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Abstract—We describe a novel wavelength selective optical
logic (WSOL) element which makes use of monolithically inte-
grated wavelength selective optical input and output elements.
Input optical signals are detected by photothyristors situated in
an optical cavity which provides a highly selective response at
a wavelength determined by the fabrication process. Output
signals are generated by vertical cavity surface emitting lasers
whose lasing wavelengths can also be specified during the fab-
rication process. We propose a vertical integration of these in-
put and output elements which will be highly suitable for wave-
length selective optical logic and wavelength selective optical
interconnect applications. These devices can be fabricated to
detect and emit within independently selected narrow wave-
length ranges, at arbitrarily chosen positions across the wafer.
The broad tunability range and the high wavelength selectivity
of each WSOL device allows a large number of wavelengths to
be used simultaneously while low crosstalk is maintained be-
tween nearby devices. As interconnects, the WSOL input and
output elements will allow the information from many closely
spaced wavelength channels to be coupled through a single op-
tical fiber. As individual logic elements, WSOL devices are ca-
pable of completely optical logic operations at designer selected
input and output wavelengths. The proposed circuitry is easily
cascadable so that arbitrarily complex optical logic functions
can be performed by WSOL devices in series. Several of the
possible logic functions are described including or and AND
gates, an ADDER, and a FLIP-FLOP.

I. INTRODUCTION

ECENTLY, interest in new device technologies for

digital optoelectronic circuits has been mounting [1]-
[4]. Optical interconnects and switches are considered as
necessary elements for optical signal processing and dig-
ital communication systems. With these applications in
mind, many researchers have demonstrated optoelec-
tronic switches [5]-[11] whose operational principles are
similar to or based on the Schockley diode [10], [12]-
[14]. However, all of these schemes are limited by their
broad-band input and/or output response which limits the
number of channels that can be coupled through a single
optical fiber and makes the system susceptible to signifi-
cant amounts of crosstalk between neighboring devices.
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In this paper, we describe a novel wavelength selective
optical logic (WSOL) device which makes use of mono-
lithically integrated wavelength selective optical inputs
and output elements. Photothyristors situated in an optical
cavity provide a highly selective response to optical in-
puts at a wavelength determined during the fabrication.
Vertical cavity surface emitting lasers (VCSEL), whose
lasing wavelengths can be tuned over a fairly broad range,
also determined by the fabrication process, provide a
monochromatic output signal. We propose a vertical in-
tegration of these input and output elements which is very
likely to be highly suitable for optical interconnect and
optical logic applications. WSOL devices can be fabri-
cated to detect and emit within narrow bandwidths (not
necessarily the same) at arbitrarily chosen positions across
the wafer providing multiple wavelength operation in the
vicinity of a center wavelength. The WSOL devices, when
used as optical interconnects, will allow the information
from a number of closely spaced wavelength channels to
be coupled through a single optical fiber. As logic ele-
ments, the WSOL device is suitable for optoelectronic in-
tegrated circuits due to the flexibility provided by multiple
wavelength operation. Its ability to use the input and out-
put wavelengths as variables, its inherent cascadability,
and the low crosstalk between adjacent devices resulting
from the wavelength selectivity of each device are the
trademarks of this device.

The paper is divided into sections which introduce the
fundamentals of operation principles and wavelength se-
lectivity of the optoelectronic switching devices coupled
with the proposed multiple wavelength VCSEL arrays to
form the WSOL device. The discussion begins by de-
scribing the crystal growth and device fabrication tech-
nique. The operational principles and performance of the
photothyristor optical switch and detector are presented,
including a scheme which enables such a device to dis-
criminate between two distinct wavelength optical inputs
and perform simple logic functions. We then review the
resonant cavity effect which enables the response of de-
vices situated within the optical cavity to be made highly
wavelength selective in a narrow band whose wavelength
is determined during the fabrication process. A fabrica-
tion technique based on the phase tuning of a hybrid mir-
ror, formed by a combination of a metal reflector and a
quarter-wave stack, is proposed for producing multiple
wavelength VCSEL arrays. We continue by envisioning
a monolithically integrated photothyristor detector and
VCSEL output combined in a vertical scheme on a single
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wafer without the need for regrowth. Conventional fab-
rication techniques which can easily form wavelength se-
lective optical interconnects and WSOL elements from
these layers are described. Finally, simple logic opera-
tions which can be performed by these elements are de-
scribed and possible applications of this novel wavelength
selective multiple channel optical logic are proposed.

II. DEVICE GROWTH AND FABRICATION

The structures that were implemented were all grown
using a Perkin Elmer 430 molecular beam epitaxy (MBE)
system on GaAs (001) substrates. GaAs and AlGaAs lay-
ers were grown at 1 um/h at 580 and 610°C, respec-
tively, while InGaAs layers were grown at 0.6 um /h at
540°C. Quarter-wave GaAs-AlAs mirrors were deposited
at 600°C using a 1 um/h GaAs growth rate and a 0.3
pm/h AlAs growth rate. Standard photolithography and
wet etching techniques were used to fabricate devices with
various emitter sizes for electrical characterization. Cir-
cular devices with emitter windows were also fabricated
for optical measurements. Contacts to n- and p-type lay-
ers were made by AuGe-Ni-Au and AuBe evaporations,
respectively.

III. OPERATIONAL PRINCIPLES OF THE PHOTOTHYRISTOR

A thyristor is an n-p-n-p Schockley diode fabricated
in a three terminal configuration. In the case of the pho-
tothyristor, the function of electrical base contact is re-
placed by an optical excitation. For a complete under-
standing of the optical switches described in this paper, a
knowledge of the electrical switching characteristics of
the Schockley diode is essential. The investigated struc-
tures incorporate an AlGaAs-GaAs heterojunction
(N-p-n-p) to improve the injection efficiency of the base-
emitter junction and InGaAs quantum wells at the n-p
junction to improve carrier confinement and obtain light
beyond the absorption limit of the GaAs substrate. The
structure resembles a heterojunction bipolar transistor
(HBT) vertically integrated with a light emitting diode
(LED). Fig. 1 gives the schematic layer structure (a) and
the band diagram (b) of the device (HBT-LED) showing
the various OFF state current components. The HBT-LED
can be viewed as an interwoven N-p-n AlGaAs-GaAs
HBT and a p-n-p GaAs bipolar transistor. The base of
the one is the collector of the other.

The common-emitter current-voltage (I-V) character-
istics of the device are given in Fig. 2(a) and (b) for con-
stant base current (/) steps and for constant base-emitter
voltage (V) steps, respectively. As can be seen from Fig.
2(a), the device functions as a normal HBT is the low
current regime (OFF state). We should note that the col-
lector current is supplied by holes injected from the
p*-substrate (I,5). The electron current injected from the
emitter into the collector of the N-p-n transistor (/,¢) re-
combines with the holes (/,5) provided by the p-n-p de-
vice in the InGaAs quantum wells generating light [Fig.
1(b)]. The holes from the substrate which do not recom-
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Fig. 1. Schematic layer structure (a) and the band diagram (b) of the in-
vestigated photothyristor structure biased in OFF state. Electron and hole
current components are denoted by subscripts n and p, respectively.

bine in the quantum wells and the photoregenerated car-
riers in the depleted collector and neutral base of the N-
p-n device create additional base current (I,¢) constitut-
ing a positive feedback mechanism. The emission energy
of the LED’s was intentionally chosen to be smaller than
the GaAs bandgap to avoid an undesirably large feedback
resulting from self-absorption generation in the N-p-n
HBT. A small optical feedback allows the switching char-
acteristics of the device to be controlled by the emitter-
base junction bias of the N-p—n HBT. In the investigated
device, the entire spectrum of the emitted light is at ener-
gies below the GaAs band edge (Fig. 3). Therefore, the
optical feedback is negligible. If desired, a larger elec-
trooptical feedback can be achieved by a different LED
quantum well design.

For the three-terminal device, using the notation from
Fig. 1(b), the current relations can be derived as follows
[14]:

Le = s + Iy )
and
Ls = Lic + Lc + Ico. 2

where I is the saturation current. Common-base current
gains ay and ap are defined as

InC = Oy °* IHE and [[,C = ap IpS (3)
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Fig. 2. Current-voltage characteristics of the HBT-LED (emitter size is
10 X 40 um?) for (a) constant base current steps and (b) constant base-
emitter voltage steps.
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Fig. 3. Spectrum of light output from a 300 pm circular device in ON state
(current = 200 mA).

From (1)-(3)

aylg + Ico

“

IpS 1 - oy — (Xp‘
Note that I, is the measured collector current where the
use of subscript p emphasizes that the hole current is sup-
plied by the p*-substrate. This notation was chosen to
avoid confusion with the other current components in the
collector of the N-p-n HBT. As can be seen from (4), the
switch oN condition is reached when ay + ap = 1. We
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expect ap to be quite small due to recombination in the
InGaAs QW'’s, the relatively thick base region, the
homojunction emitter, and the emitter-down configura-
tion of the p-n-p transistor. The variation of the relatively
smaller op is neglected in our model. Therefore, switch-
ing can be controlled by modulating «y through the base
bias.

In the N-p-n HBT, common-base current gain ay is
given as [15]

ay = yyoarM 5)

where vy is the emitter efficiency, aris the base transport
factor, and M is the collector multiplication factor. For
ordinary collector-emitter voltage biases, M = 1; and for
base widths much smaller than the diffusion length, ar =
1. The current gain is then almost entirely determined by
the emiiter efficiency under normal operating conditions,
i.e., ay = vy [15]. For the investigated structure, the
base width is sufficiently small (0.1 pm) to justify this
approximation. Moreover, when constant collector-base
is considered, the base transport factor and collector mul-
tiplication factor remain unchanged at different injection
levels.

The emitter efficiency of AlGaAs-GaAs HBT’s (ay for
our device) increases with increasing base-emitter current
density, as the contribution of the surface and bulk recom-
bination currents becomes relatively small compared to
the diffusion current across the base region [15]. There-
fore, the feedback can be controlled by the external base
bias or by optical excitation. Neglecting the recombina-
tion of the hole currents from the collector and the exter-
nal base current in the neutral base, the total base-emitter
hole current Iz can be written as

Igr =1 + Lc + b, = 1)) (6)
where I,, and I,, are the hole currents due to photo-
generated carriers in the N-AlGaAs emitter and in the
GaAs p-n base-collector regions, respectively [Fig. 1(b)].

To determine the values of ay and op at the switch oN
point, we compare the I-V curves for constant base cur-
rent [Fig. 2(a)] and constant base voltage [Fig. 2(b)]. The
value of ay is a function of the total base current (I +
I,¢ in the absence of optical excitation) of the N-p-n HBT
and we can expect that the unstability condition occurs at
a certain threshold value of Iy + I,c. We will consider
the transition at Vo = 3 V. From Fig. 2(a) and (2) we
obtain Iy = 54.5 pA and I,c = (ap * I9) = 2.2 - apmA.
Examining Fig. 2(b), we obtain /,c = 4.4 - ap mA. In
this case, Iy decreases as the switch oN condition is ap-
proached and is less than 5 pA at the switching threshold.
Equating the total base currents for the constant base-
emitter voltage and base current conditions

(0.0545 + 2.2a5) mA = (0.005 + 4.4ap) mA.  (7)

Solving (7) gives ap = 0.023. From ay + op = 1 we
deduce that ay = 0.977 which corresponds to a common
emitter current gain of Apz = 42.5. That is, at Vg =
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Fig. 4. Current gain versus collector current for a 10 x 40 pm’ emitter
device. Dashed line is the extrapolation of the gain curve from low current
region.

3 V, switching occurs when the current gain of the
N-p-n HBT exceeds 42.5.

This dependence of the switch oN condition on current
gain can be experimentally confirmed by plotting current
gain versus measured collector current (I,s) as the base
current is swept at V¢ = 3 V (Fig. 4). The curve for hpg
— I is similar to the typical HBT characteristics at low
current levels. The slope of log (k) — log (I¢) reflects
a base-emitter ideality factor of 1.5 which is in good
agreement with the measured value of 1.45. At higher
current levels, due to the positive feedback, the current
gain increases more rapidly than in conventional HBT’s
and switching takes place. Just before switching occurs,
the component of the base current supplied by the feed-
back mechanism (I,¢) becomes comparable to the external
base current component (Ig). Therefore, the apparent cur-
rent gain when the feedback becomes substantial is
ay(l + o,y + * - -) which differs from the internal gain
of the HBT. We estimate the actual current gain Ay = ay/
(1 — o) at the switching condition by extrapolating the
gain curve from the low current regime as shown in Fig.
4. The current gain at the onset of switching obtained by
this method is about 40, in very good agreement with the
calculated hpy = 42.5.

As a further verification of our picture of the switching
behavior presented above, we compare the current density
and current gain at the switch oN condition in devices with
various emitter perimeter to area ratios. As can be seen in
Fig. 5, the current density at which switching occurs var-
ies from 200 A /cm’ to nearly 800 A /cm® whereas the
critical current gain is independent of the device geometry
within the accuracy of our measurements.

Fig. 6 shows the Gummel plot of the investigated de-
vice. In this figure, the different switching conditions for
constant base voltage and constant base current I, can eas-
ily be identified. Note that the base and collector currents
are monitored as the Vpg is swept. The sudden increase in
the collector current (arrow 2) corresponds to the switch-
ing condition at a constant base voltage. Where I reaches
its maximum (arrow 1) is the switching threshold at a con-
stant base current. At this point the derivative of the col-
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Fig. 5. Dependence of critical current density and current gain for switch
ON versus perimeter to area ratio.

Exp. |

Ic orIg (A)
=
)
1
T

—

9
-
T

"

0.0 0.4 0.8 1.2 1.6 2.0
Vee (V)

Fig. 6. Gummel plot for the investigated device. At point 1: I = 55 uA
and /c = 2.2 mA and at 2: [y < 5 pA and I = 4.4 mA.

lector current with respect to the base current is infinite.
If the base current can be increased beyond this maximum
value, the collector current will switch to high current oN
state. As expected, these values for the switching condi-
tions for constant current and constant voltage are in good
agreement with the current levels observed in Fig. 2(a)
and (b), respectively. We interpret the downturn in I to
be due to the increasing effect of the parasitic resistances
at high current levels which reduces the fraction of the
externally supplied Vg dropping across the emitter-base
Jjunction. As the switching point denoted by arrow 2, the
base current is an order of magnitude smaller than its
maximum, and after switching it settles to a value deter-
mined by the external circuitry.

In the above section, we have analyzed in detail the
electrical properties of a three terminal N-p-n-p HBT-
LED device including its switching behavior under dif-
ferent applied base bias conditions. It is possible to re-
place the electrical base bias with optical excitation. The
N-p-n device then operates as a heterojunction photo-
transistor (HPT). In the following section, we explore the
additional device functions when the device is operated in
this manner.
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IV. WAVELENGTH SELECTIVE OPTICAL SWITCHING

A. Two Wavelength OoN-OFF Switching

As discussed earlier, photothyristor switching can be
induced by modulating the total base current by means of
optical excitation instead of biasing through an electrical
contact. Examining (6) and Fig. 1, we deduce that /57 can
be increased if the carriers are photogenerated in the col-
lector-base depletion region and a reduction in the total
hole current results when photogeneration occurs in the
emitter-base depletion region. We consider two distinct
optical excitations, namely a He-Ne gas laser operating
at \; = 6328 A and a GaAs diode laser operating at X\,
= 8600 A. Under He-Ne laser (\,) excitation, most of
the incident light is absorbed in the emitter due to the
large absorption coefficient of AlGaAs at this wavelength
Iy, >> L) resulting in a reduction of Ip7 [see (6)]. The
AlGaAs emitter is transparent to the GaAs laser (};), so
in this case photogeneration occurs only in the GaAs base
and collector (I, >> I,,) resulting in increased Iy as
given in (6). Therefore, optical excitations at different
wavelengths (A, \;) can be used to influence Iy, mod-
ulating «y, and causing the photothyristor to switch oN
() and OFF ())), i.e., to function as a wavelength dis-
criminating optical switch (WDQOS).

Fig. 7 shows the /-V characteristics of the WDOS as
V.. is swept while the external base current is kept con-
stant. The switch oN without the external circuit occurs
at the point denoted by /5 and Vs, i.e., switching current
and voltage, respectively. The complete circuit, which
dictates the particular value of the oN state current level
(1), is pictured in the inset. When V. is swept down from
the ON state, switch OFF occurs at [, (the holding current)
regardless of the external circuit configuration. The
amount of hysteresis between the switch oN and switch
OFF current levels is dictated by the external circuit. Lines
1, 2, and 3 highlight values of V. which enable different
device functions of the WDOS. We emphasize that the
position of these lines is determined by the applied V.
while the slope is determined by the external resistor.
Along the load line 1 (V,.), two stable conditions exist
at its intercepts (A and B) with WDOS I-V characteris-
tics. Fig. 8 schematically shows the change in the I-V
characteristics of the WDOS under illumination by either
Ap or \,, while the inset gives the measured critical cur-
rent levels (1, I}) as a function of the base bias. Referring
to Figs. 7 and 8, we see that when A, is incident on the
WDOS, the new I-V characteristics no longer intersect
the load line at point A. The only stable condition is the
intercept at point B, and the WDOS switches oN. Point B
is common to both curves so that when A, is removed, the
WDOS remains in the oN state, illustrating the bistability
of the WDOS at V.. When A, is incident, point B is no
longer an intercept of the new /-V characteristics, and the
device must switch to the OFF state.

Table I summarizes the experimentally observed output
states of the WDOS in the form of a truth table which
illustrates the logic functions. At V.., the WDOS is an
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Fig. 7. Current-voltage characteristics of the WDOS (emitter size 10 X
40 pm’) as the collector voltage is swept for I, = 40 pA. The external
circuit configuration is shown in the inset (R = 1.8 k). Three interesting
load lines obtained for different V., values are shown as 1, 2, and 3. The
switch ON condition is denoted as /5, Vs where derivative of the current is
infinite.
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Fig. 8. Schematic /-V characteristics for the WDMOS showing the influ-
ence of A\, and A\, illumination. Dashed lines (2 and 3) show the load lines.
Inset illustrates the actual measured critical current values as a function of
Ip.

TABLE 1
EXPERIMENTALLY DEMONSTRATED LOGIC FUNCTIONS OF THE WDOS.
INTENSITY OF THE OPTICAL EXCITATIONS ARE DENOTED WITH /(\;) AND
COMPARISON IS QUALITATIVE. DIFFERENT LOADLINES DEPICTED IN FIG. 7
ARE SHOWN AS V., AND V.3

INPUT OUTPUT
I(N) > T(N\y) I(N) < I(N\y)
)\ 1 )‘2 Va'2 Vrr3 V('r2 V( 3
0 0 0 1 0 1
0 1 1 1 1 1
1 0 0 0 0 0
1 1 0 0 1 1
FUNCTION YRS N 2 RS

AND gate for A, and the inverted N, or a noninverter for
M. At V.3, the WDOS is either an inverter for the A,
input or an or gate for the A, and the inverted \; inputs.
In addition to these logic functions, when biased at V4,
the WDOS is bistable and can be used as a completely
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optical read-write memory. Because of the different
wavelengths of the GaAs laser, He-Ne laser and the QW
LED, a single optical window is sufficient.

B. Multiple Wavelength Selective Switching

The two wavelength oN~OFF switching described above
can be extended to multiple closely spaced wavelengths
for switch on by integrating the photothyristor into a res-
onant cavity. We first review the enhanced photosensitiv-
ity and wavelength selective detection properties of res-
onant cavity-enhanced (RCE) photodetectors and compare
with experiments [16]-[18]. The wavelength selectivity
and tunable narrow-band response of the RCE scheme is
then combined with the optical switching characteristics
of the photothyristor and a novel wavelength demultiplex-
ing optical switch is demonstrated.

1) Formulation of Photosensitivity for RCE Detec-
tion: We first derive an expression for the quantum effi-
ciency of RCE photodetectors using the illustration in Fig.
9. Both of the end mirrors of the RCE photodetector may
be made of quarter wavelength stacks of semiconductor
compounds or dielectric materials. For the top mirror, the
native semiconductor to air interface can also be utilized,
providing a reflectivity of approximately 30%, owing to
the large refractive index difference at the boundary. The
active layer, of thickness d and absorption coefficient «,
where the photogeneration of carriers takes place, lies in
the optical cavity between the two mirrors. Distances from
the top and the bottom mirrors to the active layer are de-
noted by L, and L,, respectively. The field reflection coef-
ficients of the top and the bottom mirrors are rje 7' and
re 2, respectively, where ¥, and y, represent phase
shifts caused by the penetration of the light into the mul-
tiple-layer mirror region. The corresponding power re-
flectivity is R, = r? (i = 1, 2).

The electric field component E; of an incident light-
wave is transmitted into the detector as 7, - E;. In the
detector region the forward traveling field E; is composed
of this transmitted field and the field which is reflected
from the bottom mirror. By self-consistently calculating
the electric field and power density within the cavity, the
quantum efficiency 7 can be shown to be [16]:

(1 + Rye %)
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Fig. 9. Analysis model of resonant cavity enhanced (RCE) photodetec-
: tors.
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Fig. 10. Wavelength dependency of the quantum efficiency for RCE de-
tectors for various top mirror reflectivities R, = 0.05, 0.3, and 0.9, re-
spectively, at absorption parameter ad = 0.1, and the bottom mirror re-
flectivity R, = 0.9.

= (1 — R) (1 — ™), The dotted line in Fig. 10 indi-
cates the value given by 1 — ¢®, the maximum 7 value
attainable for a conventional photodetector.

At the off-resonance points, i.e., 28L + ¢, + ¢, =
2m+ D7 (m=1,2,3 -+ ), the field amplitude of the
light between the two end mirrors decreases due to de-

1=
1 — 2VR\Rye ™ cos QBL + ¥, + ¥,) + RRye >

where 8 = 2nw /N (A\: wavelength and n: refractive in-
dex).

The quantum efficiency 7 is a periodic function of the
inverse wavelength as illustrated in Fig. 10. Three curves
are drawn for Ry = 0.9, 0.3, and 0.05 assuming R, =
0.9, ad = 0.1, and L = 2 pm. The quantum efficiency is
enhanced periodically at resonant wavelengths deter-
minedby 28L + ¢, + ¢y =2mr (m =1,2,3 +-+).On
the right-hand side of (8), the term inside the brackets
gives the cavity enhancement effect. This term becomes
unity when R, = 0 giving the quantum efficiency for a
conventional detector without the cavity structure, i.e., 5

I X (1= R)( — e ®)

structive interference of the forward and backward trav-
eling waves and the quantum efficiency is suppressed as
shown in Fig. 10. The wavelength spacing between
neighboring resonant peaks, i.e., the free spectral range
(FSR), is:
)\2
FSR 2n(L + Ley + Legr2) ®

where L. ; are the effective optical length of the multi-
layer mirrors. The ratio of the FSR to the wavelength full
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width at half maximum AN, /, is a measure of the wave-
length selectivity of detection. This ratio is usually re-
fered to as the finesse F, and can be derived from (8) as
follows:

_ FSR _ w(RRy)'/*e /2 an
ANij2 1 = JRRye ™™

Fig. 10 clearly shows the increase of F with increasing
top mirror reflectivity as a result of the narrowing A\, /,.
A large top mirror reflectivity is desirable for highly
wavelength selective detector response.

Generally, L. ; can be given by:

19y,
298
A typical L.g value for a pair of GaAs-AlGaAs stacked
layer mirrors (top : five periods, bottom : eight and one half
periods) is 0.7 pm [19].

For very thin active layers (d << \/2n), the field dis-
tribution inside the cavity becomes important. For in-
stance, if the active layer is situated near a minimum, the
optical response will be poor, whereas if the active layer
is in the vicinity of a standing wave maximum, the optical
response of the device will be enhanced. The influence of
the standing wave effect on the photosensitivity can be
formulated in terms of an effective absorption coefficient
aeq Which replaces « in all of the equations. The depen-

dence of the o, on the cavity parameters (Fig. 9) is given
as [20]:

Legt; = (i=172). (10)

Oleff =

2
« {1 TS
- [sin Bd cos 2BL, + Bd + 1!/2)]}. (12)

Note that, when d = N /2n, the absorbing region overlaps
one period of the standing wave and the standing wave
effect becomes unity. In our experimental devices, the ab-
sorbing layer thickness (d = 0.1 um) was approximately
equal to A/2n (=0.125 pm at A = 0.9 pm). For simplic-
ity, we will not consider the standing wave effect in the
remaining discussion, although it can easily be included
[20].

2) Wavelength Demultiplexing AlGaAs-GaAs Hetero-
Jjunction Phototransistors: RCE detection can be realized
for AlGaAs-GaAs HPT’s through the use of an interme-
diate smaller band-gap (InGaAs) collector layer [17]. Fig.
11 shows the structure of an AlGaAs-GaAs RCE-HPT
where the resonant cavity is formed between the embed-
ded quarter wavelength stack AlAs-GaAs bottom mirror
(R, = 0.9) and the epitaxial layer surface. By introducing
the InGaAs layer, the photosensitivity spectrum extends
to longer wavelengths (>900 nm) where the absorption
in the base and the heavily doped GaAs collector is neg-
ligible. Having a lossless structure, except for the thin
active region, enables the formation of a high quality fac-
tor Q cavity. The estimated Q of the cavity for the lossless
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Fig. 11. Schematic layer structure of the investigated RCE-HPT's.

case is about 75 at A = 900 nm. The measured Q with a
0.1 um InGaAs absorbing layer is 60 which is only a 20%
reduction from the value for the lossless cavity case.

The photosensitivity spectrum of the RCE-HPT is
shown in Fig. 12 (dashed line) along with that of the con-
ventional HPT without a mirror (solid line) for compari-
son. The spectral response of the conventional HPT de-
creases sharply around the band edge wavelength of GaAs
at 860 nm, with a small increase at around 900 nm which
is due solely to absorption in the InGaAs layer. Under
pulsed laser illumination, the optical gain of the HPT is
measured to be above 500 at 850 nm (calculated n = 25%)
and 150 at 900 nm (InGaAs region absorption wave-
length, n = 6.7%) at V,, = 5 V and I, = 30 mA [21].
The photosensitivity of the RCE-HPT is greatly enhanced
at certain wavelengths, as shown in Fig. 12. At the res-
onant peak of 900 nm, where the low loss cavity is at-
tained, the detected current increases to 7 times that of
the HPT without reflectors. This resonant cavity enhance-
ment coincides closely with the calculated enhancement
factor of 6.5 for the same reflectivities and active layer
thickness. Wavelength selectivity is demonstrated through
the low responsivity of the RCE-HPT to off-resonance
wavelengths which are rejected by the optical cavity.

We can construct a wavelength demultiplexer consist-
ing of several RCE-HPT’s which are tuned to different
resonant wavelengths by varying the total optical cavity
length of each device [19]. This can be achieved by re-
cessing the epitaxial layer surface by, for example, con-
ventional wet chemical etching. Such a demultiplexing
detector was realized (Fig. 13) by recessing the surface
of adjacent detectors by 350, 700, and 1050 A to obtain
three equally spaced resonant modes thereby maximizing
the crosstalk attenuation. The four RCE-HPT’s provide
complementary optical responses determined by the total
optical length of the cavity (28L + ¢ + ). Each device
functions as a channel discriminator detecting a narrow
band of light from the incident light beam common to all
of the detectors. Although the detected photocurrent of
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Fig. 12. Spectral response of floating base HPT’s, (i) without reflectors
(solid line) and (ii) with resonant cavity enhancement (dashed line). The
dotted line shows the estimated spectrum for the latter when the cavity
influence is removed. Note that, the band edge of the InGaAs region moves
to longer wavelengths due to inaccuracy in the In mole fraction.

Fig. 13. Conceptual diagram of an application for the demultiplexing de-
tector composed of four RCE-HPT’s with different resonance
wavelengths.

each individual detector is decreased due to the sharing of
the incident power, the larger RCE gain more than com-
pensates. This scheme provides a simple but effective
wavelength demultiplexing detection scheme which is es-
pecially suited for small channel number demultiplexing
or short distance wavelength division multiplexing
(WDM) [22] communication systems.

Fig. 14 shows the spectral responses of devices #1-3
under equal illumination and a collector emitter bias of
3 V. The FSR of the device was around 55 nm at 900 nm
center wavelength and the A\, /, was 15 nm resulting in
a finesse F = 3.6. The maximum crosstalk attenuation for
dual wavelength demultiplexing was demonstrated to be
over 6:1 (15 dB). For three wavelength demultiplexing,
the crosstalk attenuation is around 4:1 (12 dB), slightly
below the theoretical value of 15.6 dB for F = 3.6 and
N = 3[21].

Using the wavelength dependent quantum efficiency
equation (8) for RCE detectors, the interchannel crosstalk
attenuation (C) can be derived approximately as a func-
tion of finesse and number of channels (V) as [16]:

2
C = 20 log l:l + <2WF> } (N > 3) (13)

where the finesse is given by (12). From (13), we note
that low crosstalk can be obtained for a very high finesse
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Fig. 14. Spectral response of the three devices with different surface re-

cessing depicted in Fig. 12. The portion of the wavelength spectrum over
one free spectral range with minimum crosstalk is shown.

cavity formed by increasing the end mirror reflectivities
while maintaining a thin absorption layer. For example,
when ad = 0.01, F = 100 can be expected for end mirror
reflectivities of R, = 0.99 and R, = 0.985. It is possible
to optimize the device structure with the crosstalk and
quantum efficiency in mind. Taking an absorbing layer
thickness of 0.1 um (i.e., ad = 0.1), the dependencies
of both C and 5 on the mirror reflectivities are plotted in
Fig. 15.

In the above prototype device, the buried mirror is only
ten periods with a corresponding peak reflectivity of
R, = 90% and the top mirror is the epilayer surface with
R, = 30%. Increasing the number of periods for the bot-
tom mirror to 15 will result in 99% peak reflectivity and
enhance the wavelength selectivity leading to a drastic
improvement of the demultiplexing performance. For ex-
ample, when R, = 0.90, R, = 0.99, and ad = 0.1, F'is
20, resulting in crosstalk attenuation values of 24 and 40
dB for 10 and 4 channel demultiplexing, respectively,
while 9 is 85%.

3) Wavelength Demultiplexing Optical Switch: When
the concepts of the WDOS and resonant cavity enhance-
ment are combined, the result is a wavelength demulti-
plexing optical switch (WDM-OS) which is most easily
understood as an RCE-HPT which drives a QW-LED. The
layer structure of the WDM-OS device is very similar to
the photothyristor shown in Fig. 1. The photothyristor
structure for the WDM-OS is grown on an AlAs-GaAs
mirror forming a resonant cavity with the native GaAs
surface as depicted in Fig. 11. The HPT has a composite
collector consisting of Ingo3Gag gpAs and GaAs regions.
The wavelength spectrum of the HPT photosensitivity at
low excitation power is shown in Fig. 16 for an as-grown
device (solid line). The dashed line illustrates the shift in
the resonant wavelengths of the cavity which is obtained
when the top surface is recessed by wet chemical etching.
For a given cavity length, the sensitivity is enhanced by
resonance while the incident light is rejected at off-reso-
nance wavelengths [16], {21] providing wavelength selec-
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Fig. 15. Crosstalk attenuation and quantum efficiency of the investigated
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Fig. 16. Spectral response of the WDM-OS under monochromatic light for
the asgrown structure (solid line) and after surface is recessed (dashed
line).

tivity. By changing the cavity length, the resonant wave-
lengths can be tuned within the range provided by the
InGaAs absorption region and the AlAs-GaAs mirror.
This scheme allows devices with complementary photo-
sensitivities to be easily fabricated on the same wafer in
any arbitrary pattern.

In the structure described above, the vertical integra-
tion of the RCE-HPT with the InGaAs-GaAs LED allows
the HPT to drive the LED in an N-p-n-p configuration.
The resulting device is a switch having a wavelength se-
lective response to optical stimuli. The common-emitter
current-voltage (/-V) characteristics of the WDM-OS are
given in Fig. 17 for constant base current (/) steps. The
inset shows the dependence of the collector current on the
base current at constant collector-emitter voltage (V¢g).
Note that in the absence of base current, the breakdown
occurs for Vog > 16 V. A dark current of 6 x 1076
A/cm® and <107 A/cm® at Vg = 5V and Vg = 15
V, respectively, was measured in devices fabricated with-
out a base contact.
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Fig. 17. Current-voltage characteristics of the WDOS (emitter size 50 X
50 wm?) as base current is stepped. The inset shows the measured de-
pendence of the collector current on the base current at constant collector
emitter bias (Vg = 5 V).

As can be seen from the inset in Fig. 17, the collector
current (/) increases almost linearly with the base current
until a threshold is reached. The base current can be ap-
plied either electrically through the base contact or opti-
cally from carrier generation in the InGaAs collector re-
gion. At the threshold, the collector current switches to a
value limited only by the external circuit. The intensity
of the optical excitation can be adjusted with regards to
the switching threshold so that switching is only induced
by excitation at the resonant wavelength. A large en-
hancement of the WDM-OS collector current at the res-
onant wavelength is then obtained as the device switches
to the high current on state.

Fig. 18 shows the evolution of the wavelength depen-
dence of the collector current as the input excitation in-
tensity is increased. The response is computed using the
measured photosensitivity (Fig. 16) and I — Iz depen-
dence (Fig. 17 inset) of the WDM-OS for a 50 x 50 pm?
emitter size device. The excitation was assumed to have
a constant photon flux across the spectral range corre-
sponding to approximately 90 puW [Fig. 18(a)] and
170 uW [Fig. 18(b)] at the | um wavelength. The reso-
nant peaks of Fig. 18(a) have larger peak to valley ratios
compared with Fig. 16 as a result of the non-linear depen-
dence of the collector current on the base current (Fig. 17
inset). If the resonant optical input intensity creates a base
current sufficient to surpass the WDM-OS switching
threshold, a drastic increase in the amount of collector
current at the resonant wavelengths is achieved [Fig.
18(b)]. The increase in the collector current due to the
RCE effect leads directly to higher peak to valley ratios
and lower crosstalk of the electrical-optical response of
the neighboring devices.

In the investigated structure, the number of available
channels is limited by the finesse of the resonant cavity.
The cavity formed by using the GaAs surface as the top
mirror offers a FWHM of 15 nm and the finesse is limited
to less than 4 for practical cavity lengths [21]. A signifi-
cant improvement in the wavelength selectivity can be ob-
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Fig. 18. Calculated spectral response of the WDM-OS for constant input
photon fluxes corresponding to (a) 90 xW /cm? and (b) 170 uW /cm? at 1
pm wavelength. The experimental electrical characteristics and the optical
response of the device have been taken as the bases of this calculated out-
put. Note that, the current level after switching is set by the external cir-
cuit.

tained by increasing the top mirror reflectivity [16]. A
FWHM of 3 nm was demonstrated for an HPT integrated
in a resonant cavity formed with two periodic reflectors
[23]. For such a high finesse structure it should be pos-
sible to obtain at least 10 channels within the accessible
spectrum of the strained InGaAs-GaAs system. Realiza-
tion of high finesse cavities tuned at multiple resonant
wavelengths require a top mirror regrowth following the
episurface recess. A dielectric stack can be used as the
top mirror instead of a semiconductor stack to eliminate
a second MBE growth. Recently, we have demonstrated
a high finesse RCE structure utilizing a semitransparent
metal film as the top reflector [24]. A finesse of 13.6,
representing a 3.5 fold improvement, was realized.

We propose this novel wavelength selective optical
switching device as input elements of the wavelength se-
lective optical logic circuits. In the demonstrated device
configuration of the WDM-OS, the QW-LED is employed

to generate a wideband optical output resulting in all op-
tical switching. For cascadable wavelength selective op-
eration, a narrow-band output source is essential. In the
following section we discuss a fabrication technique to-
wards the realization of multiple wavelength surface emit-
ting laser arrays as alternative output devices. Using a
separate device for the light output removes the need for
the QW-LED within the WDM-0S. Elimination of QW’s
should increase the electrical feedback in the n-p-n-p
structure resulting in a higher overall gain and sensitivity.

V. MULTIPLE WAVELENGTH SURFACE-EMITTING LASER
ARRAYS

Due to their high packing density and ease of fabrica-
tion, vertical cavity surface emitting lasers (VCSEL) are
very attractive sources for two dimensional (2-D) laser
arrays [25], [26]. Such 2-D arrays emitting across a vari-
able wavelength range are highly desirable for WDM ap-
plications, a key technology for increasing the transmis-
sion capacity of communication systems [22]. The key to
developing multiple wavelength VCSEL arrays is to con-
trol the resonant modes of the optical cavity. Chang-Has-
nain et al. [25] demonstrated a muitiple wavelength 2-D
VCSEL array which was obtained by varying the epitaxial
thicknesses across the wafer during MBE growth. A
wavelength span of 430 A with a small wavelength sep-
aration of 3 A was achieved from one end of the wafer
to the other. However, any growth oriented technique for
multiple wavelength VCSEL arrays will be limited by the
strict dependence of the laser emission wavelengths on
the relative position of the laser on the wafer.

We expect the surface recessing fabrication technique
which we have demonstrated for RCE-HPT’s and
WDM-0S’s to provide a significant improvement in the
performance and flexibility of multiple wavelength
VCSEL arrays over the scheme used in [25]. In this sec-
tion, we describe how arbitrary arrangement of VCSEL’s
spanning a broad range of lasing wavelengths can be re-
alized. The fundamental limitations of this scheme are
theoretically investigated for AlAs-GaAs VCSEL’s with
strained InGaAs active regions operating at wavelengths
near A = 1 ym.

The schematic layer structure of the proposed VCSEL
is shown in Fig. 19. The bottom mirror, with a reflection
coefficient of r,e 2, is an M, period AlAs-GaAs quarter
wavelength stack grown on a doped GaAs substrate. The
top mirror is a hybridized design composed of a quarter
wavelength stack (M;) and a high reflectivity metal sep-
arated by a phase matching layer which has a reflection
coefficient (r,e™"). The initial thickness of the GaAs
spacer between the quarter wavelength stack and the metal
is chosen as 3\/4 (=2200 A) to allow the maximum
tuning range to be realized. The active region is placed in
the middle of a GaAs layer of thickness L = X\ between
the mirrors. In our calculations, we assume a 100 ym thick
polished substrate with a quarter wavelength SiO, anti-
reflection coating at the output window of the laser.

Fig. 20 shows the magnitude (R, = | r,|?) and the phase
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Fig. 20. The magnitude and phase of the reflectivity of the top mirror (R,)
as a function of the spacer thickness d for Ag metallization with various
number of mirror periods (M,).

(¥) of the reflectivity for hybrid mirrors composed of a
Ag metal reflector and various periods of the AlAs-GaAs
mirror as a function of the spacer thickness d. Note that,
the magnitude of the reflection coefficient remains nearly
constant whereas the phase varies almost linearly within
a considerable range of the spacer thicknesses. Although
the metal-semiconductor interface alone forms a mirror
with reasonable reflectivity, the additional quarter wave-
length stack provides a significant improvement. For ex-
ample, a Au-GaAs interface is =95% reflective while Ag
provides a reflectivity of =99% in the 0.9 to 1.0 um
wavelength range [27]. Using the hybrid mirror structure
with a 5 period AlAs-GaAs quarter wavelength stack, the
total reflectivities will improve to 99.1 and 99.9%, re-
spectively. Also, a larger phase variation is possible using
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Fig. 21. The resonant wavelength dependence on the spacer thickness d
for a cavity formed by a top hybrid mirror composed of M, (3, 4, or 5)
periods of GaAs-AlAs quarter wavelength stack with Ag reflector and a
M, = 16 periods of bottom quarter wavelength stack. The curves are plot-
ted for a range of d where (1 — R;) > 2 X (1 — R,), and cavity finesse is
larger than 400.

Ag instead of Au, as a result of Ag having a smaller real
permittivity component.
The resonant condition of the VCSEL (Fig. 19) cavity
is:
2BL + ¥o(N) + (N, d)
= 2B(L + Lyt + L) = 2mm

m=1,2,3,---. (14)

By means of recessing the episurface prior to the metal
deposition, i.e., changing d, the phase of the top hybrid
mirror, ¥, can be altered enabling a controlled variation
of lasing wavelengths. One important limitation of the
tuning range is the decreasing reflectivity (R;) of the top
mirror. For a structure with light output from the substrate
side, the top mirror must remain more reflective than the
bottom one. Throughout the entire available tuning range
of the VCSEL considered here, we estimated that at least
2/3 of the light will be emitted through the bottom win-
dow, i.e., (1 — Ry) > 2 X (1 — R,). Laser operation also
depends critically on attainment of a high finesse cavity.
Fig. 21 shows the dependence of the operating wave-
length on the spacer thickness d for a VCSEL with a 16
period bottom mirror and a composite top mirror with Ag
metallization and several different numbers of mirror pe-
riods. A continuous wavelength variation in excess of 400
A@%ax=1 um which is well within the maximum
demonstrated gain bandwidth of 10% for QW lasers [28])
is possible while the overall finesse of the optical cavity
is maintained within 400 to 600. If Ag is replaced with
Au, then a finesse in excess of 200 can s;till be maintained
with a wavelength tunability of =120 A for M, = 6 and
M2 = 14

The above method for fabricating multiple wavelength
VCSEL arrays allows individual devices at arbitrary po-
sitions across the wafer to lase at a wavelength which is
fixed during the fabrication process. Since the layer struc-
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ture is identical throughout the wafer, any desired spatial
distribution of emission wavelengths are possible which
is a significant improvement over the alternative methods
for multiple wavelength VCSEL’s. This structure is su-
perior to the LED outputs which were used for the WDOS
and WDM-OS devices described above because the
monochromatic VCSEL output is available as an input
signal for a next level of optical logic. The output wave-
length can be set during the fabrication process indepen-
dent from the input wavelengths. Therefore, if the WDM-
OS structure can be integrated with multiple wavelength
VCSEL arrays, a cascadable completely optical logic unit
can be realized. In the next section we propose the layer
structure and fabrication layout of this combination and
envision some of the optical logic functions which can be
realized.

VI. MuLTIPLE WAVELENGTH OPTICAL LoGic GATES

In the previous sections we discussed the concepts for
optoelectronic switches that can be turned on by multiple
wavelength narrow band optical stimuli. We have also
proposed a method, based on similar concepts, which en-
ables the fabrication of 2-D VCSEL arrays capable of
multiple wavelength lasing across a large wavelength
range. Fig. 22 shows a design which monolithically in-
tegrates a WDM-OS and a VCSEL in a vertical fashion.
The VCSEL is fabricated as described before by com-
pletely removing the layers constituting the WDM-OS.
The optical cavity of the WDM-OS is complicated by the
addition of the second quarter wave stack forming part of
the VCSEL top mirror, but the new layers can easily be
incorporated into the equations for the mirror reflectivity
in the design of the WDM-0S. A similar structure con-
sisting of a monolithically integrated photothyristor de-
tecting a broadband optical input and driving a VCSEL
has been demonstrated experimentally [11]. When the de-
vice pictured in Fig. 22 is fabricated, it will be capable
of detecting a specific wavelength of light within any band
accessible to the WDM-OS and emitting light within the
tunability range of the VCSEL design. The result will be
a wavelength selective optical logic (WSOL) circuit ele-
ment capable of operation within any of a number of nar-
row bands which are chosen during the fabrication.

The WSOL device is very well suited for optical inter-
connect applications. By providing multiple channels, the
number of optical fibers necessary to couple information
in and out of an interconnect chip will be reduced by a
factor equal to the number of wavelength channels acces-
sible to the WSOL. The low crosstalk of the WSOL de-
vices enables a closely packed multiple wavelength array
to be fabricated whose light is coupled in and out of a
single optical fiber. Such a configuration reduces the total
number of optical fibers which must be coupled in and out
of the interconnect chip, thereby greatly reducing the
complexity and increasing the reliability of optoelectronic
signal conversion.

Various logic operations can easily be performed with
the WSOL circuit element by selecting appropriate input
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Fig. 22. Schematic representation of a wavelength selective optical or

gate. The input and output wavelengths are determined by setting L,, L,,
and d during the fabrication.

and output wavelengths and forming the suitable electri-
cal connections during the fabrication process. For ex-
ample, Fig. 22 shows how the WSOL can be fabricated
as an optical OR gate designed to responsd to two different
wavelengths and generate a third one. The input and out-
put wavelengths are determined by setting the adjustable
parameters L, L,, and d. A top mirror for the detectors
can be deposited after the completion of the fabrication to
increase the input wavelength selectivity if more than three
wavelengths is desired. Similarly, an AND gate can be re-
alized in the manner depicted in Fig. 23. More compli-
cated gate structures having several inputs and outputs at
different wavelengths capable of performing higher level
logic operations can be obtained by following the basic
concepts depicted in Figs. 22 and 23. For instance, an
XOR gate can be implemented in a six mesa structure il-
lustrated schematically in Fig. 24. The xoR gate requires
only a single optical fiber to couple light to the entire
structure since the different inputs are discriminated
through the wavelength selectivity of each WSOL device.
The xor output wavelength is also completely flexible
within the tunability range of the VCSEL. This structure
brings about a considerable simplification to a previously
described two level single wavelength optical input-out-
put XOR gate requiring nine mesas at each level [1].

Attributes of the WSOL device may be best exploited
when circuits are designed to perform changing logic op-
erations dependent on the set of incident wavelengths. If
the XOR gtae (A @ \,) described in the previous para-
graph(Fig. 24) were modified so that WDM-OS #2 re-
sponds to two wavelengths A, and A; (as illustrated in Fig.
22), the xor function remains unchanged if A; is not in-
cident. However, if only A; and A; are used, then the re-
sulting logic function is that of an or gate (A; + N3). If
all three wavelengths are used, then the overall function
isA; N+ X; - Ay + N, -+ As. As the previous example,
shows, the WSOL device can be used to construct recon-
figurable circuits whose logical function can be changed
by altering the set of input parameters

Another important aspect of the WSOL device is its
cascadability which allows performing sequential logic
operations by placing a number of wafers in series. With
present fabrication techniques a number of different wa-
fers can be aligned so that the output signals from one
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Fig. 24. Circuit representation of an XoR gate composed of WSOL devices
sensitive to the indicated wavelengths. The XoR gate can be realized with
six mesas.

wafer are used as the inputs of the next wafer. The low
crosstalk resulting from the wavelength selective opera-
tion of WSOL relaxes the requirements for accurate align-
ment between the wafers forming the different levels.
Rather, the problem now becomes ensuring that the out-
put of a single VCSEL illuminates the entire array of
WSOL elements constituting the next logic stage. A sim-
ple calculation [29] of the divergence of Gaussian VCSEL
beams having initial radii of 10 um and 6 um yields re-
spective spot sizes of =130 um and 210 um at a distance
of 1000 um. The inherent divergence of the VCSEL out-
put beam is detrimental for single wavelength systems
where crosstalk is critical. Either devices must be widely
spaced or routing from the specific outputs to the desired
input coordinates is required. On the other hand, for
wavelength selective logic gate arrays, the divergence
eliminates the need for any physical interconnections since
each optical outputs can be made to illuminate all the in-
puts at the next level [as illustrated in Fig. 25(a)].

As an example of the benefits of cascadable operation,
we have designed a FULL ADDER composed of two wafers
containing 11 mesas each as shown in Fig. 25(a) and (b).
The two levels are made identical except for a single
change in the internal electrical connections so that the
processing of each level can occur simultaneously. Al-
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Fig. 25. The conceptual diagram showing the FULL ADDER which can be
implemented using the WSOL devices. The two levels of wafers (a) form-
ing the FULL ADDER and the gate representation with the corresponding in-
put/output wavelengths (b) are illustrated.

though the same set of wavelengths are used as inputs and
outputs, we do not expect any interference between levels
since the high reflectivity bottom mirror in each wafer will
prevent stray input light from leaking through. The FuLL
ADDER is implemented using only three wavelengths
which shows that the advantages of wavelength selective
logic can be realized with a minimum number of chan-
nels. Although in Section IV, we predict that up to ten
channels are possible within the tuning range of the
WSOL, such a large number of channels requires high
finesse optical cavities formed by regrowth of high reflec-
tivity top mirrors and extreme accuracy in the overall
growth and fabrication. Wavelength demultiplexing with
three channels [21] has already been demonstrated within
the RCE scheme, and should not pose any serious pro-
cessing obstacles.

We can also imagine an optical storage element, which
is the analog of an electrical FLIP FLOP, being fabricated
from the WSOL device. Fig. 26 shows the proposed
structure and internal feedback mechanism. Anisotropic
etching can be used to create 45° surfaces which reflect
part of the output signal back into the device which func-
tions as a SET/RESET FLIP FLOP. This configuration exploits
the capability of WSOL to represent each logic variable
by a different wavelength by having each input element
sensitive to the ouput wavelength of the other device. The
WSOL scheme is flexible in that both local and global
variables can be used. For instance, in synchronous sys- -
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Fig. 26. Schematic representation of a wavelength selective optical stor-
age element. Two distinct wavelengths are used for set and reset.

tems, a global clock wavelength can be broadcast over the
entire system eliminating deleterious clock skew effects.

VII. CoNcLUSION

We have proposed a novel wavelength selective optical
logic (WSOL) circuit element, composed of monolithi-
cally integrated wavelength selective optical input and
output elements, which is highly suitable for optical in-
terconnect and logic applications. Input optical signals are
detected by photothryistors situated in an optical cavity
which provides a highly selective response at a wave-
length determined by the fabrication process. Vertical
cavity surface emitting lasers, whose lasing wavelengths
can be tuned over a fairly broad range also determined by
the fabrication process, provide a monochromatic output
signal. The proposed vertical integration of these input
and output elements will result in WSOL devices capable
of detecting and emitting within a narrow designer se-
lected wavelength range (not necessarily the same) at ar-
bitrarily chosen positions across the wafer. The wave-
length selectivity allows a large number of wavelengths
to be used simultaneously while small crosstalk is main-
tained between the nearby devices. The WSOL device is
highly suitable to optical interconnect applications. Since
a single optical fiber can transmit all of the WSOL chan-
nels, the number of fibers required is reduced by a factor
equal to the number of wavelength channels. This prop-
erty significantly reduces the complexity and increases the
reliability of optoelectronic signal conversion. WSOL
elements can be configured to function as multiple vari-
able logic gates. Examples of AND, OR, XOR, and HALF
ADDER were presented. More complex arrangements such

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 29, NO. 2, FEBRUARY 1993

as FULL ADDER and FLIP-FLOP for which the SET and RESET
inputs can be specified at different wavelengths are also
realizable. The WSOL device is suitable for integrated
circuit applications so that arbitrarily complex logic op-
erations will be possible.
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