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High-speed, optically controlled surface-normal optical switch based
on diffusive conduction
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We report a surface-normal optically controlled optoelectronic modulator made from a reversed
biasedp-i (multiple quantum we)kn GaAs/AlGaAs structure with ultrathin barrie(s A) 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 PhysidsS0003-695(99)00331-9

High-speed switches have a wide variety of potentialing stategthe “ON” state of the devicgwill last only while
applications in optical and optoelectronic systems and comthe bias voltage remains screened. The decay mechanism of
munications. Optically controlled, fiber-based switches suctihis screening is due to diffusive conductithhSince this
as loop mirrors or soliton gates can be very fast with gooddecay mechanism does not require the initial photogenerated
contrast ratios, low power, and cascadable Boolean logic, bitharge to be removed, speed is not limited by external RC
they are difficult to arrange in arrays and integrate with electime constants or carrier lifetimes. If the spot size of the
tronics [e.g., complementary metal—oxide—semiconductorgontrol pulse is small with respect to the surface area of the
(CMO9)].1* Waveguide switches offer reasonably gooddevice, then as the photocarriers vertically separate, they will
contrast and speed, but they are limited to one-dimensionduild up a localized screening voltage which views the de-
arrays>® Surface-normal semiconductor quantum well Vice as a two-dimensiondRD) dissipative wire: there is a
switches, on the other hand, can be integrated with CMO$apacitance per unit area across the intrinsic regienti-
circuitry.” Surface-normal quantum welQW) devices have Cally), while there is a resistance per square acrosy tued
already been investigated extensively for switching at lowef? régions(horizontally. As such, the voltage obeys a diffu-
speeds and bistable switching has been demonstrated wifiPn equation given by
times as short as 33 fS.In contrast to these previous de-
vices, the device described in this work operates entirely E=DV§yV, D
with pulsed light. As we will show, this new device can be
used as the basis for a novel kind of high-speed opticallywvhere the diffusion coefficient is simph =1/RsCp; here
controlled switch. This type of switch may be useful for Ry is the sum of the resistances per square oftfaadn
applications such as time division demultiplexing where arregions andC, is the capacitance per area across the intrin-
interface is needed between the extremely fast bit rates pos-
sible in optical fiber and the relatively slow speed of CMOS
processing.

The device we have built is a reverse-biapadmultiple
QW)-n GaAs/AlGaAs structure whose reflectivity may be
changed by a control pulse of light, as Fig. 1 illustrates. The
device may be made initiallyrelatively) opaque by appro- 1% light pulse absorbed  As electrons and holes separate,
priate biasing. If a control pulse hits the device, its light js i intrinsic region  absorption changes with effective voltage
absorbed in the QWs. Due to the bias-induced electric fieId,3)t~20 -
the photogenerated electrons and holes escape from the QW :
and are pulled toward the and p regions, respectively. As _7_
they move, these same charges screen the reverse bias, blu Y & 3 ‘
shifting the exciton absorption peak due to the quantum con- L5

2)t~10 ps
]

@ L

4) t~50 ps
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fined Stark effec{QCSB.° While this screening lasts, the 2" light pulse not absorbed Absorption gate closes as
effective absorption of the device is reduced, allowing a sec- voltage diffuses away
ond, signal pulse to be strongly transmitt@a in the pres-

. . FIG. 1. Schematic device behavior over time with incident pytrgt, con-
ence of a buried mirror, strongly reflected trol) and probe(2nd, signal pulses. Control pulse is absorbed in reverse-

As mentioned above, the duration of the strongly reflect-biased device, creating electrons and holes that move to shield the voltage
locally and consequently reduce the absorption of the device such that the
signal pulse may be strongly reflected. As the shielding voltage dissipates,
¥Electronic mail: yairi@leland.stanford.edu the device returns to its opaque state.
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sic region. If we assume a Gaussian distribution of carriers 0.8+ . 15001
due to the pulse intensity shape, the voltage dynamics from a Lo
spatial Gaussian screening “impulse” at time 0 can be 0.7
described in a straightforward manner as
0.6 1
Tc % re ) 2
V(r,t)=Vy exp ———|, %) £
t+ 7 AD(t+ 7¢) 2 051
4
in which 7, is the effective decay time constant equal to 0.4
w?/8D, wherew is the spot size radius of the pump pulse. It
is worth noting thatr; is strongly dependent on controllable 03
parametergspot size and doping leveland typical values . . —
can give time constants on the order of picoseconds. Because 0 2 40 60 80 100 120 140
it is the voltage and not the carriers themselves which dissi- Time (ps)

pates and spreads, this effect is not limited by carrier diffu- - , : . i
. . . FIG. 2. Reflectivity modulation of probg@igna) pulse as a function of time
sion, and b.ecause the quICe can effectlv_ely rgcover thI‘Ol.ngth —6.3 V bias across device and 855 nm light at various p{coptro)

local diffusive conduction the recovery time is not domi- pulse powers with a spot size of 5@m?. Simulation (solid lineg—
nated by the external circuitrgand its relatively long RC reflectivity modulation at various input powers. The good fit of the tails to a

; hyperbolic decay is a good indication that diffusive conduction is respon-
time constants ; A

o " " . . sible for the voltage dissipation.
In addition to the “local” optical modulation recovery

rate, there is also a “global” device repetition rate deter-

mined simply by the(arbitrary) pulse repetition period. flected(chopped probe light(the second pulgds captured
Though the fixed pulse generation rdte80 MHz) of the by a photodetector and sent to a lock-in amplifier.

laser used precluded experimental testing, we believe that as The results are shown in Fig. 2. Using a 750 fJ pump
the repetition rates increases, a steady-state unrelaxed chamése with a spot size of Zm radius(~5 fJ um?) tuned to
begins to build up, shifting the effective bias point of the 855 nm and the device biased a6.3 V, the heavy hole
device. This shift—roughly proportional to the ratio of the exciton is strongly absorbing. As can be easily seen in the
RC value of the device to the time period between pulses—figure, the probe pulse experiences a reflectivity change with
may be easily compensated by adjusting the bias voltage aralcontrast ratio of 1.8-to-1 and an absolute change in reflec-
does not of itself limit the repetition rate. Other mechanismstivity of 0.3. The high-reflectivity state of the device induced
such as limits on power dissipation, might set the practicaby the pump pulse decays within about 50 ps. The device
limit on repetition rate. exhibits this type of behavior when the laser is tuned be-

The “turn-on” time of the device depends on the escapetween 855 and 865 nm, with the contrast ratio falling to

and subsequent transport of the photogenerated electrons aaldout 30% at the high-wavelength end. The energy needed
holes. Using ultrathin barriers between the quantum wells wéor switching is very low—Iless than a picojoule—and com-
hoped to both improve modulation speed via tunneling ompares very favorably with the other switching mechanisms
assisted tunneling as well as to increase contrast with a largenentioned at the beginning of this report. This low required
number of QWSs for a given length of the intrinsic region. energy is possible because once the carriers from a single
Despite the very thin barriers, the device shows strong QCSkell reach then andp regions, the resulting screening affects
shifts that dominate the electroabsorption in our experimentall of the QWSs. Hence, the carriers created from all of the 94
(various interwell coupling effects can also be seédther QWs ultimately move to create a much larger electric field
recent studies of carrier transport across quantum wells hawghange across any single QW than would be possible with
focused on the dynamics of shallow Q\ehich allow rapid  carriers from that QW alone. Low switching energy arises

thermal escapée naturally from this when combined with the strongly field-
The device was grown by solid source molecular beandependent absorption of the QWs.
epitaxy (MBE) on ann® GaAg001) wafer. The structure Figure 2 also compares mediui@b0 fJ) and large-signal

consisted of 20 pairs ofn-doped Si %< 10Y cm™9) (1500 fJ data to simulation. The model includes the follow-
AlAs/Al 5 1G& oS quarter wave layers forming a distrib- ing parameters: a Gaussian distribution for the creation of
uted Bragg reflectofDBR) with a center wavelength of 850 electrons and holes based on the spot size of the pulse; ef-
nm, followed by an intrinsic region consisting of 400 A fective escape times from the wells for both electrons and
QWs separatedyb5 A AlAs barriers, and finally a 1.um  holes; vertical field-dependent velocity—also for both carrier
Aly 185a ooAS p region(Be 3x 10'® cm™3) capped by 50 A types; and a diffusion coefficient. The model tracks each
of heavily p-doped GaAgBe 1x 10'° cm 3). Standard pho- electron and hole and, using E®) and Poisson’s equation,
tolithography and wet chemical etching were used to makealculates the position-dependent field across the device.
300 um mesas. A SN, antireflection coating was deposited This is incorporated into a time sequential process that, when
on top of the mesas and metal ring contacts were made to tteombined with empirical voltage-dependent reflectivity data,
p and n regions followed by wire bonding. In our setup, a determines the reflectivity as a function of time. This discrete
diode-pumped Nd:YVQ (Millenia) laser pumped a Tsunami time process is comparable to the continuous time, Green’s
Ti-sapphire laser producing 2 ps pulses at 82 MHz. Eacliunction approach taken by Yarig.

pulse is split in a pump-probe setup such that only the re-  The calculated diffusion coefficient i©210° cn?/s as-
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suming C,=0.1 fl/cnt. There is some uncertainty in the 8 ry

resistance and capacitance values, however, so instead we 164 . '-_

used 0.4 10° cm?/s based on measured values from similar £t f 5

structures by Yang? Maximum drift velocity was set to 1.0 3 § 124 I ".L

and 0.6< 10" cm/s for electrons and holes, respectively. Es- & E 1.0+ j %

cape times are difficult to determine. As an approximation, f S 08 "'.

we used a tunneling resonance simulation to determine en- s ¥ o6 '-_

ergy resonance widths and hence lifetimes. With a 6.3 § ,E 0.4] l

x 10* V/cm field across our structure, the simulated electron % 2] J

and hole tunneling times were roughly 3 and 20 ps, respec- a3 oo s— . : . .

tively. Tunneling time is field dependent, however, particu- -0 0 5‘_’|__ ( 1)°° 180 200
ime (ps

larly for the electrons. Rapid field screening at larger optical
powers may also increase the average expected escape tifg. 3. Change in reflected proltsigna) power normalized against pump
for carriers still trapped. For the three curves shown, reasorfeontro) pulse power—equivalent to signal gain with the device biased at
able fits were found with electron escape set at 5, 7, and®-0 V. pump power of 750 J, and probe power of 2.56 pJ at 855 nm.
10 ps with increasing pump powéhis was the only param-
eter varied between the different simulatipnshe close fit  suring the photoinduced current as well as allowing control
between data, particularly for the tails, gives strong supporodf the switch operation through the bias voltage. The quan-
for our hypothesis that it is indeed diffusive conduction thattum confined Stark effect and diffusive conduction seem to
is the mechanism primarily responsible for voltage decay. be the mechanisms primarily responsible for the large
The device recovery time is long, especially when com-change in reflectivity and fast recovery time, respectively.
pared to the expected rapid voltage diffusion time coefficienfSignal gain using the same device has also been shown.
that is on the order of a picosecond. We believe this may be
due to a long hole escape time from the quantum wells
Reducing the hole escape time should make this type of d
vice much faster and is the focus of future work. Moreover,
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