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ABSTRACT 

A .channel waveguide array formed i n a fan-out p a t t e r n and coupled t o 
an i n t e g r a t e d l i n e a r charge-coupled device (CCD) i s presented as a means 
of enhancing o p t i c a l waveguide f o c a l plane r e s o l u t i o n i n i n t e g r a t e d o p t i ­
c a l devices u t i l i z i n g o p t i c a l waveguide lenses. High s p a t i a l r e s o l u t i o n 
can be obtained i n t h i s manner wi t h o u t making d e t e c t o r element spacings 
s m a l l , thus avoiding problems w i t h regard t o d e t e c t o r f a b r i c a t i o n , cross 
t a l k , l i n e a r i t y and charge t r a n s f e r e f f i c i e n c y . The channel waveguide 
array discussed h e r e i n has been f a b r i c a t e d using the l i f t - o f f process such 
t h a t i n d i v i d u a l waveguide size i s 5pm a t the i n p u t end o f the array taper­
i n g t o a value o f 25Um at the d e t e c t o r end o f the a r r a y . Propagation o f 
l i g h t from a HeNe laser i n these channel waveguides has been demonstrated 
w i t h a reasonably small amount o f s c a t t e r i n g observed. Low s c a t t e r i n g i s 
expected i n view o f the smooth channel waveguide surfaces apparent i n 
scanning e l e c t r o n microscope p i c t u r e s . Tlie CCD p o r t i o n o f the device i s a 
4-phase device u t i l i z i n g double l e v e l , o verlapping p o l y c r y s t a l l i n e s i l i c o n 
gate electrodes having a p e r i o d o f 32pm. A dual reset a m p l i f i e r i s i n c o r ­
porated a t the CCD output. For these CCDs, t r a n s f e r i n e f f i c i e n c i e s as low 
as l . O x l O - 4 have been measured. 

INTRODUCTION 

The achievement o f large time-bandwidth products u t i l i z i n g the 
acousto-optic e f f e c t w i t h surface e l a s t i c waves i n planar o p t i c a l wave­
guide s t r u c t u r e s ( r e f . 1) i n d i c a t e s considerable promise f o r the use o f 
t h i s e f f e c t f o r s i g n a l processing. The i n t e g r a t e d o p t i c a l spectrum ana­
l y z e r ( r e f 2) u t i l i z e s t h i s acousto-optic e f f e c t t o perform Fourier t r a n s ­
forms o f s i g n a l s i n the 100-1000MHz range, w i t h time bandwidth products on 
the order o f 500 and frequency r e s o l u t i o n s on the order o f 1MHz appearing 
to be r e a l i s t i c . Inherent i n the o p e r a t i o n o f the i n t e g r a t e d o p t i c a l 
spectrum analyzer are o p t i c a l waveguide lenses ( r e f . 3-5) as the Fourier 
Transform o f the e l e c t r o n i c s i g n a l i s determined by d e t e c t i n g the one-
dimensional f o c a l plane d i s t r i b u t i o n o f such a lens. 

C o n s t r a i n t s o f l i m i t e d s u b s t r a t e area and high frequency r e s o l u t i o n 
lead t o the use o f small f-number waveguide lenses. To f u l l y r e s o l v e f o ­
c a l plane l i g h t d i s t r i b u t i o n s f o r such lenses, d e t e c t o r arrays having 
c e n t e r - t o - c e n t e r spacings o f a few microns are r e q u i r e d . As system r e ­
quirements p o i n t toward several hundred r e s o l v a b l e spots, use o f a CCD 
l i n e a r imaging array i s advantageous. Forming a CCD l i n e a r image array 
having a p e r i o d o f several microns i s d i f f i c u l t but p o s s i b l e . However, as 
in t e g r a t e d o p t i c a l devices such as the spectrum analyzer are expected t o 
use a semiconductor laser having X = .82pm, the a b s o r p t i o n l e n g t h i n s i l i ­
con i s about 15iam. ( r e f . 6) The f a b r i c a t i o n o f a CCD l i n e a r imaging a r r a y 
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having a p e r i o d s i g n i f i c a n t l y less than the absorption l e n g t h , but i n 
which channel i s o l a t i o n i s t o be maintained, adds considerable d i f f i c u l t y 
to the design and f a b r i c a t i o n tasks. For these reasons we are p r e s e n t i n g 
an a l t e r n a t e approach u t i l i z i n g a channel waveguide fan-out array coupled 
to an i n t e g r a t e d CCD. This device provides the desired f i n e s p a t i a l r e ­
s o l u t i o n , w h i l e a l l o w i n g use o f a CCD having a much l a r g e r p e r i o d . The 
la r g e r p e r i o d s i m p l i f i e s CCD f a b r i c a t i o n and provides improved channel 
i s o l a t i o n . 

DEVICE CONFIGURATION AND PERFORMANCE 

In l i n e a r CCD imaging arrays i n t e g r a t e d i n t o o p t i c a l waveguide s t r u c ­
tures guided o p t i c a l waves propagate along the wafer surface e n t e r i n g the 
imaging device l a t e r a l l y as opposed t o e n t e r i n g from the f r o n t side or 
back sid e , as i n conventional imaging devices. The o p t i c a l channel wave­
guide fan-out array coupled t o an i n t e g r a t e d CCD d i f f e r s from slab wave­
guide-CCD s t r u c t u r e s ( r e f . 7,8) i n t h a t the present s t r u c t u r e i s c o n f i g ­
ured such t h a t an i n d i v i d u a l channel waveguide i s coupled t o each array 
element o f the CCD imager. The present device d i f f e r s from p r e v i o u s l y -
described channel waveguide arrays coupled t o i n t e g r a t e d CCDs ( r e f . 9 ) , i n 
th a t i n the present device the channel waveguides are curved and tapered 
so t h a t the waveguide c e n t e r - t o - c e n t e r spacing i s tapered from the CCD to 
a smaller value a t the image plane. 

The basic concept o f the fan-out channel waveguide array coupled t o a 
CCD i s shown schematically i n Fig. 1. The channel waveguides i n t h i s 
s t r u c t u r e are formed by f i r s t u t i l i z i n g a n i s o t r o p i c e t c h i n g o f the (100) 
s i l i c o n s urface, then t h e r m a l l y o x i d i z i n g the surface to form a la y e r o f 
Si02, and f i n a l l y f i l l i n g the V-grooves w i t h a s u i t a b l e l i q u i d which 
serves as the waveguide medium, ( r e f . 10,11) Although channel waveguides 
can be formed by a n i s o t r o p i c e t c h i n g as i l l u s t r a t e d i n F i g . X, they can 
also be formed l i t h o g r a p h i c a l l y on the surface. We have used the l a t t e r 
approach i n the present paper. I n Fig. 1 each channel waveguide t e r m i ­
nates a t a det e c t o r element where the Si02 region g r a d u a l l y disappears i n 
order t o e f f e c t c oupling o f l i g h t from the waveguide to the d e t e c t o r e l e ­
ment, ( r e f . 12) As l i g h t enters each d e t e c t o r element, c a r r i e r s are ex­
c i t e d and c o l l e c t e d under each r e s p e c t i v e i s o l a t e d s e c t i o n beneath the i n ­
t e g r a t i o n gate shown i n Fig. 1. At the end of an i n t e g r a t i o n time, the 
t r a n s f e r gate i s turned on so t h a t the accumulated cliarge i s t r a n s f e r r e d 
i n p a r a l l e l i n t o the CCD. Once the t r a n s f e r i s accomplished the t r a n s f e r 
gate i s turned o f f and the charge packets are t r a n s f e r r e d along the CCD 
to the output where a m u l t i p l e x e d s i g n a l emerges. The procedure i s then 
repeated. 

The device shown i n Fig. 1 has been f a b r i c a t e d w i t h r e s u l t s shown i n 
Fig. 2. Fig. 2-a shows a device w i t h a V-groove channel waveguide a r r a y 
not formed i n a fan-out p a t t e r n , w h i l e Fig. 2-b shows a device w i t h a 
channel waveguide array formed l i t h o g r a p h i c a l l y i n t o a fan-out p a t t e r n . 
The same CCD i s used i n both devices. I h i s CCD i s a 4-phase device u t i ­
l i z i n g two l e v e l s o f overlapping p o l y c r y s t a l l i n e s i l i c o n e l e c t r o d e s and 
inco r p o r a t e s an MOS output r e s e t a m p l i f i e r . Charge t r a n s f e r i n e f f i c i e n c y 
can be measured by s e r i a l l y i n j e c t i n g e l e c t r i c a l l y a t r a i n o f equal-
amplitude pulses and n o t i n g degradation at the output, ( r e f . 13) A r e s u l t 
of such measurements on the devices i n Fig. 2 i s shown i n Fig. 3. Defin­
in g charge t r a n s f e r i n e f f i c i e n c y as the f r a c t i o n o f charge l o s t per t r a n s ­
f e r , the r e s u l t s i n F i g . 3 correspond t o a t r a n s f e r i n e f f i c i e n c y o f 
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1.0 x KT'*, De t a i l s concerning a r r a y i s o l a t i o n and u n i f o r m i t y f o r the 
device i n Fig. 2-a have been presented elsewhere, ( r e f . 9) 

The a c t u a l fan-out array p a t t e r n , shown i n Fig. 1 and 2-b i s computer 
generated. As each channel f o l l o w s a s i n u s o i d a l path between the i n p u t 
and the o u t p u t , the spacing between guides g r a d u a l l y increases. The s i n u ­
s o i d a l path i s a h a l f cycle i n l e n g t h so t h a t the slope i s zero at each 
end. This i s t o insure a s t r a i g h t waveguide f o r best sampling at the i n ­
put, and alignment ease at the output. The curved channel waveguides 
shown i n Fig. 4 have been designed so t h a t the curvature i s small enough 
to avoid s c a t t e r i n g due t o waveguide c u r v a t u r e , ( r e f . 14) 

A channel waveguide array i n c o r p o r a t i n g a fan-out p a t t e r n lias been 
f a b r i c a t e d u t i l i z i n g polyurethane to form the waveguides. Since e a r l i e r 
channel waveguides have been formed by d r i p p i n g polyurethane onto V-
groove areas o f i n t e g r a t e d o p t i c a l e l e c t r o n i c devices a f t e r packaging and 
wire bonding, there was l i t t l e or no c o n t r o l over polyurethane spreading, 
u n i f o r m i t y or t h i c k n e s s . Channel waveguides formed i n t h i s way were 
c h a r a c t e r i z e d by the serious problem o f l i g h t leakage from channel wave­
guides i n t o adjacent ones, since polyurethane also covered the area be­
tween V-grooves. A d i f f e r e n t i a l h e a t i n g - l i f t o f f process discussed h e r e i n 
e l i m i n a t e s a l l these d i f f i c u l t i e s , and makes the V-groove f o r m a t i o n 
o p t i o n a l , i n s t e a d o f e s s e n t i a l t o the c r e a t i o n o f channel waveguide 
arr a y s . The process i s thus a p p l i c a b l e t o s u b s t r a t e m a t e r i a l s i n which 
V-grooves cannot be formed. Using a p o s i t i v e p h o t o r e s i s t , Shipley AZ1350J 
i n t h i s case, polyurethane p a t t e r n d e f i n i t i o n by l i f t - o f f seemed p o s s i b l e . 
The f i n a l d i f f e r e n t i a l - h e a t i n g and l i f t - o f f process e x p l o i t s the c u r i n g 
p r o p e r t i e s , as w e l l as the l i f t - o f f process, t o y i e l d 5 micron r e s o l u t i o n 
of repeatable p a t t e r n s i n polyurethane. Better r e s o l u t i o n may be p o s s i b l e , 
but mask-making and p h o t o r e s i s t processing l i m i t a t i o n s o f our l a b o r a t o r y 
prevented us from t r y i n g smaller geometries. D e t a i l s o f t h i s process w i l l 
be published elsewhere, ( r e f . 14) 

Fig. 4-a i s a scanning e l e c t r o n microscope (SEM) p i c t u r e o f a t y p i c a l 
device at the output end showing several channels, which are uniform i n 
s i z e , surface and edge q u a l i t y . Fig. 4-b s i m i l a r l y shows the i n p u t end o f 
the a r r a y . The spaces are very c o n s i s t e n t and do extend down t o the wafer 
surface. Some s l i g h t cross l i n k i n g o f channels does appear, but s i m u l t a ­
neous exposure and development or preemphasis techniques, or j u s t smaller 
waveguide duty cycles on t l i e o r i g i n a l mask would e l i m i n a t e t h i s . 

For the device shown i n F i g . 4 l i g h t propagation from the slab wave­
guide r e g i o n i n t o the high d e n s i t y end o f the fan-out channel waveguide 
array i s shown i n Fig. 5. The c u r v i n g o f the l i g h t energy i n the channel 
guides and the absence o f excess s c a t t e r i n g a t the j u n c t i o n o f the slab 
and fan-out channel, waveguides demonstrate the h i g h - r e s o l u t i o n sampling 
of the o p t i c a l image w i t h a minimum o f degradation due to s c a t t e r i n g , and 
the t r a n s m i s s i o n o f t h i s s p a t i a l i n f o r m a t i o n t o the output ends where de­
t e c t i o n i s p o s s i b l e . Cross t a l k measurements are c u r r e n t l y i n progress. 

The use o f a fan-out channel waveguide array f o r high r e s o l u t i o n 
waveguide imaging could be extended t o conventional imaging. Not only 
would the above advantages apply, but by c o n t r o l l i n g the waveguide r e ­
f r a c t i v e index by v a r y i n g the waveguide composition, independent c o n t r o l 
o f the image array modulation t r a n s f e r f u n c t i o n would be p o s s i b l e . 

SUMMARY 

Device c o n f i g u r a t i o n s o f an array o f o p t i c a l channel waveguides 
coupled t o an i n t e g r a t e d CCD have been presented. For a p p l i c a t i o n s i n -



v o l v i n g a waveguide lens, we have configured the channel waveguide a i i a y 
i n t o a fan-out p a t t e r n . Use o f such an array circumvents the need t o use 
a CCD w i t h small element c e n t e r - t o - c e n t e r spacing, thus a l l e v i a t i n g prob­
lems w i t h regard t o l i n e d e f i n i t i o n , CCD r e g i s t r a t i o n , and d e t e c t o i a n a y 
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Fig. 1 I n t e g r a t e d CCD-Fan-out channel waveguide array device. 
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(a) (b) 

Fig. 2 (a) Device i n Fig. 1 with V-groove channel waveguides not formed 
i n a fan-out array, (b) device i n Fig. 1 with planar channel wave­
guides formed i n a fan-out pattern. 

Fig. 3 CCD output corresponding to s e r i a l input of a group of equal-
amplitude e l e c t r i c a l pulses. 
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Fig. 4 SEM picture of the ends of several channel waveguides at the (a) 
output end and (b) input end. 

Fig. 5 Propagation of l i g h t from slab waveguide i n t o the fan-out array of 
channel waveguides. 
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