l o w o f c h a r g e . 

The v o l t a g e found t o be s u i t a b l e f o r t h e p r e s e n t samples i s a t 

l e a s t - 5 v o l t s . Even w i t h t h i s b i a s i t s h o u l d be n o t ed t h a t 

t h e gap between t h e g u a r d r i n g and t h e m e t a l e l e c t r o d e might 

i l l t l S S n i l l l a u i e some l a t e r a l change How U S S t n g t o e r r o r s . 
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However, by u s i n g a d e v i c e w i t h l a r g e a r e a t o p e r i m e t e r r a t i o 

t h i s c o n t r i b u t i o n can be m i n i m i s e d . 

I n v i e w of t h e l a r g e e f f e c t o f l a t e r a l c h a r g e f l o w i n 

t h e above Q-t measurements, i t i s r a t h e r s u r p r i s i n g t h a t i t 

has not been i n v e s t i g a t e d p r e v i o u s l y . A l s o , t h e p u b l i s h e d 

r e s u l t s make no r e f e r e n c e t o guard r i n g s w h i c h appear not t o 

have been u s e d . The p r e s e n t work shows t h a t n e g l e c t of t h e 

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

measurements of up t o t e n t i m e s o r more. 

4.2 The E f f e c t o f t h e D.C. B i a s on t h e Q-t T r a n s i e n t 

I n a t y p i c a l Q-t e x p e r i m e n t , t h e b i a s v o l t a g e i s one 

o f t h e most i m p o r t a n t p a r a m e t e r s as i t d e t e r m i n e s t h e i n i t i a l 

e q u i l i b r i u m s t a t e o f t h e MOS c a p a c i t o r . By l o o k i n g a t a C-V 

p l o t t h e r e a s o n f o r t h e c h o i c e o f b i a s i s q u i t e o b v i o u s . 

R e f e r r i n g t o F i g u r e 4.7, one would e x p e c t t h a t a v o l t a g e where 

th e c a p a c i t a n c e i s c o n s t a n t ( i . e . i n i n v e r s i o n ) t o be t h e most 

s u i t a b l e c h o i c e f o r i n v e s t i g a t i n g m i n o r i t y c a r r i e r e f f e c t s . 

T h i s i s b e c a u s e t h e i n i t i a l c h a r g e , t h e s u r f a c e p o t e n t i a l and 

t h e d e p l e t i o n w i d t h a r e w e l l d e f i n e d a t t = 0- b e f o r e t h e 

a p p l i c a t i o n o f t h e v o l t a g e s t e p i n a Q-t e x p e r i m e n t . A l s o , 

the s u r f a c e p o t e n t i a l and d e p l e t i o n w i d t h r e t u r n t o a l m o s t t h e 

same v a l u e s a t t = 0 0. 

A l l p u b l i s h e d Q-t e x p e r i m e n t s have been p e r f o r m e d 

w i t h a s t e a d y d.c. t o b i a s t h e sample i n t o i n v e r s i o n and 

s t i m u l a t i o n by a v o l t a g e s t e p i n t o h e a v i e r i n v e r s i o n so t h a t 

the d i f f e r e n c e between t h e i n i t i a l and f i n a l s t a t e s i s v e r y 

s m a l l and c a n be n e g l e c t e d . There a r e no p u b l i s h e d r e s u l t s 

on t h e v e r y i m p o r t a n t e f f e c t t h a t a d i f f e r e n c e o f d . c . b i a s 

c o u l d have on t h e Q-t t r a n s i e n t . I n t h e f o l l o w i n g p a r a g r a p h s 

we s h a l l t h e r e f o r e d e s c r i b e t h e e x p e r i m e n t s c a r r i e d out t o 
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i n v e s t i g a t e t h i s e f f e c t . 

I n t h e e x p e r i m e n t s performed, s e v e r a l MOS c a p a c i t o r s o f 

both p- and n - t y p e s were used. F o r t h e p - t y p e c a p a c i t o r s a 

guard r i n g was used b i a s e d t o -5V t o m a i n t a i n t h e p r o p e r 

a c c u m u l a t i o n i n t h e s u r f a c e around t h e c a p a c i t o r t o m i n i m i s e 

l a t e r a l f l o w o f c h a r g e s . F o r a l l measurements a v o l t a g e s t e p 

o f 25 mv ( e q u i v a l e n t t o 1 kT o f e n e r g y ) was used w i t h p o l a r i t y 

s u c h as t o i n c r e a s e t h e l e v e l of i n v e r s i o n , i . e . a p o s i t i v e 

s t e p f o r p - t y p e and n e g a t i v e f o r n - t y p e . The s m a l l v o l t a g e 

s t e p was cho s e n so t h a t o n l y a s m a l l d e v i a t i o n from e q u i l i b r i u m 

was o b t a i n e d . A c c o r d i n g t o H o f s t e i n ( 10) t h i s s h o u l d g i v e 

an a l m o s t e x p o n e n t i a l t r a n s i e n t r e s p o n s e . 

4.2.1 R e s u l t s 

I n t h e s e e x p e r i m e n t s t h e Q-t t r a n s i e n t s were r e c o r d e d 

f o r d i f f e r e n t a p p l i e d v o l t a g e s , u s i n g t h e same e x p e r i m e n t a l 

s e t - u p as i n t h e p r e v i o u s s e c t i o n . The a p p l i e d v o l t a g e s were 

f i r s t k e p t w i t h i n t h e range r e q u i r e d t o g i v e s t r o n g i n v e r s i o n . 

F o r t h e n-type sample TC3-8D3, v o l t a g e s o f -8.3V, -7.3V, and 

-5.4V were u s e d . The Q-t t r a n s i e n t s o b t a i n e d were v e r y c l o s e 

w i t h t h e t i m e s t o r e a c h 90% o f t h e f i n a l v a l u e s o f 0.15s, 

0.15 s , and 0.16 s , r e s p e c t i v e l y , ( F i g u r e 4 . 8 ) . F o r t h e p - t y p e 

sample, ITTAU1,3 t h e a p p l i e d v o l t a g e s were +10V, +5V, and +2.5V. 

These t o o showed l i t t l e d i f f e r e n c e i n t h e t r a n s i e n t w i t h t i m e s 

r e q u i r e d t o r e a c h 90% o f t h e maximum of 1.14 s , 1.13 s , and 

1.14 s ( F i g u r e 4 . 9 ) . The a p p l i e d v o l t a g e s were then changed 

i n both samples t o c l o s e t o t h e i n v e r s i o n t h r e s h o l d . F o r 

sample TC3-8D3 a v o l t a g e <>f-1.7V was used and f o r I'JTAU.1,3 

+ 0.5V. As shown i n F i g u r e s 4.8 and 4.9 t h e t i m e s t a k e n t o 

r e a c h 90% of t h e maximum c h a r g e were t h e n 0.03 s and 0.73 s 

f o r t h e two sam p l e s r e s p e c t i v e l y . I t c a n be s e e n t h a t t h e s e 
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t r a n s i e n t s were much f a s t e r t h a n w i t h t h e c a p a c i t o r i n 

i n v e r s i o n . 

Measurements were n e x t made on a p-t y p e sample 

ITTN3,6 f o r t h e f u l l r a nge of a p p l i e d v o l t a g e from +5V i n 

i n v e r s i o n t h r o u g h t o -0.3V which i s i n a c c u m u l a t i o n . I t 

was found t h a t as t h e v o l t a g e was made more n e g a t i v e , i . e . 

towards a c c u m u l a t i o n , t h e maximum c h a r g e dropped u n t i l a 

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

I t t h e n i n c r e a s e d a g a i n up t o a maximum wh i c h was t h e same 

as f o r t h e i n v e r s i o n c a s e . At t h e same ti m e t h e Q-t r i s e 

time c o n t i n u e d t o s h o r t e n and when a c c u m u l a t i o n was r e a c h e d 

t h e r e s p o n s e became a s t e p f u n c t i o n when d i s p l a y e d on t h e 

same time s c a l e as o t h e r t r a n s i e n t s . The c a p a c i t a n c e of t h e 

sample as measured a f t e r e a ch t r a n s i e n t w i t h t h e Boonton 12. Ml) 

was p l o t t e d a g a i n s t t h e maximum c h a r g e 0 as shown i n c J "max 
F i g u r e 4.10. From t h i s i t was s e e n t h a t Q r e a c h e d a m i n i -^ max 
mum when t h e c a p a c i t a n c e was 72 pF and t h a t i t i n c r e a s e d t o 

th e o x i d e c a p a c i t a n c e as t h e sample approached a c c u m u l a t i o n . 

When t h e MOS c a p a c i t o r i s i n a c c u m u l a t i o n i t behaves 

l i k e a p a r a l l e l p l a t e c a p a c i t o r . T h i s was c h e c k e d by b i a s i n g 

th e sample ITTAU1,3 i n t o a c c u m u l a t i o n t o g i v e t h e t r a n s i e n t 

shown i n F i g u r e 4.11. T h i s was compared w i t h t h e r e s p o n s e 

from a 220 pF mi c a c a p a c i t o r . I n t h i s mode t h e r e s p o n s e was 

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

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

a f f e c t e d by t h e r i s e t i m e of t h e a p p a r a t u s . 

4.2.2 D i s c u s s i o n 

I n t h e f i r s t p a r t o f t h e above e x p e r i m e n t w i t h a p p l i e d 

v o l t a g e s o f -8.3V, -7.3V, and -5.4V f o r TC3-8D3 and +10V, 

+5V, and +2V f o r ITTAU1,3, t h e samp l e s were w e l l i n t h e heavy 
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i n v e r s i o n r e g i o n as c a n be s e e n from t h e h . f . C-V p l o t s of 

F i g u r e s 4.12(a) and 4.12(b) r e s p e c t i v e l y . Under t h e s e 

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

t h e c a p a c i t a n c e were a l m o s t independent o f t h e v o l t a g e . With 

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

d e p l e t i o n w i d t h w i l l be changed momentarily but t h e y w i l l 

r e t u r n t o t h e i r e q u i l i b r i u m v a l u e s when s u f f i c i e n t c a r r i e r s 

have been g e n e r a t e d d u r i n g t h e t r a n s i e n t . T h e r e f o r e as lo n g 

as t h e v o l t a g e b e f o r e and a f t e r t h e a p p l i c a t i o n o f t h e v o l t a g e 

s t e p i s g r e a t e r t h a n t h e t h r e s h o l d f o r i n v e r s i o n , t h e Q-t 

t r a n s i e n t w i l l be in d e p e n d e n t o f v o l t a g e , a s found. T h i s i r; 

t r u e when t h e c a r r i e r s a r e formed m a i n l y by bulk g e n e r a I. i on. 

However, w i t h a l a r g e s u r f a c e g e n e r a t i o n component t h e Q-l. 

t r a n s i e n t shape may v a r y w i t h t h e i n i t i a l v o l t a g e b e c a u s e t h e 

s o u r c e o f t h e m i n o r i t y c a r r i e r s may be a f f e c t e d by t h e p r e c i s e 

v a l u e of t h e s u r f a c e p o t e n t i a l . The r e s u l t s show t h a t t h i s i s 

not t h e c a s e w i t h t h e sam p l e s u s e d i n t h i s e x p e r i m e n t , w h i c h 

t h e r e f o r e appear t o be dominated by b u l k g e n e r a t i o n . 

When t h e a p p l i e d v o l t a g e i s re d u c e d t o l e s s t h a n t h e 

i n v e r s i o n t h r e s h o l d t h e Q-t t r a n s i e n t i s o b s e r v e d t o change 

i n shape as w e l l a s h a v i n g a re d u c e d maximum c h a r g e . T h i s 

c o r r e s p o n d s t o t h e a p p l i e d v o l t a g e s o f -1.7V f o r t h e sample 

TC3-8D3 and +0.5 V f o r ITTAU1,3. R e f e r r i n g t o F i g u r e s 4.12(a) 

and 4 . 1 2 ( b ) , t h e s e v o l t a g e s were v e r y n e a r t h e i n v e r s i o n 

t h r e s h o l d a l t h o u g h not i n t h e heavy i n v e r s i o n r e g i o n . I n t h i s 

c a s e a change i n t h e a p p l i e d v o l t a g e w i l l a l s o change t h e 

d e p l e t i o n w i d t h x^. F i g u r e 4.13 shows t h e energy band diagram 

and t h e d i s t r i b u t i o n of c h a r g e i n a p - t y p e MOS c a p a c i t o r when 

b i a s e d t o t h e o n s e t of i n v e r s i o n . Under t h i s c o n d i t i o n t h e 

d e ^ i e t i d r i w i d t h has n o t q u i t e reach'eci i t s ' maximum v a l u e and, 
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a l t h o u g h s t r o n g i n v e r s i o n has n o t been reached, t h e r e was a 

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

towards t h e o x i d e - s e m i c o n d u c t o r i n t e r f a c e by t h e charge on 

t h e e l e c t r o d e . Thus t h e e l e c t r o d e charge i s balanced by t h e 

d e p l e t i o n charge from t h e uncompensated i o n i s e d doping atoms 

and t h e m i n o r i t y c a r r i e r c o n c e n t r a t i o n a t t h e i n t e r f a c e . When 

t h e s t e p v o l t a g e i s a p p l i e d i n t h i s case t h e d e p l e t i o n w i d t h 

w i l l e xtend i n t o t h e b u l k so t h a t i n i t i a l l y t h e change i n 

charge on t h e e l e c t r o d e w i l l be t o t a l l y b a lanced by t h e i n c r e a s e 

d e p l e t i o n charge. The i n c r e a s e d v o l t a g e w i l l a l s o p u l l more 

m i n o r i t y c a r r i e r s t o t h e i n t e r f a c e as t h e y are g enerated so 

t h a t t h e s u r f a c e p o t e n t i a l w i l l be s l i g h t l y reduced as t h e 

d e p l e t i o n w i d t h drops back t o i t s new v a l u e w h i c h i s r a t h e r 

g r e a t e r t h a n t h e o r i g i n a l . The r a t e o f t h i s r e t u r n i s governed 

by t h e g e n e r a t i o n r a t e which a l s o d etermines t h e shape o f t h e 

Q-t t r a n s i e n t . Since t h e d e p l e t i o n w i d t h does n o t r e t u r n t o 

i t s o r i g i n a l v a l u e i n t h i s case t h e number o f m i n o r i t y c a r r i e r s 

g e n e r a t e d i s l i m i t e d and t h e maximum charge 0 o f t h e Q-t J J max 
p l o t and t h e t i m e r e q u i r e d t o reach s a t u r a t i o n is. reduced 

compared w i t h t h e s t r o n g l y i n v e r t e d c o n d i t i o n . The argument; 

used above t o e x p l a i n t h e v a r i a t i o n o f Q w i t h b i a s v o l t a g e 
*• max 

i s , o f c o u r s e , t h e same as t h a t used f o r t h e f a m i l i a r l o w - f r e q u e n 

s m a l l s i g n a l a.c. c a p a c i t a n c e c h a r a c t e r i s t i c and i n f a c t 

Q = C.^.AV 
max £f 

where i s t h e low f r e q u e n c y c a p a c i t a n c e . 

For t h e sample ITTN 3,6, t h e v o l t a g e range was extended 

f u r t h e r . I n o r d e r t o d i s c u s s t h e s e r e s u l t s , F i g u r e 4.10(b) and 

4.10(c) w i l l be used. These show t h e v a r i a t i o n o f Q _ v w i t h 
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t h e a p p l i e d v o l t a g e V . F i g u r e 4.10(b) i s a s e t o f t r a n -

s i e n t curves f o r v a l u e s o f V between +5V and -0.3V and 
a 

F i g u r e 4.10(c) shows them f o r V between "0.3V and t h e 
a 

a c c u m u l a t i o n v o l t a g e o f -1.2V. The r e s u l t s i n F i g u r e 4.10(b) 

go f u r t h e r t h a n t hose i n F i g u r e 4.8 which have been d i s c u s s e d 

i n t h e p r e c e d i n g paragraphs. I n F i g u r e 4 . 1 0 ( b ) , Q dropped 
max 

t o a minimum v a l u e and t h e n s t a r t e d t o r i s e a g a i n when t h e 

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

w i d t h i s l e s s t h a n t h e e q u i l i b r i u m maximum v a l u e . When th e 

v o l t a g e s t e p i s a p p l i e d i n t h i s case t h e e l e c t r o d e charge 

incr e m e n t i s m a i n l y balanced by t h e charge due t o t h e i n ­

crement o f t h e d e p l e t i o n w i d t h , which i s due t o t h e movement o f 

m a j o r i t y c a r r i e r s o n l y , and hence occurs i n a v e r y s h o r t t i m e . 

Since no i n v e r s i o n l a y e r i s formed t h e r e i s no f u r t h e r i n c r e a s e 

i n t h e charge g i v i n g an almost f l a t response w i t h t i m e e x c e p t 

f o r t h e l e a d i n g edge which i s due t o a s m a l l b u i l d up o f 

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

f u r t h e r reduced t h e d e p l e t i o n w i d t h f a l l s f u r t h e r so t h a t t h e 

edge where t h e change o f charge occurs i s c l o s e r t o t h e e l e c ­

t r o d e r e s u l t i n g i n a l a r g e r change o f charge from t h e same 

v o l t a g e s t e p as observed i n F i g u r e 4 . 1 0 ( c ) . 

The maximum v a l u e o f Q o ccurs when t h e a p p l i e d 
max 

v o l t a g e i s s u f f i c i e n t f o r a c c u m u l a t i o n as shown i n F i g u r e 

4 . 1 0 ( c ) . I n t h i s case t h e r e w i l l be charges on t h e e l e c t r o d e 

on one s i d e and t h e m a j o r i t y charges i n t h e s i l i c o n on t h e 

o t h e r . The MOS c a p a c i t o r t h e n behaves l i k e a p a r a l l e l p l a t e 

c a p a c i t o r and t h e a p p l i c a t i o n o f a v o l t a g e s t e p w i l l change 

j u s t t h e m a j o r i t y c a r r i e r c o n c e n t r a t i o n o f t h e s i l i c o n s u r f a c e . 

Since t h i s r e s u l t s i n a v e r y f a s t response t h e t i m e s c a l e 

Kfeia t o be reduced in' ah e x p e r i m e n t t o show t h e c h a r a c t e r i s t i c 
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o f such a c a p a c i t o r . T h i s experiment was performed on 

sample ITTAU1,3 a t a b i a s v o l t a g e o f -4 v o l t s , w i t h t h e 

r e s u l t shown i n F i g u r e 4.11. The Q-t response o b t a i n e d 

compared w e l l w i t h t h a t o f a 220 pF mica c a p a c i t o r as ex­

pe c t e d s i n c e t h e m o b i l i t y o f t h e c a r r i e r s i n t h e MOS cap­

a c i t o r i s h i g h enough n o t t o have caused any d e v i a t i o n . 

From t h i s s e t o f experiments i t was found t h a t t h e 

Q-t response o f an MOS c a p a c i t o r i s v e r y s e n s i t i v e t o t h e 

a p p l i e d v o l t a g e i f s t r o n g i n v e r s i o n has n o t s e t i n . I n 

agreement w i t h t h e o r y t h i s was found t o be e s p e c i a l l y so f o r 

t h e case where t h e samples a r e i n a c c u m u l a t i o n o r d e p l e t i o n . 

When t h e b i a s i s g r e a t e r t h a n t h e t h r e s h o l d f o r s t r o n g i n ­

v e r s i o n , t h e Q-t response shows l i t t l e change w i t h i n i t i a l 

v o l t a g e . For t h e p-type sample i t was found t h a t a b i a s o f 

+5 v o l t s was about r i g h t f o r a Q-t ex p e r i m e n t i n t h e s t r o n g 

i n v e r s i o n mode and f o r t h e n-type sample t h i s was found t o be 

^5 v o l t s . These f i g u r e s are o n l y good i f t h e f l a t band does 

n o t s h i f t v e r y much w i t h t i m e o t h e r w i s e t h e magnitude has t o 

be. changed a c c o r d i n g l y . N e v e r t h e l e s s these v o l t a g e s worked 

w e l l i n t h e c o n t i n u a t i o n o f t h i s i n v e s t i g a t i o n . 

A l t h o u g h e x p l a i n e d i n t h e same way as t h e a.c. cap­

a c i t a n c e c h a r a c t e r i s t i c s , t h e e x p e r i m e n t a l v a r i a t i o n o f Q n i a x 

w i t h b i a s and v o l t a g e does n o t appear t o have been r e p o r t e d 

p r e v i o u s l y . The v a r i a t i o n o f t h e Q-t t r a n s i e n t shape between 

i n v e r s i o n and a c c u m u l a t i o n b i a s e s , which i s f a r more d i f f i c u l t 

t o e x p l a i n p r e c i s e l y , w i l l be d i s c u s s e d f u r t h e r i n Chapter 8 . 
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4.3 The E f f e c t o f t h e V o l t a g e Step Magnitude on t h e 

Q-t T r a n s i e n t 

I n t h e l a s t two s e c t i o n s we have seen how t h e Q-t 

t r a n s i e n t s a r e a f f e c t e d by t h e guard r i n g b i a s f o r a p-type 

MOS c a p a c i t o r and by t h e i n i t i a l a p p l i e d b i a s t o b o t h p- and 

n-type samples. So f a r v o l t a g e steps o f 2 5mV were used i n 

a l l these e x p e r i m e n t s . The p r e s e n t s e c t i o n i s on exp e r i m e n t s 

on t h e e f f e c t o f l a r g e r v o l t a g e steps on t h e Q-t t r a n s i e n t s . 

L a r g e r steps are d e s i r a b l e because t h e l a r g e r charges are 

e a s i e r t o measure a c c u r a t e l y . However, i t i s necessary t o 

i n v e s t i g a t e t h e e x t r a p h y s i c a l e f f e c t s t h a t m i g h t be a s s o c i a t e d 

w i t h l a r g e r s t e p v o l t a g e s . 

I n a Q-t exp e r i m e n t i t i s t h e v o l t a g e s t e p t h a t changes 

t h e s u r f a c e p o t e n t i a l and t h e d e p l e t i o n w i d t h from t h e i r 

e q u i l i b r i u m v a l u e s t h u s a l t e r i n g t h e r a t e o f g e n e r a t i o n o r 

r e c o m b i n a t i o n o f c a r r i e r s i n t h e semiconductor. For a p o s i t i v e 

s t e p t h i s t h e n leads t o an i n c r e a s e i n t h e m i n o r i t y c a r r i e r 

c o n c e n t r a t i o n a t t h e o x i d e - s e m i c o n d u c t o r i n t e r f a c e . I t i s t h e 

r a t e o f i n c r e a s e o f t h i s c a r r i e r c o n c e n t r a t i o n t h a t g i v e s t h e 

Q-t t r a n s i e n t . 

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

th e method o f a n a l y s i s because t h e assumption made i n t h e 

t h e o r e t i c a l t r e a t m e n t o f t h e Q-t t r a n s i e n t may be dependent 

upon t h e magnitude o f t h e s t e p h e i g h t . For example,in H o f s t e i n ' 

method o f a n a l y s i s a s m a l l v o l t a g e s t e p i s r e q u i r e d f o r h i s 

assumptions t o be v a l i d and when t h e v o l t a g e s t e p i s i n c r e a s e d , 

h i s a n a l y s i s w i l l f a i l . For t h e method o f a n a l y s i s used by 

Viswanathan and T a k i n o , a l a r g e r v o l t a g e s t e p has t o be used 

as t h e method f a i l s when t h e system i s c l o s e t o e q u i l i b r i u m 

due t o t h e i r g e n e r a t i o n e x p r e s s i o n becoming i n v a l i d as 
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e q u i l i b r i u m i s approached. 

I n t h i s s e c t i o n we s h a l l d e s c r i b e experiments on t h e 

Q-t method c a r r i e d o u t u s i n g d i f f e r e n t magnitudes o f v o l t a g e 

steps t o see how t h e y a f f e c t t h e Q-t t r a n s i e n t s . Two samples 

were used, one a p-type sample ITTAU2,2 and t h e o t h e r t h e 

n-type sample, TC3-8D3. These samples were i n i t i a l l y b i a s e d 

i n t o s t r o n g i n v e r s i o n . A v o l t a g e o f +5 v o l t s was used on 

ITTAU2,2 and -5 v o l t s on TC3-8D3. I n a d d i t i o n a v o l t a g e o f 

-5 v o l t s was a p p l i e d on t h e guard r i n g o f ITTAU2,2 t o form an 

a c c u m u l a t i o n r e g i o n around t h e e l e c t r o d e t o p r e v e n t l a t e r a l 

f l o w o f charge. V o l t a g e steps o f 25 mV, 50 mV, and 100 mV 

were a p p l i e d on b o t h samples and Q-t t r a n s i e n t s were o b t a i n e d 

and analysed f o r each v o l t a g e s t e p . 

4.3.1 R e s u l t s 

To a f i r s t a p p r o x i m a t i o n t h e charge f l o w i n g i n t h e 

sample i s p r o p o r t i o n a l t o t h e a p p l i e d s t e p v o l t a g e , so t h a t 

t h e Q-t t r a n s i e n t s had t o be n o r m a l i s e d t o compare t h e t r a n ­

s i e n t shapes. A l s o l o g - l i n e a r p l o t s was a l s o used t o see how 

c l o s e t h e t r a n s i e n t s were t o e x p o n e n t i a l s . 

C o n s i d e r i n g t h e n-type sample TC3-8D3 f i r s t , t h e 

responses f o r v a r i o u s v o l t a g e s t e p s are g i v e n i n F i g u r e 4.14(a) 

which shows t h e i r r e s p e c t i v e magnitudes and i n F i g u r e 4.14(b) 

i n n o r m a l i s e d f o r m . The g e n e r a l t r e n d observed was t h a t t h e 

speed o f response decreases w i t h i n c r e a s i n g v o l t a g e s t e p s . 

For t h e v o l t a g e s t e p o f 25 mV, t h e t i m e t o reach 90% o f Q„, v 

was 0.16 s, and f o r 50 mV, i t was 0.17s. A l t h o u g h t h e s e are 

q u i t e c l o s e , f o r t h e 100 mV v o l t a g e s t e p t h e t i m e was 0.22 s, 

the d i f f e r e n c e which was more o b v i o u s . 

A s i m i l a r b e h a v i o u r was observed f o r t h e p-type sample 

ITTAU2,2 where t h e r i s e t i m e s t o 90% o f Q were 0.99s, and 



1.0 100 mV 

o 
m 0.8 
o a 

0.6 
50 mV rH 

r$ 0M 

25 mV 

0.2 

i i 
0 8 10 12 
(a) t x 37 ms. 

1.0 25 mV AV 
50 mV 
D00 mV 

0 
Q 

0.6 

OA 

0.2 

i • » > i 1 1 

0 2 if 6 8 10 12 
t x 37 ms 

(b) 

FIG. k.m- (a) Q-t PLOTS OF SAMPLE TC3-8D3 FOR 

DIFFERENT VOLTAGE STEPS A V 
' a 

(b) NORMALISED PLOTS OF THE ABOVE 



1.0 
0.8 

curves AV 0.6 a, 
25 mV 0.5 
50 mV 

0 
100 mV 3 

0.3 

0.2 

0.1 

0.08 

0.06 
0.05 

0.W 

0.03 Est 

0.02 

a 0.01 8 
0 

t x 37 mV 

^ a x ^ VERSUS t FOR TC3-8DJ) PLOT OF LOG FIG. ^.iHc) 
o+ 



- 62 -

1.01 s f o r t h e v o l t a g e s t e p s o f 25 mV and 50 mV r e s p e c t i v e l y . 

The r i s e t i m e f o r t h e 100 mV s t e p was s i g n i f i c a n t l y l o n g e r 

a t 1.17 sec. The Q-t t r a n s i e n t s f o r d i f f e r e n t v o l t a g e steps 

f o r t h e ITTAU2,2 are shown i n F i g u r e 4.15(a) and F i g u r e 4 . 1 5 ( b ) . 

Measurements were f u r t h e r c a r r i e d o u t on an o t h e r 

p - t y p e sample ITTB4,4 w i t h a w i d e r range o f v o l t a g e steps 

o f 25 mV, 68 mV, 147 mV and IV. As t h e s c a l e s o f t h e t r a n ­

s i e n t s d i f f e r g r e a t l y , o n l y a n o r m a l i s e d p l o t i s shown i n 

F i g u r e 4 . 1 6 ( a ) . The t r a n s i e n t f o r t h e 68 mV v o l t a g e s t e p was 

o m i t t e d i n t h i s f i g u r e f o r t h e sake o f c l a r i t y , b u t t h e response 

t i m e s f o r a l l t h e f o u r v o l t a g e s t e p s are shown i n F i g u r e 4.16(b). 

The t i m e s t o reach 90% o f Q were 14.05 s, 17.32 s, 21.30 s, 
max 

and 54.39 s, r e s p e c t i v e l y . 
The r a t i o s o f t h e i n i t i a l s t e p Q̂ . t o Q were a l s o 

c 0+ max 
measured. For sample TC3-8D3 i t was found t o be 0.18 f o r 

v o l t a g e s t e p s o f 25 mV and 50 mV and 0.16 f o r t h e 100 mV 

s t e p . For ITTAU2,2 i t was 0.29 f o r a l l t h e t h r e e v o l t a g e 

s t e p s . For ITTB4,4 t h e r a t i o was 0.29 f o r t h e s m a l l e r 

v o l t a g e steps o f 25 mV, 68 mV, and 147 mV b u t f o r t h e 1 V 

v o l t a g e s t e p i t was 0.26. These v a l u e s w i l l l a t e r be compared 

w i t h e x p e c t a t i o n i n Chapter 8. 

4.3.2 D i s c u s s i o n 

From t h e r e s u l t s i t was found t h a t t h e a b s o l u t e 

v a l u e o f t h e i n i t i a l charge s t e p a t t = o+ i n c r e a s e s w i t h 

v o l t a g e s t e p . T h i s i s due t o t h e f a c t t h a t a l o n g e r v o l t a g e 

s t e p w i l l i n i t i a l l y change t h e s u r f a c e p o t e n t i a l more, so 

e x t e n d i n g t h e d e p l e t i o n l a y e r f u r t h e r by t h e movement o f t h e 

m a j o r i t y c a r r i e r s and exposing more uncompensated i o n i s e d 

dopant atoms. For a more m e a n i n g f u l comparison, one s h o u l d 

l o o k a t t h e n o r m a l i s e d p l o t s . The i n i t i a l s t e p o f t h e s e 
p l o t s i s i n f a c t t h e r a t i o ^0+/Q . F i t j i i r e 4.17 shows how 

max ^ 
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t h e e f f e c t i v e h . f . c a p a c i t a n c e changes w i t h v o l t a g e s t e p 

magnitude above t h e b i a s v a l u e . E f f e c t i v e l y t h e i n s t a n t a n e o u s 

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

below t h e e q u i l i b r i u m h . f . v a l u e . I t i s t h e r e f o r e expected 

t h a t t h e i n i t i a l s t e p charge w i l l decrease as t h e v o l t a g e 

s t e p i s i n c r e a s e d . I n t h e n o r m a l i s e d p l o t s o f F i g u r e s 4 . 1 4 ( b ) , 

4.15 ( b ) , and 4.16, i t was found t h a t f o r s m a l l v o l t a g e s t e p s , 

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

t h e l a r g e r v o l t a g e s t e p o f 100 mV f o r TC3-8D3 and IV f o r 

ITTB4,4^did i n f a c t decrease. 

Thfe r e s u l t s a l s o show t h a t when t h e v o l t a g e s t e p was 

changed from 25 mV t o 50 mV t h e response t i m e showed l i t t l e 

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

s t e p s o f g r e a t e r t h a n 100 mV, t h e response t i m e i n c r e a s e s 

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

Q-t p l o t g i v e s t h e n e t g e n e r a t i o n c u r r e n t J g e n i n t h e 

d e p l e t i o n l a y e r , as shown i n F i g u r e 4.18. The a p p r o p r i a t e 

constancy o f t h e t r a n s i e n t d u r a t i o n shows t h a t t h e g r a d i e n t 

a t t ^ + i s r o u g h l y p r o p o r t i o n a l t o t h e s t e p magnitude as 

i l l u s t r a t e d a l s o i n F i g u r e 4.14 and 4.15. Hence i t appears 

t h a t J i s p r o p o r t i o n a l t o AV w h i c h i s n o t c o n s i s t e n t w i t h gen L ^ 
g e n e r a t i o n t h r o u g h o u t t h e almost c o n s t a n t d e p l e t i o n l a y e r 

w i d t h . T h i s p o i n t w i l l be d i s c u s s e d f u r t h e r i n Chapters 5 

and 8 . 

The b e h a v i o u r o f t h e Q-t t r a n s i e n t s was a l s o a n a l y s e d 

by p l o t t i n g them on l o g - l i n e a r s c a l e s as i n F i g u r e s 4.14(c) 

and 4 . 1 5 ( c ) . For s m a l l v o l t a g e s t e p s o f 25 mV t h e l o g p l o t 

was l i n e a r f o r most p a r t o f t h e t r a n s i e n t except f o r the: 

p a r t v e r y c l o s e t o s a t u r a t i o n . T h i s i s because t h e r e ­

c o m b i n a t i o n processes becomes more s i g n i f i c a n t as t h e s u r f a c e 
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p o t e n t i a l and t h e energy l e v e l s approach t h e i r i n v e r s i o n 

v a l u e s , hence t h e e x p o n e n t i a l b e h a v i o u r no l o n g e r h o l d s . 

F o r l a r g e r s t e p s t h e d e v i a t i o n i s g r e a t e r i m p l y i n g t h a t 

t h e s m a l l s i g n a l a n a l y s i s c a n no l o n g e r be a p p l i e d . I t 

was a l s o found t h a t t h e l o g p l o t s f o r t h e l a r g e r v o l t a g e 

s t e p s have s m a l l e r g r a d i e n t s i m p l y i n g a s l o w e r r e s p o n s e i n 

agreement w i t h t h e t i m e s t o r e a c h 90% o f Q f o r t h e a c t u a l z 3 max 
t r a n s i e n t s . These e x p e r i m e n t s t h e r e f o r e show t h a t t r a n s i e n t 

o b t a i n e d from s m a l l v o l t a g e s t e p s c a n be approximated t o t h e 

s i m p l e e x p o n e n t i a l law as o b t a i n e d from t h e s m a l l s i g n a l 

a n a l y s i s of H o f s t e i n . F o r l a r g e r v o l t a g e s t e p s t h e a n a l y s i s 

f a i l e d and a d i f f e r e n t approach i s needed t o r e f l e c t a more 

complex r e l a t i o n s h i p between t h e c h a r g e and time i n t h e Q-t 

t r a n s i e n t s . 

4.4 The E f f e c t o f t h e V o l t a g e S t e p P o l a r i t y on t h e 

Q-t T r a n s i e n t 

I n t h e Q-t e x p e r i m e n t d e s c r i b e d i n t h e p r e v i o u s 

s e c t i o n s , t h e a p p l i e d v o l t a g e was a l w a y s changed so t h a t t h e 

MOS c a p a c i t o r was b i a s e d from heavy i n v e r s i o n i n t o h e a v i e r 

i n v e r s i o n . F o r a p- t y p e sample t h i s r e q u i r e d t h e v o l t a g e 

t o be changed from a p o s i t i v e v a l u e t o a more p o s i t i v e v a l u e 

and f o r t h e n-type from n e g a t i v e t o a more n e g a t i v e v a l u e . 

T h i s i s c a l l e d a " f o r w a r d " v o l t a g e s t e p i n t h i s work. However 

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

when t h e v o l t a g e i s changed from t h a t f o r heavy t o l e s s heavy 

i n v e r s i o n and t h i s , i s c a l l e d t h e " r e v e r s e " v o l t a g e s t e p 

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

w i t h m i n o r i t y c a r r i e r g e n e r a t i o n i n t h e s i l i c o n w hereas t h e 

r e v e r s e r e s p o n s e i s due t o r e c o m b i n a t i o n . 
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The r e v e r s e r e s p o n s e has been c o m p l e t e l y n e g l e c t e d 

i n t h e l i t e r a t u r e . I n t h e work of H o f s t e i n i t was mentioned 

t h a t l a r g e r e v e r s e v o l t a g e s t e p s gave t r a n s i e n t s w h i c h 

d e v i a t e d l e s s from e x p o n e n t i a l s t h a n f o r f o r w a r d s t e p s , but 

no e x p l a n a t i o n was g i v e n f o r s u c h b e h a v i o u r . To d a t e , t h e r e 

has been no o t h e r p u b l i c a t i o n on t h e o b s e r v a t i o n o r i n t e r ­

p r e t a t i o n o f t h e r e v e r s e v o l t a g e s t e p Q-t t r a n s i e n t . 

I n t h i s s e c t i o n o b s e r v a t i o n s o f Q-t t r a n s i e n t s f o l l o w ­

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

The e x p e r i m e n t i n v o l v e d the normal Q-t e x p e r i m e n t a l s e t up 

w i t h f o r w a r d and r e v e r s e v o l t a g e s t e p s a p p l i e d from t h e same 

b i a s v a l u e . The sample had a l w a y s r e a c h e d e q u i l i b r i u m b e f o r e 

t h e a p p l i c a t i o n o f t h e new v o l t a g e s t e p . 

4.4.1 R e s u l t s 

Measurements a r e g i v e n h e r e f o r t h e same p- and n-

t y p e s a m p l e s ITTAU2,2 and TC3-8D3 and a l s o on o t h e r p - t y p e 

s a m p l e s , ITTB4,4 and ITTAU1,3. Throughout t h e e x p e r i m e n t s , 

t h e d . c . b i a s was f i x e d a t +5V f o r t h e p - t y p e and -5V f o r 

the n - t y p e samples e x c e p t f o r t h e d.c. b i a s e x p e r i m e n t . 

F i g u r e s 4.19(a) and 4.19(b) show t y p i c a l n o r m a l i s e d 

Q-t t r a n s i e n t s f o r TC3-8D3 and ITTAU2,2 r e s p e c t i v e l y f o r 

f o r w a r d and r e v e r s e v o l t a g e s t e p s o f 25 mV and 100 mV. Tt 

was found t h a t t h e Q-t t r a n s i e n t s were o n l y s l i g h t l y f a s t e r 

w i t h t h e r e v e r s e v o l t a g e drop o f 25 mV but were v e r y 

s i g n i f i c a n t l y f a s t e r f o r 100 mV. F o r t h e sample TC3-8D3 t h e 

t i m e s t o r e a c h 90% of Q f o r t h e f o r w a r d and t h e r e v e r s e 
max 

t r a n s i e n t s were 0.16s. and 0.14s r e s p e c t i v e l y f o r t h e 25 mV 

v o l t a g e s t e p , and 0.22s and 0.10s r e s p e c t i v e l y f o r t h e 100 mV 

s t e p . F o r t h e sample ITTAU2,2 t h e t i m e s were 0.99s and 0.78s 
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r e s p e c t i v e l y f o r t h e 25 mV v o l t a g e s t e p and 1.17s and 0.48s 

f o r 100 mV. 

The e f f e c t o f t h e magnitude o f t h e v o l t a g e s t e p was 

i n v e s t i g a t e d by i n c r e a s i n g i t t o 50 mV and 100 mV. F i g u r e s 

4.20 (a) and 4.20(b) show n o r m a l i s e d Q-t t r a n s i e n t s f o r t h e 

f o r w a r d and r e v e r s e v o l t a g e s t e p s of d i f f e r e n t magnitudes 

f o r samples TC3-8D3 and ITTAU2,2 r e s p e c t i v e l y . The r e s p o n s e 

o f t h e r e v e r s e t r a n s i e n t was found t o be s h o r t e r f o r t h e 

l a r g e r v o l t a g e s t e p . F o r TC3-8D3, t h e t i m e s t o 90% o f Q 
^ ^ ' max 

were 0.14s, 0.12s, and 0.10s f o r t h e v o l t a g e s t e p s o f 25 mV, 

50 mV, and 100 mV r e s p e c t i v e l y , and f o r ITTAU2,2 t h e y were 

0.79s, 0.64s, and 0.48s. The v a l u e s of Q0+/Q were a l s o 
max 

n o t ed f o r t h e two samples and i t was found t o i n c r e a s e as t h e 

v o l t a g e -step i n c r e a s e d . Both t h e s e a r e t h e o p p o s i t e t o t h e 

c a s e f o r f o r w a r d s t e p s w h i c h g i v e s l o w e r t r a n s i e n t s and 
s m a l l e r ^0+/Q as t h e s t e p v o l t a g e i s i n c r e a s e d . Measure-max ^ ^ 
ments on t h e e f f e c t o f v o l t a g e s t e p s were extended t o 1 v o l t 

f o r t h e sample ITTB4,4. The n o r m a l i s e d p l o t s f o r t h i s a r e 

shown i n F i g u r e 4.21. The r e s p o n s e t i m e s and t h e v a l u e s of 

t h e i n i t i a l s t e p s i n t h e t r a n s i e n t a r e shown i n T a b l e 4.1 

where i t c a n be s e e n t h a t ^0+/Q c o n t i n u e s t o i n c r e a s e w i t h 
max 

i n c r e a s i n g AV^ t h u s c o n f i r m i n g t h e r e s u l t s f o r t h e f i r s t two 

s a m p l e s . The r e s p o n s e time was found t o d e c r e a s e f u r t h e r a s 

the v o l t a g e s t e p i s i n c r e a s e d . 

E x p e r i m e n t s on t h e e f f e c t o f d.c. b i a s on t h e r e v e r s e 

t r a n s i e n t were c a r r i e d out on sample ITTAU1,3. The r e s u l t s 

a r e summarised i n T a b l e 4.2 and t h e n o r m a l i s e d p l o t i n 

F i g u r e 4.22. I t can be s e e n t h a t i t f o l l o w s t h e t r e n d o f t h e 

f o r w a r d t r a n s i e n t where t h e r e s p o n s e t i m e i s f a s t e r when t h e 

b i a s a p p r o a c h e s t h e deep d e p l e t i o n . F o r t h e b i a s o f 5 v o l t s 
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V (Coul.) V 
^max 

t 9 0o / o ( B . ) 

29 mV 1.65 X 10- 1 2 0.30 12.17 

68 mV ^.37 x 10- 1 2 0.32 10.30 

Wf mV 9.90 x io"12 0.32 7.^9 

1.0 V 1.79 x 10- 1 0 0.78 2.36 

TABLE l+.l REVERSE TRANSIENT RESULTS FOR DIFFERENT 

VOLTAGE STEPS FOR ITTB^,4 SAMPLE 

1 V (Coul .) V 
0 nnax 

2.0 V 1.39 x 1 0 -12 0.31 0.27 

2.5 V 1.3^ x 10- 1 2 0.30 O.96 

5.0 V 1.38 X 10- 1 2 0.32 1.07 

10.0 

* 

V 1.38 X io"12 0.30 1.07 

TABLE h.2 REVERSE TRANSIENT RESULTS FOR DIFFERENT 

APPLIED VOLTAGES FOR ITTAU1.3 SAMPLE 
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onwards, t h e r e s p o n s e t i m e s a r e c o n s t a n t . 

4.4.2 D i s c u s s i o n 

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

o b t a i n e d i n t h i s s e c t i o n one has t o c o n s i d e r t h e d e v i a t i o n 

from e q u i l i b r i u m i n an MOS c a p a c i t o r i n t h e i n v e r s i o n 

c o n d i t i o n . I n e q u i l i b r i u m t h e r a t e of g e n e r a t i o n of c a r r i e r s 

e q u a l s t h e r a t e of r e c o m b i n a t i o n but d u r i n g t h e t r a n s i e n t t h i s 

e q u a l i t y i s d i s t u r b e d . T a k i n g a p- t y p e sample, d u r i n g t h e 

f o r w a r d v o l t a g e s t e p t h e d e p l e t i o n w i d t h i n i t i a l l y w i dens 

due t o t h e r e p u l s i o n o f t h e h o l e s , and t h i s a t t r a c t s more 

t h e r m a l l y g e n e r a t e d e l e c t r o n s towards t h e o x i d e - s e m i c o n d u c t o r 

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

t h e d e p l e t i o n l a y e r t o compensate t h e exposed doping i o n s . 

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

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

c h a r g e s a r e produced t o a c h i e v e e q u i l i b r i u m once a g a i n . 

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

a r e now a l m o s t back t o t h e i r o r i g i n a l values,, t h e c o n c e n t r a ­

t i o n of t h e i n v e r s i o n c h a r g e i s i n c r e a s e d . 

When a r e v e r s e v o l t a g e s t e p i s a p p l i e d , t h e p o t e n t i a l 

a c r o s s t h e s e m i c o n d u c t o r i s r e d u c e d and so t h e d e p l e t i o n edge 

moves towards t h e o x i d e from t h e movement o f h o l e s i n r e s p o n s e 

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

now e x c e e d t h e new e q u i l i b r i u m v a l u e and t h e e x c e s s w i l l move 

s l i g h t l y towards t h e b u l k and be l o s t by t h e p r o c e s s of 

r e c o m b i n a t i o n n e a r t h e s u r f a c e . I n c o n t r a s t t o t h e forward, 

s t e p where t h e g e n e r a t i o n o f c a r r i e r s i s w i t h i n t h e e n t i r e 

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

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

i s s t r o n g l y dependent upon t h e c o n c e n t r a t i o n of t h e e x c e s s 
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i n v e r s i o n e l e c t r o n s . The b i g g e r t h e v o l t a g e s t e p , t h e 

h i g h e r t h i s e x c e s s c h a r g e w i l l be and so t h e r a t e o f r e ­

c o m b i n a t i o n i s r e l a t i v e l y f a s t e r . F o r t h e f o r w a r d v o l t a g e , 

s t e p on t h e o t h e r hand t h e g e n e r a t i o n r a t e i s t h e r m a l l y 

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

i t i n c r e a s e s w i t h t h e e x c e s s d e p l e t i o n l a y e r w i d t h . As t h i s 

i s l e s s t h a n p r o p o r t i o n a l t o t h e s t e p v o l t a g e t h e t i m e r e q u i r e d 

t o form t h e e x t r a i n v e r s i o n c h a r g e w i l l i n c r e a s e w i t h t h e s t e p 

magnitude. 

C o n t r a r y t o t h e c a s e o f a f o r w a r d v o l t a g e s t e p t h e 

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

t r a n s i e n t i n c r e a s e s w i t h i n c r e a s i n g v o l t a g e s t e p magnitude. 

The movement o f m a j o r i t y c a r r i e r s on t h e a p p l i c a t i o n of t h e 

v o l t a g e s t e p i s towards t h e i n t e r f a c e f o r t h e r e v e r s e s t e p 

t h u s n a r r o w i n g t h e s e p a r a t i o n between the e l e c t r o d e and the 

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

S i n c e t h e o p p o s i t e c h a r g e s on a c a p a c i t o r a r e i n v e r s e l y p r o ­

p o r t i o n a l t o t h e s e p a r a t i o n between them, t h e n o r m a l i s e d 

i n i t i a l c h a r g e ^ ° + / Q m a x w i l l be more t h a n p r o p o r t i o n a l t o 

t h e v o l t a g e s t e p as shown i n F i g u r e 4.23. 

The measurements on t h e e f f e c t o f t h e a p p l i e d v o l t a g e 

on t h e r e v e r s e s t e p Q-t t r a n s i e n t showed s i m i l a r b e h a v i o u r 

as f o r t h e f o r w a r d s t e p , where t h e r e s p o n s e t i m e d e c r e a s e s 

as t h e a p p l i e d v o l t a g e i s r e d u c e d . The e x p l a n a t i o n i s s i m i l a r 

t o t h a t o f t h e low f r e q u e n c y s m a l l s i g n a l a . c . c a p a c i t a n c e 

c h a r a c t e r i s t i c s . 
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4.5 C o n c l u s i o n t o t h e C h a p t e r 

The aim o f t h e e x p e r i m e n t s d e s c r i b e d i n t h i s c h a p t e r 

was t o i n v e s t i g a t e t h e e x p e r i m e n t a l f e a t u r e s of Q-t t r a n ­

s i e n t s on MOS c a p a c i t o r s and t o compare t h e e x p e r i m e n t a l 

c u r v e s w i t h e x p e c t a t i o n . T h e s e b a s i c m a t t e r s have n o t 

been i n v e s t i g a t e d p r e v i o u s l y a l t h o u g h t h e Q-t method h a s 

been used t o measure l i f e t i m e . G e n e r a l l y t h e r e s u l t s con­

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

t h e method. The e x p e r i m e n t s a l s o p r o v i d e d i n f o r m a t i o n f o r 

t h e p r o p e r s e t t i n g up of t h e p a r a m e t e r s so t h a t t h e Q-t 

e x p e r i m e n t s can be performed c o n s i s t e n t l y u s i n g s m a l l s i g n a l 

methods of a n a l y s i s t o o b t a i n t h e l i f e t i m e . 

From S e c t i o n 4.1 i t was found t h a t f o r p - t y p e samples 

t h e r e s h o u l d be a guard r i n g s u r r o u n d i n g t h e m e t a l e l e c t r o d e 

b i a s e d so t h a t t h e s e m i c o n d u c t o r s u r f a c e b e n e a t h i t i s i n 

a c c u m u l a t i o n . T h i s p r e v e n t s l a t e r a l f l o w o f c h a r g e and 

g i v e s r e l i a b l e Q-t c u r v e s . I t was a l s o found t h a t s u f f i c i e n t l y 

l a r g e v o l t a g e must be a p p l i e d t o t h e guard r i n g i n o r d e r f o r 

t h i s p r e c a u t i o n t o be e f f e c t i v e . F o r t h e p - t y p e s a m p l e s used 

i n t h i s work, t h e guard r i n g v o l t a g e of -5V was found adequate. 

The r e s u l t s from t h e work o u t l i n e d i n S e c t i o n 4.2 

shows t h a t C-V p l o t s a r e needed t o d e c i d e t h e p r o p e r i n i t i a l 

d . c . b i a s f o r t h e MOS c a p a c i t o r s i f s t r a i g h t f o r w a r d measure­

ments o f l i f e t i m e a r e r e q u i r e d . The e f f e c t o f too low a d.c. 

b i a s had been shown t o be an i n c r e a s e i n t h e speed o f r e s p o n s e 

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

r a t e i f a n a l y s e d by t h e normal a s s u m p t i o n s . I n t h e c a s e o f 

t h e p - t y p e s a m p l e s a b i a s o f about +5V was found t o be 

s u f f i c i e n t t o b i a s t h e MOS c a p a c i t o r w e l l i n t o heavy i n v e r s i o n 
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and f o r t h e n - t y p e s a m p l e s , a b i a s o f -5V was n e c e s s a r y . 

The e f f e c t s on t h e Q-t c u r v e s o f b i a s s i n g below heavy 

i n v e r s i o n have been e x p l a i n e d q u a l i t a t i v e l y . 

I n S e c t i o n 4.3, i t was s e e n t h a t t h e shape of t h e 

Q-t c u r v e s depends on t h e v o l t a g e s t e p magnitude and t h a t 

a v o l t a g e s t e p l a r g e r t h a n a few kT/q g i v e s a c u r v e t h a t 

d e v i a t e s s i g n i f i c a n t l y from t h e e x p o n e n t i a l t h u s r e q u i r i n g 

a d i f f e r e n t method o f a n a l y s i s as compared t o t h e exponen­

t i a l t r a n s i e n t f o r t h e s m a l l v o l t a g e s t e p . T h i s w i l l be 

d e a l t w i t h i n more d e t a i l i n C h a p t e r 8. 

The g e n e r a l t r e n d o b s e r v e d w i t h v a r y i n g t h e p o l a r i t y 

o f t h e s t e p , S e c t i o n 4.4, was t h a t t h e Q-t t r a n s i e n t due t o 

a r e v e r s e v o l t a g e s t e p h a s a f a s t e r r e s p o n s e t h a n t h a t due 

t o t h e f o r w a r d s t e p . I t was a l s o found t h a t f o r s m a l l 

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

Q-t r e s p o n s e i s q u i t e s m a l l and t h a t as t h e v o l t a g e s t e p i s 

i n c r e a s e d t h e d i f f e r e n c e between t h e two t r a c e s becomes 

l a r g e r . T h i s a g r e e s q u a l i t a t i v e l y w i t h e x p e c t a t i o n as i n 

t h e c a s e f o r t h e v o l t a g e s t e p magnitude e x p e r i m e n t , t h e 

t h e o r y o f t h i s e f f e c t w i l l be d e a l t w i t h i n more d e t a i l i n 

C h a p t e r 8. 
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CHAPTER 5 

THEORY OF THE Q-t TRANSIENT 

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

The Q-t t r a n s i e n t measurements can be d i v i d e d i n t o 

two main c a t e g o r i e s . One i s t h e s m a l l v o l t a g e s t e p 

t r a n s i e n t and t h e o t h e r i s f o r the l a r g e v o l t a g e s t e p . 

For the s m a l l s t e p , t h e t h e o r y i s based on s m a l l s i g n a l 

a n a l y s i s and t h e v o l t a g e s t e p magnitude i s l i m i t e d to around 

25 mV. The a s s u m p t i o n made h e r e i s t h a t f o r a s m a l l enough 

y o l t a g e s t e p t h e Q-t t r a n s i e n t can be approximated t o an 

e x p o n e n t i a l which has been c o n f i r m e d e x p e r i m e n t a l l y . However 

i t i s found t h a t on i n c r e a s i n g the v o l t a g e s t e p , the ex­

p o n e n t i a l r e l a t i o n s h i p no l o n g e r h o l d s . T h i s l i m i t a t i o n has 

been overcome o n l y by V i s w a n a t h a n and T a k i n o (23) whose method 

of a n a l y s i s b r e a k s down towards t h e end of the t r a n s i e n t . I n 

both methods t h e c o n t r i b u t i o n t o the m i n o r i t y c a r r i e r con­

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

e l e c t r o n s from the b u l k s u b s t r a t e has not n o r m a l l y been 

c o n s i d e r e d . At the same time a l l p r e v i o u s measurements of 

Q-t t r a n s i e n t s have been f o r i n c r e a s i n g i n v e r s i o n , i . e . when 

g e n e r a t i o n p r e d o m i n a t e s , w h i l e the r e c o m b i n a t i o n p r o c e s s which 

i s o b s e r v e d by t h e a p p l i c a t i o n of a r e v e r s e v o l t a g e s t e p has 

not been c o n s i d e r e d . 

I t i s t h e purpose of t h i s c h a p t e r t o d i s c u s s some of 

t h e s e o m i s s i o n s by p r o p o s i n g a model t o e x p l a i n the b e h a v i o u r 

of t h e Q-t r e s p o n s e f o r which a m a t h e m a t i c a l e x p r e s s i o n i s 

o b t a i n e d . T h i s i s s o l v e d u s i n g a microcomputer and thus the 
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t h e o r e t i c a l Q-t p l o t s a r e p r e s e n t e d . I n t h e f i r s t p a r t of 

the c h a p t e r , a q u a l i t a t i v e d e s c r i p t i o n of t h e movement of 

the c h a r g e s and t h e change i n t he band diagram d u r i n g t h e 

t r a n s i e n t i s g i v e n . The t h e o r e t i c a l p l o t s a r e then a n a l y s e d 

and d i s c u s s e d a t t h e end of the c h a p t e r . For r e a s o n s d i s c u s s e d 

i n C h a p t e r 1, we s h a l l c o n s i d e r o n l y t h e i d e a l MOS c a p a c i t o r . 

I n m o d e l l i n g t h e Q-t r e s p o n s e , we s h a l l be c o n s i d e r i n g 

the c h a r g e movement i n t h e MOS c a p a c i t o r a f t e r a v o l t a g e s t e p 

i s a p p l i e d . F i r s t a s i m p l e p i c t u r e i s used t o e x p l a i n t h e 

r e s p o n s e where we c o n s i d e r a s i m p l e diagram t o show t h e con­

c e n t r a t i o n of c a r r i e r s and t he e l e c t r i c f i e l d t h a t a r e deve l o p e d 

due t o t h e a p p l i e d v o l t a g e . The b e h a v i o u r of t he c a r r i e r s i s 

d e s c r i b e d under t h e two c o n d i t i o n s of e q u i l i b r i u m and of non-

e q u i l i b r i u m , and f o r both f o r w a r d and r e v e r s e v o l t a g e s t e p s , 

where as e x p l a i n e d i n t h e l a s t c h a p t e r , t h e f o r w a r d v o l t a g e 

s t e p r e f e r s t o t h e v o l t a g e s t e p t h a t i n c r e a s e s the b i a s and 

b r i n g s the sample towards h e a v i e r i n v e r s i o n , and the r e v e r s e 

d i r e c t i o n i s where t h e v o l t a g e s t e p d e c r e a s e s t h e b i a s to l e s s 

heavy i n v e r s i o n . 

5.2 The E q u i l i b r i u m C o n d i t i o n 

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

of t h e v o l t a g e s t e p i s c o n s i d e r e d . F i g u r e 5.1 i s the c r o s s -

s e c t i o n of t h e p- t y p e MOS c a p a c i t o r b i a s e d i n t o i n v e r s i o n and 

i n e q u i l i b r i u m . The f i g u r e shows t h e d e p l e t i o n w i d t h and t h e 

cha r g e c o n c e n t r a t i o n i n t h e d e v i c e under e q u i l i b r i u m where the 

d e p l e t i o n w i d t h x^ i s a t i t s maximum e q u i l i b r i u m v a l u e . I n 

F i g u r e 5.2 t h e energy band diagram f o r t h i s c o n d i t i o n i s g i v e n 

showing t h e s u r f a c e p o t e n t i a l and t h e energy p r o f i l e under t h e 

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

square of t h e maximum d e p l e t i o n w i d t h x ^ o and s i n c e t h e 
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c a p a c i t o r i s i n s t r o n g i n v e r s i o n , t h e r e l a t i o n <P = 2*^ 

h o l d s where <i>, i s t h e d i f f e r e n c e b e t w e e n t h e i n t r i n s i c b 
e n e r g y and t h e F e r m i l e v e l i n t h e n e u t r a l b u l k o f t h e 

s e m i c o n d u c t o r . I n F i g u r e 5 . 3 ( a ) we show a l o g a r i t h m i c 

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

i n v e r s i o n and d e p l e t i o n r e g i o n s . T h i s f o l l o w s f r o m t h e 

r e l a t i o n s 

E. -E f 

p = n^ exp ( J ( 5 . 1 ) 
kT 

E f ~ E i 
n = n. exp I -J ( 5 . 2 ) l kT 

To have a more e x a c t p i c t u r e o f t h e c a r r i e r p r o f i l e we 

have t o l o o k a t a l i n e a r p l o t o f t h e s e c o n c e n t r a t i o n s . 

I n F i g u r e 5 . 3 ( b ) , l i n e a r p l o t s o f h o l e and e l e c t r o n c o n ­

c e n t r a t i o n s a g a i n s t d i s t a n c e a r e shown f o r t h e p - t y p e 

c a p a c i t o r . I t i s seen t h a t t h e c o n c e n t r a t i o n o f e l e c t r o n s 

f o r m s an i n v e r s i o n l a y e r a t t h e s i l i c o n s u r f a c e w h i l e t h e 

r e g i o n b e t w e e n t h e s u r f a c e and t h e d e p l e t i o n l a y e r edge, i s 

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

t o t h e v a l u e N a t t h e edge o f t h e d e p l e t i o n l a y e r . The t o t a l a 
c h a r g e c o n c e n t r a t i o n p r o f i l e o f t h e d e p l e t i o n l a y e r i s t h a t 

o f t h e f i x e d d o p a n t i o n s and t h e m i n o r i t y c a r r i e r s as shown 

i n F i g u r e 5 . 3 ( c ) . The v o l t a g e a p p l i e d a c r o s s t h e sample i s 

t h e sum o f t h e v o l t a g e s d r o p p e d a c r o s s t h e o x i d e and a c r o s s 

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

The p o t e n t i a l p r o f i l e i n s i d e t h e d e p l e t i o n r e g i o n i s 
q N a 2 

g i v e n by t h e s o l u t i o n o f P o i s s o n s e q u a t i o n as >|> = ^ T - ( x d ~ x ) . 

A t t h e s u r f a c e i t i s t h e s u r f a c e p o t e n t i a l i|i and a t t h e 

i n n e r edge o f t h e d e p l e t i o n r e g i o n i t d r o p s t o z e r o . E l e c t r o n s 
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and h o l e s w i l l move i n o p p o s i t e d i r e c t i o n s i n t h e e l e c t r i c 

f i e l d i n t h e d e p l e t i o n l a y e r . They w i l l a l s o t e n d t o move 

by d i f f u s i o n due t o t h e i r v a r y i n g c o n c e n t r a t i o n s . However, 

i n e q u i l i b r i u m , t h e d r i f t and t h e d i f f u s i o n c omponents o f 

b o t h c a r r i e r s c u r r e n t s must c a n c e l e ach o t h e r and as a r e s u l t 

t h e n e t c u r r e n t i s z e r o e v e r y w h e r e . 

The p r o c e s s e s o f g e n e r a t i o n and r e c o m b i n a t i o n go on 

a l l t h e t i m e i n e q u i l i b r i u m a t r a t e s t h a t are e q u a l t o each 

o t h e r b u t i n o p p o s i t e d i r e c t i o n s . R e f e r r i n g t o F i g u r e 5.4 

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

c o m b i n a t i o n t h a t m i g h t o c c u r i n t h e MOS c a p a c i t o r i n e q u i l i ­

b r i u m . G e n e r a t i o n and r e c o m b i n a t i o n a r e assumed t o o c c u r 

p r e d o m i n a n t l y t h r o u g h S h o c k l e y - R e a d t r a p s i n t h e f o r b i d d e n 

gap. As i s w e l l known, t r a p s w i t h e n e r g i e s E n e a r t h e c e n t r e 

o f t h e gap a r e by f a r t h e most a c t i v e i n g e n e r a t i o n and recom­

b i n a t i o n (**5) so t h a t t h e s e w i l l be t h e o n l y ones c o n s i d e r e d . 

From F i g u r e 5.4 we can d i v i d e t h e d e p l e t i o n w i d t h i n L o v a r i o u s 

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

r e s p e c t t o t h e F e r m i l e v e l , E^ ( 2 ) . The r e g i o n where E f c 

i s g r e a t e r t h a n E f, c a l l e d R e g i o n I , has t h e t r a p e n e r g y l e v e l s 

h i g h e r t h a n E^, so t h a t t h e y w i l l be empty most o f t h e t i m e . 

S i n c e t h e c o n d u c t i o n band i s a l m o s t empty, g e n e r a t i o n and r e ­

c o m b i n a t i o n w i l l go on p r e d o m i n a n t l y b e t w e e n t h e v a l e n c e band 

and t h e t r a p l e v e l s i n R e g i o n I . The c o n c e n t r a t i o n o f c a r r i e r s 

i n t h e c o n d u c t i o n a n d t h e v a l e n c e bands w i l l r e m a i n c o n s t a n t 

a t a g i v e n p o s i t i o n x, as e q u i l i b r i u m i s m a i n t a i n e d . T h i s 

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

c o m b i n a t i o n . 
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T h a t i s 

and 

where r, and r are the e l e c t r o n capture and emission rates t o and from b a r 

the conduction band r e s p e c t i v e l y , and and r d are the emission and cap­

t u r e r a t e s t o and from the valence band r e s p e c t i v e l y . 

The r e g i o n where E f c i s l e s s t h a n i s named 

Re g i o n I I I . Here t h e t r a p s a r e f i l l e d w i t h e l e c t r o n s 

and, s i n c e t h e h o l e c o n c e n t r a t i o n i s v e r y l o w i n t h e 

v a l e n c e band i n t h i s r e g i o n , t h e g e n e r a t i o n - r e c o m b i n a t i o n 

p r o c e s s e s o c c u r s m a i n l y between t h e c o n d u c t i o n band and 

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

T r a n s i t i o n s b e t w e e n t h e bands v i a t h e t r a p s o c c u r 

a t a r a t e w h i c h i s t h e l o w e s t o f t h e t r a n s i t i o n r a t e s 

b e t w e e n one band and E t. F i g u r e 5.4 shows t h a t t h e n e t 

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

e x c e p t i n t h e v i c i n i t y o f t h e p o s i t i o n where t h e t r a p e n e r g y 

c r o s s e s t h e F e r m i e n e r g y where r , r, , r and r , a r e a l l 
1 3 J a b c d 

e q u a l and o p p o s i t e i n e q u i l i b r i u m . 

5.3 The N o n - E q u i l i b r i u m C o n d i t i o n 

I n t h e e a r l i e r c h a p t e r s we have b r i e f l y d i s c u s s e d t h e 

e f f e c t o f a v o l t a g e s t e p a p p l i e d t o t h e MOS c a p a c i t o r 

o r i g i n a l l y i n t h e e q u i l i b r i u m c o n d i t i o n . Here we s h a l l d e a l 

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

w i l l be d i s c u s s e d f i r s t , f o l l o w e d by t h e r e v e r s e s t e p a n a l y s i s 

i n d e t a i l . 
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5.3.1 The F o r w a r d V o l t a g e S t e p T r a n s i e n t 
a 

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

t i o n - r e c o m b i n a t i o n p r o c e s s e s , we s h a l l l o o k a t t h e c h a r g e 

movement i n an MOS c a p a c i t o r o u t o f e q u i l i b r i u m . F i g u r e 5.5 

shows t h e changes i n t h e c h a r g e d i s t r i b u t i o n f o r a f o r w a r d 

v o l t a g e s t e p on a p - t y p e MOS c a p a c i t o r . F o r s i m p l i c i t y we 

o m i t t h e c h a r g e s t h a t e x i s t a t t = 0 i n e q u i l i b r i u m and c o n ­

c e n t r a t e o n l y on t h e changes i n t h e c h a r g e c o n c e n t r a t i o n s . 

The e q u i l i b r i u m d e p l e t i o n w i d t h i s x ^ -. F i g u r e 5 . 5 ( b ) shows 

t h e case i m m e d i a t e l y a f t e r t h e a p p l i c a t i o n o f t h e v o l t a g e s t e p , 

where t h e d e p l e t i o n w i d t h i s e x t e n d e d b e y o n d X ^ Q SO t h a t i t 

exposes more i o n i s e d d o p a n t atoms t o b a l a n c e t h e e l e c t r o d e 

c h a r g e Q . T h i s a p p e a r s as a s t e p i n c r e a s e i n t h e Q-t p l o t 

because o f t h e f a s t movement o f h o l e s , w h i c h b e i n g t h e m a j o r i t y 

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

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

t h e i n c r e a s e d c h a r g e due t o t h e e x t e n d e d d e p l e t i o n w i d t h AQ^. 

From P o i s s o n ' s e q u a t i o n , t a k i n g a one d i m e n s i o n a l c a s e we have 

d_ 
dx e. ( 5 . 3 ) 

where p i s t h e c h a r g e c o n c e n t r a t i o n ( = qN ) i n t h e s e m i -
a 

c o n d u c t o r . I n t e g r a t i n g t h e above e q u a t i o n we h a v e , 

x = *J i 

dV 
dx -a- dx e s 

X 

(5.4 

T h e r e f o r e F = dV 
dx 

P x d 
° s 

q N a
x d 

Qd 5.5 ) 
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FIG. 5. 5 Cross s e c t i o n o f a p ~ t y p e MOS C a p a c i t o r 
(a) I n E q u i l i b r i u m 
(b) I m m e d i a t e l y A f t e r a V o l t a g e Step (t=0+) 

( showing o n l y t h e charge d i f f e r e n c e ) 
(c) A f t e r t h e V o l t a g e Step (t>0+) 

( n o n - e q u i 1 i b r i u m c o n d i t i o n ) 
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T h e r e f o r e , f o r a g i v e n v a l u e o f t h e a p p l i e d v o l t a g e 

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

as t h e s e p a r a t i o n d e c r e a s e s . T h i s e x p l a i n s t h e i n c r e a s e 

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

c h a r g e i s r e p l a c e d by t h e i n v e r s i o n c h a r g e w h i c h i s c l o s e r 

t o t h e e l e c t r o d e . 

The Q-t t r a n s i e n t can be d e s c r i b e d by c o n s i d e r i n g t h e 

b and b e n d i n g due t o t h e a p p l i c a t i o n o f t h e v o l t a g e s t e p . The 

t r a n s i e n t can be d i v i d e d i n t o t wo p a r t s . One i s i rnmed.i a LeJ y 

f o l l o w i n g t h e a p p l i c a t i o n o f t h e v o l t a g e s t e p when t h e 

d e p l e t i o n w i d t h and b a n d b e n d i n g a r e a t t h e i r maxima, and t h e 

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

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

b u l k o f t h e s e m i c o n d u c t o r . We d e n o t e t h i s t i m e as t ^ + . The 

s e c o n d i s when t h e t i m e i s g r e a t e r t h a n t Q + d u r i n g w h i c h t h e 

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

t h e s y s t e m i s m o v i n g b a c k t o w a r d s a new e q u i l i b r i u m s t a t e . 

T h i s i s known as t h e e q u i l i b r a t i o n t i m e (3 ) . 

( a ) The I n i t i a l S t e p t = tp+ 

When t h e f o r w a r d v o l t a g e s t e p i s f i r s t a p p l i e d , a p e r i o d 

o f n o n - e q u i l i b r i u m o c c u r s where t h e m e t a l e l e c t r o d e i s c h a r g e d 

up r a p i d l y and t h e e n e r g y l e v e l s a t t h e s e m i c o n d u c t o r - o x i d e 

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

p o t e n t i a l <pg o f t h e s e m i c o n d u c t o r . The h o l e s , w h i c h a r e a l l 

t h e t i m e i n e q u i l i b r i u m w i t h t h e v a l e n c e band, as t h e y a r e t h e 
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m a j o r i t y c a r r i e r s , move a l m o s t i n s t a n t a n e o u s l y i n t o t h e 
b u l k l e a v i n g t h e u n c o m p e n s a t e d d o p a n t i o n s and i n c r e a s i n g 
t h e d e p l e t i o n l a y e r w i d t h b e y o n d i t s maximum e q u i l i b r i u m 
v a l u e . T h i s changes t h e c a r r i e r c o n c e n t r a t i o n p r o f i l e i n 
t h e d e p l e t i o n r e g i o n due t o e l e c t r o s t a t i c i n t e r a c t i o n w i t h 
t h e c h a r g e on t h e m e t a l . 

I n F i g u r e 5.6 t h e e n e r g y band d i a g r a m s b e f o r e and 

i m m e d i a t e l y a f t e r t h e v o l t a g e s t e p a r e shown. From t h i s 

f i g u r e i t i s seen t h a t as t h e e n e r g y l e v e l s a r e b e n t down­

w a r d s , more t r a p l e v e l s a r e p u l l e d b e l o w t h e F e r m i e n e r g y 

E^. Co m p a r i n g t h e t w o d i a g r a m s i n F i g . 5 . 6 , we c a n v i s u a l i s e 

t h e e x t e n s i o n o f t h e d e p l e t i o n w i d t h as t h e a d d i t i o n o f R e g i o n 

I I i n b e t w e e n R e g i o n s I and I I I i n t h e d e p l e t i o n l a y e r . T h i s 

i s d e f i n e d as t h e r e g i o n where t h e t r a p s w h i c h were i n i t i a l l y 

e m pty, a r e s u d d e n l y f i l l e d as t h e y a r e p u l l e d b e l o w E^. T h i s 

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

t h e n o r m a l v a l u e s o f t r a p c r o s s - s e c t i o n ( 2 ) . The t r a p s i n 

t h i s r e g i o n c a n a l t e r n a t i v e l y be c o n s i d e r e d as f i l l e d w i t h 

h o l e s when t h e y were above E f. When t h e y go b e l o w E f i t i s 

as t h o u g h h o l e s a r e e m i t t e d t o t h e v a l e n c e band by t h e p r o c e s s 

o f c a p t u r i n g e l e c t r o n s . I n t h e Q-t e x p e r i m e n t t h i s o c c u r s 

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

r e s p o n s e t i m e o f t h e r e c o r d i n g e q u i p m e n t , as i s t h e t i m e f o r 

t h e c h a n g i n g o f t h e d e p l e t i o n l a y e r w i d t h by t h e d i s p l a c e m e n t 

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

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

i l l u s t r a t e d i n F i g u r e 5.7 where t h e e l e c t r o n s a r e shown t o ' b e 

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

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

t h e b u l k w i l l be d e c r e a s e d t o a l m o s t z e r o , so c r e a t i n g a c o n -
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FIG- 5 0 6 Band Diagram f o r p-type MOS Cap a c i t o r 
(a) In E q u i l i b r i u m (t<0) 
(b) Immediately A f t e r Voltage Step A p p l i c a t i 
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FIG. 5. 7 C o n c e n t r a t i o n o f Free E l e c t r o n s i n t h e 
D e p l e t i o n Region o f a p-type MOS C a p a c i t o r 
I m m e d i a t e l y a f t e r a V o l t a g e Step a p p l i c a t i o n . 
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c e n t r a t i o n g r a d i e n t i n t h e b u l k . T h i s w i l l c a u se e l e c t r o n s 

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

l e n g t h b e y o n d t h e d e p l e t i o n l a y e r ( x > x ^ ) . 

I t c a n be shown t h a t a t room t e m p e r a t u r e t h i s d i f f u s i o n 

c u r r e n t i s n e g l i g i b l e compared t o t h e g e n e r a t i o n c u r r e n t i n 

t h e d e p l e t i o n r e g i o n ( 47,^8 ) . The m i n o r i t y c a r r i e r c o n ­

c e n t r a t i o n i n t h e b u l k i s g i v e n by 

- ( x - x ) / L d 

n = n ( 1 - e ) ( 5 . 6 ) po 

n . 2 

where n Q = ^ — i s t h e e q u i l i b r i u m m i n o r i t y c a r r i e r c o n -
^° a 

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

The e l e c t r o n d i f f u s i o n c u r r e n t due t o t h e c o n c e n t r a t i o n 

g r a d i e n t i s 

J % V ^ ( 5 . 7 ) n d i f f ^ n dx 

where D i s t h e d i f f u s i o n c o e f f i c i e n t f o r t h e e l e c t r o n s , n 
A t t h e edge o f t h e d e p l e t i o n l a y e r x = x^, and s u b s t i t u t i n g 

f o r n, t h i s becomes 

q D n. 2 

J n d i f f = - r h r - (5-8a) 

L , N d a 

o r s i n c e L , = / 'D . T where T i s t h e b u l k l i f e t i m e a n g g 

J n d i f f IT- (5"8b) 

g a 

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

i s 

U g = ^ ( 5 . 9 ) 
g 
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w h i c h g i v e s t h e g e n e r a t i o n c u r r e n t , as 

g ^ 9 d 

q x , n . ^ d 1 
2 T 

g 

From E q u a t i o n 5 . 8 ( b ) and 5.10 

J q x , n. , T N g _ ^ d l 1 T g c 
J n d i f f 2 T g ' q " L d " n. 2 

l 

2 " L , " n . 
d I 

15 -3 
P u t t i n g i n some v a l u e s , we have f o r N q = 1 0 cm , 

-5 2 -1 x, — 6 x 10 cm and f o r D ^ 20 cm s d n 

_3 
L d = 4.5 x 10 cm f o r x = 1 ys 

-2 
L d = 1.4 x 10 cm f o r T G = 10 ps 

X d -2 -3 — 1.33 x 10 to 4.30 x 10 
L d . 

J 
~ = 1.33 x 10 to 4.30 x 1 0 2 

n d i f f 

T h a t i s 

( 5 . 1 0 ) 

( 5 . 1 1 ) 

y ~ >> 1 i n a l l c a s e s 
n d i f f 

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

f o r t h i s i s t h a t a l t h o u g h may be >> x^, t h e g e n e r a t i o n 

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

p o r t i o n a l t o h^ as b o t h e l e c t r o n s and h o l e s ar£ a b s e n t . 
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I n t h e b u l k , t h e g e n e r a t i o n r a t e i s p r o p o r t i o n a l 
n. ̂  

to _ - i w h i c h i s t h e m i n o r i t y c a r r i e r c o n -
Na 

c e n t r a t i o n n (n << n. ) . 
P P 1 -E /2kT 

A t h i g h e r t e m p e r a t u r e s , n^ - / N N e ^ > w i l l 

i n c r e a s e . O n l y above ^100°C w i l l t h e d i f f u s i o n t e r m 

become i m p o r t a n t and t h i s i s o u t s i d e t h e r a n g e o f t h e p r e s e n t 

e x p e r i m e n t s . 

S i m i l a r l y i t can be shown t h a t t h e s u r f a c e g e n e r a t i o n 

t e r m c an be n e g l e c t e d when compared t o t h e b u l k g e n e r a t i o n 

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

be w r i t t e n as ( 48 ) 

G = lr S n. s 2 I 

where G g i s t h e g e n e r a t i o n r a t e a t t h e s u r f a c e . 

S i s t h e s u r f a c e r e c o m b i n a t i o n v e l o c i t y . 

The c u r r e n t d e n s i t y due t o s u r f a c e g e n e r a t i o n J g i s g i v e n by 

J = ^ q S n . s 2 M l 

f r o m E q u a t i o n 5.10 we c a n w r i t e t h e r a t i o 

1 X d 
J 2 ~ • n i 
g = . g_ 

j i s t- . q. S. n. 2 ^ I 

X d 
2. T 

g 
For T = 10MS and x . = 10 pm 

J = 10 x J f o r 3 - 1 cm s 1 

g s 

and J = 100 x J f o r S - 0.1 cm " 1 

g s 
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T h a t i s J i s more t h a n 10 t i m e s g r e a t e r t h a n J_ f o r v a l u e s g s 
o f S up t o 1 cm s ^. The t y p i c a l v a l u e o f S f o r d e v i c e 

g r a d e MOS c a p a c i t o r i s l e s s t h a n 1 cm s 1 t h e r e f o r e one can 

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

( b ) t > t 0 + 

As t i m e i n c r e a s e s t h e i n v e r s i o n c h a r g e c o n c e n t r a t i o n 

w i l l i n c r e a s e u n t i l t h e f i n a l e q u i l i b r i u m v a l u e i s r e a c h e d . 

T h i s i s t h e m a i n p a r t o f t h e Q-t t r a n s i e n t and i t i s due t o 

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

s u r f a c e t o i n c r e a s e t h e i n v e r s i o n c h a r g e c o n c e n t r a t i o n and 

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

f l o w i n g i n t h e d e p l e t i o n r e g i o n , t h o s e d i f f u s i n g f r o m t h e b u l k 

have been shown above t o be n e g l i g i b l e compared w i t h t h e o t h e r 

w h i c h i s f r o m t h e r m a l g e n e r a t i o n f r o m c e n t r e s l y i n g n e a r t h e 

i n t r i n s i c l e v e l . The n e t g e n e r a t i o n r a t e e v e n t u a l 1 / d e c r f v i s ^ s 

as t h e r e c o m b i n a t i o n component i n c r e a s e s . I n i t i a l l y t h e r e arc 

v e r y few c a r r i e r s away f r o m t h e s u r f a c e t h u s p r e v e n t i n g r e ­

c o m b i n a t i o n . As t i m e i n c r e a s e s t h e g e n e r a t i o n p r o c e s s due t o 

t h e r m a l e x c i t a t i o n goes on u n a f f e c t e d b u t t h e r e c o m b i n a t i o n 

r a t e r i s e s as c a r r i e r s b u i l d up i n t h e d e p l e t i o n r e g i o n . 

For t h i s t i m e p e r i o d t h e d e p l e t i o n w i d t h i s d e c r e a s i n g 

as e l e c t r o n - h o l e p a i r s a r e b e i n g g e n e r a t e d . As more c a r r i e r s 

a r e g e n e r a t e d t h e e n e r g y l e v e l s and t h e d e p l e t i o n w i d t h r e t u r n 

t o w a r d s t h e e q u i l i b r i u m v a l u e s . The t r a p l e v e l s o f R e g i o n TT 

( F i g u r e 5.8) a l s o move above E f t h u s r e d u c i n g t h e o c c u p a n c y 

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

c o n d u c t i o n b a n d K «re t h e n swept t o t h e i n t e r f a c e . The e x t r a 

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

compared w i t h t h e t o t a l t h e r m a l l y g e n e r a t e d c h a r g e and i t does not 

a f f e c t t h e t r a n s i e n t shape. 
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5.3.2 The Reverse V o l t a g e Step T r a n s i e n t 

The d e s c r i p t i o n o f t h e charge t r a n s i e n t so f a r g i v e n 

i s f o r t h e a p p l i c a t i o n o f t h e f o r w a r d v o l t a g e s t e p where 

the d e v i c e i s taken from heavy i n v e r s i o n t o h e a v i e r i n v e r s i o n . 

I n a t y p i c a l Q-t experiment, a f t e r t h e d e v i c e has r e t u r n e d 

t o e q u i l i b r i u m from t h i s s t e p i t i s taken back t o t h e i n i t i a l 

p o t e n t i a l f o r t h e next f o r w a r d t r a n s i e n t t o be observed. 

However, d u r i n g t h e r e t u r n t o t h e i n i t i a l p o t e n t i a l , which 

i s a c h i e v e d by a p p l y i n g a r e v e r s e s t e p p o t e n t i a l , t h e dev i c e 

responds w i t h a s i m i l a r b u t r e v e r s e Q-t t r a n s i e n t . T h i s must 

be e x p l a i n e d by a d i f f e r e n t process from n e t g e n e r a t i o n as 

the boundary c o n d i t i o n s are now q u i t e d i f f e r e n t . Several 

a u t h o r s ( 18-20 ) have worked on t h i s process b u t they have 

been concerned o n l y w i t h c a p a c i t a n c e measurements and t h e use 

of s h o r t d u r a t i o n p u l s e s i n s t e a d o f a s t e p v o l t a g e . To date 

nobody has p u b l i s h e d r e s u l t s o r a n a l y s i s o f t h e Q-t t r a n s i e n t 

f o l l o w i n g a r e v e r s e v o l t a g e s t e p . 

I t i s t h e purpose o f t h i s s e c t i o n t o t r y t o e x p l a i n 

t h i s phenomena q u a l i t a t i v e l y . A s u g g e s t i o n f o r a q u a n t i t a t i v e 

a n a l y s i s w i l l be found l a t e r i n the c h a p t e r . S i m i l a r t o the 

f o r w a r d v o l t a g e s t e p d i s c u s s i o n , we w i l l d i v i d e t he d e s c r i p t i o n 

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

v o l t a g e s t e p and t h e o t h e r d u r i n g t h e main t r a n s i e n t . 

(a) t = tp+ 

R e f e r r i n g t o F i g u r e 5.9, i t i s seen t h a t when t h e 

v o l t a g e s t e p i s i n i t i a l l y a p p l i e d , t h e d e p l e t i o n w i d t h i s 

almost i m m e d i a t e l y reduced t o a v a l u e l e s s t h a n t he maximum 

e q u i l i b r i u m w i d t h by t h e sudden movement o f ho l e s towards 

th e o x i d e - s e m i c o n d u c t o r i n t e r f a c e . The h o l e charge i s now 

needed t o balance t h e n e g a t i v e charge i n t h e semiconductor 



p-type Si 

Inversion Charge 

FIG. 5„9 MOS C a p a c i t o r b e f o r e and a f t e r t h e 
R e v e r s e V o l t a g e S t e p a p p l i c a t i o n 
(a) I n E q u i l i b r i u m 
(b) I m m e d i a t e l y a f t e r A p p l i c a t i o n o f 

t h e R e v e r s e V o l t a g e S t e p 
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which i s reduced by t h e sudden decrease i n t h e p o s i t i v e 

a p p l i e d v o l t a g e . At t h i s f i r s t moment, t h e excess i n v e r s i o n 

charge have not had t i m e t o recombine so t h a t t h e s u r f a c e 

p o t e n t i a l i s a l s o reduced suddenly and t h e d e p l e t i o n l a y e r 

w i d t h i s t e m p o r a r i l y reduced. For v o l t a g e steps t h a t are 

s m a l l enough as t o a f f e c t o n l y t h e d e p l e t i o n charge i n i t i a l l y , 

t h e p o s i t i v e charge on the e l e c t r o d e i s balanced by t h e remain­

i n g d e p l e t i o n charge and the i n v e r s i o n charge. 

On t h e Q-t p l o t t he sudden decrease of the d e p l e t i o n 

charge appears as t h e i n i t i a l s t e p i n t h e charge change. As 

th e movement o f t h e d e p l e t i o n l a y e r edge i s towards t h e o x i d e , 

t h e r e i s a maximum v o l t a g e s t e p t h a t can be a p p l i e d b e f o r e 

th e d e p l e t i o n l a y e r c o l l a p s e s t o t a l l y a t t h e b e g i n n i n g o f t h e 

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

t h e n t h e t r a n s i e n t w i l l become f a r more c o m p l i c a t e d as i t 

would i n v o l v e t h e immediate movement o f t h e i n v e r s i o n charge 

To a v o i d t h i s t h e magnitude of t h e v o l t a g e s t e p has t o be 

c a r e f u l l y chosen. The maximum v o l t a g e t h a t can be a p p l i e d 

f o r t h e t r a n s i e n t t o be of t h e s i m p l e s t form i s g i v e n by the 

e x p r e s s i o n 

q N X Q N x 2 

AV = \ a d ° + 3 d ° (5.12) max C ? e ox L s 

(b) t > t 0 + 

A f t e r t h e i n i t i a l s t e p , t h e d e p l e t i o n l a y e r w i l l have 

reached a minimum v a l u e and t h e system i s out o f e q u i l i b r i u m 

as the excess i n v e r s i o n charge decreases t h r o u g h the r e ­

c o m b i n a t i o n process. D u r i n g the t r a n s i e n t t he d e p l e t i o n 

l a y e r i n c r e a s e s again t o i t s e q u i l i b r i u m v a l u e . The excess 

charge i s l o s t by t h e net r e c o m b i n a t i o n o f e l e c t r o n s . 
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Thi s occurs because a l t h o u g h t h e g e n e r a t i o n r a t e i n t h e 

i n v e r s i o n l a y e r i s c o n s t a n t , t h e excess c o n c e n t r a t i o n o f 

e l e c t r o n s i n t h e c o n d u c t i o n band makes t h e r e c o m b i n a t i o n 

i n c r e a s e . The net r a t e o f r e c o m b i n a t i o n i s p r o p o r t i o n a l t o 

the change i n t h e d e p l e t i o n l a y e r w i d t h away from t h e 

e q u i l i b r i u m v a l u e . D u r i n g t h e r e c o m b i n a t i o n process, t h e 

i n v e r s i o n c o n c e n t r a t i o n i s s t e a d i l y d e c r e a s i n g , w h i l e t h e 

d e p l e t i o n w i d t h i s i n c r e a s i n g so as t o balance t h e charge 

on t h e met a l e l e c t r o d e . This process c o n t i n u e s u n t i l t h e 

e q u i l i b r i u m d e p l e t i o n w i d t h i s reached once more. 

5.4 The Concept o f t h e M i n o r i t y C a r r i e r L i f e t i m e 

The m i n o r i t y c a r r i e r l i f e t i m e , T i s the average IJ mo 3 g y 

t h e e l e c t r o n s o f a p-type semiconductor f o r example spend i n 

t h e c o n d u c t i o n band b e f o r e r e c o m b i n i n g w i t h t h e holes i n t h e 

valence band. When c a r r i e r s are i n j e c t e d i n t o a semiconductor, 

e q u i l i b r i u m w i l l be d i s t u r b e d due t o t h e presence o f excess 

c a r r i e r s . The c h a r a c t e r i s t i c t i m e f o r the excess c a r r i e r s t o 

r e a d j u s t t o achieve t h e f i n a l e q u i l i b r i u m s t a t e i s equal t o 

Tg. In- e q u i l i b r i u m , t h e r e c o m b i n a t i o n r a t e i s equal t o the 

net g e n e r a t i o n r a t e , U , which i s g i v e n by 
- - - g 

U = A n (5.13) g x 
g 

where A i s t h e excess m i n o r i t y c a r r i e r c o n c e n t r a t i o n , n J 

I n t h e t r a n s i e n t measurements f o r t h e MOS c a p a c i t o r 

t h e s i t u a t i o n i s s l i g h t l y d i f f e r e n t . Here t h e d e p l e t i o n l a y e r 

i s i n i t i a l l y expanded r e s u l t i n g i n a c o n d i t i o n where t h e r e 

are i n s u f f i c i e n t m i n o r i t y c a r r i e r s f o r t h e g i v e n a p p l i e d v o l t a g e . 

Charge n e u t r a l i t y i s t e m p o r a r i l y m a i n t a i n e d by t h e uncompensated 

i o n i s e d dopant atoms. D u r i n g t h e r e t u r n t o e q u i l i b r i u m , m i n o r \ t y 
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c a r r i e r s are generated and t h e i r c o n c e n t r a t i o n i n the d e p l e t i o n 

r e g i o n i n c r e a s e s . The e x p r e s s i o n t h a t r e l a t e s t h e m i n o r i t y 

c a r r i e r l i f e t i m e t o t h e g e n e r a t i o n r a t e i n a d e p l e t i o n l a y e r 

has been s t u d i e d by Sah, Noyce, and Schockley ( 5 ) • 

I n i t i a l l y , t h e ideas were developed f o r p-n j u n c t i o n s i n t h e 

r e v e r s e b i a s c o n d i t i o n . They were then a p p l i e d t o MOS device s 

f o r which t h e accepted e x p r e s s i o n i s 

n. 
U - ^ — (5.14) q 2 T 

* g 

Some workers (2,3,22 ) have suggested however t h a t the 

g e n e r a t i o n - r e c o m b i n a t i o n e x p r e s s i o n s have t o r e s u l t from a 

n o n - s t e a d y - s t a t e a n a l y s i s i f t h e y are t o be a p p l i e d t o a l l 

s i t u a t i o n s . For example Simmons and Wei d e r i v e d t i m e 

dependent g e n e r a t i o n r a t e s which are d i f f e r e n t f o r ho l e s and 

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

d e p l e t i o n l a y e r b u t t h e y converge t o t h e same va l u e a f t e r a 

s h o r t t i m e . By u s i n g t h e time dependent g e n e r a t i o n r a t e , t h e y 

r e - e v a l u a t e d t h e Zerbst p l o t and showed t h a t t h e Zerbst method 

i s erroneous as i t uses o n l y one t i m e c o n s t a n t f o r t h e genera­

t i o n t i m e . The d i f f i c u l t y w i t h t h e i r a n a l y s i s i s t h a t t h e Zerbst 

p l o t o b t a i n e d from t h i s c a l c u l a t i o n c u r v e d i n t h e wrong way a t 

t h e b e g i n n i n g o f t h e t r a n s i e n t when compared t o a l l e x p e r i m e n t a l 

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

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

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

d i f f e r e n c e i s t h a t t h e g e n e r a t i o n w i d t h a c c o r d i n g t o Simmons and 

Wei i s j u s t t h e r e g i o n from t h e oxide- s e m i c o n d u c t o r i n t e r f a c e 

to. t h e p o i n t where t h e t r a p l e v e l crosses Ef ( i . e . Regions I I 
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and I I I o f F i g u r e 5.8). A c c o r d i n g t o Zerbst and s e v e r a l o t h e r 

a u t h o r s , i t i s o n l y t h e a d d i t i o n a l w i d t h from t h e e q u i l i b r i u m 

v a l u e ( i . e . Region I I ) t h a t c o n t r i b u t e s t o g e n e r a t i o n . The 

i n c l u s i o n o f Region I I I i n t h e g e n e r a t i n g w i d t h leads t o more 

e r r o r i n t h e p h y s i c a l model o f t h e t r a n s i e n t measurement 

because i n t h i s r e g i o n t h e t r a p s are always i n t h e same 

c o n d i t i o n ( i . e . f i l l e d w i t h e l e c t r o n s ) b o t h b e f o r e and a f t e r 

t h e s t e p v o l t a g e a p p l i c a t i o n . Hence these t r a p s are u n l i k e l y 

t o g e nerate c a r r i e r s . These arguments show t h a t t h e argument 

of Simmons and Wei needs t o be approached c a u t i o u s l y and t h a t 

t h e g e n e r a t i o n w i d t h as d e f i n e d by Zerbst i s t h e b e t t e r of 

t h e two. The Zerbst g e n e r a t i o n r e g i o n i s t h e r e g i o n t h a t i s 

i n excess from t h e e q u i l i b r i u m v a l u e . I n Region I t h e t r a p s 

are always empty so t h a t the net g e n e r a t i o n i s s m a l l w h i l e 

Region I I I i s always f i l l e d so here t o o t h e g e n e r a t i o n process 

does n o t o c c u r . 

Under t r a n s i e n t c o n d i t i o n s , the behaviour o f e l e c t r o n s 

and h o l e s i n t h e MOS c a p a c i t o r cannot be d e s c r i b e d by Fermi-

D i r a c s t a t i s t i c s . C o l l i n s e t a l ( 3 ) d i d e x t e n s i v e computer 

m o d e l l i n g o f t h e t r a n s i e n t response o f t h e d e v i c e f o l l o w i n g t h e 

a p p l i c a t i o n o f a v o l t a g e s t e p u s i n g e x a c t e q u a t i o n s . They used 

t h e c o n t i n u i t y , Poisson and t h e g e n e r a t i o n - r e c o m b i n a t i o n 

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

t o i n v e r s i o n . Thus t h e y were concerned w i t h l a r g e v o l t a g e 

s t e p s . The t i m e s c a l e i n v o l v e d ranged from t h e c h a r g i n g up o f 
-12 

t h e d e p l e t i o n l a y e r , which occurs i n l e s s than 10 s, t o t h e 

f i n a l e q u i l i b r i u m s t a t e . T h i s t i m e i s d i v i d e d i n t o t h r e e 

main p e r i o d s - ( i ) t h e d i e l e c t r i c r e l a x a t i o n t i m e , ( i i ) t h e 

d e p l e t i o n t i m e and ( i i i ) t h e e q u i l i b r a t i o n t i m e as d e s c r i b e d 



88 

p r e v i o u s l y . Most o f t h e e x p e r i m e n t a l methods concerned w i t h 

MOS c a p a c i t o r t r a n s i e n t s i n v o l v e o n l y t h e e q u i l i b r a t i o n t i m e . 

I t was a l s o shown by C o l l i n s e t a l t h a t a l t h o u g h t h e r i s e 

i n t h e c a r r i e r c o n c e n t r a t i o n s f o l l o w s d i f f e r e n t t i m e paths 

between t h e ex a c t a n a l y s i s and t h e s t e a d y - s t a t e a p p r o x i m a t i o n , 

t h i s d i f f e r e n c e occurs b e f o r e t h e e q u i l i b r a t i o n t i m e . For 

t h i s reason t h e s t e a d y - s t a t e e x p r e s s i o n f o r t h e g e n e r a t i o n 

l i f e t i m e can be used i n t h e p r e s e n t e x p e r i m e n t . 

Comparison w i t h t h e Zerbst p l o t as o b t a i n e d from 

C o l l i n s e t a l 1 s computer c a l c u l a t i o n showed t h a t w i t h zero 

b u l k g e n e r a t i o n c e n t r e c o n c e n t r a t i o n , g i v i n g T g = t h e 

exact a n a l y s i s gave a f i n i t e v a l u e f o r t h e g e n e r a t i o n r a t e . 

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

a f i n i t e v a l u e f o r t h e s u r f a c e r e c o m b i n a t i o n v e l o c i t y was 

a p p a r e n t l y o b t a i n e d from a Zerbst p l o t . These two d i s c r e p a n c i e s 

make t h e Zer b s t method erroneous i f no c o r r e c t i o n i s i n c l u d e d . 

T h i s phenomenon can however be e x p l a i n e d as f o l l o w s . 

There are two p o s s i b l e sources t h a t c o n t r i b u t e t o t h e 

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

l a y e r . One i s t h e t h e r m a l g e n e r a t i o n from g e n e r a t i o n c e n t r e s 

and t h e o t h e r i s due t o t h e d i f f u s i o n o f e l e c t r o n s from t h e 

b u l k as d e s c r i b e d e a r l i e r . When t h e g e n e r a t i o n c e n t r e s are 

absent, t h e d i f f u s i o n term must dominate and t h i s w i l l produce 

an apparent g e n e r a t i o n r a t e as though r e c o m b i n a t i o n c e n t r e s 

were p r e s e n t because t h e i n v e r s i o n charge s t i l l i n c r e a s e s . 

The b u l k d i f f u s i o n t e r m was n e g l e c t e d by C o l l i n s e t a l and 

hence t h e i r Z e r b s t p l o t a n a l y s i s gave t h e wrong r e s u l t . 

As f o r t h e s u r f a c e g e n e r a t i o n v e l o c i t y , t h e Zerbst 

e x p r e s s i o n does not i n f a c t g i v e a t r u e v a l u e o f s s i n c e t h e 

c u r v a t u r e o f t h e p l o t f o r l a r g e v a l u e s o f t i s due t o t h e b u i l d 
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up of t h e h o l e c o n c e n t r a t i o n a t t h e s u r f a c e towards t h e end 

of t h e t r a n s i e n t . The presence o f t r u e s u r f a c e g e n e r a t i o n 

c e n t r e s would o n l y h e l p i n a c h i e v i n g t h e f i n a l e q u i l i b r i u m 

i n a s h o r t e r t i m e , and would n o t a f f e c t t h e shape as assumed 

i n t h e c o n v e n t i o n a l a n a l y s i s o f t h e Z e r b s t p l o t . By a p p l y i n g 

t h e v o l t a g e s t e p when t h e d e v i c e i s a l r e a d y i n heavy i n v e r s i o n , 

as i n most o f t h e p r e s e n t Q-t measurements, any s u r f a c e e f f e c t 

w i l l be e l i m i n a t e d i n any case as t h e s u r f a c e p o t e n t i a l i s 

almost c o n s t a n t d u r i n g t h e t r a n s i e n t . 

I n t h e q u a l i t a t i v e model d i s c u s s e d above v a r i o u s changes 

have been made, which may a f f e c t t h e a n a l y s i s o f the para­

meters o f t h e t r a n s i e n t . F i r s t l y i t was shown t h a t i n e a r l i e r 

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

c o m b i n a t i o n v e l o c i t y were n e g l e c t e d which has an e f f e c t when 

b u l k g e n e r a t i o n i s s m a l l . Secondly t h e e x p r e s s i o n f o r t h e 

g e n e r a t i o n w i d t h was now chosen from t h e work o f Rabbani and 

Lamb ( 12 ) which i s a r e f i n e m e n t over t h a t suggested by Z e r b s t , 

t a k i n g i n t o c o n s i d e r a t i o n t h e n a r r o w i n g o f Region i l l due t o 

t h e e x t r a band bending when t h e system i s o u t o f e q u i l i b r i u m V 

F i n a l l y a s i m p l e r approach t h a n t h a t o f C o l l i n s e t a l has been 

t a k e n which makes t h i s model l e s s c o m p l i c a t e d t o e v a l u a t e . 

The i n c l u s i o n o f these improvements w i l l be shown i n t h e develop­

ment o f a new s i m p l i f i e d q u a n t i t a t i v e model i n t h e f o l l o w i n g 

s e c t i o n . 

5.5 The M a t h e m a t i c a l F o r m u l a t i o n 

5.5.1 The Forward V o l t a g e Step T r a n s i e n t 

To m a i n t a i n charge n e u t r a l i t y i n t h e MOS c a p a c i t o r a t 

a l l t i m e t h e f o l l o w i n g e q u a t i o n always h o l d s 

Qm = " ( Q i n v + Qd> ( 5 - 1 5 > 
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where Q , Q. , and Q, are t h e charges per u n i t area o f t h e m i n v d _ ? r • 
me t a l e l e c t r o d e , t h e i n v e r s i o n l a y e r , and t h e uncompensated 

dopant i o n s i n t h e d e p l e t i o n r e g i o n . For t h i s a n a l y s i s we 

w i l l d i v i d e t h e ti m e t i n t o 3 p a r t s (a) t h e t i m e b e f o r e t h e 

v o l t a g e s t e p i s a p p l i e d or t < 0 where t h e de v i c e i s i n 

e q u i l i b r i u m (b) t h e ti m e i m m e d i a t e l y a f t e r t h e v o l t a g e s t e p o r 

when t = t Q + and (c ) t h e ti m e a f t e r t h e v o l t a g e s t e p a p p l i c a t i o n 

u n t i l t h e f i n a l e q u i l i b r i u m s t a t e i s reached o r t > t > t 
^ to o + 

The l a t t e r i s the ti m e d u r a t i o n o f t h e a c t u a l t r a n s i e n t , 

(a) At E q u i l i b r i u m ( t < 0) 

Qmo = " <Q i o
 + Qdo> ( 5 ' 1 6 ) 

where and Q^Q r e s p e c t i v e l y a re t h e d e p l e t i o n and i n v e r s i o n 

charges i n e q u i l i b r i u m . By t a k i n g t h e e q u i l i b r i u m d e p l e t i o n 

w i d t h as X, we have do 

Q d o = - N a X d o ( 5 - 1 7 ) 

Q i o = - qjn.. exp ( q < t >b/kT) (5.18) 

where <i>b i s t h e p o t e n t i a l d i f f e r e n c e between t h e Fermi l e v e l 

and t h e i n t r i n s i c l e v e l . 
(b) I m m e d i a t e l y a f t e r t h e V o l t a g e Step ( t = t Q , ) 

Qm0+ = " ( Q i o +
 + Qdot) ( 5 - 1 9 ) 

where Q i o + = Q i o because t h e i n v e r s i o n charge o t a r t o i s 

i n i t i a l l y unchanged and . - qN x, where x, , i s t h e 
ao+ ^ a do+ do+ 

d e p l e t i o n w i d t h i m m e d i a t e l y a f t e r t h e v o l t a g e s t e p . 



(c) E q u i l i b r a t i o n P e r i o d ( t > t ) 

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

e q u i l i b r i u m v a l u e t h e t o t a l charge per u n i t area Q m ( t ) i n 

t h e semiconductor i s g i v e n by 

Q ( t ) = Q + qN (x-, - x , )+ qU m mo n a d Q + do 1 g x d t - qN ( x , - x - ) - (5.20a) gen ^ a do+ d 

o 
where x i s t h e g e n e r a t i o n w i d t h g i v e n by ( 32 ) gen ^ ^ J 

gen 
( 2 _ ! d p _ ) _ ^ 

d 2 / 2 
(5.20b) 

and U i s t h e g e n e r a t i o n r a t e 
g 

The l a s t t e r m o f (5.20a) i s due t o t h e decrease i n t h e d e p l e t i o n 

charge d u r i n g t h e r e l a x a t i o n t i m e . S u b t r a c t i n g (5.16) from 

(5.20a) y i e l d s t h e incr e m e n t i n t h e charge i n t h e MOS c a p a c i t o r . 

Thus 

AQ m(t) = qN (x - x,) + qU m a do+ do g x ™ d t ~ q ^ t ^ j . " 3 5 / ! ) (5.21) gen a do+ a 

On d i f f e r e n t i a t i o n , t h e f o l l o w i n g e x p r e s s i o n i s o b t a i n e d : -

AQ ( t ) 
d t m 

dx, 
qN —j§ + q U x ^ a d t g gen (5.22) 

From t h e v o l t a g e e q u a t i o n 

V = V + i> a ox s (5.23) 

where V ox C21 a n d = 

ox 
3* 2 
2z X d 
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T h e r e f o r e b e f o r e t h e v o l t a g e s t e p , t h e v o l t a g e ;.V ̂  i s 

Q qN 0 

V = • "!° • + x , 2 , (5.24) 
a l C o x 2 E S D ° 

A f t e r t h e v o l t a g e s t e p i s a p p l i e d , t h e t o t a l v o l t a g e remains 

c o n s t a n t t h r o u g h o u t t h e t r a n s i e n t . Thus t h e f i n a l v o l t a g e 

e q u a t i o n i s 

Q m ( t ) q N 2 

V a 2 = + T T * ( 5 ' 2 5 ) 

ox s 

T a k i n g t h e d i f f e r e n c e o f t h e l a s t two e q u a t i o n s g i v e s :-

•A'Q ( t ) qN 2 2 

AV = + ^ ( x / - x 2 ) (5.26) a G 2 e a do ox s 

T h e r e f o r e 

x 
2 E / AQ ( t ) qN _ 

S AV - —£ + ^ x, 2 1 (5.27) d / qN, \ a C o x 2 E- e do 

ox s 

S u b s t i t u t i n g i n t o 5.22 and u s i n g 5.20(b) 

a C 2E do ox 3 

4 qu / _ i f A V 51 + a do_ \ _ _do_ _ 4 g do (5 29) 
i g / qN, a C 2 e J 2 j 
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Rearranging and u s i n g i> = AV -s i a 
AQ ( t m 

ox 

qN. 
+ 27 

2 x -. QO 

we have 

1 + 
dAQ ( t ) m 

d t = q u 
2 e c 

q~N^ 
'do q U x , ^ g do 

(5.30) 

From t h i s f i n a l e x p r e s s i o n i t i s p o s s i b l e t o o b t a i n a t h e o r e t i c a l 

Q-t p l o t by an i t e r a t i v e method which i s performed on a m i c r o ­

computer. The d e t a i l s are g i v e n i n s e c t i o n 5.6. 

5.5.2 The Reverse V o l t a g e Step T r a n s i e n t 

The e q u a t i o n s f o r t h e device i n e q u i l i b r i u m are the same 

as f o r t h e f o r w a r d v o l t a g e s t e p case so t h a t o n l y t h e non-

e q u i l i b r i u m s i t u a t i o n w i l l need t o be c o n s i d e r e d . I t s h o u l d 

be n o t e d t h a t i n t h i s case t h e charge i s d e c r e a s i n g from t h e 

i n i t i a l e q u i l i b r i u m v a l u e s . F o l l o w i n g a s i m i l a r approach t o 

t h a t o f the f o r w a r d v o l t a g e s t e p s i t u a t i o n , we o b t a i n t h e 

f o l l o w i n g e q u a t i o n s . 

(a) I m m e d i a t e l y a f t e r t h e V o l t a g e Step ( t = tp+ ) 

Q , = Q - q N ( x , - x, , ) mo+ mo ^ a do do+ (5.31) 

By w r i t i n g AQ , = Q ~ Q * ^ mo+ mo mo+ 

we have i C W = * N a ( x d o " X d o +
} 5.32) 
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(b) E q u i l i b r a t i o n P e r i o d ( t > tp+) 
,t 

Q = Q - q N (x , - x , , ) - qR vm mo ^ a do do+ ^ x r d t + q N a ( x d - x d o + : 

(5.33a) 

where R i s t h e n e t r a t e o f r e c o m b i n a t i o n 

x^ i s t h e r e g i o n where the net r e c o m b i n a t i o n i s most 

l i k e l y t o occur. For s i m p l i c i t y we s h a l l assume t h a t g e n e r a t i o n 

occurs i n t h e r e g i o n which i s t h e d i f f e r e n c e i n t h e d e p l e t i o n 

l a y e r w i d t h f r o m i t s e q u i l i b r i u m v a l u e . 

That i s 

x x , - x, (5.33b) r do d 

On d i f f e r e n t i a t i n g (5.33a) 

, . . dx^ 
d t (*Qm h " * ^ d o " ^ + <J N a • d l l''- ''A) 

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

v o l t a g e s t e p , t h i s i s 

V a l = V n + * (5.35) a l o x l so 

A f t e r t h e v o l t a g e s t e p , t h e a p p l i e d v o l t a g e remains t h e same 

th r o u g h o u t t h e t r a n s i e n t g i v i n g 

V a 2 = V o x 2 + * s (5,36) 

S u b t r a c t i n g (5.36) from (5.35) and by w r i t i n g v
o x l ~ v

o x 2
 a s 
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AQ /C and V = V , - V _, we o b t a i n m ox a a i a ̂  

AQ 
AV = = + (<|) - * ) a C so s ox , 

or AV = — - + — - ( x , - x , z ) (5.37) 
C 2 e

 d o d 

OX 3 

This g i v e s x H which i s 

x 
2 % / AQ m q N

a 2 
£ _ m + a 2 j 8 d / qN \ a C 2E do •' ^ a \ ox s 

and 
d x d 1 1 

2 ' C ' / qN 
ox / ^ a 

AQ qN 
. A V + ™ + * x. 2 

a C o x 2 e s d o 

d t m 

(5.39 

S u b s t i t u t i n g t h i s i n t o (5.34) g i v e s 

ox " A V a + C 
Q qN x , 2 m + ^ a do 

d -•rr- AQ u t m 

ox 

+ q R 
'2k 
qN. " A V a + CT: + 2T X d o - x 

ox do (5.40) 

AQ qN „ 
F i n a l l y w r i t i n g ^ = -AV + + -rr-^ x, s a c 2 e do ox s 

1 - < r 
ox 

* N a e s 
2 ^ c 

dAQ m 
dt = R / 2\<JL , s - q R x d Q (5.41) 

a 
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5.6 Method of S o l u t i o n 

A n u m e r i c a l method i s adopted here t o s o l v e t h e Q - t 

problem. The method t o be d e s c r i b e d and t h e mathematical 

e q u a t i o n s themselves are not as e l a b o r a t e as i n t h e work o f 

C o l l i n s e t a l ( 3 ). The i n t e n t i o n here i s t o p r o v i d e a 

s i m p l i f i e d model t h a t i s more c l o s e l y r e l a t e d t o t h e e x p e r i ­

ments and which can be used f o r b o t h s t e p p o l a r i t i e s . The 

method i s based on s e v e r a l assumptions i n h e r e n t i n the e q u a t i o n 

o f s e c t i o n 5.5. These are ( i ) t h a t t h e dopant c o n c e n t r a t i o n i s 

u n i f o r m i n t h e semiconductor ( i i ) t h a t t h e i n t e r f a c e s t a t e 

e f f e c t s are n e g l i g i b l y s m a l l because t h e d e v i c e was i n i t i a l l y i 

heavy i n v e r s i o n and ( i i i ) t h e g e n e r a t i o n r a t e s f o r holes and 

e l e c t r o n s are equal d u r i n g t h e time t h a t we are i n t e r e s t e d i n 

and t h a t any d i s s i m i l a r i t y between t h e two occurs o n l y i n the 

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

From t h e p r e v i o u s s e c t i o n i t i s seen t h a t t h e b a s i c 

e q u a t i o n f o r charge, Eqn. ( 5 . 2 1 ) , cannot be s o l v e d e i t h e r 

a n a l y t i c a l l y o r n u m e r i c a l l y because t h e r e are t o o many unknowns 

and t h e d e p l e t i o n w i d t h x^ i s a f u n c t i o n o f t i m e . Since t h i s 

f u n c t i o n i s n ot known i n d e p e n d e n t l y , Eq u a t i o n (5.22) i s used 

i n s t e a d w i t h t h e a p p r o x i m a t i o n made t h a t t h e charge increment 

i n t h e de v i c e i s t o be c a l c u l a t e d from t he g r a d i e n t A Q m ( t ) 

of t h e p r e v i o u s v a l u e . By t a k i n g a rea s o n a b l y s m a l l t i m e 

i n t e r v a l A t t h e charge can be c a l c u l a t e d by t a k i n g t he p r o d u c t 

At, ~ A Q m ( t ) hence t h e t h e o r e t i c a l Q-t p l o t can be o b t a i n e d 

T h i s c a l c u l a t i o n was done u s i n g a microcomputer w i t h t h e 

f o l l o w i n g a l g o r i t h m : -

( i ) C a l c u l a t e t h e e q u i l i b r i u m values o f \p , Q m a c c u r a t e l y f o r 

t h e :i .r. i t i a l : a p p l i e d v o l t a g e V 
^ • a. 
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( i i ) P l o t t h e v a l u e o f A a g a i n s t t or i|>s a g a i n s t t at 

t = t Q + . (For the i n i t i a l s t e p i n c r e a s e i n t h e Q-t 

p l o t ) . 

( i i i ) C a l c u l a t e ^ A Q
m

( t * a t t = fc
0+ u s i n 9 Equati o n ( 5 . 3 0 ) . 

( i v ) For an increment i n A t , e x t r a p o l a t e t h e v a l u e o f A Q M ( t ) 

u s i n g t h e r e l a t i o n AQ = fit.^r AQ ( t ) . ^ m a t m 
(v) For t h i s v a l u e o f AQ c a l c u l a t e t h e v a l u e s o f t and x ,. 

( v i ) P l o t AQ f o r an i n c r e a s e d A t or p l o t i> f o r t h e A t . 

( v i i ) Check t o see i f x^ equals t he e q u i l i b r ^ m d e p l e t i o n 

w i d t h f o r t h e a p p l i e d v o l t a g e o f V +AV . 
a a 

( v i i i ) I f not equal r e p e a t steps ( i i i ) t o ( v i i ) . 
( i x ) I f s t e p ( v i i ) i s t r u e t h e n end. 

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

i n i t i a l v a l u e s o f and Q m Q as t h e accuracy o f subsequent 

c a l c u l a t e d v a l u e s o f A Q M and e v e n t u a l l y o f t h e Q-t p l o t s 

themselves depend on these v a l u e s . Thus the exact e x p r e s s i o n 

f o r t h e charge c o n c e n t r a t i o n per u n i t area i n the semiconductor 

d e r i v e d from Poissons e q u a t i o n i s used f o r t h e i n i t i a l c a l c u l a t i o n 

of Q M Q ( ^9 ) • Th i s e q u a t i o n i s , 

1/, 

Q = / 2 t N kT •mo / s a 
- q * s A T q$ s 

(5.42) 

From t h i s e x p r e s s i o n , i t i s p o s s i b l e t o c a l c u l a t e the space-

charge d e n s i t y Q m Q i n any s t a t e o f t h e MOS c a p a c i t o r . i n 

a c c u m u l a t i o n , * i s n e g a t i v e and the v a l u e o f Q i s dominated s 3 mo 
by t h e f i r s t t e r m o f t h e e x p r e s s i o n . I f <b i s zero t h e n Q- i s 

*• s mo 
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z e r o g i v i n g t h e f l a t - b a n d s i t u a t i o n . For p o s i t i v e ^ , and 

where ip i s s m a l l e r t h a n 4^, the p o t e n t i a l d i f f e r e n c e between 

t h e Fermi l e v e l and t h e i n t r i n s i c l e v e l of t h e b u l k , then Q m o 

i s dominated by the second term. T h i s i s t h e d e p l e t i o n 

c o n d i t i o n . When ip i s g r e a t e r t h a n ^ as i n our c a s e , we have 

the i n v e r s i o n c o n d i t i o n where Q i s dominated by the f o u r t h 
mo 

term. 

To c a l c u l a t e the v a l u e of Q , f i r s t we s e l e c t an a r b i t r a r y 
mo 

v a l u e of t h e s u r f a c e p o t e n t i a l ipg and from (5.42) o b t a i n Q m o • 

Then the a p p l i e d v o l t a g e V a i s c a l c u l a t e d from ( 5 . 2 4 ) . T h i s i s 

t h e n compared w i t h t h e a c t u a l V and the p r o c e s s i s r e p e a t e d 
by c h a n g i n g y u n t i l t h e c a l c u l a t e d V a g r e e s w i t h the a c t u a l s a 
one. From t h i s e q u i l i b r i u m v a l u e of Q m Q » t h e subsequent c h a r g e 

can be c a l c u l a t e d . F i r s t , i m m e d i a t e l y a f t e r the v o l t a g e s t e p 

where t - t ^ + , t h e change i n the s e m i c o n d u c t o r c h a r g e due t o 

the i n c r e a s e d d e p l e t i o n w i d t h t o a maximum,is c a l c u l a t e d . T h i s 

a p p e a r s as t h e s t e p i n c r e a s e i n the Q-t p l o t , the i n c r e m e n t i n 

t h e c h a r g e A Q ( J Q + b e i n g g i v e n by 

* Q d o + = * N a U d o + " xdo> ( 5 - 4 3 ; 

Then t h e g r a d i e n t ~ AQ ( t ) i s c a l c u l a t e d a t t •= t _ , and so J dt m 0+ 
on u n t i l a c omplete Q-t p l o t i s o b t a i n e d . 

Another p a r t of the program i n c l u d e s the way the s u r f a c e 

p o t e n t i a l can be q u i c k l y d etermined t o c a l c u l a t e the a p p l i e d 

v o l t a g e . T h i s i n v o l v e s t e s t i n g t o s e e when the c a l c u l a t e d 

V f l p a s s e s the - e q u i r e d v a l u e . T h i s i s f i r s t done u s i n g l a r g e 

i n c r e m e n t s i n 4» i n i t i a l l y but when t h e t e s t g i v e s a p o s i t i v e 

v a l u e I|J s i s changed back t o the p r e v i o u s v a l u e and the i n c r e m e n t 

i s r e d u c e d i n magnitude so as t o g i v e a h i g h e r s e n s i t i v i t y f o r 

t h e change of ^ . The p r o c e s s i s r e p e a t e d u n t i l t h e r e q u i r e d 
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a c c u r a c y i s o b t a i n e d . I f the chosen * s g i v e s V"a v a l u e s 

d i v e r g i n g from the a c t u a l one, a s m a l l r o u t i n e i s used t o 

d e t e c t t h i s and t o a d j u s t the d i r e c t i o n of the i n c r e m e n t . 

T h i s t e c h n i q u e p r o v e s t o be e f f i c i e n t i n o b t a i n i n g good 

a c c u r a c y i n a v e r y s h o r t t ime. Use of s m a l l s t e p s throughout 

would g i v e a v e r y l o n g c a l c u l a t i o n time and l a r g e i n c r e m e n t s 

i n ^ s by t h e m s e l v e s would g r e a t l y r e d u c e t h e a c c u r a c y . The 

a c t u a l p r o c e s s i n v o l v e d i n t h i s t e c h n i q u e i s as shown i n the 

a l g o r i t h m below:-

( i ) Take a rough e s t i m a t e of the s u r f a c e p o t e n t i a l * . 

( i i ) S e t t he i n i t i a l i n c r e m e n t magnitude of <P ( A ^ s ) -

( i i i ) F or t h e above s u r f a c e p o t e n t i a l c a l c u l a t e the a p p l i e d 

v o l t a g e V ^ . 

( i v ) C a l c u l a t e the d i f f e r e n c e between the a c t u a l a p p l i e d 

v o l t a g e and t h e c a l c u l a t e d one ( i . e . = V v
a ) • 

(v) I n c r e m e n t * by H<, = ^ s + A * s ) -

( v i ) C a l c u l a t e the second a p p l i e d v o l t a g e v a l u e V 2 f ° r 

t h e new <l» . 
s 

( v i i ) C a l c u l a t e the d i f f e r e n c e between t h e a c t u a l a p p l i e d 

v o l t a g e and t h e c a l c u l a t e d one i n ( v i ) ( i . e . AV 2 = v
a 2 ~ v

a 

( v i i i ) Check t o see i f Av^ and AV 2 a r e of the same s i g n . 

( i x ) I f s t e p ( v i i i ) i s not t r u e t h e n change ^ \o i t s v a l u e 

j u s t b e f o r e t h e t e s t and reduce the i n c r e m e n t magnitude. 

Then go back t o s t e p ( v ) . 

(x) I f s t e p ( v i i i ) i s t r u e then check f o r a c c u r a c y . 

( x i ) I f a c c u r a c y i s not enough check f i r s t t o s e e i f i s 

c o n v e r g i n g towards V . I f not, change t h e d i r e c t i o n 

of the i n c r e m e n t and go t o s t e p ( v ) . 

( x i i ) I f V Q i s c o n v e r g i n g t h e n c o n t i n u e t o r e p e a t s t e p ( v ) . 

( x i i i ) I f a c c u r a c y i s enough i n s t e p (x) t h e n t h e l a t e s t ^ 
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and £> m o a r e t h e r e q u i r e d s u r f a c e p o t e n t i a l and the 

c h a r g e c o n c e n t r a t i o n i n the s e m i c o n d u c t o r f o r t h e 

g i v e n a p p l i e d v o l t a g e V . 

( i x ) End. 

The whole of t h e program f o r o b t a i n i n g t h e t h e o r e t i c a l 

Q-t i s summarised i n t h e f l o w c h a r t of F i g u r e 5.10 and t h e 

f u l l program i s g i v e n i n the Appendix 2 

5.7 The T h e o r e t i c a l Q-t P l o t s 

F i g u r e s 5 .11(a) and 5.11(b) g i v e t h e c a l c u l a t e d p l o t s 

of Q-t f o l l o w i n g a f o r w a r d v o l t a g e s t e p of 25 mV f o r v a r i o u s 

l i f e t i m e v a l u e s from 5 ys t o 20 ws and 20 \is t o 120 \rs 

r e s p e c t i v e l y . The time s c a l e s f o r the two f i g u r e s a r e 

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

A f u r t h e r a n a l y s i s was made u s i n g a l i f e t i m e of 100 \is w i t h a 

25 mV v o l t a g e s t e p , as i n F i g u r e 5.12(a) f o r which the 

t h e o r e t i c a l Q-t p l o t has a l s o been n o r m a l i s e d and p l o t t e d on 

a l o g - l i n e a r graph i n F i g u r e 5 . 1 2 ( b ) . I t i s found t h a t t h e 

l o g a r i t h m i c p l o t g i v e s a s t r a i g h t l i n e e x c e p t when a p p r o a c h i n g 

s a t u r a t i o n where a s l i g h t d e v i a t i o n from l i n e a r i t y i s o b t a i n e d . 

T h i s shows t h a t the Q-t t r a n s i e n t i s not e n t i r e l y e x p o n e n t i a l 

even f o r s m a l l v o l t a g e s t e p s . The r e a s o n f o r t h i s is the 

f a c t t h a t r e c o m b i n a t i o n , which becomes s i g n i f i c a n t towards the 

end of the t r a n s i e n t , i s not t a k e n i n t o c o n s i d e r a t i o n i n the 

e q u a t i o n . The l i n e a r p o r t i o n of the l o g p l o t i m p l i e s t h a t the 

s o l u t i o n t o E q u a t i o n (5.30) i s an e x p o n e n t i a l o n l y d u r i n g t h e 

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

F i g u r e 5.13 shows a t h e o r e t i c a l Q-t p l o t f o r t h e r e v e r s e 

v o l t a g e s t e p and F i g u r e 5.14 i s a c o m p a r i s o n of t h e t h e o r e t i c a l 

Q-t p l o t s f o r t h e f o r w a r d and r e v e r s e v o l t a g e s t e p s f o r a chosen 

l i f e t i m e v d l u e of 30 M s . The d i f f e r e n c e i n the t r a n s i e n t s f o l l o w 
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t h e same t r e n d as i n the e x p e r i m e n t a l p l o t s . F u r t h e r d i s ­

c u s s i o n of the comparison of t h e o r y and e x p e r i m e n t w i l l be 

g i v e n i n C h a p t e r 8. 

5. 8 D i s c u s s i o n 

I n t h i s c h a p t e r , t h e o r e t i c a l e x p r e s s i o n s f o r t h e Q-t 

t r a n s i e n t have been p r e s e n t e d f o l l o w i n g a d i f f e r e n t approach 

from t h o s e u s e d p r e v i o u s l y . The p r e s e n t t h e o r y i s b a s e d on 

t h e f o l l o w i n g a s s u m p t i o n s . ( i ) That the d e p l e t i o n a p p r o x i ­

mation h o l d s where the c o n c e n t r a t i o n of c a r r i e r s i n t he 

d e p l e t i o n r e g i o n i s t a k e n t o be v e r y s m a l l w i t h r e s p e c t t o the 

dopant c o n c e n t r a t i o n e x c e p t f o r a v e r y t h i n l a y e r a t the s u r f a c r 

where t h e m i n o r i t y c a r r i e r s a c c u m u l a t e t o form t h e i n v e r s i o n 

l a y e r , ( i i ) That the dopant c o n c e n t r a t i o n i s u n i f o r m l y d i s t r i ­

b u t e d throughout the d e p l e t i o n r e g i o n . ( i i i ) T h at s u r f a c e 

s t a t e s and the m e t a l s e m i c o n d u c t o r work f u n c t i o n d i f f e r e n c e 

a r e assumed n e g l i g i b l e f o r r e a s o n s a l r e a d y e x p l a i n e d i n t h e 

e a r l i e r c h a p t e r s , and t h i s i m p l i e s t h a t the MOS c a p a c i t o r i s 

an i d e a l one. ( i v ) That the m i n o r i t y c a r r i e r l i f e t i m e i s t a k e n 

t o be independent of t i m e . T h i s f o l l o w s from the r e s u l t s 

o b t a i n e d by the e x a c t work of C o l l i n s e t a l where, i t was shown 

t h a t t h e o v e r a l l r e s p o n s e i s as though t h e r e i s o n l y one con­

s t a n t v a l u e of l i f e t i m e b e c a u s e the e x a c t time dependent l i f e ­

t ime c o i n c i d e s w i t h t h e time independent one d u r i n g t h e e q u i l i ­

b r a t i o n time and t h e y o n l y d i f f e r i n a v e r y s h o r t time i n t e r v a l 

i m m e d i a t e l y a f t e r t h e v o l t a g e s t e p and b e f o r e t h e e q u i l i b r a t i o n 

t i m e . ( v ) That i n the heavy i n v e r s i o n c o n d i t i o n , the s u r f a c e 

e f f e c t s a r e s c r e e n e d o f f by the i n v e r s i o n l a y e r so t h a t t h e y 

do not a f f e c t t h e t r a n s i e n t i n any way, and f i n a l l y ( v i ) t h e 

net g e n e r a t i o n or net r e c o m b i n a t i o n o c c u r s m o s t l y i n one 

p a r t i c u l a r r e g i o n of the d e p l e t i o n l a y e r . 
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The p r e s e n t t h e o r y d i f f e r s from H o f s t e i n ' s i n t h a t 

s m a l l s i g n a l a n a l y s i s i s u s e d i n t h e l a t t e r method where 

t h e MOS c a p a c i t o r i s r e p r e s e n t e d by a l i n e a r e q u i v a l e n t 

c i r c u i t as shown e a r l i e r and the t r a n s i e n t r e s p o n s e i s 

t r e a t e d as i n an RC c i r c u i t . The r e g i o n where t h e n e t 

g e n e r a t i o n o c c u r s i s assumed t o be the e n t i r e d e p l e t i o n 

l a y e r w i d t h . A l s o the e x p r e s s i o n f o r the g e n e r a t i o n r a t e 
n. 

use d by H o f s t e i n i s — w i t h o u t t h e f a c t o r of 2 i n t h e de-
T 

g 

nominator. 

Comparing the p r e s e n t t h e o r y w i t h t h a t of Viswanathan 

and T a k i n o , t h e r e a r e some s i m i l a r i t i e s i n the e x p r e s s i o n used 
d Qm 

as i n both c a s e s the d i f f e r e n t i a l c h a r g e r a t e i s e v a l u a t e d 

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

However i n t h e p r e s e n t method t h e a n a l y s i s i s m a i n l y done by 

c u r v e f i t t i n g between the t h e o r y and e x p e r i m e n t . I n c o n t r a s t 

t o t h e method of V iswanathan and T a k i n o , the s u r f a c e e f f e c t 

has now been n e g l e c t e d and a l s o t h e c h o i c e of t h e g e n e r a t i o n 

w i d t h i s d i f f e r e n t i n t h e two t h e o r i e s . 

The p r e s e n t method, though not as i n v o l v e d as that: of 

C o l l i n s e t a l where the a c t u a l g e n e r a t i o n - r e c o m b i n a t i o n and 

the c o n t i n u i t y e q u a t i o n s a r e used, p r o v i d e s a more s i m p l i f i e d 

a n a l y s i s of the Q-t t r a n s i e n t and i t i s a l s o e a s i e r t o p e r f o r m 

t h e a n a l y s i s e s p e c i a l l y w i t h a microcomputer. 

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

t h e same shape as the e x p e r i m e n t a l ones. By comparing the p l o t s 

t o the e x p e r i m e n t a l ones i t i s a s i m p l e m a t t e r t o o b t a i n the 

l i f e t i m e of the m i n o r i t y c a r r i e r s . The e v a l u a t i o n of t h e 

e x p e r i m e n t a l c u r v e s w i l l be done i n C h a p t e r 8. 

I n t h e p r e s e n t work t h e o r e t i c a l e x p r e s s i o n s f o r both 

t h e f o r w a r d and the r e v e r s e v o l t a g e steps have been o b t a i n e d 
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f o r the f i r s t time and as o b s e r v e d e x p e r i m e n t a l l y the 

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

i s b i g g e r t h a n t h e f o r w a r d one. T h i s i s e s p e c i a l l y so f o r 

t h e l a r g e r s t e p s and i t i s due t o t h e d i f f e r e n c e i n t he 

s e p a r a t i o n between t h e i n i t i a l s t e p change i n t h e d e p l e t i o n 

c h a r g e and the e l e c t r o d e c h a r g e . For the r e v e r s e v o l t a g e 

s t e p measurement, t h i s s e p a r a t i o n i s s m a l l e r than t h a t f o r 

the f o r w a r d s t e p . For a g i v e n s t e p h e i g h t , the f o r w a r d s t e p 

i s shown t o p r o v i d e a s l o w e r t r a n s i e n t from t h a t of t h e 

r e v e r s e s t e p and t h i s i s a l s o o b s e r v e d e x p e r i m e n t a l l y . The 

co m p a r i s o n of t h e o r y and ex p e r i m e n t w i l l be d i s c u s s e d i n 

g r e a t e r d e t a i l i n C h a p t e r 8. 
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CHAPTER 6 

THE H.F. C-V METHOD OF L I F E T I M E DETERMINATION 

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

I n t h i s c h a p t e r t h e method of e v a l u a t i n g t h e m i n o r i t y 

c a r r i e r l i f e t i m e from h i g h f r e q u e n c y ( h . f . ) C-V p l o t s i s 

d e s c r i b e d . The use of the c o n v e n t i o n a l C-V t e c h n i q u e t o 

e v a l u a t e t h e MOS s u r f a c e s t a t e d e n s i t y was f i r s t r e p o r t e d 

by Kuhn (50 ) . S i n c e then o t h e r a u t h o r s ( 28 - 3'J ) have 

a l s o i n v e s t i g a t e d c e r t a i n a s p e c t s of the g e n e r a t i o n - r e ­

c o m b i n a t i o n p r o c e s s e s u s i n g t h e C-V measurement t e c h n i q u e . 

The method of T a n i g u c h i (30 ) i s t h e l a t e s t and t h i s w i l l 

be d e s c r i b e d i n more d e t a i l i n t h e f o l l o w i n g s e c t i o n s . T h i s 

method r e q u i r e s C-V p l o t s a t two d i f f e r e n t v o l t a g e sweep r a t e s . 

From, t h e e q u a t i o n s developed, a s e t of c u r v e s f o r d i f f e r e n t 

T and S v a l u e s can be computed f o r each sweep r a t e f o r a 

c o n s t a n t o x i d e t h i c k n e s s and dopant c o n c e n t r a t i o n . U s i n g t h i s 

p l o t t h e v a l u e s of and S f o r a l l d e v i c e s from the same wafer 

can.be d e t e r m i n e d m e r e l y by p e r f o r m i n g t h e normal h . f . C-V 

measurements a t two sweep speeds and r e f e r r i n g t o t he t h e o r ­

e t i c a l graph f o r the r e s u l t i n g v a l u e s of and S. 

I n t h e p r e s e n t work t h e C-V t e c h n i q u e was used on some 

of t h e same samples as i n o t h e r measurements i n o r d e r t o o b t a i n 

c o m p a r a t i v e v a l u e s of T and t o compare t h e e a s e of u s i n g t h e 

t e c h n i q u e s . 

http://can.be
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6.2 Theory 

To s e e how s m a l l - s i g n a l C-V measurements a r e a f f e c t e d 

by t h e r a t e of m i n o r i t y c a r r i e r g e n e r a t i o n we need t o c o n s i d e r 

how t h e normal C-V c u r v e of an MOS c a p a c i t o r i s a f f e c t e d by 

th e v o l t a g e sweep speed. C o n s i d e r i n g t h e d e p l e t i o n s i t u a t i o n , 

when t h e v o l t a g e i s i n c r e a s e d p o s i t i v e l y a t a c e r t a i n r a t e , 

t h e h o l e s a r e r e p e l l e d by the e l e c t r i c f i e l d i n t o t h e b u l k of 

t h e p-type sem i c o n d u c t o r and the d e p l e t i o n l a y e r w i d t h i n c r e a s e s . 

T h i s c o r r e s p o n d s t o p o i n t s A t o B i n F i g u r e .6.1. As t h e c h a r g e s 

t h a t r e s p o n d t o t he s m a l l a . c . s i g n a l a r e a t the edge of the 

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

t a n c e t o drop because t h e i r e f f e c t i v e s e p a r a t i o n from t h e 

c h a r g e s on t h e m e t a l e l e c t r o d e i n c r e a s e s . The c a p a c i t a n c e drops 

u n t i l p o i n t C of F i g u r e 6.1 i s r e a c h e d . T h i s c o r r e s p o n d s t o 

the maximum d e p l e t i o n w i d t h X ^ q i n e q u i l i b r i u m , beyond which 

the c a p a c i t a n c e remains c o n s t a n t w i t h v o l t a g e i n the i n v e r s i o n 

mode of t h e MOS c a p a c i t o r . 

F o r a sample t h a t has very, low g e n e r a t i o n r a t e and/or t h e 

v o l t a g e sweep r a t e i s s u f f i c i e n t l y f a s t , t h e c o n s t a n t c a p a c i ­

t a n c e p o r t i o n C D of F i g u r e 6.1 does not o c c u r and the c a p a c i ­

t a n c e drops below t h e i n v e r s i o n v a l u e f o l l o w i n g t h e t r a c e C E 

i n s t e a d . T h i s i s due t o t h e f a c t t h a t t h e i n v e r s i o n . c h a r g e 

cannot i n c r e a s e f a s t enough f o r the r i s i n g b i a s v o l t a g e so 

t h a t t h e d e p l e t i o n l a y e r w i d t h i n c r e a s e s beyond t h e maximum 

e q u i l i b r i u m v a l u e X ^ q t o compensate t h e ch a r g e on t he m e t a l 

e l e c t r o d e . 

When the v o l t a g e sweep d i r e c t i o n i s r e v e r s e d t h e d e p l e t i o n 

w i d t h s t o p s j n p r e a s i n g and t he c a r r i e r s g e n e r a t e d i n t h e 

d e p l e t i o n l a y e r b e g i n t o n e u t r a l i s e t h e uncompensated dopant 

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

i n d i c a t e d by t h e curve E D o f F i g u r e 6.1. At P o i n t D t h e 

d e p l e t i o n w i d t h has decreased t o the e q u i l i b r i u m v a l u e o f 

and t h e c a p a c i t a n c e t h e r e a f t e r remains c o n s t a n t . The c a p a c i t a n c e 

w i l l s t a y c o n s t a n t u n t i l a l l t h e i n v e r s i o n charges have r e -

combined which i s a t t h e onset of i n v e r s i o n ( p o i n t C) a g a i n . 

When th e b i a s v o l t a g e f a l l s below t h e v a l u e f o r t h e onset of 

i n v e r s i o n , t h e c a p a c i t a n c e i n c r e a s e s along t h e normal d e p l e t i o n 

curve a g a i n . The measurement o f the v o l t a g e range V"c o f F i g u r e 

6.1 d u r i n g which t h e c a p a c i t a n c e i s c o n s t a n t i s used t o c a l ­

c u l a t e t h e l i f e t i m e T by means of a s u i t a b l e a n a l y s i s . The 
g 

v a l u e o f V c l e a r l y depends on T because t h e s m a l l e r t h e l i f e -c g 
t i m e t h e more t h e m i n o r i t y c a r r i e r s w i l l be i n e q u i l i b r i u m and 

t h e broader w i l l be t h e c o n s t a n t c a p a c i t a n c e range V . The 

same argument a p p l i e s f o r the s u r f a c e r e c o m b i n a t i o n v e l o c i t y . 

For t h i s method two e q u a t i o n s were developed by 

T a n i g u c h i ( 30 ) and t h e f u l l d e r i v a t i o n w i l l n o t be r e p e a t e d 

here. The f i r s t e q u a t i o n i s 

which a p p l i e s f o r a f o r w a r d sweep r a t e a v o l t s / s e c which b r i n g s 

t h e MOS c a p a c i t o r i n t o deep d e p l e t i o n u n t i l t h e maximum v o l t a g e 

V i s reached. The second e q u a t i o n i s 

«,n an 
-A * 

+ - (V-V.J == 0 (6.1) a T 

x m + 1 8,n l n x x a A x-A m m 
(V-V ) = 0 (6.2) m 

which i s f o r t h e r e v e r s e sweep from V t o t h e onset o f t h e 
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e q u i l i b r i u m c a p a c i t a n c e . The symbols used are : 

C 
x = — where i s t h e d e p l e t i o n c a p a c i t a n c e 

ox 

C d f 
X j = ^-— where i s the i n v e r s i o n c a p a c i t a n c e 

ox 
Cdm x = ^ — where C, i s the l o w e s t c a p a c i t a n c e a t V = V . m C dm ^ m ox 

n • 
1 2 _ N T g a 

* 
A where B (A+B) * C 

ox e s q N a 

V T = T h r e s h o l d v o l t a g e as shown i n F i g u r e 6.1 

D e t a i l s o f the d e r i v a t i o n f o r the e q u a t i o n s atove can be found 

i n t h e r e f e r e n c e mentioned. Using t he above e q u a t i o n s , t h e 

v a l u e s o f T and S can be c a l c u l a t e d from the e x p e r i m e n t a l 
. g 

r e s u l t s as d e s c r i b e d i n t h e Sec. 6.3. 

6.3 The E x p e r i m e n t a l Set-Up 

The equipment used i s t h e same as f o r any t y p i c a l C-V 

measurement and t h e u s u a l p r e c a u t i o n s are necessary. I n a 

normal C-V measurement o n l y one v o l t a g e sweep r a t e i s u s u a l l y 

used whereas t h i s method r e q u i r e s two d i f f e r e n t sweep r a t e s . 

As the r e g i o n o f i n t e r e s t i s e n t i r e l y i n t h e i n v e r s i o n mode 

the v o l t a g e c y c l e was c o n f i n e d t o b i a s t h e sample o n l y from 

d e p l e t i o n t o heavy i n v e r s i o n i n t h i s work. T h i s was done by 

a d j u s t i n g t h e d.c. o f f s e t on t h e ramp g e n e r a t o r t o g i v e a 

v o l t a g e swing from - 1 v o l t t o +8 v o l t s . 
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For each sweep r a t e t h e v a l u e o f V c was o b t a i n e d t h i s 

b e i n g t h e o n l y measurement r e q u i r e d . I n t h i s method t h e 

v a l u e s o f V"c are compared w i t h v a l u e s c a l c u l a t e d from t h e 

e q u a t i o n s o f Sec. 6.2 by e n t e r i n g an e x p e r i m e n t a l p o i n t on a 

c h a r t c a l c u l a t e d f o r a range o f v a l u e s o f T and S. T h i s 

enables t h e v a l u e s o f T and S t o be o b t a i n e d v e r y e a s i l y 

once t h e t h e o r e t i c a l p l o t has been produced. 

6.3.1 C a l c u l a t i o n Technique 

The c h a r t t h a t w i l l be used t o o b t a i n T and S from 
g 

t h e e x p e r i m e n t a l v a l u e s o f V i s a t h e o r e t i c a l p l o t o f 

( V c 2 _ V c ^ ) a g a i n s t V ^ f o r d i f f e r e n t v a l u e s o f and S as 

shown i n F i g u r e 6.2 • I n t h i s , V a n d V"ĉ  are t h e v a l u e s 

o f V"c f o r t h e two sweep r a t e s a 2 a n <^ a 1 r e s p e c t i v e l y . The 

t h e o r e t i c a l c u rves are produced from e q u a t i o n s 6.1 and 6.2 

u s i n g t h e v a l u e s o f C q x , C ^ m , and a p p r o p r i a t e t o the 

p a r t i c u l a r sample and measurement. The c a l c u l a t i o n i s not a 

s t r a i g h t f o r w a r d one and t h e f o l l o w i n g n u m e r i c a l a l g o r i t h m 

i s used t o o b t a i n t h e curves :-

The c a l c u l a t i o n s t a r t s by a s s i g n i n g values t o t h e s u r f a c e 

r e c o m b i n a t i o n v e l o c i t y , S , and l i f e t i m e t . Using t h e s e , t h e 

e q u a t i o n s are s o l v e d t o g i v e v a l u e s o f ^ C 2 ~ ^ c l ^ a n < ^ V c 2 a n c^ 

hence a p o i n t on t h e c h a r t . The v a l u e of i s then changed 

and the p o i n t r e c a l c u l a t e d . A f t e r c o v e r i n g a s u i t a b l e range 

o f T , t h e v a l u e o f S i s changed and the process r e p e a t e d . 

T h i s a l g o r i t h m i s shown i n t h e f l o w c h a r t s o f F i g u r e 6.3(a) 

and 6 . 3 ( b ) . These formed t h e b a s i s o f t h e BASIC program g i v e n 

i n Appendix 3 which gave r e s u l t s which were p l o t t e d d i r e c t l y 

on an H.P. p l o t t e r as c h a r t s s i m i l a r t o F i g u r e 6.2 . 
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The e x p e r i m e n t a l v a l u e o f ( V
C 2 ~ V

C 1 ^ a n < ^ v
c 2 """S e n t e r e < ^ 

as a p o i n t on t h e c h a r t , e n a b l i n g t h e c o r r e s p o n d i n g v a l u e s 
o f S and T t o be o b t a i n e d . 

6.4 R e s u l t s 

Measurements were done on d i f f e r e n t p-type samples ITT14, 

ITT134, and ITT135. The maximum v o l t a g e swing f o r a l l t h e 

measurements was 8.3 v. which was found t o g i v e adequate i n ­

v e r s i o n t o t h e samples. The C-V p l o t s f o r t h e i n v e r s i o n 

c a p a c i t a n c e f o r these samples are g i v e n i n F i g u r e s 6 . 4 ( a ) , 

6.4(b), and 6.4 (c) r e s p e c t i v e l y . The v o l t a g e sweep r a t e s were 

1.16 v s " 1 and 3.36 v s" 1 f o r ITT14, 0.66 v s" 1 and 1.61 v s" 1 

f o r ITT134, and 0.15 v s _ 1 and 0.69 v s _ 1 f o r ITT135. For t h e 

f i r s t two samples i t was found t h a t t h e p o i n t c o r r e s p o n d i n g 

t o V c 2 ~ ^ c l ' ^c2 w a s ^ t s i d e t n e S - ig c h a r t showing t h a t i t 

was not p o s s i b l e t o f i n d v a l u e s o f S and T by t h i s method f o r 
g 

these samples. This i s shown i n F i g u r e s 6.5(a) and 6 . 5 ( b ) . 

For sample ITT135 t h e S - c h a r t i s shown i n F i g u r e 6.5(c) 

For t h i s sample i t was found t h a t the i n t e r c e p t o f t h e l i n e s 

( V c 2 - V c l ) and V c 2 i s i n t h e range of t h e c h a r t g i v i n g v a l u e s 

o f Tg o f 2 50 ps and S o f 0.31 cm . As a check, t h e measure­

ment on ITT135 was r e p e a t e d w i t h d i f f e r e n t v o l t a g e sweep r a t e s 

o f O.O^ v s 1 and 0.69 v s and t h i s gave and S as 265 ps 

and 0.31 cm s i n good agreement w i t h t h e p r e v i o u s r e s u l t 

( F i g u r e 6.5(d) ) . 

6.5 D i s c u s s i o n 

The g e n e r a l shape o f the C-V p l o t s a t h i g h sweep r a t e s 

was found t o agree w i t h t h e e x p l a n a t i o n g i v e n i n S e c t i o n 6.2. 

The e f f e c t o f sweep speed i s t o v a r y t h e d e v i a t i o n from t h e 

normal e q u i l i b r i u m C-V c u r v e . D u r i n g t h e f o r w a r d sweep 
/ d..va \ 
\ d t ' ^ ° ) t n o c a p a c i t a n c e f a l l i Us'low £fie! i q u i l i b r i u m 



t/l 

i i i i 

GO 

(0 I—1 

in 
0 

(_) 
flJ 

00 

a 
CD 
O 

CD 
OJ 

in 
a O U D - l T O D O D ' ] ( d d ) 



00 

CO 00 

0) 
t — I 

(/) 

in 
(0 

CD 
I I 

vO 
no 

C_) 

no 

CO 

CD 

i n 



10 

CO 

I I 

0 
> m 
® 

ted 

Q 

On 
N O 

4 t—0 a. 
i i 
CM 

id 

A 

in 



v.* .• • • • • 
„ \y'' .•' »\ * • • 

o a. 

loo 

Mo 

>° 
u-o 
0) 
ai 
D 

r—I 

a 

on 

L 
O 
14-

L 
O 
<4- -( 
-a CD 

L > 
0 

C J ro 

to y 
D 
» " D 
£. C 
<u n 
> 

> U ( D 

1 II 
> ^ -
— 8 

O 

in 
CO 

a 
• 00 

a 
oJ 



O 

CO 

— 
I — I 

0) 

CD CD 

II V) 
.3 (o a 
S CO V C7> 

in 

0) 

> CD at 
/ CO 

t 

a \ 

\ IT) 

V CO 

CD 
1— 

x \ 

in 

I I 

"A 



Of. 

\ in 
CM 

I/) 
CO 

in 
O l 
I I 

CM 

L CD 
0 

<_) CO 5 CO 

2 s 
in 

0 C 

(0 
in > u in 

0 

in 
CO 

\ CM »—I LU 

in 

i i 
• 

m 
PA - 23 A G^TOA 



E 

in m CO CM O 

XT) 
In 

\ 

in CO C O 0 

0 ^ 

07 

to, CO 1/1 CM 

g co 
J C C D 
C J 

OJ I N 

o 
CO 
0) 

Q_ 0) 
LU 

0) 

0 CO 

8 
CM II 

8 

IT) 
CO 

8 

J i 
CM in co cs 

in m in in in in in in in in 

811TOA 



110 

i n v e r s i o n v a l u e due t o the i n c r e a s e d w i d t h o f t h e d e p l e t i o n 

l a y e r . When t h e maximum v o l t a g e V m i s reached t h e d e p l e t i o n 

l a y e r w i d t h begins t o decrease as t h e generated m i n o r i t y 

charge i n c r e a s e s r e s u l t i n g i n an i n c r e a s e d c a p a c i t a n c e . 

I f t h e v o l t a g e were t o remain f i x e d a t V , t h e c a p a c i t a n c e 

would i n c r e a s e a l o n g a v e r t i c a l l i n e t o reach t h e e q u i l i b r i u m 

i n v e r s i o n v a l u e C^. Thi s would g i v e t h e maximum p o s s i b l e 

v a l u e f o r V . Wit h t h e a p p l i e d v o l t a g e d e c r e a s i n g as i n the 

n e g a t i v e sweep s i t u a t i o n t h e c a p a c i t a n c e reaches a t a 

lower v a l u e o f thus d e c r e a s i n g t h e magnitude o f t h e s t r a i g h t 

p o r t i o n V . I f t h e sweep r a t e i s h i g h e r , f o l l o w i n g a s i m i l a r 

argument, V c w i l l be s m a l l e r . 

For samples w i t h d i f f e r e n t v a l u e s o f and S, t h e v a l u e 

of V c a t a c o n s t a n t sweep r a t e w i l l be d i f f e r e n t . For h i g h e r 

x t h e c a p a c i t a n c e w i l l be c l o s e r t o t h e deep d e p l e t i o n v a l u e y 
d u r i n g t h e p o s i t i v e g o i n g v o l t a g e sweep as t h e g e n e r a t i o n o f 

i n v e r s i o n change i s reduced. A l s o d u r i n g t he n e g a t i v e v o l t a g e 

sweep t h e c a p a c i t a n c e w i l l reach t h e e q u i l i b r i u m v a l u e a t a 

lower v o l t a g e t h u s r e d u c i n g t h e magnitude of V . On t h e o t h e r 

hand t h e v a l u e o f S, t h e s u r f a c e g e n e r a t i o n r a t e , i s t h e 

o p p o s i t e t o t h a t f o r T , a h i g h v a l u e i n c r e a s i n g t he v a l u e o f 
v . 

c 
I n t h e n u m e r i c a l s o l u t i o n o f t h e e q u a t i o n s g i v e n by 

T a n i g u c h i i t was found t h a t c e r t a i n c o m b i n a t i o n s o f T and S 
g 

cannot be found f o r c e r t a i n v o l t a g e sweep r a t e s . T h i s i s 

because t h e argument o f t h e n a t u r a l l o g a r i t h m term i n t h e 

e q u a t i o n s , s h o u l d always be p o s i t i v e and i t accounts f o r t h e 

d i s c o n t i n u i t y found on t h e S - T g c h a r t s o f F i g u r e s 6.2 and 6.5. 

Looking a t e q u a t i o n s (6.1 ) and (6.2 ) t h e f o l l o w i n g c o n d i t i o n s 



I l l 

must h o l d f o r t h e l o g term t o be d e f i n a b l e : -

x 
x-A 

0 

> 0 
X f - A 

and 
0 

x -A m 

From these c o n d i t i o n s t h e r e q u i r e m e n t f o r t h e e q u a t i o n s t o 

be s o l v a b l e i s 

a > 

ox 

The second term on t h e r i g h t - h a n d s i d e of t h e e x p r e s s i o n i s 
_5 v e r y s m a l l ( < 10 ) even f o r s m a l l v a l u e s o f T so t h e y 

c r i t e r i o n f o r t h e v a l i d i t y o f t h e e q u a t i o n s becomes a p p r o x i ­

mately 

a > 
q n i S 

ox 

Because o f t h i s l i m i t a t i o n t h e v a l u e o f a has t o be c a r e f u l l y 

chosen b u t t h e r e i s no means o f knowing t h e S v a l u e b e f o r e 

t h e measurement so t h a t a has t o be chosen from e x p e r i e n c e . 

T h e r e f o r e t h i s method does not a c t u a l l y p r o v i d e an easy way 

of d e t e r m i n i n g x . 
g 

From t h e r e s u l t s on samples ITT14 and ITT134, t h e 

success o f t h e method c l e a r l y depends g r e a t l y on t h e p a r t i c u l a r 



112 

samples u s e d b e c a u s e i t f a i l e d c o m p l e t e l y f o r " t h e s e samples 

by g i v i n g an e x p e r i m e n t a l p o i n t w e l l o u t s i d e t h e r e g i o n 

t h a t c o u l d be p l o t t e d on t h e c h a r t . T h i s f a i l u r e was n o t 

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

c e r n e d w i t h t h e v o l t a g e ramp t e c h n i q u e . For t h e sample 

ITT135 t h e v a l u e s o f x o b t a i n e d by t h i s m ethod a r e a l s o 
g * 

t o o h i g h . T h i s however w i l l be d i s c u s s e d i n C h a p t e r 8 when 

t h e r e s u l t s o f t h e C-V method a r e compared w i t h t h e o t h e r s . 

I n v i e w o f t h e above p r o b l e m , i t was f o u n d t h a t t h e 

method i s n o t as s t r a i g h t f o r w a r d as c l a i m e d by i t s a u t h o r . 

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

d e v i c e s o f t h e same w a f e r l o o k s p r o m i s i n g as a method f o r 

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

t h e r e s u l t a r e g r e a t l y a f f e c t e d f o r v a l u e s i n t h e e x t r e m i t i e s 

o f t h e c h a r t . F u r t h e r m o r e , t h e c a l c u l a t i o n and p l o t t i n g o f t h e 

S-Xg c h a r t i s v e r y s l o w even u s i n g a m i c r o c o m p u t e r and a 

d i g i t a l p l o t t e r . F or t h e s e r e a s o n s i t i s r e a l i s e d t h a t t h e 

p u l s e d Q-t t e c h n i q u e i s a t l e a s t as good f o r t h e d e t e r m i n a t i o n 

o f x . 
g 
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CHAPTER 7 

C-t AND FAST-RAMP MEASUREMENTS 

7 .1 I n t r o d u c t i o n 

As m e n t i o n e d i n e a r l i e r c h a p t e r s , t h e r e a r e s e v e r a l 

o t h e r methods t h a t have been u s e d t o measure t h e m i n o r i t y 

c a r r i e r l i f e t i m e i n MOS c a p a c i t o r s . Many o f t h e s e were 

d e v e l o p e d f r o m t h e Z e r b s t method ( 1 ) w h i c h i s based on 

p u l s e d C-t t r a n s i e n t m easurements, w h i l e o t h e r s use a l i n e a r 

v o l t a g e ramp and a n a l y s e e i t h e r t h e c a p a c i t a n c e o r t h e g a t e 

c u r r e n t o f t h e d e v i c e w i t h r e s p e c t t o t h e i n s t a n t a n e o u s 

a p p l i e d v o l t a g e . I n each case t h e methods d i f f e r r a t h e r 

more i n t h e i r t h e o r e t i c a l a n a l y s i s t h a n i n t h e e x p e r i m e n t a l 

t e c h n i q u e s e m p l o y e d . 

I n t h i s w o r k t w o o f t h e s e methods o f m e a s u r i n g l i f e ­

t i m e were u s e d f o r c o m p a r i s o n w i t h t h e Q-t method f r o m t h e 

p o i n t s o f v i e w o f e x p e r i m e n t a l t e c h n i q u e , a n a l y s i s and 

r e s u l t s . T h i s C h a p t e r t h e r e f o r e b r i e f l y d e s c r i b e s the: use: 

o f t h e b a s i c Z e r b s t C-t t r a n s i e n t method and t h e n o n - e q u i L i ­

b r i u m f a s t ramp t e c h n i q u e w h i c h were c h o s e n as b e i n g t wo o f 

t h e s i m p l e s t . The c o m p a r i s o n w i t h t h e Q-t method w i l l be 

d i s c u s s e d i n C h a p t e r 8. 

7.2 The C-t Method 

The change i n c a p a c i t a n c e o f an MOS c a p a c i t o r w i t h t i m e 

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

Jund and P o i r i e r ( 51). I n t h e i r a n a l y s i s t h e y assumed t h a t 

t h e c a p a c i t a n c e r e l a x a t i o n f o l l o w e d a s i m p l e e x p o n e n t i a l w i t h 

t i m e . However, i t was Z e r b s t who f i r s t d e v e l o p e d t h e 

method o f a n a l y s i s t h a t a l l o w s t h e m i n o r i t y c a r r i e r l i f e t i m e as 

w e l l as t h e s u r f a c e r e c o m b i n a t i o n v e l o c i t y t o be d e t e r -
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mined from t h e C - t t r a n s i e n t . I n h i s a n a l y s i s Z e r b s t assumed 

t h a t i n t h e n o n - e q u i l i b r i u m s i t u a t i o n f o l l o w i n g t h e a p p l i c a ­

t i o n o f a v o l t a g e s t e p t h e change i n t h e i n v e r s i o n c h a r g e 

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

g e n e r a t i o n a t t h e s u r f a c e as w e l l as t h e n e t b u l k g e n e r a t i o n 

i n t h e d e p l e t i o n l a y e r . 

F o l l o w i n g Z e r b s t ' s p a p e r , a number of o t h e r a u t h o r s 

l o o k e d i n t o v a r i a t i o n s o f t h e method. I n p a r t i c u l a r , S c h r o d e r 

and Nathanson (17) s u g g e s t e d a c o r r e c t i o n t o be made to the 

Z e r b s t e x p r e s s i o n u s e d i n t h e a n a l y s i s . They showed t h a t 

when t h e MOS c a p a c i t o r i s b i a s e d i n t o d e p l e t i o n , t h e d e p l e t i o n 

l a y e r does not o n l y e x t e n d i n t o t h e b u l k b u t a l s o l a t e r a l l y . 

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

g a t e e l e c t r o d e i s d i f f e r e n t from t h a t a t t h e l a t e r a l l y 

d e p l e t e d r e g i o n , and t h i s has an e f f e c t on t h e measured 

l i f e t i m e . T h e r e f o r e t h e Z e r b s t method does not g i v e t h e 

t r u e l i f e t i m e T but an e f f e c t i v e l i f e t i m e • S c h r o d e r 
g 

and Nathanson d e r i v e d a r e l a t i o n s h i p between t h e t r u e b u l k 

l i f e t i m e and t h i s e f f e c t i v e l i f e t i m e . D e s p i t e t h i s and o t h e r 

c r i t i c i s m s , t h e Z e r b s t method w i t h o u t m o d i f i c a t i o n i s s t i l l 

b e i n g u s e d as a s t a n d a r d r e f e r e n c e t e c h n i q u e whenever the 

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

o f MOS c a p a c i t o r s a r e measured. 

7.2.1 Theory 

A t y p i c a l h i g h f r e q u e n c y C-V c u r v e f o r an MOS c a p a c i ­

t o r i s shown by t h e f u l l l i n e i n F i g u r e 7 . 1 ( a ) . On a p p l y i n g 

a p o s i t i v e v o l t a g e s t e p w i t h t h e c a p a c i t o r a l r e a d y i n i n ­

v e r s i o n , t h e r e s p o n s e i s as shown by t h e broken l i n e , where 

V i s t h e i n i t i a l a p p l i e d v o l t a g e and AV i s t h e v o l t a g e s t e p . 
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I m m e d i a t e l y a f t e r t h e v o l t a g e s t e p i s a p p l i e d t h e a d d i t i o n a l 

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

b u l k t h u s e x t e n d i n g t h e d e p l e t i o n w i d t h and c a u s i n g t h e 

c a p a c i t a n c e t o drop from i t s e q u i l i b r i u m v a l u e t o t h e 

minimum v a l u e C . S u b s e q u e n t l y , t h e a p p l i e d v o l t a g e 

r e m a i n s c o n s t a n t a t (V + AV) and as m i n o r i t y c a r r i e r s a r e 

g e n e r a t e d t h e d e p l e t i o n w i d t h r e l a x e s back t o i t s new e q u i l i ­

brium v a l u e w h i c h i s al m o s t t h e same a s t h e i n i t i a l v a l u e . 

The c a p a c i t a n c e v a r i a t i o n w i t h time i s t h e r e f o r e as shown 

i n F i g u r e 7.1(b) where t h e v a l u e s c o r r e s p o n d w i t h t h o s e i n 

F i g u r e 7 . 1 ( a ) . F i g u r e 7.1(b) i s t h e f a m i l i a r C - t c u r v e f o r 

t h e MOS c a p a c i t o r . By a n a l y s i n g t h i s c u r v e as shown below 

one o b t a i n s t h e s o - c a l l e d Z e r b s t p l o t from w h i c h t h e l i f e ­

t ime c a n be e v a l u a t e d . 

By s o l v i n g t h e c h a r g e n e u t r a l i t y , v o l t a g e , c a p a c i ­

t a n c e , and s u r f a c e p o t e n t i a l e q u a t i o n s , Z e r b s t d e r i v e d an 

e x p r e s s i o n f o r t h e i n v e r s i o n c h a r g e Q^ n v P e r u n i t a r e a . 

For p - t y p e s i l i c o n t h i s i s 

N c I C 2 _ , \ 
Qinv = C o x V a " * ^ ^ 2 ^ 

ox C ' 

where C i s t h e c a p a c i t a n c e per u n i t a r e a , a t any time, t 

The d e r i v a t i o n o f t h i s e q u a t i o n i s g i v e n i n Appendix 4 . 

D i f f e r e n t i a t i n g t h e e x p r e s s i o n w i t h r e s p e c t t o t i m e g i v e s 

t h e r a t e o f change o f t h e i n v e r s i o n c h a r g e c o n c e n t r a t i o n , 

t h a t i s 

d Q. N e , / c ^ v i n v _ _ r f a s_ d / • ox x - q !±_ --OX- (7.2) 
dt 2 C d t \ „2 

ox 



ox 

Broken l i n e due 
to v o l t a g e s t e p 

m 
H— 

V 

(a) 

3 

f 

F I G . 7. 1 (a) A T y p i c a l O V P l o t f o r p ~ t y p e MOS~C 
showing t h e e f f e c t o f a S t e p V o l t a g e . 

(b) A C ~ t T r a n s i e n t f o l l o w i n g a V o l t a g e S t e p . 
(c) A T y p i c a l Z e r b s t P l o t . 
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T h i s r a t e o f change i s due t o g e n e r a t i o n i n t h e b u l k and 
a t t h e s u r f a c e w h i c h a r e assumed t o be g i v e n by t h e two 
terms i n t h e e q u a t i o n 

d Q . q n . 
— = — ( * d - x f ) + q n S (7.3) 

d t x 
g 

E q u a t i n g (7.2) and (7.3) g i v e s t h e Z e r b s t e x p r e s s i o n 

/ i \ 2 n . . , 2 n . S d t ± ) = 3 _ ± - ±-)i i ( 7 4) 
C N C T C / Nr. C \i •*> d t -

a ox g x r ' a s ox 

2 

and by p l o t t i n g j a g a i n s t ^ ̂  - ^ — j one g e t s t h e 

Z e r b s t p l o t as shown i n F i g u r e 7 . 1 ( c ) . The g r a d i e n t of t h e 

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

g i v e s S. 

7.2.2 E x p e r i m e n t a l D e t a i l s 

The Z e r b s t t e c h n i q u e was s e t up t o p r o v i d e a d i r e c t 

c o m p a r i s o n w i t h t h e Q-t method f o r some o f t h e s a m p l e s . 

The e x p e r i m e n t a l l a y - o u t i s as shown i n F i g u r e 7.2, where 

t h e sample was p l a c e d i n t h e p r o b i n g box w h i c h was d e s c r i b e d 

i n C h a p t e r 3. The l e a d s from t h e p r o b e r and t h e sample b a s e 

p l a t e were c o n n e c t e d t o t h e i n p u t of t h e Boonton 72BD c a p a c i ­

t a n c e meter. The s t e p v o l t a g e was a p p l i e d by programming t h e 

Commodore mi c r o c o m p u t e r t h r o u g h t h e I E E E p o r t and a d i g i t a l 

t o a n alogue c o n v e r t e r as f o r t h e Q-t method b u t w i t h an 

a d d i t i o n a l a m p l i f i e r t o a l l o w f o r f i n e r a d j u s t m e n t o f t h e 

analogue v o l t a g e w h i c h was a p p l i e d t o t h e MOS c a p a c i t o r 

t h r o u g h t h e p o l a r i s i n g c o n n e c t i o n s on the c a p a c i t a n c e meter. 

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

were both c o n t r o l l e d by t h e m i crocomputer, b u t t h e d i g i t a l 
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o u t p u t o f t h e c a p a c i t a n c e meter responded too s l o w l y f o r 

t h e t r a n s i e n t t o be r e c o r d e d d i g i t a l l y . I n s t e a d an a n a l o g u e 

x-y p l o t t e r was a t t a c h e d t o t h e a n alogue o u t p u t of t h e 

c a p a c i t a n c e meter w i t h t h e c a p a c i t a n c e i n f o r m a t i o n c o n n e c t e d 

t o t h e y - i n p u t w h i l e t h e x - i n p u t was d r i v e n by an e x t e r n a l 

ramp g e n e r a t o r . As w i t h t h e Q-t e x p e r i m e n t s c a r e f u l s c r e e n ­

i n g was o b s e r v e d t o m i n i m i s e e x t r a n e o u s n o i s e p i c k - u p and 

t h e measurements were done i n t o t a l d a r k n e s s by e n s u r i n g t h a t 

t h e p r o b i n g box was l i g h t - t i g h t . 

7.2.3 R e s u l t s and D i s c u s s i o n 

Measurements were c a r r i e d out f o r a number o f s a m p l e s 

and t h e r e s u l t s a r e summarised i n T a b l e 7.1. The d e t a i l e d 

r e s u l t s g i v e n below a r e f o r t h e p - t y p e s a m p l e i T T 1 3 5 p r e v i o u s l y 

u s e d f o r Q-t e x p e r i m e n t s . The o x i d e c a p a c i t a n c e o f t h i s 
— 8 —2 

sample, 2.29 x 10 F cm . was o b t a i n e d from a h i g h f r e q u e n c y 

C-V measurement and t h i s v a l u e was u s e d t h r o u g h o u t t h e 

a n a l y s i s . 

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

was s i m i l a r t o t h a t o b t a i n e d by Z e r b s t . F i g u r e 7.3 shows the 

t r a n s i e n t f o r a v o l t a g e s t e p o f 2.50 v o l t s w i t h t h e h i g h 

f r e q u e n c y e q u i l i b r i u m i n v e r s i o n c a p a c i t a n c e , C F , o f 61.8 pF. 

The a p p l i e d v o l t a g e was from 2.55 v o l t s t o 5.05 v o l t s , w h i c h 

e n s u r e d t h e d e v i c e i n heavy i n v e r s i o n both b e f o r e and a f t e r 

t h e v o l t a g e s t e p . I m m e d i a t e l y a f t e r t h e v o l t a g e s t e p , t h e 

c a p a c i t a n c e dropped t o 37.5 pF, r e t u r n i n g t o i t s e q u i l i b r i u m 

v a l u e i n about 100 s e c . The p l o t o f - ^ ^ ^ j a g a i n s t 

i s shown i n F i g u r e 7.4. A c c o r d i n g t o E q u a t i o n 

( 7 . 4 ) , a l i n e a r p i o t was e x p e c t e d b u t s i n c e t h i s e q u a t i o n 

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

l i n e a r i t y was o b s e r v e d pn t h e plfcji a s fcfie lapaciUMflc'e G 



CM 

in 

CO 
QJ 
<0 0) 

a) 
vO »— 

00 

CM 

CM Lfl 
I 



118 

approached v a l u e . T h i s may be due t o t h e f a c t t h a t 

r e c o m b i n a t i o n p r o c e s s e s become s i g n i f i c a n t as t h e d e p l e t i o n 

w i d t h a p p r o a c h e s i t s o r i g i n a l e q u i l i b r i u m v a l u e . The s l o p e 

o f t h e l i n e a r p o r t i o n o f t h e p l o t i n F i g u r e 7.4 gave t h e 

v a l u e of a s 65 y s e c , and from t h e i n t e r c e p t w i t h t h e 

y - a x i s t h e v a l u e o f S was o b t a i n e d as 0.25 cm s ^. 

From t h i s e x p e r i m e n t i t was found t h a t t h e C - t 

t r a n s i e n t measurement was r e l a t i v e l y e a s y t o p e r f o r m and 

i t i s q u i t e s i m i l a r t o t h e Q-t method. The d i f f e r e n c e 

between t h e two methods i s t h a t i n s t e a d of u s i n g a s i m p l e 

e l e c t r o m e t e r , f o r t h e Q-t t r a n s i e n t measurement, a c a p a c i ­

t a n c e b r i d g e was needed i n t h e C - t e x p e r i e m n t . I n both 

methods a v o l t a g e s t e p was r e q u i r e d t o change t h e b i a s 

from s t r o n g t o s t r o n g e r i n v e r s i o n . As t h e C - t method i s not 

t h e main c o n c e r n o f t h i s work, t h e Z e r b s t e x p e r i m e n t was not 

automated as i n t h e Q-t measurement and so t h e r e s u l t s a r e 

not as c o n s i s t e n t , e.g. t h e r e i s no a v e r a g i n g . A l s o t h e 

a n a l y s i s r e q u i r e d t o o b t a i n t h e r e s u l t from a C - t t r a n s i e n t 

i s n o t a s s i m p l e as t h e H o f s t e i n ' s Q-t method as i t r e q u i r e s 

manual d i f f e r e n t i a t i o n o f t h e t r a c e . T h i s i s r a t h e r s i m i l a r 

t o t h e Q-t methods o f T a k i n o , and V i s w a n a t h a n and T a k i n o 

where d i f f e r e n t i a t i o n o f t h e t r a c e i s a l s o r e q u i r e d . However 

i n c o n t r a s t t o t h e i r t e c h n i q u e , t h e C - t method does not r e q u i r e 

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

time d u r i n g t h e t r a n s i e n t . 

The l i m i t a t i o n o f t h e C - t method can be s e e n i n t h e 

extreme c a s e where t h e doping c o n c e n t r a t i o n i s h i g h . Thus 

w i t h t h e same v o l t a g e s t e p , t h e change i n t h e d e p l e t i o n 

w i d t h x,, and hence t h e c a p a c i t a n c e change, w i l l be s m a l l b u t 
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( AV Q= 2V ) 



119 

t h e change i n c h a r g e i n t h e d e p l e t i o n r e g i o n w i l l be l a r g e r . 

The r e a s o n f o r t h i s i s t h a t f o r h i g h e r doping c o n c e n t r a t i o n s 

o n l y a s m a l l change i n w i l l accompany t h e n e c e s s a r y change 

i n t h e d e p l e t i o n c h a r g e t o b a l a n c e t h e c h a r g e on t h e e l e c t ­

rode . 

Another d i s a d v a n t a g e o f t h e C - t method i s t h a t b e c a u s e 

an a . c . s i g n a l i s r e q u i r e d on top o f t h e d . c . b i a s t h e r e s ­

ponse speed i s l i m i t e d by t h e f r e q u e n c y o f t h e s i g n a l i f t h e 

l i f e t i m e i s e x t r e m e l y s h o r t . T h i s i s not t h e c a s e i n t h e 

Q-t method as i t r e q u i r e s o n l y d.c. v o l t a g e s and t h e m e a s u r i n g 

g e a r can be e a s i l y improved s h o u l d an e x t r e m e l y f a s t r e s p o n s e 

be e n c o u n t e r e d . 
',7 

I t i s c o n c l u d e d t h a t on t h e whole t h e C - t method shows 

some l i m i t a t i o n s compared t o t h e Q-t measurement but t h e s e 

a r e m o s t l y i n extreme c o n d i t i o n s . The main d i s a d v a n t a g e i t 

h a s o v e r t h e s i m p l e r Q-t method of H o f s t e i n i s t h e need t o 

d i f f e r e n t i a t e t h e C - t t r a n s i e n t w h i c h i n t r o d u c e s the main 

c a u s e o f e r r o r . The v a l u e s o f t h e l i f e t i m e X g o b t a i n e d by 

t h i s method w i l l be compared w i t h o t h e r methods i n t h e n e x t 

c h a p t e r . 

7 • 3 The . F a s t Ramp Method; 

Methods empl o y i n g a l i n e a r v o l t a g e ramp t o s t u d y MOS 

c a p a c i t o r c h a r a c t e r i s t i c s have l o n g been u s e d by s e v e r a l 

a u t h o r s . Most of t h e s e methods i n v o l v e c a p a c i t a n c e - v o l t a g e ; 

(C-V) measurements, a l t h o u g h some measure t h e g a t e c u r r e n t 
O -

a g a i n s t t h e a p p l i e d v o l t a g e (53-55). I n the l a t t e r case there are 

pifo s e t s o f c o n d i t i o n s t o be c o n s i d e r e d depending on t h e ramp 

spegd. J f t l i g £amp :}.s s l o w enough t o keep t h e c a p a c i t o r i n 

e q u i l i b r i u m t h r o u g h p u t t h e y p l t a g e c y c l e t h e c u r r e n t , 

1 5 |; H , w i l | g i v e |he i Q U i i i b i i i l i efilvll f t t t l ' 
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method was u s e d by Kuhn (50 ) when he s t u d i e d t h e i n t e r f a c e 

s t a t e s i n MOS d e v i c e s . The o t h e r extreme i s t o a p p l y a 

f a s t l i n e a r v o l t a g e ramp a s i n t h e method o f Kuper and 

Grimbergen (32) . The method t o be d e s c r i b e d h e r e i s b a s e d 

on t h e work by Board and Simmons (27) on t h e f a s t ramp 

c u r r e n t measurement where t h e d e v i c e s do not r e a c h e q u i l i ­

b rium a t a l l d u r i n g t h e v o l t a g e c y c l e . The t e c h n i q u e w i l l 

be b r i e f l y d e s c r i b e d and t h e r e s u l t s from t h e j o i n t work 

w i t h A b d u l l a h (56) i n the same r e s e a r c h group w i l l be g i v e n . 

From t h e t h e o r e t i c a l a n a l y s i s i t w i l l be shown t h a t t h e 

m i n o r i t y c a r r i e r l i f e t i m e c a n be e x t r a c t e d e a s i l y from t h e 

c u r r e n t c h a r a c t e r i s t i c s . 

7.3.1 Theory 

F i g u r e 7.5 shows a t y p i c a l p l o t of t h e c u r r e n t i n 

an n - t y p e MOS c a p a c i t o r r e s u l t i n g from t h e a p p l i c a t i o n of 

f a s t v o l t a g e ramp. The r e s p o n s e i s i n two p a r t s , one f o r 

t h e f o r w a r d v o l t a g e sweep ( i . e . n e g a t i v e dV/dt) w h i l e t h e 

o t h e r i s t h e r e v e r s e sweep ( p o s i t i v e d V / d t ) . 

The Forward V o l t a g e Sweep 

I n f o l l o w i n g t h e I - V t r a c e from p o i n t A t o B, t h e 

d e v i c e i s i n a c c u m u l a t i o n a t p o i n t A w i t h a c o n s t a n t c u r r e n t 

l e v e l a s t h e r e a r e abundant e l e c t r o n s ( m a j o r i t y c a r r i e r s ) i n 

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

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

s t a r t s d e c r e a s i n g due t o l i m i t e d c h a r g e c o n c e n t r a t i o n i n t h e 

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

n e g a t i v e d i r e c t i o n t h e d e p l e t i o n w i d t h i n c r e a s e s t o a maxi­

mum v a l u e and t h e c u r r e n t r e a c h e s i t s l o w e s t v a l u e a t p o i n t B. 

From h e r e on, i f t h e ramp was s l o w enough, t h e r e would be 

t i m e f o r t h e g e n e r a t i o n c u r r e n t t o i n c r e a s e t h u s i n c r e a s i n g 
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t h e sample c u r r e n t t o B. But s i n c e we a r e h e r e d e a l i n g 

w i t h a f a s t v o l t a g e ramp t h e c a r r i e r g e n e r a t i o n r a t e i s 

un a b l e t o cope w i t h t h e v o l t a g e change, and t h e c u r r e n t 

does n o t i n c r e a s e t o i t s e q u i l i b r i u m v a l u e b u t t o a l o w e r 

v a l u e as shown by t h e p o i n t C i n F i g u r e 7.5. The c u r r e n t 

f l o w i n g i n t h e d e v i c e i s made up o f t h e d i s p l a c e m e n t c u r r e n t 

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

sweep t h e s e c u r r e n t components a r e i n t h e same d i r e c t i o n . 

As shown i n Appendix 5 t h e e x p r e s s i o n f o r t h e g a t e 

c u r r e n t i s t h e n 

= a C r 
ox Z + 1 - Z 

ox 
( X o - Z L E > 

(7.5) 

aC 
and L-., = 

hi 
ox 

<3 U r 

where Z = 
x -x 
d o 

a i s t h e ramp speed i n v o l t / s e c 

and 0^ i s t h e g e n e r a t i o n r a t e p e r u n i t volume. 

The R e v e r s e V o l t a g e Sweep 

When t h e magnitude o f t h e a p p l i e d v o l t a g e i s r e d u c e d 

t h e I - V c u r v e f o l l o w s t h e l o w e r p a t h DEFG shown i n F i g u r e 7.5 

The g a t e c u r r e n t now becomes 

= a C ox Z - 1 + Z 
ox 

(7.6) 

As c a n be s e e n from t h e two e q u a t i o n s 7.5 and 7.6 

* I, 
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T h i s i s b e c a u s e t h e d i s p l a c e m e n t and t h e g e n e r a t i o n c u r r e n t s 

a r e now i n o p p o s i t e d i r e c t i o n s so t h a t t h e n e t e f f e c t i s t h e 

d i f f e r e n c e o f t h e two. Due t o t h i s d i f f e r e n c e t h e r e i s i n i t i a l l y 

an a b r u p t f a l l from C t o D on t h e p l o t . From D t o E t h e gen­

e r a t i o n c u r r e n t I i s g r e a t e r t h a n t h e d i s p l a c e m e n t c u r r e n t 1^. 

When I , > I t h e n e t c u r r e n t d g 

G g d 

becomes n e g a t i v e a s shown on t h e p l o t by p o i n t E. At F, 1 

s u f f i c i e n t m i n o r i t y c a r r i e r s have been g e n e r a t e d f o r t h e 

s u r f a c e t o be j u s t i n v e r t e d so t h a t t h e p a r t o f t h e c u r v e from 

F t o G r e p r e s e n t s t h e e q u i l i b r i u m d i s p l a c e m e n t c u r r e n t a g a i n . 

T h i s i s a m i r r o r image o f t h e e q u i l i b r i u m c u r v e ABB'. 

I n t h i s e x p e r i m e n t , samples h a v i n g d i f f e r e n t g e n e r a t i o n 

r a t e s w i l l have t h e p o r t i o n s BCDEF d i f f e r e n t from one a n o t h e r . 

F o r a h i g h e r g e n e r a t i o n r a t e , t h u s l o w e r x , t h e p o r t i o n BC 

w i l l be h i g h e r and t h e p o i n t s E and F w i l l be s h i f t e d t o a 

more n e g a t i v e v a l u e a s shown i n F i g u r e 7 . 5 ( b ) . T h i s i s c a u s e d 

by t h e i n c r e a s e d sample c u r r e n t due t o t h e i n c r e a s e d g e n e r a ­

t i o n o f m i n o r i t y c a r r i e r s . C o n v e r s e l y f o r a lower g e n e r a t i o n 

r a t e , t h e c u r v e w i l l l o o k l i k e B C2D2E2F 2 o f F i g u r e 7 . 5 ( b ) . 

To o b t a i n t h e v a l u e o f T one needs t o match t h e I-V 

c u r v e c a l c u l a t e d from t h e t h e o r e t i c a l e x p r e s s i o n u s i n g an 

e s t i m a t e d v a l u e of T t o t h e e x p e r i m e n t a l one. I f t h e s e 

c u r v e s do n o t match t h e n a n o t h e r v a l u e o f T i s u s e d u n t i l 
g 

t h e b e s t f i t i s o b t a i n e d . The v a l u e o f x t h u s o b t a i n e d i s 
g 

t h e l i f e t i m e o f t h e sample. T h i s c a l c u l a t i o n i s e a s i l y done 

oh a m icrocomputer and t h e r e s u l t s c a n be p l o t t e d m a n u a l l y . 
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From t h e work o f Rahman (57) and A l l m a n (58 ) who 

were w o r k i n g i n t h e same r e s e a r c h group, i t i s p o s s i b l e t o 

c a l c u l a t e t h e l i f e t i m e T d i r e c t l y from t h e I - V p l o t . I n 

t h e i r method t h e s t e p CD o b s e r v e d i n t h e I-V p l o t o f F i g u r e 

7 . 5 ( a ) i s measured. T h i s i s t h e p o i n t a t t h e end of t h e 

f o r w a r d sweep ramp where t h e ramp g r a d i e n t dV/dt changes s i g n . 

From t h i s v a l u e , T can be c a l c u l a t e d . 
g 

7.3.2 E x p e r i m e n t a l D e t a i l s 

The e x p e r i m e n t a l s e t up used f o r t h e f a s t ramp method 

i s shown s c h e m a t i c a l l y i n F i g u r e 7.6. I t i s s i m i l a r t o t h a t 

f o r t h e Q-t method e x c e p t f o r t h e v o l t a g e ramp g e n e r a t o r 

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

was t h e K e i t h l e y 600 B s w i t c h e d t o c u r r e n t measurement i n s t e a d 

o f t h e Coulomb range as i n t h e Q-t measurement. The f a s t ramp 

method was n o t automated and so t h e r e s u l t was r e c o r d e d on a 

B r y a n s analogue x-y r e c o r d e r when t h e ramp f r e q u e n c y i s n o t 

too f a s t . O t h e r w i s e a s t o r a g e o s c i l l o s c o p e was u s e d and t h e 

t r a c e was photographed f o r a n a l y s i s . Normal e x p e r i m e n t a l p r e ­

c a u t i o n s were t a k e n a s w i t h o t h e r methods. The c a l c u l a t i o n s 

o f t h e t h e o r e t i c a l c u r v e t o o b t a i n t h e b e s t f i t w i t h t h e e x p e r i ­

m e n t a l p l o t was done n u m e r i c a l l y on a microcomputer and t h e 

r e s u l t s were p l o t t e d m a n u a l l y , 

7.3.3 R e s u l t s and D i s c u s s i o n 

The f a s t ramp t e c h n i q u e was d e v e l o p e d i n Durham by 

Dr. P.G.C.Allman (58) and by A b d u l l a h (56). P a r t o f t h e l a t t e r ' s 

work was t o compare t h e f a s t ramp r e s u l t s w i t h t h e a u t h o r ' s 

Q-t r e s u l t s , and some measurements u s i n g both t e c h n i q u e s 

were done j o i n t l y . 

Measurements were made on b o t h p- and n - t y p e s a m p l e s . 

The o x i d e t h i c k n e s s and t h e doping c o n c e n t r a t i o n were d e t e r m i n e d 
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from a h i g h f r e q u e n c y C-V measurement. The m i n o r i t y c a r r i e r 

l i f e t i m e was o b t a i n e d by comparing t h e t h e o r e t i c a l p l o t s w i t h 
i 

t h e e x p e r i m e n t a l ones. The v a l u e of was changed u n t i l 

t h e b e s t f i t was o b t a i n e d . The r e s u l t s shown i n T a b l e 7.2 

and i n F i g u r e s 7 . 7 ( a ) and 7.7(b) a r e f o r both n- and p-type 

samples NI-1 and EN-1 r e s p e c t i v e l y . 

By t h i s method a l t h o u g h t h e t h e o r y f i t s v e r y w e l l t o 

t h e e x p e r i m e n t a l p l o t s f o r t h e f o r w a r d going v o l t a g e ramp, 

where t h e d e p l e t i o n w i d t h s a r e widening, t h e d e v i a t i o n from 

t h e e x p e r i m e n t was o b v i o u s on t h e r e v e r s e ramp. T h i s may be 

e x p l a i n e d by t h e f a c t t h a t as t h e d e p l e t i o n w i d t h c o l l a p s e s , 

t h e r e c o m b i n a t i o n p r o c e s s e s becomes moire s i g n i f i c a n t but was 

not t a k e n i n t o c o n s i d e r a t i o n i n t he t h e o r e t i c a l e x p r e s s i o n , arid 

hence t h e e r r o r . S i n c e t h e l i f e t i m e was o b t a i n e d by n u m e r i c a l 

c a l c u l a t i o n , t h e method i s t h e r e f o r e not e a s i l y performed f o r 

the purpose of d e t e r m i n a t i o n . The main s o u r c e of un­

c e r t a i n t y i s i n d e c i d i n g when the b e s t f i t i s o b t a i n e d , s i n c e 

t h i s i s v e r y s u b j e c t i v e . 

I n s p i t e of t h e s e d i s a d v a n t a g e s t h e f a s t ramp e x p e r i ­

ment i s e a s i l y s e t up a s i t s i n s t r u m e n t a t i o n i s s i m i l a r t o 

t h e Q-t method e x c e p t t h a t i t r e q u i r e s a v o l t a g e ramp g e n e r a t o r 

i n s t e a d of t h e s i m p l e r v o l t a g e s t e p g e n e r a t o r . The comparison 

as t o how w e l l t h e v a l u e s of j o b t a i n e d by t h i s method agre e 

w i t h t h e Q-t measurement w i l l be d i s c u s s e d i n t he f o l l o w i n g 

c h a p t e r . 



Sample • 
p-type ITT521 66.1 0.16 cm s , 

I t ITT523 70.0 US 0.27 " 

I I ITT135 65.0 US 0.25 " 

TABLE 7.1 Results obtained from G-t Method 

Sample N or N,(an3) a d 

n-type NI-1 

p-type EN-1 

6 x i o l i f 

14 " 
7 xlO 

6.0 us 

16.0 us 

TABLE 7.2 Results Obtained by the Fast Ramp Method 
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CHAPTER 8 

ANALYSIS AND DISCUSSION 

8 .1 I n t r o d u c t i o n 

The theme of t h e work i n t h i s t h e s i s i s i n l i n k i n g 

t h e s m a l l and l a r g e s i g n a l Q-t methods and o t h e r s f o r the 

d e t e r m i n a t i o n of t h e m i n o r i t y c a r r i e r l i f e t i m e both i n 

t h e o r y and e x p e r i m e n t . T h i s i n c l u d e s t h e f i r s t work on 

both t h e t h e o r y and e x p e r i m e n t a l r e s u l t f o r t h e Q-t r e ­

c o m b i n a t i o n t r a n s i e n t . 

I n C h a p t e r 4, the v a r i o u s e f f e c t s on t he Q-t t r a n s i e n t s 

were shown by t y p i c a l e x p e r i m e n t a l c u r v e s s e l e c t e d from w e l l 

o ver f i v e hundred o b t a i n e d i n t h i s p a r t of the i n v e s t i g a t i o n . 

I n C h a p t e r s 6 and 7 t h e v a l u e s of T were o b t a i n e d by o t h e r 

methods f o r a few of t h e s e s a m p l e s . I n t h i s chap tier t h e 

c o r r e s p o n d i n g v a l u e s of the g e n e r a t i o n l i f e t i m e a r e 

c a l c u l a t e d u s i n g t h e t h e o r y developed i n C h a p t e r 5 and compared 

w i t h t h o s e o b t a i n e d by o t h e r Q-t methods and a l s o w i t h t h e 

methods d e s c r i b e d i n C h a p t e r s 6 and 7. F i n a l l y t h e recombina­

t i o n l i f e t i m e , T /' i s c a l c u l a t e d u s i n g the new t h e o r y d e v e l o p e d 

i n t h i s work. 

8 . 2 Comparison of T h e o r e t i c a l and E x p e r i m e n t a l R e s u l t s 

I n t h i s s e c t i o n t h e t h e o r y developed i n C h a p t e r 5 

w i l l be e v a l u a t e d t o see how i t compares w i t h the e x p e r i ­

mental r e s u l t s . The comparison i s made w i t h r e g a r d t o t h e 

a c t u a l t r a n s i e n t shape, t h e i n i t i a l c h a r g e i n c r e m e n t , and 

the e f f e c t of c h a n g i n g the v o l t a g e s t e p . F o r t h e v o l t a g e 

s t e p e f f e c t , t h e t r e n d f o r the v a r i a t i o n of the t r a n s i e n t 

shape i s a l s o compared w i t h t h e o r y . I n S e c t i o n 8.2.3(b) t h e 



126 

p r e s e n t t h e o r y and e x p e r i m e n t w i l l be compared f o r t h e 

r e v e r s e s t e p Q-t t r a n s i e n t s . 

8.2.1 The G e n e r a t i o n L a y e r Width 

The f i r s t t h i n g t o determine i n e v a l u a t i n g t h e 

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

about v a r i o u s p a r a m e t e r s put i n t o t h e t h e o r y . These a r e 

m o s t l y i n t h e e x p r e s s i o n s f o r t h e g e n e r a t i o n w i d t h and the 

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

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

t h e g e n e r a t i o n w i d t h x i n the s i l i c o n . However t h e ^ gen 
e x p r e s s i o n chosen f o r x d i f f e r s i n the v a r i o u s p r e v i o u s 

gen 

p u b l i c a t i o n s on MOS t r a n s i e n t s . The f o l l o w i n g e x p r e s s i o n s 

have been us e d i n d i f f e r e n t p a p e r s :-
2 

x , = y ( X j ' - - ^ (8.1) g e n l 

x _ x, - x, (8.2 gen2 d do 

x „ = x, - X * ° - ( 8 .3) gen3 d 2 

and x a r > A x, ( 8 .4) gen4 ,d 

where x , i s t h e g e n e r a t i o n w i d t h u s e d by Rabbani and g e n l 3 1 

Lamb (12) 

x 0 i s t h a t of Z e r b s t ( 1 ) gen2 v ' 

Xgen3 t n a t o f Simmons and Wei (2) 

and x . i s t h a t of H o f s t e i n ( 21 ) gen4 v 
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I n t h i s c o mparison o n l y t h e f i r s t t h r e e g e n e r a t i o n l a y e r 

w i d t h e x p r e s s i o n s w i l l be c o n s i d e r e d b e c a u s e t h e l a s t one 

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

r e c o m b i n a t i o n , and t h i s i s e s s e n t i a l f o r t h e sample e v e r to 

approach e q u i l i b r i u m . The g e n e r a t i o n w i d t h s 8.1 t o 8.4 a r e 

compared i n F i g u r e 8.1. 

F i g u r e 8 . 2 ( a ) shows t h e o r e t i c a l Q-t p l o t s e v a l u a t e d 

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

t of 20 us. I t i s found t h a t x „ g i v e s t h e s l o w e s t g ^ gen2 ^ 
r e s p o n s e b e c a u s e i t has t h e l o w e s t v a l u e and t h e s m a l l e s t 

n e t g e n e r a t i o n c u r r e n t a t any time up t o s a t u r a t i o n . The 

e x p r e s s i o n X g e n ^ p r o d u c e s a s t e e p e r r i s e i n t h e t r a n s i e n t 

and w i t h X g e n 2 ' a shape which c o n v e r g e s f o r l a r g e v a l u e s of 

t i m e . T h i s i s b e c a u s e t h e s e two g e n e r a t i o n w i d t h s become 

z e r o as x^ a p p r o a c h e s x^ q, the e q u i l i b r i u m d e p l e t i o n w i d t h . 

The g e n e r a t i o n w i d t h x -, i s the l a r g e s t of t h e t h r e e and 
genJ 3 

so i t s Q-t t r a n s i e n t has t h e s t e e p e s t g r a d i e n t a t any t i m e . 

I n c o n t r a s t t o x , and x t h i s v a l u e does not produce a 
g e n l gen2 c 

c o n v e r g i n g t r a n s i e n t b e c a u s e i t does not become z e r o as x^ 

approaches x, , but converges t o a f i n i t e v a l u e of 

e x p r e s s i o n i s more f a v o u r a b l e because i t t a k e s i n t o c o n s i d e r a ­

t i o n t h e e x t r a b e n d i n g o f t h e energy bands a t the s u r f a c e when 

t h e MOS c a p a c i t o r i s o u t of e q u i l i b r i u m . I t i s f o r t h i s 

0.29 x x do do 

Between t h e f i r s t two g e n e r a t i o n w i d t h s t h e f i r s t 

r e a s o n t h a t x g e n l i s u s e d i n t he p r e s e n t t h e o r y f o r the Q-t 

t r a n s i e n t . 
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8.2.2 The G e n e r a t i o n Rate E x p r e s s i o n - ; 

The g e n e r a t i o n r a t e of c a r r i e r s i s g i v e n i n g e n e r a l 

by t h e e x p r e s s i o n (31) 

°p °n V t h N t ( P n " n i 2 ) 
U g 

a n 
( E t - E . ) / k T l [ ( E . 

n + n . e I + a a + n . e j P L 
- E ^ ) / k T 

(8.5) 

where 0^,0^. a r e t h e c a p t u r e c r o s s - s e c t i o n f o r h o l e s and 

e l e c t r o n s 

i s t h e t r a p d e n s i t y 

E t i s the energy of t h e t r a p l e v e l 

V , i s t h e t h e r m a l v e l o c i t y of t he e l e c t r o n s , i^n 

I n t h e g e n e r a t i o n l a y e r of t h e d e p l e t i o n r e g i o n p,n << n^ 

and t a k i n g °p ~ ° n ~ °' a n c ^ t r a p s a t t he middle of t h e 

energy band gap, E q u a t i o n ( 8 .5) becomes 

n i U = aV. N . -~- (8.6) g t h t 2 

n. 
or U - ^ - (8.7) g 2 T 

where T 
9 a U t h N t 

I n t h e work of H o f s t e i n and of Z e r b s t t h e g e n e r a t i o n r a t e 

e x p r e s s i o n i s 

n. 
U = — (8.8) g T 
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a l t h o u g h i t i s used w i t h o u t j u s t i f i c a t i o n and a p p e a r s t o 

be i n c o r r e c t . However, E q u a t i o n 8.7 and 8.8 were both 

u s e d i n t h e p r e s e n t t h e o r y and the Q-t t r a n s i e n t s o b t a i n e d 

a r e compared i n F i g u r e . 8 . 2 ( b ) f o r a l i f e t i m e v a l u e of 20 s . 

The t r a n s i e n t w i t h U from E q u a t i o n 8.8 shows a s t e e p e r r i s e 

as e x p e c t e d . For t h e subsequent a n a l y s i s of t h e e x p e r i m e n t a l 

r e s u l t s t h e e x p r e s s i o n 8.7 i s use d f o l l o w i n g t h e work of 

C o l l i n s e t a l ( 3 , 4 ) where i t was shown t h a t t h e g e n e r a t i o n 
n. n.̂  

r a t e n e v e r r e a c h e d t h e v a l u e — but o n l y ~ — . 

8.2.3 V o l t a t e Step Magnitudes 

Us i n g t h e t h e o r y d e v e l o p e d i n Ch a p t e r 5 and the 

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

from S e c t i o n s 8.2.1 and 8.2.2, t h e Q-t t r a n s i e n t s were 

c a l c u l a t e d f o r both f o r w a r d and r e v e r s e v o l t a g e s t e p s o f 

d i f f e r e n t magnitudes f o r a g i v e n v a l u e of T • These p l o t s 
y 

a r e n o r m a l i s e d f o r t h e purpose of comparison i n F i g u r e s 8.3 

and 8.5. For t h e f o r w a r d t r a n s i e n t , v o l t a g e s t e p s of 25 mV, 

50 mV, 100 mV, I V , 2 V, and 5 V were used but f o r t h e 

r e v e r s e t r a n s i e n t t h e v o l t a g e s t e p cannot be as b i g as 

e x p l a i n e d i n C h a p t e r 5, so s t e p s of up t o 1 V o n l y were used 

so as t o make a p h y s i c a l l y a c c e p t a b l e a n a l y s i s . The f o r w a r d 

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

F o r a l l t h e c a l c u l a t i o n s h e r e t h e v a l u e of T u s e d was 20 y s . 

(a) The Forward V o l t a g e Step T r a n s i e n t 

From t h e n o r m a l i s e d t h e o r e t i c a l Q-t t r a n s i e n t s of 
Q o + 

F i g u r e 8.3 i t i s seen t h a t t h e r a t i o , ^ , of t h e i n i t i a l 
max 

c h a r g e a t t = o+ t o t h e maximum ch a r g e , d e c r e a s e s w i t h 

i n c r e a s i n g v o l t a g e s t e p . The i n i t i a l c h a r g e , Q Q + was p l o t t e d 

a g a i n s t t h e v o l t a g e s t e p AV i n F i g u r e s '8.4(a) and 8.4(b) 
cl 

f o r s m a l l and f o r l a r g e r v o l t a g e r a n g e s r e s p e c t i v e l y . I n 
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F i g u r e 8 . 4 ( a ) t h e v o l t a g e s t e p was k e p t t o l e s s t h a n . 100 mV. 

W i t h i n t h i s r a n g e o f v o l t a g e s t e p t h e i n i t i a l c h a r g e i n c r e m e n t 

i s p r o p o r t i o n a l t o t h e i n c r e a s e i n t h e v o l t a g e s t e p . When t h e 

v o l t a g e s t e p was f u r t h e r i n c r e a s e d t o 2 V as i n F i g u r e 8 . 4 ( b ) , 

t h e i n c r e m e n t i n Q q + becomes l e s s t h a n p r o p o r t i o n a l t o t h e 

v o l t a g e s t e p i n c r e m e n t . T h i s a g r e e s w e l l w i t h t h e e x p e r i m e n t a l 

r e s u l t s g i v e n i n S e c t i o n 4.3. The e x p e r i m e n t a l r e s u l t s f o r 

sample ITTB4,4 a r e compared w i t h t h e t h e o r e t i c a l p l o t o f 

F i g u r e 8 . 4 ( b ) w h i c h shows t h a t t h e e x p e r i m e n t a l p o i n t s on 

t h e g r a p h a g r e e v e r y w e l l w i t h t h e t h e o r y . 

A l s o i n F i g u r e 8.3, i t i s seen t h a t t h e n o r m a l i s e d Q-t 

t r a n s i e n t s f o r v o l t a g e s t e p s o f 25 mV t o 100 mV a r e v e r y c l o s e . 

T h i s i n d i c a t e s t h a t f o r t h e s m a l l v o l t a g e s t e p r a n g e , t h e 

i n c r e a s e i n c h a r g e a t any t i m e , i s a l m o s t p r o p o r t i o n a l t o t h e 

v o l t a g e s t e p i n c r e m e n t . However, as t h e v o l t a g e s t e p s were 

f u r t h e r i n c r e a s e d t h i s p r o p o r t i o n a l b e h a v i o u r does n o t h o l d any 

l o n g e r . F o r l a r g e r v o l t a g e s t e p s , t h e c h a r g e i n c r e m e n t o f t h e 

f o r w a r d t r a n s i e n t i s g e n e r a l l y l e s s t h a n p r o p o r t i o n a l t o t h e 

v o l t a g e s t e p i n c r e m e n t , e x c e p t when t h e f i n a l e q u i l i b r i u m i s 

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

b e h a v i o u r was a l s o f o u n d i n t h e e x p e r i m e n t a l r e s u l t s . The 

p h y s i c a l r e a s o n i s t h a t t h e change o f d e p l e t i o n w i d t h i s l e s s 

t h a n p r o p o r t i o n a l t o t h e s t e p m a g n i t u d e when t h e l a t t e r i s 

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

f o r l a r g e s t e p s and a l o n g e r t i m e i s r e q u i r e d t o g e n e r a t e t h e 

r e q u i r e d c h a r g e . 
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( b ) The R e v e r s e V o l t a g e S t e p T r a n s i e n t 

F o r t h e r e v e r s e v o l t a g e s t e p , t h e b e h a v i o u r o f t h e 

Q-t t r a n s i e n t i s d i f f e r e n t f r o m t h e f o r w a r d c a s e . F i g u r e 8.5 

shows t h e n o r m a l i s e d r e v e r s e t r a n s i e n t f o r d i f f e r e n t v o l t a g e 

s t e p s o f up t o 1 V. S i m i l a r t o t h e f o r w a r d t r a n s i e n t , t h e 

c u r v e s f o r AV o f 25 mV t o 100 mV were v e r y c l o s e a g a i n a 
i n d i c a t i n g a p p r o x i m a t e p r o p o r t i o n a l i t y b e t w e e n t h e c h a r g e 

i n c r e m e n t and t h e v o l t a g e s t e p . C o n t r a r y t o t h e f o r w a r d 
Q Q + 

t r a n s i e n t c o n d i t i o n t h e r a t i o o f ^ i n c r e a s e s w i t h 
max 

i n c r e a s i n g v o l t a g e s t e p ( F i g u r e 8 . 5 ) . A l s o f o r l a r g e r s t e p s 

t h e c h a r g e i n c r e m e n t due t o t h e i n c r e a s e d v o l t a g e s t e p i s 

more t h a n p r o p o r t i o n a l , t o t h e s t e p m a g n i t u d e t h u s r e s u l t i n g 

i n a f a s t e r Q-t r e s p o n s e . T h i s i s b ecause w i t h l a r g e r s t e p s 

t h e r e i s more c h a r g e t o r e c o m b i n e i n a s m a l l e r d e p l e t i o n l a y e r 

w i d t h , w i t h t h e i n c r e a s e d c o n c e n t r a t i o n i n c r e a s i n g t h e r e ­

c o m b i n a t i o n c u r r e n t . 

F o r t h e s e r e a s o n s t h e d i f f e r e n c e b e t w e e n t h e f o r w a r d 

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

s i g n a l Q-t measurements as shown i n F i g u r e 8.6. 

8.3 C o m p a r i s o n o f R e s u l t s u s i n g t h e P r e s e n t Q-t T h e o r y 

and O t h e r Methods 

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

t y p i c a l s a m p l e s by a p p l y i n g t h e p r e s e n t t h e o r y t o t h e 

e x p e r i m e n t a l Q-t t r a n s i e n t . The v a l u e s o f t h e l i f e t i m e 

a r e t h e n c o m pared w i t h t h o s e o b t a i n e d by o t h e r Q-t m e t h o d s . 

As t h e m e t h o d o f H o f s t e i n was t h e s i m p l e s t t o p e r f o r m , t h i s 

was c h o s e n as a b a s i s f o r c o m p a r i s o n a g a i n s t o t h e r methods 

and t h e p r e s e n t t h e o r y . H o f s t e i n ' s m e t h o d i s o n l y v a l i d f o r 

s m a l l v o l t a g e s t e p s and many o f t h e measurements p e r f o r m e d 

w e l e o f t h i s t y p e , i n c l u d i n g a l l t f i o s e ' f o r t h e r e v e r s e s t e p 
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t r a n s i e n t w h i c h a r e r e s t r i c t e d t o r e l a t i v e l y s m a l l s i g n a l 
i n t h e p r e s e n t t h e o r y . 

A v e r y l a r g e number o f samples was u s e d f o r Q-t 

measurements i n t h i s w ork and many h u n d r e d s o f a c c u r a t e 

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

r e f e r m o s t l y t o t h e s m a l l number o f samples t h a t were a l s o 

u s e d f o r measurements by t h e o t h e r t e c h n i q u e s . I n v e s t i g a t i o n 

o f t h e o t h e r t e c h n i q u e s was r a t h e r l i m i t e d due t o s h o r t a g e o f 

t i m e and b e c a u s e t h e y were p e r i p h e r a l t o t h e main i n v e s t i g a ­

t i o n on t h e Q - t meth o d . 

8.3.1 E v a l u a t i o n o f t h e M i n o r i t y C a r r i e r L i f e t i m e 

by t h e P r e s e n t Method 

The l i f e t i m e was o b t a i n e d f r o m t h e e x p e r i m e n t a l Q - t 

p l o t s by c o m p a r i s o n w i t h t h e o r e t i c a l Q - t p l o t s f o r a r a n g e 

o f v a l u e s o f x o b t a i n e d u s i n g t h e p r e s e n t t h e o r y . B e f o r e 

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

Q - t t r a n s i e n t i s e x a m i n e d t o g e t t h e v a l u e o f t h e a c t u a l 

d o p a n t c o n c e n t r a t i o n N , and t h e o x i d e c a p a c i t a n c e p e r u n i t 
a 

a r e a , C . These v a l u e s a r e o b t a i n e d f r o m t h e v a l u e o f t h e 
OX 

i n i t i a l c h a r g e s t e p Q q + and t h e maximum c h a r g e i n c r e m e n t 

Q by u s i n g t h e f o l l o w i n g e q u a t i o n s , max 3 

N = a , 

* X d o + 

Q 
, max 

a n d C o x = M T ~ 
a 

where A V & i s t h e v o l t a g e s t e p m a g n i t u d e 

A X D O + i s t h e change i n t h e d e p l e t i o n l a y e r w i d t h a t 

t = o+, w h i c h c an be d e t e r m i n e d u s i n g 

E q u a t i o n 5.27. 
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U s i n g t h e s e v a l u e s o f N and C , t h e t h e o r e t i c a l ^ a ox 
Q-t c u r v e s were g e n e r a t e d f o r a r a n g e o f v a l u e s o f u s i n g 

t h e p r o g r a m d e s c r i b e d i n S e c t i o n 5.6. T h i s method i s shown 

a p p l i e d t o t h e Q-t t r a n s i e n t s f o r t h e p - t y p e s amples ITT135 

and ITTG2 f o r w h i c h t h e t h e o r e t i c a l and e x p e r i m e n t a l p l o t s 

a r e compared i n F i g u r e s 8 . 7 ( a ) and 8 . 7 ( b ) r e s p e c t i v e l y . The 

v o l t a g e s t e p u s e d was 25 mV i n b o t h c a s e s . From t h e s e 

c o m p a r i s o n s , t h e v a l u e s o f t h e l i f e t i m e T g a r e f o u n d t o . b e 

27.0 M s and 7.7 ^s f o r t h e t w o s a m p l e s . 

The l i f e t i m e v a l u e s f o r s e v e r a l o t h e r s amples were 

a l s o e v a l u a t e d u s i n g t h e p r e s e n t t h e o r y and r e a s o n a b l e 

r e s u l t s were o b t a i n e d . F or t h e n - t y p e sample TC3-8D3 and 

t h e p - t y p e ITTAU2,2, t h e e v a l u a t i o n was c a r r i e d o u t f o r t h e 

tw o v o l t a g e s t e p m a g n i t u d e s o f 25 mV and 100 mV t o t e s t t h e 

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

e x p e r i m e n t a l p l o t s a r e shown i n F i g u r e s 8.8 and 8.9, and t h e 

r e s u l t s o b t a i n e d a r e : 

V o l t a g e S t e p TC3-8D3 ITTAU2,2 
( n - t y p e ) ( p - t y p e ) 

25 mV 2.2 x 1 0 ~ 8 s 2.5 x 1 0 ~ 6 s 

100 mV 3.2 x 1 0 _ 8 s 2.5 x 1 0 _ 6 s 

A g a i n t h e v a l u e s o f t h e l i f e t i m e o b t a i n e d a r e c o n s i s t e n t w i t h 

t h e a c t u a l t r a n s i e n t s . F or t h e p - t y p e ITTAU2,2 sample t h e 

v a l u e s o f T f o r b o t h 25 and 100 mV v o l t a g e s t e p s a r e y 
i d e n t i c a l i n d i c a t i n g t h a t t h e r e i s a u n i f o r m c o n c e n t r a t i o n 

o f g e n e r a t i o n c e n t r e s w i t h i n t h e r e g i o n s o f t h e s i l i c o n 

m e a s u r ed. 

Fo r t h e n - t y p e TC3-8D3 sample, t h e v a l u e o f t h e l i f e ­

t i m e a p p a r e n t l y i n c r e a s e s w i t h t h e v o l t a g e s t e p m a g n i t u d e . 
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Assuming t h a t t h e t h e o r y h o l d s a c c u r a t e l y , and u s i n g 

T g = c v t h N t 

f o r mid-gap g e n e r a t i o n c e n t r e s , t h i s i n d i c a t e s t h a t t h e 

g e n e r a t i o n c e n t r e c o n c e n t r a t i o n N , was h i g h e r a t t h e 

s u r f a c e . T h i s , c o m b i n e d w i t h a v e r y l o w l i f e t i m e v a l u e , 

w o u l d n o t be s u r p r i s i n g f o r an o l d sample made i n Durham 

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

8.3.2 C o m p a r i s o n w i t h t h e V a l u e s f r o m O t h e r 

Q-t T h e o r i e s 

The r e s u l t s o b t a i n e d i n S e c t i o n 8.3.1 were s u b s e q u e n t l y 

compared w i t h t h o s e o b t a i n e d u s i n g t h e o t h e r Q-t methods o f 

a n a l y s i s , i . e . t h o s e o f H o f s t e i n and V i s w a n a t h a n and T a k i n o 

( F i g u r e s 8.10 and 8 . 1 1 ) . As H o f s t e i n ' s method uses a 

d i f f e r e n t e x p r e s s i o n f o r t h e l i f e t i m e , a c o r r e c t i o n h ad t o be 

made t o t h e v a l u e f o r t h e f i n a l c o m p a r i s o n . T h i s c o m p a r i s o n 

i s g i v e n b e l o w f o r t h e 25 mV v o l t a g e s t e p r e s u l t s 

Sample H o f s t e i n ' s M e t h o d K o f s t e i n ' s V i s w a n a t h a n P r e s e n t 
Method and T a k i n o T h e o r y 
( c o r r e c t e d ) 

I TT135 79 . 5 ys 39.8 ys 13.7 \is 27.0 us 

ITTG2 19.4 ^s 9.7 MS 3.3 pS 7.7 ps 

I t i s seen t h a t as e x p e c t e d H o f s t e i n ' s method became c l o s e r 

t o t h e p r e s e n t t h e o r y a f t e r c o r r e c t i n g t h e g e n e r a t i o n r a t e 

e x p r e s s i o n . The m e t h o d o f V i s w a n a t h a n and T a n i n o was f o u n d 

t o be i n e r r o r b e c a u s e o f t h e s m a l l v o l t a g e s t e p u s e d ( F i g u r e 

8.11) where t h e s u r f a c e r e c o m b i n a t i o n v e l o c i t y S i s n e g a t i v e . 

For t h i s r e a s o n t h e c a l c u l a t i o n o f t h e i r m e t h o d was r e p e a t e d 
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w i t h a b i g g e r v o l t a g e s t e p o f 0.2 V ( F i g u r e 8.12). Only 
t h e ITT135 sample was used i n t h i s e v a l u a t i o n . The new 
values o f T are as f o l l o w s : 

g 

Sample H o f s t e i n ' s Method 
a t 2 5 mV 

( w i t h c o r r e c t i o n ) 

Viswanathan 
and Takino 
Mthd. a t 0.2V 

Present Theory 
a t 0.2V 

ITT135 39.8 y s 39.3 ys 38.0 ys 

The r e s u l t o b t a i n e d was c l o s e r t o t h e v a l u e from H o f s t e i n ' s 

a n a l y s i s and n e a r l y t h r e e times t h e s m a l l s i g n a l v a l u e whereas 

u s i n g t h e p r e s e n t t h e o r y t h e r e s u l t changes by o n l y about 

40%. T h i s suggests t h a t t h e p r e s e n t t h e o r y i s more a c c u r a t e 

i n i t s a b i l i t y t o g i v e a c o r r e c t r e s u l t f o r a l l s t e p magnitudes 

E v a l u a t i n g on o t h e r samples a t d i f f e r e n t v o l t a g e 

steps a c c o r d i n g t o t h e r e q u i r e m e n t o f t h e i r t h e o r y ( t h a t i s 

s m a l l steps f o r H o f s t e i n ' s method and l a r g e r ones f o r t h e 

methods of Viswanathan and Takino and t h e p r e s e n t t h e o r y ) , 

the r e s u l t s are as shown i n F i g u r e s 8.12, 8.13 and 8.14 and 

are summarised as f o l l o w s :-

Sample H o f s t e i n ' s 
( c o r r e c t e d ) 

ITTB4,4 71.3 ys 

ITTAU2,2 2.7 us 

ITT135 39.8 ys 

Viswanathan 
and Takino 

93.5 ys 

2.9 ys 

39.3 ys 

Present 
Theory 

75.0 yS 

2.5 yS 

38.0 yS 

Thi s shows t h a t t h e p r e s e n t method i s c o n s i s t e n t i n g i v i n g 

v a l u e s o f t h e l i f e t i m e i n c l o s e agreement w i t h o t h e r Q-t 

methods p a r t i c u l a r l y H o f s t e i n ' s . 



T g = 38 \iS 

2 .0 

1.0 
Theory 

Q o e © Experiment 

i , i 
12 16 

t x 2.34 sec. 

20 2>\-

FIG. 8.12(a) The T h e o r e t i c a l and Experimental P l o t s f 
ITT135 f o r AV a= 0.2 V 



28 

o 2k 

rH 20 
o 

-dltJ 16 

* I 5 

&lcj 12 

rH 

8 
39-3 r 

0.06 cm 
4 

1 I ! 1 I I ! 

6 0 

x , J x 10 cm do 

FIG- 8.12(b) The P l o t f o l l o w i n g the Method of 
Viewanathan and Takino f o r ITT135 Sample 
f o r AV Q= 0.2 V 



CM 

(0 

M CM 
O 

x 
I 

CM 

CO 

rH 

I 

ft 

CM 
ON 

H (n 
3 o rH I 

ro 
EH 

C O 

MO 

n5 
rH 

GO 

rH 
CM 

I I 4 I I I O 
on c vO 3-

6-3 mo " [nor) 2 



1.0 

.8 

Q -Q max o+ 

10 

.08 

.06 

.05 

.04 

.03 

.02 71.3 us 
(corrected) 

• 
.01 

6 16 8 0 12 10 

sec 

FIG. 8.13(b) LOG. PLOT FOR THE FORWARD TRANSIENT OF 

ITTB4,4 WITH AV = 25 mV 



8 

H 
(0 

O 

H 
O 

X 5 

•d i-d 0 

-d I'd 
e; o 

93-5 
3 l 0.1 cm s 

48 40 16 8 32 

x 10 cm x do 

FIG. 8.13(c) The P l o t f o l l o w i n g the Method of 
Vi©^snethen and Takino f o r ITTB4,4 Sample* 
forAV a=- tOV 



Xg = 2.5 J1S 

.. . — Theory 

• • • • ftxporimon I. 

I i — i i _ i i ; i i i > i. 

4 6 8 10 12 

t x 0.23 sec. 

The T h e o r e t i c a l and Expertmenial P l o t s f o r 
ITTAU2,2 f o r AV Q = 25 mV 



1.0 

8 

5 

3 

o+ 

0.10 

.08 

.06 
0.5 
.04 

.03 
2.7 u 

(corrected) 
.02 

l I I 0.01 
8 6 7 0 1 

t x 0.2 sec 

LOG. PLOT FOR THE FORWARD THANSl'liWP OF FIG. 8.14(b) 
2 S mV ITTAU2.2 WITH &V 



16 

14 to 
CM 

o 
12 

rH 

10 rH 

X 
Of 
TH 

rH 8 
«/>. T3 

is 
S O 
CP I l _ ) 

rH 

2.9 w 

0.2 cm s 

t 
0 5 10 15 20 30 25 

7 x. x 10 cm do 
FIG. 8.14(c) The P l o t f o l l o w i n g the Method of 

Viewanathan and Takino f o r ITTAU2,2 Sampl 
with AV 75 mV 



136 

8.3.3 Comparison w i t h t h e Fast Ramp R e s u l t s 

The v a l u e s o f T o b t a i n e d by o t h e r methods on some 
g 

common samples were compared. From t h e Fast Ramp (F-R) 

method d e s c r i b e d i n Chapter 7, t h e f o l l o w i n g comparison was 

o b t a i n e d :-

Sample H o f s t e i n ' s Mthd. H o f s t e i n ' s Mthd. F-R Present 
( u n c o r r e c t e d ) ( c o r r e c t e d ) Method Theory 

3 . 0 ( j S 6.0 ps 2.5 n s 

2.8 pS 16.0jas 2 . 3 p S 

n-type 
NI-1 

p-type 
EN-1 

5.9 M s 

5.6 y s 

and comparison w i t h t h e p r e s e n t t h e o r y i s a l s o shown i n 

Fi g u r e 8.15. T h i s comparison t a b l e i s based on F-R r e s u l t s 

by A b d u l l a h (56) who worked on s e t t i n g up t h e F-R t e c h n i q u e 

i n t h i s r e s e a r c h group. From t h e r e s u l t s , i t i s seen t h a t 

a l t h o u g h t h e agreement between t h e H o f s t e i n ' s and F-R v a l u e s 

o f T was c l a i m e d by A b d u l l a h t o be good f o r t h e NI-1 sample, 

t h e H o f s t e i n method used a t t h a t t i m e was n o t c o r r e c t e d f o r 

t h e t r u e g e n e r a t i o n e x p r e s s i o n . W i t h t h i s c o r r e c t i o n , t h e 

F-R method does n o t agree a t a l l w e l l . T h i s d i f f e r e n c e c o u l d 

p o s s i b l y be due t o t h e d i f f e r e n t ways i n which t h e g e n e r a t i o n 

process occurs i n t h e two cases and p o s s i b l e reasons f o r t h e 

d i f f e r e n c e w i l l be g i v e n i n t h e d i s c u s s i o n i n s e c t i o n 8.5. 

Another p o s s i b i l i t y i s t h a t t h e e v a l u a t i o n o f t h e f a s t ramp 

experiment, b e i n g f a r l e s s d i r e c t t h a n Q-t, i s l e s s a c c u r a t e 

due t o hidden assumptions. 
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8.3.4 Comparison w i t h t h e Zerbst C-t R e s u l t s 

The v a l u e o f t h e l i f e t i m e o b t a i n e d by t h e Zerbst G-t 

method d e s c r i b e d i n Chapter 7 was compared w i t h t h e Q-t 

v a l u e e v a l u a t e d by t h e method of H o f s t e i n and t h e p r e s e n t 

t h e o r y f o r the sample ITT135. Since b o t h Zerbst and H o f s t e i n 
n. 

methods use t h e g e n e r a t i o n r a t e e x p r e s s i o n — i n s t e a d o f 
n. T 9 
2—-— as i n t h e p r e s e n t t h e o r y , t h e e v a l u a t i o n s were a l s o 

c o r r e c t e d f o r b o t h o f them. The r e s u l t s o b t a i n e d are :-

U H o f s t e i n ' s Zerbst Present 
g 

Expression Method Method Theory 
n. l 

n. 
i 

g 

79.5 MS 65.0 vs 

39.8 ys 32.5 r s 38.0 Ms 

The Zerbst method was c a r r i e d o u t w i t h a v o l t a g e s t e p o f 2V, 

H o f s t e i n ' s method was w i t h 25 mV, and t h e p r e s e n t Q-t t h e o r y , 

and experiment, was w i t h 0.2V. 

The b i g g e r v o l t a g e s t e p needed i n t h e Zerbst and the 

Visawanathan and Takino methods i s necessary because t h e 

g e n e r a t i o n l a y e r e x p r e s s i o n used i n these methods does n o t 

i n c l u d e t h e a d d i t i o n a l w i d t h due t o t h e e x t r a band bending 

a t t h e s u r f a c e as i n t h e p r e s e n t t h e o r y . The e r r o r due t o 

o m i t t i n g t h i s i s l a r g e f o r s m a l l v o l t a g e s t e p measurements b u t 

f o r l a r g e r v o l t a g e s t e p s t h e d e p l e t i o n l a y e r w i d t h extends so 

much t h a t t h e a d d i t i o n a l w i d t h i s o n l y a s m a l l f r a c t i o n o f t h e 

t o t a l g e n e r a t i o n w i d t h , t h u s making t h e e r r o r s m a l l . 

I t can be seen t h a t t h e t h r e e methods g i v e c l o s e l y s i m i l a r 

r e s u l t s 1 ahtl tn'al; the p r e s e n t the'ofy w i t H 'i CK2 v o l t i-itbp' § lVB3 
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a l i f e t i m e v a l u e v e r y s i m i l a r t o t h a t o f t h e s m a l l s i g n a l 
H o f s t e i n e v a l u a t i o n . 

8.3.5 Comparison of t h e T a n i g u c h i C-V R e s u l t s 

The C-V method o f T a n i g u c h i t o determine t h e m i n o r i t y 

c a r r i e r l i f e t i m e was d e s c r i b e d i n Chapter 6. As a l r e a d y 

mentioned t h e method showed t h a t t h e e x p e r i e m n t a l p o i n t s 

f o r t h e ITT14 and ITT134 samples were t o t a l l y o u t o f t h e 

range o f t h e t h e o r e t i c a l p l o t s o f | V ^ - V ^ | versus V c 2 > 

Looking a t t h e t r e n d o f t h e t h e o r e t i c a l p l o t f o r 

t h e ITT14 sample, ( F i g u r e 6 . 5 ( a ) ) , t h e e x p e r i m e n t a l p o i n t 

would have been w i t / ^ h i n t h e c h a r t i f t h e t h e o r y c o u l d have 

been e v a l u a t e d f o r l i f e t i m e s lower than 4 y s. T h i s was not 

p o s s i b l e due t o t h e l i m i t a t i o n o f t h e ma t h e m a t i c a l e q u a t i o n s 

b u t i t i s n o t c l e a r what t h e p h y s i c a l reason f o r t h i s might 

be. 

For t h e ITT134 sample ( F i g u r e 6 . 5 ( b ) ) , d e s p i t e t h e 

f a c t t h a t t h e e x p e r i m e n t a l p o i n t was v e r y c l o s e t o t h e 

t h e o r e t i c a l c h a r t t h e t h e o r e t i c a l curves seem t o be a s y m p t o t i c 

a t a p o i n t s h o r t o f t h e e x p e r i m e n t a l r e s u l t and again i t i s 

c l e a r t h a t t h e o r y and experiment are not c o n s i s t e n t a l t h o u g h 

t h e r e i s n o t h i n g a t a l l p e c u l i a r about e i t h e r t h e sample or 

i t s C-V c u r v e s . I t has not t h e r e f o r e been p o s s i b l e t o e x p l a i n 

t h e f a i l u r e o f t h e C-V method w i t h t hese samples. 

The e x p e r i m e n t a l p o i n t f o r ITT135 sample d i d f a l l 

w i t h i n t h e t h e o r e t i c a l c h a r t as seen i n F i g u r e 6 . 5 ( d ) , a l t h o u g h 

t h e l i f e t i m e o f 265 us deduced from i t s p o s i t i o n was v e r y l a r g e 

For t h i s sample t h e va l u e s o b t a i n e d by t h e methods o f Zerbst 

Viswanathan and Taki n o , H o f s t e i n , and t h e p r e s e n t t h e o r y are 

a l l w i t h i n 30 and 40 ps, so t h a t t h e C-V method seems t o be 

erroneous. Since t i m e was not a v a i l a b l e f o r f u r t h e r i n v e s t i g a -
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t i o n and t h a t t h e p r i m a r y concern o f t h e t h e s i s i s not i n 
the C-V t e c h n i q u e , t h i s d i s c r e p a n c y was l e f t u n r e s o l v e d . 
I t c e r t a i n l y appears t h a t t h e r e i s a major e r r o r i n t h e 
t h e o r y o f t h e C-V method and t h i s has n o t been observed 
p r e v i o u s l y because o f t h e l a c k o f o t h e r c o m p a r a t i v e measure­
ments . 

8.4 E v a l u a t i o n o f t h e Recombination L i f e t i m e from t h e 

Reverse V o l t a g e Step T r a n s i e n t 

The r e v e r s e t r a n s i e n t s f o r t he n-type TC3-8D3 sample 

and t h e p-type ITTAU2,2 were e v a l u a t e d by t h e t h e o r y i n 

Chapter 5 f i r s t f o r t h e r a t e o f r e c o m b i n a t i o n R, and then 

f o r t h e r e c o m b i n a t i o n l i f e t i m e , T . The f o l l o w i n g are t h e 

t y p i c a l v a l u e s f o r t h e r a t e o f r e c o m b i n a t i o n f o r two o f t h e 

samples. 

-3 -1 

Sample Recombination Rate (R) cm s 

n-type TC3-8D3 4.03 x 1 0 1 7 

p-type ITTAU2,2 2.07 x 1 0 1 5 

W i t h these v a l u e s , and assuming t h a t t h e r e c o m b i n a t i o n r a t e 

can be r e l a t e d t o t h e r e c o m b i n a t i o n l i f e t i m e i n t h e same 

manner as t h e g e n e r a t i o n s i t u a t i o n , we the n have 

n. 
R ^ 1 

2T r 

Thus t h e r e c o m b i n a t i o n l i f e t i m e s f o r t h e samples TC3-8D3 

and ITTAU2,2 were found t o be 1.8 x l o " 8 s and 3.5 x 1 0 ~ 6 s 

r e s p e c t i v e l y ( F i g u r e s 8.16 and 8.17). 
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C o m p a r i n g t h e s e v a l u e s t o t h e g e n e r a t i o n l i f e t i m e 
we have t h e f o l l o w i n g r e s u l t : 

Sample 

TC3-8D3 1.8 x 10 -8 2.2 x 10 -8 

ITTAU2,2 3.5 x 10 -6 2.5 x 10 -6 

These v a l u e s seem t o be r e a s o n a b l e s i n c e f o r s m a l l v o l t a g e 

s t e p s t h e t r a n s i e n t s a r e q u i t e c l o s e t o e a c h o t h e r . As 

t h e r e a r e n o A p u b l i s h e d o t h o r Q-t methods f o r t h e d e t e r m i n a t i o n 

o f t h e r e c o m b i n a t i o n l i f e t i m e , t h e r e i s no way o f t e l l i n g how 

a c c u r a t e t h i s m e t h o d i s . 

8.4.1 E f f e c t o f t h e V o l t a g e S t e p M a g n i t u d e on t h e 

R e v e r s e T r a n s i e n t 

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

d i f f e r e n t v o l t a g e s t e p s u s i n g t h e t h e o r y d e v e l o p e d i n C h a p t e r 5. 

F i g u r e 8.18 shows t h e s e p l o t s f o r AV f l o f 25 mV, 50 mV, 100 mV, 

0.5 V, and 0.8 V. L o g a r i t h m i c p l o t s were t h e n o b t a i n e d f r o m 

t h e t h e o r e t i c a l t r a n s i e n t s as shown i n F i g u r e 8 . 1 9 ( a ) and 

were t h e n c o m p a r e d w i t h t h e e x p e r i m e n t a l r e s u l t s o f F i g u r e s 

8 . 1 9 ( b ) and 8 . 1 9 ( c ) . These e x p e r i m e n t a l p l o t s w e r e o b t a i n e d 

f r o m t h e r e v e r s e t r a n s i e n t o f F i g u r e 4.20 f o r t h e TC3-8D3 and 

ITTAU2,2 s a m p l e s . I t i s f o u n d t h a t t h e t h e o r e t i c a l p l o t s 

have t h e same t r e n d as t h e e x p e r i m e n t a l ones where on t h e l o g 

p l o t s t h e y a r e l i n e a r f o r most o f t h e t r a n s i e n t f o r t h e v o l t a g e 

s t e p o f 25 mV b u t f o r l a r g e r s t e p s , t h e r e i s a d e v i a t i o n f r o m 

l i n e a r i t y a t t h e b e g i n n i n g o f t h e t r a n s i e n t where t h e g r a d i e n t 

i s s t e e p e r t h a n f o r t h e r e s t o f t h e c u r v e . However, t h e m a i n 

p a r t o f t h e l o g p l o t a f t e r t h e n o n - l i n e a r p o r t i o n has c o n s t a n t 
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g r a d i e n t i n d i c a t i n g e x p o n e n t i a l b e h a v i o u r . T h e r e i s a l s o 

a d e v i a t i o n f r o m t h e s t r a i g h t l i n e f o r l o n g t i m e s f o r t h e 

s m a l l e r v o l t a g e s t e p s . 

The r e a s o n f o r t h e f i r s t d e v i a t i o n i s due t o t h e 

f a c t t h a t t h e i n i t i a l change o f t h e a p p l i e d v o l t a g e , and 

hence o f t h e s u r f a c e p o t e n t i a l , c a u s e s a sudden r u s h o f 

m i n o r i t y c a r r i e r s t o w a r d s t h e b u l k t h u s g i v i n g r i s e t o a 

b i g g e r r e c o m b i n a t i o n c u r r e n t t h a n t h e s t e a d y s t a t e where 

t h e g r a d i e n t i s l i n e a r . 

Towards t h e end o f t h e t r a n s i e n t , t h e n e t r e c o m b i n a t i o n 

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

t o t h e e q u i l i b r i u m v a l u e . T h i s c a u s e s t h e r e c o m b i n a t i o n 

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

T h i s phenomenon i s p r e s e n t f o r a l l v o l t a g e s t e p s . S i n c e 

t h i s o c c u r s when t h e e n e r g y bands a r e c l o s e t o e q u i l i b r i u m , 

i t s e f f e c t - i s s m a l l compared t o t h e t o t a l r e c o m b i n a t i o n 

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

A l s o f r o m F i g u r e 8 . 1 8 ( a ) i t was f o u n d t h a t t h e v a l u e 

o f Q Q + i n c r e a s e s w i t h i n c r e a s i n g v o l t a g e s t e p as seen i n 

F i g u r e 4.21 f o r ITTB4,4 s a m p l e . The r e a s o n f o r t h i s has 

a l r e a d y been g i v e n i n S e c t i o n 4.4.2. To examine t h i s e f f e c t 

more c l e a r l y , t h e v a l u e s o f Q Q + were p l o t t e d a g a i n s t t h e 

v o l t a g e s t e p A V A . T h i s i s shown i n F i g u r e 8.20 f o r t h e 

t h e o r e t i c a l t r a n s i e n t s and F i g u r e 4.23 f o r t h e e x p e r i m e n t . 

B o t h f i g u r e s show a s i m i l a r t r e n d w i t h t h e a p p r o x i m a t e 

l i n e a r b e h a v i o u r h o l d i n g f o r s m a l l e r s t e p s . F o r l a r g e r 

v o l t a g e s t e p s , t h e v a l u e o f Q q + e v e n t u a l l y becomes more t h a n 

p r o p o r t i o n a l t o A V~A i n b o t h t h e o r y and e x p e r i m e n t . 

I n g e n e r a l t h e c o m p a r i s o n s made b e t w e e n t h e p r e s e n t 

t h e o r y and e x p e r i m e n t f o r r e v e r s e v o l t a g e s t e p t r a n s i e n t s 
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show i d e n t i c a l t r e n d s a l t h o u g h t h e y a r e n o t i n q u a n t i t a t i v e 

a g r e e m e n t . T h i s i n d i c a t e s t h a t t h e t h e o r y d e v e l o p e d i s on 

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

i n t o a c c o u n t t h e v a r i a t i o n o f t h e m i n o r i t y c a r r i e r c o n ­

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

o f t i m e . F o r s m a l l s t e p s t h e e r r o r i s q u i t e s m a l l b u t f o r 

l a r g e r s t e p s a more a c c u r a t e t h e o r y i s r e q u i r e d . 

8. 5 D i s c u s s i o n 

I t was f o u n d i n t h i s c h a p t e r t h a t t h e shapes o f t h e Q-t 

t r a n s i e n t s o b t a i n e d f r o m e x p e r i m e n t s a g r e e w e l l w i t h t h e 

t h e o r e t i c a l c a l c u l a t i o n s . Some r e s u l t s f r o m C h a p t e r 4 were 

compared w i t h t h e t h e o r y and was f o u n d t o be i n good a g r e e ­

ment b o t h f o r t h e s m a l l and l a r g e f o r w a r d v o l t a g e s t e p s . 

A l s o i n t h i s c h a p t e r i t was seen t h a t t h e r e s u l t s 

o b t a i n e d f r o m Q-t measurements e v a l u a t e d u s i n g t h e p r e s e n t 

t h e o r y a r e q u i t e c l o s e t o t h o s e o f t h e t h e o r i e s o f H o f s t e i n , 

V i s w a n a t h a n and T a k i n o , and o f t h e C-t m e t h o d as e v a l u a t e d 

by Z e r b s t p r o v i d e d s u i t a b l e v o l t a g e s t e p m a g n i t u d e s a r e u s e d 

i n e a c h c a s e and t h a t t h e n e c e s s a r y c o r r e c t i o n i s made t o t h e 

H o f s t e i n and Z e r b s t m e t h o d s . The c h o i c e o f t h e e x p r e s s i o n 

f o r t h e g e n e r a t i o n l a y e r w i d t h does c o n t r i b u t e g r e a t l y t o 

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

and t h e o t h e r s b u t i t i s i m p o r t a n t f o r a c c u r a t e w o r k . A l s o 

by d r o p p i n g t h e s u r f a c e g e n e r a t i o n t e r m , t h e new m e t h o d i s 

more t o l e r a n t t o t h e v o l t a g e s t e p m a g n i t u d e b e c a u s e as shown 

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

s t e p s d i f f e r o n l y by a s m a l l amount compared t o t h e o t h e r 

m e t h o d s . 

A s m a l l d i f f e r e n c e i n t h e l i f e t i m e v a l u e s o b t a i n e d by 

t h e p r e s e n t m e t h o d f o r s m a l l and l a r g e v o l t a g e s t e p s i s a l m o s t 
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i n e v i t a b l e b e c a u s e o f t h e way i n w h i c h t h e l i f e t i m e i s 

o b t a i n e d . F or s m a l l v o l t a g e s t e p s t h e l i f e t i m e i s a c t u a l l y 

t h e a v e r a g e o v e r t h e e q u i l i b r i u m w i d t h o f t h e d e p l e t i o n l a y e r , 

w hereas f o r l a r g e v o l t a g e s t e p s , t h e g e n e r a t i o n r e g i o n , o v e r 

w h i c h t h e v a l u e o f l i f e t i m e i s a v e r a g e d may be s e v e r a l t i m e s 

g r e a t e r . Thus f o r sam p l e s where t h e c o n c e n t r a t i o n o f 

g e n e r a t i o n c e n t r e s o r t r a p s , N^, v a r i e s w i t h d i s t a n c e i n t o 

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

t h e v o l t a g e s t e p m a g n i t u d e as was o b s e r v e d f o r t h e TC3-8D3 

sample and r a t h e r l e s s so f o r t h e ITT135 s a m p l e . For 

ITTAU2,2, t h e v a l u e s o f r e m a i n e d t h e same f o r v o l t a g e 

s t e p s o f 25 mV and 100 mV, i n d i c a t i n g c o n s t a n t Nfc o r T 

w i t h d i s t a n c e . G e n e r a l l y t h e v a l u e s o f T o b t a i n e d f o r 
g 

s m a l l v o l t a g e s t e p s , a r e l e s s t h a n f o r l a r g e r s t e p s . T h i s 

a g r e e s w i t h t h e f a c t t h a t t h e t r a p c o n c e n t r a t i o n i s o f t e n 

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

b u l k b ecause i t i s due t o s u r f a c e c o n t a m i n a t i o n a n d / o r t h e 

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

d e f e c t s c a u s e d b y s u r f a c e damage. 

The Fast-Ramp and t h e h . f . C-V methods o f m e a s u r i n g 

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

have been i n h e r e n t i n t h e n a t u r e o f t h e met h o d s . I n b o t h 

o f them t h e a p p l i e d b i a s i n t h e f o r m o f a t r i a n g u l a r wave 

i s a l w a y s c h a n g i n g . T h i s c a u s e s t h e sample t o be o u t o f 

e q u i l i b r i u m f o r most o f t h e t i m e so t h a t c h a r g e s a r e a l w a y s 

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

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

v o l t a g e i s c o n s t a n t d u r i n g t h e t r a n s i e n t so t h a t t h e g e n e r a t i o n 

w i d t h i s d e t e r m i n e d j u s t by t h e r e l a x a t i o n p r o c e s s . T h i s 

c o u l d be t h e r e a s o n f o r n o t g e t t i n g a good a g r e e m e n t b e t w e e n 
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t h e l i f e t i m e v a l u e s o b t a i n e d by t h e t w o t y p e s o f e x p e r i m e n t . 

The new t h e o r y e x t e n d e d t o t h e c a se o f t h e r e v e r s e 

v o l t a g e s t e p t r a n s i e n t f o r t h e f i r s t t i m e gave Q-t c u r v e s 

t h a t a g r e e d w e l l w i t h t h e e x p e r i m e n t a l r e s u l t s ( F i g u r e 8 . 1 6 ) . 

The t r e n d s i n t h e v a r i a t i o n o f t h e r e v e r s e t r a n s i e n t shape 

w i t h i n c r e a s i n g v o l t a g e s t e p s a g r e e s w e l l w i t h t h e a c t u a l 

e x p e r i m e n t a l r e s u l t as shown i n S e c t i o n 8.2.3. However, 

t h e t h e o r e t i c a l f o r w a r d and r e v e r s e Q-t t r a n s i e n t s f o r a 

g i v e n v o l t a g e s t e p and t h e same v a l u e s o f T and T t d i f f e r 
g ^ 

more t h a n i n t h e a c t u a l e x p e r i m e n t a l r e s u l t s . T h i s c o u l d be 

due t o t h e r e v e r s e s t e p t h e o r y n o t a l l o w i n g s u f f i c i e n t l y 

a c c u r a t e l y f o r t h e r e c o m b i n a t i o n r a t e as a f u n c t i o n o f 

e x c e s s m i n o r i t y c a r r i e r d e n s i t y . A l t e r n a t i v e l y i t c o u l d 

be due t o n o n - u n i f o r m t r a p c o n c e n t r a t i o n i n t h e s amples 

a c t u a l l y u s e d f o r t h e r e c o m b i n a t i o n measurements. N e v e r t h e l e s s 

t h e c o m p a r i s o n o f t h e v a l u e s o f T and T i n S e c t i o n 8.4 showed 
g r 

t h a t t h e y a r e i n good agreement f o r s m a l l v o l t a g e s t e p s a t 

l e a s t . 

R e c o m b i n a t i o n i n MOS c a p a c i t o r s seems t o have been 

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

t i o n Q-t measurements and t h e w o r k r e p o r t e d h e r e i s t h e f i r s t 

t h a t has been done b o t h t h e o r e t i c a l l y and e x p e r i m e n t a l l y . 

However, i t i s o n l y a p r e l i m i n a r y i n v e s t i g a t i o n and t i m e 

p r e v e n t e d i t b e i n g e x a m i n e d i n more d e t a i l p a r t i c u l a r l y i n 

t h e o r y . A f u l l t r e a t m e n t w o u l d have t o a l l o w more a c c u r a t e l y 

f o r t h e r a t e o f r e c o m b i n a t i o n as a f u n c t i o n o f p o s i t i o n and 

o f t i m e . 
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CHAPTER 9 

CONCLUSION 

9.1 C o n t r i b u t i o n s t o t h e Q-t Method o f D e t e r m i n i n g 

M i n o r i t y C a r r i e r L i f e t i m e 

The Q-t methods f o r t h e d e t e r m i n a t i o n o f m i n o r i t y 

c a r r i e r l i f e t i m e a v a i l a b l e p r e v i o u s l y were v e r y r e s t r i c t e d 

t o p a r t i c u l a r r a n g e o f v o l t a g e s t e p m a g n i t u d e s . They were 

a p p l i c a b l e e i t h e r t o s m a l l s t e p s o r t o l a r g e r s t e p s o n l y 

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

r a n g e . 

I n t h e c a s e o f H o f s t e i n ' s method, i t i s n e c e s s a r y 

t o w o r k w i t h s m a l l v o l t a g e s t e p s o f a b o u t 2 5 mV, and t h e 

method f a i l s e v e n when t h e s t e p i s i n c r e a s e d t o o n l y t w i c e 

t h i s v a l u e . T h i s e f f e c t was c l e a r l y shown i n C h a p t e r 4. 

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

measurements b e c a u s e o f n o i s e p i c k up w h i c h can e a s i l y be 

as l a r g e as t h e i n j e c t e d s i g n a l . Hence t h e method 

n e c e s s i t a t e s an a v e r a g i n g t e c h n i q u e t o o b t a i n c l e a n t r a n s i e n t s . 

T h i s i s v e r y t i m e c o n s u m i n g and c o m p l e x . H o f s t e i n ' s method 

a l s o r e q u i r e s an e l e c t r o m e t e r c a p a b l e o f m e a s u r i n g v e r y s m a l l 

c h a r g e s . 

The m e t h o d o f V i s w a n a t h a n and T a k i n o i s s t r i c t l y 

v a l i d o n l y f o r l a r g e v o l t a g e steps and f o r s m a l l v o l t a g e 

s t e p s o f b e l o w 100 mV t h e method f a i l s t o t a l l y g i v i n g an 

e r r o n e o u s l y n e g a t i v e i n t e r c e p t w i t h t h e y - a x i s , i n d i c a t i n g 

a n e g a t i v e s u r f a c e r e c o m b i n a t i o n v e l o c i t y ! I n C h a p t e r 8 

i t was a l s o seen t h a t t h e l i f e t i m e s o b t a i n e d by t h i s m e t h o d 
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f o r t h e s m a l l and l a r g e v o l t a g e s t e p s d i f f e r by a b o u t one 
o r d e r o f m a g n i t u d e . 

The above p r o b l e m s were r e s o l v e d by i m p r o v i n g t h e 

t h e o r y as w e l l as t h e method o f e v a l u a t i o n . T h i s l e d t o 

t h e d e v e l o p m e n t o f t h e p r e s e n t Q-t m e t h o d o f d e t e r m i n i n g t h e 

g e n e r a t i o n l i f e t i m e . W i t h t h i s i m p r o v e d t h e o r y t h e Q-t 

t r a n s i e n t i s more e v e n a c c u r a t e l y c a l c u l a t e d by u s i n g t h e 

i m p r o v e d g e n e r a t i o n l a y e r w i d t h e x p r e s s i o n o r i g i n a l l y due t o 

Rab b a n i and Lamb ( 12) and by r e m o v i n g t h e s u r f a c e g e n e r a t i o n 

t e r m w h i c h i s j u s t i f i e d f o r t h e r e a s o n s g i v e n i n C h a p t e r 5. ' 

T h i s e v a l u a t i o n t e c h n i q u e i s o b v i o u s l y more i n v o l v e d t h a n 

t h e p r e v i o u s ones and t h e t h e o r e t i c a l t r a n s i e n t s have t o be 

d i r e c t l y c o m p ared w i t h t h e e x p e r i m e n t a l ones f o r t h e same 

sample t y p e . However t h i s removes t h e need t o do g r a p h i c a l 

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

p r e v i o u s m e t h o d s . The need t o compare c u r v e s i s n o t a s e r i o u s 

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

o f c o m p a r i n g t h e Q-t t r a n s i e n t s , t h e method i s n o t o n l y more 

a c c u r a t e and c o n s i s t e n t b u t i t a l s o a l l o w s more measurements 

t o be p e r f o r m e d i n a v e r y s h o r t t i m e compared t o p r e v i o u s 

m e t h o d s . The l i m i t o f t h e a c c u r a c y i s now t h e a c c u r a c y o f 

t h e m e a s u r e d t r a n s i e n t i t s e l f and w i t h t h e a u t o m a t e d e q u i p m e n t 

d e v e l o p e d h e r e t h i s c a n be v e r y h i g h . 

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

i n C h a p t e r 8 where t h e r e s u l t s o b t a i n e d f o r a t y p i c a l s a m p l e , 

t h e ITTAU2,2 was t h e same f o r s m a l l and l a r g e v o l t a g e s t e p s 

u s i n g t h e new t h e o r y . The d i f f e r e n c e s t h a t o c c u r r e d f o r o t h e r 

s amples may be due t o t h e n o n - u n i f o r m i t y o f t h e t r a p c o n c e n t r a 

t i o n , b u t t h e v a l u e s a r e s t i l l more c o n s i s t e n t t h a n t h o s e 

o b t a i n e d by o t h e r m e t h o d s . 
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The new t h e o r y a c c u r a t e l y p r e d i c t s t h e v a r i a t i o n o f 

Q Q + and o f t h e t r a n s i e n t shape w i t h v o l t a g e s t e p m a g n i t u d e 

as shown i n C h a p t e r 8. V e r y good a g r e e m e n t i s o b t a i n e d 

b e t w e e n t h e o r y and e x p e r i m e n t f o r t h e t r a n s i e n t s h a p e s . 

From C h a p t e r s 4, 5 and 8, t h e f o l l o w i n g a d d i t i o n a l 

c o n c l u s i o n c a n be d r a w n : -

( i ) T h a t p - t y p e samples need t o have g u a r d r i n g s 

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

c o n s i s t e n t measurement c a n be made by t h e Q-t t e c h n i q u e . 

( i i ) T h a t f o r t h e Q-t m e t h o d t o g i v e c o n s i s t e n t 

r e s u l t s , t h e sample has t o be b i a s e d i n t o h e a v y i n v e r s i o n , 

and i t s h o u l d r e m a i n i n i n v e r s i o n b o t h b e f o r e and a f t e r t h e 

a p p l i c a t i o n o f t h e v o l t a g e s t e p . 

( i i i ) T h a t t h e v o l t a g e s t e p m a g n i t u d e can be e i t h e r , 

s m a l l o r l a r g e , e x c e p t t h a t f o r s m a l l e r s i g n a l t h e l i f e t i m e 

i s a v e r a g e d o v e r a s m a l l e r d e p t h i n t o t h e s i l i c o n . For 

s a mples w i t h n o n - u n i f o r m t r a p c o n c e n t r a t i o n s t h e m e t h o d g i v e s 

t h e a v e r a g e l i f e t i m e f o r a d e p t h t h a t depends on t h e v o l t a g e 

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

h e i g h t can t h e r e f o r e be u s e d t o e s t i m a t e t h e n o n - u n i f o r m i t y . 

( i v ) T h a t t h e p r e s e n t t h e o r y d e v e l o p e d f o r t h e r e v e r s e 

Q-t t r a n s i e n t i s t r u l y a p p l i c a b l e o n l y i f t h e v o l t a g e s t e p i s 

s m a l l enough so t h a t t h e i n v e r s i o n c h a r g e does n o t c o n t r i b u t e 

s i g n i f i c a n t l y t o t h e m i n o r i t y c a r r i e r c o n c e n t r a t i o n i n t h e 

r e c o m b i n a t i o n r e g i o n . However, w i t h t h i s l i m i t a t i o n i t a p p e a r s 

t o a g r e e w e l l w i t h e x p e r i m e n t . The p r e s e n t t h e o r y o v e r - e s t i m a t e 

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

b e c a u s e i t does n o t a l l o w a c c u r a t e l y f o r t h e v a r i a t i o n o f t h e 

r e c o m b i n a t i o n r a t e w i t h p o s i t i o n and t i m e . 
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9.2 A d v a n t a g e s o f t h e P r e s e n t M e t h o d o v e r O t h e r V o l t a g e 

S t e p Methods 

A l t h o u g h good a g r e e m e n t was o b t a i n e d b e t w e e n t h e r e s u l t s 

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

s t e p s , t h e Q-t m e t h o d as a n a l y s e d h e r e has s e v e r a l a d v a n t a g e s 

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

m i n o r i t y c a r r i e r l i f e t i m e . 

F i r s t l y , t h e new method i s n o t r e s t r i c t e d t o s m a l l 

v o l t a g e s t e p s as r e q u i r e d f o r H o f s t e i n ' s a n a l y s i s t h u s 

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

t h e a c c u r a c y by o b t a i n i n g a l a r g e r s i g n a l - t o - n o i s e r a t i o . 

S e c o n d l y , t h e m e t h o d b e i n g a p p l i c a b l e t o a w i d e r a n g e o f 

v o l t a g e s t e p s , has t h e a d v a n t a g e o f g i v i n g some i n f o r m a t i o n 

on t h e v a r i a t i o n o f l i f e t i m e w i t h i n a s m a l l r e g i o n o f t h e 

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

v o l t a g e s t e p s w h i c h a l l o w s t h e l i f e t i m e t o be a v e r a g e d o v e r a 

v a r i a b l e d i s t a n c e . 

Compared w i t h t h e m e t h od o f V i s w a n a t h a n and T a k i n o , 

t h e g e n e r a t i o n w i d t h e x p r e s s i o n u s e d h e r e has been i m p r o v e d 

by c o n s i d e r i n g t h e g e n e r a t i o n p r o c e s s i n more d e t a i l and by 

r e m o v i n g t h e s u r f a c e e f f e c t t e r m w h i c h i s shown t o be s m a l l 

i n any c a s e . T h i s m e t h o d , has t h e r e f o r e p r o v e d t o be more 

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

The p r e s e n t m e t h o d c o u l d be f u r t h e r i m p r o v e d by 

p r o g r a m m i n g t h e m i c r o c o m p u t e r t o do t h e a u t o m a t i c c o m p a r i s o n 

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

t h e t i m e c o n s t a n t s o f t h e two t r a n s i e n t s w h i l e s c a n n i n g 

t h r o u g h v a l u e s o f i n t h e o r y . T h i s can be done w i t h t h e 

p r e s e n t m e t h o d b e c a u s e o f t h e good a g r e e m e n t i n t h e shape 

o f t h e t r a n s i e n t b e t w e e n t h e o r y and e x p e r i m e n t . W i t h t h i s 
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i m p r o v e m e n t , t h e l i f e t i m e c o u l d be e v a l u a t e d a l m o s t i m m e d i a t e l y 

w h i l e d o i n g t h e measurement i t s e l f . 

Compared w i t h t h e Z e r b s t C-t m e t h o d , t h e r e i s no n e e d f o r t h e 

c o m p l e x c a p a c i t a n c e b r i d g e f o r t h e Q-t e v a l u a t i o n o f l i f e t i m e so 

t h a t t h e measurement i s more d i r e c t . A l s o t h e r e i s no n e e d t o do 

a l a b o r i o u s g r a p h i c a l d i f f e r e n t i a t i o n as i n t h e Z e r b s t m e t h o d . 

T h i s a l l o w s a f a s t e v a l u a t i o n o f T . 

R e f e r r i n g t o E q u a t i o n 5.30, i t seems t h a t i t s h o u l d be 

e q u a l l y a p p l i c a b l e t o t h e measurement o f t h e c u r r e n t t r a n s i e n t 

( 3 4 , 5 9 - 6 1 ) i n s t e a d o f t h e c h a r g e t r a n s i e n t f o r t h e a p p l i c a t i o n o f a 

v o l t a g e s t e p . However t h i s i s l e s s d i r e c t t h a n t h e measurement o f 

c h a r g e . A l s o , t h e i n i t i a l , r a p i d t r a n s i e n t , p o s e s p r o b l e m s when 

m e a s u r i n g c u r r e n t b e c a u s e i t g i v e s a v e r y l a r g e c u r r e n t s u r g e 

i n i t i a l l y w h i c h w i l l a p p e a r as a b i g s p i k e i n t h e c u r r e n t - t i m e 

t r a n s i e n t . T h i s i s a l s o u n d e s i r a b l e as i t c a n o v e r l o a d t h e m e a s u r i n g 

a p p a r a t u s . 

The Q-t and C-t methods g i v e g e n e r a l l y s i m i l a r r e s u l t s as 

shown i n S e c t i o n 8.3, b u t i t must be c o n c l u d e d t h a t t h e more i n d i r e c t 

f a s t ramp and C-V methods a r e n o t as r e l i a b l e a t t h e p r e s e n t t i m e . 

9.3 S u g g e s t i o n s f o r F u r t h e r Work 

From t h e p r e s e n t w o r k i t was r e a l i s e d t h a t o t h e r i n v e s t i ­

g a t i o n s r e l a t i n g t o t h e Q-t measurement c o u l d be c a r r i e d o u t t o 

f u r t h e r e s t a b l i s h t h e method f o r t h e c h a r a c t e r i s a t i o n o f MOS 

d e v i c e s . From t h e s e , t h e f o l l o w i n g a r e f e l t t o be t h e more i m p o r t a n t 

o n e s . 

( i ) T h e o r e t i c a l w o r k t o be c a r r i e d on t h e l i n e s o f t h e 

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

i n g o f t h e Q-t t r a n s i e n t o f MOS c a p a c i t o r s . T h i s s h o u l d be a b l e t o 

r e p r o d u c e t h e e x a c t b e h a v i o u r o f c h a r g e s i n samples w i t h o u t t h e 

n e e d o f t h e a p p r o x i m a t i o n s u s e d i n t h e p r e s e n t t h e o r y . 

( i i ) I n v e s t i g a t i o n o f t h e Q-t t r a n s i e n t s by v a r y i n g t h e 

t e m p e r a t u r e o f t h e s a m p l e . T h i s s h o u l d show t h e t e m p e r a t u r e 

v a r i a t i o n o f t h e g e n e r a t i o n r a t e , where t h e l a t t e r i s m a i n l y 
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due t o t h e r m a l g e n e r a t i o n and so i s v e r y t e m p e r a t u r e 
d e p e n d e n t , w h i l e r e c o m b i n a t i o n p r o c e s s e s a r e l e s s s o . 
I t s h o u l d t h e r e f o r e be p o s s i b l e t o ' f r e e z e o u t ' g e n e r a t i o n 
by l o w e r i n g t h e t e m p e r a t u r e . A l s o t h e d i f f e r e n c e i n t h e 
g e n e r a t i o n and r e c o m b i n a t i o n r a t e s can be c o m pared a t 
v a r i o u s t e m p e r a t u r e s . I t s h o u l d be p o s s i b l e t o use t h e 
e x a c t c o m p u t e r model m e n t i o n e d above, t o p r e d i c t t h e e x a c t 
t e m p e r a t u r e v a r i a t i o n o f t h e Q-t r e s p o n s e . 

( i i i ) More w o r k c o u l d a l s o be c a r r i e d o u t on t h e 

e f f e c t o f t r a p l e v e l s o t h e r t h a n t h e m i d - g a p t r a p s assumed 

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

t i o n a l l y t o MOS s a m p l e s by u s i n g g o l d f o r i n s t a n c e . I t w o u l d 

a l s o be i n t e r e s t i n g t o i n v e s t i g a t e t h e e f f e c t o f h a v i n g t w o 

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

T h i s b e h a v i o u r c o u l d a l s o be i n v e s t i g a t e d u s i n g t h e p r e s e n t 

o r an i m p r o v e d c o m p u t e r model and e x p e r i m e n t a l l y 

( i v ) I n t h i s w o r k , i t was assumed t h a t t h e s u r f a c e 

e f f e c t s a r e n e g l i g i b l e . I t w o u l d be i n t e r e s t i n g t o i n v e s t i g a t e 

t h e a c t u a l dependence o f t h e Q-t t r a n s i e n t on t h e c o n c e n t r a ­

t i o n o f s u r f a c e s t a t e s . By t h e i n c l u s i o n o f s u r f a c e g e n e r a t i o n 

t h e Q-t t r a n s i e n t c o u l d a l s o be measured w i t h a w i d e r b i a s 

r a n g e i n s t e a d o f b e i n g l i m i t e d o n l y t o t h e h e a v y i n v e r s i o n 

b i a s c a s e as i n t h e p r e s e n t w o r k . 

( v ) More w o r k s h o u l d be c a r r i e d o u t on i m p r o v i n g t h e 

t h e o r y o f t h e r e v e r s e t r a n s i e n t . T h i s c o u l d be done by 

c o n s i d e r i n g t h e b a s i c e q u a t i o n s f o r t h e g e n e r a t i o n and r e ­

c o m b i n a t i o n r a t e s and t h e a c t u a l c h a r g e c o n c e n t r a t i o n as a 

f u n c t i o n o f t h e p o s i t i o n and t i m e v a r i a b l e s . 

( v i ) The p r o f i l e o f t h e m i n o r i t y c a r r i e r l i f e t i m e and 

hence t h e t r a p d e n s i t y c a n a l s o be o b t a i n e d by u s i n g t h e Q-t 

measurement u s i n g d i f f e r e n t v o l t a g e s t e p s and some f u r t h e r 
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e x p e r i m e n t s on l i f e t i m e p r o f i l i n g w o u l d be w o r t h w h i l e . 
By u s i n g t h e r e s u l t s o f ( i v ) above i t s h o u l d be p o s s i b l e 
t o e x t e n d t h e p r o f i l e t o n e a r e r t h e s u r f a c e , when t h e b i a s 
i s no l o n g e r l i m i t e d t o i n v e r s i o n . 

( v i i ) F i n a l l y more w o r k i s a l s o needed t o i n v e s t i g a t e 

t h e d i f f e r e n c e s i n t h e l i f e t i m e v a l u e s o b t a i n e d by methods 

u s i n g v o l t a g e s t e p s as i n Q-t and C-t and t h o s e u s i n g v o l t a g e 

ramps as i n t h e C-V a n d F a s t Ramp t e c h n i q u e s w h i c h a p p e a r t o 

be i n e r r o r . 

By d o i n g a l l t h e work s u g g e s t e d a b o v e , t h e i n v e s t i g a t i o n 

o f t h e Q-t measurement t e c h n i q u e w i l l be c o m p l e t e i n b o t h 

t h e o r y and e x p e r i m e n t . T h i s w i l l t h e n p r o v i d e a f a s t and e a s y 

means o f c h a r a c t e r i s i n g dynamic p r o c e s s e s i n MOS c a p a c i t o r s . 
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APPENDIX 1 

BASIC Program L i s t i n g f o r the Experiment Con t r o l 

10 
11 
12 
13 

REMs 
REMs 
REMs 
REMs 

The Q-t Response Measurement 

14 REM: 
20 
25 
30 
35 
40 
45 
50 
55 
65 
70 
75 
80 
85 
90 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
197 
200 
205 
210 
215 
220 
225 
230 
235 
240 

'DEVICE TYPE s - 'P* OR 'N' PRINT 
CLR 
D=254iJ=OsZ=OsSS=2s G=Os S=0s DA=Os BF=50 
B*=CHR*<3> 
GET TY* 
I F TY*="" THEN 40 
PRINT TY* 
GOSUB 500 
DIM A(D),AA(D),B(D),BB(D) 
POKE 52,0s POKE 53,60 
GOSUB 4000 
PRINT "Type s - 'A' f o r E x p t . 
PRINT " 'B' f o r Taped 
GET D$ 

I F D$="" THEN 
I F D$<="B"THEN 
PRINT "Sample 

"Ox. Cap. 
"Gate Area 

a REM F e t c h C o n s t a n t s 

8 REM 
! REM 

Dat a " 
Data" 

S e t Top of RAM 
Load M/C Code Program 

PRINT 
PRINT 
PRINT 
INPUT 

90 
GOSUB 3000s 
P a r a m e t e r s 

= "s. CO 
= " ? AG 

GOTO 
, — M 

400 

I N "Dopant Conc.= 
"O.K. ?"sA$ 

I F L E F T * <A$,1)="Y" THEN 160 
PRINT " E n t e r s - " 
INPUT " O R . Cap. "5CO 
INPUT "Gate Area ="aAG 
INPUT "Dopant Conc.="sN 
R E M — — 
OPEN 6,6 
PRINT " T e s t Run" 
PRINT " P r e s s Any Key t o P r o c e e d 
PRINT#6, CHR$(X0>ss T=TI 
I F T K T + 3 6 0 THEN 185 
GET A* 
I F A$="" THEN 180 
CLOSE 6 
REM 
PRINT "Check E x p t . S e t - u p " 

" E l e c t r o meter / A m p l i f i e r G a i n = " ? A 
"Feed-back Cap- = " s C F 

( T e s t Run ) 

( Check E x p t ' a l S e t - u p ) 

PRINT 
PRINT 
INPUT "O.K. ?"§A$ 
I F L E F T * ( A * , 1 ) = " Y " THEN 245 
PRINT " E n t e r s - " 
INPUT "New G a i n ="?A 
INPUT "New Feed-back Cap.="$CF 
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245 HI=PEEK<864)s L0=PEEK(B59> a REM D e l a y F a c t o r 
250 TF=(<HI-1)*256+<L0-1>>•0.0155 
255 PRINT "Delay F a c t o r = " 5 T F , " ( " s H I 3 L O s " ) " 
260 INPUT "0.K ? " j A * 
265 I F A*O"N0" THEN 300 
270 INPUT " E n t e r s - HI s L 0 " s H I , L 0 
275 POKE 864,His POKE 859,LO 
280 GOTO 250 
300 REM ( Check I n p u t Data ) 
305 POKE 59468,192s POKE 59468,224 
310 DO=PEEK<59457) sREM I / P I n i t i a l V a l u e 
315 PRINT J,DO 
320 I F D0<3 THEN PRINT " I / P Too S m a l l " s STOP 
325 I F D0>252 THEN PRINT " I / P Too L a r g e " s STOP 
330 I F Z=l THEN 360 
335 OPEN 6,6 
340 PRINT#6, CHR*<X0>3 
345 CLOSE 6 
350 GOTO 370 
360 GOSUB 1000 
365 I F Z * l THEN 9030 
370 FOR 1=0 TO D 
375 A(I)=AA<I> 
380 B ( I ) = B B ( I ) 
385 NEXT 
400 PRINT " P l e a s e Type I n s - " 
405 PRINT "'0' F o r I/P R e a d i n g " 
410 PRINT "'1' F o r A v e r a g i n g " 
415 PRINT "'2' F o r R e c o r d i n g D a t a " 
420 PRINT * " 3 ' F o r Q-t P l o t " 
425 PRINT "'4' F o r New Data I / P " 
430 INPUT G 
435 ON G GOSUB 9000,5000,6000 
440 I F G=0 GOTO 300 
445 I F G=4 GOTO 80 
450 GOTO 400 
500 REM — ( T a b l e o-f C o n s t a n t > 
505 ES=1.036E-12 
510 NI=1.45E10 
515 Q =1.62E-19 
520 KT=0.0259*Q 
525 AD=0.01 
550 REM 
555 I F TY*="N" THEN X0=01sY0=05sGOTO 585 
580 X0=05s Y0=01 
585 VA=0„025 
590 N =1.5E15 
595 AG=9.013E-3 
600 C0=2.08E-10 
610 A =33.33 
615 CF=1E-10 
620 RETURN 
1000 REM- ( 0/P TO I E E E PORT +/- ) 
1005 OPEN 5,6 
1010 PRINT#5,CHR*(X0)3 
1015 T=TI 
1020 I F T K T + 6 0 THEN 1020 
1025 POKE 59468,192s POKE 59468,224 
1030 D1=PEEK(59457) 
1035 PRINT#5,CHR*<YO)3 
1040 SYS <826) 
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1035 PRINT#5,CHR*(Y0)§ 
1040 SYS (S26) 
1045 FOR 1=1 TO D 
1050 AA < I >=PEEK(15B73+D-I> 
1055 NEXT I 
1060 POKE 59468,192s POKE 59468,224 
1065 D2=AA(D> 
1070 PRINT#5,CHR$<X0)8 
1075 SYS (826) 
1080 FOR 1=1 TO D 
1085 B B ( I ) = P E E K ( 1 5 8 7 3 + D ~ I ) 
1090 NEXT I 
1095 CLOSE 5 
3000 REM ( Data I n p u t from Tape 
3005 INPUT " F i l e Name s-"$p$ 
3010 OPEN 1,1,0,P$ 
3015 INPUT#1,TF 
3020 INPUT#1,D1 
3025 INPUT#1,D2 
3030 INPUT#1,A 
3035 INPUT#1,CF 
3040 INPUT#1,C0 
3045 INPUTttl,BF 
3050 FOR 1=0 TO D 
3055 INPUT#1,A<I) 
3060 NEXT I 
3065 INPUT "Need -ve P a r t of T r a c e ?"sA$ 
3070 I F L E F T * (A*, D O " Y " THEN 3090 
3075 FOR 1=0 TO D 
3080 INPUT#1,B(I) 
3085 NEXT I 
3090 CLOSE 1 
3095 RETURN 
4000 REM— ( Load i n M/C Code Prog. 
4005 RESTORE 
4010 FOR 1=1 TO 84 
4015 READ H 
4020 POKE 825+I,H 
4025 NEXT I 
4030 DATA 169,58,141,19,232,169,224,141,76,232,169,0,141,75,23 
4035 DATA 169,0,141,67,232 
4040 DATA 162,255,169,192,141,76,232,169,224 
4045 DATA 141,76,232 
4050 REM D e l a y Loop S t a r t 
4055 DATA 
169,200,141,1,61,169,6,141,2,61,206,2,61,206,1,61,169,0,205,1, 
4060 D AT A 208 ,246, 169,0, 205,2,61 ,208,236 
4065 REM D e l a y Loop End 
4070 DATA 173,77,232,41,2,240,249 
4075 DATA 173,65,232,157,0,62 
4080 DATA 202,208,200,169,61,141,19,232,96 
4085 RETURN 
5000 REM- — — — - - ~ - < Dump Data t o Tape 
5005 INPUT " F i l e Name s-V SP$ 
5010 OPEN 1,1,2,P* 
5015 PRINT#1,TF 
5020 PRINT#1,D1 
So'23 p R i N T i i jd2 
5030 P R i N t # l , A 
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5035 
5040 
5045 
5050 
5055 
5060 
5065 
5070 
5075 
5080 
6000 
6005 
6010 
6015 
6020 
6025 
6030 
6035 
6040 
6045 
6050 
6055 
6060 
6065 
6070 
6075 
6080 
6085 
6090 
6095 
6100 
6105 
6110 
6115 
6120 
6125 
6130 
6135 
6140 
6145 
6150 
6155 
6160 
6165 
6170 
6180 
6185 
6190 
6195 
6200 
6205 
6210 
6215 
6220 
6225 
6230 
6235 
624U 

< Q-t P l o t ) 

6035 
BF 

PRINT#1,GF 
PRINT#1,C0 
FRINT#1,BF 
FOR 1=0 TO D 
PRINT#1,A(I) 
NEXT I 
FOR 1=0 TO D 
P R I N T t t l , B ( I ) 
NEXT I 
RETURN 
REM 
OPEN 2,5 
BV=245s BW=850 
PRINT " L a s t S c a l e BF=",BF 
INPUT " S c a l e O.K. ?"sD$ 
I F LEFTS<D$,1)="Y" THEN 
INPUT " E n t e r New S c a l e " ; 
INPUT "'+' OR '-' T r a c e ?"gA$ 
I F A$="-" THEN 6065 
FOR 1=0 TO D 
B B ( I ) = A ( I ) - D 1 
NEXT I 
GOTO 6080 
FOR 1=0 TO D 
B B ( I ) = B < I ) - D 2 
NEXT I 
PRINT#2, "SC-100,2400,-500,8500" 
FOR 1=0 TO 250 
PRINT#2, "PA" , I # 1 0 , " , " , (ABS (BB ( I ) ) ) #BF, " ; PDsi PU" 
NEXT I 
PRINT "Delay F a c t o r TF="s TF, " ( " ? H I ; L O s " ) " 
INPUT "O.K. ?"?A$ 
I F AS="NO" THEN CLOSE 2s GOTO 270 
INPUT "Another P l o t ?"pA* 
I F L E F T S ( A * , 1 ) = " Y " THEN 6020 
I F L E F T * ( A * , 1 ) = " S " THEN CLOSE 2s RETURN 
PRINT#2, " VS6" 
FOR 1=0 TO 24 
PRINT#2, "PA"I#100",0?XTsPD" 
NEXT I 
PRINT#2, "PDpPA 2500,0,2500,8500,0,8500" 
FOR 1=1 TO 17 
PRINT#2, "PRO,-500p YT" 
NEXT I 
PRINT#2, "PU" 
FOR 1=0 TO 240 STEP 20 
PRINT#2, "SI.15,.18s. PA" I # 10" ,Op CP-2,-1pLB"$ I ?B* 
NEXT I 
PRINT#2, "PA 800,-500;LB VALUES OF TIME-T ( X " p T F ? " M I L L I S E C . ) " , E 
FOR 1=1 TO 8 
PRINT#2, "PA 0 , " I * 1 0 0 0 " s " C P - 4 . 5 , - . 3 p L B " p I ? B * 
NEXT I 
PRINT#2, 
PRINT#2, 
PRINT#2, 
PRINT#2, 
CLOSE 2 
RttdFiKi 

"DIO,lpPUpPA-120,3500" 
"LBQ-VALUES <X"p1000*(1/BF)*CF#AD/Ap 
"SIpDIl,0?PU?PA900,8500pCP 0,-1" 
"LB PLOT OF Q VS. TIME"»BS,"VS" 

> " , B$ 
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9000 REM 
9000 INPUT " E n t e r Sample S i z e " s S S 
9005 Z=l 
9010 FOR J = l TO SS 
9015 GOTO 300 
9020 FOR 1=0 TO D 
9025 A<I)=<A<I)*<J-1>+AA<I)>/J 
9030 B < I ) = < B < I ) # < J - i ) + B B < I > ) / J 
9035 NEXT I 
9040 D A = ( D A * ( J - l ) + D 1 ) / J 
9045 DB-(DB*(J-l)+D2)/J 
9050 NEXT J 
9055 Z=Os Dl=INT(DA)s D2=INT(DB) 
9060 FOR 1-0 TO D 
9065 A ( I ) = I N T ( A ( I ) ) 
9070 B(I)«=INT(B(I) ) 
9075 NEXT I 

( A v e r a g i n g R o u t i n e ) 
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APPENDIX 2 

BASIC Program L i s t i n g f o r the Present Q-t Theory 

20 
21 
22 

REMs 
REMs 
REMs Q-t THEORY < +ve T r a n s i e n t ) 

23 REMs 
24 REM 8 — 
30 OPEN1,5 
37 INPUT"ENTER Tg"p TB 
35 B*"CHR*(3> 
40 GOSUB 1000 
80 P R I N T " ' " Q - T THEORY & PLOT " 
90 PRINTL* 
95 REM < D i s p l a y I n i t i a l V a l u e s 

100 PRINT" At Vg= "pVGp" V o l t s s - " 
110 G0SUB2000 
112.QE>QP 
114 QS=QT 
116 PS=SP 
118 XF<0)=XD<0> 
120 XD(1)=XD(2) 
135 PQ=Q#ND/<2#ES)#XD<1) A2 
140 PRINT" Qs a t Eqm."5VGp" V. ="§Q 
170 PRINT" Xdo = " s X F ( 6 ) 
190 VG=VG+VD 
200 PRINTL* 
210 PRINT" At Vg="pVG" V o l t s s - " 
220 G0SUB2000 
222 PRINT" Xdo+ <="pXD<l) 
224 PRINT" I n c . i n Qs. *"pQD 
230 PRINT" Qs a t Eqm."sVG" V. = "?QP 
235 PRINT" T o t . Qs a t to+ = "pQT 
245 XF(1)=XD(0) 
250 PRINT" Xfo «="pXF(l) 
255 PRINTL* 
257 REM ( Wait f o r Keyboard I / P ) 
260 PRINT"Type 'P' f o r Q-t P l o t " 
265 PRINT"Type 'S' f o r S P - t P l o t " 
270 GET A* 
275 I F A*="P" THEN P=l 
280 I F A$="S" THEN S=l 
285 I F A*="" THEN 270 
295 REM ( Num. C a l c . ) 
290 T1=0 
300 QG=QS 
310 A=<ES#Q*ND/2> A0.5 
315 B=UG/ND-'-0.5*<2«-Q*ES) A 0 . 5 
330 E=2*ES/(Q*ND)#(VG-QG)/CX)-XF<0>^2/2 
340 T1=T2 
360 C=( VG-(QG-QE)/CX+Q*ND*XF <0> A2/<2*EA>)"0.5 
370 DX=SQR(2#ES/<Q*ND>>#G 
300 fii-QMJG* (SQR ( E l ) -XF (Q) / 2 * . 5) 
390 D2-1+A/<CX#C> 



395 REM ( DT=dQ/dt ) 
400 DT=D1/D2 
405 PT=PS+(PQ-PS)+(QS-QE)/CX-(QG-QE)/CX 
410 I F P=l OR S=l THEN GOTO 500 
415 I F S=l THEN PRINT T l s T A B ( 6 ) s P T 8 GOTO 425 
420 PRINT T l s T A B ( 9 ) 8 QG-QEp TAB(25);DX 
425 IFDX-XF(1X=0THEN 510 
430 T2=Tl+0.100 
435 Q1=DT*(T2-T1> 
440 QG=QG+Q1 
450 GOTO 330 
500 REM ( P l o t R o u t i n e ) 
502 YF=1E-12 :TF=20 gFY=300 
504 PRINT#1,"SC-100,2400,-50,850" 
505 I F S=l THEN 507 
506 GOTO 508 
507 PRINT#1,"PA",INT(T1*TF) ,",",INT(PT#F Y) , " 3. PD:PU" s GOTO 509 
508 PRINT#1,"PA",INT(T1*TF>,",",INT((QG-QE)*YF) ,"sPDsPU" 
509 GET A* 8 I F A*=*"" THEN 340 
510 REM ( Graph S c a l e ) 
511 PRINT#1,"VS6sTL0.5,0" 
512 FOR 1=0 TO 25 
514 PRINT#1,"PA"I*100",0?XTsPD" 
516 NEXT 
518 PRINT#1,"PA2500,0,2500,850,0,850;LT" 
520 FOR 1=1 TO 17 
522 PRINT*1,"PRO,-50sYT" 
524 NEXT 
526 PRINTttl,"PU" 
527 FOR 1=0 TO 2400 STEP 200 
535 PRINT#1 , "SIO. 15,0. 18$ PA" I ", Op CP-2,-18 LB" 8 I / I O O i B * 3 NEXT 
550 PRINT#1 , "PA800,-50sLB VALUES OF TIME X" 1/TF*100" S E C " , B * 
560 FOR 1=1 TO 8 
563 PRINTttl,"SIO.15,0.18s PAO,"1*100"8 CP-2.5,-0.2s LB"3 13 B* s NEXT 
565 I F S=l THEN 567 
566 GOTO 570 
567 PRINT#1,"DIO,1 § PA-100,300?LB SURF. POTL. X" 1/FY*100" VOLT",B$ 
568 GOTO 580 
570 PRINT#1,"DIO,Is PA-100,300?LB VALUES OF Q X" 1/YF*100" C.",B* 
580 PRINT#1,"DI" 
600 CLOSE1 
700 END 

1000 REM ( C o n s t a n t s ) 
1010 Q=1.6E-19 
1020 K=1.38E-23 
1030 T=300 
1040 NI=1.45E10 
1050 VG=5 
1060 ES=1.036E-12 
1070 ND=1.5E15 
1080 UG=2.4E14 
1100 X0«(2*ES/<Q#ND)a0.299)'0.5 
1110 TX-1000E-8 
1120 EX=3.46E-13 
1140 CX=EX/TX 
1150 VD-1 
1160 TF=50 
1170 YF=1.5E10 
11Z2 T.X=Qs T2=0sPR=0sS=0 
1180 FORI = 1T039 s L*=L*+"_"iNEXT 
1190 RETURN 
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2000 REM- •- ( Sur-f. Pot 1 . Routine ) 
2010 X=0„1 
2020 SP=1.0 
2030 G0SUB5000 
2032 V2=V1 
2034 DV(1)=V2-V6 
2036 SP=SP+X 
2038 G0SUB5000 
2040 V3=V1 
2050 DV(2)=V3-V6 
2060 IF S6N(DV(1))=SBN <DV <2))THEN 2140 
2090 REM ( Increment Sens. ) 
2100 SP=SP-X 
2110 X=X/10 
2120 G0T02036 
2130 REM 
2140 IF ABS(DV<2))<0.0005THEN2220 
2150 IF DV<1)>DV(2> THEN 2036 
2170 REM < SP Inc./Dec. ) 
2180 X=-X 
2190 SP=SP+X 
2200 60T0 2036 
2220 V3=SGN < V3 > *(INT <ABS(V3*1000+0. 5)))/1000 
2230 PRINT" SP= "3SP 
2235 PRINT 
2240 V6=V3 
2250 REM ( Xd & Go Calc. ) 
2270 XD(0)=<2*ES/<Q*ND>*SP)"O.5 
2280 XD < 2) =-ES/CX +SQR (ES' 2/CX^2+XD (0) ~2+2#ES*XD (0) /CX+2*ES*VD/ (Q*ND) 
2290 QD=Q*ND*<XD(2>-XD<0>) 
2300 QT=QP+QD 
2310 RETURN 
5000 REM ( Va & Eqm Qd Cak. ) 
5010 QS(1)=EXP(-SP#Q/<k>T>>+SP*Q/(K*T)-1 
5020 QS(2)=NI'X2/ND'V2#(EXP(SP*Q/<K#T) >-SP*Q/<K#T>-1) 
5030 QP= << 2*ND*ES*K*T)*(QS(1)+QS(2))) r t0.5 
5040 V1=QP/CX+SP 
5050 RETURN 

FOR THE REVERSE TRANSIENT THE FOLLOWING CHANGES ARE REQUIRED:-
190 VG<=VG~VD 
330 E=Q*UG*XF(0) 
360 CM-VD+(QE-QG) /CX+Q*ND*XF(0) "2/ (2*ES> ) '-.5 
380 D1=B*C-E 
390 D2=l-A/<CX#C) 
405 PT=PS+(PQ-PS) + <QE-QS)/CX-(QE-QG)/CX 
420 PRINT Tls TAB(9> 5 QE-QGp TAB <25)p DX 
425 IFXF(1)-DX<=0THEN 510 
508 PRINT#1,"PA",INT(T1#TF),",",INT((QE-QG)»YF),"pPDpPU" 

2290 QD=Q#ND(XD(2)-XD(0)> 
2300 QT=QP+QD 
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APPENDIX 3 

BASIC program L i s t i n g for the G=V Method 

10 
15 
20 
25 
30 

REM s 
REM s 
REMs 
REMs 
REMs 

C-V Tg DETERMINATION 

100 DIMV1(50),V2<50),T1(50),T2(50),S(50),VC<50>,X(50),Y<50) 
110 GOSUB 500 
120 FOR S=.5 TO 0 STEP -.1 
130 FOR K=l TO 2 
140 CF=CF(K)/AG 
150 VT=VT(K) 
160 FOR TA=TD TO TN STEP -10 
170 TB=TA*lE-6 
180 GOSUB 9000 
300 REM ; ( -ve AL ) 
305 X-CF/CX 
310 XF-CF/CX 
315 AL»-AL(K> 
320 XM=CM/CX 
325 A=NI7(2*TB*NA) 
330 B=CX*(AL-Q*NI#S/CX> #CF/(ES*Q*NA) 
335 IF A+B>=0 THEN PRINT"A>=B"sTA=TDsGOTO 400 
340 AS=A*CF/<CX*(A+B)) 
345 REM AR=-A/AL#(V-VM) 
350 AR=(1/X-1/XM)-(1/AS+1)*(L06(X/(X-AS))-LOG<XM/(XM-AS)>) 
355 VO=»-AR*AL/A+VM 
360 VG=VO-VT s J=J+1 
365 IF K=2 THEN 385 
370 REM 
375 REM 
380 VI(J)=VC § T1(J)=TB sS(S)=S 8 GOTO 390 
385 V2(J)=VC sT2(J)=TB sS(S)=S 
390 IF J>=200 THEN TA=TD iGOTO 400 
395 NEXT TA 
400 D(K)=J eJ=0 sNEXT K 
405 D=D(1) s I F D(t)>D(2> THEN D=D(2) 
410 IF C=l THEN P=3 sGOTO 455 
415 PRINT"TYPE s-" 
420 PRINT"' 0 '- Proceed" 
425 PRINT"' 1 '- Printout Result" 
430 PRINT" ' 2 '- Plot Result" 
435 PRINT"' 3 '-. Continuous" 
440 PRINT" ' 4 '- Read Data From Tape 
445 PRINT"' 5 '- Scale Graph" 
450 INPUT P 
455 ON PGOSUB1000,3000,4000,5000,6000 
460 IF P=0 THEN 470 
465 GOTO 410 
470 NEXT SsC-0 
475 GOTO 415 
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500 REM- ( Table of Constants ) 
512 0PEN2,5 
514 Q=l.6E-19 
515 NI=1=45E10 
516 ES=1.036E-12 
517 NA=1.5E15 
520 AG=9„013E-3 s GATE AREA 
530 VM=B„30 
545 CX=210E-12/AG 
550 CF(1)=64.4E-12 sCF(2)=67.4E-12 
555 VT(l)=-0 o20 iVT(2)=-0»20 
565 AL(1)=0.061 sAL(2>=0=338 
585 TD=400 s T N = 2 0 
590 XA=3000 8YA=1000 
595 XO-0 s Y0=0 
600 MX=8 sMY»6 
650 AS="" 8 FOR L=1T039 8AS=AS+"-" 8 NEXT 
699 RETURN 

3000 REM < Plot Routine ) 
3005 H0=» (MX-XO) «XA s VE= (MY-YO) »YA 
3010 PRINT#2,"SC-"H0/20","HO",-"VE/20","VE"" 
3020 B$=CHRS<3> 
3030 PRINT"XA,YAs-" Sj XA, YA 
3040 INPUT"SCALE 0.K."8 AS 
3050 IF LEFTS(AS,1>="Y" THEN 3070 
3060 INPUT"ENTERS-XA,YA"s XA,YA 
3070 FOR I - l - TO D 
3090 VC(I)=ABS(V2<I)-VI(I)) 
3100 NEXT 
3105 IF C=l THEN 3200 
3110 PRINT"'QRIGIN' XO,YOs-"?XO,YO 
3130 INPUT"O.K."8 AS 
3140 IF LEFTS (AS,1) ="Y" THEN 3200 
3150 INPUT"ENTER OFFSET (XO9Y0>"pXO,YO 
3200 REM • ( Plotter Commands ) 
3230 FOR I-DTO-1 STEP -1 
3231 PRINT"Tg="3Tl(I) 
3235 Y(I)=INT((VC(I>-YO)*YA> 
3236 X(I)=INT((V2(I)-X0)#XA) 
3250 PRINT&2,"PA",X <I),",",Y(I>,"pPDpPU" 
3260 NEXT 
3265 IF C=l THEN GOTO 3300 
3270 INPUT"ANOTHER PLOT"p AS 
3280 IF LEFTS(AS, 1) = " N " THEN 3300 
3290 GOTO 3030 
3310 RETURN 
4000 REM- ( Continuous Cond. ) 
4005 C=l 
4020 GOSUB 3070 
4030 P=0 
4040 RETURN 
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6000 REM- ( Graph Scale ) 
6005 QPEN2,5 
6010 PRINT82,"VS6" 
6015 RX=INT(<MX-X0)#XA) 
6016 RY=INT ( (MY-YO) *-YA) 
6018 V=INT(RX/40> 
6020 FOR 1=0 TO 40 
6030 PRINT#2,"PA"I#V",0?TL0=5,0? XTpPD" 
6040 NEXT 
6045 PRINT#2,"PU" 
6055 W=INT<RY/30) 
6060 FOR 1=0 TO 30 
6070 PR I NT#2, " PAO, " I »W " 8 TLO. 5,0 p YT 5 PD " 
6080 NEXT 
6085 PRINT#2,"PU" 
6090 PRINT#2,"SI0 o15,0.18" 
6100 FOR I=(MX-X0)/24 TO <MX-XO> STEP (MX-X0)/12 
6110 PRINT#2,"PA"I",0" 
6120 PRINT#2,"CP-2,-l" 
6130 PRINT#2,"LB"5 I ? B$ 
6140 NEXT 
6150 PRINT82,"PA80,-50" 
6160 PRINT#2,"LB VALUES OF VC<2) (X"|FX|"VOLT)",B* 
6170 FOR I=MY/16 TO MY STEP MY/8 
6180 PRINT#2,"PA09"I"" 
6190 PRINT#2,"CP-4.5,-0„3" 
6200 PRINT#2,"LB"?IgBS 
6210 NEXT 
6220 PRINT82,"DIO,1" 
6230 PRINT#2,"PA-12,350" 
6240 PRINT#2,"LBVC(2)-VC(1) (X"pFY3"VOLT)",B$ 
6250 CL0SE2 
6260 RETURN 
9000 REM— • < CM Calculation ) 
9030 DC-0.20 
9032 AL=AL(K) 
9035 W=»8,00 
9037 CD=W# 10-̂ -9 
9040 GA=0 
9042 GOSUB 9200 
9045 IF GA=1 THEN W=W+DC SG0T09040 
9050 V1=V0 
9053 VK«=VM-V1 
9056 IF VKO THEN W=W-DC a G0T09040 
9060 GA=0 
9062 W=W-DC 
9065 GOSUB 9200 
9070 IF GA=1 THEN W=W+DC sDC=DC/2 :G0T09060 
9075 V2=V0 
9080 VL=VM-V2 
9085 IF VK<VL THEN PRINT"WRONG DIRN." sSTOP 
9090 IF VL<0o001 AND VL>=0 THEN CM=CD gRETURN 
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9095 REM ( Increment Sens. ) 
9105 IF SGN(VL>=SGN<VK> THEN 9060 
9110 W=W+DC 
9115 DC=DC/2 
9120 GOTO 9060 
9200 REM ( +ve AL ) 
9240 CD=W*lE-9 
9260 X=CD/CX 
9270 XF=CF/CX 
9280 A=NI/(2*TB*NA> 
9300 B»CX*(AL-Q*NI*S/CX)#CF/<ES*Q*NA> 
9320 AS=A*CF/(CX*< A+B)> 
9340 IF X<«AS THEN PRINT" CD TOO LOW" §GA«1 8RETURN 
9400 AR=<1/X-1/XF)-U/AS+1>»<L0G<X/(X-AS))-LOG(XF/(XF-AS)>) 
9420 VO=-AR#AL/A+VT 
9440 RETURN 
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APPENDIX 4 

Theory of the Zerbst Method of A n a l y s i s of the 

C-t T r a n s i e n t 

The voltage equation of an MOS c a p a c i t o r i s : 

V = V + il> ( A ^ . l ) a ox r s 

q N a 2 where * 8 = 2T" X d s 

a n d V o x C 
Qm 
ox 

( Piny"*? N a X d ) 
Cox 

S u b s t i t u t i n g t h e s e , A ^ . l becomes 

3 = " Cox 2 c s 

dV a 

Rearranging (A4.3);-

d Q i n v / _ L _ + j a \ f * 2 (A4.4) 
9 a o x l C o x e s / d t dt 

' ox 

(A4.2) 

Since V a i s constant during the t r a n s i e n t , = 0 

On d i f f e r e n t i a t i n g (A4.2) 

dV , dQ. qN dx, q N x, dx, 
a _ 1 * i n v , ̂  a d , ̂  a d d ( A L 2 ) St-- — ~ d t ~ + C~" "d t + e dt { A l t - 3 ) 

ox ox s 
= 0 
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From the r e l a t i o n f o r s e r i e s c a p a c i t o r s 

1
 +

 1 

c c c, 
ox d 
1 + ^ (A4.5) C e ox s 

D i f f e r e n t i a t i n g (A4.5) and rearranging 

dx - a t - fc (§•) 

S u b s t i t u t i n g (A4.5) and (A4.6) i n t o equation (A4.4): 

d Q. w i n v = q N C e i -=£ (A4.7) ^ a o x s C d t \ C / dt 

Equation (A 4.7) can be w r i t t e n as :-

d Q, q N e C w i n v ^ a s ox 
dt at \c ) (A4.8) 

The r a t e of i n c r e ase of the i n v e r s i o n charge Qj^y' has 

c o n t r i b u t i o n s from the thermal generation of c a r r i e r s due 

to the i n c r e a s e i n the d e p l e t i o n width and the s u r f a c e 

generation. 

That i s 

Replacing x^ and x f with the corresponding c a p a c i t a n c e and 

U = - ~ i n (A4.9) 

d Q.. q n. e-.-. 
S* M a a *̂.*i...w-& c g §i|| (A4.10) 

ge 
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Equating (A4.8) and (A4.10) give s the equation f o r the 

Zerbst p l o t ; 

, / . . 2 n. /, , . 2 n . S 
- I t e *wir^- (h-khrrir- (A4-11» 

v ' a ox ge v f a s ox 

The p l o t of g£ (^j a g a i n s t ( £ ~ j=f~) should t h e r e f o r e be a 

s t r a i g h t l i n e w ith an i n t e r c e p t p r o p o r t i o n a l to S. 
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. APPENDIX 5 

Theory of Non-Equilibrium F a s t Ramp I-V Technique 

The t o t a l gate charge Qm on an MOS c a p a c i t o r i s given by: 

Q = Q + Q, + Q. (A5.1) m ox d i n v 

where Q i s the f i x e d oxide charge ox 

i s the d e p l e t i o n charge 

Q. i s the i n v e r s i o n charge inv 

On d i f f e r e n t i a t i n g equation (A5.1) and noting t h a t 
r t 

Q. = q U l g J 
o 

( x d - x Q ) d t 

because generation w i l l predominate i n p o s i t i o n s where the 

generation c e n t r e s are below the Fermi l e v e l . 

d x, 
I = q U (x,-x ) + q N, — — (A^.2) g ^ g d o ^ d dt 

SiO Al 
n-type Si 

m 

3 
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From the voltage equation 

V = V + ox s + V FB 

2 Q q N,X, 
I E +

 4 d d C 2 e FB ox s 
(A5.3) 

For the forward voltage sweep ( i . e . from accumulation to 
dv 

depletion) , = -d 

On d i f f e r e n t i a t i n g (A4.3) 

dv I q N,x, dx, 
_ a = a = + d d — d -dt . C e dt ox s 

(A5.4) 

S u b s t i t u t i n g f o r the value of I i n t o (A5.2) give s : 

dx, U 
~T£ = M" 2 (^ + x - x J dt e o d (A5.5) 

aC 
where L = — 

e q U 

S o l v i n g (A5.5) with the boundary condition x^= X q at t = 0 

1 + 
C (x + L ) ox o e 

where z ( Xd" Xo) 

«.n(l-z) + 
L„C z E ox C V ox 

q N,L M d e 
(A5.6) 

D i f f e r e n t i a t i n g (A5.6) with r e s p e c t to z y i e l d s :-

dz 
dv 

C o x ( 1 " z> 

d e [ 1 + .55 ( X + Z L ) e_ o e 

(A5.7) 
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Equation (A5.2) can be w r i t t e n as 

I = aC z + q N,L a f^-g ox ^ d e dv (A5.8) 

S u b s t i t u t i n g (A5.7) i n t o (A5.8) 

I = a C g ox z + 1 - z 

1 + -§£ (x + z L ) e o e 

(A5.9) 

T h i s equation g i v e s the value of the gate c u r r e n t during 

the forward volt a g e sweep. 

For the r e v e r s e sweep 

can be used to show t h a t 
( * - • ) 

the same procedure 

I = a C g ox 
1 + z 

z -
1 + ox 

( X0 + Z L E ) 

(A 5.10) 


