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High Extinction Ratio And Saturation Power
Traveling-Wave Electroabsorption Modulator

Yi-Jen Chiu, Hsu-Feng Chou, Volkan Kaman, Patrick Abraham, and John E. Bowers

Abstract—An InGaAsP multiquantum-well traveling-wave
electroabsorption modulator is demonstrated with high extinction

Ti:r.n1n.1|.in'r¢

ratio and modulation efficiency. By designing a strain-compen- . 4
sated quantum-well active region with traveling-wave design, A B = )
high saturation power (>14 dBm) for >20-GHz high-speed oy = ,¢Jmh a i
performance (1.5 dB drop at 20 GHz ) is achieved. Due to high g j.y; hodulated Ao igf ::e_f:‘;,rlr )
modulation efficiency (> 30 dB/V for 0 to 1 V 40-dB extinction ;. *s Light out an.;:' LN —lat

ratio in 2 V), error free 10-Gb/s operation with 1 V,,_, driving e .ﬂ lf:,.

voltage is obtained. By comparing codirections and counterdirec-
tions of optical and microwave interactions, pulse generation at 40 ~ *rawane sl mn
GHz shows that the traveling-wave performance has an advantage

for short pulse with high-power output, where pulsewidth of as Fig. 1. The top view (top) and the schematic cross section (bottom) of
short as 4.5 ps is obtained in this kind of devices. TWEAM. The points A and B represent two different directions of launching

. . L . . optical power (codirection and counterdirection).
Index Terms—Electroabsorption, high extinction ration, high

saturation power, high speed, low driving voltage, modulator,
traveling wave. on improving the active region from previous work [9], we
fabricated multiple-quantum-well (MQW) TWEAMSs to further
I. INTRODUCTION enhance the modulation efficiency, high saturation power and
speed. By comparing codirections and counterdirections of
E LECTR_OABSORPT'ON _MOD_ULATORS (EAM) have optical and microwave interaction, 40-GHz sinusoidal driven
- been widely used for optical fiber communication due t8psical pulses for codirection configuration exhibits higher
their low chirp and integration with other semiconductor des,tnut power, indicating that the distributed effect dominates
vices. High bit rates in both optical time-division-multiplexingy,o performance and the traveling wave can have an advantage

(OTDM) and wavelength-division-multiplexing (WDM) sys-, get high-power high-extinction ratio and short pulses.
tems have imposed stringent demands on EAM’s performance,

such as high modulation ratio with low driving power, high
saturation power and high bandwidth. There are generally two
ways to achieve these requirements: improving the materialThe epilayer used for the TWEAM is an InGaAsP-based ma-
in the active regions and increasing the device lengths. In ttegial grown by MOCVD on a semi-insulated InP substrate.
former, there are several reports on the improvement of hig¥ider wells and lower barriers than the previous work [9] were
efficiency and power [1]-[4] by increasing the quantum-wellesigned and grown to improve the quantum-confined-Stark ef-
(QW) number or thickness to get sensitive modulation witfect and to reduce the bandgap offset [1], [2]. Furthermore, a
applied voltage and reducing the band offset of QW agairlshger device than [9] is designed to get higher tolerance on the
the barrier. In the later longer devices have longer electroajesign of active region. The active region consists of 10 ten-
sorption interaction and larger absorption volume, thus tlsée-strain wells (InGaAsP, 0.35%, 120 nm) and 11 compres-
modulation efficiency and saturation power can be improvegive-strain barriers (InGaAsP, 0.57%, 70 nm). Cladding layers
[5], [6]. However, the conventional RC-lumped element desigsf p-InP (top) and n-InP (bottom) are grown and sandwich the
inevitably limits the device bandwidth, and also the toleraneetive region. The total thickness of the intrinsic region is about
on the design of the active region [7], [8]. Recently, trav300 nm. As shown in Fig. 1, a 330m long and 2xm-wide
eling-wave EA modulators (TWEAM) have been demonstraténliried ridge-waveguide device is fabricated, where the ridge
to overcome the RC-limitation [9]-[11]. In this work, baseds formed by CH-H,—Ar reactive-ion-etching (RIE). PMGI
is utilized for passivating the etching surface and bridging the
Manuscript received November 20, 2001; revised February 25, 2002, metal. Two coplanar waveguides (CPW) lines forming the trav-
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Fig. 2. The fiber-to-fiber optical transmission with bias.
Fig. 4. 10-Gb/s bit-error-rate transmission with received power. The eye
diagram is shown in the insert.

-38 T T T
% ¥ Theory 35€Q2) ] than [9] is mainly attributed to decreasing the parasitic capaci-
£ 40 = tance on the waveguide.
@ ak _ In order to examine the capability of handling the input op-
E 2 L‘“f“’f“ﬁ’“; S’:"’i’? tical power, high-speed modulation is measured against the es-
g 42 ‘jg - l o ] timated different power levels into device-$, 0, 5, 10, and
2 gpsol ‘ 4 - 14 dBm). The insert of Fig. 3 shows the relative EO response
8 60 I- = 7 as function of input optical power, while the data points are
E 44 _:;g B ] ] chosen at frequencies of 0.13, 2.5, 5, 10, 12.5, 15, 17.5, and
B a5 1 e 0 s 10152025 . 20 GHz. Similar responses (transfer function) as Fig. 3 for dif-
» Input optical power (dBm) | ferent pumping levels are obtained, while the measured data was
0 10 20 30 40 50 within 2 dB for each level. The 2-dB penalty is mainly due to the

Frequency (GHz) fluctuation from instrument at high frequency (shown in Fig. 3).
3 The 1 - o i . The relation of the EO response and the input power is linear
e)lg).eri.ment ?:url;?eqL(Jpe(;]i?t/s)r.e'ls'ﬁgneslgct?i[:eil-teoci:)epnt?;al (r:g;\;;?)n(ssg ils dlgf(ierzegnast Ieth SIODFT' OT two, suggesting that there are no SIQr.“flcant qegra_
insert is the plot of the relative EO response with input optical power at tld}j‘tIon (within 2 dB) of frequency response associated with the
frequencies of 0.13, 2.5, 5, 10, 12.5, 15, 17.5, and 20 GHz, while the line iffects of electron-hole pile-up [10] or the photocurrent effect on
linear fit with slope= 2. The device is biased &fbias = 0.4 V. the high optical power excitation [14]. Because of the high op-

tical loss of this device, the EO response is low (insert of Fig. 3).
loss at dc is about 12 dB at forward bias-1 V. The total cou- However, it can be improved by high optical input power.
pling loss for both facets is about5 to —6 dB. As shown in A 10-Gb/s data transmission was performed to test the
Fig. 2, a total extinction ration of 57 dB (from1 to 4.5 V) is device performance. As shown in Fig. 4, for a pattern length
achieved. It should be noted that the modulation efficiency & 2°'—1 error free operation was achieved with a receiver
higher than 30 dB/V for 0 to 1 V, while the modulation depttsensitivity of—32.5 dBm for TE and-33.3 dBm for TM. Due
is 40 dB for the bias from 0 to 2 V. High extinction ratio driverto the high modulation efficiency, successful transmission was
by lower swing voltage than [9] is mainly attributed to the imachieved with 1 Vp-p driving voltage for both polarization
proved active region. states. The reason for the 0.8-dBm polarization penalty is that
The frequency response was measured by a HP Lightwalie modulation efficiency for TE mode is lower.

Component Network analyzer (HP8703A). The device was ter-To further investigate the traveling-wave structure sinusoidal
minated by a 352 chip resistance with ribbon bonding for ob-driven optical short pulses were generated to test the device [6].
taining broadband response. As shown in Fig. 3, a flat elebwo configurations of measurement were compared: reference
trical-to-optical (EO) response was obtained with 1.5-dB drop ahe is the codirection case in which the direction of launching
20 GHz. The EO response is defined8slog(P,(W)/I.(A)- optical wave (from A to B in Fig. 1) is the same as the mi-
1(A/W)), whereP, is output optical powel, is the input elec- crowave, the other configuration is the reverse, the counterdi-
trical current, and the coversion efficiency of photoreceiver igction case. The two CPW lines of the device were connected
relative to 1 A/W. The device is biased ¥bias = 0.4 V. The by two high-bandwidth $40 GHz) probes, while one is ter-
distributed model [12] (solid curve in Fig. 3) was used to fit theninated by a 502 resister, and the other was connected by a
experiment results, where the expected 3-dB bandwidth is abd0tGHz sinusoidal electrical signal with,_, = 5.6 V (mea-
40 GHz. The microwave characteristics used in this model feured by a 532 load). The optical power is 2 dBm at the wave-
this calculation are extracted from tl¥eparameters measure-length of 1555 nm. The output optical pulses were amplified by
ments on the straight waveguides [15]. Better microwave atterarbium-doped fiber amplifiers (EDFASs) and then sent to auto-
ation (0.2 dB/10Qum at 20 GHz) and flatter frequency responseorrelator for measuring pulsewidths.
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IV. CONCLUSION

In summary, we have successfully fabricated a high-modu-
lation-efficiency and higher saturation power traveling-wave
InGaAsP-EA modulator. As high as 40 dB (within 2 V) of
modulation depth and higher than 30 dB/V (0 V to 1 V) of
modulation efficiency are demonstrated. Th@-dB bandwidth
is higher than 20 GHz (about1.5-dB drop at 20 GHz) for
330um-long waveguide. High-speed measurement under
high-power excitation shows no power saturation up to excita-
tion power of 14 dBm. Due to the sharp modulation depth, a
10-Gb/s data was successfully transmitted (sensitiv88.3
dBm) for low driving power of 1V,,_,. The traveling-wave
performance is also manifested by launching optical power with

codirection and counterdirection with respect to the microwave.

Fig. 5. The autocorrelator traces of codirections and counterdirections
different bias. Ashias = 0.9 V, the power of counterdirection is so low that
the pulse need be taken by higher scale than codirection.

TABLE |
THE SUMMARIES OF OPTICAL PULSES SHOWN IN FIG. 5

Bias (v) Co-/CP(;E,:t;SJ;I:L)cﬁon Co-l;él:jn‘;vel:l-ﬂ;i(rgzion [1]

0.3 21.3/-26.48 6.44/5.67

0.5 23.2/-29.12 5.67/4.97
0.7 25.4/32.4 5.04/4.83 [2]

0.9 -28.6/-36.3 4.8/5.95
1 30877 45/? 3]

Fig. 5 plots the autocorrelated pulses for biases 0.3, 0.5 and
0.9 V, while Table | summarizes the output power (before being[4]
amplified by EDFAS) and pulsewidths of full-width at half-max-
imum (FWHM) for different biases. The amplitudes and output
power of codirection pulses are significantly higher than thosel5]
of the counterdirection. As seen in Table I, increasing the bias
causes larger differences, specifically, the power penalty duge]
to counterdirection reaches as high as 8 dB when the bias is
0.9 V. Both counterdirection and codirection measurements are
the same if this were a lump element. However, the change in7)
the output power indicates that the electroabsorption interaction
in this device can only be explained by distributed effects along
the long waveguide. Two main factors effect the output optical
power and pulsewidths are the walkoff time and the time-gating!®l
window distributively generated by the microwave wave along
the waveguide. The waveguide length is about 1/5 of microwave
wavelength (index- 5.5 at 40 GHz), implying that the propa- [®!
gation wave behavior can not be neglected. Because the elec-
trooptical interaction happens in the shame-OFF modulation  [10]
regime Vbias = 0to 2 Vin Fig. 2), the time-switching window
becomes narrower as the bias increases, therefore the output op-
tical pulses are very sensitive to the walkoff time relative to thd11]
microwave [12]. Obviously, the higher walkoff for the coun-
terdirection case than the codirection case would result in the
lower output power. And the pulses might be shortened by de12]
teriorated the average optical power. At lower biasQ.7 V)
narrower pulses are observed in counterdirection. Due to thgg3]
time-switching window changes with the bias, as can been seen
in Table I, the pulses for the counterdirection becomes wider ag ,
bias>0.7 V. In the extreme case, when biased at 1 V, the output
power for the counter-direction case is so small that the autocor-
related trace cannot be measured, while the optical pulse wid@S]
of 4.5 ps pias = 1 V) was achieved in the codirection case.

%treme difference between these two configurations suggests
that distributed effects dominate device performance.
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