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RECENT A D V A N C E S IN VERTICAL-

cavity surface-emitting microlaser arrays 

opened a variety of new possibilities in the 

field of optical information processing. This 

article describes some of the recent progress 

in compact, robust, and ultrafast optical in

formation processors that can be used for 

image/signal processing, pattern recognition, 

and neural networks, as well as holographic 

storage, optical interconnects, and image 

transmission. 
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SURFACE-EMITTING LASER DIODE ARRAY (SELDA) 
About four years ago, A T & T Bel l Laboratories and Bellcore 
jointly developed a vertical cavity surface emitt ing laser 
diode array (VC- S E L D A ) 1 - 4 that was original ly proposed by 
K. Iga. 5 , 6 Figure 1 shows a scanning electron microscope 
picture of the S E L D A . In the figure, a hair- l ike structure only 
a few microns in diameter is an independent laser. 

The S E L D A s have many features that make them highly 
desirable for use i n optical information processing. The ind i 
v idua l lasers can be as small as a few microns (often called 
"microlasers"). A lso , the cavity of a V C - S E L D A is formed 
along the direction vertical to a wafer surface, as the name 
" V C (vertical cavity)" implies. Therefore, a h igh density stack
ing of over one mi l l ion microlasers on a 1 c m 2 chip i n a two-
d imens iona l arrangement is possib le. In add i t ion , the 
threshold current of the laser is low—near 1 m A for lasers 
less than 5 μ m in diameter—due to the smal l active volume 
of a SEL (surface-emitting laser). This low threshold current 
allows operation of many lasers at the same time without 
significant power consumption. The wavelength of the l ight 
f rom the microlaser ranges discretely f rom 0.7 -1.5 μ m w i th 
a spectral l inewidth of about 0.001 n m due to its smal l cavity 
length that supports only one laser mode. This gives a coher
ence length of about 1 meter (longer than that of a H e N e 
laser) and the spectral resolution of about one mi l l ion. There
fore, a hologram of a h igh quality image can be recorded 
and reconstructed by us ing a microlaser. However , the 
microlasers are mutual ly incoherent, meaning that phases of 
the light f rom each of the microlasers are not locked w i th 
each other. The output l ight power f rom each microlaser is 
bright enough (typically, several m W , continuous) to recon
struct a hologram that can be easily detected by a normal 2-
D image sensor. The switching speed of the lasers is very 
high(less than one bi l l ionth of a second). Final ly, contrast is 
extremely high, since a laser generates no l ight when it is off. 
Some of the key promising applications of the S E L D A w i l l 
be described below. 

COMPACT, U L T R A F A S T 

VOLUME HOLOGRAPHIC MEMORY 

Volume holographic memory has been extensively investi
gated as a means of prov id ing large storage capacity w i th 
the potential for fast random access to page-organized infor
mation. These qualities are highly desirable for applications 
such as mult imedia. However , in most proposed architec
tures, holographic memories require bulk and complicated 
beam deflectors to steer the beam direction corresponding to 
the desired page. Such devices also l imit the speed and 
resolution of the system. 

The use of S E L D A s , instead, can alleviate many of these 
problems. 7 A combination of a S E L D A and a lens, as shown in 
Figure 2(a), can be used as a compact method of generating 
different collimated optical beams. The direction of each beam 
depends on the location of its microlaser. Hence, the beam 
direction can be switched wi th in one bi l l ionth of a second. 
This scheme lends itself wel l to the reconstruction of angu
larly multiplexed holograms, where each image is recorded 
using a reference beam propagating along different angle. 

Figure 2(b) shows the above holographic readout tech
nique schematically. Results of the experiments using a 
L i N b O 3 crystal (0.01 % i ron doped) as the holographic re
cording med ium and using a S E L D A for readout are also 

Figure 1. Scanning electron micrograph of a vertical cavity sur
face-emitting microlaser array. The human hair-like structure with the 
diameter of 1.5 μm is an independent laser. The laser light is 
emitted along the direction vertical to the wafer surface. 

shown in Figure 2(b). The microlasers in the array are sepa
rated by 70 μm, corresponding to an angular separation of 
about 0.04 degrees. From Figure 2(b), we see that adjacent 
lasers reconstruct independent images. Consequently, each 
microlaser can be assigned to read a separate page of infor
mation. Recently, successful recording and readout of 5,000 
h igh resolution images in a 1 c m 3 L i N b O 3 crystal using beam 
steering devices have been reported. 8 One can foresee a 
scheme similar as that i n Figure 2(b) used for reading such a 
h igh number of images. 

Figure 2. (a) Beam steering using a SELDA (surface-emitting laser 
diode array) and a collimating lens and (b) a compact and ultrafast 
volume holographic memory using a SELDA. The system is capable 
of retrieving two-dimensional images randomly within one billionth 
of a second from a three-dimensional volume holographic memory. 
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Figure 3. Compact and robust incoherent correlator using a SELDA: 
Schematic of the system (top), input patterns (left) and the corre
sponding correlation outputs (right) for the filter, the Bell logo. The 
bright spot at the center of the correlation output plane for the 
correct input (middle, right) indicates that the system is capable of 
recognizing patterns. The correlation output is almost insensitive to 
filter positioning due to incoherent summation. 

C O M P A C T A N D ROBUST P A T T E R N RECOGNITION 

Paral lel ism of optics provides a powerfu l tool to conduct 
two-dimensional operations such as Fourier transform, cor
relation, and convolut ion. Pattern recognition is a major 
appl icat ion that relies on the above operation. However , the 
conventional holographic pattern recognition system de
scribed by VanderLugt 9 has found l imited application be
cause of its bulkiness and sensitivity to misalignments. 

Such problems can be greatly alleviated by using a 
S E L D A . A s explained before, the light f rom a SEL is h ighly 
monochromatic. However , the phase of the light f rom each 
of the SELs is not locked w i th each other. Us ing these two 
unique coherence properties (temporally h ighly coherent 
and spatially incoherent), a compact and robust incoherent 
correlator 1 0 has been demonstrated. 1 1 Figure 3 (top) shows 
the incoherent correlator using a S E L D A . The light f rom 
each microlaser is col l imated by the lens, L 1 , wh ich then 
i l luminates the hologram. The reconstructed images are 
formed at the focal plane of the lens, L 2 . The image gener
ated by each SEL is shifted by the amount corresponding to 
the posit ion of the SEL. The images reconstructed by differ
ent SELs are added up incoherently, averaging out the phase-
sensitive interference terms. The eventual summation over 
al l of the reconstructed images yields the correlation be
tween the input and the reference image stored on the holo
gram. Since the system does not involve any mov ing parts 
(e.g., rotating diffuser) or bu lky optical components, it has 
the potential for integration and miniaturizat ion. 

F igure 3 (midd le and bottom) shows the correlat ion 
output obta ined f rom the S E L D A correlator. A ho lo
graphic f i l ter was fabr icated for the reference image pat
tern (the Bel l logo) and was tested for the two input 
patterns—the Be l l logo and a Ch inese character mean ing 
" l i gh t . " For the correct i npu t—Be l l logo (midd le left)—a 
br ight auto-correlat ion peak appears at the center of the 
corre lat ion output (midd le r ight). O n the other hand , for 
the incorrect input , Ch inese character (bottom left), a 
cross-corre lat ion is obta ined (bottom right). A s shown in 
the f igure, the cross-corre lat ion signal is much weaker 
than the autocorrelation peak, a l low ing a satisfactory dis
cr iminat ion between the two input patterns. 

H O L O G R A P H I C N E U R A L NETWORKS 

Recent advances in neural networks opened up many new 
possibil it ies of optical information processing for broad ap
pl icat ion areas. 1 2 , 1 3 Coherent optics is h ighly suited for the 
implementation of neural networks requir ing paral lel and 
analog comput ing. Such a neural network system normal ly 
consists of three major parts: a recognition part to compare 
an i npu t w i t h a l l the s tored i n f o rma t i on , non l inear 
thresholding elements to make a decision, and a reconstruc
t ion part to retrieve the corresponding memory. By s imply 
combining the recognition part and the reconstruction part 
explained previously, and by incorporating an array of non
linear thresholding elements between the two, a compact, 
ultra-fast, and highly efficient neural network system may 
be implemented i n the future. 

Furthermore, even the bu lk lenses shown in Figures 2 
and 3 can be replaced by planar Fresnel lenses, making 
possible the integration of the whole system into a small 
scale on a G a A s substrate. A technique of integrating planar 
Fresnel microlenses w i th S E L D A s by selectively ion-beam 
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mil l ing the substrate has been successfully demonstrated. 1 4 

When these technologies are combined wi th future volume 
holographic recording materials w i th in situ read-write-erase 
capab i l i t y and cont ro l lab le sens i t i v i t y to a l l ow bo th 
reconfiguration and storage, optical neural networks w i l l 
play a major role in future information processing. 

2-D IMAGE TRANSMISSION THROUGH A SINGLE-

MODE FIBER (2-D WDM) 

A two-dimensional coherent optical processor is capable of 
performing correlation and convolut ion at the speed of light. 
However, if such a processor is to be interfaced wi th other 
systems or cascaded, the operation speed is reduced. The 
reason for the slower operation speed is the requirement of 
electronics at the interfaces that operate serially. 

A s a means of alleviating this problem, an al l optical 2-
D image transmission through a single-mode fiber is pre
sented. 1 5 The communicat ion l ink is conducted in paral lel 
between 2-D optical processors. To provide the necessary 
spatial information wi th in a single-mode fiber, W D M (wave
length div is ion mult iplexing) is deployed. In Figure 4(a), the 
input image f(x,y) is encoded to spectral information, f(λ), 
and is transmitted through a single-mode fiber. In the de
coding process, the spectral information is transformed back 
to spatial information, f(x,y). This 2-D W D M involves two 
difficult problems: how to efficiently couple al l the l ight 
f rom an input image into a very smal l single mode fiber, and 

how to decode the spectral information to reconstruct the 
or iginal 2-D images. 

These problems can be tackled by combining a 2-D 
multi-color, surface-emitting laser diode array ( M C - S E L D A ) 1 6 

and a volume hologram as in Figure 4(b). The 2-D M C -
S E L D A is a 2-D array of microlasers, each w i th its own 
unique wavelength. In this system, efficient l ight coupl ing 
(middle) is achieved by an in-situ self-aligned light path 
prov ided by holography. In the decoding process (bottom), 
the spectrally transformed signal f(λ.) f rom the single-mode 
fiber is diffracted by the same volume hologram and is 
redistributed to its original posit ion to reconstruct the origi
nal image f(x,y). A volume grating responds to its own 
specific wavelength due to the phase matching selection 
property. Therefore, each wavelength of l ight can pass 
through a volume hologram as if there were only one grat
ing created by itself, without being affected by other grat
ings. Moreover, diffraction efficiency of a vo lume grating is 
ideal ly close to 100%, and is independent of the number of 
gratings wi th in the available index of the recording mate
r ial. These advantages permit h igh coupl ing efficiency in 
encoding and a clear image reconstruction in decoding. A lso , 
the system can cover a w ide range of wavelengths, each of 
wh ich does not need to be uni formly separated. 

A monol i thic 2-D M C - S E L D A was recently demon-

continued on page 22 
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strated. 1 6 The array has 7x20 microlasers. Each laser has its 
unique wavelength that is uniformly separated from its neigh
bors by 0.3 run, spanning the total wavelength of 43 nm. 
Such a wavelength variation was obtained by varying the 
laser cavity lengths when growing the wafers. By simulating 
such a 2-D MC-SELDA using an argon laser and an array of 
silicon mounted v-grooves, transmission and reception of a 
simple 2-D image through a single-mode has been success
fully demonstrated over one mile (1.6 km). 1 5 

A D D R E S S I N G S C H E M E S O F A S E L D A 

In a S E L D A , over a mi l l ion lasers are available i n 1 c m 2 area. 
A major issue i n applying such devices is their addressing 
scheme. There are two general approaches developed for 
the 2-D addressing: electrical addressing and optical ad
dressing. 

In the straightforward direct electrical addressing, each 
laser is connected to an independent wire . 1 7 This requires N 2 

( N is the number of lasers along one direction) wires and 
pads and becomes impractical as N becomes large. Another 
way of electrical addressing of a 2-D S E L D A is matrix ad
dressing as shown i n Figure 5(a).1 8 A l l the SELs i n the same 
row (or column) are connected together w i t h their common 
external wire pad. To turn on a particular SEL at (i,j), a 
voltage is applied across i-th row pad and j- th co lumn pad. 
This point-by-point addressing can be easily extended to 
line-by-line addressing by applying the voltages across a l l 
the columns and a row simultaneously, as i n conventional 
l iqu id crystal television. Such a matrix addressing scheme 
requires only 2 N electrodes and is easier to fabricate. A 
monolithic 32X32 matrix addressable S E L D A has been dem
onstrated. 1 8 

Figure 5(b) shows an optical addressing scheme of a 
S E L D A . In this device, a 2-D image i l luminat ing one side of 
a S E L D A is detected by an array of H P T s (heterojunction 
phototransistors), and the current generated by each H P T 
turns on the corresponding laser. This method allows a 
complete parallel load of an image, without the need for 
electrical connections. A monolithic array of such an opti
cally addressable S E L D A has also been demonstrated. 1 9 

F U T U R E 

P R O S P E C T S 

Undoubtedly, 
S E L D A s w i l l play an 
increasingly important 
role i n the future opti
cal information pro
cess ing . H o w e v e r , 
there still remain a few 
problems that need to 
be addressed before 
the S E L D A s become 
p rac t i c a l . Some ex
amp le s are l o w e r 
threshold current, heat 
dissipation and pack
aging, v is ib le wave
length operation 2 0 - 2 3 to 

permit recording holograms, and integration w i t h other s i l i 
con electronic devices. When these problems are overcome, 
S E L D A s may be suitable for a wide range of applications, 
such as volume holographic memory, optical interconnect, 
optical neural networks, information processing, wave mix
ing, and phase conjugate optics, as we l l as more direct appli
cations such as laser printers, displays and high power phased 
arrays. 2 4 

F i g u r e 4 . (a) Image transmission through a single-mode fiber. (b) 
Both encoding (middle) and decoding (bottom) are achieved by 
combining a 2-D MC-SELDA (two-dimensional multi-color surface-
emitting laser diode array) and a volume hologram. 

F i g u r e 5 . Addressing schemes of a SELDA: (a) electrical matrix addressing and (b) optical 
addressing. HPT: Heterojunction phototransistor. 
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