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Applications 

B Y R . E . S L U S H E R 

Advances in semiconductor 
materials growth and process­
ing have resulted in major 

progress toward semiconductor micro-
lasers with ultra-low thresholds and 
dimensions approaching a wavelength 
of the emitted light. These small di­
mensions and low operating powers 
may result in large, dense arrays of light 
sources operating at wavelengths from 
the near infrared well into the visible. 
The materials being used are InGaAs/ 
InGaAsP in the wavelength range from 
1.5-1 μm and the GaAs/A lGaAs for 
wavelengths near 0.8 μm. Arrays of 
these near infrared microlasers may be 
useful for high density, high speed op­
tical interconnects down to the chip-to-
chip level in computers or as high 
power phased arrays. There is also 
progress in visible microlasers using the 
InGaP/InAlGaP system and there is 
hope that the blue/green emitting II-VI 
compounds wil l improve in quality 
until they reach the regime of interest 
for microlasers. For many applications 
including displays, the sensitivity of the 
eye to wavelengths less than 670 nm 
makes arrays of visible microlasers es­
pecially interesting. 

From a basic physics viewpoint, 
these small, low power lasers offer the 
simplicity of a single optical mode of 
the electromagnetic field that can, in 
principle, be largely isolated from the 
rest of the universe. This isolated mode 
can change the nature of the laser 
threshold1,2 and can also allow the con­
trol of the quantum statistics of the light 
output.3 The simplicity of a single mode 
may make it easier to study the dynam­
ics of the dense, non-equilibrium elec­
tron-hole gas that typically is associated 
with semiconductor lasers. Many low 
dimensionali ty gain media for 
microlasers, including quantum wires 
and dots, remain largely unexplored. 
Finally, surfaces and interfaces play a 
major role in many microlasers and re­
main an important topic for basic 
microlaser research. 

H o w S M A L L 

C A N A M I C R O L A S E R B E ? 

Ideally, a semiconductor microlaser 
should be the optical equivalent of the 
single mode superconducting cavities 
used in the microwave region to achieve 
single atom masers.4 The dimensions 
of an ideal cubic microresonator filled 
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with a semiconductor should be λ/2n, 
where λ is the resonant wavelength and 
n is the index of refraction of the semi­
conductor. For example, for a wave­
length of 1.5 μm and a typical 
semiconductor refractive index of n=3, 
the ideal dielectric microresonator is 
only 0.25 μm on a side. This ideal 
microresonator dimension limit can be 
relaxed in practice because the optical 
emission from the active medium in 
the cavity typically extends over a spec­
tral range of only 5-10% of the central 
frequency. In this case, the cavity vol­
ume can be roughly 10 times larger than 
a cubic half-wavelength and still result 
in only one mode in the spectral region 
for optical emission. However, even at 
dimensions of the order of a micron, 
fabrication of these microcavities chal­
lenges the present processing tech­
niques, especially when one realizes 
that non-uniformities of only a small 
fraction of λ / n will limit the Q of the 
cavity. The cavity Q is 2 π times the 
number of optical cycles required for 
the cavity to lose 1/e of its energy due 
to radiative or nonradiative losses. Q 
values greater than 100, corresponding 
to effective cavity mirror reflectivities 
greater than 98%, are often required for 
microlasers since the small gain inher­
ent in these microstructures requires 
high Q to achieve lasing at low thresh­
old powers. 

Several examples of semiconduc­
tor microlaser resonators are shown in 
Figure 1. A simple Fabry-Perot with a 
λ / n spacing between two distributed 
Bragg mirrors is shown in Figure 1(a). 
The mirrors for this structure are based 
on paired quarterwave semiconductor 
layers deposited by molecular beam 
epitaxy (MBE) 5 or organo-metallic 
chemical vapor deposition (OMCVD). 
For pairs of AlAs and Al xGa x - 1 As, where 
the difference in index is near 0.2, 15 
pairs result in a mirror reflectivity near 
98%. The gain medium in these struc­
tures is often one or several quantum 
wells of GaAs placed at the peak of the 
resonant mode electric field in the cen­
ter of the λ /n layer. Selective etching of 
the mirror layers allows the spectacu­
lar scanning electron micrographs of 
these vertical cavity surface emitting 
lasers (VCSELs) shown in Figure 2. A 
major landmark in the microlaser field 
was achieved by Iga and his collabora­
tors6 in 1988 when they demonstrated 
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continuous, room temperature opera­
tion of an electrically pumped VCSEL. 
The high efficiencies, high densities, and 
planar integration required for most 
applications can only be achieved with 
electrical pumping. A number of fur­
ther important advances followed in the 
late 1980s7-9 so that efficient operation 
at room temperature is now achieved. 

Typical dimensions for these tiny 
Fabry-Perots are 5-10 μm in diameter 
and several microns in height. They 
have only one high Q mode within the 
gain spectral bandwidth, but there are 
other modes in the plane of the λ / n 
spacer. Spontaneous emission from the 
gain region occurs with the appropri­

ate spectral weighting factor into any 
of these modes. The fraction β of the 
spontaneous emission that is dis­
charged into the dominant lasing mode 
at low excitation is often used to char­
acterize how closely the structure ap­
proaches the ideal case of a single mode. 
For the Fabry-Perot microresonators, 
the lateral modes in the plane of the 
gain region can reduce β to the range 
between 0.001 and 0.1.10 

As β approaches one, the rate of 
spontaneous emission 1 / Τ S can be dra­
matically decreased or enhanced de­
pending on the position of the emitter in 
the microcavity. For example, a small 
quantum dot, 10-20 nm on a side, could 

be used as an emitter and placed near 
the center of the cavity at the maximum 
field of a single high Q mode where the 
spontaneous emission rate from excitons 
in the dot would be strongly enhanced. 
This could lead to a fast response light 
emitting diode (LED). If the quantum 
dot is moved to a position near a mirror 
where the field is weak, the spontane­
ous emission rate will be sharply re­
duced. Note that the rate at which 
radiation enters the lasing mode is pro­
portional to β/τ s. This ratio can remain 
nearly constant if the size of a 
microcavity is decreased toward the 
single mode limit, since both τ s and β 
increase as the number of modes de­
creases. Clever cavity and emitter de­
signs can be used to optimize β and 
tailor τ s for particular applications.11 

Semiconducting microdisks 1 2 

shown in Figure 1(b) form high Q reso­
nators without requiring the multiple 
layer dielectric mirrors of the Fabry-Perot 
structure. These microdisks have vol­
umes of less than a cubic wavelength, 
several hundred times smaller than 
semiconductor ring layers1 3 , 1 4 , 1 5 with vol­
umes in the range near 100 μm. The 
dominant resonant mode is called a 
whispering-gallery mode. It propagates 
around the edge of the disk with very 
low loss due to total internal reflection 
at the boundary between the high index 
semiconductor and its surrounding me­
dium, either air or glass. This high index 
contrast also serves to isolate emitters in 
the optically thin disk from external 
modes propagating orthogonally 
through the disk. The Q for these 
microdisks increases exponentially with 
radius and exceeds 100 for radii greater 
than 1 μm. The emission from the ideal 
whispering-gallery mode is into a nar­
row range of angles around the plane of 
the disk. Coupling into a specific direc­
tion, either vertically or in the plane of 
the disk, must be accomplished with 
additional coupling structures.16 

A n electrically pumped microdisk 
laser17 can be formed, as shown in Fig­
ure 3. The microdisk in the figure is 
0.25 μm thick, less than a half-wave­
length in the semiconductor, and is 
composed of six 100Å wide InGaAs 
quantum wells with InGaAsP barriers. 
The disk is supported below by a n-
type InP post. The pin structure is com-

FIGURE 2. S C A N N I N G E L E C T R O N MICROGRAPHS OF V E R T I C A L CAVITY S U R F A C E 

EMITTING L A S E R S A R E SHOWN E T C H E D TO R E V E A L T H E DISTRIBUTED B R A G G 

MIRRORS A B O V E A N D B E L O W T H E EMITTING G A A S REGION. L A S I N G IN T H E S E 

S T R U C T U R E S IS IN T H E V E R T I C A L DIRECTION, B E T W E E N T H E TWO B R A G G 

MIRRORS. 
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pleted by a p-type InP post and a me­
tallic contact pad. A n advantage of the 
disk geometry is the strong overlap of 
the gain mater ial and the resonant 
mode, since the mode is strongly con­
f ined to the semiconductor disk and 
the gain material nearly fi l ls the plane 
of the disk. Over lap factors as large as 
0.5 are obtained for the microdisks, 
whi le the V C S E L overlap factors are in 
the range near 0.01 due to the smal l 
overlap of the gain region w i th the ver­
tical mode that extends a considerable 
distance into the distributed Bragg mir­
rors. However, unless the disk radius 
is less than 1 μ m or the gain and pump­
ing can be confined to the outer edge of 
the disk, there is a loss in efficiency for 
the microdisk due to emission f rom the 
central region of the disk. 

Beta factors for the microdisk laser 
are expected to be from 0.1-0.3 for disk 
diameters near 2 μm. L o w Q modes in 
the disk interior that overlap the emis­
sion spectrum compete wi th the lasing 
mode for spontaneous emission. Weak 
interaction of the emitters w i th modes 
outside the disk and the degeneracy of 
the two possible counter-propagating 
modes at the disk edge also degrade 
the β value. However, due to the expo­
nential increase i n the whispering-gal­
lery mode Q wi th radius and the wide 
spectral spacing of these modes, there 
is only one dominant mode wi th in the 
emission spectrum for 2 μ m diameter 
InGaAs disks. 

Complete isolation of a single mode 
of the field can, in principle, be obtained 
in a photonic bandgap material, 1 8 as 
shown schematically in Figure 1(c). A 
three-dimensional per iodic dielectric 
array, shown in cross-section, forms a 
photonic bandgap where no modes of 
the electromagnetic field can propagate. 
A single mode is then introduced into 
the structure by a dielectric defect where 
a local "acceptor" or "donor " mode is 
formed. 1 9 Periodic dielectric arrays can 
be formed by etching patterns into a 
semiconductor and the defect state can 
be formed by microprocessing tech­
niques. This approach to semiconduc­
tor microcav i t ies p romises greater 
control of spontaneous emission pro­
cesses and a closer approach to the ideal 
β=1 limit. However, fabricating these 
structures is difficult and no laser struc­

tures of this form have been demon­
strated to date. 

It is interesting to compare the 
semiconductor microresonators shown 
in Figure 1 w i th semiconductor lasers 
in general use today—for example, i n a 
compact disk player or a fiber optic 
communicat ion system. Typical semi­
conductor "st r ipe" lasers are nearly 200 
μ m in length and the lateral mode area 
is approximately a square micron. This 
results in nearly 100 longitudinal modes 
wi th in the spectral bandwidth of the 
laser gain med ium and a β value be­
tween 10 - 4 and 10 - 5. In other words, sev­
eral hundred microlasers w i l l fit into 
the "grain of salt" dimensions of semi­
conductor lasers i n use today. Since the 
gain-length product is relatively large 
in the present lasers, they do not re­
quire h igh reflectivities. A cleaved face 
w i th a reflectivity of only 30% is often 
sufficient, unless very low thresholds 
are required. 

H o w L o w C A N A M I C R O L A S E R 

T H R E S H O L D B E ? 

Semiconduc to r laser th resho lds at 
present tend to scale w i th the volume 

of the active region. M u c h of the thresh­
o ld reduction obtained by using quan­
t u m we l l s ins tead of th icker ga in 
material is s imply a matter of reducing 
the gain volume. The much smaller op­
t ical ly active region i n a microlaser 
promises correspondingly lower thresh­
olds. We can hope to reduce microlaser 
threshold currents to the 1-10 μA re­
gime. Of course, the smal l gain-length 
product for microlasers means that 
much higher reflectivities, often above 
99%, are requ i red . The record for 
V C S E L s at room temperature is 700 μA 2 0 

at a wavelength of 0.8 μm; for room 
temperature microdisk lasers, it is 950 
μ A at a wavelength of 1.5 μm. 1 7 A t lower 
temperatures where the emission spec­
t rum narrows and the peak gain in ­
creases by as much as a factor of 50, the 
microlaser thresholds are down in the 
tens of microwatts range. These thresh­
olds are roughly consistent w i th the 
semiconductor electron-hole recombi­
nation gain mechanism, the gain vo l ­
ume, and the resonator Q values. The 
r o o m tempera tu re t h resho lds for 
microlasers achieved to date are not as 
low as the 500 μA thresholds that can 

FIGURE 3. SCANNING ELECTRON MICROGRAPH OF AN ELECTRICALLY PUMPED 

MICRODISK LASER. THE 5 μM DIAMETER DISK IS SUPPORTED ON AN N-TYPE INP 

POST AND CONTACTED ABOVE BY A P-TYPE INP POST AND A METALLIC DISK 

CONTACT. 
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be achieved wi th the larger stripe la­
sers us ing h igh reflectivity mirrors. 
Higher Qs, gain-length products, and 
ef f ic ienc ies mus t be ach ieved for 
microlasers to ful f i l l their promise of 
ultra low thresholds. Before speculat­
ing on where the microlaser thresholds 
w i l l be in 10 years, it is good to con­
sider some of the basic physics expected 
for microcavity lasers. 

A n ideal microcavity w i th β=1 is 
expected to emit al l photons, either 
spontaneous or stimulated into the " las­
i n g " mode. In this l imit , the l ight out­
pu t in to the s ing le m o d e s i m p l y 
increases nearly l inearly w i th pump 
power without the typical sharp in ­
crease at a threshold exhibited in lasers 
w i t h β < 1 . K o b a y a s h i et al.1 a n d 
DeMart in i et al.2 have termed this l imit­
ing behavior a "thresholdless" or "zero-
threshold" laser. What exactly do we 
mean by laser threshold? Several defi­
nit ions 1 1 lead to interesting insights into 
the threshold region for a microlaser. 
For example, one can define the thresh­
old at the point where the stimulated 
emission rate equals the spontaneous 
emission rate or where the average 
number of photons in the lasing mode 
is unity. A t pumping powers we l l be­
low this point, the l ight output statis­
tics are c lear ly s imi la r to those of 
thermal l ight and above this point they 
approach coherent state statistics. In a 
low beta laser, there is a strong analogy 
of the laser threshold w i th a second 
order phase transit ion 2 1 between these 
two light output states. This transition 
can be quantif ied by studying the ratio 
of the square of the variance of l ight 
ampli tude fluctuations d iv ided by the 
mean amplitude. This ratio is uni ty for 
the Poisson statistics that approximately 
describes both thermal l ight and the 
coherent state. In a low β laser, there is 
a large increase in the ratio of the var i ­
ance to the mean near threshold, char­
acteristic of a phase transition. Recent 
simulations 2 2 using quantum rate equa­
tions for a microlaser indicate that this 
fluctuation peak is very broad and weak 
in the l imit where β=1 and there is no 
absorption at low pump powers. De­
viations from this l imit toward more 
realistic microlasers brings back the 
fluctuation peak; however, it can be con­
siderably broader and weaker than in 

very low β lasers. Several ini t ial experi­
ments 1 , 2 3 have addressed the microlaser 
threshold issue, but much work remains 
to be done. 

Semiconductors have the advan­
tage of very h igh internal quantum ef­
ficiency for gain media in microlasers. 
Recent experiments 2 4 have measured 
internal quantum efficiencies for G a A s 
as h igh as 99.7%. A t low pump ing pow­
ers, a semiconduc to r absorbs and 
reemits l ight at the microcavity reso­
nance frequency. In effect, a coupled 
oscillator system is formed between the 
cavity mode and the semiconductor 
excitation. The semiconductor excita­
t ion is we l l characterized as an exciton 
at low pump ing powers. The modes of 
this coupled exciton-cavity system are 
expected to split into a doublet w i th a 
spacing proport ional to the strength of 
the interaction. This splitt ing has re­
cently been observed 2 5 for approx i ­
mately 104 excitons in a Fabry-Perot 
microcavity. This spl i t t ing has prev i ­
ously been observed in atomic systems 
and can be explained as a cavity quan­
t um e lect rodynamic (QED) effect. 2 6 

These efficient reabsorption effects must 
be taken into account when measuring 
spontaneous emission rates i n cavities. 
They al low one to speculate about new 
regimes in microlasers, such as lasing 
without inversion at β values very close 
to one.11 

A s the pump power is increased 
toward the threshold region, the elec­
tron and hole concentrations become 
so large that excitons are no longer a 
good description of the system unless 
the electron and hole are very t ightly 
bound, as in the higher bandgap or 
lower dimensionali ty semiconductors. 
In G a A s and InGaAs at room tempera­
ture, the electron-hole gas is best de­
scr ibed as a dense, nonequ i l i b r ium 
system. 2 7 Spatial and spectral hole burn­
i n g 2 7 may p lay important roles in these 
microlasers. Recently, the understand­
ing of the temperature dependence of 
semiconductor laser thresholds has un­
dergone a revo lu t ion. Subthreshold 
fluctuations appear as a major contribu­
tor to the large increases i n threshold 
powers found near and above room 
temperature. 2 8 The reduced mode den­
sity i n microlasers may reduce these 
lossy subthreshold fluctuations. There 

is much work to be done to improve 
our model ing of semiconductor lasers. 

There is sti l l a great deal of hope 
for r e d u c i n g the th resho lds of 
microlasers to the region near 10 m i ­
crowatts at room temperature. In part, 
this w i l l rely on fabricating very h igh Q 
microstructures. Improved heat sink­
ing and reduced resistive losses must 
be achieved. A lso important is the min i ­
mizat ion of gain reduction due to sur­
faces and interfaces. For example, as 
the diameter of V C S E L s is reduced be­
low 5 μm, the threshold downscal ing 
w i th gain volume is lost due to h igh 
surface recombination velocities at the 
G a A s quantum we l l boundaries. 

MICROLASER APPLICATIONS 

Potential applications of microlasers 
i n c l u d e laser p r in te rs , r e a d / w r i t e 
sources for optical memories, displays, 
optical interconnects, and h igh power 
phased arrays. Arrays of low power 
microlasers could speed printers and 
optical memories. The requirement of 
visible microlasers w i th vertical emis­
sion for displays has stimulated recent 
work on visible V C S E L s . Opt ical inter­
connects provide a good example of 
the possible uti l i ty of microlasers. M i ­
croelectronic systems have advanced to 
the point where their performance is 
l i m i t e d b y in te rconnec ts be tween 
boards and mul t ich ip modules, and 
even between ind iv idua l chips. 

There are many advantages' for 
optical interconnects in complex h igh 
speed electronic systems. 2 9 , 3 0 Opt ical in ­
terconnects offer lower crosstalk, h igh 
interconnect density, lower noise, and— 
most important—reduced impedance 
mismatch when compared w i th electri­
cal interconnects. Opt ical interconnects 
w i l l probably be the preference for in­
terconnect distances longer than a few 
mil l imeters. Of course, cost is the l imit­
ing factor at present. Eff icient, l ow 
power l ight sources w i l l be a key to the 
success of optical interconnects. Data 
rates in the range from 1-10 Gbs are of 
interest for the immediate future. C o u ­
p l ing 1 m W of power into an optic fiber 
al lows logic level voltages to be gener­
ated by a simple, low cost optical re­
ceiver. Higher densities can be achieved 
by decreasing the coupled power to the 
hundred microampere range at the ex-
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pense of receiver complexity. M ic ro -
laser arrays are approaching the speeds, 
densities, and powers required for this 
important optical interconnect technol­
ogy, but have not yet demonstrated al l 
of the many system requirements, in ­
cluding reliabil ity and cost. 

Photonics applications in general 
require devices and couplers that can 
be cheaply produced at high densities 
and high efficiencies. Semiconductor 
microlasers do have promise for being 
cheap and high density because of their 
small size and low power consump­
tion. Wafer scale testing is another ad­
vantage for microlasers. The cleaving 
and ind iv idua l handl ing of each laser 
typically required today for stripe la­
sers is not necessary. A n entire wafer of 
microlaser arrays, l ike the one shown 
in Figure 4, can be tested in a short time 
wi th an appropriate mult iprobe con­
f iguration. This can result i n higher 
yields and lower cost per element. Eff i­

cient coupl ing of symmetric mode pat­
terns and the stable single mode opera­
tion of microlasers are also important 
advantages when compared wi th the 
larger stripe lasers. 

MOVING FROM PROMISE TO 

REALITY 

Several problems remain to be solved 
before widespread microlaser appl ica­
tions w i l l become a reality. Heat ing is a 
major concern at the present threshold 
levels in the mil l iampere regime. If the 
thresholds are reduced, heat s inking is 
improved, and parasitic resistances are 
reduced, then this p rob lem can be 
solved. A second area for improvement 
is efficiency. H i g h efficiency means both 
the "wa l l p l u g " efficiency and the opti­
cal coupl ing efficiency. It is hoped that 
both of these efficiencies w i l l reach the 
50% range. It is often important for the 
photonics to be compatible or integrable 
w i th VLSI si l icon circuitry and this has 

been a problem for III-V semiconduc­
tors. Growth of III-V materials on Si 
results in defects at the interface be­
tween the materials that eventual ly 
cause device failure. Growth and fabri­
cation of III-V semiconductors devices 
and circuits are not as cheap as one 
wou ld hope. Semiconducting organic 
polymers 3 1 are a very promising new 
direction since they can be cheaply spun 
on Si substrates. However , the polymer 
electroluminescent efficiencies and ag­
ing effects need to be improved before 
widespread applications of conducting 
polymers can be realized. 

Planar integration of electrically 
pumped V C S E L s has been progressing 
at a good pace. A n important param­
eter for most applications is the wal l 
p lug efficiency, 

where η d is the differential pump effi­
ciency for l ight output, Io is the operat­
ing pump current, I t is the threshold 
current, V g is the p in junction voltage 
at the operating current, and R is the 
series resistance. For present V C S E L s , 
η w is 8-10%. The goal is to reach the 20-
50% range. Reduction of the threshold 
current and the series resistance in the 
mirrors both need to be achieved. N e w 
diode designs are being studied 3 2 to re­
duce the series resistance, as shown in 
Figure 5. These microlasers are fabri­
cated in the G a A s / A l G a A s system us­
ing M B E growth of the mirror layers 
and an G a A s active layer. Current is 
forced to f low through a 10 μm diam­
eter region where the gain defines the 
lateral extent of the vertical mode. Light 
is coupled out at the top into a symmet­
ric Gaussian profi le mode through a 
hole in the p-type ohmic contact. In 
Figure 5(a), the top contact is through 
the n-doped, M B E grown multi- layer 
mirror. It is the resistance of these mir­
ror contacts that reduces the wal l p lug 
efficiency by increasing the total volt­
age across the device. The threshold 
voltage for the design in Figure 5(a) is 
near 3V. A design to reduce the series 
resistance is shown i n Figure 5(b), 
where the top contact is through a p-
d o p e d c o n d u c t i v e l aye r . A h i g h 
reflectivity dielectric mirror has been 
evaporated onto the top of the struc-

F IGURE 4. A TWO-INCH D IAMETER W A F E R F I L L E D WITH O N E - A N D TWO-DIMEN­

SIONAL V C S E L A R R A Y S . T H E 1-D A R R A Y S C O N T A I N 6 4 V C S E L E L E M E N T S A N D 

T H E 2 -D A R R A Y S INCLUDE 4 X 1 2 A N D 3 2 X 6 4 E L E M E N T S . 
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ture. The threshold voltage for this im ­
proved design is reduced to 1.7 V . Both 
of the structures in Figure 5 have cur­
rent thresholds near 3 m A . It is hoped 
that the wal l p lug efficiencies can be 
significantly increased w i th designs of 
this type. 

A major advantage of the V C S E L 
microlasers for a number of appl ica­
tions is the ability to fabricate large, 
dense two-dimensional arrays. Moder ­
ately large arrays are being studied. In­
div idual ly addressable 32X32 arrays 
have been demonstrated by a group at 
Bellcore 3 3 and 8 X 1 8 arrays have been 
demonstrated by D. Vakshoor i and co­
workers at A T & T Bel l Laboratories. 3 4 

The Bellcore array is matrix address­
able, requir ing only 64 electrical con­
tacts for ind iv idua l addressing of each 
laser. The threshold currents in this 
32X32 array are between 6-8 m A . Laser 
threshold currents for the 8 X 1 8 array 
from A T & T are a l l very near 4 m A , the 
threshold voltages are near 2.65 V , and 
the array does not exhibit any degrada­
tion after overdr iv ing the lasers, i.e., 
there is no current anneal ing. The 
V C S E L s i n the A T & T array each oper­
ate at a bit-rate of 450 Mbs , making the 

net potential throughput 65 Gbs. Op ­
eration for over 1,000 hours has been 
achieved without significant degrada­
tion in performance; however, complete 
re l iab i l i t y s tudies over a range of 
termperatures remain to be demon­
strated. Each element of the array emits 
a symmetric Gaussian pattern w i th a 
relatively low divergence angle that a l ­
lows efficient coupl ing into optical f i ­
bers or other low numerical aperture 
optics. One of the next steps in this 
array technology is to incorporate smart 
pixels at each microlaser posit ion. Pos­
sible applications for these arrays in­
clude laser printers, optical memory 
read/wr i te heads, 2-D optical scanners, 
and optical interconnects. 

Coherently coupled V C S E L arrays 
have the potential to generate large 
power outputs, at least up to the one 
watt range. A large area laser or an 
array of unlocked lasers can also pro­
duce h igh powers, but the emission 
angle w i l l be broad and diff icult to fo­
cus. A narrow, focusable beam results 
when an array of many smal l elements 
is coherently phase locked. It may also 
be possible to electrically adjust the rela­
tive phasing across the array, result ing 

in a rapidly steerable beam over a broad 
angular range. A regularly spaced, co­
herently locked array produces a dif­
fraction pattern in the far f ield similar 
to that of a two-dimensional grating. If 
the entire array is oscil lating i n the low­
est order Gaussian mode, the output 
beam has a narrow central lobe wi th an 
angular w id th that varies inversely wi th 
the size of the array. Recently, 8 X 8 
V C S E L arrays have been demonstrated 
w i th total power outputs f rom 0.5 W 3 5 

to over 1 W . 3 6 

Visible l ight V C S E L s have recently 
been demonstrated 3 7 w i th wavelengths 
between 670-630 ran. Previous opera­
tion of this type of microlaser was l im­
ited to wavelengths greater than 770 
nm. The active region of the visible la­
ser is M O C V D grown InGaP strained 
quantum wells w i th I nA lGaP barriers. 
The d is t r ibu ted Bragg m i r ro rs are 
formed f rom A l G a A s and InA lGaP . 
On ly pulsed optical pumping at room 
temperature has been achieved to date. 
If these visible microlasers can be im­
proved to work continuously as diodes, 
the many advantages of V C S E L arrays 
w i l l make them attractive for numer­
ous appl icat ions, inc lud ing ultrafast 

F I G U R E 5 . E L E C T R I C A L L Y P U M P E D V C S E L D E S I G N S F O R H I G H E F F I C I E N C Y L I G H T O U T P U T . E L E C T R I C A L C O N T A C T S T H R O U G H 

B O T H M I R R O R S IN (A) R E S U L T S IN A T H R E S H O L D C U R R E N T O F 3 M A A N D A T H R E S H O L D V O L T A G E O F 3 V . R E P L A C I N G T H E 

U P P E R C O N T A C T W I T H A C O N D U C T I N G L A Y E R A N D A D E P O S I T E D M I R R O R . A S S H O W N IN (b), R E D U C E S T H E T H R E S H O L D V O L T A G E 
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holographic memories, laser projection 
displays, plastic fiber-optics communi­
cation, and applications where H e N e 
lasers are used at present. 

Whispering-gal lery mode micro-
lasers have a number of unique advan­
tages for applications. The microdisk 
has an advantage in electrical pump ing 
efficiency when compared w i th the 
V C S E L geometry, because the electri­
cal contact is made through low resis­
tance p and n contact posts instead of 
the relatively h igh resistance layered 
V C S E L m i r r o r contac ts . R e c e n t l y 
microcylinders 3 8 have been made to lase 
at room temperature wi th thresholds 
in the 5 m A range. When compared 
wi th disks, the cylinders are easier to 
fabricate wi th planar contacts to the top 
electrode. In principle, couplers can be 
des igned to coup le l i gh t f r o m a 
microdisk or microcyl inder either ver­
tically or horizontally. The key chal­
lenge for this type of microlaser is to 
accomplish this coupl ing wi th high ef­
ficiency. Initial experiments 1 6 show that 
tabs or gratings at the edge of the disk 
or cyl inder can couple l ight out into a 
specific direct ion; however, efficient 
coupl ing has yet to be demonstrated. 
H i g h i ndex cont ras t w a v e g u i d e s 
formed by techniques similar to those 
used for the microdisks should al low 
bending interconnecting waveguides in 
distances of only a few wavelengths 
without significant bending losses. This 
is an important feature for complex, 
h igh density photonic circuits. 

The wor ld of very small, low power 
lasers is growing rapidly. N e w materi­
als and new resonator structures prom­
ise even fur ther advances t owa rd 
ultra-low power microlasers. A s the 
l imit of a single mode of the f ield is 
approached, interesting threshold fluc­
tuations and squeezed light sources are 
topics for basic research. In the appl ied 
area, the low powers, small dimensions, 
and large microlaser arrays offer many 
opportunities. Several companies, in ­
c luding Photonics Research Inc. and 
A T & T , are searching for microlaser 
markets and systems applications. It is 
hoped that there w i l l be significant com­
mercial applications wi th in the next five 
years. 

R.E. SLUSHER is head of the Optical Phys­
ics Research Department at AT&T Bell 
Laboratories, Murray Hill, N.J. 
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