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Abstract—We report extended experimental and theoretical results
for the quantum well self-electrooptic effect devices. Four modes of op-
eration are demonstrated: 1) optical bistability, 2) electrical bistability,
3) simultaneous optical and electronic self-oscillation, and 4) self-lin-
earized modulation and optical level shifting. All of these can be ob-
served at room-temperature with a CW laser diode as the light source.
Bistability can be observed with 18 nW of incident power, or with 30
ns switching time at 1.6 mW with a reciprocal relation between switch-
ing power and speed. We also now report bistability with low electrical
bias voltages (e.g., 2 V) using a constant current load. Negative resis-
tance self-oscillation is observed with an inductive i0ad; this imposes a
self-modulation on the transmitted optical beam. With current bias,
self-linearized modulation is obtained, with absorbed optical power lin-
early proportional to current. This is extended to demonstrate light-
by-light modulation and incoherent-to-incoherent conversion using a
separate photodiode. The nature of the optoelectronic feedback under-
lying the operation of the devices is discussed, and the physical mech-
anisms which give rise to the very low optical switching energy (~4 )/
um?) are discussed.

I. INTRODUCTION

ULTIPLE quantum well structures (MQWS) con-

sisting of alternate thin layers of GaAs and AlGaAs
have recently become interesting for their optical proper-
ties. One exceptional property of the MQWS is the exis-
tence of clearly-resolved exciton absorption peaks near the
optical absorption edge at room temperature [1]-[4]. Most
normal semiconductors show well-resolved peaks only at
low temperature; with increasing temperature the colli-
sions with the increasing density of optical photons result
in severe broadening. However, the quantum confinement
of the electrons and_holes in the GaAs layers within a
thickness (e.g., 100 A) much less than the normal exciton
diameter in GaAs (about 300 A) makes the exciton bind-
ing energy (the separation of the resonances from the
bandgap) larger without further increasing the phonon
broadening; this and other consequences of the quantum
confinement can explain the persistence of the resonances
to room temperature [2], [5], [6]. (One incidental conse-
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quence of the confinement is that it also removes the de-
generacy in the valence bands of the semiconductor re-
sulting in two exciton resonances, the ‘“‘light hole” and
heavy hole” excitons.) The existence of these resonances
has led among other things to the study of their nonlinear
optical properties [1], [2], [5], [6], such as absorption sat-
uration and the associated nonlinear refraction.

However, the present paper is concerned with another
consequence of the excitons which appears to be even more
dependent on the quantum confinement of the carriers.
When an electric field is applied perpendicular to the
quantum well layers, the whole absorption edge (including
the exciton resonances) moves to lower photon energies
[71-[9]. This is remarkable because normal semiconduc-
tors do not show this effect at any temperature. The con-
sequence of applying electric fields to conventional semi-
conductors is the Franz-Keldysh effect [10], which is
primarily a broadening of the bandedge with compara-
tively little shift; the exciton peaks broaden and disappear
at low fields. However for the perpendicular fields in the
MQWS, the excitons remain resolved to high fields. This
effect in the MWQS has recently been explained through
a novel mechanism called the quantum-confined Stark ef-
fect (QCSE) [8], [9].

The cause of the broadening of the exciton resonances
with increasing field is basically the reduction of exciton
life time due to field ionization; the electron and hole are
ripped apart by the applied field. In the MQWS, there are
two consequences of confinement which inhibit this ioni-
zation: 1) the potential barriers presented by the walls of
the wells (i.e., the larger bandgap AlGaAs layers) inhibit
the electron and hole from tunneling completely away from
one another; 2) even if the electron and hole are pulled
almost completely to opposite sides of the GaAs wells, the
wells are so thin that there is still strong Coulomb inter-
action and strong bound electron-hole states (excitons) still
exist. As a consequence, very large fields can be applied
without broadening the exciton. The formalism for solv-
ing the problem of the shift of the exciton resonances re-
duces to that of the Stark shift of a confined hydrogen atom
[8], [9], hence the title QCSE. Shifts of 2.5 times the zero-
field binding energy are possible at 50 times the classical
ionization field.
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Fig. 1. Responsivity as a function of wavelength for various reverse bias

voltages as shown for the p-i-n structure. Point A4 is 861.8 nm: point Bis
851.7 nm: 600 pm diameter sample.

Because the QCSE gives a shift of a large absorption,
modulators can be made with only microns of material
[7], [11]. These devices are also capable of high-speed
operation, so far tested down to 131 ps [I1]. The same
structures used to demonstrate modulation can also, how-
ever, function as optical detectors. In fact, we find that we
can obtain approximately unit internal quantum efficiency
in the p-i-n structure with the quantum wells in the { re-
gion as discussed in detail below, i.e., one carrier (pair)
is collected for every photon absorbed [9]. One incidental
consequence of this is that the QCSE can equally well be
monitored through the photocurrent spectra; a set of spec-
tra are shown in Fig. 1 for several different voltages across
the structure. The shift of the exciton peaks can be clearly
resolved. The peak at lower photon energy is the heavy
hole exciton peak, and the smaller peak at higher photon
energy is the light hole exciton peak. This simultaneous
operation as a modulator and photo detector is also the
basis of the self electrooptic device (SEED), which we dis-
cuss in this paper.

The general principle of the SEED is that the photocur-
rent passing through an electronic circuit influences the
voltage across the modulator; the voltage across the mod-
ulator influences the absorption of light by the modulator
and hence, influences the photocurrent. Thus a feedback
is established. This feedback is truly optoelectronic: with-
out the light shining on the device, there is no photocur-
rent and no change in photocurrent with voltage due to the
change in optical absorption; in turn, the electrical circuit
determines the way in which the change in photocurrent
changes the voltage. The general schematic of the SEED
is shown in Fig. 2. While the SEED configurations dis-
cussed here.are certainly hybrid in that they involve both
optics and electronics, the SEED is intrinsically an inte-
grated form of device, and furthermore these configura-
tions do not require any active electronic components or
external gain for their operation.

The behavior of the SEED depends greatly on the nature
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Fig. 2. Generalized schematic diagram for the SEED configuration. When
it is necessary to consider the time dependence of the circuit, we will
separate the capacitance of the p-i-n diode as if it were an external com-
ponent, as shown by the dashed capacitor C.

of the electronic circuit and on the sign of the feedback.
Under positive feedback we obtain bistability or oscilla-
tion. The bistability has previously been reported by us
briefly [12]. The oscillation is a new mode of operation
which, from constant electrical and optical bias, gives both
electrical and optical oscillation. Under negative feed-
back, totally different behavior is obtained; so far, self-
linearized modulation, linear light-by-light modulation,
and optical level shifting have been demonstrated [13].

The SEED’s are interesting for a number of reasons.
First, they represent a novel class of optoelectronic de-
vices without a close precedent [14]-[17]; it is therefore
interesting to understand how they operate and the phys-
ical principles underlying their behavior, and that under-
standing is the main purpose of this paper. Second, they
represent a new opportunity for devices, and they may of-
fer novel solutions to existing or future problems. Third,
they operate under very practical conditions: they run at
room-temperature; they operate at wavelength and powers
compatible with light-emitting or laser diodes and at volt-
ages compatible with semiconductor electronics; they are
compatible in materials and growth technology with both
electronics and semiconductor light sources, suggesting
the possibility of integration, and they offer very low en-
ergy operation.

The layout of this paper is as follows. In Section II the
experimental samples, apparatus, and methods will be
briefly discussed. In Section III we will present the gen-
eral theoretical framework for the SEED modeling. The
nature of the optical bistability will be investigated in Sec-
tion IV, and the associated electrical bistabiiity will be dis-
cussed in Section V. In Section VI, the oscillator will be
described. The operation as a self-linearized modulator
and optical level shifter will be examined in Section VII.
The scaling arguments on operating energies will be pre-
sented in Section VIII, and the overall conclusions of the
work will be given in Section 1X.

II. EXPERIMENTAL DETAILS

To apply an electric field perpendicular to the MQWS
layers we grew a p-i-n diode structure with the quantum
wells in the intrinsic region of the diode. There are two
reasons for choosing this structure to implement the
SEED’s. First, reverse biasing the diode can give large
fields across the wells without large currents flowing,
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Fig. 3. Schematic diagram of the 100 um mesa sample (not to scale) show-
ing the layer structure of the material. The n-contact is taken off the
substrate. The p-contact is through the gold ring electrode and the con-
tact wire as shown. The total epitaxial layer thickness is 3.9 um and the
thicknesses of these layers are shown greatly exaggerated for clarity. The
aluminum mole fraction is 0.32 in all GaAlAs layers. p- and n-doping
levels were both 5 x 10'7 cm “*. The doped GaAlAs layers are both 0.98
um thick. The multiple quantum well (MQW) region is 0.97 um thick,
and consists of 50 periods of 95 A GaAs and 98 A GaAlAs. The su-
perlattice (SL) consists of 28.5 A GaAs layers alternating with 68.5 A
GaAlAs layers. Doped superlattice regions are 0.19 um (20 periods) thick.
Undoped (i) superlattice regions are 0.29 um (30 periods) thick. The
mesa diameter is 100 pm, and the hole in the ring electrode is 25 um
diameter. The sample is epoxied to the sapphire substrate after the mesa
etch.

which allows efficient operation and eliminates possible
thermal problems. Second, this structure is ideally suited
for simultaneous operation as a detector. We have found
empirically [9] that the responsivity of this structure cor-
responds to unit internal quantum efficiency, within ex-
perimental error, for all reverse bias voltages greater than
2 V. This agrees well with our estimate that above about
2 V the depletion region extends throughout the MQWS
region [7], [9].

We will not discuss the material structure and growth
in great detail here as it is more extensively discussed
elsewhere [7], [9]. The detailed layer thicknesses and
compositions are given in the caption to Fig. 3. The ma-
terial used in these SEED experiments is grown by mo-
lecular beam epitaxy and is the same as that used by us
for modulator experiments [7] and investigations of the
QCSE {8], [9]. The layer sequence is as shown in the sam-
ple schematic diagram of Fig. 3. Starting with a silicon—
(i.e., n-doped) GaAs substrate, a transparent n-doped
GaAlAs layer is grown. Above this a transparent super-
lattice buffer region is grown, first n-doped and then un-
doped to form the start of the intrinsic region of the diode.
Next, the 50 95 A GaAs quantum well layers alternate
with 98 A GaAlAs barriers to form the MQWS. Then,
the sequence of undoped superlattice, doped superlattice
and doped GaAlAs is grown, this time with p-doping. The
thinness of the GaAs layers in the superlattice (28.5 A)
ensures that the optical absorption of this material is quan-
tum-shifted to wavelengths shorter than those of interest
here.

To make the samples for the experiments, we have
formed a mesa in the epitaxial layers as shown in Fig. 3
to define a small area diode. The electrical contact on the
p-doped top contact is formed by zinc diffusion, gold al-
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loying, and plating to leave a gold-plated ring electrode
with a hole in the center. To allow optical access, the GaAs
substrate is etched away beneath the mesa using a selec-
tive etch. Two samples are used in the present study. One
has a 600 pum diameter mesa with a 100 um diameter hole
in the electrode; this sample is used for all experiments
unless otherwise stated. The second sample (shown sche-
matically in Fig. 3) has a 100 um diameter mesa with a
25 pum diameter electrode hole; this sample is epoxied to
a sapphire substrate as shown.

An LDS 821 continuous-wave dye laser pumped by a
krypton-ion laser was used for all experiments unless oth-
erwise stated. We also used a Hitachi HLP 1400 diode
laser for all the experiments with the 100 pm sample. The
diode laser was temperature-tuned over a range of 5 nm.
For bistability experiments with the dye laser, the power
was modulated using an acoustooptic modulator. With the
diode laser, the power was modulated by varying the cur-
rent of the diode. In both cases, neutral density filters were
used as necessary to reduce the overall power in the op-
tical beam. Detection was with silicon photodiodes, with
an avalanche diode used for high-speed measurements.
Powers were measured with a UDT 161 power meter.

III. ForMAL DEscripTiON OF SEED BEHAVIOR

In general, the feedback behavior of the SEED devices
can be described in terms of two simultaneous relations.
One relation describes the detection properties of the
quantum well structure (as shown in Fig. 1), giving the
current / through the modulator as a function of the volt-
age V on the modulator, the optical input power P;;, and
the wavelength A of the incident light,

I =1V, Py, N. (h

The other relation describes the behavior of the circuit to
which the modulator is connected, i.e., the relation be-
tween I and V imposed by the circuit

I = IV). 2)

In this description, (2) is the “‘load line’” of the circuit,
and the current / will depend on other circuit parameters
not explicitly stated here, such as supply voltage or com-
ponent values. Solving these two equations simultaneously
to eliminate / will give the relation between P;, and V at
a given wavelength, and the internal behavior of the device
will be understood in terms of both optical and electrical
parameters.

One further simple relation is required to deduce the
output power from the input power, namely the modulator
transmission function for the output optical power P,

Pout = Pout(Pin’ V’ >\) (3)

For all the situations in this paper the detector equation

(1) reduces to the simple relation
=SV, N Py, 4)

where § is the measured responsivity of the detector (in
A/W) as a function of voltage and wavelength. We can
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make this simplification because the leakage current of the
diode is negligible, and the responsivity of the diode (at
fixed wavelength and voltage) empirically does not depend
on power over the range of powers we use. For (3), the
transmission function also simplifies to give

Pout = T(V’ )\) Pin (5)

where T is the measured transmission as a function of volt-
age and wavelength, because the transmission also empir-
ically does not depend on power in our conditions. In fact,
because the internal quantum efficiency is constant (ap-
proximately unity) for all reverse bias voltages above 2 V,
the absorption closely follows the absorbed power and the
transmission looks like a mirror image of the responsivity
(see Fig. 4).

The behavior of all of the SEED configurations so far
demonstrated can be described by these relations. The
feedback in the system is contained in the interplay be-
tween relations (1) [or (4)] and (2). When I(V) in (2) is
not explicitly time-dependent (e.g., it contains no capac-
itors, or inductors, or time varying drive voltages or cur-
rents) we can formally deduce whether the feedback is
positive or negative at a given (equilibrium) solution of (4)
and (2) by performing a linearized stability analysis. This
is a valid approach for the bistability and self-linearized
modulation (we will consider the oscillator separately be-
low in Section VI). Consider for example the change in
voltage v about the equilibrium point. We presume there
is a finite capacitance C associated with the device for
mathematical convenience as shown dashed in Fig. 2; this
is also physically realistic as the device does have capaci-
tance due to the depletion region. We obtain, by expanding
to first order about the equilibrium solutions,

ds
in dV

== -p
dv

dv [dl ©
7 = v. )

If the term in square brackets is positive, v will diverge
exponentially, the solution is unstable, and the feedback is
positive. Conversely, if this term is negative, so also is the
feedback, v settles exponentially and the solution is stable.

In all the configurations considered here, the electrical
circuit to which the quantum wells are connected will have
positive slope resistance corresponding to negative di/dV
with the current convention shown in Fig. 2. The sign of
the feedback can only be positive if P;, dS/dV is negative,
and then only if

s _
n dV

di
P v @)
which becomes the condition for instability. In other
words, as long as § increases with V, the solutions are
stable, but if S decreases with V, the solutions can be un-
stable depending on the rest of the cirucit.

Ilustrative operating wavelengths (photon energies) for
the two feedback modes are shown on Fig. 1. At a photon
energy below the zero-field heavy-hole exciton peak posi-

tion such as at point 4 in Fig. 1, increasing voltage V will
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Fig. 4. Graphical solution method for bistable SEED behavior with a simple
resistive load. (a) The solid line is the measured responsivity at 851.7 nm
with reverse bias, V [see (1)]. This is the same wavelength as point B on
Fig. 1. The dashed lines A-D are the load lines imposed by the circuit
{equation (2)) for various increasing values of the input optical power,
P,,. The intercept of these lines with the horizontal axis is the supply
voltage, V,, which is 20 V in this example. Lines A4 and D show only one
intersection (i.e., only one solution); all lines between B and C show
three intersection points, corresponding to bistability. As discussed in
the text, the middle of these three points is unstable. (b) The measured
optical transmission of the p-i-n diode, also at 851.7 nm. (c) The theo-
retical optical input/output characteristic calculated using the measured
responsivity and transmission with R = 1 M@ and V,, = 20 V as de-
scribed in the text; there are no fitted parameters. (d) The measured
optical input/output characteristic at 851.7 nm with R = 1 MQand V =
20 V. All measurements are for the 600 um diameter sample.

give increasing responsivity S over the entire voltage range
shown, so all solutions at this wavelength are stable over
this range. However at point B in Fig. 1, as the exciton
peaks move past the operating wavelength, the responsiv-
ity S can decrease with increasing voitage V and instability
is possible.

Another way of viewing the positive feedback in the de-
vice is to note its close connection with negative differ-
ential conductance. At constant power the differential con-
ductance of the p-i-n diode is P;, dS/dV, so that the diode
shows negative differential conductance whenever S de-
creases with V. This is true over several ranges of voltages

&
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and wavelengths as can be seen in Fig 4(a). The operation
of electrical bistability (Section V) and the oscillator (Sec-
tion VI) can both be understood as consequences of this
negative conductance in a manner analogous to purely
electrical negative conductance circuits such as those uti-
lizing tunnel diodes [18]. It must be remembered, how-
ever, that this negative conductance results from an opto-
electronic feedback. Unlike the tunnel diode, the whole
scale of the electrical characteristic (including the nega-
tive conductance) can be altered by changing the optical
input power, and the optical bistability is not, therefore,
analogous to any simple electrical circuit; it is, however,
true that the optical bistability cannot exist without the
existence of negative differential conductance at some
power and voltage.

That optical and electrical bistability should be so in-
terrelated is a consequence of a more general principle.
Bistability is basically a simple cusp catastrophe {19]. One
consequence of this is that, if the system is bistable with
respect to variation of one parameter, we can expect that
it will be bistable with respect to others. Thus, for ex-
ample in Fabry—Perot bistability, the system is bistable un-
der variation of the input power, and also under variation
of wavelength and cavity tuning or some combination of
all three. In the present case, since supply voltage is a
parameter of the system, we should expect to see bista-
bility with respect to supply voltage when the optical input
conditions are held fixed. This will be discussed in Sec-
tion V. In another case where the circuit parameters are
altered with a second light beam, we also see bistability
with respect to the variation of power in the second light
beam. This is discussed in Section IV-B.

IV. SEED OrticaL BISTABILITY
A. Resistive Load

The simple circuit that we use for optical bistability with
a resistive load is shown schematically in Fig. 5. A con-
stant reverse bias voltage Vy is connected through a series
resistor to the p-i-n diode. The current equation (2) be-
comes

=V, — V)R (8

where R is the value of the series resistance. Using (4) we
may rewrite this as

Vo — V)

S =
RP

. 9
n

For various P;,,, this gives us the straight lines in Fig. 4(a).
The detector equation (1) at constant wavelength can be

formally rewritten using (4) as

S=8w (10

~ (i.e., the measured responsivity function for a given wave-
length). A specific measured function appears as the curve
in Fig. 4(a). The particular curve shown is the measured
responsivity at the wavelength of the heavy hole exciton
peak at zero field. At first, the responsivity rises with in-
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Fig. 5. Schematic diagram for optical bistability with a simple resistive load.

creasing voltage because the quantum efficiency is rising
as the depletion region extends throughout the device.
Then the responsivity falls because the exciton peak moves
to lower photon energies. The subsequent peak near 10 V
is due to the light hole exciton peak moving through the
operating wavelength. This behavior is consistent with the
transmission curve of Fig. 4(b).

The simultaneous solution of (1) and (2) then reduces to
the graphical solution on Fig. 4(a); the solutions are the
intersections of line and curve. The lines with triple in-
tersections (between lines B and C) correspond to the
powers for which bistability is possible. Applying the sta-
bility criterion equation (7) it can be seen that the middle
intersection is an unstable solution and the others are sta-
ble. The criterion for the existence of bistability can be
deduced directly from this graphical method, from the cri-
terion in [20] (the relation to [20] is discussed below) or
from the instability criterion equation (7) (above) since the
bistability cannot exist without one unstable point. Hence,
using (7) and (4)

as S 1
av < V-V, (1
For bistability to exist at a given V,, and \, this criterion
must be satisfied for some range of V

A nongraphical modeling method is the simple ‘“‘back-
wards’’ technique of choosing a voltage V, deducing §
from the measured responsivity (8), and hence deducing
P, from (7). By either method, the relation between P,
and V is obtained. Finally, the relation between P, and
P;, as shown in Fig. 4(c) is obtained for the particular
wavelength from the measured transmission function (5)
[Fig. 4(b)]. The curve shows the classic “S" shape for
optical bistability.

In Fig. 4(d), we show an experimental result taken using
the same parameters as used in the theoretical curve [Fig.
4(c)]. There are no adjustable parameters in the theory,
and the agreement with experiment is good. Clear bista-
bility is seen, with switching transitions at the edges of
the hysteresis region.

As has been pointed out [12], {20], this bistability is an
example of optical bistability from increasing absorption.
This class of bistability requires no mirrors, cavities, or
other external optical feedback. Various examples of this
bistability class have been independently demonstrated or
proposed; many of these have recently been summarized
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[20]. The general feedback mechanism of this class relies
on having a material (or system) in which the fraction of
the incident light absorbed (the absorption) increases as
the material becomes more excited. Then as the incident
power increases the material becomes more excited, thus
further increasing the absorption, which in turn makes the
material even more excited, and so on. Thus a positive
feedback is established which can lead to switching under
the right conditions.

The relations (9) and (10) are of exactly the same func-
tional form as the general relations (2) and (1) of [20] if
we choose for the measure of the degree of excitation of
the system the voltage change V; — V, and if instead of
the actual fractional absorption 4 we use the responsivity
S. This latter slight formal departure is of little impor-
tance; the responsivity is proportional to the absorption
over most of the voltage region of interest.

The behavior of the input/output characteristic as a
function of operating wavelength is shown in Fig. 6. Bi-
stability is seen over a comparatively large range of wave-
lengths (861.8-850.1 nm at 20 V bias). The width of the
bistable region also exemplifies one of the predictions of
the theory of this class of bistability [20], that the width
of the bistable region is largely determined by the ratio
between the absorption in the high and low transmission
states; larger contrast between the two states should give
larger width.

The behavior of the optical input/output characteristic
as a funciton of bias voltage V; is shown in Fig. 7. Bista-
bility is seen for all voltages above 14 V for this wavelength
(851.7 nm). With increasing voltage, the “kink™ in the
characteristic seen just below the bistable region at, for
example, 22 V on Fig. 7(a) develops into a bistable region
itself. This second bistability results from the light-hole
exciton peak; as can be visualized from Fig. 4(a), if the
voltage is increased enough eventually multiple intersec-
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851.7 nm; R = | M{; 600 um diameter sample.

tions of straight lines and curve will be possible through
the light-hole peak. This bistability can overlap the other
bistable region. At 26 and 30 V, two “‘switch-down’’ tran-
sitions are seen although only one “‘switch-up™ is appar-
ent; this is a consequence of the precise functional shape
of the responsivity curve. The light-hole bistability can be
viewed separately by restricting the maximum input power
so that the heavy-hole bistability threshold is not reached
as shown in Fig. 7(b).

The curves in Figs. 4, 6, and 7 are deliberately taken at
slow scan rates of the incident power. With increasing scan
rates, the switching transitions are no longer sharp due to
the finite switching times. The switching times depend
very much on how rapidly the input power is ramped, with
rapid ramping of the input giving sharper switching tran-
sitions. The hysteretic regions also broaden as the input
power is ramped more rapidly due to delays in the switch-
ing. Both of these phenomena are characteristic of the
effect known as ‘“‘critical slowing down’ [21] seen in
bistable switching systems. (One simple mathematical
manifestation of critical slowing down can be seen in the
linearized limit in (6); at the critical points for switching
the term in square brackets vanishes; thus although the
point is not truly stable, the system will take an infinite
time to switch.) There is thus no simple definition for the
switching time of the system.

The switching down (i.e., from high to low transmis-
sion) is also generally less affected by the critical slowing-
down and all the times we discuss will be for this transi-
tion. The switch up is typically about a factor of two
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TABLE I
Switching
Energy Per
Switching Switching RC Time Unit Area
Resistance (R) Power Time Constant (f]/umz)
600 pm sample
100 MQ 670 nW 1.5 ms 2 ms 3.5
10 MQ 6.5 uW 180 us 200 us 4.2
I MQ 66 uW 20 us 20 us 4.6
100 kQ 660 uW 2.5 us 2 ps 6.0
22 k@ 3.7 mW 400 ns 440 ns 5.3
100 pm sample
1.1 GQ 107 nW 1 ms 660 us 14
22 MQ 4.9 uW 20 ps 13 ps 12
47 kQ 1.6 mW 30 ns 28 ns 6.1

slower. We find empirically that there is a limit to how
much the switching can be speeded up by overdriving the
input. thus enabling us to define a limiting switching time.
With slowly varying input powers, the switching time typ-
ically lengthened by a factor of 4-5. For example, the 30 ns
switching time measured for the 100 um diameter sample
listed in Table I was taken with the input power ramped
up and down in 600 ns. Ramping up and down in 8 us
gave a switching time of 140 ns. This behavior is charac-
teristic of critical slowing down, with the switching time
tending to limit towards the underlying time constant of
the system as the switching is strongly over-driven [21].

Table I lists (limiting) switching times for both of the
samples with a variety of different resistors. These times
were measured with 20 V bias at 853 nm. All of the mea-
surements on the 100 um sample were taken using the
diode laser as the light source. To emphasize the scaling,
we have listed the switching energy per unit area, this
being the product of the limiting switching time and the
switching power divided by the area of the mesa. We have
also tabulated the RC time constants in each case. We use
a measured capacitance of 20 pF for the 600 pm sample
and an estimated capacitance of 600 fF for the 100 um
sample (stray capacitances in the circuit make any more
accurate measurement of the capacitance difficult for this
sample). The overall accuracy in switching time measure-
ments is only about a factor of two due to laser noise.

For both samples, the switching time clearly scales with
the RC time constant of the system, and the switching
power scales inversely with the resistance, as would be
expected theoretically. The switching energy per unit area
remains remarkably constant over the wide range of
switching times reported; the variation in switching en-
ergy per unit area is within experimental error when stray
capacitance is taken into account for the smaller sample.
Slower switching was not possible for the 600 um sample
because the leakage current of the diode then became
dominant. The proportionality between switching time and
total RC time constant was, however, retained when ex-
ternal capacitors were added in parallel with the sample
to slow down the switching.

With the 100 um sample we were able to obtain optical
bistability with 18 nW of incident power by using three

reverse-biased silicon diodes in series instead of the load
resistor. The leakage current of the diodes in series was
about 3 nA with 20 V bias, giving an effective resistance
of about 6 GQ. The switching time was 40 ms: this is
somewhat longer than expected from scaling, but we at-
tribute this to the capacitance of the diodes.

B. Constant Current Load

As can be seen from Fig. 7, with increasing bias voltage
V, the bistability becomes easter to achieve and the loop
becomes broader. The bistability occurs at higher input
powers, but if we also proportionately increased the load
resistance R as we increased V,, the switching power
would remain approximately constant. This behavior is
easily understood from the graphical solution of Fig. 4.
With V,, and R increasing in proportion, the intercept of
the straight load lines with the horizontal axis moves fur-
ther to the right and the load lines become more horizontal
while still retaining exactly the same intercept with the
vertical axis. The more horizontal the load lines become,
the easier it is to satisfy the condition for bistability, (7).,
because dI/dV becomes less negative. This suggests that,
for the best bistability, we should use very large voltages
and resistance. In the limit of infinite voltage and resis-
tance, dI/dV = 0, bistability is possible in principle with
even the slightest negative slope dS/dV. High voltages are
not, however, desirable for various reasons. One disadvan-
tage of high voltages is high electrical switching energy
because of the requirement to charge the capacitance of
the p-i-n diode to a large fraction of this voltage for
switching.

An alternative method which embodies many of the ad-
vantages of the above method without some of the disad-
vantages is to use a constant current bias circuit. An ideal-
ized circuit is shown in Fig. 8(a) and two of the many
possible practical circuits for synthesizing a constant cur-
rent source are shown in Fig 8(b) and (c¢). For the moment
we will only consider the circuit in Fig. 8(b); we will re-
turn to use both circuits in the discussion of negative feed-
back operation with current bias (Section VII). Here we
have used a tungsten bulb to illuminate the silicon photo-
diode in Fig. 8(b) with incoherent light. With this control
light shining on the photodiode, this diode passes an ap-
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Fig. 8. Constant current circuits. (a) Idealized schematic for the SEED un-
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trolled by the amount of light shining on the silicon photodiode.
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Fig. 9. Optical input/output characteristics at 853 nm for the 100 um sam-
ple using the constant current circuit of Fig. 8(b) with reverse bias supply
voltages V), between 0 and 6 V as shown, 9.3 uA constant current bias.
The zeros are displaced on successive spectra for clarity as shown by the
dahed lines.

proximately constant current as long as it is reverse biased
between 1 and 6 V. Within these limits therefore, dI/dV
is approximately zero, and bistability should be easily
achieved. (We restricted the supply voltage to 6 V or less
in our experiments.) This constant current is the photo-
current, and its value can be controlled by adjusting the
intensity of the tungsten bulb light shining on it. This cir-
cuit, in common with the many other methods of gener-
ating constant currents, can only operate up to a finite
voltage output; when the output voltage from the circuit
approaches the supply voltage, the current starts to drop
off. (In the present case the photocurrent decreases as the
voltage across the diode drops below 1 V.) For our present
purposes, we can'treat the load line of the constant current
source as being horizontal for output voltages up to about
1 V less than the supply voltage, and as falling off nearly
vertically towards the horizontal axis thereafter. Thus,
even for low supply voltages, we can achieve the three in-
tersections of load line and curve necessary for bistability.

Typical results are shown in Fig. 9 for bistability with
the photodiode load using the laser diode as the light
source for the 100 um diameter p-i-n modulator with 6 V
supply voltage. Note the total absence of any kink in the
curve from the light hole resonance; this is because the
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Fig. 10. Voltage V across the p-i-n modulator as supply voltage V, is var-
ied. The electrical circuit is as shown in Fig. 5. Optical input power and
wavelength are held constant at 46 4W and 852.4 nm respectively. R =
1 M{; measuring probe impedance (in parallel with p-i-n) 10 MQ; 600
um diameter sample.

voltage is never high enough to move the light hole reso-
nance to the operating wavelength. With this circuit, we
were able to observe bistability with as little as 2 V supply
voltage. By contrast, with the resistive load discussed
above, 14 V were necessary. This type of constant current
loading therefore can greatly reduce the operating voltage
for bistability, which is ultimately important for limiting
electrical energies in switching applications. The present
circuit does not show particularly fast switching compared
to that seen at similar switching powers with the resistive
load, presumably because of the depletion capacitance of
the photodiode.

One incidental feature of this particular configuration is
that the switching power can be controlled optically by
adjusting the amount of control light (in this case from the
tungsten bulb) landing on the silicon photodiode. The bi-
stability can also be set and reset by slight variations of
this control power, and the system is also therefore bista-
ble with respect to variation of the control power at con-
stant laser power. Note that the control power can be from
a broad-band incoherent light source as in this case, or
from any other convenient source.

V. ELECTRICAL BISTABILITY

As discussed in Section III, we should expect bistability
with respect to variation of supply voltage because of the
existence of negative differential conductance and for fun-
damental reasons. In Fig. 10 we show electrical bistability
observed with this system. We use the circuit of Fig. 5
except that now we vary the supply voltage V,, and hold
the optical input power constant. This bistability can be
observed either in the voltage across the device (as in Fig.
10) or in the optical transmission as the supply voltage is
varied. (The optical bistability as a function of input power

*-
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can, of course, be monitored equally well through the
voltage across the device.)

The behavior of the electrical bistability can be under-
stood through a graphical analysis similar to that of Fig.
4; now instead of varying the slope of the straight lines as
a constant intercept (the fixed Vy), the slope of the lines
is held fixed and the intercept is varied (the varying V;).
As can be seen in Fig. 10, the voltage V starts out below
the axis; this corresponds to the p-i-n being in forward
bias from its own photocurrent. (The responsivity § falls
off in forward bias (not shown on Fig. 4) to reach zero
near the built-in voltage of the diode.) With increasing Vj,
the system eventually switches to the high-voltage, low-
optical absorption state.

The existence of electrical bistability also implies that
optical bistability can be set and reset electrically. We have
tested this directly. With the various parameters set so
that the system is in the middle of a bistability loop, a
momentary decrease of V,; switched the system from the
high (optical) transmission state to the low transmission
state, and a momentary increase would switch it back.
Voltage changes of ~1 V were usually sufficient to
achieve this, corresponding to the width of the electrical
bistable region as in Fig. 10.

VI. NEGATIVE RESISTANCE OPTOELECTRONIC
OSCILLATION

As discussed in Section III, because of the existence of
negative differential conductivity, we should expect to be
able to demonstrate a negative resistance (or conductance)
oscillator by an analogy with similar circuits using tunnel
diodes. A simple formal schematic for such a circuit is
shown in Fig. 11. For formal convenience we have shown
the capacitance C of the p-i-n diode as if it were separate
from the diode. This fiction enables us to retain relation
(4) to describe the diode, even in this time-dependent case,
as there are no other time-dependent terms expected in
the diode behavior on the timescales of interest here. It
also means that we can treat any additional capacitance
added in parallel with the diode with the same theory.
Using (4) and analyzing the circuit of Fig. 11, we obtain

v (R PodS\aV 1
dr? L Cdav) dt LC
- (V—-RP,SV)—-V,) =0 (12)

at constant optical power and wavelength. We will not at-
tempt to solve this large signal relation. However, for small
signals (12) reduces to

d*v R, P,dS\dv 1 ds
v (HFr2Z2)V s —(1+PR—)v=0
dr? <L ch> dr LC< in ’dV>”

(13)

where we have expanded $ to first order about V, and v is
the departure of the voltage V from equilibrium. For this
standard equation for a damped oscillator the condition for
self-oscillation is

out

Fig. 11. Idealized circuit for optoelectronic oscillator, with C as the capac-
itance of the diode (and other parallel capacitance), L as the inductance,
R, as the series loss resistance of the circuit, and ¥, as the supply voltage.
V is the voltage across the diode.
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Fig. 12. Actual circuit for oscillator. The series loss resistance is not ex-
plicitly shown. The supply voltage V, is somewhat larger than the ideal-
ized mean reverse bias voltage V, of Fig. 11 because of the voltage drop
across series protection resistor R, from the mean dc bias current of the
device.
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Fig. 13. Simultaneous optical and electronic self-oscillation of the SEED
circuit of Fig. 12. The voltage is the voltage V as shown in Fig. 12 as
measured using a X 100 10 MQ 2.2 pF probe. The 100 um diameter sam-
ple is used with 430 uW incident power P,, from the laser diode at 852
nm. Inductance L: 97 mH. Bypass capacitor C,: 100 nF. Oscillator ca-
pacitance C: stray capacitance of inductor in parallel with other stray
capacitance and probe and modulator capacitances. 100 um diameter
sample. Supply voltage V.: 7 V. Mean dc reverse bias voltage V, (i.e.,
dc voltage measured across bypass capacitor C,): 4.9 V.

das C
np < RIT (14)

We were able to observe oscillation with the practical
circuit shown in Fig. 12. The supply voltage now has a
series protection resistor and an additional large bypass
capacitor has been added as an ac short to give the dc
power supply negligible ac impedance despite the pres-
ence of the series resistor; for ac purposes the two circuits
are essentially identical. A typical pair of traces of the
optical and electronic oscillations is shown in Fig. 13, in
this case taken with the 100 um sample and the CW laser
diode.

P
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We performed an extended series of experiments with
the 600 um sample and the dye laser source. It was not
possible to resolve the power for the onset of true oscil-
lation because of laser noise; fluctuations in the laser
power can cause the circuit to *‘ring”’ even if it is below
the true threshold for self-oscillation. At 851.7 nm, oscil-
lation was clear above 40 uW between 5.3 and 59 V sup-
ply voltage V; this observation is consistent with the form
of the responsivity curve in Fig. 4(a), which shows its larg-
est negative slope, and hence its largest negative conduct-
ance, near 5-6 V. With increasing power the range of the
supply voltage over which oscillation was observed in-
creased; this is also consistent with the form of the re-
sponsivity since, with increasing power, the whole scale
of the negative conductances is correspondingly in-
creased, hence permitting oscillation over a larger voltage
range. With 300 uW we were able to observe oscillation
between 11.3 and 25.2 V supply voltage. (At this power
the voltage drop across the series protection resistor is not
negligible, and we estimate it at 4-8 V. The actual bias
voltage at the p-i-n is correspondingly smaller.)

In all cases in which the oscillation was clear it was a
large signal oscillation; as can be seen on Fig. 13, the op-
tical modulation is consequently deep and not sinusoidal,
although the electrical oscillation is more nearly sinu-
soidal. With the 600 um sample, the electrical oscillation
was generally so large that it extended into forward bias
(the trace goes below the axis).

With incident powers of 150 to 300 uW and optimiza-
tion of the supply voltage, oscillation could be observed
with input wavelengths from 840.4 to 861.1 nm. At higher
voltages and powers (e.g., at 150 yW between 14.5 and
17.0 V) it was also possible to resolve a second region of
oscillation of smaller amplitude which we ascribe to the
negative resistance associated with the light hole exciton.

Using a variety of inductors from 97 down to 0.12 mH
we observed oscillation from 53 kHz to 1.88 MHz using
the 600 pm sample without any added capacitance. These
frequencies were somewhat lower than the oscillation fre-
quency expected using 20 pF for the internal capacitance
of the diode; the effective capacitance required to explain
the observed frequency varied from inductor to inductor,
and the explanation may be stray capacitance in the in-
ductors themselves. With large amounts of added capaci-
tance, the frequency approaches the expected value. We
expect that higher frequecies would be attainable with im-
proved inductors and packaging.

VII. SELF-LINEARIZED MODULATION AND
OptiCAL LEVEL SHIFTING

One simple characteristic of any equilibrium state (sta-
ble or unstable) of the general SEED circuit in Fig. 2 is
that the photocurrent as given by (1) or (4) equals the cur-
rent through the electrical circuit, as can be deduced di-
rectly from conservation of current. As mentioned above,
the p-i-n diode used shows, empirically, unit internal quan-
tum efficiency above about 2 V reverse bias. In this range,
therefore, the absorption A can be written
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hw
— §.
e

A = (14)

The optical power absorbed in the device is P, = P, A,

and the (photo)current is [ = SP,,. Hence, using (14},
hw

="
e

P (15)

«

Consequently, in any equilibrium state the absorbed power
is proportional to the current flowing round the circuit,
regardless of the nature of the circuit.

As was discussed in Section III, if the device is oper-
ated under conditions in which dS/dV is positive and
dl/dV for the circuit is negative (corresponding to positive
resistance in the circuit), the optoelectronic feedback is
negative and the equilibrium state is stable. Consequently.
the system will stay in the equilibrium state and the ab-
sorbed power will be proportional to the circuit current.
If we can control the current linearly with some external
parameter, we can utilize this property to make linear op-
tical modulators, with absorbed power proportional to that
parameter.

To make the current dependent only on some external
control parameter requires that it be independent of the
internal voltage V; we must therefore design ‘‘constant
current’” circuits in which the current is independent of
voltage and whose current setting /.. [see Fig. 8(a)] is con-
trolled by an appropriate external parameter. There are
many ways of achieving this; two such circuits are shown
in Fig. 8. Fig. 8(b) shows a constant current circuit con-
trolled by light and Fig. 8(c) shows one controlled by volt-
age V..

With a constant current source, it is particularly easy to
understand the operation of the circuit directly. In the gen-
eralized circuit shown in Fig. 8(a), the action of the cur-
rent from the constant current source is to charge up the
capacitance of the diode, whereas the action of the pho-
tocurrent generated in the diode is to discharge it. If the
photocurrent is less than the source current /., the voltage
across the diode starts to rise. However, because dS/dV is
positive, the photocurrent rises. Conversely, if the photo-
current exceeds /., the voltage starts to fall, which in turn
makes the photocurrent decrease. Thus, the point with
equal photocurrent and source current is stable, and be-
cause the absorbed power and photocurrent are propor-
tional, the absorbed power is set proportional to the source
current. This proportionality exists because of the feed-
back and not because of any intrinsic linearity in the mod-
ulation; the modulation with voltage is far from linear.
Because the linearity results from feedback, we call this
mode of operation self-linearized modulation.

Fig. 14 shows the transmitted optical power as a func-
tion of current for various input powers. Beyond a ‘‘knee”
in the characteristic the output power decreases linearly
with increasing current with coefficient hw/e as expected
from (15). This set of data was actually taken using the
voltage-controlled constant current circuit shown in Fig.
8(c), and the form of the curves is identical within exper-
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Fig. 14. Optical output power as a function of the current at a wavelength
of 855.8 nm for four different optical input powers with the 600 pm di-
ameter sample. (a) 330 pW. (b) 650 pW. () 980 ¢ W. and (d) 1.3 mW.
The dashed lines have slope —hw/e as expected from (15) for unit inter-
nal quantum efficiency. The dotted-dashed line has a slope of 150
mA/W, corresponding to the responsivity of the device near 2 V reverse
bias at 855.8 nm.
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Fig. 15. Control of the transmitted laser power (vertical axis) by the inco-
herent light power (horizontal axis) incident on a silicon photodiode using
the circuit of Fig. 8(b). Incident diode laser power: 9.4 uW. Laser wave-
length: 855 nm. 100 pm diameter sample. Reverse bias supply voltage,
V, 6V

imental error if the transmitted power is plotted against
control voltage. The reason for the “knee” and the con-
stant transmitted power below this point on each curve is
that the modulator at any given operating wavelength has
a minimum absorption; once this minimum is reached the
transmitted power cannot be increased further. Below the
“knee,” the voltage across the modulator reduces and
eventually goes into forward bias. This reduction results
in the breakdown of the proportionality between absorbed
power and photocurrent [see (15)] because the quantum
efficiency drops off. The ““knee’" actually corresponds to
the point at which this proportionality starts to break down
(i.e., below about 2 V reverse bias), and the slope of the
dashed line that indicates the “‘knee” in Fig. 14 is, cor-
respondingly, approximately the reciprocal of the respon-
sivity at 2 V reverse bias.

Fig. 15 shows a resulit similar to those of Fig. 14, this
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Fig. 16. Optical level shifter action (subtraction of constant optical base
lines) for the SEED under constant current bias with the circuit of Fig.
8(c). Bias currents: (a) 50 A, (b) 100 pA, (c) 150 xA and (d) 200 uA.
Dye laser wavelength 858.0 nm. The dashed lines are parallel, with in-
tercepts on the output power axis of —hw I./e. where I, is the appropriate
constant bias current, as predicted by (15).

time taken with the light-controlled constant current
source of Fig. 8(b). In this case, the silicon photodiode
produces a photocurrent, almost independent of reverse
bias supply voltage V, between 1 and 6 V, that is linearly
proportional to the amount of light shining on it. The hor-
izontal axis in Fig. 15 is the light power from a tungsten
filament bulb as measured with a separate detector. Light
from the same bulb is focused onto the silicon photodiode
and the brightness of the bulb is altered to give the char-
acteristic as shown in Fig. 15. The vertical axis is the laser
beam power transmitted through the modulator. This sys-
tem also behaves as a self-linearized modulator, this time
controlled by an incoherent light source. Increasing tung-
sten bulb power gives decreasing transmitted laser power;
hence this system behaves as a linearized, inverting, light-
by-light modulator and incoherent-to-coherent converter.
With increasing tungsten bulb power, this characteristic
shows a second ““knee’ after the self-linearized region in
which the transmitted laser power is again independent of
the incident tungsten bulb power. In this region, increas-
ing bulb power gives no further increase in bias current as
the voltage across the silicon photodiode is low (e.g., less
than 1 V reverse bias) and its responsivity decreases.
The final mode of operation of the SEED device that
will be considered here is the optical level shifter config-
uration. This is the same as the self-linearized modulator
except that the bias current is held constant and the optical
input power is varied. A typical set of optical input/output
characteristics taken with several different bias currents is
shown in Fig. 16. To the right of the “knees” in these
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characteristics, the operation is exactly the same as in the
self-linearized modulator, in that the optical power ab-
sorbed is proportional only to the bias current; this pro-
portionality remains when the optical power is varied and
the bias current is held constant (the opposite situation to
that described for the self-linearized modulator above) as
can be deduced from (15). Thus, for constant bias current
[derived in this case from the circuit of Fig. 8(c)] a con-
stant optical power is absorbed. When the characteristics
above the “‘knee’’ are projected back to the vertical axis,
they intercept at the (negative) powers predicted by (15)
for unit internal quantum efficiency. The “‘knee’ in the
characteristics occurs in this case because there is a limit
to the maximum absorption of which the modulator is ca-
pable at a given wavelength; below the “knee” either the
constant current source can give no further increase in
voltage or (as in this case) the modulator can give no fur-
ther increase in absorption regardless of any further in-
crease in voltage. The effect of this configuration is to
subtract a constant optical ‘‘base line”” from the transmit-
ted power above the “‘knee,’” hence the title of optical level
shifter. Better contrast between the two regions of the
characteristic would be possible for devices with higher
peak absorption (e.g., thicker modulators).

The behavior of the optical level shifter is related to the
bistability under current bias discussed above in Section
IV-B. In fact, the region to the left of the bistable loops in
the characteristics shown in Fig. 9 actually starts out as
an optical level shifter characteristic at powers too low to
be clearly resolved on Fig. 9. The optical level shifter
behavior breaks down at powers somewhat higher than
those in Fig. 15 because there is a maximum transmission
of the modulator at any given wavelength, and all the
curves in Fig. 15 eventually limit to the maximum trans-
mission line. This causes the negative feedback to break
down; positive feedback then becomes possible, and bi-
stability can take place.

VIII. PERFORMANCE SCALING

One of the features that makes the SEED devices of
practical interest is their low operating energy. Operating
energies are important for two reasons: 1) some power
source is required to run the devices (e.g., a laser), and
low operating energies help reduce these power require-
ments; 2) thermal conduction of the dissipated energy sets
a limit to how often, and how many, devices can be op-
erated. High operating energies have long been a problem
for optical switching devices. In this section, we will
briefly discuss the physics behind the operating energy and
the scaling of the energy with various parameters. We also
consider the scaling of the switching time.

There are several ways of looking at operating energy
of an optical switch. First, we could consider the incident
energy in a light beam required to make enough change
in the optical properties of the material to swing the out-
put of the system from one logic level to the other; this is
essentially the energy considered by Smith [22] in his
scaling arguments on optical switching energies. The ab-
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sorbed or dissipated optical energy may be less than this
estimate. The extent to which critical slowing down in-
creases these energies depends on how the system is dri-
ven, and we will not consider this in any detail. Second,
we should also consider energy requirements and dissi-
pation from any other energy source; in the present case,
we must consider the electrical energy and dissipation.

In the case of the SEED, we can estimate, from first
principles and from the known properties of the QCSE,
the requirements on absorbed optical energy, stored elec-
trostatic energy, and dissipated electrical energy during a
switching transition.

To make the devices operate in any logic mode, we must
substantially change the optical properties of the material.
All the present device configurations rely on the change
of the optical absorption. These configurations also rely
on only a single pass of the light beam through the mate-
rial. While multiple passes and/or resonant cavities are
possible, we will not consider these here. Hence we must
make the material sufficiently thick so that the change in
absorption is strong as the device goes from one state to
the other (e.g., one absorption length). Because the ab-
sorption changes from the QCSE can be of the order of
5000-10 000 cm ™!, we therefore require at least 1 um ma-
terial thickness. To make these changes in absorption, we
require fields of ~ 50 kV/cm in the quantum well mate-
rial. Thus electrostatic energy must be stored in the ma-
terial to operate the device. An equivalent way to view this
energy is as the energy required to charge up the capaci-
tance of the device. To charge a capacitor C to a steady-
state voltage V, in addition to storing (3) CV? energy in
the capacitor, dissipates at least as much energy in the
(resistive) circuit used to charge it up, regardless of the
resistance of the circuit. (With an inductor, it is possible
to charge up the capacitor without dissipating this energy,
but the voltage oscillates and the state is not steady.)
Hence for any logical operation, at least this amount of
stored electrostatic energy must be dissipated. While we
could use more material and charge it with a lower
field, this would be less efficient in stored electrostatic en-
ergy because the change in absorption with much lower
fields is more than proportionately lower. Since the capac-
itance of a 1 um sheet of this material is ~ 100 aF for
every square square micron of area, we expect a minimum
dissipated energy of ~ 1.3 fJ/um’ to operate the device,
and the total dissipated electrical energy should scale lin-
early with the area of the device because the capacitance
does.

In the device configurations considered here, the only
means of discharging the capacitance of the device is the
photocurrent; the current from the power supply always
charges the capacitance of the device (to increasing re-
verse bias). Hence we can deduce a minimum optical en-
ergy to operate the device. The charge density required to
discharge the capacitance is @ = CV, which for the num-
bers used here is 500 aC/um®. One photon must be ab-
sorbed for every electronic charge on (either) plate. The
photon energy is about 1.5 eV; consequently about 750






