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We demonstrate waveguide devices that employ unique semiconductor quantum well elec-
trorefractive phenomena. Field- and carrier-induced changes in refractive index are ap-
plied to optical phase modulators, interferometric intensity modulators and balanced-bridge
switches, directional coupler and digital optical switches. These quantum well devices are
considerably more compact than the corresponding waveguide components made in bulk
semiconductors, and require lower voltages. Moreover, one of the most important advan-
tages to using quantum well material is the ability to customize the technology to system
requirements. Through layer thicknesses, strain, composition, doping, and other material pa-
rameters, quantum well waveguide components can be tailor-made to meet specifications for
polarization properties, loss, wavelength of operation, and other application-specific needs.

I. Introduction

Waveguide electro-optic devices are now being used
in diverse optical systems such as antenna remoting and
control, long-haul terrestrial and submarine fiber-optic
communications, cable television distribution, instru-
mentations, and vehicle guidance. Where space is at
a premium or weight is an issue compactness is key.
Minimizing waveguide device length is also a critical
factor in reducing the production cost, especially when
the integrated optic device 1s monolithically integrated
with other components for increased functionality. In
applications where high speed is important, compact
devices also have the advantage since they have reduced
parasitics. However, there are some basic material con-
straints on how compact we can make electro-optic de-
vices.

Consider the interferometric modulator shown in
Fig. 1. A voltage V applied across a region of width
w produces a refractive index change An. The active
length of a modulator operating at wavelength A needs
to be at least L ~ A/(2An) to get an optical phase
change of 180° and hence complete extinction of light.
Suppose w = 1 pm and we want to keep V' < 5 V.

Then in order to keep this device under 1 mm in length

we need a refractive index change per applied field
An/E > 1x1071% m/V. The linear electro-optic effect
in bulk semiconductors like InP yields only ~ 25x 10712
m/V[l]. Thus for voltage- controlled, ultra-compact de-
vices some type of enhanced electrorefraction is neces-

sary.

Y Branch Interferometric Modulator

V=V

Figure 1: Top view of a Mach-Zehnder waveguide modula-
tor. Constructive interference from both arms produces the
“ON” state. A voltage-induced 180° optical phase change
in one arm produces an antisymmetric mode that is not
supported by the output waveguide and radiates into the
substrate, producing the “OFF” state.



J. E. Zucker

129

QUANTUM WELL ELECTROREFRACTION

HGA03399.004

i

ABSORPTION

ZERO

BIAS

SITIVE
BIAS

L\ PO
A%

NEGATIVE

__jl/k

ABSORPTION

ABSORPTION

WA

401
WAVELENGTH

£ BLUE GHIFT-w
Yy NEGATIVE an

WAVELENGTH

. RED SHIET-s
POSITIVE b

WAVELENGTH

EXCITON
ABSORPTICH

BANDFILLING

QUANTUM
CONFINED
STARK
EFFECT

ZUCKER 2/80

Figure 2: Spectral behavior of the absorption edge corresponding to near- bandedge electrooptic effects in quantum wells.
On the left is the energy band diagram for a BRAQWET structure corresponding to zero- field (top), bandfilling (middle)
and red-shifting of the exciton peak, or quantum confined Stark effect (bottom).
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Figure 3: Voltage-induced changes in refractive index and
absorption coefficient an InGaAs/InGaAlAs BRAQWET.

The change in absorption coefficient refers to the thickness

a l|.5

Wavelength (um)

of the quantum well only.

1.7

70 A INGA2AS P4
250 A InP

Figure 4: P — i(quantum well)-n waveguide cross- section
is designed to place maximum optical mode intensity (solid
line) at quantum wells. Mach-Zehnder modulator is formed

ulator.

by etching the uppermost p—In P cladding layer to produce
lateral confinement. Reverse bias to the p — ¢ — n produces
Stark effect and index change in the active arms of the mod-
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In this paper we discuss novel electrorefractive phe-
nomena in semiconductor quantum well waveguides
that allow multi-gigahertz operation and, at the same
time, provide low operating voltages and compact de-
vice lengths. These effects, associated with the quan-
tum confined Stark effect (QCSE)?! and phase space
absorption quenching (PAQ)P! can yield An/E >
1x107% m/V in quantum wells. We also describe some
high-performance devices for modulation and switching

that are based on such phenomena.

II. Stark Effect and Bandfilling in Quantum
Wells

Fig. 2 illustrates two methods of inducing large re-
fractive index changes in quantum wells. The band-
structure shown!¥ contains, in addition to the quantum
well, an electron reservoir n-doped layer and a p-doped
barrier layer. At zero bias the BRAQWET (Barrier,
Reservoir And Quantum Well Electron Transfer) struc-
ture has a small field across the quantum well. Never-
theless, electron and hole wavefunction overlap is still
strong giving rise to a sharp excitonic absorption peak.
When a positive bias is applied to the right-hand-side
of the diagram, the field is reduced and electrons can
flow into the well from the n-doped reservoir on the
left. This causes a bleaching of the exciton absorption
by bandfilling and a net blue shift of the absorption
edge. The amount of refractive index change per car-
rier added to the quantum well in this way is essentially
the same as for current-injection in bulk materialsl.
On the other hand, if negative bias is applied to the
right-hand side, the field increases across the quantum
well. This lowers the energy of the exciton transition
and causes a red shift of the absorption edge.

Fig. 3 shows changes in absorption coefficient
and refractive index that correspond to the above
BRAQWET schematic. The sample consists of T0A In-
GaAs quantum well, 280A n-doped InGaAlAs reservoir
layer (separated from the well by a 105 A InGaAlAs
undoped spacer), and on the other side, a 315 A thick
InAlAs barrier, of which 140 A is p-doped. Dotted lines
show changes in refraction and absorption for bandfill-
ing with +5 V applied voltage, producing blue shift
of the absorption edge, negative change in absorption

coefficient, and negative index change at wavelengths
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below gap. Solid lines show changes in refraction and
absorption for a -6 V applied voltage causing red-shift
of the absorption edge, with positive increase in absorp-
tion and refractive index at wavelengths below gap.
Measurements of field-induced changes in refractive
index have been made for a variety of quantum well sys-
tems including GaAs/AlGaAs[®]l TnGaAs/InPl7l and
InGaAsP/InP[S]. For application to electrorefractive
waveguide devices, where absorption and electroabsorp-
tion should be kept at a minimum, the quantum well
crystal 1s generally grown with a zero-field bandgap 50-
100 meV higher than the desired energy of operation.
For example, in order to operate at 1.55 um the ground
state exciton transition should be designed (through
choice of quantum well composition and thickness) to

occur near 1.4 pm.
III. Mach-Zehnder Modulators

Extremely high data rate optical communications
require external Mach-Zehnder intensity modulators for
high-speed, adjustable-chirp modulation of optical sig-
nals. Other applications for Mach-Zehnder modula-
tors include the distribution of cable television sig-
nals, antenna remoting, and instrumentation. One fig-
ure of merit for these modulators is V' x L, the prod-
uct of the length and voltage needed to produce 180°
phase shift and thereby switch the output from “on”
to “off”.
InGaAsP waveguide interferometric modulatorl®! was
demonstrated with V' x L = 22.5 V- mm. Fig. 4 shows

a schematic of the first quantum well waveguide inter-
[10]

In bulk InGaAsP, a low-switching-voltage

ferometic modulator!*"!, formed from a strip-loaded p-i-
n waveguide containing 10 undoped InGaAsP quantum
wells surrounded by undoped InP buffer layers. With
active length . = 0.65 mm, it required V = 12 V to
switch. More recent p-i-n quantum well Mach- Zehn-
der modulators have dispensed with the undoped buffer
layers and achieve voltage-length products V x L < 2

1] High-speed versionst'?! of the p-i(quantum

V-mml
well)-n Mach Zehnder modulator with reduced para-
sitic capacitance and thick quantum well regions have
successfully operated at 10 gigabits per second. In ad-
dition, rib waveguide Mach-Zehnder modulators can be
etched in an n-InAlAs/multiple BRAQWET /n-TnAlAs
waveguide. With eight repeated BRAQWETSs as the

electrooptically-active core, a V x L = 2.1 V-mm (with
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an active length Mach-Zehnder arm 0.7 mm in length)

was demonstrated!3].
IV. Space-Division Switches

Many functions inside an optical network require
routing of light from one spatial port to another. For
example, protection switching is used to re-establish
service with a backup set of fibers when a cable connec-
tion 1s cut. In time-multiplexed systems, space-switches
are needed to pick-apart a high-data-rate optical bit-
stream into lower-rate streams. Space switches are also
used to dynamically reconfigure the optical intercon-
nections between electronic modules, or to provide true-
time-delay for radar beamforming. For small size, low
voltage and high-speed, quantum well-based switching
provides some advantages. The same p-i(multiple quan-
tum well)-n and n-(multiple BRAQWET)-n waveguide
structures used for modulators can also be applied to
space-division switches. Fig. b shows a diagram of the
first quantum well directional coupler switchl!. With
a 450 pm-long coupling region, switching between cross-
over and straight-through states was achieved with
symmetric 8 dB extinction for an applied field 13 V/pum.
On the other hand, the dashed line in Fig. 5 shows that
even with a waveguide core completely filled with In-
GaAsP of the same bandgap, the required switching
voltage would exceed the reverse breakdown voltage of
the diode. More recently, the first 4 x 4 directional

[15] yging the

coupler switch matrix was demonstrated
Stark effect in a p-i (InGaAs/InGaAlAs quantum well)-

n structure.

Voltage

Figure 5: Directional coupler switch formed by etching the
uppermost n-cladding from an n-i(quantum well)-p waveg-
uide wafer containing 10 quantum wells inside the 1.49 pm
thick i-region. For zero applied voltage, light couples over
from one waveguide to the next. As reverse bias increases,
the difference in refractive index destroys coupling between
the two waveguides and light exits the straight - through
port. At right, the measured fraction of output power in
cross-over and straight-through ports is plotted (dots) as
a function of applied voltage. The dashed line gives the
switching curve to be expected if the entire i-region con-
tained bulk InGaAsP instead of InGaAsP quantum wells.
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Figure 6: Digital optical switch formed from BRAQWET
waveguide and pictures of the near- field output intensity
from the two branches. At 0 V, the device is a 50:50 3 v
splitter. For -3 V applied, the Stark effect produces a posi-
tive refractive index change, drawing light to exit the biased
port. For +3 V| bandfilling depresses the refractive index
causing light to exit the unbiased side.
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Figure 7: Intermixing of quantum wells via ion implantation
to reduce propagation loss. The energy of the P implant de-
termines the position of peak damage in the layers; the dose
shown is the maximum it can be before destroying electrical
properties of the p-i-n junctions. The large blue-shifting of
the bandedge results in a large reduction in propagation loss

at below-gap wavelengths.

Fig. 6 shows a 1 x 2 Y-branch switch based on the
BRAQWET structurell. Tt is termed a digital switch
for the digital-like switching characteristic which 1s not
periodic in the voltage (as in a directional coupler).
Light 1s drawn to the port with the higher refractive in-
dex and 1t does not flow back, making the digitial switch
both polarization and wavelength insensitivel'™. Dig-
ital switches have also been made using p-i(quantum
well)-n structures. In the BRAQWET digital switch,
both positive and negative voltages can be applied to a
single side of the switch (as in Fig. 6) to produce switch-
ing. Alternatively, both sides can be biased in push-pull



132

fashion to decrease the required voltage swing by a fac-
tor of two; e.g, +1.5 V to one side and -1.5 V to the
other yields the same switch state as 3 V single-sided
drive. In a p-i-n digital switch, push-pull switching re-

quires a DC offset to maintain reverse bias conditions.

™

Figure 8: Polarization anisotropy in lattice-matched quan-
tum wells. The periodic potential lifts the degeneracy be-
tween the heavy- and light-hole valence bands, causing two
excitonic peaks associated with heavy hole(hh) and light
hole(lh) to conduction band absorption. In the TE polariza-
tion (in the plane of the layers), both transitions participate.
However in the TM polarization (perpendicular to the lay-
ers) only the light hole transition appears because of its sym-
metry. The refractive index change An at long wavelengths
from near-bandedge electroabsorption is always larger for
the TE polarization, since in lattice- matched quantum wells

the hh transition is lower in energy.

For switches and especially large switch arrays, min-
imizing the propagation loss is always a priority. Fig. 7
shows a method that works for both BRAQWET and
p-1-n switch material: quantum well intermixing via ion
implantation. In areas of the photonic integrated cir-
cuit where shorter wavelength bandgap is needed, dam-
age sites are created by the implanted ions ( other parts
are masked off during the implant by photoresist). Dur-
ing thermal anneal, wells and barriers are intermixed
as defects migrate through the layers. A shorter wave-
length bandgap characteristic of the equivalent random
alloy 1s produced. The peak of the damage profile is
accurately placed by choosing the ion energy. For in-
termixing MOCVD-grown InGaAs/InP wells, lower en-

ergy P implantation was followed by regrowth!!s] of
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the InP:Zn cladding to avoid Zn diffusion. In MBE-
grown InGaAs/InGaAlAs wells, where InGaAlAs:Be
is the p-type upper cladding, implantation at 2 MeV
was done with the cladding layers in placel'?]. Both
methods result in a large blue-shift of the bandedge,as
shown in Fig. 7, and a significant reduction in waveg-
uide loss. Moreover, p-i-n junction characteristics are
maintained after implant, permitting electrical isola-
tion between blue-shifted and non-shifted regions of a
circuit. The P-implant technique has also produced
buried quantum well heterostructure waveguides with-
out any regrowths!?%] since blue-shifting of the bandgap
also results in a reduction in quantum well refractive
index. In addition, the P-implant technique has been
successfully demonstrated as a means for loss reduction

in BRAQWET waveguides!?!].

In,,Ga,As/ InAlAs QW Phase Modulators
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Figure 9: Left: photocurrent spectra of InGaAs/InAlAs
quantum wells as a function of increasing tensile strain. By
increasing a content, tensile strain is increased to place the
light hole valence band closer to the heavy hole valence band
(center). For extreme tension, the light hole exciton peak
(Ih) is actually lower in energy than the heavy hole (hh)
exciton peak (bottom). At right, the measured refractive
index change as a function of voltage shows that as tensile
strain is increased, the ratio of refractive index change in the
TM polarization to that in the TE polatization is increased.

One of the results of quantum confinement is a
lifting of the degeneracy between light- and heavy-

hole valence bands.This creates a severe polarization
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Strained Quantum Wells for
Polarization-Independent Switching
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Figure 10: A polarization- independent balanced bridge switch is made by using tensile-strained quantum wells as the
electro-optically active waveguide core. The switching characteristics at right show nearly identical behavior for TE and TM
polarizations. At 0 V| straight-through state has < —17 dB crosstalk in both polarizations; at -4.5 V, the crossover state has
< —10 dB crosstalk in both polarizations. The voltage- length product for the switch is 3.0 V-mm.

anisotropy for quantum well waveguide devices and is a
drawback for quantum well switches in systems where
the incoming polarization i1s random. In unstrained
quantum wells, as shown in Fig. 8, electrorefraction at
some below-gap wavelength A,, is larger for TE than
for TM polarization because of the greater proximity
of the heavy-hole exciton peak at App. However, the
ordering of valence bands can be reversed by grow-
ing the well with built-in tensile strain. The concept
is explicitly demonstrated in Fig. 9, where we show
the effects of increasing tensile strain on MBE-grown
InGaAs/InGaAlAs QW phase modulatorst??l. In the
near-lattice-matched case (Ga fraction x=.46 in the In-
GaAs well) we have App, > A, and the phase shift
efficiency in the TE polarization is 2.4 times that in
the TM. For x=.59, Az, ~ A;, but owing to the dif-
ference in oscillator strength of the two transitions
polarization-independence is not yet acheived. Equal
TE and TM index change at 1.5 pm is obtained only
at higher tensile strain,when x=0.7. The same concept
using tensile wells has recently been used to produce
the first polarization-independent quantum well waveg-
uide switch in CBE-grown In 4Ga gAs/InP materiall23]

as shown in Fig. 10.

Monolithic integration

One of the attractive features of semiconductor
switches and modulators is the ability to monolithi-
cally integrate other components for increased function-
ality. Quantum well waveguide devices can be inte-
grated with electronic as well as photonic components
11 and 12.

circuit for wavelength conversionl

In the optoelectronic
24]

as shown in Figs.
, quantum well p-
i-n waveguides are used as photodetectors for incom-
ing modulated input and as modulators for transfer-
ring the signal onto a second wavelength. Photocurrent
from the input waveguide goes to a three stage hetero-
junction bipolar transistor (HBT) transimpedance am-
plifier. The base wafer is created in a single growth,
with the p-i(quantum well)-n followed by the HBT lay-
ers. A series of stop-etch layers precisely defines the
depth of each feature. For the integrated laser/Mach-

(25] shown in Fig. 12, the base wafer

Zehnder modulator
again contains all the critical layers in the same growth.
The electrorefractive quantum wells are grown first with
bandgap near 1400 nm to produce index change at 1550
nm, followed by the gain quantum wells with bandgap
of 1550 nm. After etching the waveguide geometry and

definition of the DBR grating, the wafer undergoes two
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Figure 11: Monolithicallly integrated p-i(quantum well)-n waveguide photodetectors and modulators with heterojunction
bipolar transistor circuit form an optoelectronic circuit for wavelength conversion. At left, the structure of the wafer. P-
i(quantum well)-n layers are formed into waveguides; transistor layers are etched to form the circuit in the center. At upper
right is the circuit diagram of the transimpedance amplifier transistor circuit which collects photocurrent signal from the
input waveguide photodiode. The circuit creates an output voltage to drive the second waveguide modulator with a replica
of the optical input. At lower right are the oscilloscope traces showing optical input (1.1 mW in magnitude) and electrical
output of the circuit, 1.5 V| which is sufficient to drive the modulator waveguide output stage.
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bandgap near 1400 nm) and the upper one for gain at 1550 nm. In the modulator region, the gain quantum wells are etched
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13.

14.

15.

16.

17.

T. Ido, S. Tanaka, H. Tsushima and A. Takai,
“High speed properties of InGaAs/InAlAs MQW
Mach-Zehnder modulators,” Proc. IEICE Spring
Meeting, p.4-187 (1993).

J. E. Zucker, K. L. Jones, T. Y. Chang, N. Sauer,
B. Tell, M. Wegener and D. S. Chemla, Electron.
Lett. 26, 2030 (1990).

J. E. Zucker, K. L. Jones, M. G. Young, B.I
Miller, U. Koren, Appl. Phys. Lett. 55, 2280
(1989).

H. Takeuchi, Y. Hasumi, S. Kondo, Y. Noguchi,
Electron. Lett. 29, 523 (1993).

Y. Chen, J. E. Zucker, T. Y. Chang, N. J. Sauer,
B. Tell, “Y-branch electrooptic waveguide switch
at 1.55 pm using chopped quantum well elec-
tron transfer structure,” Integrated Photonics Re-
search Technical Digest, 1993 (Optical Society of
America, Wash. DC) pp.176-179.

M. N. Khan, J. E. Zucker, T. Y. Chang, N. J.
Sauer, M. D. Divino, Photon. Technol. Lett. 3,

18.

19.

20.

21.

22.

23.

24.

394 (1994).

J. E. Zucker, B. Tell, K. L. Jones, M. D. Divino, K.
Brown-Goebeler, C. H. Joyner, B. I. Miller, and
M. G. Young, Appl. Phys. Lett. 60, 3036 (1992).
Y. Chen, J. E. Zucker, B. Tell, N. J. Sauer and T.
Y. Chang, Electron. Lett. 29, 87 (1993).

J. E. Zucker, K. L. Jones, B. Tell, K. Brown-
Goebeler, C. H. Joyner, B. I. Miller and M. G.
Young, Electron. Lett. 28, 853 (1992).

J. E. Zucker, M. D. Divino, T. Y. Chang and N.
J. Sauer, Photon. Technol. Lett. 6, 1105 (1994).
Y. Chen, J. E. Zucker, N. J. Sauer, T. Y. Chang,
Photon. Technol. Lett. 4, 1120 (1992).

J. E. Zucker, K. L. Jones, T. H. Chiu, B. Tell, J.
Lightwave Technol. 10, 1926 (1992).

J. E. Zucker, Y. Chen, M. D. Divino, S. Chan-
drasekhar, C. H. Joyner and C. A. Burrus, “Mono-
lithic integration of quantum well optical waveg-

uides with heterojunction bipolar electronics for



136 Brazilian Journal of Physics, vol. 26, no. 1, March, 1996

wavelength switching,” in Photonics in Switching Gnall, B. 1. Miller, M. G. Young, U. Koren, C. A.
Technical Digest. 1993 (Optical Society of Amer- Burrus, B. Tell, Electron. Lett. 28, 1888 (1992);
ica, Wash. DC) pp.29-32. J. Lightwave Technol. 10, 924 (1992).

25. J. E. Zucker, K. L. Jones, M. A. Newkirk, R. P;



