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An Hectroabsor ption Modulator Monoalithically Integrated with
a Smiconductor Optical Amplifier and a Dual- Waveguide
Spot-Size Converter

Hou Lianping, Wang Wei, Zhu Hongliang, Zhou Fan, Wang L ufeng, and Bian Jing

(National Research Center for Optoelectronic Technology, Instituteof Semiconductors,

Chinese Academy of Sciences, Beijing 100083, China)

Abgract : A semiconductor optical amplifier and electroabsorption modulator monolithically integrated with a spot-

sze converter input and output isfabricated by means of selective area growth ,quantum well intermixing ,and asym-
metric twin waveguide technology. A 1550 1600nm losdess operation with a high DC extinction ratio of 25dB and

more than 10GHz 3dB bandwidth are success ully achieved. The output beam divergence angles of the device in the

horizontal and vertical directions are as small as 7. 3° x 18 0° ,respectively ,resulting in a3 0dB coupling loss with a

cleaved sngle-mode optical fiber.
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1 Introduction

Wavelength-divison multiplexing (WDM) is
now an enabling technology to meet the boosting
capacity of optical transmisson systems. Advanced
WDM networks must have various f unctional com-
ponents,such as modulator ,routing ,switching ,and
wavel ength add-drop multiplexing ,etc. Asaresult ,
monolithic integration components with a variety
of active and passive photonic devices are becoming
increasngly attractive, due to their miniaturized
multifunction optical circuits, compactness, low-
cost batch fabrication ,and high stability. A semi-
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conductor optical amplifier (SOA) integrated with
an electroabsorption modulator (EAM) is promis
ing for a high-performance modulator ,because the
SOA can compensate for the inevitable insertion
loss of the EAM and coupling loss to a fiber™* *'.
Monolithically integrated SOA and EAM with
spot-size converters (SSC) input and output have
been paid more attention for their direct coupling
to an optical fiber with low-loss coupling,large a
lignment tolerances,and s mple packaging schemes
without using a micro-lens or tapered fiber™® °.
However ,most of them have been based on buried
structure with selective area growth (SAG) or
butt-joint selective area growth (BJ-SAG) tech-
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nique ,which involves complex growth steps,exces
dve processng steps,and strict process tolerance.
In this paper ,a novel structure with a relatively
smple fabricating approach is demonstrated in
which SA G,quantum well intermixing (QWI) ,and
asymmetric twin waveguide (ATG) technologies
are succesd ully used. For the SOA/ EAM section,
SA G technology is employed to exactly control the
bandgap difference of the SOA gain peak and the
exciton absorption edge. For the input and output
SSC sections, QWI is used to make the bandgap
bl ue-shifted asfar aspossblefrom the EAM mate-
rial to reduce the direct bandgap absorption ,while
A TG technology is employed to expand the mode
spot size to match the core of a single-mode fiber
(SMF).By contrast with BJ-SA G technique ,QWI
alowsfor strategic post-growth tuning of the QW
band edge in a relatively smple procedure. Also,
QW!I does not change the average composition and
only dightly changes the compositional profile, o
there is a negligible index discontinuity at the in-
terface between adjacent sections. Thus it elimi-
nates harmf ul parastic reflections that can degrade
performance'”’. A low-energy P* iorrimplantation
induced intermixing method is used in this work.
For the so-called ATG structure, the active
waveguide is laterally tapered and combined with
an underling passive waveguide. Such a combina
tion makes it easy to control the beam divergence
at the output facet. Furthermore ,A T G technology
is robust ,low-loss ,compatible with existing epitax-
ial desgns,and usesfabrication techniques that are
common in InP laser manufacturing. For the device
structure ,double ridge structureis employedin the
SOA/ EAM section. A ridge structure exhibits very
low capacitances,which enables high hit-rate oper-
ation in integrated laser-modulators. For the SSC
sections, a buried
(BRY) isincorporated. Such a combination of ridge
and BRS structure ,in which SAG,QWI,and ATG
technologies are successully used, is reported for
thefirst time.

ridge double-core structure

2 Device sructure and fabrication

Figure 1 shows the schematic structure of the
device. Theinput and output end of the device have
a 30Q nrlong dual-waveguide SSC, whose active
coreis linearly tapered from 3 to @ m along with
the propagation direction ,whileitspassive coreisa
& mwide and 50nmrthick rectangular waveguide,
with a0 2 m InP space layer between them. In the
SOA/ EAM section ,most optical power is confined
in the active core. However ,in the SSC section ,the
optical power is gradually tranderred,aong with
the light transmisson direction,from the tapered
active core to the passve one. Eventually ,at the
output facet of the SSC,the optical mode is deter-
mined only by the thin passve core,which is de-
signed to expand and stabilize the beam from the
SOA/ EAM for efficient coupling to a SMF. The
SOA and EAM sections are 600 and 15Q m long,
respectively ,with a 5Qu m etched electrical isolation
region between them.

S10,film
p-InP
n-InP buffer
n-InP substrate
polyimide
He*implantation

Passive core
InP spacer

p-electrode
n-electrode

Fg.1 Schematic diagram of the device

The device is fabricated using only a three
step lower-pressure metal-organic vapor phase epi-
taxial (L MOV PE) process. For thefirst epitaxial
growth ,an InP buffer ,a 50nnrthick n-type 1 1% m
bandgap InGaA sP quaternary (Q) lower waveguide
and a 0. 2 m n-InP spacer layer are grown. Then,
two SO: pads are patterned on the spacer layer in
the SOA region. The multi-quantum well and separ
heterojunction ( MQW-SCH )
stack and 150nm undoped InP implant buffer layer

rate confinement

are grown next. The MQW structure conssts of
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ten strained InGaA sP quantum wells and nine lat-
ticee matched InGaAsP barriers. The thickness and
bandgap wavelength of SCH layersis about 100nm
and 1. 2 m. The SA G process creates a bandgap
difference between the modulator and the SOA of
75nm ,as measured with micro-region photolumi-
nescence at room temperature (for details see Fig.
2) . After removing the S0O: pads,the SOA/ EAM
section is encapsulated by a 400nm-thick SO: layer
and then the QWI processiscarried out on the SSC
region. Asaresult ,the peak bandgap wavelengthin
the SSC region is blueshifted from 1500 to
1400nm. Then ,the SO: layer and the undoped InP
buffer layer are removed by wet etching and the ta-
pered MQW-SCH core in the SSC regions are
formed usng a taper-patterned photo-resist mask
and selective etching. A sharp taper tip less than
0. 41 m at the SSC section is easly achieved by nor-
mal photolithography combined with an undercut
etching. Thus,there is no need of usng an expen-
sve and time-consuming ebeam lithography. A
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Fg.2 PL sectraof the SOA ,EAM ,and SSC regions

thin p-InP cladding layer ,1 2Q etch stop layer ,p-
InP over-cladding, and an InGaAs cap layer are
then grown successively in the third growth step.
A double ridge waveguide of the SOA/ EAM sec
tions is formed by the conventional process. The
width of the upper and lower SOA/ EAM mesas are
3 mand @ m respectively. The electrically isolated
groove between the SOA and EAM sections is
formed by etching away the InGaAs cap layer and
He" ion implantation on it. The InGaAs cap layer
in the SSC region is entirely etched away to elimi-

nate excess light absorption (lattice matched In-
GaAss has an absorption wavelength of 1. 64 m) . A
SO dielectric layer is then deposted on the wafer.
After the waveguide for the SOA/ EAM is buried
in polyimide ,electrodes of SOA/ EAM sections and
TiO2/ SO antireflection films on the input and
output facets are formed.

3 Device perfor mances

Soectraof the TEand TM amplified spontane-
ous emisson of the amplifier at 100mA bias current
and zero bias voltage on the modulators are shown
in Fig.3.Lessthan 1 2dB polarization sengtivity is
mai ntai ned over 200nm (1450 1650nm) .
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......... TM mode

Power/dB

{ . 1 1 . 1 N
1450 1500 1550 1600 1650
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Fig.3 ASE spectra measured with 100mA injection
current to the SOA and OV voltage to the EAM

Figure 4 shows the far field pattern observed
from the SSC facet. It can be seen that the funda
mental transverse modeis realized and that the far
field pattern of the device can not be affected by
adding SSC. The sde lobe at an angle of 10° in a
horizontal FFPiscaused by the reflected light from
the submount. The divergence angles of 7. 3° x
18 0° from the SSCfacet arefar smaller than those
of 30° x49° from the EAM facet without SSC. The
coupling loss of the device from the SSC facet to
the cleaved SMF is about 3dB and the 1dB align
tolerance between them is about + 3 M m (hori-
zontal) x (£2 60)U m (vertical) . However for the
EAM facet without SSC,the coupling loss and the
1dB align toleranceisabout 9dB and +2 @ m(hor-
izontal) x (1 7)4 m (vertical) ,respectively.
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Fg.4 Far-field pattern from SSC facet

Figure 5 shows the spectral dependence of the
fiber to fiber gain in the SOA active region at
- 13dBm incident optical power ,100mA bias SOA
current and zero bias voltage on the modulator.
The spectral range is larger than 40nm while the
gain change from fiber to fiber is less than 3dB.
The device can be worked at lossless operation
from a 1550 to 1600nm wavelength range when
both the gain peak of the SOA and the absorption
edge of the EAM and SSC have been optimized.
These results also come from the high coupling ef-
ficiency to an SMF due to the introduction of SSC
at theinput and output end.
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-

Fiber to fiber gain/dB
n
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-15
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Fg.5 Optica gain asafunction of injected light wave
length

The small-signal response (Sxz) of the device
is measured. Figure 6 shows a plot of the signal
modulation at different EAM biases. A 3dB band-
width of more than 10GHz at EAM bias voltages
from OV to - 0. 6V is achieved.

Figure 7 shows the statically extinction ratio
(ER) versus EAM bias at 1580 and 1600nm with a

Response amplitude,S,,/dB

Frequency/GHz

Fig.6 Smal-signa response curves of EAM at differ-
ent DC biases

100mA injection current into the SOA section of
the device. A high ER of 25dB can be achieved at a
biasof - 3 5V for the 1600nm wavelength. At a
wavelength of 1580nm ,a high ER of 20dB is a0
obtained at a lower biasof - 2 5V.

5 — A=1600nm
~ -~ == A=1580nm

Fiber to fiber gain/dB
S
7

Modulator reverse voltage/V

Fig.7 DC extinction characteristics for electroabsorp-
tion modulator

4 Summary

A SOA and EAM monolithically integrated
with a novel dual-core SSCis designed and fabricer
ted by means of SAG,QWI,and ATG technolo-
gies. The output beam divergence angles are as
small as 7. 3° x 18 O° in the horizontal and vertical
directions, respectively. High coupling efficiency
with a cleaved SMF(3 0dB loss) and a 1dB align-
ment tolerance better than +3 M m(horizontal) x
+2 6@ m(vertical) are realized. A lossless opera
tion at 1550 1600nm is achieved with a high static
ER of 25dB. The 3dB bandwidth of the device is
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more than 10GHz with a wide range of incident op-
tical power from - 13dBm to +8dBm. Smple fab-
rication procedure and excellent performance make
the device suitable for mass-production and a cost-
effective device for advanced WDM or OTDM sys
tems.

Ref erences

BurieJ R ,Dumont F,Gouezigou O le et a.50Gb/ s capability
for a new zero loss integrated SOA/ EA modulator. Proc
ECOC,2000:43

JohnsonJ E,Ketelsen L J P,J Grenko A ,et a. Monolithically
integrated semiconductor optical amplifier and electroabsorp-

[1]

[2]

tion modulator with dual-waveguide spot-size converter input.
IEEEJ Sel Topics Quantum Electron ,2000,6(1) :19

15 16Mm

0dB , 7.3¥x18 O,

EEACC: 4320
TN248 4

* ( :90101023)
,1969 , , InP
,1937 , , )

2005-03-16 ,2005-04-25

InP

[3]

[4]

[5]

[6]

[7]

,3dB

Tsuzuki K,Kondo S,Noguchi Y et a. Polarization-independ-
ent ,loss less SOA integrated EA modulator with Fe-doped
InP buried structure. Proc OECC ,2001 :581

Koren U ,Miller B I,Young M G et a. Polarizationinsenstive
semiconductor optical amplifier with integrated electroabsorp-
tion modulators. Electron Lett ,1996 ,32(2) :111

Mason B ,Ougazzaden A ,Lentz C W ,et a. 40- Gb/ s tandem
electroabsorption modulator. IEEE Photonics Technol Lett,
2002 ,14(1) :27

Asaka K,Suzaki Y, Kawaguchi Y ,et al.Losdess eectroab-
sorption modulator monolithically integrated with a semicon-
ductor optical amplifier and a passve waveguide. |EEE Pho-
tonics Technol Lett ,2003,15(5) :679

Skogen EJ ,Raring J W ,Barton J S,et a. Postgrowth control
of the quantumrwell band edge for the monolithic integration
of widely tunable lasers and electroabsorption modulators.
IEEEJ Sal Topics Quantum Eectron ,2003,9(5) :1183

, 100083)

10GHz, 25d8 ,

3 0dB.

: 0253-4177(2005) 08-1504-05

SOA ,EA  SSC

( :20000683-1)

(€2005



