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A quantum well electroabsorption waveguide modulator utilizing a field-induced refractive index change was
designed and fabricated. The on/off ratios of the device were investigated as a function of wavelength over the spec-
tral range of 850 nm to 910 nm for the various reverse biases. The ficld-induced refractive index variations as-
sociated with quantum-confined Stark effect was theoretically obtained based on the measured on/off ratios. The
resulting maximum refractive index change (An) of ~7.5%10* ar -8 V was estimated.

I. INTRODUCTION

Multiple quantum well (MQW) electroabsorption mo-
dulators have been extensively studied for the use of fu-
ture optical modulators and switching devices'”. When
an electric field is applied perpendicular to MQW, the
optical electroabsorption spectrum near the bandedge is
shifted to lower energies without destroying the strong
exciton resonance peak. This effect, known as the quan-
tum-confined Stark effect (QCSE)"*, can be utilized to
modulate the intensity of light propagating either paral-
lel or perpendicular to the quantum well layers.

In this paper, the on/off ratios of MQW elec-
troabsorption waveguide modulator were investigated
as a function of wavelengths over the spectral range of
850 nm to 910 nm for various rteverse biases. The
MQW electroabsorption modulator of the strip-loaded
waveguide type was specially designed and fabricated.
In addition, the field-induced refractive index changes
(An) associated with the QCSE were obtained by using
a Kramers-Kronig transformation based on the elec-
troabsorption changes (Aa) from the measured on/off ra-
tios. The resulting maximum refractive index change
(An) of ~7.5x 10" at -8 V was estimated.

II. EXPERIMENT

The waveguide structure was designed for single-
mode guiding at 875 nm, far below the exciton peak
for the light polarized perpendicular to the MQW lay-
ers. The epitaxial layer structure was designed to have
a single guided mode in a direction perpendicular to
the layers. The refractive indices of Al Ga_As for the
different wavelengths and the aluminum mole fractions
were calculated from the empirical formula of Adachi™.

,48,

Also, the index of refraction of the MQW structure
was obtained by using the thin film approximation of
Van der Zeil and Gossard®, i.e.,

n _sow =N@ n2+b n2)/(a +b) (1)

where @ and b were well and barrier thicknesses and #,
and n, were well and barrier bulk indices, respectively.
The effective index method” was employed to design
the strip-loaded structure that provided transverse sin-
gle-mode confinement. A schematic diagram of the
designed waveguide structure of MQW field-induced
optical modulator is shown in Fig. 1(a).

The epitaxial layer structure was grown on a [100]
oriented n-type GaAs substrate by molecular beam ep-
itaxy (MBE). The guiding layer consisted of a MQW
structure of 60 periods with 100-A GaAs wells and
100-A Al,.Ga,;As barriers. The Al,.Ga,.As cladding
layer below the MQW structure served to isolate the
guiding region from the GaAs substrate. The upper
cladding Al,,,Ga,-As layer was of 1 um in thickness
and doped with p = ~2x10™ cm™. The AlGaAs layers
above and under MQW region confine the light in the
vertical direction.

Also, lateral confinement was achieved by etching
the region outside the core from the upper cladding.
Conventional contact microlithography was used to pat-
tern the sample. The strip-loaded waveguide was fa-
bricated by wet etching process to get 3 pm in width
and 0.8 pum in depth of the top AlGaAs layer. Etching
was performed by means of a solution of H,PO,:H,0;:
H.0(16:9:75) with a photoresist mask. Ohmic p con-
tacts of Pt(100A)/Ti(100A)/Pt(300A)/Au(2000A) were
deposited on the etched region using the E-beam eva-
poration. Ohmic # contacts were obtained from Ge/Au/
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Ni/Au evaporation. A proton implantation"” with an en-
ergy of 140 KeV and a dose of 2x 10" cm? was car-
ried out to convert the core region between the gold
plated electrodes into the semi-insulating material.
Thus, the voltage applied on both sides of the core
resulted in a strong ficld beneath the electrodes and a
relatively very weak field under the ridge, indicating
an increased refractive index under the region outside
the ridge relative to the core region due to QCSE!'".
Fig. 1(b) shows a scanning electron microscope (SEM)
micrograph of the fabricated field-induced optical mo-
dulator. The direction of the waveguide was chosen in
the [110] direction. Device length was ~500 pm.

The experimental setup used to measure the on/off ra-
tios of the fabricated device is shown in Fig. 2. A Ti:
sapphire laser was employed as a light source. The out-
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Fig. 1. (a) Designed electric field-induced electroabsorption mo-
dulator, (b) SEM micrograph of MQW meodulator.
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Fig. 2. Experimental setup for measuring on/off ratio.

put of the laser was end-fire coupled into one facet by
a x40 microscope objective. Various reverse biases
were applied to the field-induced optical modulator.
The light was linearly polarized perpendicular to the
growth direction (TE polarization). The output light in-
tensity exiting the other facet was captured by an a-
valanche photo diode (APD) to measure the on/off ra-
tio, ie., the ratio between the output power with and
without the applied electric field to the modulator. A
part of the light reflected by a beamsplitter was sent to
the charge-coupled device (CCD) for alignment pur-
poses.

III. RESULTS AND DISCUSSION

The observed single-mode pattern of the strip-loaded
waveguide near wavelengths of 875 nm is shown in
Fig. 3. It was confirmed by careful examination of the
near-field pattern with small displacement of the ins-
ertion light beam to the waveguide that no higher order
modes could be excited near wavelengths of 875 nm,
as designed.

The on/off ratios were measured as a function of
wavelength over the spectral range of 850 nm to 910
nm for the various reverse biases, as shown in Fig. 4.
As mentioned above, the refractive index under the re-
gion outside the ridge relative to the core region was
increased mainly due to QCSE when a reverse bias
was applied'"". As the applied voltage was increased,
the lateral refractive index difference between the core
and cladding was decreased, the single mode became
less confined, and the loss was greatly increased. Thus,
the on/off ratio was enhanced as the voltage was rais-
ed due to the decreasing confinement of the light und-
er the core. The largest on/off ratio was ~20.3 for a

Fig. 3. Observed single mode near-field pattern.
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Fig. 4. on/off ratios as a function of wavelength for -2 V, -4 V, -6
V,and -8 V.

reverse bias voltage of 8 V at a wavelength of 876
nm.

The field-induced refractive index changes (An) were
calculated by using a Kramers-Kronig transformation
based on the obtained electroabsorption changes (Ac)
from the measured on/off ratios®. An and Ao are re-
lated by

(0= < p[TAXLG, 2

The on/off ratio (D,) is described by D, = e™*, where
I is the filling factor™ and L is the waveguide length.
The spectra of electroabsorption changes Ao(w), for
the various reverse biases, were obtained from the mea-
sured on/off ratios, as shown in Fig. 5(a). Note that the
peak of Ao(w) was shifted to the lower energy side
due to QCSE.

Fig. 5(b) shows the calculated values of An{w)
from the numerical integration of Eq. (2). The peak
values of the refractive index changes (An,,) for the
reverse bias voltages occurred near 875 nm sig-
nificantly below the exciton peak. An for the longer
wavelengths over 900 nm was almost linearly in-
creased with increasing the applied voltage like bulk
GaAs. However, the wvariation of refractive index
near 875 nm was drastically increased with in-
creasing voltage due to the quadratic electro-optic ef-
fect associated with QCSE. The maximum refractive
index change was estimated to be ~7.5x 10" for the
8 V reverse bias applied at 876 nm. This well agrees
with other published results" .
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Fig. 5. (a) Electroabsorption changes obtained from the measured
on/off spectra, (b) Refractive index changes calculated
from the electroabsorption changes.

IV. SUMMARY

We have demonstrated that the on/off ratio can be u-
tilized to find the electric field-induced refractive index
changes of MQW. The on/off ratios of MQW strip-
loaded electroabsorption waveguide modulator were
measured as a function of wavelength over the spectral
range of 850 nm to 910 nm for the various reverse
biases. The field-induced refractive index variations as-
sociated with QCSE were theoretically calculated based
on the spectra of electroabsorption changes obtained
from the measured on/off ratios. The maximum re-
fractive index change (An) of ~7.5x 10" at -8 V was
estimated.
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