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Mechanical strain engineering has been promising for many integrated photonic applications. However, for the
engineering of a material electronic bandgap, a trade-off exists between the strain uniformity and the integration
compatibility with photonic-integrated circuits (PICs). Herein, we adopted a straightforward recess-type design
of a silicon nitride (SiNx) stressor to achieve a uniform strain with enhanced magnitude in the material of interest
on PICs. Normal-incidence, uniformly 0.56% tensile strained germanium (Ge)-on-insulator (GOI) metal-semi-
conductor-metal photodiodes were demonstrated, using the recessed stressor with 750 MPa tensile stress. The
device exhibits a responsivity of 1.84� 0.15 A∕W at 1550 nm. The extracted Ge absorption coefficient is en-
hanced by ∼3.2× to 8340 cm−1 at 1612 nm and is superior to that of In0.53Ga0.47As up to 1630 nm limited by the
measurement spectrum. Compared with the nonrecess strained device, additional absorption coefficient improve-
ment of 10%–20% in the C-band and 40%–60% in the L-band was observed. This work facilitates the recess-
strained GOI photodiodes for free-space PIC applications and paves the way for various (e.g., Ge, GeSn or III-V
based) uniformly strained photonic devices on PICs. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.419776

1. INTRODUCTION

Mechanical strain engineering has been an active research topic
for decades to alter the material properties of single-crystalline
semiconductors, including electronic bandgaps [1,2], carrier ef-
fective mass [3,4], and optical nonlinearity [5,6], for intended
electronic and photonic applications. For the bandgap engi-
neering to photonic applications, a substantial strain magnitude
with spatially uniform distribution is in most cases essential to
the materials of interest. This is to create a consistent bandgap
profile with wide tunability and coverage throughout the opti-
cal mode span (usually in∼μm size), for ideal device and system
performance. However, considering feasible complementary
metal oxide semiconductor (CMOS) integration for pho-
tonic-integrated circuits (PICs), a trade-off can arise between
the strain uniformity and the integration compatibility with
PICs. Prior studies have extensively employed substrate under-
cut [7,8], removal [9,10], or layer transfer to flexible substrates
[11,12] to facilitate both an optimal strain magnitude and

uniformity for the materials of interest. However, this poses
challenges of electrical interconnections between Si CMOS cir-
cuits and the strained materials. A limited number of reports of
opto-electronic devices on these strained materials [13–15] are
either complicated in fabrication or remain at a preliminary
stage for PIC integration. Additionally, the substrate undercut
and removal commonly result in a large device footprint
(∼100 μm), which can adversely affect a compact PIC integra-
tion. On the other hand, abandoning the substrate engineering
inevitably leads to strain nonuniformity with a compromised
magnitude due to the bulky substrate constraint [16,17].
Meanwhile, there have been studies using lattice-mismatched
hetero-epitaxy for the strain engineering [18,19]. However,
the epitaxy usually requires a III-V-based template, which also
remains challenging at the current stage for monolithic PIC
integration.

In this work, we overcome the dilemma by adopting
recessed trenches beside the material structure to be strained,
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together with the use of sidewall silicon nitride (SiNx) stressors,
to achieve both the strain magnitude enhancement and its uni-
formity improvement. An illustration of the concept is dis-
cussed in Ref. [20]. This method does not require a top
SiNx stressor and leaves space for device metal contacts.
Only mature CMOS fabrication processes (e.g., reactive ion
etching) are involved, which is straightforward to realize in
PIC integration. The design is essentially different from
Ref. [17], which unintentionally had a similar structure, since
the SiNx stressor was much thinner than the recessed trench,
and the strain in the material was thus mainly induced from the
top stressor independent of the recessed trench. As a proof of
concept, we demonstrate normal-incidence, uniformly
0.56% tensile strained germanium-on-insulator (GOI) metal-
semiconductor-metal (MSM) photodiodes using the recessed
SiNx stressors. A fabricated device exhibits an optical responsivity
(ℜ) of 1.84� 0.15 A∕W at 1550 nm. Theℜ is above 1.0 A/W
for wavelength from 1500 to 1625 nm. The photocurrent roll-off
is extended by ∼70 to 1612 nm, where the Ge absorption
coefficient reveals a ∼3.2× enhancement to 8340 cm−1.
To our knowledge, this is the first batch demonstration of a

PIC-integrable uniformly strained photonic device at this strain
magnitude. The absorption coefficient is superior to that of
In0.53Ga0.47As across the entire measurement window up to
1630 nm [21]. Compared with the nonrecessed devices, the re-
cessed stressor design resulted in an additional ∼10%−60% in-
crease in the absorption coefficient across the C- and L-bands.
The significantly enhanced absorption can offer competency over
the germanium tin (GeSn) and III-V counterparts for imaging,
sensing, and free-space communication PICs (e.g., LiDAR, night
vision, and 3D sensing), utilizing the matured foundry processes
of SiNx deposition and Ge epitaxy.

2. DEVICE DESIGN AND FABRICATION

Figure 1(a) illustrates a cross-sectional schematic of a CMOS-
integrated GOI photodiode employing the recessed SiNx
stressor. The low bonding temperature (300°C) and scalability
to different wafer sizes [22,23] facilitate GOI the capability to
integrate high-quality Ge at the back-end-of-line (BEOL) on
versatile PIC platforms, which is suitable for the above
free-space PIC applications. Meanwhile, as seen in the figure,

Fig. 1. Recess-strained GOI photodiodes for PICs. (a) Schematic showing the integration of high-quality recess-strained Ge photodiodes with
CMOS circuits at back-end-of-line (BEOL). (b) A 3D schematic of a normal-incidence recess SiNx-strained GOI MSM photodiode. The wave-
guide-shaped Ge is along the h100i direction. Color-coded layers: purple, Si; red, SiO2; green, Ge; gold, contact metal; semitransparent, tensile
SiNx . (c) Cross-sectional SEM image of a fabricated device. Scale bar: 1 μm. (d) (Bottom) Cross-sectional TEM image at the Ge∕Al2O3∕metal
interface as shown by the arrow in (c). Scale bar: 10 nm. The corresponding elemental mapping profiles are shown at the top.
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the BEOL integration can save the area used for Ge epitaxy for
more Si transistors and consequently a compact integration.
Figure 1(b) shows a 3D schematic of the recess tensile-strained
GOI MSM photodiode, as the proof-of-concept device for the
integration in Fig. 1(a). The detailed fabrication for the
200 mmGOI wafer used in this work is discussed in prior work
[22,23]. First, unintentionally doped Ge was epitaxially grown
on 200 mm Si (100) substrate via metal-organic chemical vapor
deposition. A SiO2 layer was then deposited on both the epi-Ge
and another Si handle wafer using plasma-enhanced chemical
vapor deposition (PECVD). Afterward, both wafers were
treated by O2 plasma for 15 s to activate the SiO2 surfaces,
followed by deionized water rinsing and spin drying.
Immediately after the wafer drying, the two wafers were bonded
by contacting the SiO2 surfaces at room temperature. Post-
bonding annealing was performed at 300°C for 3 h to enhance
the bonding strength. Finally, the Si wafer used for the Ge epi-
taxy was removed by grinding and tetramethylammonium
hydroxide (TMAH) etching to expose the epi-Ge, which
was then planarized by chemical-mechanical polishing.

The SiNx-strained GOI MSM photodiodes employed
waveguide-shaped Ge along the h100i direction for the uni-
form tensile strain along the transverse (x-) direction of the
waveguide by the recessed stressor [Fig. 1(b)]. The longitudinal
(y-) direction remains intrinsically strained (∼0.17% tensile)
[24]. The waveguide-shaped design also facilitates high-density
arrayed device integration. The devices are with interdigitated
metal contacts (Al/TiN/Ti, from top to bottom). There is a
nominally 1 nm Al2O3 in between Ti and Ge, deposited by
atomic layer deposition, to alleviate the Fermi level pinning.
The nominal spacing between adjacent metal fingers is
1 μm. For the ease of fabrication, we fabricated the metal con-
tacts before the SiNx stressor deposition. The detailed fabrica-
tion steps are described as follows. First, the as-fabricated GOI
with a nominal Ge thickness of 400 nm was patterned into strip
waveguides (1 μm wide, 36 μm long), using electron-beam
lithography (EBL, with ZEP520A resist) followed by chlorine
(Cl2)-based reactive-ion etching (RIE). Afterward, a second
EBL patterning and RIE were performed for the recessed
trenches with a nominal depth of 300 nm. After the resist re-
moval, the 1 nm Al2O3 was deposited, followed by the metal
contact definition via sputtering and lift-off. Subsequently, the
SiNx recessed stressor was deposited by PECVD. Optimizing
the deposition parameters resulted in a tensile film stress of
750 MPa. To maximize the stressor contact on sidewalls,
the thickness of SiNx is nominally identical to the total thick-
ness of the Ge waveguide and recessed trench (700 nm). The
recessed stressor exerts mechanical tensile stress to both the
material to be strained (Ge) and the material underneath
(SiO2), thus enhancing the strain magnitude at the bottom por-
tion of the Ge close to the SiO2 and simultaneously improving
the strain uniformity [20]. Prior to the SiNx deposition, O2

plasma treatment at the Al2O3 surface was carried out for a
stronger adhesion of the SiNx stressor to the Ge waveguide.
The SiNx at the top of the Ge waveguide was removed by
RIE, as a top tensile SiNx could induce undesired compressive
strain to the Ge underneath. Finally, the SiNx covering the
probing metal pads was removed by RIE for the ease of device

characterization. For comparison, control devices of SiNx-
strained GOIMSM photodiodes without the recessed trenches,
as well as GOI MSM photodiodes without stressor (50 nm
SiO2 as device passivation), were fabricated. The fabrication
steps were kept identical, except for the difference in the stres-
sors for a rigorous comparison.

Figure 1(c) shows a cross-sectional scanning electron
microscopy (SEM) image of a fabricated device, prepared by
focused-ion beam technique. The Ge width (1.02 μm) and
SiO2 etch depth (243 nm) are as expected close to the nominal
values. The SiNx stressor adheres well to the Ge and SiO2 side-
walls without delamination under the tensile stress of 750 MPa.
All results indicate reasonably good device fabrication. To fur-
ther study the metal-Ge Schottky contact, transmission elec-
tron microscopy (TEM) characterization was performed.
The corresponding image is shown at the bottom of Fig. 1(d).
An interlayer of 1.3 nm thickness was observed between Ti and
Ge. Elemental mapping at this region by energy dispersive
X-ray analysis verifies that the thin interlayer is Al2O3

[Fig. 1(d) top].

3. DEVICE CHARACTERIZATION

The fabricated devices were characterized in terms of their cur-
rent-voltage (I -V ) characteristics using a Keithley 2400 source
meter unit, with and without normal-incidence illumination,
from 293 to 353 K. The optical input was supplied from a
TUNICS T100S-HP/CL tunable laser covering 1500–
1630 nm. The optical output was coupled into a Corning
SMF-28 single-mode silica glass fiber for the illumination.
The frequency response of the devices was evaluated by the scat-
tering (S)-parameter measurement via an Agilent N5244A
PNA-X network analyzer, with an Agilent N4373D light-wave
component analyzer (LCA) as the modulated light source. An
RF cable of 40 GHz bandwidth was used. Calibration had been
completed before the measurements to exclude the frequency
response from the bias-tee, RF cable, and ground-signal-ground
probe.

Figure 2(a) shows the room-temperature I -V characteristics
of a recess-strained GOI MSM photodiode with and without a
20 mW illumination at 1550 nm. Dark currents of ∼9.86 and
∼41.70 μA were observed at biases of 1 and 2 V, respectively,
while the illumination leads to prominent photocurrents of
∼1.18 and ∼2.01 mA accordingly. To calculate ℜ, we assume
the fiber tip was placed as close as possible to the device surface
without a gap. Considering the mode-field diameter (10.4 μm
at 1550 nm) of SMF-28 as the light spot diameter and remov-
ing the metal contact area that shielded the illumination, the
effective input power on the Ge surface was ∼1.18 mW.
Further considering the average surface reflectance of 11.5%
[inset of Fig. 2(b)], an ℜ of ∼1.93 A∕W was obtained at
2 V, corresponding to an internal quantum efficiency (IQE)
of ∼155%. The average ℜ and IQE among the measured de-
vices are 1.84� 0.15 A∕W and 148%� 12%, respectively.
The >100% IQE can be explained by the photoconductive
gain [25], as the IQE increases linearly with voltage bias
(i.e., electric field). Figure 2(b) shows the responsivity spectrum
of the device from 1500 to 1630 nm. This was obtained by
performing the spectral scan of the photocurrent of the device
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and converting the result into a responsivity spectrum, mean-
while taking the surface reflectance into account. A responsivity
>1 A∕W was observed for wavelength <1625 nm.
Temperature-dependent I -V characterization results in a
Schottky barrier height of 0.12 eV at 1 V (data not shown),
which is lower than the reported value (0.36 eV) [26] and ex-
plains the prominent dark current. The dark current can be
reduced using a thicker interlayer with lower bandgap
(e.g., a-Si:H [27] or Si:C [28]) or negative conduction band
offset to Ge (e.g., TiO2 [29]), without compromising the pho-
tocurrent. Alternatively, adopting a p-i-n structure instead of
MSM could also suppress the dark current for the practical
CMOS integration. Recently, furnace annealing in
ambient oxygen [30] has been demonstrated, which signifi-
cantly reduced the dark current (0.78 mA∕cm2 at −1 V) of
GOI p-i-n photodiodes. Figure 2(c) depicts the frequency re-
sponse of the device. A 3 dB bandwidth of ∼3 GHz was
observed. Although the parasitic capacitance from the metal
contact pads is not decoupled, this 3 dB bandwidth perfor-
mance has been sufficient for most imaging and sensing
applications.

4. STRAIN AND ABSORPTION COEFFICIENT
ANALYSIS

The mechanical strain in Ge induced by the SiNx stressor, as
well as its effect on the material absorption coefficient (α), was
analyzed. The left figures in Figs. 3(a) and 3(b) show cross-
sectional schematics of GOI structures without and with the
SiNx stressor recessed, respectively, while the right figures show

the corresponding simulated strain profiles (εxx) in the wave-
guide-shaped Ge along the transverse (x-) direction using the
finite element method (Appendix A.1). The Ge waveguide
width (1 μm), thickness (400 nm), the SiO2 recessed trench
depth (300 nm), and SiNx tensile stress (750 MPa) used in the
simulation were identical to the respective nominal values of
the fabricated device [Fig. 1(c)]. Structural symmetry was
adopted on the y-z and x-z planes at and across the center of
the Ge waveguide, respectively. The detailed simulation settings
can also be found in our prior report [20]. It can be identified
from the color code that the εxx is more uniform in Ge with the
use of the recess-type stressor. The corresponding strain mag-
nitude (∼0.56% tensile) is also higher, especially at the bottom
part of Ge where the strain exhibits a ∼2× enhancement.

To study the effect of stressors on α, as described in
Section 2, GOI MSM photodiodes (1) without stressor
(SiO2 passivation) and (2) with nonrecessed SiNx stressor
were fabricated to compare with the recess-strained device.
Figure 3(c) shows the micro-Raman spectra of the strained
waveguide GOI test structures without metal contacts. Laser
excitation wavelengths of 532 and 785 nm were used for dif-
ferent photon penetration (9 and 89 nm, respectively [31])
depths in Ge for comparison. It can be observed that the
Raman spectra reasonably overlap for GOI with the recessed
stressor, while only a partial overlap below ∼300 cm−1 was seen
for that with the nonrecessed stressor. The more wavelength-
independent spectra reveal the strain uniformity enhancement
with the use of the recessed stressor. Compared with the spectra
of the recess-strained structure, the Raman peak broadening

Fig. 2. Characterization of the recess strained GOI MSM photodiodes. (a) Current-voltage (I-V) characteristics of the device without (black) and
with (red) an incident power of ∼20 mW at 1550 nm. The corresponding internal quantum efficiency (IQE) is also calculated. (b) Responsivity
spectrum of the device from 1500 to 1630 nm. Inset shows the calculated average surface reflectance of the device. (c) Measured frequency response
of the device at 2 V.
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for the nonrecessed structure is not due to the deterioration of
the Ge crystal quality but to the existence of compressive strain
in Ge. It can be further inferred that the compressive strain is
located at the bottom of the GOI, which was thus likely in-
duced by the constraint from the bulk SiO2-on-Si
substrate with the presence of the tensile sidewall stressor.
This can also explain the shrinkage of the compressive shoulder
[Fig. 2(c), bottom] with the use of the recessed stressor due to
the alleviation of the substrate constraint.

Figure 3(d) illustrates the normalized photocurrent spectra
of these devices. In contrast with the photocurrent roll-off
at ∼1540 nm for the device without stressor, the roll-off ap-
pears at longer wavelengths of 1606 and 1612 nm for the
SiNx-strained devices with the nonrecessed and recessed
stressor, respectively. This indicates both an enhanced α and

an extended wavelength bandwidth for the SiNx-strained
GOI devices due to the strain magnitude enhancement. An ad-
ditional roll-off point was also identified at ∼1580 nm for the
nonrecess strained device. This again demonstrates the strain
nonuniformity without the use of the recessed stressor, as
shown in the simulation. To correlate the simulated εxx with
the roll-off points in the photocurrent spectra, the deformation
potential theory [32] was employed to calculate the Ge
bandgap edges as a function of εxx , as shown in Fig. 4(a).
The calculation includes the Γ-valley-light-hole (Γ-LH) and
the Γ-valley-heavy-hole (Γ-HH) bandgap edges. The detailed
calculation is discussed in Appendix A.2. It can be seen from
the figure that the simulated εxx reasonably match with the ob-
served photocurrent roll-off points. This verifies the validity of
the simulation and the actual tensile strain induced in the

Fig. 3. Effect of recessed SiNx stressor on Ge strain and device photocurrent spectra. (a), (b) (i) Schematic GOI structures (a) without and (b) with
the SiNx stressor recessed. The black arrows indicate the spatial tensile strain distributions in Ge. (ii) Corresponding simulated Ge εxx profiles under
750 MPa tensile stressor using finite element method. (c) Micro-Raman spectra of waveguide GOI testing structure (width: 0.5 μm) with (top)
nonrecessed and (bottom) recessed SiNx stressor. The black dashed line corresponds to the peak LO phonon frequency (∼300.8 cm−1) of bulk Ge as
a stress-free reference. (d) Photocurrent spectra of GOI MSM photodiodes with respect to the use of the nonrecessed and recessed SiNx stressor. The
corresponding Ge absorption coefficients (α) were also extracted and shown as the y-axis at right. Absorption coefficients of In0.53Ga0.47As (data
extracted from Ref. [21]) were also included for reference. Photocurrent roll-off wavelengths: a, 1580 nm; b, 1606 nm; c, 1612 nm.
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material. As the Ge layer thickness (d ) is ∼400 nm and thus
αd ≪ 1, we can approximate the photocurrent (Iph) as
I ph ∝ 1−e−αd ≈ αd , and a photocurrent spectrum of the device
can thus be used to extract the Ge absorption coefficient spec-
trum. We first calculate the direct-band Ge absorption coeffi-
cient jα�hv�j at 1550 nm using the following relation [33]:

jα�hv�j � A
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hv − EΓ-LH
g

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hv − EΓ-HH

g

q �
∕hv, (1)

where hv is the incident photon energy, in which h is the
Planck’s constant and v is the photon frequency; A is a constant
and has been fitted as ∼2 × 104 eV1∕2 ⋅cm−1 [33]; while EΓ-LH

g
and EΓ-HH

g denote the Ge LH and HH direct bandgap energies,
respectively, from the deformation potential theory calculation
using the simulated εxx . On the other hand, the Ge indirect
band absorption coefficient �αind, ∼ 750 cm−1� was retrieved
from Ref. [34], where the α�hv� ∼ 0 for stress-free bulk Ge.
The total absorption coefficient αt�hv� � jα�hv�j � αind, as-
suming αind varies negligibly across the spectrum. Then, we
extended the αt to the entire wavelength range according to
the photocurrent spectra. For the nonrecess strained Ge, a
two-step εxx profile with 0.48% and 0.28% εxx at the upper
and lower part of Ge, respectively, was considered for the αt
calculation [Fig. 3(a) (ii)].

The extracted αt spectra are shown in Fig. 3(d) on the right
y axis. Compared with the αt (2590 cm−1) for the waveguide-
Ge without stressor, the αt (8340 cm−1) is enhanced by ∼3.2×
for the recessed SiNx-strained Ge at 1612 nm. The αt for the
recess-strained device is superior to that of In0.53Ga0.47As
material (∼4000–6000 cm−1) across the C- and L-bands [21].
The equivalent αt (6876 cm−1) for the waveguide Ge with-
out stressor at 1500 nm is extended by 120 nm to 1620 nm
for the recessed SiNx-strained Ge. All these observations sug-
gest a wider operating wavelength bandwidth for Ge photodi-
odes, with an expected quantum efficiency superior to that
of In0.53Ga0.47As photodiodes at the C- and L-bands. This
offers potentials for the recess-strained Ge photodiodes for
CMOS-compatible imaging, sensing, and communication ap-
plications on PICs that the In0.53Ga0.47As photodiodes may
be challenging to achieve. On the other hand, although
the Sn incorporation into Ge can also lead to absorption

coefficient enhancement [35], state-of-the-art GeSn photodio-
des remain challenging to exhibit comparable performance with
Ge photodiodes. Further observation of Fig. 3(d) reveals that the
use of the recessed trench on the SiNx stressor exhibited an
additional ∼10 − 20% increase in αt from 1500 to 1590 nm
and a ∼40%–60% increase from 1590 to 1630 nm, compared
with the nonrecess strained device. In addition, we estimate the
Ge bandgap edges and αt with higher SiNx stresses of 1.0, 1.2,
and 1.5 GPa, using the same simulation and calculation method
as above, as shown in Fig. 4(b). The εxx can reach 0.71%,
0.82%, and 1.00% for the stress of 1.0, 1.2, and 1.5 GPa, re-
spectively. The Γ-HH bandgap edge can be extended beyond
1625 nm for the SiNx tensile stress >1.0 GPa, and the αt cor-
respondingly beyond 1.2 × 104 cm−1 at 1550 nm. The
Γ-HH edge can reach 1645 nm at the stress of 1.5 GPa.
Furthermore, a higher εxx can be achieved by using an additional
top compressive stressor [36], decreasing the waveguide width-
to-thickness (W/T) ratio, or increasing the trench depth
(Appendix A.3).

5. CONCLUSION AND OUTLOOK

In conclusion, we have adopted recessed trenches to accommo-
date sidewall SiNx stressors to compromise the trade-off be-
tween the mechanical strain uniformity and the integration
compatibility to PICs for the material of interest on PICs.
As a proof of concept, we demonstrated uniformly 0.56% ten-
sile strained GOI MSM photodiodes using the recessed SiNx
stressor with a tensile stress of 750 MPa. A fabricated device
exhibited a dark current of 41.70 μA and a responsivity of
1.93 A/W (1550 nm) at 2 V, corresponding to an IQE of
155%. The dark current can be reduced by introducing a
thicker (narrow bandgap or negative band offset) interlayer
or using p-i-n photodiodes. The bandgap edges revealed from
the device photocurrent spectra match well with the simulated
εxx via the deformation potential theory. The absorption coef-
ficient calculation showed a Ge absorption coefficient superior
to that of In0.53Ga0.47As throughout the measurement window
up to 1630 nm. Meanwhile, the use of the recessed-type
stressor exhibited an additional ∼10%−60% increase in the ab-
sorption coefficient. These results facilitate the recess-strained
GOI photodiodes for imaging, sensing, and free-space

Fig. 4. Strain, bandgap edge, and absorption coefficient analysis. (a) The simulated Ge εxx [from Figs. 3(a) and 3(b), (ii)] and the Ge bandgap
edges [from Fig. 3(d)] agree well with the deformation potential theory. (b) Calculated bandgap edges and α (at 1550 nm) for the GOI photodiodes
with 1, 1.2, and 1.5 GPa recessed tensile stressor.
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communication (e.g., LiDAR) PIC applications. The recessed
stressor design can also be used for strain engineering on other
semiconductor materials (e.g., III-V, GeSn).

In addition, it is worth noting that the recessed stressor con-
cept can provide new application insights to existing photonic
devices. For instance, a 0.6 GPa tensile Ge0.99Si0.01 electro-
absorption (EA) modulator array has recently been demon-
strated, exhibiting an operating wavelength range of 95 nm
from 1525 to 1620 nm at −6 V, where the ratio of extinction
ratio (ER)-to-insertion loss (IL) is ≥1.3 [37]. This can be useful
for high-data-capacity transceiver PICs using dense-wave-
length-division multiplexing, due to the ∼3× wider operating
wavelength range compared with that of single Ge EA modu-
lators (∼20–30 nm) [38–40].

APPENDIX A

1. Finite Element Method Simulation of SiNx-
Strained Ge Waveguide
The finite element method simulation was constructed by
mimicking the practical experimental conditions. This was real-
ized by adopting multiple solid mechanics modules in
COMSOL Multiphysics, each corresponding to an experimen-
tal process, and solving them in sequence according to the ex-
perimental procedures. The stress output from the previous
module was imported as the initial stress to the subsequent
module, and the output from the last module was converted
to the final mechanical strain. All materials were set as linear
elastic.

The modelling first followed the thermal budget during the
GOI fabrication, consisting of the Ge-on-Si epitaxy at 600°C,
followed by the direct wafer bonding and post-bonding
annealing at 300°C, and finally cooling down to room temper-
ature (300 K). The subsequent GOI patterning and SiNx
stressor deposition were without temperature variation. An in-
trinsic stress was set in the SiNx . Geometrical symmetry was
applied penetrating the structure via the y-z and x-z planes
[Figs. 3(a) and 3(b)]. The stress obtained from the final module
was converted to strain via the below relations:

εxx �
σxx − v · �σyy � σzz�

E
, (A1)

εyy �
σyy − v · �σxx � σzz�

E
, (A2)

εzz �
σzz − v · �σxx � σyy�

E
, (A3)

where εxx , εyy, and εzz are the mechanical strain in Ge along the
transverse (x-), longitudinal (y-), and vertical (z-) directions,
respectively; σxx , σyy, and σzz are the corresponding mechanical
stress values; and v � 0.273 and E � 103 GPa are the
Poisson’s ratio and Young’s modulus of Ge, respectively. In
the simulation, the Young’s modulus of SiNx is 200 GPa.

2. Bandgap Edge Calculation
Deformation potential theory [32] was used for the Ge
bandgap edge wavelength calculation as a function of εxx .
The theory analytically describes the correlation between the
bandgap of a semiconductor material and its applied mechani-
cal strain. The strain causes a volumetric and lattice symmetry
deformation of the material, where the former is termed as hy-
drostatic deformation (δEhy) and the latter shear deformation
(δEsh), as expressed below [41]:

δEhy � −a�εxx � εyy � εzz�, (A4)

δEsh � −2b�εxx − εzz�, (A5)

where a is defined as hydrostatic deformation potential and b
shear deformation potential, and εxx , εyy, and εzz are the axial
strain in the material along x, y, and z directions, respectively,
induced by the stress along the respective directions. Note that
εxx � εyy � εzz represents the fractional volumetric change of
the material.

Considering the coupling with the spin-orbit split-off (SO)
band, Ge Γ-valley conduction-band-light-hole bandgap ELH

g
and conduction-band-heavy-hole bandgap EHH

g can be ex-
pressed as follows, respectively:

Fig. 5. (a) εxx as a function of GOI waveguide width, with respect to the use of the recessed SiNx stressor with a recessed trench depth of 500 nm.
A higher εxx can be achieved with a decreasing width-to-thickness (W/T) ratio. (b) εxx as a function of recessed trench depth. The GOI waveguides
are with a width of 0.4 μm and a thickness of 0.2 μm. A higher εxx can be achieved with a deeper recessed trench depth. The results were obtained by
the finite element method calculation, as described in Appendix A.1. The SiNx stress is 580 MPa tensile in both cases. The error bars in the plots
indicate the εxx variation in the respective GOI waveguides.
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ELH
g � Eg − δEhy −

1

4
δEsh �

1

2
Δ

−
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 � Δ · δEsh �

9

4
δE2

sh

r
, (A6)

EHH
g � Eg − δEhy �

1

2
δEsh, (A7)

where Eg is the bandgap of stress-free Ge (0.801 eV), and Δ is
the spin-orbit energy splitting between the degenerated top-
most valence band and the SO valence band of Ge. The Δ,
a, and b values for Ge used in calculation are 0.289 eV,
−8.97, and −1.88, respectively, from the experimental determi-
nation by Liu et al. [42]. As mentioned, εxx is the strain variable
and εyy � 0.17% according to Ref. [24]; εzz is thus determined
from Eqs. (A1)–(A3) based on the Poisson effect. The obtained
ELH
g and EHH

g values were then converted to bandgap edge
wavelengths via λ � hc∕Eg , where h and c are the Planck’s con-
stant and speed of light, respectively.

3. Effect of GOI Waveguide Width-to-Thickness Ratio
and Recessed Trench Depth on εxx
Figure 5(a) shows the effect of GOI waveguide width-to-thick-
ness ratio on εxx and Fig. 5(b) shows the effect of recessed
trench depth on εxx .
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