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Abstract—We present a surface-normal modulator architecture
for optical interconnects that offers misalignment tolerance as well
as high contrast ratio over a wide wavelength range for a small
drive voltage. A contrast ratio greater than 3 dB was achieved for
only 0.8-V drive across a 16-nm wavelength range from 1498 to
1514 nm. The misalignment tolerance between this device, and the
input optical beam was measured to be 30 m.

Index Terms—Fabry–Pérot resonators, optical interconnections,
optical modulation, waveguides.

I. INTRODUCTION

OPTICAL interconnects have been widely studied as a
solution to the electrical interconnect bottleneck foreseen

in computing systems [1]–[7]. The mature technology of Si
CMOS electronics is well-established for high-speed infor-
mation processing, while optical systems excel at information
transmission. Future computing systems are likely to incorpo-
rate electronic components communicating along an optical
channel that requires optoelectronic devices to convert signals
from the electronic into the optical domain and vice versa.

Semiconductor optoelectronic modulators based on the
quantum-confined Stark effect (QCSE) [8] are attractive trans-
mitters for this application. Previous modulator designs can be
grouped into two categories: surface-normal and waveguide
geometries. Typical surface-normal devices suffer from a low
interaction volume between the optical beam and the absorbing
region of the device. Keeping the drive voltage down requires a
thin absorption region, but this leads to a low contrast ratio. This
tradeoff can be circumvented by placing the absorption region
inside an optical resonator, as in asymmetric Fabry–Pérot mod-
ulator (AFPM) designs [9]–[11], at the expense of narrowing the
wavelength range. Operation over a large range of wavelengths
is necessary for optical systems that use wavelength-division
multiplexing [7], [12] or uncooled laser sources. Thus, the
challenge for surface-normal modulators is to achieve high
contrast ratio, low drive voltage, and wide optical bandwidth
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Fig. 1. Schematic of QWAFEM in cross section (not to scale).

in the same device. This is particularly difficult at 1500–nm
wavelengths, where optical absorption in, e.g., InGaAs/InP
structures is typically weaker overall than for the GaAs/Al-
GaAs structures that can be used for surface-normal operation
at 850 nm. For these reasons, a great deal of research has
focused on waveguide architectures for the longer wavelength
modulators. However, coupling light from optical fibers into
semiconductor waveguides is a challenge in practice. The high
refractive index ( 3–3.5) of the semiconductor waveguide
yields a transverse optical mode much smaller than that of a
fiber. This results in both large coupling loss and submicron
alignment restrictions that significantly increase the cost of
packaging waveguide modulators for commercial use.

This paper describes a novel modulator architecture called
the quasi-waveguide angled-facet electroabsorption mod-
ulator (QWAFEM) that combines the best features of the
surface-normal and waveguide geometries. Section II contains
a general description of the device. Section III describes the
techniques and results of our computer simulations using the
transfer matrix method. Sections IV and V detail a demonstra-
tion of the QWAFEM in the InGaAsP/InP material system,
including fabrication methods and experimental results.

II. THE QWAFEM CONCEPT

The QWAFEM is a p-i-n diode surrounded by two flat mirrors
etched into the semiconductor substrate at equal angles, steeper
than 45 with respect to the axis, as shown in Fig. 1 [13]. The
input laser beam passes through the transparent substrate and
reflects off one angled mirror before entering the p-i-n diode at
a large incident angle. The absorption of the light is modulated
by the voltage applied across the diode, which typically con-
tains multiple quantum wells (MQW). The beam then reflects
off the semiconductor–air interface, passes back through the
diode, reflects off the second angled mirror, and exits through
the substrate.
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Fig. 2. Misalignment tolerance of three-bounce geometry. If the input beam is parallel to the z axis, its path can be translated in the x–y plane without changing
the interaction with the modulator or the distance between the input and output beams.

Fig. 3. (a) Reflection off a DBR with the angle of incidence � indicated.
(b) Adding another reflector increases the effective path length of a beam that
is on resonance with the asymmetric Fabry–Pérot cavity.

This architecture has several advantages. Similar to the sur-
face-normal geometry, the QWAFEM has its optical input and
output in the -direction enabling fabrication in two-dimen-
sional (2-D) arrays. There is no mode matching constraint and
the three-bounce geometry is inherently tolerant to misalign-
ments of the device relative to the input beam, as illustrated in
Fig. 2. Similar to the waveguide geometry, a high contrast ratio,
wide optical bandwidth, and low-voltage drive operation can
be achieved simultaneously.

The large angle of incidence of the laser beam onto the
absorbing region has two significant effects. First, it increases
the interaction volume of the light with the MQW by a factor of
roughly . Second, it causes small differences in index
of refraction to result in large Fresnel reflections. This enables
the epitaxial growth of distributed Bragg reflectors (DBRs) with
high reflectivity using only a small number of layer pairs. Incor-
porating a high-reflectivity DBR into the n-region results in a
low-order AFPM structure (shown schematically in Fig. 3) that
enhances the intensity of the optical wave inside the MQW re-
gion for a broad range of wavelengths.

III. SIMULATIONS

The optical design of the QWAFEM wafer was simulated
using a semiempirical transfer matrix method [14]. In order to
model the intrinsic MQW region, a wafer with a simple p-i-n
structure was grown and the photocurrent was measured with
respect to input wavelength and applied reverse bias. Using this

Fig. 4. (a) Experimental absorption coefficient versus wavelength for three
values of the applied electric field in the MQW region: 0, 4.4, and 8.8 V=�m.
(b) Contrast ratio simulation using the absorption coefficient shown in part a,
illustrating a 23-nm wavelength range in which the contrast ratio exceeds 3 dB.

data and the Kramers–Kronig relations, the absorption coeffi-
cient was calculated and converted into a complex index of re-
fraction. The MQW region was subsequently modeled as a bulk
material with a complex index of refraction that varied with
wavelength in order to design a second wafer layer structure
using the same quantum well design. This effective absorption
coefficient versus wavelength is shown in Fig. 4(a) for various
values of the electric field in the MQW generated by the applied
reverse bias.
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Fig. 5. Numerically optimized wafer design.

Optimized structures using this method indicate the
possibility of QWAFEM designs with peak contrast ratio

5 dB ( 3.1 : 1), with an optical bandwidth (defined as
contrast ratio dB) over 23 nm, for a drive voltage of only
0.8 V [Fig. 4(b)]. The AFPM effect enabled the use of a thin
intrinsic region (180 nm) such that the 0.8-V reverse bias swing
alternated the applied electric field between 4.4 and 8.8 V m.
Since the quantum wells are lattice matched and the absorption
coefficient was derived from surface-normal photocurrent
measurements, the complex refractive index of the MQW
region is only valid for the TE polarization. (It is, of course,
possible to design strained quantum wells that are polarization
independent, but the optical properties of the device may still
differ for the polarizations, due to the boundary conditions of
Maxwell’s equations at interfaces.) This simulation assumes
TE polarization operation with a focused TEM Gaussian
beam radius of 10 m.

Simulations indicate the narrow angular resonance of such an
AFPM structure. Though the input laser light resonates in the
QWAFEM for a large range of wavelengths, it must impinge
upon the p-i-n diode at an incident angle within a few degrees
of the angle for which it was designed. Since a TEM Gaussian
beam is composed of plane waves propagating at different an-
gles, not all components of the beam will fall in the center of the
resonance. An optical design with a stronger resonance (due to
a higher reflectivity DBR) will have a narrower angular accep-
tance. Thus, an input with a larger focal beam waist has its en-
ergy distributed in a smaller angular range which couples more
efficiently into the optical resonance of the QWAFEM design.
Conversely, a tightly focused beam has a larger angular distri-
bution and is modulated less efficiently.

IV. WAFER DESIGN AND FABRICATION

To demonstrate this concept, the wafer structure simulated in
Fig. 4 was grown via metal–organic chemical vapor deposition
on semi-insulating (SI) Fe-doped InP substrates and QWAFEM
devices were fabricated in the InGaAsP/InP material system.
The n-region was a numerically optimized DBR stack of three
pairs of alternating layers of InP and InGaAsP (lattice matched
to InP and designed to have a bandgap wavelength of 1.38 m)
(Fig. 5). These layers were thicker than a surface-normal DBR
by a factor of approximately and the irregular thick-
nesses resulted from the optimization routine.

Fig. 6. Scanning electron micrograph of finished QWAFEMs.

The MQW region contained eight quantum wells lattice
matched to InP, and the p-region was grown with thin layers
of InGaAs/InP that can be selectively etched after fabrication
to tune the resonant wavelength of the AFPM structure. Note
that the dopants were offset from the intrinsic region on each
side such that the total thickness of the undoped material was
180 nm. This wafer structure is relatively simple to grow due
to the small number of lattice-matched quantum wells and the
tolerance of the design to small changes in the layer thicknesses.

As shown in Figs. 1 and 6, QWAFEM devices are p-i-n diode
mesas, surrounded on opposite sides by smooth V-grooves
which act as the angled facets. The fabrication began with
a simple p-i-n mesa structure. On two opposite sides of the
mesas, a dry etch was used to remove the exposed epitaxial
layers down into the middle of the 354-nm n-InP region.

The fabrication of the smooth angled facets in these areas is a
multistep process. First, the remaining n-InP was removed with
HBr. The 42 nm n-InGaAsP layer was used as an etch mask for
the InP below. Rows on either side of the mesas were opened
by etching the n-InGaAsP with H SO : H O : H O (1 : 2 : 10).
Next, V-grooves were etched into the InP substrate, similar to
[15]. Ninety-micrometer-deep V-grooves were formed during a
24-min HBr wet etch (exposing the (111)A planes at an angle
of 54.7 from the (100) plane). However, the surface roughness
that resulted was too large ( 250-nm rms) to use as a mirror.
It was removed by a short wet etch in HBr : K Cr O (1 : 1) at
65 C (less than 1 s) [15]. White light interferometer measure-
ments indicated the rms surface roughness was reduced to only
10–20 nm over 60–100- m-wide sections of the angled mirror,
and values as low as 1-5 nm have been observed previously. Fi-
nally, 2-D arrays of QWAFEMs were flip-chip bonded [16] with
indium bumps onto gold wires on a glass substrate for testing.

V. EXPERIMENTAL RESULTS

The reflectivity of the QWAFEMs was measured with respect
to wavelength and voltage using a probe station equipped with
a tunable laser source incident on the device in the TE polar-
ization. The device under test was measured under various inci-
dent angles in order to compensate for a facet angle that deviated
slightly (a few degrees) from the expected 54.7 due to under-
cutting during the facet smoothing process.
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Fig. 7. Experimental contrast ratio versus wavelength for a QWAFEM for
0.8-V drive between �0.3-V and +0.5-V reverse bias.

Fig. 8. Normalized reflectivity of a QWAFEM measured as a function of
the lateral displacement of the device relative to the incoming optical beam to
demonstrate the misalignment tolerance. The FWHM is 30 �m.

Fig. 7 shows the contrast ratio versus wavelength. A peak con-
trast ratio of 3.7 dB was achieved at 1506 nm with only 0.8 V
of drive voltage. The contrast ratio was greater than 3 dB for a
wavelength range of 16 nm from 1498 to 1514 nm and greater
than 2 dB between 1492 and 1520 nm. The maximum change
in absolute reflectivity was 10% at 1512 nm. The insertion loss
at 1512 nm was measured to be 7.2 dB, which we believe
is caused mostly by absorption in the n-InGaAsP layers and
scattering from the angled mirrors ( 6.7 dB) along with some
quantum well ( 0.3 dB) and substrate absorption ( 0.2 dB).

The discrepancy between the simulated ( 5 dB) and exper-
imental (3.7 dB) contrast ratio was caused by inaccurate data
regarding the refractive index of the n-InGaAsP (1.38 Q) layers
during the design. A constant refractive index of 3.50 was used
during simulations. More recently we had the opportunity to
measure the refractive index experimentally with high accuracy
and found that it varied significantly with wavelength between
3.45 and 3.42. By including this revised refractive index in the
model, the simulated contrast ratio matches the experimental
value around 3.7 dB.

In order to determine the misalignment tolerance, the
QWAFEM was translated laterally relative to the input laser
beam while measuring the output power. Fig. 8 shows the
power as a function of lateral displacement in the -direction.
The full-width at half maximum (FWHM) of the reflected
power for 0 V reverse bias is 30 m. This value can be chosen
somewhat arbitrarily by setting the size both of the angled
mirrors lithographically and of the beam as it bounces off those
mirrors.

VI. CONCLUSION

We presented a surface-normal electroabsorption modulator
architecture that features a high contrast ratio over a wide wave-
length range (16 nm) using a less than 0.8-V voltage drive along
with a large misalignment tolerance of 30 m. A peak contrast
ratio of 3.7 dB was demonstrated for a 0.8-V drive. Simulations
indicate that a peak contrast ratio of 5 dB is possible with a
wavelength range of 23 nm over which the contrast ratio exceeds
3 dB. Further optimization of the quantum well design and the
optical resonator structure may enable future devices to operate
with higher contrast ratio at even lower voltage drive.
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