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Abstract—We have proposed and fabricated a photonic parallel
memory (PPM) which is an array of 32 x 32 optoelectronic bistable
switches. The switch consists of a heterojunction phototransistor (HPT)
and a light-emitting diode (LED), and optical positive feedback from
LED to HPT is the cause of bistability. PPM can be written in and read
out with 1-kb parallel optical signals. PPM has been fabricated suc-
cessfully and memory operation has been demonstrated as expected.
Dissipation current for a single switch and the input optical power nec-
essary to turn on the switch were 600 pA and 20 pW, respectively.
Light pulse with a width of 5 ns was able to turn on the switch and
product of turn-on power and pulsewidth for short pulse region was
1.5 pJ.

I. INTRODUCTION

HERE has been much interest in parallel processing

architecture, especially in optical parallel processing
since light has the inherent advantage of parallelism and
interconnectivity [1]. A large optical array processor with
modest switching speeds per device may be able to handle
a much larger number of bits per second than the fastest
serial processor available today. One way to realize the
optical array processor is integration of ‘‘pure’’ optical
switches which do not need carrier injection. The pure
optical switches have a capability of high-speed switching
[2], and an array consisting of over 100 X 100 devices
has been demonstrated [3]. They need, however, high in-
put optical power and have no gain for optical signals.
Another way is integration of optoelectronic bistable
switches which can operate with lower optical power and
amplify optical signals, though the speed is limited by the
lifetime of injected carrier.

In regard to a single switch, several kinds of optoelec-
tronic bistable switches have already been proposed and
demonstrated, such as a light-emitting device with p-n-p-
n or p-n-n structure [4], [5], an integrated device of het-
erojunction phototransistor (HPT) and a light-emitting
diode (LED) [6], [7], and a self-electrooptic effect device
(SEED) [8]. In this paper we demonstrate an array of 32
X 32 optoelectronic bistable switches consisting of HPT
and LED. In the switch, HPT and LED are connected
electrically in series and light emitted from LED is fed
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back to HPT. This optical positive feedback is the cause
of bistability [9]. The switch has advantages of inherent
gain and unidirectionality for optical signals [7] as well
as simple structure suitable for large-scale integration. The
array can operate as a 1-kb memory with a function of
optical parallel processing. This photonic parallel mem-
ory (PPM) can be written in and read out with 1-kb par-
allel optical signals. It can operate also as a 1-kb parallel
or gate when different signals are written in either se-
quentially or simultaneously.

II. STRUCTURE AND FABRICATION

The structure of PPM is shown in Fig. 1. It contains 32
X 32 mesas isolated by etched grooves. The groove has
a width of 4 um and a depth of 5 um, and the remaining
mesa has an area of 16 X 16 um?. Each mesa is a bistable
switch consisting of seven layers which are an n-InP
emitter ( ~4 um, 5 X 10" cm_3), a p-InGaAsP base
(0.25 um, 1 x 10" cm ™3, bandgap wavelength A, =13
wm), an n-InP collector (0.9 um, 1 X 10" ¢cm™3), an n-
InP clad (0.9 gm, 1 X 10'8 cm_3), an InGaAsP active
layer (0.3 um, undoped, N\, = 1.3 um), a p-InP clad (1.0
pum, 5 X 10" em™?), and a p-InGaAsP cap (0.1 pm, 2
x 10" cm ™3, A, = 1.1 pm). The first three and the re-
maining four layers constitute HPT and LED, respec-
tively. All the switches are wired in parallel with a Ti/Au
interconnection metal. The Ti/Au plays also a role of op-
tical isolation for the switches since it surrounds all the
sidewalls of the mesas. As shown in Fig. 1, input light is
incident upon HPT through the substrate and output light
is emitted upward from the LED. This ‘‘passing-through’’
configuration can be attained by the fact that the substrate
and the epitaxial layers other than the base of HPT and
the active layer of LED are transparent to light with a
wavelength of 1.3 um which is used as input and output
signals.

To fabricate PPM, the seven layers mentioned above
were first grown on an n”-InP substrate by liquid phase
epitaxy (LPE). Then SiN (2000 A ) and Ti (4000 A )
were deposited and patterned with reactive ion etching
(RIE) using CF, and CCly, respectively. They were etched
using photoresist as a mask and used as a mask for etching
epitaxial layers to form the grooves. The epitaxial layers
were etched with RIE using a mixture of Br, and Ar gases
[10]. After mesa formation, Au-Zn ring anodes were
evaporated on the tops of the mesas and Au-Sn cathodes
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Fig. 1. Schematic cross section of a photonic parallel memory. Each mesa
consisting of a heterojunction phototransistor (HPT) and a light-emitting
diode (LED) is an optoelectronic bistable switch.

were outside the mesas where the emitter was exposed. A
scanning electron microscope (SEM) photograph of
cleaved mesas with ring anodes is shown in Fig. 2. After
contact evaporation, a Ti/Au interconnection metal was
evaporated on a SiN passivation film to connect all of the
anodes. Finally, the back surface of the wafer was pol-
ished so that input light could be incident upon the bottom
of the switch. The photomicrograph of a fabricated chip
is shown in Fig. 3. The chip has an area of 1.0 X 1.0
mm? including bonding pads and single switches for test-
ingi while the active area for integration is 640 X 640
pm-.

III. CHARACTERISTICS OF A SINGLE SWITCH

Characteristics of a single switch have first been mea-
sured. As shown in Fig. 4(a), a thyristor-like voltage-
current curve was observed unless input light was inci-
dent. In this curve, ‘‘on-state’’ and ‘‘off-state’’ are clearly
distinguished. Output light was emitted from the top of
the switch in the on-state which could be observed through
an infrared video camera. Then the light emitted from a
1.3-um laser diode was incident upon the bottom of the
switch through a single-mode fiber with a focusing lens.
As input optical power was increased, the breakdown
voltage was decreased and a diode-like curve shown in
Fig. 4(b) was observed when the input power measured
at the fiber end was 175 pW. In case of operating it with
a constant bias voltage, the switch is turned on before this
condition. In other words, the input optical power nec-
essary to turn on the switch (turn-on power) depends on
the bias voltage and the maximum value is equal to the
input optical power necessary to obtain a diode-like curve.

Considering operation of PPM, it is desirable to de-
crease both turn-on power and dissipation current in the
on-state. The minimum current to maintain the on-state
(holding current) can be found from voltage-current char-
acteristics and is 1.6 mA for the switch shown in Fig. 4.
The characteristics for another switch with a holding cur-
rent of 600 pA are shown in Fig. 5. The input optical
power necessary to obtain a diode-like curve has also been
reduced to 20 uW. For this switch, the collector of HPT
was changed to be InGaAsP and the base was made to be
thinner ( ~0.15 um). As can be seen in Fig. 5(a), the
breakdown voltage without input light is also reduced
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Fig. 2. SEM photograph of cleaved mesas with ring anodes on a PPM
chip. The grooves are etched with RIE using a mixture of Br, and Ar
gases.

Fig. 3. Photomicrograph of a fabricated PPM chip. The chip has an area
of 1.0 X 1.0 mm’ including bonding pads and single switches for test-
ing. The active area for integration is 640 X 640 um’.
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Fig. 4. Voltage-current characteristics of a single switch with an InP col-

lector and a thick ( ~0.25 um) base: (a) without input light and (b) with
an input light of 175 pW.
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Fig. 5. Voltage-current characteristics of a single switch with a quarter-
nary collector and a thin ( ~0.15 um) base: (a) without input light and
(b) with input light of 20 uW.

Authorized licensed use limited to: Kenichi Matsuda. Downloaded on January 14, 2010 at 20:32 from |IEEE Xplore. Restrictions apply.



1632

since breakdown caused by punchthrough occurs at lower
bias voltage for HPT with a thinner base.

To separate the cause for reduction of holding current,
the relations between the breakdown voltage without in-
put light and the holding current have been measured for
three types of switches which were selected from three
different wafers. They were the wafer with an InP collec-
tor and a thick ( ~0.25 um) base (#31), with a quarter-
nary collector and a thick base (#33), and with a quarter-
nary collector and a thin (~0.15 pm) base (#35). The
results are shown in Fig. 6. The breakdown voltage de-
pends on the thickness of the base layer and the various
values of breakdown voltage observed in switches on the
same wafer are attributed to nonuniformity of layer thick-
ness. The switches with a quarternary collector have
smaller holding current than those with an InP collector,
and the switches with lower breakdown voltage, which
corresponds to thinner base, have smaller holding current.
The mechanism which determines holding current will be
discussed later.

IV. CircuiT OPERATION

The experimental setup for operating PPM is shown in
Fig. 7 together with a schematic diagram of memory op-
eration. The power supply voltage ranging from 1.6 to
2.2 V is first applied to all the switches without input light.
They are in the off-state and no light emission is observed.
Then the light is incident to selected switches, which are
turned on and emit output light. Selection of the switch is
done by setting a photomask between the light source and
the chip. The on-state is maintained after removing the
input light and the selected switches keep emitting light.
All the switches are turned off by making the supply volt-
age zero. An example of a memorized pattern on a PPM
chip observed with an infrared video camera is shown in
Fig. 8. A Chinese character is displayed with 56 selected
switches which are turned on and emit light.

To evaluate the processing rate of PPM, turn-on and
turn-off speeds were measured as follows. For the turn-
on speed, a light pulse with varying pulsewidth was in-
cident upon one of the integrated switches and turn-on
power was measured. The results are shown in Fig. 9.
The measurement was done for three types of PPM chips
on wafers #31, #33, and #35 mentioned in the previous
section. The light pulse with a width of 5 ns can turn on
the switches on wafers #33 and #35 though the turn-on
power is increased as the pulsewidth is decreased. The
product of the turn-on power and pulsewidth for the short-
pulse region is calculated to be 1.5 pJ for switch on water
#35. The results shown in Fig. 9 were obtained using a
supply voltage of 1.9 V which is sufficiently larger than
the minimum voltage to maintain the on-state (holding
voltage). The turn-on power depends slightly on the sup-
ply voltage when the difference between the supply volt-
age and the holding voltage is larger than 0.2 V. When
the difference is less than 0.2 V, the turn-on power rapidly
increases as the supply voltage approaches the holding
voltage.
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Fig. 6. Relations between breakdown voltage without input light and hold-
ing current. The switches are selected from three different wafers: with
an InP collector and a thick base (#31), with a quarternary collector and
a thick base (#33), and with a quarternary collector and a thin base (#35).
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Fig. 7. Experimental setup for operating a PPM chip together with the
schematic diagram of memory operation: (a) initial state, (b) write-in
operation, (c) memory operation, and (d) reset.

Fig. 8. Infrared image of a PPM chip in memory operation. A Chinese
character meaning ‘‘a pine tree”’ is memorized and read out.
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Fig. 9. Relations between pulsewidth of input light and turn-on power for
single switches integrated in PPM chips on wafers #31, #33, and #35.
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To measure the turn-off speed, the switches were first
turned on and then the supply voltage was reduced to zero
during a short period. The length of the period necessary
to turn off the switches (turn-off time) was 26, 44, and
285 ns for wafers #31, #33, and #35, respectively, when
the supply voltage for the on-state was 1.9 V. The turn-
off time strongly depends on the supply voltage for the
on-state and a value lower than 5 ns can be obtained for
all the wafers in case of setting the supply voltage to the

holding voltage. When the supply voltage is 0.2 V larger

than the holding voltage, the turn-off time is about 30 ns.
Therefore, the expected cycle time for turn-on and turn-
off is 30-40 ns although the speed for cycle operation has
not been measured.

V. DISCUSSION

The dissipation current (/;), the output optical power
(P,,.), and the input optical power ( P;,) of the switch are
related by following equations:

Pnul = 77(,1(/ (1)
G(kPout + Pin) (2)

where 7, is the efficiency of LED in watts per ampere, G
is the optical gain of HPT in amperes per watt, and k is
the ratio of the feedback optical power to the output op-
tical power. In general, G is increased as I, increases [11],
while 7, and k are considered to be approximately con-
stant. The measured value of 7, is about 1 X 107 W /A,
and k is ideally equal to 1, since downward light emitted
from the LED has the same power as upward light. In case
of P,, = 0, the trivial solution of (1) and (2) is [; = 0,
which denotes the off-state. The other solution corre-
sponding to the on-state is G(1,) = (k,)”'. Therefore,
it is important to fabricate HPT with high optical gain in
low current region in order to obtain the switch with low
dissipation current. As can be seen from (2), such HPT
can also reduce the turn-on power.

The above discussion can qualitatively explain the ex-
perimental results shown in Fig. 6. The optical gain of
HPT is the product of optical absorption efficiency (7,)
and current gain ( 8). The switches with a quarternary
collector have smaller holding current than those with an
InP collector because the quarternary collector increases
n.. The switches with a thinner base have smaller holding
current since it increases 3. The turn-on power is also
reduced by using a quarternary collector or a thin base,
which is demonstrated in Fig. 9. In this figure, the turn-
on power for the long-pulse region coincides with that in
dc mode operation. The turn-on power for the switch with
a thin base (#35) approaches that for the switch with a
thick base (#33) in the short-pulse region because the cur-
rent gain of HPT in the high-frequency region is limited
by the gain-bandwidth product. The gain-bandwidth
product has little relation to base thickness since it is not
limited by base transit time but by the CR time constant.

Another important result obtained from (2) is that the
turn-on power is less than kP, in the on-state. This is
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because P;, equal to /,/G in the on-state is enough for
turning on the switch and I, is equal to GkP,,, in case of
P,, = 0. Therefore, the switch has optical gain larger than
unity whenever it can be turned on if & is equal to 1. In
fact, however, considering the case of the switch shown
in Fig. 4, the output power is approximately 20 uW when
it is operated with a current of 2 mA, while the turn-on
power is 175 uW. This discrepancy may be attributed to
the fact that & is much larger than unity because the output
light is shaded by contact and interconnection metals al-
though the feedback light is detected by the base of the
HPT without optical loss. The output power increases as
the dissipation current is increased and the switch shown
in Fig. 5 has an optical gain of about 4.6 when it is op-
erated with a current of 10 mA.

VI. CoNCLUSIONS

1-kb PPM which is an array of 32 X 32 optoelectronic
bistable switches has been fabricated successfully. The
memory operation of PPM with functions of optical write-
in and readout has been demonstrated as expected. The
minimum current to maintain the on-state and the input
optical power necessary to turn on the switch were 1.6
mA and 175 uW, respectively, for the switch with an InP
collector and a thick ( ~0.25 um) base. They were im-
proved to 600 uA and 20 uW by using a quarternary col-
lector and a thin ( ~0.15 um) base. The light pulse with
a width of 5 ns was able to turn on the switch and the
product of turn-on power and pulsewidth for a short-pulse
region was 1.5 pJ.
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