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ABSTRACT 

In order to provide an engineering basis fo r surface channel, charge-
coupled device analogue f i l t e r design a study of a concise ana ly t ic 
so lu t ion has been car r ied ou t , which describes the t ransfer of charge in 
a f loa t ing-ga te reset (FGR) tapped CCD. Thus predict ions of the perform­
ance of the CCD tapped st ructure can be made as e f f e c t i v e l y as possible. 
Af ter presenting an overview of models already der ived, th i s paper ; u 
discusses the der ivat ions of two models developed i n th is work and 
compares the techniques employed wi th those of ex is t ing s imulat ions. 

INTRODUCTION 

The f e a s i b i l i t y of charge-coupled devices (1) fo r performing complex 
f i l t e r i n g funct ions has been widely reported. Such f i l t e r s - usual ly in 
transversal form, having a f i n i t e impulse response (FIR) - exp lo i t the 
unique sampled analogue signal handling capacit ies of CCD's. The analogue 
nature of the CCD and associated peripheral c i r c u i t r y makes the approach 
sensi t ive to any bias va r i a t i ons , ambient changes, e tc . in common wi th 
other analogue c i r c u i t s . C lear ly , a model is needed which provides an 
engineering basis fo r designing such f i l t e r s ; i t must be both i n t r i n s i c ­
a l l y simple, so ithat the analysis of complex f i l t e r i n g structures can be 
completed rap id ly and hence cost e f f e c t i v e l y , and must be as accurate as 
required fo r a design tool by jud ic ious study and choice of the 
major cont r ibu t ive factors to the charge t ransfer process in the CCD. 

These c r i t e r i a e f f e c t i v e l y el iminate the use of most numerical methods 
for evaluating device performance which have already been evolved in CCD 
theory and design. These are demanding in terms of computer storage, 
analysis time and running cost and more important ly are based on models 
which do not permit ce r ta in basic features of charge t rans fer under 
modified clocking schemes, e .g . using (n + §) phase clocking arrangements 
using f l oa t i ng -ga te , rese t 2 (FGR) CCD tapping of signal charge used in 
complex f t l t e r s . 

PROBLEM DEFINITION 

In the design of any CCD st ructure the sa l i en t parameter which must 
be characterised is the i n t r a - c e l l t ransfer i n e f f i c i e n c y ; which is 
a f fected by the physical dimensions of the device and also by the clock 
dr iv ing waveforms. Several models have been developed fo r determining the 
t ransfer i ne f f i c i ency of CCD devices which tend to f a l l i n to two categories: 
in that they are e i the r very simple but unable to p red ic t the e f fec ts of 
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changes in the physical parameters of the devices or that they are very 
accurate and sensi t ive to changes in the physical parameters. They are 
also computationally involved when used to model a complex CCD s t ruc ture , 
especial ly with associated MOS peripheral c i r c u i t r y . Furthermore, the 
models which have permitted closed-form expressions to be derived for 
charge d i s t r i bu t i on in the discharging w e l l , and hence permit a time 
dependent expression for the t ransfer inef f ic iency to be der ived, have 
assumed that the charge d i s t r i bu t i on of the ' l i p ' of the discharging well 
is zero which is the case only where stepped clock waveforms arc employed 
However, i f fo r example, the clock waveforms have exponential decaying 
edges, then f i r s t l y , the boundary condit ion for the charge d i s t r i bu t i on on 
the edge of the discharging well cannot, in general, be assumed to be zero¬
and secondly, since the dr iv ing potent ia l on the discharging well is 
cont inual ly changing, the steady-state condit ions, which in the case of the 
stepped clock waveforms permitted a closed-form solut ion for charge 
d i s t r i bu t i on to be obtained, are not appl icable. 

Tn an FGR tapped, two-phase CCD - which is of par t icu lar in teres t to 
our studies - there are i t yp ica l l y mul t ip le t ransfer stages with the 
fol lowing three basic types of charge transfer between the pairs of 
adjacent gates (see Fig. 1 ) ; (a) untapped to untapped, (b) untapped to 
tapped, and (c) tapped to untapped. Thus, the problem divides natura l ly 
in to a f a i r l y detai led analysis of charge transfer from ce l l to c e l l , which 
can then be used as uni t models in a second "black box" model to produce a 
design tool for a complete device. Hence the problem resolves i t s e l f in to 
f ind ing a f a s t , reasonably accurate solut ion fo r charge transfer over an 
FGR tapped c e l l . 

REVIEW OF CCD MODELS 

With the invention of the charge-coupled device, an inev i tab le quest 
was i n i t i a t e d for a computer model which would permit the theoret ical 
performance of the device to be predicted for changes in e i ther the 
physical or e lec t r i ca l parameters of the device. Following from the 
methods suggested by Amelio (3) the problem of charge t ransfer between 
gates in a surface channel CCD have usually been tackled v/ith reference to 
the e lec t ros ta t i c analysis of the MOS t rans is to r . 

Star t ing with the depletion approximation the fami l ia r system of 
Poisson's equation and the cont inu i ty equations is formulated, including 
the fo l lowing: 

(a) Thermal d i f f us i on ; 

(b) An e lec t r i c f i e l d component that gives r ise to self- induced d r i f t (4) 
and f r ing ing f i e l d e f fects ( 5 ) ; and 

(c) Surface states and trapping ef fects (6 ) . 

Other factors usually debated include recombination and mobi l i ty 
ef fects and the choice of boundary conditions which can determine the type 
of voltage pulse analysed (7 ) . Owing to the analogy with Heat Di f fus ion 
various numerical methods are read i ly employed to solve the basic equations. 
Often the f i e l d potent ial is solved fo r in two dimensions d i r e c t l y . Recent 
work in th is f i e l d i l l u s t r a t e s both the completeness of the so lut ion and 
i t s l im i ta t ions (8 ,9 ) , in that excess computational time in pract ice 
determines analysis of only one t ransfer , usually a t the input and output 
stages. 
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Other models of surface channel charge t ransfer f a l l in to the 
fo l lowing types:-

(a) Charge Control (10) ; 

(b) Lumped Model (11); 

(c) C i r c u i t Equivalent (12) ; 

(d) Dis t r ibuted Model (13) ; 

(e) A " s t a t i s t i c a l or p a r t i c l e " model. 

Similar l im i t a t i ons to those mentioned above are observed i n these methods 
e.g. an analysis applied mainly to i n j e c t i o n of charge; t ransfer 
i n e f f i c i e n c y obtained f o r square wave clocking mechanisms. 

For the study of charge t ransfer i n a tapped CCD a s l i g h t l y d i f f e r e n t 
approach is required, and as a natural d i v i s i o n occurs between the 
analysis of gate-to-gate charge t ransfer and that of the overal l device 
t ransfer i n e f f i c i e n c y , i t was decided in th i s work to mirror t h i s macro/ 
micro s p l i t i n the FGR model. 

A ONE-DIMENSIONAL MODEL FOR CHARGE TRANSFER 

The f i r s t approach which i s described in th i s paper used a hierarch­
i ca l model which permits s e n s i t i v i t i e s to changes i n the physical para­
meters of the device structures to be examined w h i l s t producing a model 
which can be used e f f i c i e n t l y when predic t ing the performance o f a complex 
CCD component conf igura t ions . In order to derive an expression f o r the 
t ransfer of charge between devices driven by exponential clock waveforms, 
a "snap-shot" technique has been developed, which, in e f f e c t , converts the 
continuous process o f charge t ransfer wi th clock edges having an exponent­
i a l decay to a form which considers that the clock waveform comprises a 
series o f incremental voltage steps. 

Assuming i n i t i a l l y that the t ransfer mechanism is dominated by 
d i f f u s i o n and f r i n g i n g f i e l d e f f e c t s , then during each in te rva l of time 
the charge t ransfer can be described by 

The so lu t ion to th i s equation f o r the boundary conditions ex i s t ing i n the 
CCD structure is of the form: 

q/3t=D 9 q/Sx - Ef Bq/3x 

q (x , t )=q + £ An (cos nmx _ 1 2 s in nrrx x nx -Bt 
) e e . . • ( 2 ) 

n=l L ] + L 2 ' n/r L ] + L 2 

where n=juE/2D B=-D [ n 2 + 
( L 1 + L 2 ) 

and L ] = length of discharging w e l l ; 

L 9 = length of charging w e l l , and q and An are given by: 
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L l + L 2 H » m x A t [ L l + L 2 1 e n»x . . 

An - o 
1^2 " 1 2 

/ L l + L 2 * * h + L 2 nnx 

At each time step the charge d i s t r i b u t i o n at the end of each time in te rva l 
has to be computed, and subsequently, th is d i s t r i b u t i o n is used at the 
i n i t i a l condition at the s t a r t of the next time step. A new value of 
f r i n g i n g f i e l d has also to be computed at each time step in view of the 
change i n potential difference between each potential well and also 
because of the change in the depletion region depth in the discharging 
w e l l . This procedure is repeated u n t i l the charge t ransfer process i s 
over. By calculat ing the amount of charge l e f t over a f t e r each time step 
an expression f o r the charge transfer i ne f f i c i ency as a funct ion of time 
can be derived. 

Having derived a value f o r the t ransfer i ne f f i c i ency the CCD can now 
be represented by a simple systems models with the "bit-group" then rep­
resented by the systems model shown in Fig. 3, in which each block can 
have a d i f f e r e n t t ransfer i n e f f i c i e n c y value, e. The transfer funct ion 
across the "bit-group" can then be described as: 

-3jcoT 
T - P'P"p"'e ° ( m 

-M " j t 0 t r -M r 

(1 - e 'e c ) ( l - e"e c ) ( l - e"'e c ) 

where p ' , p" and p" 1 are the t ransfer e f f i c i ency parameters f o r each 
device and êt e" and e" 1 are the corresponding values o f t ransfer 
i n e f f i c i e n c y . The inclusion of tapping points can also be readi ly 
modelled permitting complex f i l t e r i n g functions to be readily analysed. 

PERTURBATION MODEL 

A f t e r fu r the r examination of the cfiarge transfer process in a CCD, another 
mathematical model has been developed which w i l l be referred to here as 
the 'perturbat ion s o l u t i o n ' . The model adopted f o r the charge density, 
q ( x , t ) across a pair of adjacent gates of width al and (1 -a)a. is the 
non-linear, non-autonomous d i f f u s i o n equation: 

I f " & < R (q» t ) | H 0 < x < £ . . . ( 4 ) 

v 2C 
where, R(q, t ) D - q [ l+{ = - ~ (V( t ) + J- )} ~5] 

Lox B Lo 

* 0 - J L F (q , t ) 
ox 
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and If = 0 a t x = O and x = % f o r a l l t > 0 . 

I n i t i a l l y , q ( x , 0 ) = N/aJ>) 0 < x < aü 

= 0 l < < £ 

A s o l u t i o n f o r t h i s equat ion has been sought i n the form o f a 
p e r t u r b a t i o n se r i es which when i nco rpo ra ted i n t o the above d i f f e r e n t i a l 
equat ion y i e l d s a chain o f l i n e a r , p a r t i a l d i f f e r e n t i a l equat ions which 
can be so lved a n a l y t i c a l l y . The s o l u t i o n r e l i e s on a p e r t u r b a t i o n se r i es 
o f the fo rm: 

q ( x , t ) = q Q ( x , t ) + e q ^ x . t ) + e 2 q 2 ( x , t ) + 

Whi le i t i s poss ib le i n theory t o f i n d an a n a l y t i c a l express ion f o r 
q p ( x s t ) , i t may s u f f i c e s imp ly t o o b t a i n an es t imate f o r i t s s i z e , 
tnereby p r o v i d i n g a measure f o r the r e l i a b i l i t y o f the tv/o-term se r i es 
app rox ima t i on . 

SUMMARY AND CONCLUSIONS 

A model w i t h eng ineer ing emphasis f o r design o f a CCD FGR tapped 
f i l t e r has been developed f rom an a n a l y t i c a l approach. This a t tempts t o 
r e t a i n the accuracy o f proven f i n i t e - d i f f e r e n c e and c l ose - f o rm methods 
w i t h a ga in i n speed o f computat ion over e x i s t e n t work and a l so to i nc lude 
e x p o n e n t i a l l y decaying c lock waveforms, and the unique tapped gate 
f e a t u r e o f such dev i ces . These models seem promis ing and t h e i r accuracy 
i s c u r r e n t l y under d e t a i l e d e v a l u a t i o n . 
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