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ABSTRACT

We report on the design and simulation of a waveguide-integrated Ge/SiGe quantum-confined Stark effect (QCSE) optical modulator based
on the use of a Ge-rich SiGe relaxed buffer on a graded buffer as an optical waveguide. Despite the promising potential of this waveguide
platform, efficient and wideband optical integration with a Ge-based active device has not been properly addressed so far. In this paper, via
3D finite-difference time domain simulation, we demonstrate that a simple 2D taper is sufficient to enable adiabatic optical coupling from the
fundamental mode of the input SiGe waveguide to the fundamental mode of the Ge/SiGe multiple quantum well (MQW) modulator without
the excitation of higher-order modes in Ge/SiGe MQWs. The 2D taper shows good fabrication tolerance considering critical variations in
its dimensions. Significantly, wideband optical modulation performance in terms of extinction ratio and insertion loss is presented over the
whole low-loss spectral range of the Ge/SiGe MQWs at different electrical bias values, device lengths, and numbers of quantum wells in order
to comprehensively report its potential for Si-based optical modulators.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0039129

. INTRODUCTION promising options to support the economic and environmental sus-
tainability of growth in data transmission needed for the projected

2

Quantum-confined Stark effect (QCSE) from germanium  expansion of communication, commerce, and computation.’’ >

/silicon-germanium multiple quantum wells (Ge/SiGe MQWs) has
been regarded as one of the strongest physical mechanisms to
obtain a group-IV optical modulator, which could be fabricated
using top-down optical lithography and dry etching techniques.
Since the discovery of strong QCSE from the direct-gap transi-
tion of Ge/SiGe MQWs at room temperature,' various theoretical
and experimental works have been performed to gain an under-
standing on the material systems and develop compact and low-
voltage waveguide-integrated Si-based optical modulators within
the telecommunication wavelength regions from O-band to C-band
(1260 nm-1550 nm).” ! Si-based optical interconnect is one of the

The optical integration between silicon-on-insulator (SOI) waveg-
uide and Ge/SiGe MQWs has been widely investigated both theo-
retically and experimentally in order to realize Si-based waveguide-
integrated optical modulators on the SOI platforms using either
eigenmode expansion method simulations or optical transmission
measurements.'®"'” Recently, Zang et al.”* have theoretically shown
from finite-difference time domain (FDTD) simulations that for
the optical integration with the SOI waveguide, using a 2D taper
(tapering in the direction horizontal to the plane of the wafer)
might not be sufficient to suppress the excitation of the higher-order
modes inside the Ge/SiGe MQW optical modulator, and a 3D taper

AIP Advances 11, 035117 (2021); doi: 10.1063/5.0039129
© Author(s) 2021

11, 0351171


https://scitation.org/journal/adv
https://doi.org/10.1063/5.0039129
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0039129
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0039129&domain=pdf&date_stamp=2021-March-5
https://doi.org/10.1063/5.0039129
http://orcid.org/0000-0001-9250-3956
http://orcid.org/0000-0003-2117-2744
http://orcid.org/0000-0001-5951-7440
http://orcid.org/0000-0002-1324-5029
mailto:fscipac@ku.ac.th
https://doi.org/10.1063/5.0039129

AIP Advances ARTICLE

(tapering in directions horizontal and vertical to the plane of the
wafer) is required. Nevertheless, although 3D tapers may be supe-
rior to 2D ones in suppressing the excitation of the higher-order
modes in the Ge/SiGe modulator, it should be noted that their
realization is not a trivial task using a top-down fabrication pro-
cess. Indeed, the main reason for the existence of the higher-order
mode in the Ge/SiGe modulator is that a Ge-rich SiGe relaxed
buffer of several 100 nm thick is typically required to grow Ge/SiGe
MQWs to properly compensate the built-in strain in the struc-
tures. The excitation of higher-order modes would cause the trans-
mitted power at the modulator output to be length-dependent
because of the beating between different co-propagating modes in
the Ge/SiGe MQWs section, which would negatively affect the reli-
ability of the device’s design and fabrication.”** Recent effort also
includes the growth of Ge/SiGe MQWs on a Ge-rich SiGe relaxed
buffer as thin as 100 nm to simplify optical integration with the SOI
waveguide.”

On the other hand, we have proposed and experimentally val-
idated the use of Ge-rich SiGe relaxed buffer as a passive optical
waveguide and realized an integrated optical interconnect consist-
ing of waveguide-integrated Ge/SiGe QCSE optical modulator and
photodetector on bulk Si wafer.”® The proof-of-concept device con-
firmed that Ge-rich SiGe relaxed buffer could be simultaneously
used as both a compact and low loss waveguide platform and a vir-
tual substrate (VS) on which high quality epitaxial growth of the
Ge/SiGe MQWs could be performed at a relatively low temperature
(<450 °C) as demonstrated by the good performance of the stand-
alone optical modulator and photodetector devices. Moreover, the
integrated optical interconnects showed promising potential for
low-bit-error-rate (BER) data transmission mainly due to a very
low dark current level at the SiGe waveguide-integrated Ge/SiGe
photodetector. Nevertheless, the performance of SiGe waveguide-
integrated Ge/SiGe QCSE optical modulator was relatively modest
and worth further investigation, as the observed 2-dB extinction
ratio with ~5-dB insertion loss (including both in- and out-taper
coupling and the Ge/SiGe MQW background absorption loss) can
be significantly improved. From our FDTD simulation, it was found
that such non-optimal modulation performance stemmed from the
fact that the other optical modes, besides the fundamental one, were
also excited in the proof-of-concept waveguide-integrated Ge/SiGe
optical modulator.

As a result, despite the promising potential of Ge-rich SiGe
relaxed buffer on SiGe graded buffer waveguide platform for mono-
lithic integration of optical interconnects with bulk Si CMOS,* effi-
cient and wideband optical integration with Ge-based active device
has not been properly addressed so far. In this paper, via 3D FDTD
simulation, we demonstrate that for the proposed SiGe waveguide-
integrated Ge/SiGe QCSE optical modulator, a simple 2D taper is
sufficient to attain adiabatic optical coupling from the fundamen-
tal mode of the input SiGe waveguide to the fundamental mode of
the Ge/SiGe MQWSs modulator, without the excitation of higher-
order modes in Ge/SiGe MQWs. Moreover, the 2D taper shows
excellent fabrication tolerance considering possible variations in its
dimensions. Significantly, we have also investigated the wideband
optical modulation performance of the SiGe waveguide-integrated
Ge/SiGe QCSE optical modulator over the whole low-loss spec-
tral range of the Ge/SiGe MQWs under investigation with different
values of device’s length and numbers of QW layers, in order to

scitation.org/journal/adv

comprehensively report its potential for compact Si-based optical
modulator. We might be obliged to point out that our work is dif-
ferent from Ref. 27, in which it focused on only the optical coupling
part and the coupler appeared to be resonant-typed (usually based
on mode beating); besides, the information on layers’ thickness and
refractive index were not available in the previous study.

Il. Slo16GEo.8s WAVEGUIDE INTEGRATED
GE/Slo.16GEo.84 MULTI-QUANTUM-WELL

The Sip.16Geoss waveguide integrated Ge/Sip16Geogs multi-
quantum-well QCSE optical modulator under investigation is illus-
trated in Fig. 1. Consistent with our first proof-of-concept experi-
mental demonstration in Ref. 26, the first part of the structure is an
8-um-thick Si;_yGey graded buffer, with a linear increase in Ge con-
centration y from 0% to 83%, which can be deposited at a relatively
fast rate of 5nms™'-10nms™",** and a 2-yum-wide, 1.5-um-high,
and 1-ym-etched Sip16Gegss rib waveguide is considered. Despite
a low refractive index contrast between the waveguide core and
the graded buffer, strong light confinement in the waveguide core
can be obtained, as shown in the top-left inset of Fig. 2(a); more-
over, we had demonstrated that tight bend radius can be obtained
in this waveguide structure.”” For the Ge/SiGe MQW structures, a
200-nm-thick Sig9Gego1 layer is intended for p-type contact; a
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FIG. 1. (a) Schematic view of the Ge/Sig 15 Geg g4 multi-quantum wells structure and
the integration between Si 16Geg g4 Waveguide and Ge/Sig 16 Geg g4 multi-quantum
wells via the investigated 2D taper with different dimensional parameters. (b) The
spectral absorption coefficient values of the Ge/Siy15Geogs MQWs at different
electrical bias extracted from the experimental data.2® For ten QW periods, the
optimized values of the taper tip width (a), taper length (L), taper end width (w),
and width of Sig 16Geg g4 rib waveguide at the tip of the taper (b) are 0.7 um, 30
um, 1.4 um, and 5.3 um, respectively.
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FIG. 2. (a) Effective index of the quasi-TE fundamental at different positions
along the propagation axis of the 2D taper from the Siy15Geggs Waveguide to
the Ge/Siy16Gepss MQW; the corresponding optical mode at selected positions
can be seen in the inset. Optical coupling loss between the fundamental quasi-TE
mode at the Siy15Gepgs wWaveguide and the fundamental quasi-TE mode at the
end of taper with respect to the variations in (b) taper tip width, (c) taper length, (d)
taper end width, and (e) Sip.16Geg g4 rib waveguide’s width at the end of the taper.

subtle but crucial point in the modulator design is that the p-type
layer needs to be partially etched to take into account the p-type con-
tact. This is followed by a 30-nm-thick Sig09Geo.o1 spacer, while the
MQW itself consists of ten (different numbers of QW periods will
be investigated later) periods of 12-nm-thick Ge QWs separated by
16-nm-thick Sig.16Geos4 barriers, resulting in an average Ge content
of ~91%, on which a 30-nm-thick Si.09Geo.o1 spacer and a 100-nm-
thick n-doped Sio.00Geo.o1 layer are, respectively, employed to allow
the application of electric fields in the MQW region. Different from
the proof-of-concept device, after optimization we have arrived at a
2D taper with a tip width (a) of 0.7 ym, alength (L) of 30 ym, and an
end width (w) of 1.4 ym, which equals to the width of the Ge/SiGe
MQW waveguide section. The width of Sig.16Gegs4 rib waveguide

ARTICLE scitation.org/journall/adv

should be expanded from 2 ym at the tip of the taper to 5.3 ym at the
end of the taper. The refractive index of Si;_yGey is assumed to be
a linear variation between those of Ge (~4.3) and Si (~3.5), and the
free carrier absorption in the p- and n-layers was estimated using the
Drude model as in Ref. 30. As in Fig. 1(b), the spectral absorption
coefficient values of the Ge/Sig16Geosa MQWs at different electri-
cal bias were extracted from the experimental data’® using the same
epitaxial structure. It should be noted that in MQWs, electric fields
higher than the breakdown field of the bulk material can be possibly
applied; due to the quantum confinement effect, the hole and elec-
tron wavefunctions are displaced from the band edges resulting in
increased ionization energy."’

Figure 2(a) shows that the effective index of the quasi-TE fun-
damental mode can be smoothly transferred via the 2D taper from
the Sip.16Geo.s4 waveguide to the Ge/Sip.16Geo.ss MQW one; the cor-
responding optical mode of each effective index value can be seen
in the inset of Fig. 2(a). To consider the taper fabrication toler-
ance, Figs. 2(b)-2(e) report on the optical coupling loss between
the fundamental quasi-TE mode at the Sip.16Geo.34 wWaveguide and
the fundamental quasi-TE mode at the end of taper with respect to
the variations in the taper tip width (a), taper length (L), taper end
width (w), and Si.16Geo.s4 rib waveguide’s width at the end of taper
(b). The coupling loss at 0V bias can be as low as ~0.87 dB, and it
is relatively robust against the variations in a, L, w, and b. The most
critical parameter is the taper tip width of 0.7 ym, which is needed
to avoid an abrupt disruption of the optical mode in the Sio.16Geo.s4
input waveguide. Positively, it still takes a variation of more than 100
nm (0.1 ym) to significantly affect the optical coupling performance,
which should be within the capability of modern fabrication pro-
cesses. In the simulation, the material absorption losses are included,
and the absorption coefficient of Ge/Sio.16Geo.ssa MQWs is at 0 V (no
electrical bias). Hence, the optical coupling loss due to both the dif-
ference in the effective refractive index between the Sig.16Geo.s4 and
Ge/Sio.16Geo.sa MQW waveguides and material absorption is prop-
erly taken into account. In FDTD simulations (Lumerical, Inc.), the
smallest grid size is ~2 nm, and a perfectly matched layer (PML) is
used in order to suppress reflections from the boundaries.

I1l. INTEGRATED MODULATION PERFORMANCE

Figure 3(a) reports on the optical propagation of the entire
structure from the input Sip.16Geoss waveguide, via the input 2D
taper through the 70-ym-long Ge/Sip.16Geoss MQWs (absorption
coefficient when there is no electrical bias), via the output 2D taper
to the output Sip.16Geogs waveguide at the optical wavelength of
1430 nm. The electric field intensity profile is shown along the prop-
agation direction at the center of the structure, demonstrating adi-
abatic optical coupling between the quasi-transverse-electric (TE)
fundamental mode in the Sip.16Geogs waveguide and that in the
Ge/Sip.16Geogs MQW waveguide via the 2D tapers. We consider
only quasi-TE light because the QCSE from Ge/SiGe MQW:s typi-
cally operates in a low-loss regime with a heavy-hole-related tran-
sition in which the absorption strength for quasi-TE light is signifi-
cantly stronger.’! Additionally, contrary to our previous work’® and
early works on hybrid Si evanescent electroabsorption modulator,”
the proposed design also includes the optical modulation effect in
the taper section. Our structure can benefit from the fact that the
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to that of the Ge/Sip.16Geoss MQWSs occurs throughout the length

=Spmo o x=35pm =l pm - x=135 pm RO of the taper; hence, including optical modulation effect in the taper
I3 0-pm-long : oumtong GelSi- G . ym-long | [ section will contribute to the achievable extinction ratio value from

12 : 2D-taper : T OTVSEQ\?V\, e : 21;-taper : 08 the device.
B : ) : : Figures 3(b)-3(1) show the cross-sectional electric field inten-
2 . : . sity profile at different positions. Figures 3(b)-3(e) re-affirm the
s results in Fig. 2 that the quasi-TE fundamental mode is adi-
E/ | P abatically transferred from the input Sip16Geoss waveguide to
' the Ge/Sip.16Geo.sa MQWs via the 2D taper. As in Fig. 3(f), the
_____________ . outout TR quasi'-TE fundamental moc%e corvltinues. propagating in t.he stra'ight
Optical propagation direction Sin g Gel(m Ge/Sip16Geogs MQW section, in which the p-layer is partially
waveguide etched. Interestingly, 3D-FDTD simulation also reveals the stray

: 0.0

light propagating in the partially etched p-layer slab. The stray

x(?,ﬁ’icmns)% 108 123 light due to scattering is not unusual in photonic integrated cir-
cuits even when light encounters slight structural changes along the
) propagation direction, and it was shown that simple two bends could
S be used to have lateral offset necessary to sufficiently separate the

Input taper (atx =34 um)  MQWSs waveguide (at x =70 jum) Output taper (at x =106 um) stray light from the optical mode in Si-based photonic integrated cir-
(e) . (f) o ( ' - cuits.”® After propagating in the main Ge/Si.16Geo.sa MQW section,
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_w 0 O waveguide via the same 2D taper as in Figs. 3(g)-3(l). The scat-
tering of light revealed in Fig. 3(g) is consistent with the fact that

Output taper (at X =134 pum)
(k)

Output Siy 16Gey g4 Waveguide

n the partially etched p-type layer ends around that position. We

also investigate the optical propagation at different optical wave-
lengths, electrical bias, and lengths of the straight Ge/Sip.16Geo.s4
MQW section (Lumqws). For examples, Figs. 4(a)-4(d) show the
optical propagation of the same structure as that in Fig. 3 at the
optical wavelengths of 1420 nm, 1440 nm, 1460 nm, and 1480 nm,

FIG. 3. (a) Optical propagation of the entire structure from the input Sip 16Geg g4
waveguide via the input 2D taper through the 70-um-long Ge/Siy 16Geg.ss MQWs
via the output 2D taper to the output Sip 16Geg g4 Waveguide at the optical wave-

length of 1430 nm. The electric field intensity profile is shown along the propagation confirming that the coupling structure can be employed over the
direction at the center of the structure. Cross-sectional electric field intensity pro- entire wavelengths suitable for low-loss operation, i.e., the wave-
file at different positions of (b) input Sio 16Geg.e4 Waveguide (c)—(e) input taper, () length longer than the excitonic peak.'®?! The optical intensity at the
70'!‘”"'%”9 Ge/Sio.16Geo 4 MQWS, (g)~(k) output taper, and (1) output Sio 15 Geo.4 output waveguide becomes higher with longer wavelength values,
waveguide.

which is consistent with the lower absorption loss from the Ge/SiGe
MQWs. Figures 4(e)-4(h) show examples of electric field intensity
profiles from the same structure at different electrical bias from no
optical coupling is found to be adiabatic despite having a relatively electrical bias, ~6.1 x 10%, ~9.2 x 10* to ~12.3 x 10* V/cm, respec-

wide taper, of which the narrowest section of 0.7 ym is still com- tively. These values of electrical bias are corresponding to 0V, 2V,
patible to the width of previously demonstrated Ge/SiGe MQWs 3V, and 4V using 10 QW periods. The optical power at the out-
optical modulator;'” therefore, one can reasonably expect that the put waveguide is lower at higher electrical bias, which is consistent
taper section can be included without severely affecting the capaci- with the characteristics of the Ge/Si.16Geo.sa MQWSs as in Fig. 1(b),
tance of the optical modulator. As in Fig. 3(a), the optical coupling exhibiting redshift in their absorption spectra at higher electric

from the fundamental quasi-TE mode of the Sio.16Geo.s4 waveguide fields. Figures 4(i)-4(l) show examples of electric field intensity
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profiles at different Lyqws values at the optical wavelength of
1430nm at Lyqws = 30um, 50 um, 70 um, and 90 um with no
electrical bias. The quasi-TE fundamental mode is transferred from
the input Sig16Geoss waveguide to the Ge/Sig.16Geoss MQWs and
to the back to the output Sig 16Geo.gs waveguide independent of the
length Lyqws; therefore, we can be assured that the optical coupling
via the 2D taper is adiabatic-typed. The optical power at the output
waveguide is lower with longer values of Lyqws, which agree with
the higher absorption length of the devices.

Figures 5(a)-5(d) report on the integrated extinction ratio (ER)
and insertion loss (IL)** at various values of length Lyqws, elec-
trical bias, and optical wavelengths. The ER is defined as the ratio
between the optical power values of the quasi-TE fundamental mode
at the Sip.16Geo .84 output waveguide with and without electrical bias
as follows:

ER=10- loglo(lout,without bias/Iout,with bias): (1)

while the IL is the ratio between the optical power at the Si.16Geo.g4
input waveguide and the optical power of the quasi-TE fundamental
mode at the Sip.16Geg.s4 output waveguide without electrical bias as
follows:

IL=10- Ing (Iin /qut,without bias)- (2)
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To be conservative, we do not include the power of stray light in
the slab at the output as it is expected to leak away eventually. Both
ER and IL increase with the length Laqws as expected. Significantly,
as in Fig. 5(c), for a spectral range of ~20 nm between 1433 nm and
1453 nm, the values of waveguide-integrated ER is higher than the
waveguide-integrated IL, i.e., ER/IL of >1, at Lyqws = 70 ym with
~12.3 x 10* V/cm (4 V for 10 QW periods.) Within the same wave-
lengths of interest, the reported IL values vary between only 3.1 dB
and 3.8 dB, which can be considered relatively impressive as these
IL values already include both the coupling loss of the two tapers
and material absorption losses. For example, at 1441 nm, the ER of
~3.7 dB and IL of ~3.3 dB can be simultaneously obtained
(waveguide-integrated ER/IL of ~1.1). To ensure that the simula-
tion is well calibrated, it is worth mentioning that the performance
reported in this work is consistent with the experimental results
previously obtained from a fiber-coupled stand-alone device avail-
able in literature based on the same Ge/SiGe MQWs structure.’® In
Ref. 26, ~2.2 dB loss was measured from a 100-ym-long stand-alone
Ge/SiGe MQWs, corresponding to ~0.022 dB per ym loss at the same
optical wavelength of 1441 nm. This is clearly consistent with the
IL ~3.3 dB obtained from this simulation of the SiGe waveguide-
integrated device, which can be attributed to twice the ~0.87 dB loss
from the two tapers and the ~1.54 dB (0.022 times 70) from the
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70-ym-long straight waveguide region. For Lyqws = 50 um and
90 pum, the values of ER are also as high as IL for approximately the
same spectral range region between 1433 nm and 1453 nm; never-
theless, we cannot obtain a region in which ER is evidently higher
than IL. For Lyqws = 30 ym, IL is higher than ER for all the wave-
lengths of interest at every electrical bias value; as the device is
relatively short, the obtained optical modulation effect is still rela-
tively low. It is important to note that the targeted integrated ER/IL
of >1 in this simulation is consistent with the recent development
of waveguide-integrated Ge-based optical modulators experimen-
tally reported in the literature. For example, in SOI waveguide-
integrated Ge Franz Keldysh (FK) optical modulators, Srinivasan
et al.” reported ER and IL of 4.6 dB and 4.9 dB (ER/IL ~ 0.94) at the
optical wavelength of 1615 nm (0 V-2V bias), Feng et al.*° reported
ER and IL of 6 dB and 5 dB (ER/IL ~ 1.2) at the optical wavelength
of 1550 nm (0 V-2.8V bias), and Mastronardi et al.”” reported ER
and IL of 5.2 dB and 10.6 dB (ER/IL ~ 0.5) at the optical wavelength
of 1566 nm (0 V-4V bias). Last but not least, it should be noted that
the typical optical loss due to the top and bottom metal contacts can
be negligible in waveguide vertical p-i-n optical modulator as both
metal contacts can be put laterally away from the optical modes.”*’

Significantly, in order to show the advantages and drawbacks of
the designed optical modulator, Table I summarizes the comparison
of the designed modulator with the published state-of-the-art Ge-
based optical modulators. Besides the comparable values of ER/IL
and driving voltage with Refs. 35-37 as aforementioned, the pro-
posed solution can be developed on a bulk Si platform, which could
be advantageous for monolithic integration with bulk Si electronics.
Although a dedicated SiGe graded buffer on Si is needed to ensure
high crystalline quality for the proposed device, it should be noted
that the graded buffer platform has recently shown strong potential
for wide usage in both communication and sensing applications.*’
The proposed solution also potentially enables a lower loss oper-
ation comparing to the QCSE-based device using a butt coupling
approach with SOI waveguide.'” Moreover, the QCSE-based device
is nicely complementary to the existing FK-based ones as it can
enable the operation in a shorter optical wavelength range into the
S-band region, which is difficult to be attained using an FK-based
device with acceptable absorption loss.’

To investigate the potential to further improve the waveguide-
integrated ER and IL performance, we also explore the Sio.16Geo g4

waveguide-integrated Ge/Sig.16Geo.s4 multi-quantum-well modula-
tor with a different number of QW periods. As, respectively, shown
in Figs. 6(a) and 6(b) at the optical wavelength of 1430 nm, the 2D
taper can be adjusted to enable adiabatic optical coupling between
the quasi-TE fundamental mode in the Sig16Geoss waveguide and
the Ge/Sio.16Geoss MQW waveguide with 15 and 20 QW periods. It
is found that we can conveniently adjust only the taper end width
(w) of the 2D taper to enable adiabatic optical coupling for different
number of QWs, while the values of taper tip width (a), taper length
(L), and Sig16Geo.s4 rib waveguide’s width at the end of the taper
(b) can remain the same as those in the previous case of 10 QW
periods. Ge/Sip.16Geosa MQW's with a higher number of QW peri-
ods are found to require a narrower taper end width (w) to obtain a
smooth transition of the effective index of the quasi-TE fundamental
mode from the Sig.16Geo.s4 waveguide to the Ge/Sip.16Geo.ss MQWs
via the 2D taper. This is consistent with the fact that Ge/Sio.16Geo.s4
MQWs waveguide with a larger number of QWs will be thicker and
are typically required to be narrower to obtain a comparable value of
the effective index as that with a smaller number of QWs. It is also
found that overall loss in the taper section is higher with a higher
number of QWS because Ge/Sio.16Geo.ss MQW' s absorption losses in
the taper region are also included. Figures 6(c)-6(f) show the val-
ues of ER and IL at different bias voltages over the spectral range of
the QCSE suitable for low-loss operation. We focus on the lengths
Lyqws equal to 70 ym and 90 ym, which are found to render com-
petitive values of waveguide integrated ER and IL in the previous
case of 10 QWs. As in Fig. 6(c) with 15 QW periods and Larqws of
70 pm, waveguide-integrated ER is found to be higher than
waveguide-integrated IL (ER/IL > 1) for both electrical bias of ~9.2 x
10* V/em (4 V for 15 QW periods) and ~12.3 x 10* V/em (5.3 'V for
15 QW periods) for a spectral range of ~10 nm between 1435 nm and
1445 nm and ~28 nm between 1435nm and 1463 nm, respectively.
For the electrical bias of ~12.3 x 10* V/cm, waveguide-integrated
ER/IL of >1.1 can be maintained between 1441 nm and 1447 nm,
and ER of ~4.5 dB and IL of ~4 dB can be simultaneously obtained.
Therefore, by increasing the number of QWs to 15, the ER values
can be increased at the expense of higher IL; nevertheless, ER/IL of
>1 is still achievable. As in Figs. 6(d)-6(f), an increase in the straight
Ge/Sio.16Geo.g4a MQW section length to 90 ym or in the QW periods
to 20 would not improve the waveguide-integrated ER/IL perfor-
mance. The region where the values of waveguide-integrated ER are

TABLE I. Comparison of the designed SiGe waveguide-integrated Ge/SiGe QCSE optical modulator with the recently published state-of-the-art works on Ge-based optical

modulators.
Ge-based Footprint of active
device and region (width Voltage Wavelength
Reference waveguide x length ,umz) swing (V) (nm) ER/LL
35 Ge on Si SOI waveguide 0.6 x 40 0-2 1615 4.6 dB/4.9 dB (ER/IL ~0.94)
36 Ge.993Si0.007 on Si, SOI waveguide 1 x50 0-2.8 1550 6 dB/5 dB (ER/IL ~1.2)
37 Geo.985Si0.015 on Si, SOI waveguide 1.5 x 40 0-4 1566 5.2 dB/10.6 dB (ER/IL ~0.5)
19 Ge/Sip15Geggs MQWs on Si SOI 0.8 x 10 3.5-4.5 1460 3 dB/15 dB (ER/IL ~0.2)
waveguide
This work Ge/Sio.16Geo.s4s MQWs on SiGe graded 1.4 x 70 0-4 1441 3.7 dB/3.3dB (ER/IL ~1.1)
buffer SiGe waveguide
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FIG. 6. Optical propagation of the entire structure of Siy 1sGeg g4 waveguide integrated Ge/Sig 16Geg g4 MQWs optical modulator at the optical wavelength of 1430 nm with
(a) 15 and (b) 20 QW periods. Spectral optical modulation performance in terms of integrated ER and IL for (c)—(d) Luqws = 70 and (e)~(f) Luqws = 90 ym for 15 and

20 QW periods at various values of optical wavelengths and electrical bias.

higher than the waveguide-integrated IL could not be obtained for
the devices with Lyqws of 90 ym as in Figs. 6(¢) and 6(f) for both 15
and 20 QW periods. For the device with Lyqws of 70 ym and 20 QW
periods, the values of ER can be only as high as IL between 1441 nm
and 1447 nm as in Fig. 6(d).

IV. CONCLUSIONS

We have reported the design and simulation of a waveguide-
integrated Ge/SiGe QCSE optical modulator based on the use of a
Ge-rich SiGe relaxed buffer on a SiGe graded buffer as a passive
optical waveguide. Via 3D FDTD simulation, we have demonstrated

that potentially a simple 2D taper is sufficient to enable adiabatic
optical coupling from the fundamental mode of the input SiGe
waveguide to the fundamental mode of the Ge/SiGe MQWs mod-
ulator without the excitation of higher-order modes in Ge/SiGe
MQWs with good fabrication tolerance. Significantly, the optical
modulation performance of the SiGe waveguide-integrated Ge/SiGe
QCSE optical modulator is investigated at different optical wave-
lengths, electrical bias values, device’s length, and the number of
quantum wells, and usable values of extinction ratio and insertion
loss with respect to the recent development of waveguide-integrated
Ge-based optical modulator in the literature can be simultaneously
obtained.
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