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Abstract: Germanium/Silicon-Germanium (Ge/SiGe) multiple quantum wells receive great attention
for the realization of Si-based optical modulators, photodetectors, and light emitters for short
distance optical interconnects on Si chips. Ge quantum wells incorporated between SiGe barriers,
allowing a strong electro-absorption mechanism of the quantum-confined Stark effect (QCSE)
within telecommunication wavelengths. In this review, we respectively discuss the current state
of knowledge and progress of developing optical modulators, photodetectors, and emitters based
on Ge/SiGe quantum wells. Key performance parameters, including extinction ratio, optical loss,
swing bias voltages, and electric fields, and modulation bandwidth for optical modulators, dark
currents, and optical responsivities for photodetectors, and emission characteristics of the structures
will be presented.

Keywords: Ge/SiGe; multiple quantum wells; electro-absorption modulator; photodetector; light
emitting diode; waveguide

1. Introduction

Ge is considered as a material to enhance the performance of Si-based electronic and
photonic integrated circuits (IC), with a prospect of high-volume and low-cost manufacturing [1-4].
Although being an indirect-gap semiconductor, Ge has strong potential to enable a chip scale Si-based
optical interconnect with aggressive requirements in terms of power consumption, data density,
and monolithic integration [5]. Direct-gap transitions of Ge have shown strong capabilities of optical
modulation, emission, and detection at room temperature around the C and L telecommunication
wavelength bands [6-13]. As an indirect-gap semiconductor, Ge has a valence band global maximum
at the zone center, and a conduction band global minimum at the L valley. Nevertheless, the energy
level of Ge local minimum at the zone center is very close to the global minimum [14]. At room
temperature, Ge direct and indirect transition energy are ~0.8 eV [15] and ~0.64 eV, respectively [16];
therefore, it is possible and attractive to engineer material structures to make use of the 0.8 eV direct
gap transition for Si-compatible optoelectronic devices for optical interconnects on a Si chip within the
telecommunication wavelength range. On the other hand, Ge in a quantum well (QW) structure could
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generally be expected to further enhance optical modulation and absorption properties thanks to its
discrete energy levels because of the quantum confinement effect [17]. In 2005, Kuo et al. [18] discovered
a strong quantum-confined Stark effect (QCSE) from the direct-gap transition of Ge multiple quantum
wells (MQWs) at room temperature using strain-balanced Ge/SiGe MQWs. The QWs consisted
of 10 periods of 10-nm-thick Ge wells and 16-nm-thick Sij 15Geq g5 barriers epitaxially grown on
relaxed Sij1Geg g buffer on Si substrate by reduced pressure chemical vapor deposition (RPCVD).
Moreover, due to Ge’s large absorption coefficient, the reported QCSE from Ge QWSs was claimed to be
comparatively as strong as that of III-V semiconductors [18,19].

After the report on QCSE from Ge/Sig 15Gep g5 MQWs at room temperature, several theoretical and
experimental works have been performed to gain understanding on the material systems. Schaevitz et
al. [20] proposed values of key parameters, including effective masses and band offsets, and tunneling
resonance was used to model the QCSE with good experimental fit. In 2008, Virgilio et al. [21] used a
tight-binding description to model QCSE results of Kuo et al. [18] with a good accuracy. Paul [22] and
Lever et al. [23] also showed that the QCSE from Ge/SiGe MQWs could be theoretically modeled by
6-band k-p and 8-band k-p approaches, respectively, with a good consistency with the experimental
results. Busby et al. [24] also validate the viability of both k-p and tight-binding methods to model
QCSE from Ge/SiGe MQWs. Kuo et al. [25,26] used the tunneling resonance modeling and the
variational method to calculate the exciton radius, transition energy, binding energy, and optical
oscillator for different Ge QW thicknesses and applied electric fields, which are important data for
device design. Last but not least, Schaevitz et al. [27] presented theoretical models to calculate QCSE
with good simulation speed, which took into account all relevant physical effects, including the QCSE
with excitonic contributions and the Ge indirect absorption. The tunneling resonance method was
employed to calculate electronic band structure, the Sommerfeld enhancement and variational method
was used for excitonic effect, and an indirect absorption model provided indirect-gap absorption
contributions. Regarding experimental validation, Tsujino et al. [28] demonstrated QCSE at a low
temperature of 17 K using a Schottky n-type contact with reverse bias on the device up to 0.8 V.
The expected parabolic shift of the exciton peak with electric field was observed, which indicated the
existence of QCSE. Bonfanti et al. [29] experimentally studied direct-gap related optical transitions in
strain-compensated Ge/Sig 15Geg gs MQWs and observed that Ge MQW structures showed optical
properties analogous to direct-gap III-V based QWs. In 2010, after the original report in 2005, Chaisakul
et al. [30] demonstrated QCSE at room temperature from Ge/Sig 15Gep g5 MQWs epitaxially grown
by low-energy, plasma-enhanced chemical vapor deposition (LEPECVD) [31]. The half width at half
maximum (HWHM) of the exciton absorption peak is as low as 6 meV, indicating a good material and
device quality.

In the following sections, we will discuss the current state of knowledge and progress of
developing a good performance optical modulator, photodetector, and emitter based on Ge/SiGe
QWs. We hope that the review can play a part in providing a prospect on the understanding and the
possible future development that could be performed on the material systems for optical interconnect
applications. The latest performance of Ge/SiGe MQW optical modulators, photodetectors, and optical
emitters will be respectively discussed and comparatively presented.

2. Ge/SiGe Quantum Well Optical Modulators

For optical interconnect applications, a compatible optical modulator should be able to meet
several requirements, including: (1) a sufficiently-high extinction ratio (ER) (e.g., >5 dB ER [27]); (2) a
relatively-low insertion loss (IL) (e.g., <3 dB IL [27]); (3) a complementary metal-oxide semiconductor
(CMOS) drivable voltage (e.g., <2 V [32]); (4) a compact footprint and low-energy dissipation (e.g.,
<100 ] /bit [5]); (5) CMOS-compatible materials and high-volume manufacturing compatibility; (6) a
large 3-dB bandwidth for high-speed modulation (e.g., 14.3 GHz for on-chip clock in 2022 [5]); and (7) a
relatively-large optical bandwidth (e.g., 10-20 nm [33]) for possible wavelength division multiplexing
operation and a good temperature stability [34,35]. Several Si-compatible optical modulators have been
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proposed and investigated in order to demonstrate an optical modulator that can be manufactured
by, and monolithically-integrated with, Si-microelectronics [33]. For Ge MQW optical modulators,
QCSE properties have been experimentally investigated from O-band to C-band (1260-1550 nm)
telecommunication wavelength regions.

After the discovery of QCSE using photocurrent measurement from strain-balanced Ge/SiGe QWs
by Kuo et al. [18,19], Ge/SiGe MQW optical modulators have been reported in several configurations,
including side entry, surface illumination, and waveguide configurations, as summarized in Table 1.
As in Figure 1a, Roth et al. [36] reported transmission changes from Ge/SiGe QWs using a side-entry
Ge/SiGe MQW modulator in 2007. Significant optical modulation could be obtained thanks to
multiple reflections of light within an asymmetric Fabry-Perot resonator formed between the active
regions of Ge/SiGe MQWs. A maximum ER of 7.3 dB at the optical wavelength of 1457 nm
was measured with a voltage swing of 10 V (~4.8 x 10* v/ cm) between 0 V and 10 V; however,
no information regarding the corresponding IL was obtained. Notably, by increasing the quality
factor of the resonator and reducing the number of QWs, the side-entry Ge/SiGe MQW modulator
could operate with a voltage swing of only 1V (~1.5 x 10* V/cm) between 3.6 V and 4.6 V for 3-dB
ER [37]. For reference [37], the operating wavelength was redshifted to the C-band telecommunication
wavelength at 1541 nm, as the authors characterized the modulator at 100 °C to match surface
temperatures of high-performance CMOS chips. A semiconductor direct bandgap energy typically
reduces with increasing temperature [38]. Kuo et al. [19] also reported the redshift of the Ge/SiGe
MQW QCSE spectra in 2006 using photocurrent measurement.
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Figure 1. (a) Schematic view of side-entry Ge/SiGe MQW optical modulator [36]. (b,c) Schematic views
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of vertical-incidence electro-absorption modulators [39,40]. (Reproduced with permission from [36]
and [39] © 2007 and 2012 the Optical Society, and [40] © 2013 IEEE).

For free-space optical interconnects [5], vertical-incidence Ge/SiGe MQW modulators were also
of interest, thanks to their good thermal stability and lower susceptibility to crystalline defects as
compared to directly-modulated VCSEL (Vertical-cavity surface-emitting laser) [5]. As in Figure 1b,
Edwards et al. [39] reported in 2012 vertical-incidence Ge/SiGe MQW optical modulators, in which
an asymmetric Fabry-Perot cavity of distributed Bragg reflector surrounding the Ge/SiGe MQWs
was used to enhance modulation ER. The structure was designed such that the optical signal could
be coupled into and out of the top surface of the device. At the operating wavelength of 1429 nm,
the modulator exhibited 3.5 dB-ER with 3.7 dB-IL using a voltage swing of 3 V (~5.2 x 10* V/cm)
between 0.5 V and 3.5 V. As in Figure 1c, Audet et al. [40] in 2013 significantly improved the
performance of vertical-incidence Ge/SiGe MQW optical modulators by employing an asymmetric
Fabry-Perot resonant cavity made from high-index-contrast Bragg mirrors and reducing the number
of QWs. Audet et al. achieved a good ER of 6.7 dB with a satisfactory IL of 4.1 dB at a swing bias
voltage of 1 V (~2.2 x 10* V/cm) between 5.5 V and 6.5 V. In addition, it is worth mentioning that Wei
et al. [41] also theoretically proposed a vertical-incidence Ge QW asymmetric Fabry-Perot modulator
without using a distributed Bragg reflector. They proposed that a cavity formed between a bottom
metal on Si surface and the top SiGe/air interface could enhance optical modulation and predicted a
competitive performance in terms of ER and IL. For the high-speed performance of vertical-incidence
modulators, moderate values of 3-dB modulation bandwidth of 3-4 GHz obtained from [39,40,42] was
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expected to be due to the large diameter of the tested device, and expected to be circumvented by
decreasing the device dimensions.

In 2011, as in Figure 2a, Chaisakul et al. investigated Ge/SiGe MQW modulators in a planar
waveguide structure from 34-pm-long and 64-pm-long planar waveguides [43]. An input fiber was
used to directly couple light into the tested device. A good performance of 10-dB ER and 5-dB IL
was simultaneously obtained at the optical wavelength of 1428 nm for the device length of 64 um,
and the optical bandwidth, in which ER is more than 5 dB and IL is lower than 4 dB, is larger than
10 nm. Polarization-dependent absorption of Ge/SiGe MQWs was expected to play a role in the
modulation performance of an optical modulator [44]. In 2013, Chaisakul et al. [45] demonstrated
Ge/SiGe MQW optical modulators that use light hole related transitions at the I' point (LH1-cI'1),
with the electric field perpendicular to the Ge QW plane instead of a heavy hole transition, with the
electric field parallel to the Ge QW plane. The paper showed that a large and sharp optical absorption
peak at the LH1-cI'1 transition could be employed to improve the compactness of the modulators with
competitive ER and IL values. In 2012, Chaisakul et al. [46] reported a 3-um-wide and 90-um-long
Ge/SiGe MQW optical modulator, as shown in Figure 2b,c. The compact waveguide modulator can
provide as high as 9-dB ER with a voltage swing of 1 V (~1.5 x 10* V/cm) between 3 and 4 V at
the optical wavelength of 1435 nm. At a longer optical wavelength of 1440 nm, 11-dB ER could be
simultaneously obtained with 7.5-dB IL using a bias voltage of 5 V (~7.5 x 10* V/cm). The optical
modulator also exhibited a competitive 3-dB modulation bandwidth of 23 GHz. It is worth mentioning
that Ge/SiGe MQW optical modulators give a comparable performance to III-V modulators in terms of
ER performance at similar device length and applied electric field [47]. A higher IL of Ge/SiGe MQW
optical modulators was a direct result of Ge indirect-gap absorption, which was experimentally and
theoretically discussed in [48,49] by Schaevitz et al. and Kim et al., respectively. Interestingly, one could
obtain higher values of electric fields inside the QWs by reducing the thickness of the Ge/SiGe MQW
intrinsic region; therefore, high electric field contrasts could be obtained with small bias voltages [50].

For an operation within the O-band telecommunication wavelength, both Lever et al. [23] and
Schaevitz et al. [27] predicted that it could be obtained by growing a strain-balanced Ge/Sip4Geg ¢
MQW on the Sij 15Ge 73 relaxed buffer. A buffer with a smaller lattice constant would increase the level
of compressive strain applied to the Ge QWs, which would result in an increase in the optical bandgap
of Ge QWs, and a blueshift of the operating optical wavelength. Additionally, Schaevitz et al. [27] also
proposed that an addition of around 1% Si in the Ge QW5 could also enable an O-band Ge/SiGe MQW
optical modulator on a conventional Sip 10Gep g relaxed buffer. Lever et al. [51] and Rouifed et al. [52]
experimentally reported QCSE from photocurrent measurements around the optical wavelength of
1.3 um using a similar structure of strain-balanced Ge/SiGe MQWs on Sig 2,Geg 7g and Sig21Gep 79
relaxed buffers, respectively. In 2014, Rouifed et al. [53] experimentally reported a 3-um-wide and
50-um-long Ge/SiGe MQW optical modulator operating in the O-band telecommunication wavelength.
The modulator exhibited a 5-dB ER with 4-dB IL for a voltage swing of 3 V between 4 and 7 V at the
optical wavelength of ~1295 nm. For the operation in the O-band optical wavelength range, the energy
difference between the bottom of I'- (local minimum of Ge conduction band at the zone center) and
L- (global minimum of Ge conduction band) valley conduction band edges would become larger
due to the additional compressive strain. As a result, it was expected that the absorption at L would
become stronger compared to that at I, and the IL due to the L-valley indirect-gap absorption would
become stronger, which could have a direct impact on both the obtainable ER and IL of an optical
modulator [54]. Additionally, in 2014, Chaisakul et al. [55] experimentally demonstrated that O-band
QCSE could also be obtained by simply decreasing the QW thickness, as in quantum well systems the
optical bandgap would increase with decreasing QW width. As in Table 1, the waveguide modulator
exhibited a good value of 8-dB ER simultaneously with 5-dB IL at the optical wavelength of 1345 nm
for a 4-um-wide and 100-um-long Ge/SiGe MQW optical modulator integrated on a SiGe waveguide.
It should be noted that in [55], the average Ge concentration of 6.5-nm Ge/10-nm Sij 15Geg g5 MQWs
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was approximately 90%, equal to the Ge concentration of the relaxed layer on which the MQWs are
grown; therefore, the structure was strain-balanced.

For operation within the C-band telecommunication wavelength, although only one Ge/SiGe
MQW optical modulator in Table 1 was demonstrated via transmission measurements to have
significant optical modulation in the C-band wavelength region [37], C-band QCSE was experimentally
demonstrated and theoretically investigated by several researchers. Besides the method of increasing
the temperature, C-band QCSE at room temperature was theoretically predicted by reducing
the compressive strain in Ge QWs by using a relaxed buffer with a high Ge concentration [23],
or decreasing the quantum confinement energy in Ge QWs by using relatively-thick Ge QWs [27,56].
Importantly, C-band QCSE was experimentally demonstrated by Edwards et al. [50] and Dumas
et al. [57] from 14-nm thick Ge QWs via photocurrent measurements. It was also theoretically
predicted that the application of 0.18-1.6% uniaxial tensile strain could enable C-band operation
without using relatively-thick quantum wells [58,59]. On the other hand, it is possible to expect
a Ge/SiGe electrorefraction optical modulator to operate optimally at a longer wavelength, as the
modulator would utilize the variation of the refractive index in the absorption tail at the wavelength
far from the absorption edge [60-63]. Experimentally, Frigerio et al. demonstrated electrorefraction
within the optical wavelength from 1475 nm to 1520 nm with a VL of as low as 0.46 V-cm at 1475 nm
by using Ge/SiGe MQWs having an excitonic absorption at 1400 nm [61]. Moreover, Frigerio et al.
also demonstrated electrorefraction with a VL, of as low as 0.046 V-cm at the optical wavelength of
1420 nm by using Ge/SiGe coupled MQWSs with an excitonic absorption at 1370 nm [62].

A waveguide-integrated optical modulator is required in order to enable on-chip integration
between different photonic devices. Lever et al. [64], Edwards et al. [50], and Rouifed et al. [53]
theoretically studied evanescent coupling between the SOI waveguide and the Ge/SiGe MQWs.
Although the taper section could be long (~100-300 pum) and increase the device footprint and
optical absorption loss, a two-step taper was proposed to shorten the coupling length (~40-80 pum)
in [64] and [53]. In 2012, Ren et al. theoretically studied [65] and experimentally demonstrated [66]
an SOl-waveguide-integrated Ge/SiGe MQW optical modulator using a butt coupling approach,
as shown in Figure 2d for example. The tested device had a very compact footprint of 8 um? and
operated with only 1 V swing. Due to a mode mismatch between the submicron Si waveguide and
relatively-thick Ge/SiGe MQW structures, high coupling loss was obtained. Butt coupling integration
with a large core Si waveguide was experimentally investigated by Claussen et al. [67], which could
be adopted for significantly-lower coupling loss. In 2014, Chaisakul et al. [68] demonstrated an
evanescent coupling integration between a SiGe waveguide and Ge/SiGe MQWs using a 100-pm-long
linear taper, as shown in Figure 2e. An ER of 3-4 dB was simultaneously obtained with 2-3 dB IL
over 20 nm spectral ranges from 1430 to 1450 nm using a bias voltage swing between 0 and 3 V.
Additionally, a low-voltage operation at 1 V and 2 V was also demonstrated. As a prospect toward
reducing the taper length, in 2016, Zhou et al. [69] theoretically proposed a 45-pum-long taper coupler
that can be used for polarization-insensitive optical coupling between a SiGe waveguide and Ge/SiGe
MQWs. Regarding evanescent integration with the SOI waveguide, Zang et al. [70] recently reported in
2017 the development of an adiabatic 3D taper to assist the optical coupling between a SOI waveguide
and Ge/SiGe MQW optical modulator. Theoretically, compared to a 2D taper, 3D taper gives a
better coupling efficiency and improves the maintaining of the fundamental mode after coupling.
Notably, another SOI waveguide integrated Ge/SiGe MQW optical modulator is also currently being
developed [71].
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Table 1. Summary of performance matrix obtained from QCSE Ge/SiGe MQW optical modulators experimentally reported.
yorp p p y rep
Insertion Voltage Swing . . . . . .
Ge QWs Buffer and Extinction Loss (IL) at (Vr) and Footprint of Active  3-dB Modulation = Optical Bandwidth  Reported Dynamic
X . ER/IL ey e Region (Width X Bandwidth/Data ER/IL >1 Energy Dissipation
Structures Substrate Ratio (ER) Operating Electric Field . 2 2 .
Point Swing (V/em) Length in um?®) Rate ER/IL >2 1/4CVyp* (f]/bit)
Roth etal. [36] 40%3;1-?3:1 . 1-pm 7.3dB 10 (0-10 V)
Side entry ey Sip.1Geg 9 buffer . - 4 450 x 450 - - -
(Transmission) Scl; e/3é:m on bulk Si (1457 nm) 48 x107V/em
0.16 0.84
Roth et al. [37] 101p5e;1_(;c11151 of 900-nm 3dB 1(3.6-4.6 V)
Side entry ; Sig.1Geg g buffer - - v 225 x 625 - - -
(Transmission) Ge/33—nm on SOI (1541 nm) ~1.5 x 10* V/cm
Sig16 Geo 84
Edwards et al. [39] 15 periods of 800-nm 35dB 3(0.5-3.5V)
Vertical incidence 10-nm Sip.12Geg g8 2 dB 3.7dB 0.95 1.5(1-25V) mx302 3.5GHz/ B )
Fabry-Perot Ge/17-nm Buffer on (1429 nm) 4.4dB 0.45 ~5.2 x 10% (radius of 30 um) 2Gb/s
(Transmission) Sip.19Geg g1 Pyrex wafer ~2.6 x 10* V/em
1(5.5-6.5V) ~1nm
Audet et al. [40] 10 periods of 6.7 dB 2 (4.5-6.5V) ~2nm
vertical incidence 10-nm _ 00nm 9.6 dB 4148 L 3(35-65V) X202 ~2nm
Slo'lceog buffer 1.8dB 5.3 4 . 4 GHz 54
Fabry-Perot Ge/15.5-nm on bulk Si 10 dB 13 dB 77 ~2.2 x 10 (radius of 20 um) -
(Transmission) Sip.15Gep 85 (~1471 nm) ’ ’ ~4.4 x 10* ~1 nm
~6.6 x 10* V/cm ~1nm
. ~25 nm
. ) 20 periods of ~ 13-um graded
CP};:::rk:«laitealm[jzl 10nm - buffer from Si to 10.dB 42dB 23 60V 100 x 64 - 1(41;152 ?1:?1) -
Ve Ge/15-nm Sig.1Gepg on (1428 nm) : : ~6.6 x 10* V/cm
(Transmission) Sin 1Ge bulk Si ~14 nm
0.15%€0.85
(1425 t01439 nm)
. ) 10 periods of ~ 13-pm graded
%}{:;f:rk“;lait:hi[jzl 10-nm buffer from Si to 5dB 33 dB 15 4(04V) 100 x 38 B ~10 nm )
& Ge/15-nm Sig.1Gepg on (1350 nm) ’ ’ ~11 x 10* V/cm (1345 t01355 nm)
(Photocurrent) S =Ge bulk Si
0.15%€0.85
. ) 20 periods of ~ 13-um graded 1(34V) }
Cha;s;ﬁlgigle' [46] 10-nm buffer from Si to 9dB 12dB 0.75 5(0-5V) 3290 23 GHz Hom 1
-] 1 - 4 ~
(Transmission) Ge/15-nm Sip.1Gegg9 on 11 dB 7.5 dB 1.5 1.5 x 10 (1435 to 1446 nm)

Sip.15Geo 85

bulk Si

~7.5 % 10* V/cm
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Insertion

Voltage Swing

Ge QWs Buffer and Extinction Loss (IL) at (Vpp) and Foot]:'mnt of. Active  3-dB Mf)dulatlon Optical Bandwidth Reported.D}.rnar'mc
X . ER/IL - Region (Width X Bandwidth/Data ER/IL >1 Energy Dissipation
Structures Substrate Ratio (ER) Operating Electric Field . 2 2 .
. A Length in um?) Rate ER/IL >2 1/4CVyp* (f]/bit)
Point Swing (V/cm)
Rouifed et al. [53] 20 periods of 11-um gradgd 4dB 2(4-6V) }
R 8-nm buffer from Si to 4dB 1 34-7V)
Waveguide Ge/12 SinG 5dB 4dB 125 33 x 104 3 x50 - ~9 nm -
(Transmission) e/12-nm 1021%€079 00 (1995 nm) : ~3. X (1293 to 1302 nm)
Sig35Geg.65 bulk Si ~5.0 x 10* V/cm
Chaisakul et al. [55] 20 periods of ~ 11-um graded
SiGe-waveguide 6.5-nm buffer from Si to 8dB 5 4B 16 6 (0-6V) 4 % 100 ) ~20 nm )
integrated Ge/10-nm Sip,Gep g on (1345 nm) ’ ~11 x 10* V/em (1334 to 1354 nm)
(Transmission) Sip.15Geg 85 bulk Si
Ren et al. [66] 15 periods of “-pm
SOI-waveguide 12-nm . ) 3dB 1(3.5-4.5V) 3.5 GHz
integrated Ge/20-nm Sio.1Geg buffer (1460 nm) 15dB 02 ~1.7 x 10* V/cm 0.8>10 7Gb/s B 0.75
L . on SOI
(Transmission) Sip.15Gep 85
Chaisakul et al. [68] 10 periods of 8-um graded 3dB ; Eg:; X; ~5nm
SiGe-waveguide 12-nm buffer from Si to 3dB 1 4 (1425 to 1430 nm)
. . 4dB ~5.6 x 10 4 % 100 6.3 GHz -
integrated Ge/16-nm Sip17Gep g3 on (~1435 nm) 3dB 1.3 -84 x 104 ~25 nm
(Transmission) Sip.16Gep. g4 bulk Si V /em (1425 to 1450 nm)

Note: Electric field values were estimated from the applied bias voltage and the width of intrinsic regions, and were averaged between Ge wells and SixGe;_ barriers.
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Figure 2. (a) QCSE from a Ge/SiGe MQW 34-um-long planar waveguide obtained from optical
transmission measurements [43], and (b) a stand-alone Ge/SiGe MQW waveguide optical modulator.
(c) Scanning electron microscope (SEM) image of the stand-alone optical modulator [46]. (d) Schematic
view of SOI-waveguide-integrated Ge/SiGe MQW optical modulator using a butt coupling
approach [65]. (e) Schematic and SEM views of a SiGe waveguide-integrated Ge/SiGe MQW optical
modulator using a linear taper coupling approach [68] (Reproduced with permission from [43] and [46]
© 2011 and 2012 the Optical Society, [65] © 2011 IEEE, and [68] © 2014 Springer Nature).

-
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3. Ge/SiGe Quantum Well Optical Detection and Emission

The possibility to employ the same QW structure for both optical modulation and detection
can be highly beneficial for optical interconnect applications. For example, the excitonic absorption
wavelength of Ge MQWs could be redshifted to a longer wavelength, at which the QCSE optical
modulation is taking place, by applying a higher bias voltage similar to that used during a
high-absorption mode of QCSE optical modulators. Alternatively, the same Ge/SiGe MQWs with
different Ge QW optimal thickness values for optical modulator and photodetector could also be grown
at the same time by using the local loading effect, depending on the growth window sizes [72,73].
This section summarizes the latest development regarding optical detection performance and emission
characteristics obtained from the Ge/SiGe MQWs.

3.1. Optical Detection from Ge/SiGe MQWs

A high-performance photodetector should meet several requirements in terms of optical
responsivities, dark currents, high speed performance, and footprint, as summarized in Table 2. In 2007,
Fidaner et al. [74] reported a 3-um-wide and 40-um-long Ge/SiGe MQW waveguide detector with
optical responsivity of 0.17 A/W at 1480 nm, which matched the optimum wavelength to obtain optical
modulation based on QCSE of the same epitaxy; moreover, a data detection rate of 2.5 Gb/s at 8-V
reverse bias was demonstrated. Fidaner et al. [74] attributed its low responsivity to low optical overlap
between the optical mode and QWs, and suggested using a thinner buffer layer to increase optical
overlap with Ge MQWs. Additionally, by employing a higher number of Ge MQW periods, optical
overlap could be also improved. As shown in Figure 3a, Chaisakul et al. [75] reported a 3-pm-wide and
80-pum-long Ge/SiGe MQW waveguide detector with optical responsivity as high as 0.8 A/W that could
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operate up to 10 Gb/s at 3-V reverse bias, as in Figure 3b,c. Moreover, it was found that a reverse bias
of only 1 V was enough to efficiently collect the photogenerated carriers at the excitonic wavelength of
the Ge QW absorption. Besides a waveguide configuration, surface-illuminated photodiodes are also of
interest for free space optical interconnects [5,76] or fiber-optic coupling applications. Thanks to a more
relaxed optical coupling condition, a surface-illuminated photodiode is also ideal for investigating
physical properties of new optoelectronic materials. Chaisakul et al. [77] experimentally reported
high-speed operation of a 30-GHz 3-dB detection bandwidth from 12-pm-diameter surface-illuminated
Ge/S5iGe MQW photodiodes, as shown in Figure 3d,e. Additionally, by investigating the photodiodes
with different diameter values of 50, 30, 20, 16 and 12 um, the work established that the detection
bandwidth of the larger diodes was limited by the RC time constant; however, for the smallest
diodes the detection bandwidth limitation was due to Ge/SiGe MQW carrier dynamics that the
carriers need to escape out of the QWs before reaching p- and n-doped regions [78,79]. As the early
Ge/SiGe MQW photodetector operated optimally up to an optical wavelength of approximately
1500 nm, Onaran et al. [80] and Chang et al. [81] demonstrated the use of tensile strain to extend the
optimal detection wavelength of the Ge/SiGe MQWs to be within the C-band wavelength region.
The low responsivity values of 0.01 A/W at 1550 nm reported by Onaran et al. [80] from tested
surfaced-illuminated photodiodes could be improved by increasing the number of MQW periods or
by employing a waveguide configuration to increase the optical absorption length. For waveguide
integration, Chaisakul et al. [68] demonstrated an optical responsivity as high as 1 A/W at 1-V reverse
bias from a 4-pm-wide and 100-um-long Ge/SiGe MQW waveguide photodetector integrated with
a SiGe waveguide. In combination with a SiGe waveguide-integrated optical modulator, an optical
interconnect was experimentally demonstrated on Si chip.

Input light
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Figure 3. (a) Schematic view of a cross section of Ge/SiGe MQW waveguide photodetector, and in
the inset, an optical microscope top view of the waveguide photodetector. (b) The 10 Gb/s electrical
outputs of a 80-pum-long Ge/SiGe MQW photodetector. (c) Optical responsivity of the Ge/SiGe
MQW photodetector spectra at different reverse bias (reprinted with permission from [75] © 2011 IEEE).
(d) Schematic and (e) SEM views of a surface-illuminated Ge/SiGe MQW photodiode (12-pum diameter).
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Table 2. Summary of performance matrix obtained from Ge/SiGe MQW optical detectors experimentally reported.

10 of 18

Reasons for Low Dark Current  Reverse Bias 3-dB Modulation Footprint of Active Reported
Ge QWs Structures Responsivity Responsivi Densit Voltage Bandwidth/Data Region (Width X Wavelength
P ty y 8 Rate Length in pm?) Range
Fidaner et al. [74] 10 periods of 15-nm 017 A/W Low overlap between 2 - -
Waveguide Ge/33-nm Sig 14 Geg gy (1480 nm) optical mode and QWs 17.9 mA/cm 0.5-10V 25Gb/s 340 1440-1530 nm
Chaisakul et al. [75] 20 periods of 10-nm 0.8 A/W >
Waveguide Ge,/15-nm Sig 16 Geo g5 (1411 nm) - 198 mA /cm 1-3V 10 Gb/s 3 x 80 1400-1460 nm
Chaisakul et al. [77] 20 periods of 10-nm 0.05 A/W Short absorption length 2 R . TX6? -
Surface-Illuminated Ge/15-nm Sig 14 Geg gs (~1471 nm) (surface illumination) 214 mA/cm =7V 10-30 GHz (radius of 6 um) 1395-1455 nm
Onaran et al. [80] 10 periods of 10-nm 0.01A/W Short absorption length 2 . ) mx40? -
Surface-Illuminated Ge/20-nm Sig 190Geg 9o (1550 nm) (surface illumination) 10mA/em 3V (radius of 40 um) 1300-1600 nm
Chaisakul et al. [68] .
i R 10 periods of 12-nm 0.6 A/W . > » .
SiGe-waveguide Ge/16-nm Sig16Geo 4 (1440 nm) 2.5 mA/cm 1-3V 4 GHz 4 % 100 1400-1520 nm

integrated
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Additionally, it is worth mentioning that the reported responsivity and detection speed values
from waveguide Ge/SiGe MQW photodetectors in Table 2 can be considered improvable as compared
to the recent state-of-the-art Ge photodetector [13]. At a comparable intrinsic region thickness, Ge/SiGe
MQWs would generally have less Ge absorbing layers, as the structures also contain SiGe barriers,
which would contribute to a lower responsivity of Ge/SiGe MQW photodetectors at similar device
thickness and bias voltage. For example, as compared to 0.74 A/W and 0.92 A/W obtained from
160-nm-thick Ge photodetector in [13], Chaisakul et al. [68] reported a slightly-lower responsivity of
0.6 A/W with 10 12-nm-thick Ge QWs, while [75] reported a comparable responsivity of 0.8 A/W with
20 10-nm-thick Ge QWs. For rapidity, the detection bandwidth of [68] was reported to be RC limited
due to a relatively-large device dimension of 4 x 100 um? (~200 fF); therefore, high speed performance
could be improved by optimizing the device dimensions.

3.2. Optical Emission from Ge/SiGe MQWs

Although being an indirect gap material, energy difference between Ge direct and indirect
conduction band minima is very small (approximately 140 meV). As a result, the “quasi” direct-gap
nature of Ge opens the possibility to engineer Ge direct-gap transition for optical emission, and optical
gain around telecommunication wavelengths has been demonstrated from Ge direct-gap transition at
room temperature [9,82]. Besides, the radiative recombination rate of Ge direct-gap optical transition is
five orders of magnitude higher than that of the indirect one [83]. Therefore, as Ge direct-gap emission
is expected to be strong, research efforts have been devoted to obtaining a population inversion
at center of the Brillouin zone (I" point) of Ge by the application of tensile strain to decrease the
energy difference between the conduction band minima at I and L points, and by n-doping to fill the
indirect-gap at L valleys. Both approaches would facilitate the injected electrons to occupy the higher
energy states of the direct-gap at I' point instead of the lower energy states of the indirect-gap at L
valleys [84,85]. It is worth mentioning that a contradictory observation regarding the positive effect of
n-type doping could also be found in [86].

An interest in investigating optical emission from QW structures is largely due to QW favorable
density of states, which was used to achieve population inversion at a lower injected current
density in III-V materials [87-90]. Additionally, QW structures could be engineered to have either
transverse-electric (TE) or transverse-magnetic (TM) polarized optical emission [91]. For Ge QWs,
Lange et al. [92] and Koster et al. [93] reported a transient optical gain from population inversion at I
point observed from femtosecond time-resolved pump-probe spectroscopy. The transient population
inversion was attributed to the fact that the intersubband relaxation of the optically-generated
conduction band electrons is faster than their intravalley carrier-phonon scattering; Tisp < TL-relaxs
as shown in Figure 4a [94].

Room temperature photoluminescence (PL) spectra of compressively-strained Ge MQWSs were
largely investigated. One of the first observations focused on the thermal excitation of carriers from
L-type to I'-type confined states, as reported by Gatti et al. [95] in 2011. As shown in Figure 4b,
it resulted in an enhancement of PL spectra from direct-gap recombination of Ge MQWs at room
temperature, compared to those at 5 K [95]. Compatible PL observations were also reported by
Wu et al. [96] and Wei-Xuan et al. [97]. Additionally, an enhancement in optical emission at higher
temperature was also observed from room temperature electroluminescence (EL). Chaisakul et al. [98]
and Liu et al. [99] demonstrated in 2011 and 2012 an increase in EL intensity at higher temperature
from compressively-strained Ge/SiGe MQW light emitting diodes, consistent with the PL observation.
Additionally, for reference [98], the EL spectra were collected from the Ge/SiGe MQW light emitting
diodes in a waveguide configuration. As in Figure 4c, EL from waveguide output facet was shown to
have a TE polarization, confirming that it originated from the excitonic transition between the first
valence band heavy hole level (HH1) and the first conduction band state at the I" point (cI'1), thanks to
dipole selection rules in QW structures [100].
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To further improve the emission efficiency, Cai et al. [101] theoretically proposed that
tensile-strained Ge QWs instead of compressive-strained ones should be used to decrease the
threshold current density needed for optical emission, thanks to the reduction of the energy difference
between conduction band minima at I' and L points. The application of tensile strain in Ge QWs
had been proven by PL characterization results to be possible by several techniques, including
the use of Ge virtual substrate [102-104], post-growth rapid thermal annealing [105], and SiNy
stressor [106]. Notably, Gallacher et al. [107], Chao et al. [108], and Lin et al. [109] experimentally
demonstrated room temperature EL from tensile-strained Ge/SiGe MQW light emitting diodes, with
current injection current density as low as ~0.2 kA/cm? for reference [107] and ~0.8 kA /cm? for
reference [109], which were lower than that of ~1.3 kA /cm? obtained from compressive-strained Ge
QWs of reference [98]. This difference could be considered agreeable with the theoretical prediction
of ~50% from reference [101]. Moreover, as in Figure 4d, with the application of tensile strain on
Ge QWs, the EL peak intensity due to the direct-gap transition at I' valley was obtained around the
C-band wavelength of 1550 nm. An increase in EL with increasing injection current density was
clearly observed, and the EL intensity also increased with temperature, consistent with previous
demonstration. It is worth noting that theoretically, Jiang et al. [110] have recently discussed the
benefits of using QW structures to enhance optical emission in an indirect-band gap material, such
as Ge. To further enhance the emission efficiency, the authors also recommended considering a
GeSn/SiGeSn material system for a group IV quantum well laser.
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Figure 4. (a) Schematic view of scattering, thermalization, and recombination processes that occur
in Ge/SiGe QWs of excited electrons [94]. (b) Photoluminescence spectra (full lines) and absorption
spectra (dashed lines) of Ge/SiGe MQWSs measured at room temperature and at 5 K [95]. (c) EL spectra
from 80-um-long waveguide light-emitting-diode, with and without an optical polarizer between
the waveguide output and the detector, and SEM view of Ge/SiGe MQW light emitting diode in a
waveguide structure. EL spectra were observed to be TE polarized [98]. (d) EL spectra at different
temperatures under a constant injection current [109]. (Reproduced with permission from [94] ©
2011 American Physical Society, [95,98] © 2011 AIP Publishing, and [109] © MDPI under Creative
Commons Attribution (CC-BY) license).
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4. Conclusions

The report of strong QCSE from the direct-gap transition of Ge/SiGe MQW systems has led
to an ambitious quest toward realizing group IV quantum well optical modulators, photodetectors,
and emitters from the same material platforms for more than ten years. For optical modulators,
Ge/SiGe QCSE optical modulators have shown the capability to attain optical modulation comparable
to III-V QW optical modulators at similar values of applied electrical fields, albeit at a cost of additional
Ge indirect-gap absorption loss. Additionally, a demonstration of QCSE optical modulators that
meet all the requirements of optical interconnect application at CMOS derivable voltage could be
considered desirable. For photodetectors, at a comparable wavelength region of QCSE optical
modulation, optical detection has been demonstrated from Ge/SiGe MQW photodetectors with
an application of reverse bias voltages, as used during a high-absorption mode of QCSE optical
modulators. Finally, the ambitious goal of a Ge/SiGe MQW platform appears to depend on the
possibility to engineer the materials to emit light efficiently at room temperature. Although strenuous
effort has been made, and a number of positive optical emission characteristics have been reported
from Ge/SiGe MQWs, another group IV element of Sn may be considered indispensable to overcome
the final hurdle of the ambitious objective.
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