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GeSn/SiGeSn Multiple-Quantum-Well
Electroabsorption Modulator with Taper Coupler
for Mid-Infrared G-on-Si platforn

Minami Akie, Takeshi Fujisawa, Member IEEE, Takar®ato,
Masakazu Arai, and Kunimasa Saitoh, Member IEEE

Abstract— We propose taper coupler
modulator (EAM) composed of GeSn/SiGeSn
multiple-quantum-well (MQW) on Ge-on-Si platform for
mid-infrared (2 pm) integrated optical active devices. The
epitaxial design is performed by calculating the akorption spectra
of GeSn/SiGeSn MQW using many-body theory to invegfate the
extinction characteristics of GeSn MQW waveguidesTwo types
of taper couplers are considered for connecting Gab waveguide
and GeSn-MQW-highmesa waveguide efficiently. One is an
adiabatic taper coupler type EAM (ATC type EAM) and it is
useful for thin Ge-buffer structure in terms of the extinction ratio.
Another is a resonant taper coupler type EAM (RTC ype EAM)
and it is superior to ATC type EAM for thick Ge-buffer. It is
confirmed that RTC type EAM can obtain the high exinction
characteristics with low-loss and shorter device regth (6.87 dB,
-3.97 dB, and 215um) compared with conventional ATC type
EAM for thick Ge-buffer (5.67 dB, -4.9 dB, and 34Qum).

electroabsorption

I ndex Terms— Mid-infrared photonics, GeSn quantum wells

. INTRODUCTION

ID-INFRARED (mid-IR) band (1.8 ~ 5.@um) is now
attracting considerable attention for sensing apiitcal
communication applications [1]. In particular, 1.@% is the
minimum attenuation wavelength of the hollow-corefnic
bandgap fiber [2], which is expected as a new vength band
to increase the transmission capacity. For the IRidevices,
Ge-on-Si platform is suitable due to its wider ltmss spectrum
spanning from 1.8 to 1dm and its CMOS compatibility for
mid-IR photonic integration [1], [3]. A variety aictive and
passive devices have been developed for this ptatfo
For active components, the active region (eithek lmr
guantum well) is grown on Ge-buffer layer. For epsamstrong
electroabsorption (EA) based on quantum-confinedkStffect
(QCSE) in the Ge/SiGe multiple quantum well (MQWasv
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observed in [4] around 1.48n. The wavelength range can be
extended to mid-IR region by incorporating smalloamt of Sn
to Ge [5]. Recently, GeSn lasers emittinguf- wavelength
range light have been experimentally realized [B-kOfuture,
the monolithic integration of various componentsll viie
required for increasing the functionality of theipchOther
important active component is an electroabrsorpt{ad)
device. EA devices can be used for various optsighal
processing, such as switching, and one of the ingsbrtant
application is an EA modulator (EAM) due to its ligpeed
characteristics. EAMs and lasers can be (in prlagip
monolithically integrated, and therefore, an orpcloptical
communication may be possible by integrating alke th
components (lasers, modulators, and detectorshesame Si
chip by using mid-IR wavelengths. However, there &ew
reports of EAM based on group IV material foru:
wavelength range.

Usually, active layers are grown on Ge-buffer layih the
typical thickness of several microns [6]. The timeks of the
buffer layer depends on various factors: desirgdtal quality
of active regions, the limitation of growth techogies, etc. For
passive components, Ge-rib waveguides are usefuvamnous
passive components have been fabricated [11]. Tdreren the
integrated chip, optical signal should be routedh®y passive
Ge-rib waveguide and access to the highmesa agtiveguide,
on demand. One approach is to use taper couplet4]Lfor
efficient coupling between the GeSn active devicg passive
waveguides. The taper coupler is an important aabrao
achieve efficient vertical coupling between layerbere are
two types of taper coupler: an adiabatic taper uand a
resonant taper coupler. The adiabatic taper coigpéestructure
that avoids the power transfer from the fundamemtatle to
higher-order and radiation modes. One problem iaksdic
taper coupler type electroabsorption modulator (Atypge
EAM) is that the confinement factor of the fundamaémode
(E11) in the MQW active region becomes very small itkh
Ge-buffer layer is used, because the majority @fpibwer lies in
Ge-rib region in highmesa waveguide, leading to rpoo
performance of active devices. To overcome thigdition, we
reported the resonant taper coupler type EAM (Rige EAM)
in the preliminary conference proceedings [15]. Agantage
of the RTC type EAM is to use vertical multimodéeirierence
betweerE;; andE;» modes. As shown later, sinEg; mode has
larger field overlap with MQW active region, extiion
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Fig. 1. (&) The schematic of proposed EAM withetecoupler and (b)ros:
sections of Ge-rib (left) and GeSn MQW highmesaegandes (right).

TABLE |
MATERIAL REFRACTIVE INDEX FOR1.95],J,m
Material Refractive index
Air 1.000
Si 3.455
Ge 4.110
p-Sio.14Gen.83SM.03 4.055
Sio.14Ge.83Sm.03SCH 4.055
SIo.uG&).s_zeSrbm 4.046
barriel
Ge.91Sh.09 Well 4.193

characteristics are improved. However, ATC type EANM be

superior for thin Ge-buffer because the confineniaator of
E11 mode in MQW region will be large. As written abogece
the thickness of the buffer layer depends on varmnditions,
optimum device structures for active-passive irdégn will be
changed depending on the buffer thickness.

In this paper, we propose taper coupler EAM comgaxfe

GeSn/SiGeSn MQW on Ge-on-Si platform for mid-inécr(2
um) integrated optical active devices. GeSn/SiGe®Bhd@sign
for 2-um band QCSE is done for the first time and theagt
design is performed by calculating the absorptipactra of

f12000 T

[ . .

Applied electric field
©, L |
= 10000 I — 0 kVicm
o I — 20 kVicm
E 8000 : — 40 kV/cm
— 60 kV/cm
§ 6000 | 80 Kkvicm
c ) 100 kvicm
S 4000 r 120 kv/em
o — 140 kV/cm
o 2000 r
7}
Q
< 0 1 |
1.7 1.8 1.9 2 2.1
Wavelength [pum]

Fig. 2. Absorption spectra of the GeSn/SiGeSn QWutated by MBT(TE
polarization).

and RTC type EAM, is done. It is confirmed that RType
EAM can obtain the high extinction characteristigéth shorter
device length compared with conventional ATC typgeVEfor

thick Ge-buffer.

IIl. QW STRUCTURE ANDMQW WAVEGUIDE

A. Absorption Spectra of GeSn/9GeSh MQW

Figure 1 (a) shows the three-dimensional structafe
proposed EAM with taper coupler. It consists of 1@e-
input/output waveguide and GeSn MQW highmesa wadegu
These two waveguides are connected via taper coapkhown
in the Figure. This type of two-step waveguide ctite was
recently fabricated [14]. Figure 1 (b) shows thessrsections of
Ge-rib and GeSn/SiGeSn MQW highmesa waveguides,
considered here. The insets show the field digioba of E;;
andE;> modes. The waveguide parameters shown in Fig. 1 are
given as followshp.sigesn= 1.0pm, hwen = 0.01um, hparier= 0.01
um, hsch = 0.045 um, Wherehp-SiGeSn hwell, Nbaries @and hsch
denote the height of p-SiGeSn layer, well layeryibe layer,
and separate-confinement heterostructures (SCHr,lay
respectively. 18 and 167 cnt® doping concentrations are
assumed for n- and p-cladding layers [18]. We asstia loss
originating from free-carrier absorption and otledfects in
these layers in beam propagation simulation. TeeValues are
extracted from [19] and they are 3 and 10'cfor n- and
p-cladding layers at 1.96m. Although p-cladding is SiGeSn,
we used the loss value for Ge. This is becausdtibdbss of Si
[20] is smaller than Ge.

The refractive indexes of each layer are summaiizd@ble
I. The GeSn/SiGeSn MQW is grown on the Ge-buffarsisis
of 10 layers of the G&:iSrv.oe Well and the Si11G& s6Sh.o3
barrier. The QWs are sandwiched by twe:&bey 835,03 SCH
and grown on the doped n-Ge buffer on Si substrate

GeSn/SiGeSn MQW using many-body theory developed feomposition of the barrier and SCH layers aredatthatched to

group IV materials [16,17] to investigate the egtion
characteristics of GeSn MQW waveguides. Two tyddsmer
couplers are considered for connecting Ge-rib waickgand
GeSn-MQW-highmesa waveguide efficiently

comprehensive comparison of two structures, AT tgAM

the Ge-buffer and have bandgap wavelength of [d2L&tbum.
Here, we consider @m band communication application. The
operating wavelength of EAM is set to 1.8, which is the

andowest loss wavelength of photonic bandgap fibgr The well

is G&.91Sh.0e With 1.3% compressive strain, whose bandgap



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICAT

0.08
0.07 ¢
0.06 B
_0.05 — E;; mode J
} 0.04 — E;,mode ]
0.03 r =
0.02 B
0.01 b hge=1.0umd=0.5um |
0 1 1 1 1 1
1.0 15 2.0 2.5 3.0 3.5 4.0
Wgesn[um]
@
0.08 \ \ \ \
hge=2.0umd=1.0um
0.06 B
= — E;; mode
Lz 0.04 — E,,mode 1
0.02 3
0 1 1 1 1 1
1.0 15 2.0 25 3.0 3.5 4.0
Weesn[m]

©

IONNUMBER (DOUBLE-CLICK HERE TO EDIT) < 3
0.8
0.7 B
0.6 hge=1.0pmd=0.5um |
20.5 — E;ymode A
$0.4 — E;,mode
\"2 0.3
0.2
0.1
O 1 1 1 1 1
1.0 15 2.0 25 3.0 3.5 4.0
Wgesn[Hm]
(b)
0.8 T T T T T
_ory hee = 2.0umd = 1.0um
& 06 -
E
=05 -
o4l E,; mode
120.3 | — E;,mode |
202t f—\
0.1 b
0 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 35 4.0
Wagesn[1tm]

(d)

Fig. 3. (@)l'wen and (b)'weil/ Swet With hge = 1.0um, (c)Twell and (d)lweil/ Swell With hce = 2.0um as a function oficesnfor E11 andEi12 modes calculated by VFEM.

wavelength is 1.8am without bias. Therefore, the detuning isfunction ofwgesnfor hge = 1.0 and 2.Qum, wheresye is the area

100 nm. The composition of the barrier and SCH riayee
determined to maximize the depth of the well in dugstion
band with the condition of zero strain to Ge-bufieeep well
leads to stronger electron confinement and ste¢ipction

characteristics [17]. The material parameters, sagHattice
constant and bandgap, used in this paper are the aa [16]
and [17]. Figure 2 shows the calculated absorgjmectra (TE
polarization) of the GeSn/SiGeSn QW by MBT for vas
values of applied electric fields. Red shift of cjpg due to
QCSE can be seen. For calculating
inhomogeneous broadening with the broadening engfrgy=

7.5 meV is taken into account [17]. In [17], it wstsown that
calculated absorption spectra of Ge/SiGe QWs averingood
agreement with the measurement [4], showing thditabf the

method for quantifying the absorption spectra oLgrlV QWs.
The absorption spectra shown in Fig. 2 is usedHerEAM

analysis. Since the thickness of the insulatingiay 300 nm,
the voltage corresponding to 140 kV/cm is 4.2 \&Hould be

noted that QCSE in gm wavelength range was experimentallylil.

confirmed for InP-based material [21]. Also, itgessible to
extend the operating wavelength to longer wavekeragion by
using GeSn buffer layer.

B. Confinement Factor in QW Region

In order to obtain high ER and to reduce the desize, it is
necessary to increase confinement factor in the f@gion
(Twen). We investigatd'wen when waveguide width and height
are changed for different thickness of Ge-buffes) Figures
3(a)-(d) showl'wen andT'wen / Swen Of E11 and Ez2 modes as a

of all well layers.I'wen is calculated by vectorial finite element
method (VFEM) [22]. We can see tliab mode has larger field
overlap with the MQW active region fdige = 2.0 um. In
contrast,I'wen of fundamental modeE() is larger than that of
E1> modes folhge = 1.0pum. I'we Of the fundamental modé&qy)

in the active region is very small for thick Ge4euflayer since
the majority of the power lies in Ge-rib regionGeSn MQW
highmesa waveguide. Accordingly, he is 1 um, ATC type
EAM can reduce size and obtain high ER, biifis 2.0pum,

these spectthe performance of ATC type EAM deteriorates beedys of

E11 mode becomes small. Fbge = 2.0um, it is better to use
RTC type EAM as shown in the next section.

For the electrical connection, heavy-doped p-cdintgdayer
and metal film on the p-cladding are necessary. él@w if
there is a 100-nm p-contacting layer on thgni-p-cladding
layer, the confinement factor d:» mode is below 0.5%.
Therefore, they are neglected in this paper.

EFFICIENT CONNECTINGSTRUCTURE ANDTHE EXTINCTION
CHARACTERISTICS

Here, we discuss two types of taper couplers. Qipgra
wavelength is 1.95m and imaginary part of refractive index is
deduced from the absorption coefficienshown in Fig. 2 by
following equation:

al

4z (1)
Long and gentle taper is required (> 4) for the adiabatic
taper coupler because the power transfer from fuedéal

im
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Fig. 7. H| distribution yz-plane) of ATC type EAM witthce = 1.0um (a) a
applied electric field of 0 kV/cm and (b) at apglielectric field of 140 kV/cm.

mode to higher-order and radiation modes shouldvméded.
On the contrary, for the resonant taper couplew; skort taper
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length (< 10um) is used to excite both fundamental and
higher-order modes. Properly adjusting waveguidegthe
corresponding to the beat length of multimode fetence E11
mode can be extracted from the output. In followsegtion, we
investigate the transmission and extinction ratiBR)
characteristics of ATC type EAM and RTC type EAMotB
analyses are performed by vectorial finite elembatim
propagation method (VFE-BPM) [23,24].

A. ATC Type EAM

Here, we consider ATC type EAM for smoothly conivegt
Ge-rib and GeSn highmesa waveguides. First, weritesthe
case ofhge = 1.0 um (thin Ge-buffer). Figure 4 shows the
top-view of ATC type EAM. It consists of two seat& Ge-rib
and highmesa taper (taper) and EAM. From Fig. 3(B)select
Wgesn= 1.2um because maximum valueltfei/Sven is obtained
at Wgesn = 1.2 um. In the taper, the Ge-rib waveguide is
adiabatically connected to the GeSn highmesa wédedor
avoiding the power transfer from fundamental mazigher
order and radiation modes. Figure 5 shows trangmiss taper
section as a function dfy, at hge = 1.0 um. Solid line is the
transmission fowge = 1.97pum > wgesn For these widths, the
effective indexes ofE;x mode in Ge-rib ands;; mode in
highmesa waveguides are matched. Dashed line stiwevs
transmission fowge = Weesn FOr the calculation, the absorption
coefficient at 1.95um and 0 kV/cm (no bias) is assumed in the
QW region. Since the effective refractive indexGd@#Sn MQW
waveguide is different from that of the Ge-rib wguige, the
connection of the waveguide with the same widtlsemithe
coupling loss. Accordingly, the transmission isglstly
improved by adjusting effective refractive indextbé GeSn
MQW waveguide to that of the Ge-rib waveguide h taper
length is too short, the transmission decreasedaluadiation
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10um as a function dfeam.

Power
1|'0 08 OI.6 04 02 00 the structure of ATC type EAM withge = 2.0um. It consists of
three sections: Ge-rib and highmesa taper (tapenighmesa
taper (taper-2), and EAM. Figure 9 shows transmisf
taper-1 as a function &f,; athge = 2.0um, wherewge = 1.4um,
d=1.0um. As in Fig. 9, the solid line is the transmissionwee

loss and coupling to higher-order mode. Even itéiper length > Weesn1= 1.34um. For these widths, the effective indexes of
is long, loss due to the QW absorption at the taggetion E11 mode in Ge-rib an:; mode in highmesa waveguides are
increases. The maximum transmission is obtainkg at30ym. Matched. The dashed line shows the transmissiomvder=
Figure 6 shows the ER as a function of appliedtetetield and Weesn: Similar to the structure ¢ke = 1.0um, the transmission
Figs. 7(a) and (b) show|Hield distribution inyz-plane at the is improved by adjusting effective refractive indexthe GeSn
center of the waveguide of ATC type EAM whbe= 1.0umat MQW waveguide to that of the Ge-rib waveguide. Nan
applied electric field of OkV/cm and 140 kV/cm. Vilssumed transmission is obtained aroubgh = 20um. According to Fig.
that the electric field is applied to only EAM sectin Fig. 4. 3 (), since the confinement factorkak mode is below 1% for
The electric field can be selectively applied to BAM region Weesn1 = 1.34um, the waveguide width is further tapered to
by removing the p-contacting layer on the p-claddim the Waesn2t0 increase the confinement factor. From Fig. ,.3(®)
taper regionLeau is set to 20Qm. ATC type EAM withhge =  S€leCtWgesn2= 4.0 um, wherel'we Of Eis is saturated t®vgesn
1.0pum has ER of 14.0 dB between 0 kV/cm and 140 kV/oth a and the value is 2.2%. From above discussion, tagemeters
the insertion loss at 0 kV/cm is5.56 dB. The total length @ré determined as followsice = 1.4um, d = 1.0pm, Weesn1 =
including taper is 26Qm. 1.34 pm, Wgesn2= 4.0um, Lz = 20 um. Ly is set 50um, at
Next, we describe the casehef: = 2.0pum. Figure 8 shows Which the transmission &, mode is maximized.gaw is set to

(b)
Fig. 11. H| distribution yz-plane) of ATC type EAM witthce = 2.0um (a) a
applied electric field of 0 kV/cm and (b) at apgliglectric field of 140 kV/cm.
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Figure 12 shows the top-view of RTC type EAM. Ihsists
of two sections: Ge-rib and highmesa taper (tapad EAM.
We setwge = 1.0pum, d = 1.0um, andwgesn= 2.32um to match
the effective indexes dE11 mode in Ge-rib and:> mode in
highmesa waveguides. The confinement factoEafand Ei2
modes in the QW region of highmesa waveguide a8eahd
5.6%. Figure 13 (a) shows the modal poweEqf Ei» modes
and total power as a function of the taper lergghBoth Ei1
! andE;> modes are excited in the taper and welLget 10 um.
0.6 Figure 13 (b) shows the output powerEf mode of Ge-rib
®) waveguide of proposed EAM fdr, = 10 um as a function of
Leam (Output power of whole device including input andput
tapers and EAM section). Since in the EAM secti®nandE:
modes excited by taper section are propagated hvatting,
there is an optimum EAM length for maximizing the
transmission oE;1 mode of Ge-rib waveguide. As shown in Fig.
13 (b), for Leam = 195 um, the output power is maximized.

Power |
1.0

0.8

0.4

Fig. 15. H| distribution yz-plane) of RTC type EAM witthce = 2 um (a) a
applied electric field of 0 kV/cm and (b) at apglielectric field of 140 kV/cm.

200um. Figure 10 shows the ER as a function of apm@ledtric
field and Figs. 11 (a) and (b) shd#-field distributions of ATC
type EAM withhge = 2.0um at applied electric field of OkV/cm
and 140 kv/ecm. We assumed that the electric figlaliplied to  Figure 14 shows the ER as a function of appliedtgtefield of
only EAM section in Fig. 8. ATC type EAM withge = 2.0um  RTC type EAM withLy = 10um, andLeaw = 195um (the total
has ER 0f5.67 dB between 0 kV/cm and 140 kV/cm and théngth is 215um) and Figs. 15 (a) and (b) shot|field
insertion loss at 0 kV/cm is4.9 dB. Total length including distributions of RTC type EAM witlnge = 2.0 um at applied
taper is 34Qum. electric field of OkV/cm and 140 kV/cm. RTC type EAhas

B. RTC Type EAM ER o_f 6.87 dB between O.kV/cm and 140_kV/cm and the

In ATC type EAM withhee = 2.0 um, the device size and insertion Ios_s at 0 kV/cm |s3.97_ dB._The increased ER
. . . . compared with ATC type EAM with thick Ge-buffer cem
insertion loss at 0 kV/cm are increased comparéalthe ATC from the use oEi>» mode having large confinement factor, and
type EAM withhge = 1.0pum due to low wen and the absorption '

in long taper section. For thick Ge-buffer, sintee higher-order low-loss a”f short device length come from the tskaper
. . . ength athge = 2um. Furthermore, the width and length of EAM

mode Ei2) has larger confinement factor in QW region, RT& . . _

e EAM will be superior to ATC tvoe EAM Section are 2.32 and 195 (half of ATC type EAM withhge =
P P yp ' 2 um), which are typical waveguide width and length of
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state-of-the-art high-speed EAM for telecommuniatband
[25]. 3-dB bandwidthfg4s) of the RTC-type EAM is estimated
based on simple calculation method described if. [Z6e
capacitance of the active region is 0.232 pF ifagssume the [9]
dielectric constant of the active region as 421@3e refractive
index of well material). If we assume SDtermination register,
fags is about 27 GHz, comparable to high-speed EAM if10]
telecommunication band [25].

Figures 16 (a) and (b) show the insertion losseaihction
ratio of RTC type EAM as a function @fw. Here Aw is a
deviation fromwgesn= 2.32um. Other parameters are the samétl]
with the RTC-type EAM shown in Fig. 14. From thesuls,
200-nm deviation in the waveguide width does nfgafmuch
to the device performance.

[12]
IV. CONCLUSION

We proposed tapered coupler EAM composed &3]
GeSn/SiGeSn multiple-quantum-well (MQW) on Ge-on-Si
platform for mid-infrared (2um) integrated optical active
devices. We calculated the absorption spectra &&iGeSn
MQW around 2um by MBT, and investigated the extinction
characteristics of GeSn MQW waveguides. ATC and Rji€
EAMs are proposed and comprehensive comparisohesfet
two structures are done in terms of Ge-buffer thids. Due to
the different confinement factor of the fundamentalde in
QW region, ATC type EAM is useful for thin buffend RTC
type EAM is useful for thick buffer layer.

(14]

[15]

[16]
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