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High-speed, optically controlled surface-normal optical switch based
on diffusive conduction
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~Received 21 December 1998; accepted for publication 7 June 1999!

We report a surface-normal optically controlled optoelectronic modulator made from a reversed
biasedp-i ~multiple quantum well!-n GaAs/AlGaAs structure with ultrathin barriers~5 Å! whose
recovery time is based on diffusive conduction. Modulation of reflectivity from 0.3 to 0.6 and back
again in about 50 ps was demonstrated using a 750 fJ control pulse at 855 nm. We also demonstrated
modulated changes in power greater than the control pulse power—a type of signal gain—by a
factor of 1.8-to-1. Strong changes in reflectivity combined with low required control power make
this device potentially useful for high-speed switching arrays in such applications as time division
demultiplexing. © 1999 American Institute of Physics.@S0003-6951~99!00331-9#
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High-speed switches have a wide variety of poten
applications in optical and optoelectronic systems and c
munications. Optically controlled, fiber-based switches s
as loop mirrors or soliton gates can be very fast with go
contrast ratios, low power, and cascadable Boolean logic,
they are difficult to arrange in arrays and integrate with el
tronics @e.g., complementary metal–oxide–semiconduct
~CMOS!#.1–4 Waveguide switches offer reasonably go
contrast and speed, but they are limited to one-dimensio
arrays.5,6 Surface-normal semiconductor quantum w
switches, on the other hand, can be integrated with CM
circuitry.7 Surface-normal quantum well~QW! devices have
already been investigated extensively for switching at low
speeds and bistable switching has been demonstrated
times as short as 33 ps.8,9 In contrast to these previous de
vices, the device described in this work operates entir
with pulsed light. As we will show, this new device can b
used as the basis for a novel kind of high-speed optic
controlled switch. This type of switch may be useful f
applications such as time division demultiplexing where
interface is needed between the extremely fast bit rates
sible in optical fiber and the relatively slow speed of CMO
processing.

The device we have built is a reverse-biasedp-i~multiple
QW!-n GaAs/AlGaAs structure whose reflectivity may b
changed by a control pulse of light, as Fig. 1 illustrates. T
device may be made initially~relatively! opaque by appro-
priate biasing. If a control pulse hits the device, its light
absorbed in the QWs. Due to the bias-induced electric fi
the photogenerated electrons and holes escape from the
and are pulled toward then andp regions, respectively. As
they move, these same charges screen the reverse bias,
shifting the exciton absorption peak due to the quantum c
fined Stark effect~QCSE!.10 While this screening lasts, th
effective absorption of the device is reduced, allowing a s
ond, signal pulse to be strongly transmitted~or in the pres-
ence of a buried mirror, strongly reflected!.

As mentioned above, the duration of the strongly refle
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5970003-6951/99/75(5)/597/3/$15.00
l
-

h
d
ut
-
s

al
l
S

r
ith

ly

ly

n
s-

e

d,
Ws

lue-
n-

c-

t-

ing states~the ‘‘ON’’ state of the device! will last only while
the bias voltage remains screened. The decay mechanis
this screening is due to diffusive conduction.11 Since this
decay mechanism does not require the initial photogener
charge to be removed, speed is not limited by external
time constants or carrier lifetimes. If the spot size of t
control pulse is small with respect to the surface area of
device, then as the photocarriers vertically separate, they
build up a localized screening voltage which views the d
vice as a two-dimensional~2D! dissipative wire: there is a
capacitance per unit area across the intrinsic region~verti-
cally!, while there is a resistance per square across thep and
n regions~horizontally!. As such, the voltage obeys a diffu
sion equation given by

dV

dt
5D¹xy

2 V, ~1!

where the diffusion coefficient is simplyD51/RSQCA ; here
RSQ is the sum of the resistances per square of thep andn
regions andCA is the capacitance per area across the int

FIG. 1. Schematic device behavior over time with incident pump~1st, con-
trol! and probe~2nd, signal! pulses. Control pulse is absorbed in revers
biased device, creating electrons and holes that move to shield the vo
locally and consequently reduce the absorption of the device such tha
signal pulse may be strongly reflected. As the shielding voltage dissipa
the device returns to its opaque state.
© 1999 American Institute of Physics
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sic region. If we assume a Gaussian distribution of carr
due to the pulse intensity shape, the voltage dynamics fro
spatial Gaussian screening ‘‘impulse’’ at timet50 can be
described in a straightforward manner as

V~r ,t !5VM

tc

t1tc

expS 2
r 2

4D~ t1tc!
D , ~2!

in which tc is the effective decay time constant equal
w2/8D, wherew is the spot size radius of the pump pulse.
is worth noting thattc is strongly dependent on controllab
parameters~spot size and doping levels! and typical values
can give time constants on the order of picoseconds. Bec
it is the voltage and not the carriers themselves which di
pates and spreads, this effect is not limited by carrier dif
sion, and because the device can effectively recover thro
local diffusive conduction the recovery time is not dom
nated by the external circuitry~and its relatively long RC
time constants!.

In addition to the ‘‘local’’ optical modulation recovery
rate, there is also a ‘‘global’’ device repetition rate dete
mined simply by the~arbitrary! pulse repetition period
Though the fixed pulse generation rate~;80 MHz! of the
laser used precluded experimental testing, we believe tha
the repetition rates increases, a steady-state unrelaxed c
begins to build up, shifting the effective bias point of th
device. This shift—roughly proportional to the ratio of th
RC value of the device to the time period between pulse
may be easily compensated by adjusting the bias voltage
does not of itself limit the repetition rate. Other mechanism
such as limits on power dissipation, might set the pract
limit on repetition rate.

The ‘‘turn-on’’ time of the device depends on the esca
and subsequent transport of the photogenerated electron
holes. Using ultrathin barriers between the quantum wells
hoped to both improve modulation speed via tunneling
assisted tunneling as well as to increase contrast with a la
number of QWs for a given length of the intrinsic regio
Despite the very thin barriers, the device shows strong QC
shifts that dominate the electroabsorption in our experime
~various interwell coupling effects can also be seen!. Other
recent studies of carrier transport across quantum wells h
focused on the dynamics of shallow QWs~which allow rapid
thermal escape!.12

The device was grown by solid source molecular be
epitaxy ~MBE! on an n1 GaAs~001! wafer. The structure
consisted of 20 pairs ofn-doped Si 931017 cm23)
AlAs/Al 0.10Ga0.90As quarter wave layers forming a distrib
uted Bragg reflector~DBR! with a center wavelength of 85
nm, followed by an intrinsic region consisting of 943100 Å
QWs separated by 5 Å AlAs barriers, and finally a 1.1mm
Al0.10Ga0.90As p region~Be 331018 cm23) capped by 50 Å
of heavilyp-doped GaAs~Be 131019 cm23). Standard pho-
tolithography and wet chemical etching were used to m
300mm mesas. A Si3N4 antireflection coating was deposite
on top of the mesas and metal ring contacts were made to
p and n regions followed by wire bonding. In our setup,
diode-pumped Nd:YVO4 ~Millenia! laser pumped a Tsunam
Ti-sapphire laser producing 2 ps pulses at 82 MHz. E
pulse is split in a pump-probe setup such that only the
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flected~chopped! probe light~the second pulse! is captured
by a photodetector and sent to a lock-in amplifier.

The results are shown in Fig. 2. Using a 750 fJ pum
pulse with a spot size of 7mm radius~;5 fJmm2! tuned to
855 nm and the device biased at26.3 V, the heavy hole
exciton is strongly absorbing. As can be easily seen in
figure, the probe pulse experiences a reflectivity change w
a contrast ratio of 1.8-to-1 and an absolute change in refl
tivity of 0.3. The high-reflectivity state of the device induce
by the pump pulse decays within about 50 ps. The dev
exhibits this type of behavior when the laser is tuned
tween 855 and 865 nm, with the contrast ratio falling
about 30% at the high-wavelength end. The energy nee
for switching is very low—less than a picojoule—and com
pares very favorably with the other switching mechanis
mentioned at the beginning of this report. This low requir
energy is possible because once the carriers from a si
well reach then andp regions, the resulting screening affec
all of the QWs. Hence, the carriers created from all of the
QWs ultimately move to create a much larger electric fie
change across any single QW than would be possible w
carriers from that QW alone. Low switching energy aris
naturally from this when combined with the strongly fiel
dependent absorption of the QWs.

Figure 2 also compares medium~750 fJ! and large-signal
~1500 fJ! data to simulation. The model includes the follow
ing parameters: a Gaussian distribution for the creation
electrons and holes based on the spot size of the pulse
fective escape times from the wells for both electrons a
holes; vertical field-dependent velocity—also for both carr
types; and a diffusion coefficient. The model tracks ea
electron and hole and, using Eq.~2! and Poisson’s equation
calculates the position-dependent field across the dev
This is incorporated into a time sequential process that, w
combined with empirical voltage-dependent reflectivity da
determines the reflectivity as a function of time. This discr
time process is comparable to the continuous time, Gree
function approach taken by Yang.12

The calculated diffusion coefficient is 23105 cm2/s as-

FIG. 2. Reflectivity modulation of probe~signal! pulse as a function of time
with 26.3 V bias across device and 855 nm light at various pump~control!
pulse powers with a spot size of 50mm2. Simulation ~solid lines!—
reflectivity modulation at various input powers. The good fit of the tails t
hyperbolic decay is a good indication that diffusive conduction is resp
sible for the voltage dissipation.
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suming CA50.1 fJ/cm2. There is some uncertainty in th
resistance and capacitance values, however, so instea
used 0.43105 cm2/s based on measured values from simi
structures by Yang.12 Maximum drift velocity was set to 1.0
and 0.63107 cm/s for electrons and holes, respectively. E
cape times are difficult to determine. As an approximati
we used a tunneling resonance simulation to determine
ergy resonance widths and hence lifetimes. With a
3104 V/cm field across our structure, the simulated elect
and hole tunneling times were roughly 3 and 20 ps, resp
tively. Tunneling time is field dependent, however, partic
larly for the electrons. Rapid field screening at larger opti
powers may also increase the average expected escape
for carriers still trapped. For the three curves shown, reas
able fits were found with electron escape set at 5, 7,
10 ps with increasing pump power~this was the only param
eter varied between the different simulations!. The close fit
between data, particularly for the tails, gives strong supp
for our hypothesis that it is indeed diffusive conduction th
is the mechanism primarily responsible for voltage decay

The device recovery time is long, especially when co
pared to the expected rapid voltage diffusion time coeffici
that is on the order of a picosecond. We believe this may
due to a long hole escape time from the quantum we
Reducing the hole escape time should make this type of
vice much faster and is the focus of future work. Moreov
the presence of these holes changes the spatial electric
screening across the QWs which, when combined with
nonlinear field dependence of the absorption, limits cha
in reflectivity. The device can also be improved~reduced
‘‘turn-on’’ time ! by making use of faster changes in abso
tion as a function of electric field, such as possibly Wannie
Stark localization.

The percentage change in probe reflectivity—induced
the pump pulse—should be nominally independent of pr
power. Normally the pump pulse induces changes in
flected probe power which are small compared to the pu
power. However, if the incoming probe power is made la
compared to the pump, the changes in reflected probe po
can be larger than the pump power itself—in effect creat
gain in the reflected signal. Figure 3 demonstrates this ef
~though there was some reduction in the percentage ch
in reflectivity at such high probe powers!, showing gain
close to a factor of 2.

In summary, we have demonstrated an optically c
trolled surface-normal switch which can be switched in 50
with reflectivity swings from 0.3 to 0.6. This type of devic
should be integrable with CMOS~via flip-chip bonding!, act-
ing concurrently as a photodetector at CMOS speeds by m
we
r

-
,
n-
3
n
c-
-
l
ime
n-
d

rt
t

-
t
e

s.
e-
,
eld
e
e

-
–

y
e
-
p
e
er
g
ct
ge

-
s

a-

suring the photoinduced current as well as allowing con
of the switch operation through the bias voltage. The qu
tum confined Stark effect and diffusive conduction seem
be the mechanisms primarily responsible for the la
change in reflectivity and fast recovery time, respective
Signal gain using the same device has also been shown
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