
P A R A L L E L 
PROCESSING: INTO THE NEXT 

N A T U R A L S E L E C T I O N - I T 

IS N A T U R E ' S R U T H L E S S 

T O O L F O R O P T I M I Z I N G 

S Y S T E M S , Y E T O N E T H A T 

E N C O U R A G E S D I V E R S I T Y . A S 

E N G I N E E R S W E C A N S T U D Y 

T H E S T R U C T U R E O F N A T U R ­

A L S Y S T E M S F O R C L U E S 

T H A T M A Y L E A D T O T H E O P T I ­

M I Z A T I O N O F M A N - M A D E S Y S ­

T E M S . O N E O F T H E M O S T 

I N T R I G U I N G N A T U R A L O B ­

J E C T S T O S T U D Y I S T H E 

H U M A N B R A I N A N D ITS A S S O ­

C I A T E D D I S T R I B U T E D P R O ­

C E S S I N G S Y S T E M S , S U C H A S 

T H E E Y E S . IN A W O R L D T H A T 

E X I S T S I N T H R E E D I M E N ­

S I O N S , IT I S N ' T A T A L L S U R ­

P R I S I N G T H A T T H E S E B I O -

P R O C E S S O R S A R E H I G H L Y 

P A R A L L E L , T H R E E - D I M E N ­

S I O N A L ( 3 - D ) S Y S T E M S . 

F I G U R E 1. T H E H U M A N R E T I N A . 

1047 6938/94 /4 /08 /07-$06.00 
© Optical Society of America 



F I G U R E 2 . T H R E E - D I M E N S I O N ­

A L I N T E G R A T I O N S T R A T E G I E S : 

<A) F L I P C H I P U S I N G B U M P 

B O N D S ; ( B ) A L U M I N U M 

T H R O U G H - W A F E R E L E C T R I C A L 

I N T E R C O N N E C T ; (C) T H R O U G H -

W A F E R O P T I C A L I N T E R C O N ­

N E C T . 

DIMENSION 
B Y N A N M A R I E J O K E R S T 

Although our engineered silicon 
processors are still largely two dimen­
sional, the human brain provides a 
model of a three-dimensionally inter­
connected processor sheet approxi­
mately one meter square and five lay­
ers deep. Likewise, our retina (shown 
in Fig. 1) consists of one sensing (rods 
and cones), two processing (bipolar 
and ganglion), and two interconnec­
tion (horizontal and amacrine) layers 
that constitute a massively parallel, 
three-dimensionally interconnected 
imaging system. 

Our challenge today is to identify 
the architectures, hardware, and algo­
rithms that wil l set the stage for the 
next generation of engineered, mas­
sively parallel, three-dimensionally 
interconnected computational systems. 
A viable question is whether optics 
wil l play a lasting role in such com­
mercial computational systems. Key to 
significantly shortening the path to 
useful systems is to encourage interac­
tion at this early stage of development 
between all of the areas that influence 
one another so strongly in computa­
tional systems: Architecture, hardware, 
and software engineers. The probabili­
ty that optics will play a role in these 
systems is significantly enhanced if we 
are involved at this point in the devel­
opment of three-dimensional systems. 
We should work in parallel, but build a 
wealth of interconnections between 
ourselves and our colleagues! 

Thin film devices offer a 
new way to integrate electri­
cal and optical processing 
systems. This article explores how 3-D 
systems are currently connected and 
discusses how a new technique for cre­
ating, transferring, and bonding semi­
conductor devices to host substrates 
opens up a variety of architecture 
options for parallel processing. 

THREE-DIMENSIONAL H A R D W A R E 

S T R A T E G I E S 

There are two basic approaches to con­
nect multiple layers of electronic pro­
cessing elements: electrical and optical. 
These interconnections can lie in the 
plane of the circuitry or perpendicular 
to it. Two-dimensional metal l ized 
interconnections are used in commer­
cial semiconductor circuits. Wave­
guides can implement in-plane optical 
interconnections. To break into the 
third dimension, we will explore verti­
cal electrical and vertical optical inter­
connections for electronic circuits. 

The vertical electrical interconnec­
tion of multiple layers of low cost, high 
performance, very large scale (VLSI) 
circuits is emerging for two layers, and 
has been demonstrated in only one 
case for more than two layers. Stan­
dard VLSI circuits consist of a single 
crystal silicon substrate that contains 
the circuits, various layers of 
dielectrics and metals (there are usual­
ly at least two metal layers in today's 

VLSI), and polysilicon layers. Efficient 
circuit designs quickly cover the entire 
surface area of the silicon substrate 
with these materials; they cannot be 
used for nucleation for a second layer 
of silicon. Polysilicon on top of silicon 
circuits can serve as a sensor material,1 

but cannot host VLSI. This is one rea­
son why laser recrystallization of poly­
silicon into single crystal silicon has 
been a significant research topic. 
Unfortunately, warm polysilicon and 
heat-damaged circuitry have been the 
primary results. 

The need for growth nucleation 
sites can be avoided if two chips are 
physically stacked with the substrates 
attached. Flip chip bonding, illustrated 
in Figure 2(a), is one example of this 
approach. One chip is "f l ipped" and 
metal bumps bond the two chips 
together. Flip chip bonding has been 
used effectively by the military to "rule 
the night" with infrared focal plane 
arrays. In fact, these flip chip bonded 
focal plane arrays are some of the most 
advanced two layer systems that exist 
today, with 256 X 256 pixel detector 
arrays bump bonded to VLSI circuits 
to make them smart (hence the name 
"smart pixels"). 2 The metal bumps 
electrically interconnect the inwardly 
facing circuitry and detectors—the 
substrates of the two layers facing out-
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ward. These systems are, 
however, l imi ted to two 
layers since the outward 
facing substrate sides are 
not indiv idual ly connect­
ed to the i ns ide of the 
stack. 

A strong advantage 
and weakness of fl ip chip 
bonded systems is that 
any two materials can be 
b u m p b o n d e d to one 
ano ther w i t h o u t any 
n u c l e a t i o n or la t t i ce 
matching constraints. For 
focal plane arrays, mer­
cury cadm ium tel lur ide 
(HgCdTe) , w h i c h oper­
ates in the mid- infrared, 
is often used for the focal 
plane detector array, and 
s i l i c o n or g a l l i u m 
arsenide (GaAs) is used 
for the circuits. This is an 
example of how the cost 
a n d p e r f o r m a n c e of a 
system can be significant­
ly improved if the engi­
neer is given the freedom 
to use the optimal mater­

ial for the job. In the focal plane array 
case, sil icon doesn't detect in the m id -
infrared, and H g C d T e V L S I circui t ry 
doesn't exist! The weakness w i t h the 
bump bond ing of different materials 
lies in the difference between the coeffi­
cient of thermal expansion of the two 
mater ia ls . W h e n two b u m p b o n d e d 

substrates composed of different mate­
rials are heated or cooled, the expan­
sion or contraction of the two materials 
may differ enough to cause failure of 
the bump bonds. This bump bond fail­
ure is a l imi t ing factor on the size of 
any s ing le foca l p lane array. B u m p 
bond ing numerous smal ler arrays of 
detectors to circuitry (called tiling) may 
be an effective solution to this problem. 

The real goal of three-dimensional 
i n teg ra t ion , however , is to connect 
more than two processing layers. A s 
indicated by our brain and eye struc­
tures, we don't need to form computer 
cubes; three to five layers of processing 
are enough for many purposes. Three-
d imensional vert ical electrically con­
nected computat ional hardware w i th 
five layers of processing, two of wh ich 
are illustrated in Figure 2(b), has been 
recently demonstrated. 3 The key to this 
hardware is to provide isolated electri­
cal connections f rom the back to the 
front of the sil icon wafers that are then 
stacked. Before integrat ing c i rcu i t ry 
onto the si l icon, these vertical electrical 
channels are formed using droplets of 
a lum inum that are thermally encour­
aged to f low from one face of the si l i ­
con wafer to the other. These channels 
become p-type, w h i c h , i n n-type s i l i ­
con , e lectr ical ly isolate the channels 
f rom each other. Th is also gives the 
channels fair ly h igh capacitance. The 
c i rcui t ry is then integrated onto one 
side of the si l icon substrate, an electri­
cally conducting spring is attached to 
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the electrical feedthroughs on the back 
of the substrates, and the substrates 
are mechanical ly stacked to form the 
3-D system. 

Vertical interconnections between 
layers of circuitry can also be accom­
pl ished using optical signals. Opt ica l 
interconnects can have many advan­
tages, inc luding h igh bandwidth , low 
crosstalk, low capacitance, and electrical 
isolat ion. Two basic types of vert ical 
optical interconnects have been demon­
strated between two physically separate 
circuits: reflective and transmissive. In 
either case, emitters, modulators, and/or 
detectors must be integrated with the sil­
icon circuitry to move toward the goal of 
a self-contained system in which only 
electrical power is supplied. The reflec­
tive cases can use the optical signal from 
one silicon processing surface to connect 
to another surface through reflection or 
holography. Reflection-based schemes 
include interconnection external or inter­
nal (using total internal reflection) to the 
substrate. Transmissive interconnects, by 
contrast, are l imited to wavelengths of 
low optical loss. One interesting type of 
transmissive interconnect uses optical 
wavelengths that are not absorbed by 
sil icon. This interconnect channels the 
optical beam directly through the wafer, 
as shown in Figure 2(c). This was first 
demonstrated using external lasers4 that 
operate at wave lengths longer than 
about 1.1 μ m , w h i c h corresponds to 
energies smaller than the bandgap ener­
gy of s i l i con (so the l ight is not ab­
sorbed). Completely integrating the light 
source into these systems is difficult due 
to the lattice constants invo lved : the 
compounds that emit at the wavelengths 
needed are not lattice matched to silicon. 
It is possible to fabricate a detector of 
these materials using direct growth, but 
the growth of efficient emitters at these 
wavelengths onto si l icon—a must for 
m i n i m i z i n g waste heat—has not yet 
been demonstrated. 

A n a l te rna t i ve t r a n s m i s s i o n 
scheme uses gra t ing-coup led wave ­
guides that lie above or below the si l i­
con circuitry. These waveguide optical 
interconnect layers can serve as routing 
and signal processing layers between 
layers of sil icon circuitry, wi th the grat­
ings coupl ing the optical signal vert i­
cal ly to and f rom the si l icon circuits. 
But once again, for self-contained sys­
tems, efficient optical emitters, detec­

tors, and modulators integrated onto 
the si l icon circuit are essential for 3-D 
hardware. 

In this quest for integrating opto­
electronic components wi th si l icon, or 
mixed materials systems, a new tech­
n ique for creat ing, t ransferr ing, and 
b o n d i n g t h i n f i l m s e m i c o n d u c t o r 
devices to host substrates (such as si l i ­
con c i rcu i ts) has recent ly emerged . 
These thin f i lm devices are fabricated 
using a technique named epitaxial lift 
off (ELO). In this process, high-quality, 
often la t t ice-matched, mater ia ls are 
separated f rom the growth substrate 
using selective etching. These thin f i lm 
devices can then be bonded to arb i ­
trary host substrates without any need 
for lattice matching. The goal of this 
integrat ion technology is to produce 
inexpensive, h igh performance mixed 
mate r ia l in tegrated systems, w h i c h 
i n c l u d e m a s s i v e l y p a r a l l e l th ree-
dimensional systems. To achieve h igh 
per formance, s ingle crysta l mater ia l 
that is not degraded by the fabrication 
process is used. For low cost, manufac­
turable integration, standard materials 
and processes are used and process 
steps min imized. 

THIN FILM DEVICE FABRICATION, 

TRANSFER, AND BONDING 

Many optical and electrical devices are 
fabr icated f rom ep i layers ( layers of 
material, usually single crystal, grown 
on a substrate) that do not need the 
growth substrate for optimal operation. 
The E L O process is used to separate 
these single crystal epilayers from the 
growth substrate using a sacrificial or 
stop etch layer combined wi th selective 
etches. 5 U s i n g h a n d l i n g layers and 
transfer techniques, these ep i layers , 
w h i c h are th in f i lm materials on the 
order of microns thick, can be handled 
w i t h tweeze rs after s e p a r a t i o n , 
processed on both sides of the device, 
a l i gned , and b o n d e d onto arb i t rary 
host substrates. 

The E L O process is i l lustrated in 
F igu re 3. The " a s - g r o w n " ma te r ia l , 
w i th the epilayers of interest on top of 
the sacri f ic ial etch layer, is shown i n 
Figure 3(a). The first step i n the E L O 
process is to apply any top contacts or 
coa t i ngs d e s i r e d o n the a s - g r o w n 
ma te r i a l and de f ine the i n d i v i d u a l 
dev i ces t h r o u g h mesa e t c h i n g , as 
shown in Figure 3(b). The next step is 

to coat the sample w i t h a black wax 
handl ing layer, as seen in Figure 3(c), 
by either melt ing or spray coating the 
wax onto the material. The sample is 
then immersed into the selective etch 
solution, wh ich etches away the sacri­
ficial layer, thus separating the epitaxi­
a l layers f r om the g rowth substrate 
(illustrated in Figure 3(d)). H i g h qual i­
ty thin fi lms as large as 2 cm X 4 c m 6 

and fi lms as thin as 200 Å6 to as thick 
as 4.5 μ m 7 have been reported. After 
the epitaxial thin f i lm has been sepa­
rated f rom the growth substrate, it is 
bonded to a host substrate. Once bond­
ed, the black wax coating is removed. 

A modi f ied E L O technique using 
a transfer d iaphragm 8 is shown in the 
remainder of Figure 3. Us ing this tech­
nique, both sides of the thin f i lm mate­
rial can be processed whi le under sub­
strate s u p p o r t . In a d d i t i o n , s ing le 
devices can be aligned and selectively 
deposited from an array of devices or 
the entire array can be simultaneously 
aligned and deposited. The mesa etch, 
coat ing and separat ion steps i n the 
E L O process remain unchanged. The 
next step, however , is di f ferent: the 
array of thin f i lm devices, embedded 
in the black wax, is contact bonded to 
a t ransparen t t rans fer d i a p h r a g m , 
s h o w n i n F igure 3(e), and the b lack 
wax is removed to reveal the thin f i lm 
devices, as i n Figure 3(f). To transfer 
and bond these thin f i lm devices to the 
hos t subs t ra te , the t ranspa ren t 
d i a p h r a g m is i n v e r t e d so that the 
devices face the host substrate. The 
thin f i lm devices are v isual ly al igned 
and a pressure probe is appl ied to the 
d iaphragm to transfer an i n d i v i d u a l 
device f rom the array, a subarray, or 
the entire array of devices to the host 
substrate, as il lustrated in Figure 3(g). 

This process inverts the devices, 
so that the side of the device that was 
processed before separat ion is n o w 
bonded to the host substrate. This is 
pa r t i cu la r l y use fu l for the b o n d i n g 
process since a metal contact on the 
host substrate and a meta l l i zed th in 
f i lm device w i l l form a stable electrical 
and mechanical bond that, in prel imi­
nary tests, has also shown h igh ther­
ma l conduct iv i ty. In fact, this can be 
regarded as a thin f i lm device w i th a 
very thin bump bond. After bonding, 
the exposed side of the thin f i lm device 
can be p r o c e s s e d u s i n g s t a n d a r d 
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microfabr icat ion techniques to fo rm 
electrical contacts and /o r optical coat­
ings. For example, Figure 4 is a pho­
tomicrograph of an I n G a A s P meta l -
semiconductor-metal detector that is 
bonded to a s i l icon substrate coated 
w i t h insu la t ing s i l icon d iox ide. This 
detector, 100 μ m i n diameter (about 
the same as a human hair) and 1 μ m 
thick, senses 1.3 μ m wavelength l ight 
to a m o d u l a t i o n f r e q u e n c y of 950 
M H z . 9 

A useful analogy for the transfer 
d i a p h r a g m techn ique is that of the 
" r u b - o n " let ters that were u s e d to 
insert nonstandard symbols into stan­
dard text (before the advent of typeset 
changeab le t y p e w r i t e r s a n d w o r d 
processors) . The s tandard text was 
wr i t t en u s i n g an inexpens ive type­
wr i ter , w h i c h para l le ls the l o w cost 
mass p roduc t ion of complex s i l i con 
integrated circuitry i n foundries today. 
The less often used mathematical sym­
bols (represented by compound semi­
conductor devices) were applied selec­
t ive ly f rom a sheet of rub-on letters 
because standard typewri ters lacked 
enough space for Greek symbols. Using 
this technique, a host of different sym­
bols could be placed on a single page of 
text by a l ign ing and transferr ing the 
desired symbols onto the page. In the 
same manner, mu l t ip le mater ia l and 

multiple function thin f i lm devices can 
be integrated onto a single host sub­
strate, such as a silicon circuit, using the 
transfer diaphragm technique. A single 
epitaxial growth of thin f i lm devices can 
be fabricated into an array of devices, 
and a large number of host substrates 
can be integrated through selectively 
bonding a single device from the array 
of devices. Thus, the cost of the epitaxial 
growth can be distributed across a large 
number of integrated systems just as 
one large sheet of rub-on " λ s " were 
enough for an entire optics text! 

T h i n f i lm device integrat ion has 
excellent potent ial for low cost, h igh 
performance integrated optoelectronic 
systems. H i g h y ie ld can be achieved 
through pretest of the thin f i lm devices 
and the host substrate before integra­
tion, and the thin f i lm devices bonded 
to a host substrate can be repaired if 
they are faulty.9 Wafer scale integration 
can be achieved by al igning and bond­
ing highly uni form, smaller subarrays 
of t h in f i l m dev ices . Th is eases the 
need for wafer scale growth uni formi­
ty for wafer scale integration. For h igh 
performance, a number of invest iga­
t ions have exam ined the qua l i t y of 
these th in f i lm materials and devices 
after separat ion and p r o c e s s i n g , 1 0 - 1 5 

and the material quality remains high. 
There are no la t t i ce cons tan t c o n ­
straints on the host substrate, w h i c h 
can be, for examp le , an amorphous 
glass or a polymer. There are signif i ­
cant performance advantages in mult i -
material systems since the ind iv idua l 
materials and components can be inde­
pendently opt imized. To date, thin f i lm 
A l G a A s , InGaAsP, CdTe, C d S , and S i -
based materials and devices have been 
bonded to host substrates that include 
s i l i c o n , l i t h i u m n iobate , g lass , and 
polymers. These compound semicon­
ductor devices include detectors, light 
emi t t ing d iodes, lasers, modu la tors , 
passive opt ical components, and cir­
cuits. Enhanced performance can often 
also be achieved by removing the sub­
strate. M e t a l - s e m i c o n d u c t o r - m e t a l 
detectors can be fabr icated w i t h the 
contact f ingers on the bot tom of the 
device, where they no longer shadow 
the incident s ignal . 1 6 Lasers, light emit­
t ing diodes, detectors, and modulators 
can a l l ach ieve h i g h p e r f o r m a n c e 
through use of a resonant cavity. Since 
both sides of thin f i lm devices can be 
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coated, inexpensive, manufactur ing-
tolerant vacuum-deposited mult i layer 
coa t ings can be u s e d fo r o p t i m a l 
anti- or high-reflectivity mirrors. 1 7 

T H R E E - D I M E N S I O N A L I N T E R C O N ­

N E C T S USING THIN FILM DEVICES 

E L O devices offer a unique opportunity 
for three-dimensional vertical electrical 
and vert ical opt ical interconnections. 
For ver t ica l e lectr ical interconnects, 
these thin f i lm devices can be integrated 
directly on top of silicon circuitry wi th a 
layer of planarizing insulating material 
that lies between the thin f i lm devices 
and the silicon circuitry. One example of 
a signal processing system that w i l l ben­
efit from this three-dimensional connec­
t ion is opt ica l imag ing arrays. These 
arrays can take advantage of the parallel 
connection of each detector to s ignal 
processing circui try, thus increasing 
th roughpu t and p rocess ing speed 
through parallel processing. The vertical 
optical interconnection of layers of si l i­
con uses thin f i lm emitters and detectors 
that operate at a wavelength (1.3 µm) to 
which the silicon is transparent. 

A schematic and photomicrographs 
of a thin f i lm, three-dimensional, verti­
cally electrically interconnected circuit 
are shown in Figure 5. The sil icon cir­
cu i t , f ab r i ca ted at a s i l i c o n c i r cu i t 
foundry, is a retina-based neural net­
work chip. The output of each oscilla­
tor circuit in the array is proport ional 
to the current i npu t l eve l f r o m the 
detector integrated directly on top of 
that oscillator. To fabricate the three-
dimensional integrated circuit, the si l i­
con circuit shown in Figure 5(a) was 
spin coated wi th planarizing insulating 
poly imide. 1 8 Us ing standard photolith­
o g r a p h y a n d p l a s m a e t c h i n g , v i a s 
(holes) were defined in the poly imide 
that exposed the underlying a luminum 
pads on the circuit. Metals were then 
vacuum deposited to electrically con­
nect the underlying circuit to the top of 
the polyimide, as shown in Figure 5(b). 
This figure shows the contact pads for 
the thin f i lm device on top of the poly­
imide. Note the dark spot in each of the 
pads—the me ta l l i zed v ias that w i l l 
connect each osci l lator i n the s i l icon 
circuit to the detector that lies directly 
above it. The transfer diaphragm tech­
nique was then used to align and bond 
the thin f i lm A l G a A s / G a A s / A l G a A s 
p-i-n detector array to the pads on the 

polyimide. To complete the integration, 
the c o m m o n top meta l contact was 
deposited and windows in this contact 
opened. U s i n g this fabr icat ion tech­
nique, each detector pixel in the array 
is ver t ical ly electr ical ly connected to 
the c i rcui t ry that l ies direct ly below. 
Every p ixe l in this smart p ixe l array, 
shown in Figure 5(c), was functional, 
w i th outputs over seven decades. The 
same techniques were used to create 
the 3-D in te rconnec ted 8 x 8 ar ray 
shown on the cover. 

Vert ica l opt ica l interconnect ions 
through stacked s i l i con wafers have 
also been demonstrated using thin f i lm 
dev i ce b o n d i n g to s i l i c o n . T h i s 
through-si l icon wafer interconnection 
has been demonstrated wi th thin f i lm 
I n G a A s P / I n P - b a s e d emi t te rs a n d 
detectors operating at a wavelength of 
1.3 μ m integrated onto sil icon host sub­
strates. 7 The devices were separated 
f rom the growth substrate, inver ted, 
and bonded to two separate 650 μ m -
thick, pol ished, nitr ide coated, metal­

l ized si l icon host substrates. Windows 
in the detector, emitter, and host wafer 
metal l izat ions were a l igned, and the 
two si l icon wafers were stacked w i th 
the detector bonded wafer on top. The 
thin f i lm emitter bonded to the bottom 
sil icon wafer emits through the sil icon 
wafer that lies above it. The light pass­
es unabsorbed through this sil icon sub­
strate and is sensed by the detector, 
which is bonded to the top sil icon sub­
strate. A l though the system power con­
version efficiency of 4 X 10-7 was low 
for this first unopt imized demonstra­
tion, improvements in the optical sys­
tem w i l l improve this efficiency consid­
erably.7 Efficient optical interconnect is 
key to relieving the thermal load in this 
system, wh ich is a major engineering 
issue. 

C O N C L U S I O N 

N a t u r a l c o m p u t a t i o n a l sys tems 
evolved w i th three-dimensional inter­
connect ions read i l y accessib le, and 
have taken advantage of these inter-
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connections as evidenced by the brain 
and retina. Man-made computat ional 
hardware is currently restricted to two 
d i m e n s i o n s , bu t the l i m i t a t i o n s of 
these systems are apparent, and the 
drive toward massively parallel, three­
dimensionally interconnected systems 
has been in i t ia ted . The a d d i t i o n of 
op t ica l in terconnect ions to ex is t ing 
hardware offers a s imple method for 
introducing the third dimension to sys­
tems, but, since sil icon dominates com­
putat ional hardware, m ixed material 
systems offer the simplest path to ful ly 
in tegra ted op t i ca l i n te rconnec t i on . 
These mixed material systems can be 
achieved through bond ing th in f i lm 
devices to host substrates such as cir­
cuitry, thus realizing three-dimension­
a l interconnect ions. Beyond so l v ing 
the d i lemmas that face computat ion 
today, th is evo lu t i on in to the next 
d i m e n s i o n m a y be the c r i t i ca l step 
toward brain-like computational abil i­

ties that w i l l set this new generation of 
computers apart f rom its ancestors. 
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