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High-Performance Two-Wavelength
Asymmetric Fabry—Perot Modulator
with a Decoupled Cavity Design

Chia-Ming Tsai and Chien-Ping Le&gnior Member, IEEE

Abstract—We have demonstrated a high-performance two- A two-wavelength modulator based on two absorption re-
wavelength asymmetric Fabry—Perot modulator (AFPM) by us- gions can be schematically shown in Fig. 1(a). The absorption
ing a novel decoupled cavity design. In this new design, the region for the short wavelength, is put above (or before)

middle mirror supplies a back-mirror reflectivity for the short- th b fi . for the | | In thi
wavelength modulator and, at the same time, a front-mirror e absorption region for the long wavelength. In this

reflectivity for the long-wavelength modulator. The front mirror ~ Way, the short-wavelength light will not be blocked by the
is designed to be transparent at the long wavelength and reflective long-wavelength absorption region. Three mirrors are put in

at the short wavelength to eliminate the interference between the the front, in the back, and in the middle of the absorption
two modulators. With this decoupled cavity design, we greatly regions to form two Fabry—Perot cavities. Because the long-

simplified the matching requirement for the two cavities and | th ab ti . h ¢ b i f
obtain much more flexibility in the device design. Experimentally, W&VE€€ngth absorption region has a strong absorption for

we have demonstrated a two-wavelength modulator operated at the short-wavelength light, the; absorbing region can be
860 and 890 nm with operating voltages of 3.4 and 6.2 V and treated as if it is confined in between the front mirBy
reflectivity changes of 62% and 44%, respectively. and the middle mirrotR,,,. But, for operation at\,, the X,
Index Terms— Fabry—Perot resonators, optical switches, absorbing layer is confined between the the back miftpr
quantum-confined  Stark effect, quantum-well devices, and the effective front mirroRJ’}Q, which includes the middle
wavelength-division multiplexing. mirror and the front cavity. In the previous two designs we
have studied, the front cavity plays a very important role for
achieving the whole two-wavelength operation. It determines
o L ) . the operations of both the short wavelength and the long
PTICAL switching is essential in optical communicayyayelength. As a result, both of these two designs unavoidably
tions, optical interconnects, and optical signal-processiger from complicated matching requirements in the front
systems. Reflection-type multiple-quantum-well (MQW) 0pgqyity. In this paper, we present a novel decoupled cavity

tical modulators have been extensively studied for such a@ssign which can efficiently reduce the interference between
plications [1]-[6]. The surface-normal geometry of such dgre o wavelengths.

vices also provides the possibility of two-dimensional (2-

D) array configuration for parallel optical signal processing.

For applications mentioned above, a high data throughput is

very important. The use of multiple wavelengths, therefore, [I. DECOUPLED CAVITY DESIGN

becomes attractive. Most of the modulators reported, how-AS we can see from Fig. 1(a), the front cavity serves as the

ever, were designed for single-wavelength operation. We haygn mirror for the long wavelengthy,. If the front cavity is
recently reported for the first time two-wavelength quantuilo ronerly designed or a slight variation in layer parameters
well modula?c_)rs [7],’ [8]. These dgwces were based on curs during device growth, the overall performance for
coupled cavities Wlth tvyo absorp_tlon regions. Twp d'ﬁere’Eperation ath, is degraded. To solve this problem, we use,
design schemes including the simple cavity design [7] affsteaq of a conventional broad-band mirror, a filter-type front
the balanced cavity design [8] have been demonstrated angh - \yhich is transparent at, but reflective at\;. With this
both of them have shown good modulation characteristic§n e modification, the disturbance o operation caused

In this paper, we report an improved structure which utlllzea, the light reflection from the front mirror can be totally
two decoupled cavities. Excellent modulation performance hgg.inated. The front cavity simply becomes a transparent

been achieved. region for \,. The corresponding reflection characteristic for
each mirror of this decoupled cavity design is shown in
Fig. 1(b). In this design, the length of the front cavity needs
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Fig. 1. (a) Schematic of two-wavelength modulator and (b) the mirrgr n 7294 AlAs

reflective properties for the decoupled cavity design. -
n matching layer Aly1GagoAs

in the cavity design for each wavelength since the coupling. { 100A  Gaas 1 A absorbing region
effect between the two cavities is eliminated. ! 45A  AlysGagrAs x305 ! gree
lll. EXPERIMENTAL RESULTS P O4um AlGaosAs

In this paper, the shgrt-wavelength gbsorbing region |s 632A Alo,GaosAs
GaAs-AlGaAs QW's designed for operation at 860 (ikn), 744A  AlAs X6 ~ '
and the long-wavelength absorbing region is InGaAs-AIG middle mirror
QW’s designed for operation at 890 nfh,). { 744A

In the present design, the most important thing is to have the’ 632A AIOIGaogAs x11
right reflection characteristics for the middle mirrfy,, and 744A AlAs

the front mirror B;. Considering the matching requiremen

for the rearA, cavity, we chose to usg,/4-based distributed

Br_agg reflecto_r (DBR) stacks to construct the desired m|dq e. 100A o ocGaossAs : ‘ _

mirror. It consisted of two face-to-face DBR stacks, one with i { 45A  Al.GagsAs xa25 | —— 2 absorbing region

six pairs of AlAs—Ab 1Gay oAs layers and the other one 12 T

pairs. The calculated reflection spectrum is plotted in Fig. P. 6284 Al GaogoAs

The calculated reflectivity is 57% for 890 nm and 95% for 86p 1 { 740 AlAs

nm. For the front mirror, we used, /4-based DBR stacks. A

three-pair AIAs—A} 1 Gay 9As A1 /4 stack with an extra ;-

thick Alp.1Gay 9As extended layer on top was used. The extra

5A1-thick Alg.1Gay 9As layer was for the purpose of creatin

a transparent window at 890 nm while maintaining a highg. 3. Grown device structure of the two-wavelength modulator with the

reflectivity at 860 nm. The calculated reflection spectrum #scoupled cavity design.

also plotted in Fig. 2. As we can see from the figure, it has a

reflectivity of 66% at\; and is almost transparent &t. This

satisfies the requirement for a decoupled cavity design.  these numbers, we can easily design each absorption region
Based on the mirror design described above, we can calagcordingly to complete the whole device design.

late the critical absorption strength (the absorption coefficientAfter the above design procedure, we fabricated a two-

times the thickness of the absorption region) to achieve zesavelength modulator with the device structure shown in

reflection for each wavelength. Foy, it is 0.182. For)s, Fig. 3. All layers were grown by a MBE system with situ

if we use the same back mirror reflectivity, i.eR, = reflection monitoring to ensure correct layer growth. Measured

0.95, the required absorption strength is 0.255. So basedrefiection spectra after growth of each critical region are shown

p matching layer AlyGagoAs

x17 —— back mirror

n+ GaAs substrate
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Fig. 4. In situ monitored reflection spectra after growth of (a) the back
mirror, (b) the p-Ab.1Ga 9As matching layer, (c) the middle mirror, (d)
the n-Al .1 Gay 9As matching layer, and (e) the front mirror.

in Fig. 4. The growth began with a back mirror consisting of a
17-pair n-AlAs(628A)-Al, 1 Gay 9As(740A) DBR stack. The
calculated reflectivity at 890 nm is over 95%. Curve (a) in
Fig. 4 shows then situ measured reflection spectrum. Then
a 40-period undoped $rpsGay.04AS(L00A)-Al 5 3Gay 7AS(45
A) QW absorbing region was grown on top of the back

g T ool . 1 0 ob 1
mirror. During this growth, the substrate temperature was kept 840 850 860 870 880 890 900
at 500°C to avoid the formation of dislocations caused by Wavelength (nm)
strain relaxation. Before the growth of the middle mirror, a

- i . (b)
p-Alg.1Gay 9As matching layer was grown to ensure the long
wavelength operation at 890 nm. The reflectivity of the Whoﬁg' 5. Measured modulation spectra of the fabricated two-wavelength mod-

. . . ator with separate bias applied on (a) the upper short-wavelength diode and

structure was monitored during the growth of this layer untihy e lower long-wavelength diode.
we began to see a clear resonant dip at 890 nm, which is shown

by curve (b) in Fig. 3. From this spectrum, we also identified o . )
the position of the nonbiased exciton at a wavelength of 8¥@V as 3.4 V and a reflectivity change of 62% were obtained.

nm. A middle mirror with the cavity structure mentioned ©’ the long-wavelength operation, an operating voltage of
before was then grown on top of this resonance-matched didyé ¥ @nd a reflectivity change of 44% were obtained at 890
structure and thén situ measured overall reflection spectrunf™- The refatively large operating voltage for 890 nm resuited
is shown by curve (c). Then we grew a 30-period undopéﬁ)m a thicker Iong-wavele_:ngth QW absorblng_ Iay_er and a
GaAs(lOOA)—AIO,gGaO,7As(45 A) QW absorbing region for larger Wavele_r!gth separation between the excitonic and the
A1. Another matching layer of n-gl; Gay gAs was grown for resonant position.
resonance at 860 nm. The resonance can be clearly seen in
the reflection spectrum shown by curve (d). From this curve,
we also identified the position of the exciton of the short- IV. CONCLUSION
wavelength quantum well to be at 848 nm. Growth of a front We have successfully developed a new decoupled cavity
mirror with the structure mentioned above finally completedesign for implementation of two-wavelength modulators by
the whole device structure. The overall reflection spectrugsing filter-type mirrors as the middle and the front mirrors.
was shown as curve (e). From this spectrum, clear resongvith this design, one can completely isolate the operating
behaviors were observed at both wavelengths of 860 and &Vity for each wavelength from each other and achieve much
nm. The completed structure has an n-i-p-i-n configuration.more flexibility in the whole device design. The matching
After the growth, we fabricated the device by two-steprocedure for the two-wavelength operation becomes two
etching to separately define the three ohmic contacts for batldlependent steps: the front cavity satisfies dperesonance
the top and the substrate n-layers as well as the middle gnd the rear cavity satisfies the resonance. Therefore, the
layer. The top optical window was (20@m)?. Fig. 5 shows whole structure is like two independent modulators grown
the measured modulation spectra for both wavelengths. For seguentially together without any interference between each
short-wavelength operation at 860 nm, an operating voltageaber.

Reflectivity




430 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 34, NO. 3, MARCH 1998
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