


SURFACE-EMITTING LASER DIODE ARRAY (SELDA)
About four years ago, AT&T Bell Laboratories and Bellcore
jointly developed a vertical cavity surface emitting laser
diode array (VC- SELDA)™ that was originally proposed by

K. Iga®® Figure 1 shows a scanning electron microscope.

picture of the SELDA. In the figure, a hair-like structure only
a few microns in diameter is an independent laser.

The SELDAs have many features that make them highly
desirable for use in optical information processing. The indi-
vidual lasers can be as small as a few microns (often called
"microlasers"). Also, the cavity of a VC-SELDA is formed
along the direction vertical to a wafer surface, as the name
"VC (vertical cavity)" implies. Therefore, a high density stack-
ing of over one million microlasers on a 1 cm?chip in a two-
dimensional arrangement is possible. In addition, the
threshold current of the laser is low—near 1 mA for lasers
less than 5 um in diameter—due to the small 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 light
from the microlaser ranges discretely from 0.7 - 1.5 pm with
a spectral linewidth of about 0.001 nm due to its small cavity
length that supports only one laser mode. This gives a coher-
ence length of about 1 meter (longer than that of a HeNe
laser) and the spectral resolution of about one million. There-
fore, a hologram of a high quality image can be recorded
and reconstructed by using a microlaser. However, the
microlasers are mutually incoherent, meaning that phases of
the light from each of the microlasers are not locked with
each other. The output light power from each microlaser is
bright enough (typically, several mW, 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 billionth of a second). Finally, contrast is
extremely high, since a laser generates no light when it is off.
Some of the key promising applications of the SELDA will
be described below.

COMPACT, ULTRAFAST

VOLUME HOLOGRAPHIC MEMORY

Volume holographic memory has been extensively investi-
gated as a means of providing large storage capacity with
the potential for fast random access to page-organized infor-
mation. These qualities are highly desirable for applications
such as multimedia. 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 limit the speed and
resolution of the system.

The use of SELDAs, instead, can alleviate many of these
problems.” A combination of a SELDA 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 within one billionth of a second.
This scheme lends itself well 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
LiNbOQ, crystal (0.01 % iron doped) as the holographic re-
cording medium and using a SELDA for readout are also
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Figure 1. Scanning electron micrograph of a vertical cavity sur-
face-emitting microlaser array. The human hairlike structure with the
diameter of 1.5 um 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 um, 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
high resolution images in a 1 cm® LiNbO, crystal using beam
steering devices have been reported.® One can foresee a
scheme similar as that in Figure 2(b) used for reading such a
high number of images.
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Figure 2. (o) 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 refrieving two-dimensional images randomly within one billionth
of a second from a three-dimensional volume holographic memory.
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Hologram

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.
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COMPACT AND ROBUST PATTERN RECOGNITION
Parallelism of optics provides a powerful tool to conduct
two-dimensional operations such as Fourier transform, cor-
relation, and convolution. Pattern recognition is a major
application that relies on the above operation. However, the
conventional holographic pattern recognition system de-
scribed by VanderLugt® has found limited application be-
cause of its bulkiness and sensitivity to misalignments.

Such problems can be greatly alleviated by using a
SELDA. As explained before, the light from a SEL is highly
monochromatic. However, the phase of the light from each
of the SELs is not locked with each other. Using these two
unique coherence properties (temporally highly coherent
and spatially incoherent), a compact and robust incoherent
correlator’® has been demonstrated.” Figure 3 (top) shows
the incoherent correlator using a SELDA. The light from
each microlaser is collimated by the lens, L, which then
illuminates the hologram. The reconstructed images are
formed at the focal plane of the lens, L,. The image gener-
ated by each SEL is shifted by the amount corresponding to
the position 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
all 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 moving parts
(e.g., rotating diffuser) or bulky optical components, it has
the potential for integration and miniaturization.

Figure 3 (middle and bottom) shows the correlation
output obtained from the SELDA correlator. A holo-
graphic filter was fabricated for the reference image pat-
tern (the Bell logo) and was tested for the two input
patterns—the Bell logo and a Chinese character meaning
“light.” For the correct input—Bell logo (middle left)}—a
bright auto-correlation peak appears at the center of the
correlation output (middle right). On the other hand, for
the incorrect input, Chinese character (bottom left), a
cross-correlation is obtained (bottom right). As shown in
the figure, the cross-correlation signal is much weaker
than the autocorrelation peak, allowing a satisfactory dis-
crimination between the two input patterns.

HOLOGRAPHIC NEURAL NETWORKS

Recent advances in neural networks opened up many new
possibilities of optical information processing for broad ap-
plication areas.’>’® Coherent optics is highly suited for the
implementation.of neural networks requiring parallel and
analog computing. Such a neural network system normally
consists of three major parts: a recognition part to compare
an input with all the stored information, nonlinear
thresholding elements to make a decision, and a reconstruc-
tion part to retrieve the corresponding memory. By simply
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 in the future.

Furthermore, even the bulk lensés 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 GaAs substrate. A technique of integrating planar
Fresnel microlenses with SELDAs by selectively ion-beam



milling the substrate has been successfully demonstrated.
When these technologies are combined with future volume
holographic recording materials with in situ read-write-erase
capability and controllable sensitivity to allow both
reconfiguration and storage, optical neural networks will
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 convolution at the speed of light.
However, if such a processor is to be interfaced with 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.

As a means of alleviating this problem, an all optical 2-
D image transmission through a single-mode fiber is' pre-
sented.'® The communication link is conducted in parallel
between 2-D optical processors. To provide the necessary
spatial information within a single-mode fiber, WDM (wave-
length division multiplexing) is deployed. In Figure 4(a), the
input image f(x,y) is encoded to spectral information, f(\),
and is transmitted through a single-mode fiber. In the de-
coding process, the spectral informatijon is transformed back
to spatial information, f(x,y). This 2-D WDM involves two
difficult problems: how to efficiently couple all the light
from an input image into a very small single mode fiber, and

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

These problems can be tackled by combining a 2-D
multi-color, surface-emitting laser diode array (MC-SELDA)*
and a volume hologram as in Figure 4(b). The 2-D MC-
SELDA is a 2-D array of microlasers, each with its own
unique wavelength. In this system, efficient light coupling
(middle) is achieved by an in-situ self-aligned light path
provided by holography. In the decoding process (bottom),
the spectrally transformed signal f(\) from the single-mode
fiber is diffracted by the same volume hologram and is
redistributed to its original position 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 light 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 volume grating is
ideally close to 100%, and is independent of the number of
gratings within the available index of the recording mate-
rial. These advantages permit high coupling efficiency in
encoding and a clear image reconstruction in decoding. Also,
the system can cover a wide range of wavelengths, each of
which does not need to be uniformly separated.

A monolithic 2-D MC-SELDA was recently demon-
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Figure 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.

ADDRESSING SCHEMES OF A SELDA

In a SELDA, over a million lasers are available in 1 cm? area.
A major issue in 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."” This requires N?
(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 SELDA is matrix ad-
dressing as shown in Figure 5(a).”® All the SELs in the same
row (or column) are connected together with 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 column pad.
This point-by-point addressing can be easily extended to
line-by-line addressing by applying the voltages across all
the columns and a row simultaneously, as in conventional
liquid crystal television. Such a matrix addressing scheme
requires only 2N electrodes and is easier to fabricate. A
monolithic 32X32 matrix addressable SELDA has been dem-
onstrated.'®

Figure 5(b) shows an optical addressing scheme of a
SELDA. In this device, a 2-D image illuminating one side of
a SELDA is detected by an array of HPTs (heterojunction
phototransistors), and the current generated by each HPT
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 SELDA has also been demonstrated.”
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Undoubtedly,
SELDAs will play an
increasingly important
role in the future opti-
cal information pro-
cessing. However,
there still remain a few
problems that need to
be addressed before
the SELDAs become
practical. Some ex-
amples are lower
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Figure 5. Addressing schemes of a SELDA: (a) electrical matrix addressing and (b) optical

addressing. HPT: Heterojunction phototransistor.

strated.’® The array has 7X20 microlasers. Each laser has its
unique wavelength that is uniformly separated from its neigh-
bors by 0.3 nm, 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).”

OPTICS & PHOTONICS NEWS/MAY 1993

threshold current, heat
dissipation and pack-
aging, visible wave-
length operation®? to
permit recording holograms, and integration with other sili-
con electronic devices. When these problems are overcome,
SELDAs 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 well as more direct appli-
cations such as laser printers, displays and high power phased
arrays.”



EUNG GI PAEK is a member of technical staff at Bellcore, Red
Bank, N.J.

REFERENCES

1.

10.

11.

12.

13.

Y. H. Lee et al.,, "High efficiency (1.2 mW/mA) top surface-emitting
GaAs quantum well lasers,” Electr. Lett. 26, 1990, 1308-1309.

J. L. Jewell et al., "Low threshold electrically-pumped vertical cavity
surface emitting microlasers,” Electr. Lett. 25, 1989, 1123-1124.

J. L. Jewell et al., "Microlasers," Sci. Amer., Nov. 1991, 86-94.

R. E. Slusher, "Semiconductor microlasers and their applications,” Opt.
& Phot. News 4:2, 1993, 8-17.

H. Soda et al., "GalnAsP/InP surface emitting injection lasers," Japan. J.
Appl. Phys. 18, 1979, 2329-2330.

K. Iga et al., "Surface emitting semiconductor lasers," IEEE J. Quant.
Electr. 24, 1988, 1845-1855.

E. G. Paek et al., "Compact and ultrafast holographic memory using a
surface-emitting microlaser diode array,” Opt. Lett. 15, 1990, 341-343.
F. H. Mok et al., "Holographic inner-product processor for pattern rec-
ognition," Proc. SPIE 1701, 1992, 312-322.

A. B. Vander Lugt, "Signal detection by complex spatial filtering,"IEEE
Trans. Inform. Theory, 1T-10:2, 1964, 139-145.

A. W. Lohmann and H. W. Werlich, "Incoherent matched filtering with
Fourier holograms," Appl. Opt. 10, 1971, 670-672.

E. G. Paek et al., "Compact and robust incoherent holographic correlator
using a surface-emitting laser-diode array," Opt. Lett. 16, 1991, 937-939.
D. Psaltis et al., "Optical information processing based on the Hopfield
model," in Technical Digest, ICO-13 Conference, Sapporo, 1984, 24-25.
N. H. Farhat et al., "Optical implementation of the Hopfield model,”
Appl. Opt. 24, 1985, 1469-1475.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

. K. Rastani et al., “Integration of planar Fresnel microlenses with verti-
cal-cavity surface-emitting laser arrays,” Opt. Lett. 16, 1991, 919-921.

E. G. Paek et al., "All-optical image transmission through-a single-mode
fiber," Opt. Lett. 17, 1992, 613-615.

C. Chang-Hasnain et al., "Multiple wavelength tunable surface-emitting
laser arrays,” IEEE J. Quant. Electr. 27, 1991, 1368-1376.

A. Von Lehmen et al., "Independently addressable InGaAs/GaAs verti-
cal cavity surface-emitting laser array,” Electr. Lett. 27, 1991, 583-585.
M. Orenstein et al., "Matrix addressable vertical cavity surface-emitting
laser array,” Appl. Phys. 27, 1991, 437-438.

W. K. Chan et al., "Optically controlled surface-emitting lasers,” Appl.
Phys. Lett. 58, 1991, 2342-2344.

R. P. Schneider et al., "Visible (657 nm) ingot/InGaP/InAlGaP strained
quantum well vertical-cavity surface-emitting laser,” Appl. Phys. Lett.
60, 1992, 1830-1832.

B. Tell et al., "Short wavelength (699 nm) electrically pumped vertical-
cavity surface-emitting lasers,” IEEE Photonics Tech. Lett. 4,1992, 1195-
1197.

A. Scherer; private communications on 720 nm and 670 nm SELDA.

Y. H. Lee et al., "Deep-red continuous wave top-surface-emitting verti-
cal-cavity AlGaAs superlattice lasers,” IEEE Photonics Tech. Lett. 3,
1991, 108-109.

H. J. Yoo et al., "Fabrication of a two-dimensional phased array of
vertical-cavity surface-emitting lasers,” Appl. Phys. Lett. 56, 1990, 1198-
1200.

The hest and largest Chinese source for

KTP

Frequency-Doubler e Waveguide < Electro-Optic Modulator < OPO/OPA

+ High quality and consistency: every crystal is strictly inspected
o Fast delivery: next day for in-stock; 1-3 weeks for others
e Low price: $299 (U.S.) for AR-coated, 33335 mm?, SHG of Nd:YAG laser
+ High quantity discount: more than 50% discount for large orders
e Mass production: over 500 pcs. per month
e Free technical support: design the best crystal, FREE

We also provide:
BBO, LBO, Nd:YVO,
LiNbO,, MgO:LINbO,, KNbO,, KD P, KDP, Lil0,, Nd:YAG, PbMaO,, BSO, BGO,
Te0,, CaF,, BaF,, MgF,, KBr, NaCl, KCI, BA:KTP, Ga:KTP, Ce:KTP

CASTECH-PHOENIX Inc. (CASIX)
1 Niushan, Xihong Road u Fuzhou, Fujian 350002 u P.R. China
Tel: 86-591-715853 u Fax: 86-591-716058
In U.8.: Skytek Corp., 301/330-03831; fax: 301/869-5920

OPTICS & PHOTONICS NEWS/MAY 1993 [



