
COMPUTER SIMULATION OF CHARGE-COUPLED DEVICES 

A. Cwik, G.S. Hobson, J.E. S i t c h , CR. B r e w i t t - T a y l o r and P.N. Robson 

ABSTRACT 

A computer program employing f i n i t e - e l e m e n t techniques has been 
developed t o simulate CCD's i n two space dimensions and time. I t has been 
used to study a t y p i c a l CCD i n p u t s t r u c t u r e and i n p a r t i c u l a r to c a l c u l a t e 
the voltage to charge t r a n s f e r f u n c t i o n f o r "diode c u t - o f f " and " f i l l and 
s p i l l " i n p u t techniques. The n o n - l i n e a r i t y of the t r a n s f e r f u n c t i o n s has 
been used to estimate the d i s t o r t i o n versus speed t r a d e - o f f s f o r the two 
in p u t techniques. 

INTRODUCTION 

The computer package we have used to c a l c u l a t e dynamic p r o p e r t i e s of 
CCD uses a f i n i t e element format. The motion of both holes and e l e c t r o n s 
are t r e a t e d separately i n the c o n t i n u i t y equation and each have t h e i r own 
f i e l d dependent m o b i l i t y f u n c t i o n . The p a r t i c u l a r problem considered here 
i n v o l v e s the flow of charge i n t o and out of the i n p u t diode d i f f u s i o n . 
S i mulation d i f f i c u l t i e s a r i s e owing to the extremely s h o r t d i e l e c t r i c 
r e l a x a t i o n time i n t h i s h e a v i l y doped r e g i o n . These have been overcome 
w i t h a se m i - m e t a l l i c boundary c o n d i t i o n which has been shown to be a good 
approximation. 

THE PROGRAM 

The charge d e n s i t i e s and the p o t e n t i a l t h a t e x i s t on a g r i d of nodal 
p o i n t s have been c a l c u l a t e d using f i n i t e - e l e m e n t techniques. The p o i n t s 
are formed a t the i n t e r s e c t i o n s of two sets of p a r a l l e l l i n e s , one set 
being p a r a l l e l and the other perpendicular t o the oxide-semiconductor 
i n t e r f a c e . An a r b i t r a r y spacing of the l i n e s i s used and i s of great 
importance t o surface channel CCD modelling i n which m i n o r i t y c a r r i e r 
motion i s l a r g e l y confined t o a very t h i n r e g i o n at the oxide-semiconductor 
i n t e r f a c e . 

I n i t i a l l y , the charge movement due to the p o t e n t i a l between adjacent 
g r i d - p o i n t s i s c a l c u l a t e d and the r e s u l t i n g nodal d e n s i t i e s of e l e c t r o n s 
and holes are then used i n the c a l c u l a t i o n of the nodal p o t e n t i a l s . I n the 
l a t t e r p o t e n t i a l s o l u t i o n , Poisson's equation i n two dimensions i s reduced 
to a d i s c r e t e form using f i n i t e elements, and the c o e f f i c i e n t m a t r i x so 
obtained i s i n v e r t e d at the s t a r t of the program execution. The p o t e n t i a l s 
at the g r i d p o i n t s may then be obtained from the product of t h i s i n v e r t e d 
m a t r i x and the v e c t o r o f nodel charges. The s t a b i l i t y of the charge 
movement process i s aided by using Gummel's a l g o r i t h m * i n which the c u r r e n t 
d e n s i t y and the e l e c t r i c f i e l d between g r i d p o i n t s are assumed to be 
constant w i t h i n each time step. This approach avoids i m p l i e d c u r r e n t 
d i s c o n t i n u i t i e s i n between g r i d p o i n t s and associated non-physical 
i n s t a b i l i t i e s . 

A problem occurred a t the i n p u t diode where h i g h doping d e n s i t i e s 
would r e q u i r e a p r o h i b i t i v e l y small time-step f o r numerical s t a b i l i t y . 
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This was overcome by us ing a constant v o l t a g e , or s e m i - m e t a l l i c boundary 
c o n d i t i o n . Any holes e n t e r i n g t h i s r eg ion were a n n i h i l a t e d . The a p p r o x i ­
mation was checked by v a r y i n g the donor doping dens i ty around t h i s boundary 
to show tha t i t had an i n s i g n i f i c a n t e f f e c t on the r e s u l t s . 

INPUT TECHNIQUE SIMULATION 

The i npu t s t r u c t u r e , F i g . 1 , considered cons is t s o f an i n p u t d iode , an 
i n p u t gate and a second e lec t rode (<$>i) under which i t was des i red to 
i s o l a t e a charge packet . A t h i r d e lec t rode runn ing along the bottom o f the 
device i s used to supply a constant subs t ra te bias of - 3Vo l t s which models 
a t y p i c a l f l a t b a n d vo l t age f o r a Si MOS dev ice . Maximum and minimum 
e lec t rode vol tages are 15 and 0 V o l t s r e s p e c t i v e l y . The two d i f f e r e n t i n p u t 
techniques w i l l now be discussed i n t u r n . 

a) Diode C u t - o f f 
The s igna l vo l t age i s appl ied to the i n p u t diode and i n i t i a l l y a h igh 

vo l tage (15 V o l t s ) i s app l i ed to the gate and $ j« Charge f lows i n t o the 
reg ion under the two e lec t rodes u n t i l the sur face p o t e n t i a l under them 
e q u i l i b r i a t e s w i t h t ha t o f the i n p u t d iode ; when t h i s occurs the ' i n j e c t i o n 
phase' o f the process i s complete. There then f o l l o w s the c u t - o f f phase i n 
which the gate vo l t age i s reduced to zero v o l t s , thus i s o l a t i n g a charge 
packet under $i. 

b) F i l l and S p i l l 
The s i g n a l vo l tage i s app l i ed to the gate and i n i t i a l l y a low vol tage 

(0 V o l t s ) e x i s t s on the i n p u t diode and a h igh vo l t age (15V) e x i s t s on <j>i. 
As i n the i n j e c t i o n phase f o r diode c u t - o f f , i n the f i l l phase the surface 
p o t e n t i a l under the two gates reaches e q u i l i b r i u m w i t h tha t o f the inpu t 
d iode . I n the s p i l l phase the i n p u t diode i s pulsed to a h i g h vol tage 
a l l o w i n g the excess charge under dij and the i n p u t gate to d r a i n i n t o i t 
u n t i l the charge under <$>i i s i s o l a t e d f rom the i n p u t d iode . 

The i n j e c t and f i l l phases were completed to b e t t e r than 1 par t i n 10 5 

accuracy and the changes i n e l ec t rode p o t e n t i a l took place i n 1.125, 5.625 
16.875 or 33.75 nanoseconds f o r diode c u t - o f f . For f i l l and s p i l l the 
corresponding change took place i n 1,125ns, a l l changes having a r a i sed 
cosine p r o f i l e . The s p i l l phase was terminated a f t e r 34ns. 

F igs .2 and 3 show the v a r i a t i o n o f surface p o t e n t i a l f o r a 7.5 V o l t 
s i g n a l d u r i n g a c u t - o f f and a s p i l l phase l a s t i n g 1.125ns and 34ns 
r e s p e c t i v e l y . F i g . 2 shows the c u t - o f f process to be f a r f rom i d e a l as some 
o f the charge under the gate c l e a r l y f i n d s i t s way under the (J>i e l e c t r o d e . 
F i l l and s p i l l does not s u f f e r f r om t h i s drawback but the s p i l l process i s 
s t i l l not complete even a f t e r 34ns whereas c u t - o f f f i n i s h e s r a p i d l y a f t e r 
the e lec t rode vo l t age ceases to change. 

RESULTS 

Runs f o r the va r ious times mentioned above were made w i t h s i g n a l 
vo l tages of 1 , 3, 4 . 5 , 6, 7 .5, 9, 10 .5 , 12 and 13.5 V o l t s and the value o f 
charge under was recorded at 3, 6, 17 and 34ns (corresponding to f a l l -
time of 1.125, 5 .625, 16.875 and 33.75ns f o r diode c u t - o f f ) . The t r a n s f e r 
f u n c t i o n s f o r both methods are shown i n F igs .4 and 5. Neg lec t ing c o n t r i b u ­
t i o n by f o u r t h order or h igher harmonics a l e a s t square f i t o f a cubic 
polynomial was made to each of the 8 sets (4 f o r each method) o f p o i n t s so 
ob ta ined . By f i t t i n g the cubic to subsets o f po in t s w i t h i n each main set 
the e f f e c t o f changing bias and/or amplitude could be shown. The expected 
t r end o f lower d i s t o r t i o n products f o r low peak-peak amplitudes could be 
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c l e a r l y seen. However care has to be taken to avoid spurious r e s u l t s when 
f i t t i n g the cubic t o few poi n t s f o r small amplitudes. Figs.6 to 9 show the 
d i s t o r t i o n products of two techniques f o r the four times considered. These 
show f i l l and s p i l l to be ge n e r a l l y s u p e r i o r . At the s h o r t e s t times f o r 
second order d i s t o r t i o n diode c u t - o f f i s s u p e r i o r . 

This r e s u l t i s s i m i l a r t o many experimental observations but q u a n t i t a ­
t i v e d i f f e r e n c e s e x i s t . We have not included the e f f e c t s of s i g n a l change 
d u r i n g the charge s p i l l . Using a simple q u a s i - s t a t i c model s i m i l a r to t h a t 
of Sequin and Mohsen 2 we c a l c u l a t e d i s t o r t i o n e f f e c t s shown by the s o l i d 
l i n e s i n Figs.6 to 9. I g n o r i n g any pos s i b l e c a n c e l l a t i o n the d i s t o r t i o n 
i n t e r c e p t i s given by the smaller of the two values. D i s t o r t i o n due to the 
dynamics of the charge flow dominates a t short a c q u i s i t i o n times w h i l e 
e f f e c t s due to the dynamic s i g n a l take over as the time increases. 

Experimental work suggests t h a t c a p a c i t i v e feed-through may also 
adversely a f f e c t the i n p u t l i n e a r i t y . The i n p u t process i s not completed 
u n t i l charge has s t a r t e d to move along the device as the surface p o t e n t i a l 
under <j>j r i s e s ; before t h i s can happen <i>2 must be clocked 'on'. (J>2 i s 
t h e r e f o r e clocked d u r i n g the i n p u t window and any vol t a g e spike appearing 
on the i n p u t diode or i n p u t gate w i l l cause charge movement. For example 
a t r a n s i e n t r i s e i n i n p u t gate v o l t a g e d u r i n g the s p i l l phase o f f i l l - a n d -
s p i l l w i l l momentarily increase the conductance of the channel beneath the 
in p u t gate, l e a d i n g to more s p i l l than would otherwise be expected. This 
r e s u l t s i n f u r t h e r d i s t o r t i o n , w i t h f i l l - a n d - s p i l l s u f f e r i n g more than 
diode c u t - o f f . 

CONCLUSIONS 

This study o f i n p u t l i n e a r i t y has y i e l d e d s u p e r f i c i a l trends b ut 
f u r t h e r analysis i s re q u i r e d i n c l u d i n g the e f f e c t s mentioned i n the previous 
s e c t i o n . Furthermore the e f f e c t s of a f i n i t e sampling window i n l i m i t i n g 
the i n j e c t and f i l l phases needs to be taken i n t o account even though we 
expect t h i s process to be much f a s t e r than the r e s i d u a l charge t r a n s f e r 
e f f e c t s a t the end of the s i g n a l a c q u i s i t i o n . 

ACKNOWLEDGEMENTS 

The authors are indebted t o Mr. P. Darby f o r measurements of d i s ­
t o r t i o n . This work has been c a r r i e d out w i t h the support of Procurement 
Executive, M i n i s t r y of Defence, sponsored by DCVD. 

REFERENCES 

1. S c h a r f e t t e r , D.L. and Gummel, H.K., "Large-signal a n a l y s i s of a s i l i c o n 
Read Diode O s c i l l a t o r " , IEEE Trans, on E l e c t r o n Devices, ED-16, 
pp.64-77, January 1969. 

2. Sequin, CH. and Mohsen, A.M., " L i n e a r i t y of e l e c t r i c a l charge 
i n j e c t i o n i n t o charge coupled devices", IEE Journal of S o l i d State 
C i r c u i t s , SC-10, pp.81-92, A p r i l 1975. 

415. 



r i C . l DIAGPAH Or IHPUT STRUCTUUR 

. . . . .X2 * l 

H* U O ' W ) 

T i 

P -1ÏPE ( 6 . Ï 5 x 1 0 ' * c n " ' | 

J SUBSTRATE DIA3 ! 
\*~ _ 

20 
ALL DIKEH3IOH3 IH HÏCH0H3. GATE AMD 4, ARB 7 HICROHS LONG 

IHPUT DIODE . C A 1 * E * l 

-io -

-12 . 

-14 . 

O 2 4 6 8 10 12 14 16 16. 20 

DISTANCE (HICrtOMS) 

F I G . 2 . SURFACE POTENTIAL DURING CUT-OFF WITH AH IHPUT DIODE• 
. P O T E N T I A L O F 7.5 VOI/ViT" 

4 1 6 . 



2 .S 

IHPUT DIODE VOLTAGE (VOLTS) 

F I G . < IHPUT TPAHSFKR FRICTION FOR DIODE CUT-OFF' AT VARIOUS SPEEDS 

a.s 

a . o h 

, . 0 I . V — , . . . L _ _ . . i , , . u ^ _ J 
I 3 ) 4 S 6 7 8 9 I O 1 1 12 13 14 15 

GATE VOLTAGE (VOLTS) 

r l G . 5 IHPUT TRAtlSFF.R FUNCTION FOR F I L L AND SPILL FOR VARIOUS 
" S P I L L Tlf-ÏËS 

4 1 7 . 



M C ? 3Hn_ mnyoHtc D I S T O R T I O N P E R F O R M A U C E F O R R E D U C E D ( -BJ11) 
S I G N A L 1,{;VEL A'.U CtJ. ' iTPAIj Ü I A S 

6 0 

F I G . 8 3RD » A P H O N I C D I S T O R T I O N rF.RFOP.MANCS FOR g A j O M B j S I G N A L 
LL-VFII, tJOi. 'SIDSnSD ( - 1 . C 5PO>t:ü CEKTPAb M A S 

1 io 100 
ACQUISITION TIHE (NANOSECONDS) 

— - DISTORTION DUE TO SIGNAL CHANGE DURING SAMPLING QQ. 

* - DIODE CUT-OFf • - F I L L AND SPILL 

418. 




