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Enhanced electro-optic effect in GalnAsP—InP three-step quantum wells
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We report on the enhanced electro-optic coefficient of GalnAsP three-step quantuni3B8€Eid)

for high power electrorefraction modulator applications. Measured electro-optic coefficient of the
3SQW is nearly three times higher than the conventional rectangular quantumfR@I) at
A=1.55um. The enhanced electro-optic effect, combined with a low optical absorption coefficient
a<1 cm ! in the 3SQW increases a modulator figure of merit by nearly 36 times, and decreases the
power consumption by nearly one order of magnitude compared with a conventional RQW design.
© 2004 American Institute of Physic§DOI: 10.1063/1.1682699

InP-based electrorefraction modulators are attractive foeffect was calculated based on a variational methadd
analog rf applications such as photonic fiber optic links, bechange of index was calculated from the Kramers—Kronig
cause of their high saturation power and suitability to mono+elationship. The electric field inside the active region was
lithic integration. A material with simultaneously high calculated using diffusion-drift and Poisson’s equation. We
electro-optic coefficient and low optical absorption is desir-optimized the thickness and composition of the layers of the
able for modulators with low switching voltage and low op- quantum well to maximize change of index per change of
tical insertion loss. In particular, the gain of an analog rf-voltageAn/AV, while keeping the absorption coefficient be-
photonic link is proportional to the square of the electro-low =1 cm ! at A~1550 nm. Figure 1 shows the conduc-
optic coefficient and inversely proportional to the opticaltion and valence bands of an optimized 3SQW under an ex-
absorption coefficient. ternal electric field oE=40 kV/cm. The barrier layers are

There have been extensive efforts to enhance the electrdaP and the composition and thickness of the layers in the
optic coefficient with a low optical absorption in the IlI-V quantum well from left to right are hyGaysehs (21 A),
material. The most promising structures are symmetiw  INg 5dG@ 41ASo 80 11 (21 A), and Iy 705 30AS0 64P0.36 (38
asymmetrié coupled quantum wells, with theoretical en- A). Energy level of the first and second electronic st&igs
hancements approaching a factor of21Bxperimentally, a andEg,, as well as first heavy- and light-hole stafgg; and
factor of 5 higher electrorefraction has been obtained in afe; With their corresponding squared wave functions are
AlGaAs/GaAs asymmetric coupled quantum welHow-  overlapped with the band structures.
ever, similar improvements have not been demonstrated in  Optimized quantum well structures were then grown by
the InP-based materials. low-pressure metalorganic vapor phase epitaxy-aype InP

This letter reports phase modulators employingSUbStl’ateS. The thickness of the active region in all of the
INnGaAsP/InP three-step quantum welBSQW exhibiting ~ designs is kept at-0.4 um by adjusting the number of quan-
nearly three times higher electro-optic coefficient comparedum wells. This region is sandwiched between irg-thick
to conventional rectangular quantum welRQW) at very  N- andp-type InP cladding layers, and the device is termi-
low optical loss values. Stepped quantum wells, unlikenated with a 50-nm-thick, highly doped InGaAs cap layer.
coupled quantum wells, do not require very thin epitaxialStructural and optical properties of the epitaxial layers were
layers or large change of material composition. Recent‘datscharacterized with high-resolution x-ray diffraction and pho-
indicate that even at the conventional growth temperature
and duration, material interdiffusion can severely deform 5.4

thin potential barriers. A high degree of interdiffusion in the 5 | Condudtion . E=40 kV/em |
GalnAsP material system may complicate the attainment of 58 m/\\c
enhanced electrorefraction in the coupled quantum well ap- X 7 [—E,;  Ep—
proach. Q& 6

An enhanced change of index in stepped quantum wells 2 62
has been predicted theoreticallyand measured experi- ® 64
mentally® However, optical absorption, and hence modulator Lﬁ 6.6 [ N
performance, of these structures was not demonstrated. Later 6.8 EEm E P — -
detailed experimental studies on GaAs/AlGaAs stepped [ L ]
guantum wells revealed negligible improvement of modula- 72 Valence . . . .
tion performance due to the enhanced optical absorftion. o 5 10 5 2 25 30

We calculated optical absorption spectrum of the quan- z(nm)
tum wells using an effective mass approach. The excitonic
FIG. 1. Energy band structure of an optimized 3SQW at an external electric
field of 40 kV/cm. Calculated first and second electron wave functions as
¥Electronic mail: hmohseni@sarnoff.com well as the heavy- and light-hole wave functions are shown.
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10 T ness and composition of the RQW were optimized for maxi-
"-E TE Mode v mum An/AV using our modeling approach. The barrier of
< st ! . the RQW is InP (85 A) and the quantum well is
S ,f-_ INo 5638 4AS0.0P0.10 (85 A). The peak photoluminescence
% 6 Calculat@uf.: . energies of the 3SQW and RQW were 0.877 and 0.875 eV,
S IMeasured = respectively. Variation in the growth quality was negligible,
£ 4t ~a i since the samples were a few growth runs apart. The mea-
B sured change of index of the RQW at-1 cm ! is about
2 ol | 1x 10" #/V, similar to the reported values in the literatdre,
< while it is about 2.8 10~ #/V for 3SQW. Also, note that both
0 Rl a andAa/AV are smaller in the 3SQW for bias values be-
0.0 0.5 1.0 1.5 low ~4 V. The importance of a low optical loss can be better
Change of Index (x10”) understood by considering the gain of an impedance matched
FIG. 2. Measured and calculated optical absorption coefficient vs change oq'nal()g rf photonic link?
index for a 3SQW modulator over=1530-1580 nm and bias values of —al — /10, 2
V=123, andAV. G= eV w10 n RrqP , 1)

w

toluminescence techniques. The material is then processé¢nerea is the optical absorption coefficierit, is the length
into single mode ridge waveguides through standard photd?f the modulator, and/ is the voltage required for ar
lithography and CH/H, based reactive ion etching. We phase shiftR is the detector responsivityy is the detector
measured optical absorption coefficient and change of indefesistanceP is the laser power, andis the total loss from
of the modulators by measuring Fabry—Perot oscillation, the interconnects and fiber optics in decibels. Retaining the
optical transmission, and the modulator photoresponsd€levant parameter to the modulator, one can define modula-
Leakage currents were significantly lower than values thator figure of merit agvl = (exp(—aL)/V,) Assuming a small
could cause heat-induced change of index. Figure 2 confthange of index, the value of; can be calculated &g,
pares the measured and calculated optical absorption coeffe M[2L(An/AV)]. Here X is the laser wavelength and
cient versus change of index for a modulator with 3SQWAN/AV is the change of index versus change of bias in the
active region. The data points are collected frem1.53 to  modulator. Therefore, the optimum length of the modulator
1.58 um with 10 nm increments, and for bias values of 1—4required to maximizeM can be calculated dsy,=1/a and
V. Calculated change of index and optical absorption coeffithe figure of merit of a modulator with the optimum length
cient show good agreement to the measured data for biddecomes
values up to nearly 3 V. We believe that field-dependent ex-
citonic broadening is the main reason for the gradual devia- M= 4e2(
tion between the measured and modeled data at higher bias
values. We compared the performance of 3SQW and RQWnserting the measured values of optical absorption coeffi-
systematically. Since the detuning from the energy gap of theient and change of index for bias values of 2 V into &),
devices has a significant effect on the measurement, we onfgne obtains M,,~0.10 V-2 for the RQW and Mgy
compared devices with similar band gap energies. Also, plot=3.60 V2 for 3SQW. This means that replacing the con-
ting a versusAn/AV, and eliminating their wavelength de- ventional RQW with the 3SQW can improve the gain of an
pendency reduced the detuning effect in our comparisorgnalog rf link by 15.5 dB. Low electroabsorption is also
Figure 3 compares the performance of a modulator wittcrucial for other applications such as resonant-enhanced
3SQW active region to a modulator with a conventionalmicro-ring modulators! where the ring quality facto® is
RQW atA=1.550um and TE polarization. The layer thick- inversely proportional to the absorption coefficient An-
other important parameter for an electrorefractive modulator
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FIG. 3. Performance of a modulator with 3SQW active region compared to Bias (Volts)
a modulator with a conventional RQW active regionnatl.550um and TE
polarization. 3SQW shows nearly three times higher change of index peFIG. 4. Chirp factor of modulators with 3SQW and RQW at different bias

voltage and lower optical loss compared to the RQW. values.
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