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ABSTRACT 

Two c l o s e d - l o o p CCD s t r u c t u r e s (a 256-stage and 1024-stage) were 

b u i l t t o demonstrate a l o w - l o s s mode o f o p e r a t i o n f o r a v e r y l o n g CCD 

d e l a y l i n e o r a c l o s e d - l o o p CCD s t r u c t u r e . The l o w - l o s s CCD concept 

c o n s i s t s o f o p e r a t i n g a CCD w i t h each s i g n a l charge w e l l f o l l o w e d by one 

or more t r a i l i n g - b i a s - c h a r g e w e l l s . Two o r d e r s o f magnitude improvement 

i n t h e e f f e c t i v e t r a n s f e r l o s s e s were demonstrated e x p e r i m e n t a l l y by 

p e r i o d i c a l l y r e c o m b i n i n g a t a s i g n a l - r e g e n e r a t i o n s t a g e t h e ( f i r s t - o r d e r ) 

s i g n a l - c h a r g e t r a n s f e r l o s s e s c o l l e c t e d by the t r a i l i n g b i a s charges w i t h 

t h e c o r r e s p o n d i n g s i g n a l - c h a r g e p a c k e t s . An e f f e c t i v e t r a n s f e r l o s s o f 

2.4x10-7 per t r a n s f e r was demonstrated. T j ^ j r ^ x l m u ^ a l s o 

been improved by_more t h a n t w o _ o x d g x s _ ^ f _ j n a g n i t u d e over t h a t o f conven¬

t i o n a l CCDs by means o f a d a r k - c u r r e n t s u b t r a c t i o n t e c h n i q u e . 

INTRODUCTION 

The t y p i c a l charge t r a n s f e r l o s s (charge t r a n s f e r i n e f f i c i e n c y ) o f a 

s u r f a c e - c h a n n e l CCD i s on the o r d e r o f 10"4 per t r a n s f e r and f o r a b u r i e d 

channel CCD i t i s on the o r d e r o f I O - 5 per t r a n s f e r . The l o w - l o s s CCD1 

d e s c r i b e d i n t h i s paper"" r e p r e s e n t s a s p e c i a l mode o f o p e r a t i o n o f a CCD 

s t r u c t u r e t h a t can r e s u l t i n about two o r d e r s o f magnitude r e d u c t i o n i n 

th e e f f e c t i v e charge t r a n s f e r l o s s e s . T h i s i s achie v e d by o p e r a t i n g t h e 

CCD s t r u c t u r e w i t h each s i g n a l charge w e l l f o l l o w e d by one o r more t r a i l ­

i n g - b i a s charge w e l l s . The f u n c t i o n o f t r a i l i n g b i a s charge i s t o keep 

t h e t r a p p i n g s t a t e s i n the CCD channel f i l l e d . A v e r y low e f f e c t i v e 

t r a n s f e r l o s s i s a c h i e v e d by p e r i o d i c a l l y r e c o m b i n i n g t h e charge t r a n s f e r 

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

s i g n a l - c h a r g e packets a t l o w - l o s s s i g n a l - r e g e n e r a t i o n s t a g e s . By a d j u s t ­

i n g t h e l e v e l o f the t r a i l i n g b i a s charge t o be above the s i g n a l - c h a r g e 

l e v e l , we can guar a n t e e t h a t t he e f f e c t i v e t r a n s f e r l o s s e s i n a l o w - l o s s 

CCD a r e reduced t o t h e second-order t r a p p i n g l o s s e s encountered by t h e 

t r a i l i n g b i a s charge t u e t o the m o d u l a t i o n o f the t r a i l i n g - b i a s - c h a r g e 

l e v e l by the f i r s t - o r d e r t r a p p i n g l o s s e s e x p e r i e n c e d by t h e s i g n a l -

charge p a c k e t s . 

LOW-LOSS CCD TEST ARRAY 

To demonstrate e x p e r i m e n t a l l y t h e l o w - l o s s CCD concept we have d e v e l ­

oped a l o w - l o s s CCD t e s t c h i p w h i c h i n c l u d e s a 256-stage and a 1024-stage 

c l o s e d - l o o p l o w - l o s s CCD. I n a d d i t i o n t o l o w - l o s s s i g n a l r e g e n e r a t o r s , 

f l o a t i n g - g a t e o u t p u t stages f o r n o n - d e s t r u c t i v e s i g n a l s e n s i n g , and i n p u t 

and o u t p u t charge s w i t c h i n g c i r c u i t s , each o f t h e c l o s e d - l o o p CCDs has 

been c o n s t r u c t e d w i t h a dark c u r r e n t s u b t r a c t i o n s t a g e . The da r k c u r r e n t 

s u b t r a c t i o n t e c h n i q u e d e s c r i b e d i n t h i s paper can ext e n d t h e u s e f u l d e l a y 

t i m e o f t h e s i g n a l i n t h e c l o s e d - l o o p CCDs by more than two o r d e r s o f 

magnitude. A schematic diagram o f the 1024-stage c l o s e d - l o o p CCD i s shown 

i n F i g . 1. 

The l o w - l o s s CCD t e s t c h i p was processed f o l l o w i n g a t w o - l e v e l p o l y ­

s i l i c o n n-channel b u r i e d - c h a n n e l CCD (BCCD) t e c h n o l o g y w i t h n o n - s e l f -

a l i g n e d n+ d i f f u s i o n s , p+ ch a n n e l s t o p s , lOOO-S-thick channel o x i d e , and 

n+ p o l y s i l i c o n gates processed w i t h phosphorus-doped r e f l o w g l a s s . The 
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BCCD channels are 25 urn wide. The gate s t r u c t u r e has 10-um p o l y s i l i c o n 
gates w i t h 5-urn spaces, thus r e s u l t i n g i n 30-um-long CCD stages. The 
closed-loop CCD s t r u c t u r e s were designed to operate as a two-phase CCD 
w i t h a dc o f f s e t v o l t a g e t o be ap p l i e d between the storage gates and the 
t r a n s f e r gates. The charge-corners of both closed loops were designed f o r 
a complete charge-transfer o p e r a t i o n w i t h the a v a i l a b l e two-phase CCD 
clocks. 

The c o n s t r u c t i o n and o p e r a t i o n of a low-loss s i g n a l - r e g e n e r a t i o n 
stage i s i l l u s t r a t e d i n Figs, 2 and 3. The charge-coupling s t r u c t u r e of 
the s i g n a l - r e g e n e r a t i o n stage i s shown schematically i n F i g . 2(a) i n the 
forms of a two-phase CCD. The t r a n s f e r of the charge packets i n and out 
o f the s i g n a l - r e g e n e r a t i o n stage i s i l l u s t r a t e d i n F i g . 2(b) a t the time 
i n s t a n t s i n d i c a t e d on the clock waveforms shown i n F i g . 3. As shown i n 
Fi g . 2 ( b ) , the s i g n a l regeneration stage f i r s t combines the s i g n a l charge, 
S i , w i t h the contents of the t r a i l i n g w e l l , which i n a d d i t i o n to the 
t r a i l i n g bias charge, T2, also contains the f i r s t order losses. Then, 
one clock cycle l a t e r the regenerated s i g n a l Si i s separated from i t s 
t r a i l i n g bias charge Tl» Note, the s i g n a l charge, S i , i s always followed 
by the t r a i l i n g bias charge T l except during two t r a n s f e r s when Si and T l 
are together i n a s i n g l e w e l l . Another charge t r a n s f e r also i n v o l v i n g 
f i r s t - o r d e r t r a p p i n g loss t h a t r e q u i r e s s p e c i a l a t t e n t i o n i s the t r a n s f e r 
at time C4 which separates the t r a i l i n g bias charge TT_ and the s i g n a l 
charge S i . This t r a n s f e r i s an incomplete (or bucket-brigade type) 
charge t r a n s f e r . 4 , 5 

DARK CURRENT SUBTRACTION 

The dark-current s u b t r a c t i o n stage operates by s u b t r a c t i n g from 
the CCD channel a f i x e d amount of charge. The c o n s t r u c t i o n and op e r a t i o n 
of the d a r k - c u r r e n t s u b t r a c t i o n stage are i l l u s t r a t e d i n F i g . 4. 

One of the possible 1 i m i t a t i o n s of the e f f e c t i v e n e s s of the dark-
c u r r e n t s u b t r a c t o r i s , t h a t i f the dark c u r r e n t i s signal-dependent, the 
ope r a t i o n w i t h a p e r i o d i c s u b t r a c t i o n o f a f i x e d amount o f dark c u r r e n t 
w i l l lead to some form of nonlinear s i g n a l degradation of the output. 
The measured curves of dark c u r r e n t as a f u n c t i o n of the s i g n a l charge 
f o r two d i f f e r e n t 1024-stage devices i n Fig. 5 i n d i c a t e t h a t i n our 
buried-channel CCDs there i s a la r g e range of s i g n a l f o r which the dark 
c u r r e n t i s r e l a t i v e l y constant. 

EXPERIMENTAL RESULTS 

The o p e r a t i o n of a 1024-stage closed-loop CCD i n the low-loss mode 
and the e f f e c t of bias charge, QgQ, on the t r a n s f e r losses, e, are 
i l l u s t r a t e d i n Fig. 6. The t r a i l i n g bias charge i s designated as Q^g. 
The general conclusion o f the above t e s t i s t h a t s i g n a l bias charge Qso = 
0• 4 QTJB i s s u f f i c i e n t to achieve the minimum t r a n s f e r losses. Also, the 
t r a n s f e r loss f o r negative s i g n a l pulse i n the presence of la r g e QgQ i s 
lower but s t i l l comparable to the t r a n s f e r loss f o r p o s i t i v e s i g n a l 
pulse. The r e s u l t s i n F i g . 6 demonstrate the e f f e c t i v e t r a n s f e r i n e f f i c ­
iency or t r a n s f e r l o s s , e, f o r low-loss CCD of 2.4x10"^ per t r a n s f e r . We 
de f i n e the e f f e c t i v e t r a n s f e r loss of the low-loss CCD as the t r a n s f e r 
loss o f the leading edge of an input pulse ( t h e f i r s t "one" i n a s t r i n g 
oi "ones"). The e f f e c t i v e low-loss CCD t r a n s f e r loss i s 

AQ S 1(1) 

G = a'Qsi-'W C 1 ) 

where AQg^(l) i s the d i f f e r e n c e between the i n i t i a l value of the "one" 
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at the input ( i . e . , as detected i n the f i r s t r e c i r c u l a t i o n ) and the f i r s t 
"one" a f t e r N t r a n s f e r s , Q S 1 i s the amplitude of the s i g n a l charge "one," 
and Qso is the s i g n a l charge "zero." 

I t i s also i n t e r e s t i n g t o note t h a t the s i g n a l charge used i n t h i s 
t e s t i s Qsi-Qs0=0.12 pC, which corresponds to about 0.8xl0 6 e l e c t r o n s . 
This means th a t w h i l e i n the standard CCD mode the t r a n s f e r loss o f 
1.6x10- 5 per t r a n s f e r corresponds to an average charge t r a p p i n g of 13 
el e c t r o n s , i n the low-loss CCD mode the t r a n s f e r loss of 2.5x10-7 per 
t r a n s f e r corresponds to an e f f e c t i v e average charge trapping of 0.2 
electr o n s per t r a n s f e r . 

The comparison of the performance of a closed-loop 256-stage CCD 
operating a standard clock and i n the low-loss mode i s shown i n Fig. 7. 
I n t h i s f i g u r e the device i s operated a t a low clock frequency o f f c = 
4.4KHZ to i l l u s t r a t e the performance of the dark-current s u b t r a c t o r . 
Note, i n Fig. 7(b) the s i g n a l i s store d i n the loop f o r a delay time, 
Tn, of 10s, i n which time the t o t a l dark current generation subtracted 
from the loop represent 20 f u l l w e l l s of charge. Our experiments also 
showed t h a t the noise generated by the dark c u r r e n t tends to sat u r a t e 
at a low l e v e l maintaining a s / n r m s = 54 dB independent of the t o t a l delay 
time. 

CONCLUSION 

The closed-loop low-loss CCDs provide temporary storage f o r analog 
signals w i t h non-destructive read-out. The low-loss CCD combined w i t h 
the dark c u r r e n t s u b t r a c t i o n technique should f i n d a p p l i c a t i o n s i n new CCD 
st r u c t u r e s r e q u i r i n g a very large number of charge t r a n s f e r s (up to 106) 
and very long time delays (up to 10 minutes), One example of such a p p l i ­
cations i s a synchronous s i g n a l c o r r e l a t o r which was demonstrated using a 
256-stage closed-loop low-loss CCD. With 100 s i g n a l r e c i r c u l a t i o n s we 
have obtained an improvement i n the s i g n a l - t o - n o i s e r a t i o from -5.5 dB 
to 12 dB. 
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F i g u r e 1. Schematic of the la y o u t of the 1024-stage l o w - l o s s CCD 1 oop 
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F i g u r e 2. Low-loss CCD. 

(a) Charge-coupling s t r u c t u r e s . 

(b) P o t e n t i a l w e l l s i l l u s t r a t i n g 

the o p e r a t i o n . 

F i g u r e 3. Clock waveforms f o r 
o p e r a t i o n o f the lo w - l o s s CCD 
shown i n F i g . 2. 

4 3 5 . 



DCSI V 0 C S 2 V DCS3 DD 

_ T 6 D C S i f 6 D C S 2 ? ÖDCS3 1 1 
) 

'CCD * l * D A R K - C U R R E N T 
( a ) P - T Y P E - J 

CHANNEL 'CCD * l * D A R K - C U R R E N T 

L- N + DRAIN 
( a ) 

F I L L 

'DD 

S P I L L 

Q D C " C DCS2 ( V DCS2 V DCS: 

DD 

( b ) 

(c) 

(d) 
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stage. 
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Figure 6. Comparison of t r a n s f e r l o s s , e, of closed-loop low-loss 
1024-stage CCD at f c = 2.2 MHz f o r various "zero" s i g n a l 
charge l e v e l s , Qg0> and number of t r a n s f e r s , N. 

Figure 7. Performance of closed-loop 256-stage CCD at f c = 4.4 kHz: 
w i t h the dark-current s u b t r a c t o r ON w i t h standard two-phase 
cl o c k mode i n ( a ) , and low-loss mode i n ( b ) , ( c ) , and ( d ) , 
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