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Low Voltage, High Optical Power Handling
Capable, Bulk Compound Semiconductor
Electro-optic Modulators at 1550 nm

Prashanth Bhasker, Justin Norman, John Bowers, Fellow, IEEE and Nadir Dagli, Fellow, IEEE

Abstract—  AlGaAs bulk electro-optic Mach-Zehnder
modulators with low V_ are reported. Epilayer design is an npin,

which is shown to be equivalent to a pin. Measured V_ is1V for 1

c¢m long electrode and this result agrees very well with numerical
modeling. Modulator capacitance remains constant and current
through the device is negligible over a wide bias range. Lowest
bandgap of the material in the active waveguide region is larger
than twice the photon energy at 1550 nm significantly reducing
material absorption, including two-photon absorption. Modulator
characteristics remain unchanged under coupled input optical
powers approaching 160 mW. Low ¥ combined with high optical
power handling capability make these devices suitable for analog
photonic links.

Index Terms— Compound semiconductors, optical modulation,
optical waveguides, phase modulation.

I. INTRODUCTION

ptical systems ranging from fiber optic communication to

on chip optical interconnects usually require an optical
modulator to bring electrical signals to optical domain. Hence,
an optical modulator is an essential component to realize optical
systems. Certain modulator requirements are common to all
applications. Some applications require specific modulator
features, such as high degree of linearity or high extinction
ratio. Analog photonic links that enable transmission of
wideband analog electrical signals to distant destinations over
the optical fiber is one such example. Such links can provide
wide 3 dB electrical bandwidths, low weight, low cost and gain
provided that appropriate modulators are available. The gain of
an analog link is proportional to P/V_, where P is the

maximum optical output power of the modulator and ¥, is the

voltage required to switch a Mach-Zehnder modulator (MZM)
from on to off state or vice versa. [1]. Therefore, a low V,

modulator that can handle large optical power is very desirable.
There are various technologies to realize such modulators [2],
[3]- Most mature modulator technology is based on LiNbOs.
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However, such modulators have high V_ and large size [2].

Low voltage modulators have been realized in other material
systems. For example, carrier injection silicon Mach Zehnder
modulators can have V, as low as 1.8 V [4] but suffer from low

bandwidth. Slow wave designs have also been used to provide
about 1 V V_ over very limited optical bandwidth [5]. Polymer

modulators offer very wide bandwidth but have large ¥, and

degradation issues at high optical powers [6]. Our recent work
using compound semiconductor substrate removed waveguides
resulted in 0.2 V V, Mach Zehnder intensity modulators [7].

Using a different substrate removed waveguide, we also
demonstrated 0.77 V V_ and bandwidth exceeding 67 GHz at

1550 nm [8]. The modulator should also be able to transmit high
optical powers in addition to having a low V. This requires

very low material absorption, in addition to low optical
propagation and coupling loss. In compound semiconductors,
low coupling loss is achieved using mode transformers. Low
propagation loss is also possible through careful lithography,
processing and doping design. However, these very low V,

devices used Ings>AloasAs/ Ings53Gag39AlpesAs multi quantum
well (MQW) cores on InP for improved electro-optic efficiency
for V reduction. MQW cores start to absorb under high electric

fields and limit the optical power handling of these devices. In
principle, material absorption can be eliminated using materials
with bandgap larger than the photon energy. However, at high
power levels two-photon absorption emerges as another source
of absorption [9]. This can be dealt by using material with
bandgap larger than twice the photon energy. This requires a
minimum bandgap of 1.6 eV at 1.55 pm and severely limits the
material choice. In III-V compound semiconductors,
GaAs/AlGaAs material system is a suitable candidate for high
optical power applications. This material system is transparent
at 1.55 pum, provides large bandgap adjustment and index
differences around 0.45. Such large index steps enable compact
waveguides, which is essential to reduce the V. In addition,
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advanced processing techniques allow the fabrication of novel
geometries with very low V_. For example, bonding and

substrate removal enable very uniform sub-micron electrode
gaps and resulted in the fabrication of bulk GaAs modulators
with 7_as low as 0.3 V [10]. However, bonding and substrate

removal are not among the conventional foundry techniques at
the moment. This makes low V, wide bandwidth modulators

fabricated on growth substrates using conventional foundry
processes highly desirable.

In this paper, a GaAs/AlGaAs based electro optic modulator
operating at 1.55 pm with alow ¥, of 1 V is demonstrated. The

lowest material bandgap used in the device is more than twice
the photon energy. As a result, the modulator can handle very
high optical powers with negligible material absorption.
Fabrication requires conventional processing methods and the
device can be made very wide bandwidth using previously
demonstrated electrode designs [11]. Preliminary results of this
work were reported in [12]. In this paper, we present further
data on design details, IV and CV characteristics, details of
fabrication, operation under high optical powers as well as a
detailed discussion of the data. Next section addresses device
description and design followed by processing details.
Experimental results are then presented and discussed. Finally,
conclusions are given.

II. DEVICE DESCRIPTION AND DESIGN

Epitaxial layers were grown by molecular beam epitaxy
(MBE) at 600°C on a [100] semi-insulating (SI) GaAs substrate.
Before growing the device layers, two pairs of alternating layers
of 0.2 um thick GaAs and 0.2 um thick AlAs were grown as
etch stop layers. These layers do not contribute to the operation
of the device but allow the removal of the growth substrate if

desired. Following that, 0.1 um thick n* ~10" cm™ GaAs, 1.2

um thick # =1x10" ecm® AlyyGao1As, unintentionally doped
(UID) 0.25 pm thick Alp.GaggAs, UID 0.02 um AlyoGag.1As,
0.1 pum thick p=4x10"7 cm® Alo,GagsAs, 1.2 um thick

n=1x10" cm® Alp9GagiAs, and 0.1 pm thick n* =10 cm™
GaAs were grown as the device layers. n and p dopants were
silicon and beryllium respectively. This npin device is
electrically equivalent to two back-to-back diodes connected in
series as shown in Fig. 1. This design is preferable to the regular
pin design since there is no ohmic contact to the p layer. Hence,
microwave loss due to high resistance p contacts are eliminated.
However, there is increased optical and electrical loss due to the
presence of the p layer in the waveguide. But, under regular
operation most of the p layer is depleted and the overlap of this
layer with the optical and microwave modes are very low,
making this loss tolerable. Under bias between the n™ GaAs
layers, one of the diodes is forward biased and the other one is
reverse biased depending on the bias polarity. The forward
biased diode will only carry small reverse leakage current of the
reverse biased voltage due to series connection of these diodes.
Since this current is very low, voltage across the forward biased
diode is very low and most of the applied bias drops across the
reverse biased diode. Under high-speed operation, device is
equivalent to two capacitors in series. Since the depletion width

of the top np diode is thinner than the i-region of the bottom pin
diode, capacitance of the top np diode is greater than that of the
bottom pin diode. Hence, the effective capacitance is
approximately equivalent to the capacitance of the bottom pin
diode. Therefore, this design effectively works as a pin design.

0.1 um n* GaAs

1.2 um, n =1x10Y7 cm3
AlysGag ,As

0.1 um p = 4x10Y7 cm3
Aly,Gag gAs

Top‘cladding

P

Core

0.02 um UID Aly4Gag ;As

0.25 pm UID Aly,Ga, gAs
1.2 um, n =1x10Y7 cm-3
AlysGag ,As

0.1 um n* GaAs
0.2 um UID AlAs

0.2 um UID GaAs
0.2 pum UID AlAs
0.2 um UID GaAs
Sl GaAs Substrate

Bottom diode Top diode

Bottom cladding

Etch stop layers

Fig. 1. Details of the epitaxial layers and their functions.

The epilayer contains a slab waveguide with mostly
Alp2GagsAs core and Aly9Gao 1As upper and lower claddings.
The 1.2 pm thick n Aly9Gag.1As bottom and the top claddings
are sufficiently thick to reduce the optical mode overlap with
the n* GaAs layers. n™ GaAs is used for making low resistance
alloyed ohmic contacts to the top and the bottom diodes.
Doping in p and n regions were kept moderately low to reduce
the propagation loss. Thin 0.02 um UID AlyoGag.1As acts as the
barrier to localize the holes in p Aly2GagsAs.

w=1.8um
Air Top n .
Ohmic 0.1 pm n* GaAs
contact 1.2 um — Gold
Bottom n n Aly oGag 1As
Ohmic 0.1 uwm p A|0_zGao_8AS 0.02 pm uiD
contact
Al 9Gag 1As
0.1 le 0.25 l.,lm uID Alo_zGao_gAS
n* GaAs 1.2 um n Aly oGag ,As
Sio, Etch stop layers and Sl GaAs Substrate

Fig. 2. Details of the optical waveguide used in the modulator.

The waveguide used in the modulator is shown in Fig. 2. It is
designed to be a rib waveguide, which is 1.8 pum wide and 1.3
um deep. 1.3 pm deep etch includes 0.1 um n* GaAs and 1.2
pm n AlooGag.1As. Overlap of the optical mode with the etched
sidewalls is minimal, which is crucial for low propagation loss.
The mode shape fitted to a Gaussian has 1/e* full width of
approximately 0.72 pm in the vertical direction in the middle of
the waveguide.

Doping in the bottom n AlyoGag1As cladding ensures that,



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

the thickness of high electric field region due to an applied
voltage is very close to the thickness of the i-region. This makes
the gap of the electrode around 0.25 pm and results in efficient
modulation. Optical mode field intensity is maximum in the i-
region where the electric field due to applied voltage is also
maximum ensuring a high overlap factor. Low electrode gap
and high overlap factor combination results in low V.

This design can also deliver a device that can handle very
high optical powers. At high optical powers, main issues are the
facet damage and increased propagation loss. Facet damage can
be dealt with by widening the waveguide and using special
coatings. Increase in the propagation loss at high optical powers
is mainly due to two-photon absorption, where two photons are
absorbed simultaneously. Hence, strong absorption at and
above half the material bandgap becomes possible. In the
optical waveguide, the lowest bandgap energy belongs to
Alp>GagsAs, which is 1.673 eV. Bandgap of AlpoGao.1As is
indirect and higher. This lowest bandgap energy is greater than
twice the photon energy at 1.55 um and significantly reduces
two-photon absorption at high input powers making this device
suitable for high power operation.

Fig. 3 shows the calculated energy band diagram of the
device under different biases using a software package called
Atlas from Silvaco [13].
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Fig. 3. Calculated energy band diagram of the device in the vertical direction
at different applied biases. Surface is at the beginning of the rightmost n* layer.

Changes in the band diagram of the top np diode at all bias
levels shown is negligible, which shows that the voltage drop
across this diode is essentially zero. It is observed that the entire
bias drops across the i layer for all biases. This creates a very
high electric field across this region. As bias increases, both the
bottom n Alp9Gap 1As and p Aly,GagsAs layers starts to deplete
and effective thickness of i-region increases slightly. Depletion
induced decrease in hole concentration and overlap of the holes
in the p layer reduces the free carrier absorption. However, even
under 9 V bias there are sufficient holes to create a barrier at the
order of the bandgap of Aly,GagsAs to suppress current flow
between top and bottom n* GaAs layers. But, at a sufficiently

high bias, p layer eventually depletes and current starts to flow
between the top and bottom contacts. In the actual device, there
is a low level of unintentional doping in the i-region. This layer
eventually depletes under sufficiently high bias and the
situation becomes very similar to what is shown in Fig. 3 at high
biases. The desired mode of operation is a sufficiently high bias
that depletes the i-region completely and most of the p layer,
but current flow is still blocked. This sets up a very high electric
field overlapping very well with the optical mode while keeping
the free carrier absorption due to holes at a minimum. There
will be additional propagation loss if the rest of the device such
as y-branches and input and output sections are made out of the
same waveguide. This loss could be kept low by depleting these
sections using additional electrodes and keeping them short.

A numerical analysis is used to determine the V_ of the

modulator. First Silvaco [13] is used to calculate the energy
band profiles, electric field and carrier concentrations at
different biases. The required mode profile is calculated using
Beam Prop from Synopsis [14]. These computed parameters
were combined in Matlab to calculate the overlap factors of the
optical mode with the electric field, free carriers and depletion
regions. This allows the calculation of phase change as the
applied reverse bias is increased. The results of this calculation
for an electrode length of 1 cm is shown in Fig. 4.
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Fig. 4. Normalized phase change due to different physical effects as a function
of applied voltage. Required voltages for 7and 772 phase changes at 7 V reverse
bias are also indicated.

This figure shows contributions to the index change induced
phase shifts due to linear electro optic (LEO) effect and the
plasma effect (PL). In addition there could be a contribution due
to quadratic electro-optic effect (QEO), but this contribution
decreases exponentially with the bandgap and photon energy
separation and in this design is negligible. Contribution from
LEO effect is dominant. Depletion of charge in p and n regions
contributes to PL effect. PL contribution to phase change is low
due to low depletion and low overlap of depleted regions with
the optical mode. The sign of LEO effect contribution depends
on the waveguide alignment with respect to crystal axis.

Waveguides were aligned along [ITOJ for the index changes
due to LEO and PL effects to add up. For a device biased at -7



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

V, phase change accumulated is 4x. V_ for single arm drive,
which requires a = phase change, is 2 V at -7 V bias. For push
pull drive, the phase change required in each arm is only m/2.
This reduces the ¥, to 1 V. A simple back of the envelop
calculation using a formula where only LEO effect contribution
to V_ is considered gives a similar result. This formula is

v, =(/1t)/(2r4ln§LF) and is for an electro-optic modulator

operating under push pull drive. Here 4 is the wavelength, 7 is
thickness of i-region or electrode gap, r,,is the electro optic

coefficient, n, is the effective index of fundamental mode, L is

the length of electrode and I is the overlap of the optical mode
with i-region. With A =1.55pum, =027 ym, L=1cm,

n,=3.1,r,=14pn/V and I' =0.46, V', is 1.1 V. This result

is close to the result of the complete simulation, which takes
into account the small contribution due to PL effect.

III. PROCESSING DETAILS

Details of the fabrication process are illustrated in Fig. 5.
Processing starts with the deposition and lift-off of metal stack
consisting of Ni/Ge/Au/Ni/Au 5/18/132/20/300 nm to make
alloyed ohmic contact to top n* GaAs.

% n Metal
n+ GaAs
n AlysGaAs

p Al,,GaAs
AlyGaAs

Aly,GaAs
n Aly4GaAs

n+ GaAs ‘ ‘
Etch stop layers

-

[TA
B Weveside

e\ edge

BB
7. 8.

Fig. 5. Process steps used in the fabrication. 1. Top n* GaAs contact metal. 2.
Waveguide etching. 3. Mesa etching. 4. Bottom n”~ GaAs contact metal. 5.
Contact annealing and SiO, deposition. 6. Top and bottom contact openings. 7.
Contact pad metallization. 8. Top schematic of the Mach-Zehnder modulator.
Cross sectional profiles shown are at AA’.

After that, 0.25 pm thick PECVD oxide was deposited at
250°C to be used as a hard mask for waveguide etching. After
patterning the oxide using photoresist mask, 1.8 um wide and
1.3 um deep rib waveguide consisting of n" GaAs and n
Alp9Gag 1As are etched in Clo/N; chemistry using an ICP etcher.
10 um wide mesas were then etched using a combination of dry
and wet etching. In this step first, a photoresist - mask and ICP
is used and etch was timed to stop on the bottom n AlgoGag1As.
Then the sample was dipped in BHF for 10 seconds to etch the
remaining n Alp9GagAs and stop on bottom n" GaAs. Same
metal stack used for top n* GaAs were lifted-off to make
contacts to the bottom n* GaAs. At this point, both contacts
were annealed at 430°C in forming gas for 30 seconds. Next,
1.5 pm thick oxide was deposited using PECVD at 250°C to
reduce the overlap of the optical mode with the metal pads.
Using a photoresist mask, metal contacts to top and bottom n*
GaAs were reached by etching oxide in ICP. Finally, thick
metal pads running on the waveguide sidewall and consisting
of Ni/Au 50/1500 nm were lifted off to bring the top contact to
the probing pads on the side of the device. Overall chip length
was is 16 mm. Length of each y branch was 1.5 mm and
electrode length varied to a maximum of 10 mm. Facets were
not coated.

IV. RESULTS

For push pull operation, arms of the interferometer must be
isolated to apply voltage to arms independently. This is
naturally achieved due to high resistance of top n AlyoGag.1As
cladding in narrow and long waveguides that join in the y-
branch. Bottom #n" GaAs is too heavily doped and wide to
provide such isolation between the arms. So 7 layer of bottom
pin diode was kept at ground potential during the
measurements. The measured resistance between the top n
contacts of the arms of a MZM is greater than 0.2 MQ and limits
the current flow between top n contacts to less than 100 pA. The
current and capacitance as a function of voltage of a single arm
of a MZM is shown in the Fig. 6. In this case, electrode is 1 cm
long.

T 711/
100_ H \ \ . o

16 O
~—~ 50+ Q)
5
3 S
— 0- 15 2.
c D
c -
S -50- (4 8
)
-100- 3 S
T T T 13

10 5 0 5 10
Voltage (V)

Fig. 6. Variation of the current and capacitance of a single arm of a MZM with
1 cm long electrode as a function of applied bias.

When bottom 7 contact is grounded and top n contact is
positively biased, the top np diode is reverse biased. The bottom
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pin diode is reverse biased when a negative bias is applied to
the top n contact. In this case, there is negligible current flow
until -12 V. After -12 V, p layer completely depletes making
the device a resistor and current starts to flow between top and
bottom n contacts. Along the positive sweep, this happens
around 5.5 V since depletion layer of the np diode is thinner
than the i-region of the pin diode. This makes the electric field
higher and p layer depletes faster. Index changes due to charge
injection and heating effects are ruled out as long as the device
operation takes place in the voltage range where current is
negligible.

Device capacitance starts higher and quickly reduces to a
constant value as reverse bias to pin diode is increased.
Capacitance initially does not flatten out because of the
unintentional doping in the i-region. As the reverse bias is
increased, charge in the i-region is depleted until eventually
capacitance remains constant. When the p layer completely
depletes, device is no longer a capacitance and the data loses its
meaning. Decrease in the capacitance under bias is about 8%,
which indicates very low unintentional doping. The desired
voltage range for modulator operation is between 5 V to 10 V.
In this range, there is a strong and constant electric field in the
i-region, strong depletion of the p layer and constant device
capacitance. Capacitance in this region is measured to be

1.88x107'° F/um” using large test structures. This means a 1.8

um wide waveguide etched through the p layer will have about
3.5 pF/ecm capacitance, which is suitable for high-speed
operation. This is quite a bit different from the data shown in
Fig. 6 since p layer is not completely removed outside the width
of the waveguide and due to big contact pads.

Devices were cleaved at both ends and excited by a lensed
fiber with a Gaussian output profile of 2.5 um 1/e* full width at
the input for optical testing. Output was collected and projected
on an InGaAs photodetector using a 20x microscope objective
lens. SEM picture of a cleaved facet is shown in Fig. 7. All the
device layers and the thick SiO, layer are evident. In this case,
the rib etch extended slightly into the p layer.

n* GaAs ]
Oxide

Oxide
n Aly 4Gag ;As
UID Al, sGa, sAs p Aly,Gag gAs
i 4

UID Aly,Gag gAs

n AlpoGag 1As

n* GaAs

tMagn WD |—————— 1pm
B

Fig. 7. SEM picture of a cleaved facet showing the cross sectional profile of a
waveguide and device layers.

A sinusoidal modulating signal with a DC offset was applied
to either a single arm or both arms of the device for measuring

the optical response. Sinusoidal modulating signal with equal
amplitude and opposite polarity was applied to both arms of the
interferometer for push pull measurements. The DC bias
applied to both arms was the same. Normalized transfer
function of a MZM with 1 cm long electrode at 1.55 um is
shown in Fig. 8. V_ at -4 V bias is 2.16 V and 1.11 V under
single arm and push pull drive respectively. Fig. 9 shows the
normalized transmission of the same device at two other reverse
biases under push pull drive. Increasing the reverse bias to 8 V
resultsin ¥, =1.01 V which is about 10% less compared to V,

under 4 V reverse bias. V goesupto 1.3 V at2 V reverse bias,

which is about a 20% increase compared to 4 V reverse bias
operation and a 30% increase compared to 8 V reverse bias

operation.
1.0 -SinbM :
0.9 "’3{;}

08 _Vn. _— 216 V ...... g K A — e
1 Arm 1 1

0.7~ st o

: » g
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Fig. 8. Normalized transfer function of a modulator around -4 V bias under

single arm and push pull drive at 1.55 um. The modulator electrode is 1 cm
long. The insert shows the equivalent circuit used for push pull drive.

This bias dependent V_ arises due to unintentional doping in

the i-region. There is charge in the i-region as observed in the
capacitance behavior, which reduces the electric field and its
overlap with the optical mode. This increases V, until all the

charge is swept away. This happens after 5 V reverse bias.
Change in ¥, with bias voltage is negligible after this bias.

Operation in this bias range is desirable since it not only gives
the lowest ¥ but also reduces the free carrier absorption due

to depletion of holes in the p layer. On chip propagation loss at
zero bias is estimated to be ~ 4-5 dB/cm based on Fabry-Perot
measurements on phase modulators. This is also a conservative
measurement since the fringe visibility is reduced due to stray
light. A major contributor to this loss is found to be the metal
running along the waveguide sidewall connecting the top
contact to the contact pads. The propagation loss of waveguides
on as grown material is measured to be 1.5 — 2 dB/cm. Hence,
the additional loss due to metal is about 3 dB/cm. Extinction
ratio is low and around 3 dB. The main limitation of the
extinction ratio is due to the deep mesa etch around waveguides.
This provides a wide high index region, which acts as a multi-
mode waveguide. During the input excitation the modes of this
mesa waveguide are inevitably excited and travel from the input
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to the output. Even though they overlap with the applied electric
field, they experience minimal modulation due to very large
number of modes in this mesa waveguide. This provides at the
output an unmodulated light level and decreases the extinction
ratio and makes it somewhat coupling dependent. Furthermore,
even under modulation, the higher order mode generated in the
output waveguide after the y-branch leaks into and is trapped in
this mesa waveguide. Some of this light is detected along with
the modulated light in the output waveguide and reduces the
extinction ratio. Appropriate mode transformers should
eliminate this problem [15], [16].

1.0-
0.9-
0.81
0.74-%§
0.61 3

Normalized
Transmission

0.5+

10-9 8 7 6 5 4 3 -2 -1
Voltage (V)

Fig. 9. Normalized transfer function of a modulator with 1 cm long electrode
under push pull drive at 1.55 um under two different bias voltages.

In order to investigate the optical power handling capability
of the modulator a phase modulator optical transfer function
and current voltage characteristics were measured at increasing
optical input powers. The output of a 1.55 um DFB laser was
amplified using a high optical power fiber amplifier. The
fraction of the input power that couples into the waveguide
depends on the coupling loss. This loss has two components.
One is the reflection from the facet and the other is the mode
mismatch loss between the waveguide mode and the tapered
fiber mode. Reflection loss is estimated to be around 1.3 dB per
facet. Calculations using the overlap of the calculated
fundamental mode of the rib waveguide and the mode profile
of the lensed fiber, which is described earlier, yield the mode
mismatch loss as 6.2 dB per facet. Therefore, total coupling loss
per facet is around 7.5 dB. This means only about 18% of the
optical power available from the source enters the waveguide.
In the rest of the discussion, we quote the estimated coupled
input power, P." . These power levels are a lower bound due to
additional light entering and being trapped in the mesa and
actually, there is more power in the entire epilayer. Fig. 10
shows a 5.5 mm phase modulator and its transfer function as a

function of applied voltage when P =35 mW . In this case,

output power of the modulator coupled to a detector is 3 mW.
In this measurement, the lower pin diode is reverse biased.

1.0
7
0.94+¢c%
-
S 208 2 =
N 'm0 g
© é W 5
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c Y @)
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Z -
F 06 W
42 10 8 6 -4 2 0

Voltage (V)
Fig. 10. Normalized transfer function of a 5.5 mm long phase modulator at 1.55

pm as a function of applied voltage when B =35 mW .

The transfer function of this phase modulator is as expected
and the voltage span between two adjacent peaks corresponds
to a 7 phase shift. Hence, this voltage is the same as V, of a
MZM under single arm drive. In this case V, =3.78 V which
corresponds to a ¥ length product of 2 V-cm under single arm

and 1 V-cm under push pull drive. This is in agreement with the
result presented in Fig. 9.
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Fig. 11. Current as a function of voltage applied at different input power
excitations for a 6 mm long phase modulator.

The current voltage characteristics of a 6 mm long phase
modulator when input power is increased is shown in Fig. 11.
There is some evidence of increased absorption as input power
increases, especially when the electric field is the highest. This
is most likely due to bandgap lowering due to Franz-Keldysh
effect, which increases the absorption below bandgap at high
electric fields. Increased absorption increases the device current
due to photo detected current. This photo detected current is due
to absorbed light in the entire mesa and waveguide, since p layer
outside the waveguide is not etched and high electric field exists

in the entire structure. However, even when PEI; =160 mW ,
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increase of the current due to absorption in the desired operation
region of less than 10 V bias is less than 5 pA. This indicates
minimal absorption at high input optical powers demonstrating
the suitability of the device for high optical power handling If
the core of the waveguide were GaAs as opposed to Alp.GaAs
photo detected current due to two-photon absorption would be
significantly higher. This current can be estimated using the
two-photon absorption coefficient at a given optical power

o 1P . . .
level, which is a,,, :EF ,BZ. In this expression I'is the

overlap of the optical power, P, in the waveguide with the
absorbing material, £ is the two-photon absorption coefficient

for GaAs, A4 is the mode effective area [17]. Using typical values
in our experiment, which are I'=0.5, =24 cm/GW [10],

1

P=100mW, A=2 ym x 3 ym we find o, =0.0lcm™ .

Under band-to-band absorption, the waveguide can be treated
as a photo detector. The quantum efficiency of such a detector

is n=n,, (1 —e tmt ) , where L is the length of the waveguide
or phase modulator. This calculation yields 7 = 4.489x10 for
L=0.5cm and 7, =0.9. The corresponding responsivity is
_ nA(um)
1.24
will appear under reverse bias would be 7, = RP =561 pA This

R =5.6x107. Then the photo detected current that

is at least two orders of magnitude higher than what we observe.
Although this is not an exact calculation, it clearly shows that
two-photon absorption is strongly suppressed and the design
presented is suitable for high power operation. Measured values
of two-photon absorption coefficient for waveguides with
Alp1sGaAs cores are around 0.25 c¢cm/GW, which further
support this conclusion [18]
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Bulk AlGaAs electro-optic Mach-Zehnder intensity
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is effectively equivalent to a pin design. nipn design eliminates
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