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Abstract: High-speed and high-performance optical phase and amplitude modulators are
critical components of many photonic systems. Semiconductor-based modulators are very
attractive, since they can be monolithically integrated with other semiconductor devices.
Unfortunately, the commonly used modulators based on square quantum wells have
inherent properties that limit their modulation performance.

We present a new class of quantum wells called “stepped quantum wells” (SQW) with
extra degrees of freedom that can be used to design high performance optical modulators.
We demonstrated SQW phase modulators with nearly one order of magnitude higher
efficiency than their counterparts. Also, linearized modulators based on SQW with more
than two orders of magnitude higher linearity than the existing semiconductor modulators
are presented. Finally, high-performance surface-normal modulators based on SQWs with
nearly two times better efficiency and 7 dB higher extinction ratio compared with the
conventional devices with rectangular and coupled-quantum well active layers are
demonstrated.

l. Introduction

Optical modulators are adding the analog or digital data to the optical carrier, and
hence are occasionally the “interface” between the electronic and photonic worlds.
Moreover they can be used to manipulate light in the time-space domain and change the
temporal' and spatial® properties of light. Therefore, optical modulators are enabling
technologies that can affect the performance of a wide range of systems. Although lithium
niobate based optical modulators are the backbones of many optical systems, they cannot
be integrated and require rather large operating voltages. Therefore, there have been
extensive efforts to enhance the electrooptic coefficient with a low optical absorption in the
III-V material. The most promising structures are symmetric’ and asymmetric® coupled
quantum wells, with theoretical enhancements approaching a factor of ten®.
Experimentally, a factor of five higher electrorefraction has been obtained in an
AlGaAs/GaAs asymmetric coupled quantum well’. However, similar improvements have
not been demonstrated in the InP-based materials. We have conceived a novel class of
quantum wells with potential steps inside the main wells. Our theoretical and experimental
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results show that these so-called “stepped quantum wells” have superior properties
compared to the conventional quantum wells®’ and even advanced coupled quantum
wells®. In the following we shall present some of the unique properties of the stepped
quantum wells for three applications: high sensitivity phase modulators, high linearity
phase modulators, and surface-normal amplitude modulators.

Il. Modeling

We developed a modeling and simulation software package for
semiconductor-based optical modulators. Figure 1 shows the software interface with
calculated electron, heavy, and light-hole wavefunctions for a given set of material
composition and thickness. The optical absorption spectrum of the quantum well was then
calculated using an effective mass approach. The excitonic effect was calculated based on
a variational method’. The electric field inside the active region was calculated using
diffusion-drift and Poisson equations.
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Figure 1. A snapshot of the simulation software.

Optical absorption coefficient versus the applied bias to the device was calculated from the
electric field and applied voltage relationship, combined with the optical absorption and
applied field relationship. Change of index in the material was then calculated using the
Kramers-Kronig relation. We found excellent agreement between our theoretical and
experimental data for many different devices and applications (see Figure 2)
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Figure 2. Calculated and measured optical absorption coefficient and change of index versus applied bias.
lll. General Modulator Implementation

Different modulator structures are based on GalnAsP/AllnAs material grown by
low-pressure metal organic vapor phase epitaxy (MOVPE) on n-type InP substrates.
Active layers were multiple layers of stepped quantum wells. We used strained layers that
were balanced for some applications where the simulation indicated as optimum designs.
The materials were processed into long mesa-type modulators for edge coupled phase
modulators, and circular mesas for surface-normal devices (see Figure 3)
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Figure 3. Schematic of the processed device.

IV. Measurement and Results

Highly Efficient Phase Modulators

We measured optical absorption coefficient and change of index of the optimized
modulators by measuring Fabry-Perot oscillation, optical transmission, and the modulator
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photoresponse. Leakage currents were significantly lower than values that could cause
heat-induced change of index. Figure 2 compares the measured and calculated optical
absorption coefficient versus change of index for a modulator with 3SQW active region.
The data points are collected from A=1.53 um to 1.58 um with 10 nm increments, and for
bias values of one to four volts. Calculated change of index and optical absorption
coefficient show good agreement to the measured data for bias values up to nearly three
volts. We believe that field-dependent excitonic broadening is the main reason for the
gradual deviation between the measured and modeled data at higher bias values. We
compared the performance of 3SQW and RQW systematically. Since the detuning from
the energy gap of the devices has a significant effect on the measurement, we only
compared devices with similar bandgap energies. Also, plotting a versus An/AV, and
eliminating their wavelength dependency reduced the detuning effect in our comparison.
Figure 4 compares the performance of a modulator with 3SQW active region to a modulator
with a conventional RQW at A=1.550 um and TE polarization. The layer thickness and
composition of the RQW were optimized for maximum An/AV using our modeling
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Figure 4. Performance of a modulator with 3SQW active region compared to a modulator with a conventional RQW
active region at A=1.550 um and TE polarization.

The barrier of the RQW is InP (85 A) and the quantum well is Ing ssGag 42AS0.90Po.10
(85 A). The peak photoluminescence energies of the 3SQW and RQW were 0.877 eV and
0.875 eV respectively. Variation in the growth quality was negligible, since the samples
were a few growth run apart. The measured change of index of the RQW at a~1 cm™ is
about 1x10™ /V, similar to the reported values in the literaturelo, while it is about
2.8x10™/V for 3SQW. Also, note that both & and Aa/AV are smaller in the 3SQW for bias
values below ~4 Volts. The importance of a low optical loss can be better understood by
considering the gain of an impedance matched analog RF photonic link'':
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where « is the optical absorption coefficient, L is the length of the modulator, and V5 is the
voltage required for a m phase shift, R is the detector responsivity, r; is the detector
resistance, P is the laser power, and / is the total loss from the interconnects and fiber
optics in decibel. Retaining the relevant parameter to the modulator, one can define
modulator figure of merit as M=(exp(-aL)/V,)*. Assuming a small change of index, the
value of V; can be calculated as V,=A/[2L(An/AV)]. Here A is the laser wavelength and
An/AV is the change of index versus change of bias in the modulator. Therefore, the
optimum length of the modulator required to maximize M can be calculated as L,,~1/a
and the figure of merit of a modulator with the optimum length becomes:

2
M, =4e” (%il/j Equation 2
o)

Inserting the measured values of optical absorption coefficient and change of index for bias
values of 2 volts into Eq. 2, one obtains M,,~0.10 V2 for the RQW and M,,~3.60 V2 for
3SQW. This means that replacing the conventional RQW with the 3SQW can improve the
gain of an analog RF link by 15.5 dB. Low electroabsorption is also crucial for other
applications such as resonant-enhanced micro-ring modulators'?, where the ring quality
factor Q is inversely proportional to the absorption coefficient . Another important
parameter for an electrorefractive modulator is a high chirp factor An/Ak=(4n/L)(An/A),
since it ensures a high contrast ratio in Mach-Zehnder (MZ) modulators". Figure 4
illustrates the measured chirp factor of modulators with 3SQW and RQW active regions at
different bias values. The higher value of chirp in the 3SQW is due to both a higher change
of index and lower change of absorption.

Highly Linear Phase Modulators

Highly linear optical phase modulators are attractive for many applications including
laser gyroscopes, multi-wavelength laser sources, beam steering, and photonic arbitrary
waveform generators. Although commonly used phase modulators based on lithium
niobate have an inherent high linearity, they cannot provide the degree of integration
required for applications such as high-speed optical NxN switches®, where hundreds of
closely spaced modulators are needed. In contrast, semiconductor based phase modulators
can provide a high degree of integration, but they are inherently non-linear. The main
sources of non-linearity in the semiconductor phase modulators are quadratic electrooptic
(QEQ) effect. Although using bulk semiconductor, instead of quantum well, active layers
can reduce these effects, it would also reduce the modulation efficiency significantly. We
utilized stepped quantum wells to make efficient linearized phase modulators. Modulator
linearity is more than one order of magnitude higher than bulk GaAs and GalnAsP, while
modulation efficiency is comparable to the best low-loss quantum well modulators.

Thickness and composition of the quantum well layers were optimized for high
linearity, while keeping the absorption coefficient below ~1 cm™. Modulator structures are
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grown by low-pressure metal organic vapor phase epitaxy (MOVPE) on n-type InP
substrates. The doping profile in the cladding layer was designed to further improve the
phase linearity. Conventional phase modulators with square quantum well active layers
where also grown as references. The material was then processed into shallow etched
waveguides for optical and electrical measurements.
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Figure 5 Fabry-Perot oscillation shift in a 2 mm long phase modulator for different bias values.

Optical absorption coefficient and change of index of the modulators are measured
using Fabry-Perot oscillation shifts. Figure 5 shows an example of the measured Fabry-Perot
oscillation shift in a 2 mm long modulator versus the modulator bias at A~1550 nm. Figure 6
shows the measured change of index versus the applied reverse bias at different
wavelengths for a linearized phase modulator.
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Figure 6 Measured change of index versus reverse bias voltage at different wavelengths
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Change of index versus bias is linear over the measured wavelength range of 1500 to
1570 nm. In order to compare the quadratic and linear electrooptic effects, we fit a second
order polynomial AnZAoJrAlVﬂLAzV2 to the measured data points, and use A;/A; ratio as a
measure of linearity. Figure 7 compares the change of index versus bias of a linearized
modulator to a conventional modulator at A=1560 nm for TE polarization. Linearized
modulator shows Aj/A; ratio of ~640, while the modulator with a conventional design
shows Aj/A; ratio of ~10. The linearized modulator shows higher linearity than the
modulators based on bulk semiconductors. For instance, calculated A;/A; ratio for GaAs
and InP at A~1550 nm is about 75 and 20 respectivelyM. The modulation efficiency of the
linearized modulator is about 48°/mm.V with a maximum loss of ~1 ¢cm™, which is more
than three times better than the efficiency of bulk-based modulators'”.
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Figure 7 change of index versus bias for a linearized phase modulator compared to a conventional phase modulator at
A=1.56 um and for TE polarization.

Highly Efficient Surface-normal Amplitude Modulators

Surface-normal optical modulators are attractive devices for applications in free-
space photonic link between mobile platforms' as well as for optical interconnects'®.
Although several surface-normal modulator technologies are available, p-i-n quantum well
based modulators are the most attractive of these because they operate at the highest
frequency and over the widest temperature range. Nevertheless, these devices still suffer
from high power consumption, limited data bandwidth, and limited optical bandwidth.
Reducing the device area can directly improve the power consumption and data bandwidth,
since the former is inversely and the latter is directly proportional to the device area.
Unfortunately, reducing the device area can significantly degrade the link performance,
since the gain of a photonic link based on a retroreflector is proportional to the fourth
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power of the modulator area'. Recently, coupled quantum wells have been used to reduce
the operating voltage, and hence the power consumption, of the modulator'’. However, the
data bandwidth of these devices is still limited by RC to about 15 MHz, and the optical
bandwidth is only about 10 nm. Low optical bandwidth is particularly unfavorable, since
the change of modulator temperature can change the modulator bandgap and hence reduce
the modulation depth significantly. Consequently, a low optical bandwidth leads to
significantly higher system power consumption, cost, and volume due to the need for
temperature control.

High leakage current and premature breakdown are the most important source of
low yield for large area modulators. We used a dielectric based passivation method to
reduce the surface leakage current (see Figure 3). Figure 8 shows excellent current-voltage
characteristics of a modulator with 5.1 mm diameter at zero illumination at room
temperature. The dark current of the device is ~10 pA at —95 volts, which is equal to a
current density of ~50 pA/cm” at an electric field of ~190kV/cm. This is similar to the
lowest leakage current density of modulators based on InGaAs/GaAs multi-quantum wells
with a much wider bandgap and at a similar electric field'. Also, the device shows a
current that is proportional to the square root of voltage up to -80 volts. Therefore, the
leakage is generation-recombination limited up to a very high voltage at room temperature.
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Figure 8. Current-voltage characteristic of a 5.1 mm modulator. Inset shows a fully processed 2-inch wafer.

Figure 9 shows the double-pass extinction ratio of a 5.1 mm device at different bias values.
The extinction is more than 3 dB for 10 volts, which is similar to the extinction ratio of
coupled-quantum well devices at 6 volts '°. However, the thickness of this device is five
times larger, and hence the capacitance is five times smaller. Since power consumption of
a modulator at high frequencies is proportional to CV?, where C is the device capacitance
and V is the applied voltage, current device consumes almost half the power of coupled-
quantum well devices. Also, the maximum extinction ratio of the modulator exceeds
12 dB, which is similar to the best-reported value for devices with an internal cavity. The
absence of an internal cavity in this device however, provides an extremely wide field of
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view that is crucial for mobile platform applications. In fact, this device has an improved
extinction for beams coming at an angle, since their path-length is increased by

~(1-0.1sin(8)*) ", where is the angle from normal.
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Figure 9. Measured double-pass extinction ratio spectra versus bias voltages from 0 to 100 volts.

More importantly, the optical bandwidth of the modulator is more than 60 nm for
an extinction of 3 dB and signal level of 80 volts. Change of absorption edge versus
temperature in this material is nearly 0.6 nm/°C, and hence applying a signal level of
80 volts ensures that the modulator has extinction above 3 dB over a 100°C range (see
Figure 9). Since the power consumption increases with extinction ratio, it is logical to limit
the extinction ratio to 2 to 3 dB for digital applications. We applied a signal level of
10 volts in addition to an adjustable DC bias.
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Figure 10. Measured double-pass extinction ratio spectra for a signal level of 10 volts and DC bias voltages from 0 to
90 volts.

The signal level is enough to produce an extinction ratio between 3.5 and 4.2 dB over the
entire wavelength range, while a DC bias up to 90 volts could shift the peak modulation
wavelength by about 70 nm (see Figure 10).
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Figure 11. Single pass modulated optical signal for a 1 MHz square wave input signal.

The frequency response of the device was measured with a high voltage amplifier, and a
fast infrared detector. Figure 11 shows the modulated optical signal for a square wave
input signal at 1 MHz at A~1550 nm. The large-signal performance is limited by the
maximum current of the driver to about 200 nsec rise and fall times. However, small-signal
3 dB frequency bandwidth of the device exceeds 10 MHz.

VI. Conclusion
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We have successfully modeled, fabricated, and tested different types of optical modulators
based on our novel stepped quantum wells. These devices show superior performance
compared with the rectangular quantum wells and even more sophisticated coupled
quantum wells. The spatial separation of electrons and holes in the stepped quantum wells
is believed to be the main reason for such performance. In particular, SQW phase
modulators with nearly one order of magnitude higher efficiency, linearized modulators
with more than two orders of magnitude higher linearity, and surface-normal modulators
with nearly two times better efficiency and 7 dB higher extinction ratio compared with the
conventional devices with rectangular and coupled-quantum well active layers are
demonstrated.
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