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INTRODUCTION 

Advanced systems using CCD si g n a l processors c a l l f o r increased per­
formance l e v e l s and reduced system s i z e , weight and power f a c t o r s . This 
generally means the development of CCD s t r u c t u r e s w i t h a greater number 
of redundant c e l l s and increased packing d e n s i t i e s . As the processor 
packing d e n s i t y becomes l a r g e r and the p h o t o l i t h o g r a p h i c tolerances 
t i g h t e r i t becomes necessary t o develop CCD processor c i r c u i t s which 
u t i l i z e fewer s t r u c t u r a l components i n order to maximize the CCD readout 
e l e c t r o n i c s processing y i e l d s . The complexity of the c i r c u i t design i s 
h i g h l y dependent, however, on several f a c t o r s w i t h one of the primary 
f a c t o r s being the CCD threshold v a r i a t i o n s , AVT» 

The a b i l i t y to minimize the threshold v a r i a t i o n s through proper 
device processing procedures not only r e s u l t s i n less complex coupling 
c i r c u i t r y , but i n the r e a l i z a t i o n of unique processing s t r u c t u r e s 
( r e f . 1 and 2) . This paper f i r s t discusses the e f f e c t of threshold 
non-uniformity on various processing f u n c t i o n s . Parametric r e l a t i o n ­
ships are then developed which show the in f l u e n c e of gate oxide t h i c k ­
ness, f i x e d i n t e r f a c e charge, substrate doping, implant doping, and 
mobile i o n i c charge on the threshold u n i f o r m i t y . 

S t a t e - o f - t h e - a r t threshold non-uniformity l e v e l s have been consis­
t e n t l y achieved on Honeywell's d o u b l e - p o l y s i l i c o n gate N-channel CCD's. 
The r e s u l t s of threshold v a r i a t i o n measurements on both l i n e a r and 2-
dimensional CCD m u l t i p l e x e r s w i l l be described f o r the case of i n p u t - t o -
input v a r i a t i o n s , v a r i a t i o n s between chips, between wafers and between 
processing runs. E f f e c t s of operating temperature and channel length 
e f f e c t s w i l l also be discussed. 

PARAMETRIC EFFECTS ON THRESHOLD UNIFORMITY 

The processing parameters which e f f e c t the CCD threshold u n i f o r m i t y 
have been analyzed and w i l l be described f o r Honeywell's N-channel pro­
cess . 

The general equation f o r an N-channel enhancement mode MOSFET i s 
given by: 

I n t h i s a n a l y s i s , the work f u n c t i o n , $ i s approximated as the 
d i f f e r e n c e i n Fermi l e v e l of the p o l y s i l i c o n gate and channel using non-
degenerate (Boltzmann) s t a t i s t i c s . The terms Q C / e and Q C /e 
are the v o l t a g e s h i f t s due to f i x e d s t a t e inter?ace Xcharge and°positively 
charged mobile i o n i c s . 0 ( i n v ) i s the c o n t r i b u t i o n due to bending a t 
strong i n v e r s i o n and by convention, <f>(inv) = 2$ . The l a s t term, Q / C 
i s the charged induced i n the s i l i c o n w i t h a surface p o t e n t i a l $ ( i n v ) . o x 

The threshold equation can then be r e w r i t t e n : 

*Honeywell Systems & Research Center, Minneapolis, MN 
**Honeywell S o l i d State E l e c t r o n i c Center, Plymouth, MN 

426. 



Note t h a t the t o t a l doping c o n c e n t r a t i o n i n the channel i s given by 
the sum of the sub s t r a t e and implanted c o n c e n t r a t i o n s , (N + . A 
d e f i n i t i o n of terms i s : K = Boltzmann's constant, T = 300 K, N, = 
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 , e = SiO„ d i e l e c t r i c constant, e , = 

px 2. s i 
S i l i c o n d i e l e c t r i c constant, q = E l e c t r o n i c charge, N = Poly Gate 
doping l e v e l , = Implant doping l e v e l , and N^ = Substrate doping l e v e l . 

I t can be seen t h a t the c o n t r o l of threshold u n i f o r m i t y i s d e t e r ­
mined by the u n i f o r m i t y of the f o l l o w i n g process v a r i a b l e s : 

1. V poly doping l e v e l 

2. V implant doping l e v e l 

3. V substrate doping l e v e l 

4. f i x e d s t a t e i n t e r f a c e charge 

5. t 
ox 

, gate oxide thickness 

6. V mobile i o n i c charge 

Using Monte Carlo methods, t h r e s h o l d u n i f o r m i t y may be p r e d i c t e d f o r 
given v a r i a t i o n s of each of the s i x process parameters. A s e n s i t i v i t y 
a n a l y s i s of each process parameter was performed to determine t h e i r r e l ­
a t i v e importance. I n Figure 1, the one sigma threshold v a r i a t i o n i s 
p l o t t e d versus the parameter (lo/X x 100) f o r each process v a r i a b l e w i t h 
f i v e other parameters having a sigma of zero. From t h i s p l o t , i t can be 
seen t h a t the r e l a t i v e importance of each v a r i a b l e i n decreasing order of 
importance i s oxide thickness, implant doping, Q , substrate doping, and 
f i n a l l y , i o n i c charge l e v e l . 

Measurements of w i t h i n a wafer, wafer to wafer and run to run v a r i ­
a t i o n s f o r each of the s i x processing parameters was used i n c o n j u n c t i o n 
w i t h equation (2) and the computed t h r e s h o l d v a r i a t i o n s c a l c u l a t e d as 
shown i n Table I . 

Table I . C alculated Threshold U n i f o r m i t y f o r 2h" wafers 
(using data on measured parameter v a r i a t i o n s ) . 

Between Wafers 
Across 2%" Wafer W i t h i n Run Run-Run 

loV 2 3 in v 40mv 165 mv 
T 
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Figure 1. S e n s i t i v i t y Analysis of Threshold V a r i a t i o n s vs. I o 
of nominal value ( i n %) of parameter characterized. 

THRESHOLD UNIFORMITY TEST RESULTS 

The CCD threshold u n i f o r m i t y has been measured on a t o t a l sample 
of 56 randomly selected wafers f a b r i c a t e d i n nine separate runs over 
a period of 8 months. These measurements were made on Honeywell's 
#2181 CCD chip (32 x 32 element MUX) and the #2178 CCD chip which had 
both 16 stage and 128 stage l i n e a r m u l t i p l e x e r s . The data w i l l be 
presented i n several forms which include: 

• V a r i a t i o n s between inputs on the same chip. 
• V a r i a t i o n s from c h i p - t o - c h i p on same wafer. 
• V a r i a t i o n s from wafer-to-wafer from same processing run. 
• V a r i a t i o n s from run-to-run. 

Figure 2 shows the input gates threshold d i s t r i b u t i o n measured on 
16 stage CCD m u l t i p l e x e r s which span a distance of 25 mi l s each. The 
average threshold value f o r each chip has been adjusted t o the "0" 
p o s i t i o n on the abscissa. The l o v a r i a t i o n i s about 2mV f o r the 512 
i n d i v i d u a l gates tested. 

Figure 3 shows the threshold d i s t r i b u t i o n measurements made on 
128 stage CCD m u l t i p l e x e r s . I n t h i s case the a c t i v e chip width i s 210 
m i l s . The l a v a r i a t i o n f o r t h i s l a r g e chip i s about 3mV. The primary 
d i f f e r e n c e between the small and la r g e chip measurements i s the t o t a l 
peak-to-peak spread i n AV which i s only about a f a c t o r of 2 l a r g e r f o r 
the 210 m i l chip. 
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Measurements made over a sample of 56 wafers (both 2181 and 2178 CCD 
c i r c u i t s ) i n d i c a t e the degree of r e p e a t a b i l i t y of o b t a i n i n g a p r e - d e t e r -
mined t h r e s h o l d v o l t a g e . Table I I shows the measured u n i f o r m i t y along w i t h 
the c a l c u l a t e d u n i f o r m i t y presented e a r l i e r i n Table I . 

Across 2-1/2" Wafer W i t h i n Run Run-Run 

ICTV^ (measured) 33mV 60mV 117mV 

lo"VT ( c a l c u l a t e d ) 23mV 40mV 165mV 

(from Table I ) 

Exc e l l e n t agreement i s thus seen between the model presented i n equa­

t i o n (2) and the measured AV"T values. 

EFFECTS OF TEMPERATURE ON AV^ 

The expression f o r the t h r e s h o l d v a r i a t i o n s (equation 2) does not ex­
p l i c i t l y show how the CCD ope r a t i n g temperature a f f e c t s the t h r e s h o l d u n i ­
f o r m i t y . Since the main f a c t o r s i n f l u e n c i n g the u n i f o r m i t y are the oxide 
thickness and implant doping d e n s i t y i t appears as i f the t h r e s h o l d v a r i ­
a t i o n s should be independent of op e r a t i n g temperature. 

Measurements made on 128 stage m u l t i p l e x e r s a t various o p e r a t i n g temp­
eratures ranging from room temperature down t o 93K shows the t h r e s h o l d u n i ­
f o r m i t y t o be completely independent over the o p e r a t i n g temperature (300-
93K). 

EFFECT OF GATE SIZE ON AV^ 

As gate l e n g t h and w i d t h are reduced below approximately 4um, s i g n i f ­
i c a n t changes i n both t h r e s h o l d v o l t a g e and th r e s h o l d v o l t a g e u n i f o r m i t y 
occur. As can be seen i n Figure 5, sh o r t and narrow channel e f f e c t s become 
i n c r e a s i n g l y important below 4p.m. I n Figure 6, the th r e s h o l d v o l t a g e u n i ­
f o r m i t y i s p l o t t e d as a f u n c t i o n of gate l e n g t h f o r enhancement mode t r a n s ­
i s t o r s w i t h a constant 1/w r a t i o of 1/4. Since the t h r e s h o l d v o l t a g e i s a 
strong f u n c t i o n of gate l e n g t h , the t h r e s h o l d v o l t a g e u n i f o r m i t y has been 
normalized by computing the parameter a/- x 100 where ö i s the measured 

T 

standard d e v i a t i o n across a wafer f o r a p a r t i c u l a r gate dimension and _ 
%rvt: 

i s the average t h r e s h o l d v o l t a g e . 1 

I n t he previous d i s c u s s i o n , i t has been shown t h a t the t h r e s h o l d v o l t a g e 
of l a r g e geometry devices can be d i r e c t l y a t t r i b u t e d to process v a r i a t i o n s 
of the parameters i n the c l a s s i c a l t h r e s h o l d equation given by ( 1 ) . However, 
the decrease i n t h r e s h o l d u n i f o r m i t y f o r gate lengths less than 3pm can be 
a t t r i b u t e d t o f a c t o r s other than those presented i n the previous a n a l y s i s . 
Two important f a c t o r s are: 

(1) V a r i a t i o n i n dimensional t o l e r a n c e w i l l cause s i g n i f i c a n t v a r i a t i o n s 
i n t h r e s h o l d due to sho r t and narrow channel e f f e c t s . As can be seen from 
Figure 5 a +.25ym l i n e w i d t h c o n t r o l f o r 1.5um nominal gate l e n g t h w i l l r e ­
s u l t i n a +20% t h r e s h o l d v a r i a t i o n due to short channel e f f e c t s along. I t i s 
expected t h a t improved processing such as E-beam l i t h o g r a p h y and p a r a l l e l 
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Figure 2. Input Gate Threshold 

Voltage D i s t r i b u t i o n Measured On 

16 Stage MUX (Chip Width - 25mils) 

A C T I V E CHIP W I D T H - 210 M I L S 

T O T A L S A M P L E = 182 
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R E L A T I V E T H R E S H O L D V O L T A G E IN M I L L I V O L T S 

Figure 3. Threshold Voltage D i s t r i b ­
u t i o n Measured on 128 Stage MUX (Chip 
Width = 210mils). 

Measurements made on t e s t s t r u c t u r e s across 2-1/2" wafers r e s u l t e d i n l a 
v a r i a t i o n s across the 2-1/2" span of 33mV ( t o t a l sample measured = 392). We 
can combine the r e s u l t s from these measurements which span d i f f e r e n t lengths 
to determine how AV^ v a r i e s w i t h chip size. This i s shown i n Figure 4. 

As can be seen from t h i s , outstanding u n i f o r m i t y i s achieved on very 
l a r g e CCD chip sizes. 

0 4 .8 1.2 1.6 2.0 2.4 2.8 

SPACING B E T W E E N INPUTS {IN INCHES) 

Figure 4. AVT as a Function of Spacing Between 

Inputs (Cumulative Data Averaged 
Over 56 Random Wafers). 
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Figure 5. Enhancement Threshold Figure 6. Threshold U n i f o r m i t y vs. 
Voltage vs. Gate Length Gate Length (1/w = 1/4). 
(w = 20um). 

p l a t e plasma et c h i n g coupled w i t h improved device s t r u c t u r e s w i l l improve 
small geometry t h r e s h o l d c o n t r o l . 

(2) As gate dimensions approach lum, s t a t i s t i c a l f l u c u a t i o n s i n both 
i n t e r f a c e changes and dopant atom d i s t r i b u t i o n can be an i n c r e a s i n g im­
p o r t a n t f a c t o r ( 3 ) . 

CONCLUSIONS 

Excel l e n t process c o n t r o l has enabled us to c o n s i s t e n t l y achieve 
outstanding t h r e s h o l d u n i f o r m i t i e s i n s i g n a l processing CCD s t r u c t u r e s . 
Threshold v a r i a t i o n s of 3mV ( l a p o i n t ) across 210 m i l chips a l l o w us to 
design less complex detector/CCD coupling c i r c u i t r y , thereby r e s u l t i n g 
i n higher packing d e n s i t y s t r u c t u r e s . The l a th r e s h o l d v a r i a t i o n s across 
a 1" chip are below lOmV thereby p e r m i t t i n g the design and f a b r i c a t i o n of 
extremely l a r g e l i n e a r and 2-dimensional CCD processing s t r u c t u r e s . For 
very small channel lengths the AVT u n i f o r m i t y c o n t r o l i s shown to r e q u i r e 
s p e c i a l processing care to maintain these low l e v e l s . 
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