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Abstract—Integrating III-V gain material with silicon photonic
integrated circuits enables the realization of advanced laser sources
and full integrated systems for optical communication and sensing
applications. The availability of III-V/silicon laser sources operat-
ing in the 2-2.5 pm short-wave infrared wavelength range is very
valuable for spectroscopic sensing since many important industrial
gases and blood glucose have absorption bands in this wavelength
range. In this paper, first we present our latest results on hetero-
geneously integrated III-V-on-silicon distributed feedback (DFB)
laser arrays. A III-V-on-silicon DFB laser array covering the 2.27—
2.39 pm wavelength range with 6 nm wavelength spacing is re-
ported. This DFB laser array is employed as the light source for
tunable diode laser absorption spectroscopy of different gases. A
four-channel DFB laser array integrated with a beam combiner is
used to perform spectroscopic sensing over a 7 nm spectral range
without mode hopping at room temperature. Finally, we present
our recent advances in widely tunable Vernier lasers based on het-
erogeneous integration and butt-coupling of the gain section. Con-
tinuous tuning near the absorption lines by thermally adjusting
the laser cavity length enables high-resolution tunable diode laser
absorption spectroscopy measurements together with wide wave-
length coverage.
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1. INTRODUCTION

HE development of silicon photonics in recent years

has enabled low-cost and high-speed integrated optical
transceivers used in short-distance data communication and
long-haul optical transmission [1]. Integrating III-V materials
or prefabricated III-V gain chips with silicon photonic inte-
grated circuits (ICs) provides a practical solution to implement
laser sources for silicon photonics applications [2]—[5]. This ITI-
V/silicon hybrid approach also can be used to make advanced
laser sources for optical communication and sensing applica-
tions since the silicon photonics platform can provide ultra-
compact and high-performance photonic components, such
as low-loss spiral waveguides, high-Q micro-ring resonators
(MRRs) [6], low-loss on-chip beam combiners [7], and widely
tunable filters [8]. For example, Z. Wang et al. demonstrated
a passively mode-locked laser operating at 1.6 ym wavelength
with a record-low repetition rate of 1 GHz by heterogeneously
integrating a III-V-on-silicon semiconductor optical amplifier
(SOA) with a 3.7 cm long silicon-on-insulator (SOI) spiral
waveguide (propagation loss ~0.7 dB/cm) [9]. T. Kita et al. re-
alized a ITII-V/silicon hybrid laser with a very wide wavelength
tuning range that can cover the C-band (1530-1565 nm) and
L-band (1565-1625 nm) of the optical communications window
by using two silicon MRRs and an asymmetric Mach-Zehnder
interferometer as the wavelength tuning filter [10]. Besides,
the integration of III-V/silicon lasers with silicon photonic ICs
enables fully integrated spectroscopic sensors for applications
such as gas sensing [11] and bio-sensing [12]. In order to realize
on-chip silicon photonic spectroscopic sensors, many efforts
have been devoted to develop silicon waveguide-based compo-
nents to probe the analyte [13]-[15]. However, in these on-chip
silicon photonic sensors, the light from an external laser source
is coupled to the chip for the absorption spectroscopy measure-
ment, instead of using an integrated light source [11]-[15]. In
order to realize a compact spectroscopic sensor, a chip-scale
laser source should be integrated with the probe components.
Therefore, realizing a III-V/silicon laser source is also a critical
step towards on-chip silicon photonic spectroscopic sensors.
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Tunable semiconductor lasers operating in the 2-2.5 pum
wavelength range are very relevant for trace gas sensing since
many important industrial gases (e.g., CO2, CO, CHy, NHg,
CsoHs) have strong absorption lines in this spectral region [16].
Compared with the near infrared region, the stronger absorption
cross section of the molecules enable optical gas sensors to op-
erate in this wavelength range with higher sensitivity. Although
the mid-infrared spectral region (>2.5 um) offers even stronger
absorption, in the 2-2.5 pm wavelength range the cheaper pho-
tonic components and low-noise photodetectors enable low-cost
and miniaturized optical sensors without e.g., an extra cool-
ing system. Among different semiconductor lasers, InP-based
and GaSb-based distributed feedback (DFB) lasers and verti-
cal cavity surface emitting lasers (VCSELs) have shown very
good performance in the 2-2.5 pm wavelength range [17]-[20].
However, the tuning range of a single DFB laser and VCSEL
is limited around 3-5 nm. The development of widely tunable
InP-based and GaSb laser sources operating in this spectral re-
gion would allow to simultaneously detect different gases. It is
also very valuable for bio-sensing considering the broad absorp-
tion features of bio-molecules. For example, blood glucose has
a strong combination absorption band in the 2-2.3 um wave-
length range [21]. In this wavelength range, GaSb-based gain
chips coupled to a diffraction grating used for wavelength selec-
tion have shown wide tunability [22]. However, the bulky optic
system and mechanical controller used in these widely tunable
lasers make it less suitable for portable, low-cost optical sensing.

For the 2-2.5 um wavelength range, semiconductor lasers
based on InP-based type-I, type-1I and GaSb-based type-I het-
erostructures have shown high performance [17]-[20]. Among
these material systems, laser diodes based on the GaSb-based
type-I quantum wells exhibit the best performance and can lase
above 3 pum wavelength [23]. However, the heterogeneous in-
tegration processes of GaSb-based materials are not as well-
established as for InP-based materials, which results in a low
process yield and poor device performance so far [24]. Hetero-
geneously integrated InP-type-I Fabry-Perot lasers on silicon
operating at 2.0 ym wavelength have been demonstrated [25].
However, the emission wavelength of InP-based type-I quan-
tum well lasers is limited to around 2.3 pm [26]. In recent
years, InP-based type-II quantum well laser diodes with emis-
sion wavelength up to 2.7 um wavelength have been realized
by employing “W”-shaped InGaAs/GaAsSb quantum wells as
the active region [27]. In this paper, we present three different
types of chip-scale widely tunable lasers based on the hetero-
geneous integration of InP-based type-II materials on silicon or
by butt-coupling a prefabricated a GaSb gain chip with silicon
photonic ICs. The paper is organized as follows. Section Il intro-
duces the heterogeneous integration process of InP-based type-
II materials and the design of the optical coupling between the
III-V waveguide and silicon waveguide. Section III discusses
our recent results on InP-based type-II DFB laser arrays on sil-
icon and their application in gas sensing. Section IV focuses
on heterogeneously integrated widely tunable Vernier lasers,
while Section V is devoted to the widely tunable GaSb/silicon
external cavity laser. Finally, the paper is concluded in
Section VI.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 6, NOVEMBER/DECEMBER 2019

II-V gain section <"

Fig. 1. Schematic of the III-V-on-silicon semiconductor optical amplifier. The
mode intensity distribution in the III-V/silicon hybrid waveguide at two posi-
tions is shown as an inset.

II. HETEROGENEOUSLY INTEGRATED
IT11-V-ON-SILICON LASERS

A heterogeneously integrated InP-based type-II quantum well
laser consists of a ITII-V-on-silicon semiconductor optical ampli-
fier (SOA) and silicon waveguide-based feedback circuit. Fig. 1
shows the schematic of the III-V-on-silicon SOA. The SOA is
adhesively bonded on a silicon rib waveguide with an etch depth
of 180 nm in a 400 nm silicon device layer and consists of a gain
section in the center and two III-V/silicon spot size convert-
ers (SSCs) on both sides. In the gain section, the optical mode
is strongly confined in the III-V waveguide to ensure a high
modal gain. The III-V epitaxial layer stack consists of a 200 nm
thick n-InP contact layer, an active region sandwiched between
a 130 nm thick GaAsSb and a 250 nm thick AlGaAsSb separate
confinement heterostructure layer, a 1.5 gum thick p-InP cladding
layer and a 100 nm thick p+-InGaAs contact layer. The active
region contains six periods of a “W”-shaped quantum well struc-
ture, each separated by a 9 nm tensile strained GaAsg 53Sbg 42
layer. Every quantum well structure consists of a 2.9 nm
thick GaAsg 33Sbg g7 layer surrounded by two 2.6 nm thick
Ing.68Gag 32As layers. The calculated confinement factor of the
TE polarized fundamental mode in the quantum wells is around
10%. An efficient light coupling between the silicon waveguide
and III-V waveguide is achieved by the I1I-V/silicon SSCs. The
SSCs have two tapered section as shown in Fig. 1. In the first sec-
tion, the III-V waveguide is linearly tapered from 5 ymto 1.2 ym
over a length of 50 um. In the second section, the III-V wave-
guide is linearly tapered to a very narrow tip where the silicon
waveguide is tapered from 0.2 ym to 3 um. The second section
is an adiabatic inverted taper coupler, where the optical mode is
gradually transferred from the III-V waveguide to silicon wave-
guide (and vice versa) as shown in Fig. 1. The simulated coupling
efficiency of the III-V/silicon SSC is around 90% when the ITII-V
taper tip is 0.5 pm wide. Detailed information on the design of
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Fig. 2. Process flow for the fabrication of III-V-on-silicon lasers.

the III-V/silicon SSC can found in Ref. [28]. The fabrication
process of heterogeneously integrated InP-based type-II quan-
tum well lasers can be divided in two parts: firstly the sili-
con waveguide circuits are processed in a CMOS pilot line on
200 mm SOI wafers, then the laser sources are fabricated in
a III-V-on-silicon device platform developed for optical com-
munication and sensing applications. In the CMOS pilot line,
the waveguides are etched 180 nm deep in the 400 nm thick
silicon device layer. To achieve a high-yield and uniform bond-
ing, the silicon wafer is planarized by SiO, deposition followed
by a chemical mechanical polishing down to the silicon device
layer. Then the III-V epitaxial layer is adhesively bonded to
the silicon waveguide circuits by a 50 nm thick divinylsiloxane-
bis-benzocyclobutene (DVS-BCB) bonding layer. The absorp-
tion coefficient of DVS-BCB is around 10 cm™! in the 2-3 um
wavelength range [29]. The following process steps are shown
in Fig. 2. After bonding, the InP substrate is removed using HCI
wet etching (Fig. 2(a)). Then the integrated lasers are processed
on the I1I- V-on-silicon membrane. Firstly, a200 nm SiNy layeris
deposited on the sample as a hard mask. Then the III-V wave-
guide is defined using 320 nm UV contact lithography. After
dry etching of the SiNy hard mask and the p+-InGaAs contact
layer, the 1.5 pum thick p-InP cladding layer is etched using a
1:1 HCI:H5O solution (Fig. 2(b)). This anisotropic wet etching
creates a “V”-shaped undercut, which ensures the ITI-V/silicon
SSC have a very narrow taper tip, leading to an efficient cou-
pling between the III-V waveguide and silicon waveguide. Af-
terwards, a second SiNy hard mask is deposited on the sample
to protect the III-V taper tip in the following wet etching. Then
the active region is etched in a 1:1:20:70 H3PO4:H2O,:Citric
Acid:H5O solution using the n-InP layer as the etch stop layer
(Fig. 2(c)). Afterwards, Ni/Ge/Au is deposited on the n-InP layer
(Fig. 2(d)). After metallization and lift-off, the n-InP is etched
by 1:1 HCI:H5O to isolate different devices (Fig. 2(e)). Then
a ~3.5 um thick DVS-BCB layer is spin-coated on the sample
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Fig. 3.
laser.

Schematic of the heterogeneously integrated III-V-on-silicon DFB

to passivate the devices (Fig. 2(f)). After curing, the DVS-BCB
layer is etched back to the p+-InGaAs layer to expose this con-
tact layer. Subsequently, Ti/Au is deposited on the sample as
p-contact (Fig. 2(g)) and probe pad (Fig. 2(h)). A scanning elec-
tron microscope (SEM) image of the fabricated III-V-on-silicon
lasers is shown in Fig. 2(i). This fabrication process is the same
as that of the III-V-on-silicon photodetectors operating in the
2-2.5 pm wavelength range [30], thereby fully integrated spec-
troscopic sensors can be realized based a single epitaxial layer
stack and process flow.

III. HETEROGENEOUSLY INTEGRATED 2.3 um
III-V-ON-SILICON DFB LLASER ARRAY

A. Single IlI-V-on-Silicon DFB Laser

In a heterogeneously integrated InP-based type-II DFB laser
a first-order DFB grating is implemented underneath the II1-V-
on-silicon SOA as schematically shown in Fig. 3. In the device,
the tail of the optical mode interacts with the DFB grating, which
selects the emission wavelength of the laser. In order to have sta-
ble single mode lasing, a quarter-wave shifted grating structure
is used to break the modal degeneracy. The coupling coefficient
k of this DFB grating is calculated to be 80 cm™'. Since the
gain section length of the DFB lasers shown in this paper is
700 pm, the normalized coupling coefficient xL of these DFB
lasers is around 5.6. The integrated lasers are mounted on a
temperature-controlled stage during measurements. The light in
the silicon waveguide is coupled to a standard single-mode fiber
(SMF-28) viaintegrated chip-to-fiber couplers. To determine the
waveguide-couple optical output power of the DFB laser, the
fiber-to-chip coupler loss is measured on reference structures on
the same wafer. An optical spectrum analyzer (OSA, Yokogawa
AQ6375) is used to study the optical output power and emission
spectra of the lasers. Fig. 4 shows the continuous wave (CW)
on-chip output power-current (L-I) curve of a heterogeneously
integrated InP-based type-1I DFB laser with a silicon DFB grat-
ing pitch of 347 nm. In CW regime, the laser can operate till about
25 °C. The maximum on-chip output is 1.3 mW at 5 °C and re-
duces to 0.38 mW at 20 °C, while the threshold current increases
from 52 mA to 76 mA. The performance of this III-V-on-silicon
laser is comparable to state-of-the-art InP-based type-II quan-
tum well lasers on InP substate [27], [31]. Further improvement
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Fig. 4. CW light-current (L-I) curve of the III-V-on-silicon DFB laser with
grating pitch of 347 nm.
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Fig. 5. Fiber-coupled laser spectrum of the III-V-on-silicon laser with DFB
grating pitch of 347 nm.

can be realized by optimizing the III-V epitaxial layer stack,
especially the current injection efficiency [27], e.g., introduc-
ing additional gradings at the heterobarriers between n-InP and
n-GaAsSb. A fiber-coupled lasing spectrum of the device for a
bias current 150 mA at 10 °C is shown in Fig. 5. The dominant
mode is located at 2318.5 nm. Single mode emission with a side
mode suppression ratio (SMSR) of 50 dB is achieved.
High-performance tunable diode laser absorption spec-
troscopy (TDLAS) requires laser sources with stable and mode-
hop-free tuning. The spectral map of the DFB laser with 347 nm
grating pitch as a function of the bias current at 5 °C and 20 °C
is shown in Fig. 6. In both maps, the emission spectra are single
mode with a very high SMSR of more than 40 dB through-
out the current range. The lasing wavelength linearly changes
with the bias current. The device exhibits more than 4 nm and
2.5 nm mode-hop-free tuning at 5 °C and 20 °C, respectively.
The current-tuning coefficient is around 0.02 nm/mA at 5 °C and
0.018 nm/mA 20 °C. A single DFB laser has more than 6 nm
current-tuning range when varying the chip temperature between
5°Cto 25 °C. Therefore, a broad wavelength coverage ITI-V-on-
silicon DFB laser array with wavelength spacing around 6 nm
can be used to detect any absorption features of molecules in this
spectral range. Compared with our previously demonstrated het-
erogeneously integrated InP-based type-II DFB laser [32], [33],
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Fig.7. Normalized emission spectra and output power (indicated by the stars)
of III-V-on-silicon DFB lasers with a silicon grating pitch ranging from 340 nm
to 359 nm.

the device shown here can operate in CW at room temperature
and above without mode-hopping.

B. IlI-V-on-Silicon DFB Laser Array

We have demonstrated I1I-V-on-silicon DFB laser arrays with
wavelength spacing of 30 nm at 2.35 sm wavelength range [33].
In order to achieve complete spectral coverage, in this paper we
report a heterogeneously integrated InP-based type-1I DFB laser
array with a wavelength spacing of 6 nm (combined with the
wavelength tuning discussed above). Here we take advantage of
the state-of-the-art silicon photonics pilot line to fabricate silicon
grating arrays with a pitch increment of 1 nm. Fig. 7 shows the
normalized lasing spectra of a III-V-on-silicon DFB laser array
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with grating pitch variation of 1 nm. Most of the lasers are mea-
sured at 10 °C while the lasers with grating pitch of 341 nm and
355 nm are measured at 5 °C since these two lasers stop lasing
at 10 °C. All lasers are operated CW regime with a bias current
of 180 mA. It can be found that a SMSR higher than 30 dB can
be achieved for all of lasers. The emission wavelength shifts
from 2277 nm to 2289 nm as the DFB grating pitch increases
from 340 nm to 359 nm.1 nm change in the grating pitch results
in 6 nm change in the emission wavelength. The laser with a
grating pitch of 344 nm did not lase because of material defects
in the III-V waveguide, which could be observed during device
processing. The output power of some lasers is substantially
lower than others since these lasers have epitaxial material
defects located in the III-V taper, which introduce a large loss
in the III-V/silicon SSC. The wavelength coverage of this DFB
laser array overlaps with absorption bands of many gases, e.g.,
CO, CHy4, NH3, HFE, CoHs. Therefore, it can be used to detect
these gases from absorption lines within this spectral range.
The heterogeneously integrated III-V-on-silicon DFB laser
array was then used to detect NH3 and CO based on direct ab-
sorption spectroscopy. In the NH3 sensing setup, the light is
coupled from the III-V-on-silicon chip to a single-mode fiber
through the integrated on-chip grating coupler, and then cou-
pled to a NH3 gas cell. The 5.5 cm-long fiber-coupled gas cell
contains pure NH3. DFB lasers with a grating pitch of 343 nm
and 347 nm are used to detect NHj since their wavelength tuning
range overlaps with two strong absorption lines of NH3. During
measurements, the DFB laser with grating pitch of 343 nm is
operated at a heat-sink temperature of 20 °C, while the 347 nm
device is operated at 15 °C. As the bias current increases, the las-
ing wavelength is tuned and scanned over the absorption lines of
NHs, showing a dip in the L-I curve. Based on the pre-measured
current-wavelength relationship, the absorption spectra can be
reconstructed. In these NH3 spectroscopic measurements, both
DFB lasers are tuned in a current step of 2 mA, which corre-
sponds to a wavelength step of around 36 pm. The measured ab-
sorption spectra of NH3 and the corresponding high-resolution
transmission molecular absorption (HITRAN) spectra are shown
inFig. 8(a) and 8(b). Good agreement can be observed. In the CO
sensing setup, the light from the III-V-on-silicon chip is coupled
to a free space gas cell through a collimator. The 10 cm-long
CO gas cell contains pure CO and is AR-coated for a wave-
length range around 2.35 ym. The DFB laser with grating pitch
of 352 nm operated at 10 °C and that with a pitch of 358 nm op-
erated at 5 °C are used. Since CO has much narrower absorption
lines than NHg, the DFB lasers are tuned with a current step of
0.2 mA in the CO sensing measurements, which corresponds to
a wavelength step of 4 pm. From the measurement results shown
in Fig. 9(a) and 9(b) and its comparison with the HITRAN data,
one can conclude that the III-V-on-silicon DFB laser array is
also suitable for gases with very narrow absorption features.

C. Combined IlI-V-on-Silicon DFB Laser Array

For the DFB laser array, the light emitted from different lasers
should be combined to a single waveguide for applications in
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Fig. 8. TDLAS spectra of NH3 using DFB laser with grating pitch of
(a) 343 nm at 20 °C, and (b) 347 nm at 15 °.

multi-species trace gas spectroscopy [34]. In the telecommuni-
cation wavelength range, many types of beam combiners have
been developed in integrated optics for wavelength division mul-
tiplexing (WDM) optical communications, such as multimode
interference (MMI) couplers and funnel combiners [35]. The sil-
icon photonics platform can also provide a low-cost solution to
realize high-performance and compact beam combiners for the
short-wave infrared wavelength range. In this paper we demon-
strate III-V-on-silicon DFB laser arrays integrated with a beam
combiner based on cascade 1 x 2 MMI couplers for applications
in broadband spectroscopy and multi-species trace gas sensing.
Fig. 10(a) shows a microscope image of a four-wavelength DFB
array integrated with the beam combiner. The DFB laser array
has a separation of 120 pm between the different devices, which
share a large p-contact pad that is also used as a heat spreader.
The beam combiner consists of two stages of 1 x 2 MMI cou-
plers and S-bend SOI waveguides as shown in Fig. 10(b). The
S-bend waveguides from the DFB laser to the MMI coupler have
a bending radius of 50 pm and those between two MMIs has a
bending radius of 100 pm. The MMI couplers behave as 50/50
splitter/combiners and were chosen because of their small size
and high tolerance to fabrication errors. The 1 x 2 MMI couplers
have a length of 28.5 ym and a width of 6.5 yum. A simulated
field-intensity distribution of the 1 x 2 MMI coupler when used
as a splitter is shown in Fig. 10(c). The insertion loss of the MMI
coupler is lower than 0.3 dB in simulation.

Fig. 11(a) shows the normalized emission spectra of a beam
combined four-wavelength laser array with different DFB grat-
ing pitches. All lasers are biased at 180 mA and operating at
15 °C during measurements. The silicon grating pitch varies
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Fig. 10. (a) Microscope image of a four-wavelength III-V-on-silicon DFB
laser array integrated with a cascaded MMI beam combiner. (b) Zoom-in on the
silicon waveguide-based beam combiner. (¢) Simulated intensity distribution as
the light propagates through the 1 x 2 MMI coupler.

from 347 nm to 353 nm with a step of 2 nm. The lasing wave-
lengths of these lasers are located at 2318.9 nm, 2330.9 nm,
2343 nm and 2355 nm. A wavelength spacing of 12 nm is
achieved. Besides varying the silicon grating pitch, the lasing
wavelength of DFB lasers also can be controlled by adjusting the
width of the III-V waveguide, which enables very small wave-
length spacing between different channels. Fig. 11(b) shows four
beam combined lasers (with the same grating pitch) with [II-V
waveguide widths from 3.8 pym to 6 pm when driven at the
same condition as the array shown in Fig. 11(a). The wave-
length spacing in this laser array is around 1.4 nm.The optical
loss in the beam combiners can be extracted by comparing the
optical power in the common output waveguide and the wave-
guide connected with each device on the other side (as the DFB
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Fig. 11. Normalized emission of the beam combined III-V-on-silicon laser
arrays: four DFB lasers with (a) different silicon grating pitches, (b) different
III-V waveguide widths. All of lasers in each arrays are measured at the same
condition. In both figures, the on-chip peak output powers are indicated by stars.

laser structures are symmetrical). In both III-V-on-silicon DFB
laser arrays, the loss is around 6.5-7 dB for every channel. The
output powers of these lasers are indicated by stars as shown
in Fig. 11. This loss mainly comes from the 3 dB loss in ev-
ery 1 x 2 MMI combiner. By heterogeneously integrating a
III-V-on-silicon SOA on the output waveguide, this loss can be
compensated. For this, we have demonstrated a heterogeneously
integrated InP-based type-II SOA with peak gain of ~10 dB and
3 dB bandwidth of 150 nm near 2.35 pm wavelength. An alter-
native solution to reduce the loss in beam combing is replacing
the beam combiners with an AWG with low-loss and flat-top
passband [36]. Besides, Mach-Zehnder based optical switches
also can be used as beam combiners.

The beam combined III-V-on-silicon DFB laser array can be
used for a variety of spectroscopic applications. For example, the
laser array with large wavelength spacing (e.g., the one shown
in Fig. 11(a)) can be used for multi-species trace gas sensing
in a broad (>120 nm) spectral range. In this array, each chan-
nel can be controlled to lase around a strong absorption line
of one gas, that does not overlap with absorption lines of other
gases. The laser array with small wavelength spacing can be
used for mode-hop free spectroscopy over an extended wave-
length range, by only adjusting the bias current of different de-
vices without changing the heat-sink temperature to tune the
lasing wavelength. Here we show its application for TDLAS
of NH3 in a >7 nm spectral range as shown in Fig. 12. The
beam combined lasers shown in Fig. 10(b) are operated at room
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Fig. 12.  TDLAS spectrum of NH3 obtained with the beam combined laser

array with different III-V waveguide widths and the corresponding HITRAN
spectrum.

Fig. 13.

Schematic of the III-V-on-silicon Vernier laser.

temperature during measurements. The 3.8 ym wide DFB laser
covers the wavelength range from 2327.8 nm to 2330.2 nm, the
4.3 pm one covers 2330.2 nm to 2331.3 nm, the 5 m one cov-
ers 2331.3 nm to 2333.1nm and the 6 m one covers 2333.1 nm
to 2335 nm. A good match with the HITRAN data, also shown
in Fig. 12, can be observed. These spectroscopic measurement
results prove that these III-V-on-silicon DFB laser arrays can be
used as the light source for multi-species trace gas sensing and
broadband sensing.

IV. WIDELY TUNABLE 2.3 um III-V-ON-SILICON
VERNIER LASER

In the last section, we showed that integrating a series of DFB
lasers with silicon photonics beam combiners enables widely
tunable single-mode laser sources with mode hop free tuning.
In this section, we summarize our recent results on another solu-
tion to realize widely tunable laser sources for spectroscopy: het-
erogeneously integrating short-wave infrared III-V SOAs with
widely tunable silicon photonic filters [37]. The schematic of a
widely tunable III-V-on-silicon laser using a silicon photonics
Vernier filter to select the lasing wavelength is shown in Fig. 13.
The Vernier filter and an InP-based type-II quantum well SOA
are integrated in a silicon waveguide-based Fabry-Perot laser
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and Vernier filter.

cavity. The epitaxial layer stack design is the same to the one
used in the DFB lasers shown in the last section. The Fabry-Perot
laser cavity is formed between a high-reflectivity and relatively
low-reflectivity silicon DBR (DBR1 and DBR2 respectively).
The light is coupled out from the laser cavity to a single mode
silicon waveguide through DBR2. The Vernier filter consists of
two silicon micro-ring resonators (MRRs) with slightly different
radii. The radius of MRR1 and MRR2 is 49.1 ym and 44.7 pum,
respectively. The different radii lead to different free spectral
ranges (FSRs). The FSR of MRR1 and MRR2 is 5 nm and
5.5 nm, respectively. Fig. 14 shows the calculated transmission
spectra of the two MRRs and the corresponding Vernier filter,
assuming an MRR quality factor Q = 2000 and no waveguide
loss. The FSR of the Vernier filter is 55 nm. The transmission of
the Vernier filter reaches a maximum when the resonant peaks
of the MRRs overlap. Therefore, the lasing wavelength of the
III-V-on-silicon Vernier laser is determined by the alignment of
the MRR transmission spectra. In order to tune this wavelength
position, a microheater is integrated on the MRRs to tune the
resonant peak by the thermo-optic effect. The microheaters are
patterned and deposited on the DVS-BCB passivation layer after
the III-V-on-silicon processes described in Section II.

Fig. 15 shows CW superimposed lasing spectra and output
power (indicated by the stars) of a III-V-on-silicon Vernier laser
with a DBR pitch of 435 nm and a MRR Q-factor of 5000 at 0 °C.
A 30 nm wavelength tuning centered at 2.34 ;m is achieved by
varying the electrical power dissipated in the microheater on top
of MRR2. In the tuning, 29 mW change in the heater power dis-
sipation leads to a 5 nm change in the lasing wavelength. In this
device, the microheaters are deposited on a 1.8 pum thick DVS-
BCB passivation layer to avoid optical coupling between the
silicon waveguide and heater. Because the DVS-BCB is a low
thermal conductivity material, the tuning range of the laser is
limited by the maximum electrical power that can be dissipated
in the microheater and the thermal tuning efficiency. Reducing
the DVS-BCB gap between the silicon waveguide and micro-
heater can improve the thermal tuning efficiency and maximum
affordable power dissipation. Therefore, we also fabricated I1I-
V-on-silicon lasers with a 1 m DVS-BCB gap. The wavelength
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Fig. 15. Superimposed CW lasing spectra and output power of the III-V-
on-silicon Vernier laser for different power dissipation in the micro-heater on
MRR2. The on-chip peak output powers are indicated by stars.

tuning range of this laser is improved to 50 nm at 5 °C (when
operated in pulsed mode). However, this device did not lase in
CW regime at 5 °C because the 1 ym DVS-BCB gap between
silicon waveguide and microheaters introduces optical coupling
between them, resulting in a higher loss of the laser cavity.When
the Vernier laser shown in Fig. 13 is tuned by heating one of the
MRRs, the tuning resolution is limited by the FSR of the un-
heated MRR. However, TDLAS of gases with narrow absorp-
tion lines requires laser sources that can be continuously tuned
near the absorption lines. In order to precisely move the lasing
wavelength close to gas absorption lines, both MRRs should be
simultaneously heated to achieve a fine wavelength tuning [37].
Based on this method, a quasi-continuously wide tuning range
of tens of nm can be realized. However, the tuning resolution
is still limited by the longitudinal mode spacing of the Fabry-
Perot cavity. Then we continuously tune the lasing wavelength
near the absorption lines by adjusting the bias current of the gain
section. The increase of bias current results in a temperature in-
crease in the device, which leads to an increase in the refractive
index of III-V waveguide and effective laser cavity length. In
this method, a continuous tuning range equal to the longitudi-
nal mode spacing of the Fabry-Perot cavity can be achieved.
Fig. 16(a) show the spectral map of the fiber-coupled emission
spectrum of a III-V-on-silicon Vernier laser as a function of the
bias current at 5 °C. A continuous tuning range around 0.3 nm
is achieved by increasing the bias current by 30 mA. The laser
keeps lasing in the 0.3 nm spectral range centered at 2337.4 nm
wavelength as seen in Fig. 16 (a) since the FSR of the longitu-
dinal modes is around 0.3 nm. When the lasing mode is tuned
too far from the overlapping resonant peak of the two MRRs,
the laser will hop to another longitudinal mode closer to the
transmission peak of the Vernier filter.

We carried out a direct absorption spectroscopy measurement
of CO to verify the performance of the III-on-silicon Vernier
lasers in TDLAS. Fig. 17(a) shows the HITRAN absorption
spectrum of CO in the 2315 nm to 2345 nm wavelength range.
Many discrete absorption lines with spacing around 2 nm can be
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Fig. 16.  (a) Contour map of the fiber-coupled emission spectra of a III-V-on-
silicon Vernier laser as a function of the bias current; (b) spectral map after the
light has passed through the CO gas cell.

seen. The strongest absorption is located around 2332 nm wave-
length. In the TDLAS measurements, a CO gas cell identical
to the one introduced in the last section was used. A III-V-on-
silicon Vernier laser operated at 5 °C in CW regime is used as the
laser source. In the measurements, the emission wavelength of
the laser is tuned close to one of three absorption lines with differ-
ent line intensity by heating both MRRs as shown in Fig. 17(b).
Then high-resolution spectroscopy is achieved by continuously
tuning the laser bias current. Fig. 16(b) shows a contour map
of the fiber-coupled laser spectra centered at 2337.4 nm wave-
length after passing through the CO gas cell. Absorption dips
can be seen in the spectral map as the bias current increases from
120 mA to 200 mA. Based on the current-wavelength relation-
ship, the TDLAS spectra and corresponding HITRAN spectra
centered at 2341.2 nm are shown in Fig. 17(c). The measured
absorption dip and 3 dB bandwidth match very well to the ref-
erence HITRAN data in all of three absorption lines. This result
indicates the III-V-on-silicon Vernier laser is suitable for high-
resolution TDLAS measurements.

V. GaSb/SILICON HYBRID EXTERNAL CAVITY LASERS

In the 2-3 um wavelength range, semiconductor lasers im-
plemented in GaSb-based material systems show better perfor-
mance than those based on InP-based materials [23]. However,
the heterogeneous integration processes of GaSb-based materi-
als are less mature than that of InP-based devices, which results
in a lower process yield and laser performance for the former
[24]. Here we summarize our recent work on GaSb/silicon exter-
nal cavity lasers by butt coupling a GaSb-based gain chip with
a silicon photonic IC [38]. In this method, a compact widely
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tunable external cavity laser can be realized by utilizing an
ultra-compact silicon photonic IC and high-performance silicon
photonic filters, while heterogeneous integration processes are
avoided. Fig. 18(a) shows the schematic of the GaSb/silicon ex-
ternal cavity laser. A GaSb-based superluminescent diode (SLD)
is used as the gain chip. In the 2 mm long gain chip, a HR coat-
ing with >95% reflectivity is applied on one facet while an AR
coating with <0.1% reflectivity is applied on the facet close to
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Fig. 19.  Superimposed spectra and output power of the GaSb/silicon external
cavity laser when the gain chip is operated uncooled.

the silicon photonic IC. The AR coated facet has a tilt-angle of
5.2 degrees to avoid self-lasing in the gain chip. The light cou-
pling between the gain chip and silicon photonic IC is realized
by a silicon SSC. To match the optical mode of the light from
the gain chip, a 6 um x 0.06 pm silicon slab waveguide tilted
12 degrees is used as the facet of the silicon SSC. In order to
efficiently convert the mode from the slab waveguide to that of
the single mode strip waveguide (0.7 pm x 0.22 pm), a 200 pm
long silicon waveguide tapered from 180 nm to 700 nm is used
in the SSC. Simulations indicate that the coupling loss between
the gain chip and silicon slab waveguide is around 1 dB, and the
mode conversion loss between the silicon slab waveguide and
strip waveguide is also around 1 dB. A microscope image of the
interface between the gain chip and silicon photonic IC is shown
in Fig. 18(b). A Fabry-Perot laser cavity is formed between the
HR-coated facet of the gain chip and the silicon DBR. In the sil-
icon photonic IC, similar to the heterogeneously integrated laser
shown in Fig. 13, a Vernier filter consisting of two silicon MRRs
is used to select the lasing wavelength. In order to continuously
tune the lasing wavelength without changing the bias current of
the gain chip, a silicon spiral waveguide is integrated in the laser
cavity as a phase shifter.

The wavelength tuning of the GaSb/silicon external cavity
laser is also realized by adjusting the electrical power dissipated
in the microheaters on the MRRs. Fig. 19 shows the superim-
posed lasing spectra of a GaSb/silicon hybrid laser operating
near 2.05 pm wavelength by tuning one MRR. The GaSb-based
gain chip is not cooled during measurements. A wavelength tun-
ing range of 58 nm is achieved with a heater power consumption
of 132 mW. Every ~12 mW electrical power change results in
6.5 nm wavelength shift. Over the full tuning range, a SMSR
better than 52 dB is achieved. Similar to the heterogeneously in-
tegrated Vernier laser, a fine wavelength tuning can be achieved
by simultaneously heating both MRRs and a continuous wave-
length tuning can be realized by heating the phase section [38].
Under uncooled conditions, the maximum output power of the
laser is around 3.8 mW and the threshold current density is
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1 kA/cm?. The Q-factor the MRRs used in this Vernier laser
is 13500. When the Q-factor of the MRRs reduces, the output
power will increase and the threshold current can reduce. For
example, when the Q-factor of the MRR reduces to 2500, the
uncooled laser has a maximum output power of 7.5 mW and a
threshold current density of 0.8 kA/cm?. However, the SMSR
over the full wavelength tuning range reduces to 36 dB and the
wavelength stability during tuning also decreases.

VI. CONCLUSION AND PERSPECTIVE

Integrating III-V materials or pre-fabricated gain chips with
silicon photonic ICs is very promising approach to realize
widely tunable laser sources for advanced spectroscopic ap-
plications. The silicon photonics platform can provide plenty
high-performance building blocks for I1I-V/silicon lasers, such
as low-loss beam combiners, widely tunable filters and ultra-
compact cavities. Based on these silicon photonic components,
widely tunable DFB laser arrays, Vernier lasers and external
cavity lasers operating in the 2-2.5 pm wavelength range
have been demonstrated. These lasers are suitable for TDLAS
measurement of gases in a broad spectral range. Moreover, these
III-V/silicon lasers can be integrated with silicon waveguide-
based probe components and III-V/silicon photodetectors to
realize fully integrated on-chip spectroscopic sensors. Further
improvements on the III-V/silicon laser performance are still
to be made in order to achieve better performance for practical
applications. For example, the output power of the heteroge-
neously integrated lasers at room temperature and above should
be improved. This goal can be realized by optimizing the design
of the III-V epitaxial layer stack and introducing better heat
spreading structures. For the III-V-on-silicon Vernier laser, the
DVS-BCB passivation layer can be replaced by material with
higher thermal conductivity (e.g., SiNy) to achieve a wider
tuning range in CW mode. For the GaSb/silicon hybrid laser,
the Vernier filter (FSR = 65 nm) used in the current device
can be replaced by a filter with larger FSR to achieve much
wider tuning range. Besides, the GaSb/silicon external cavity
laser configuration can be used to realize laser sources in the
whole 2-2.5 um and even at longer wavelengths considering
the availability of the GaSb-based gain chips.

ACKNOWLEDGMENT

The authors would like to thank S. Verstuyft and M. Muneeb
for metallization processing help.

REFERENCES

[1] Y. A. Vlasov, “Silicon CMOS-integrated nano-photonics for computer and
data communications beyond 100G,” IEEE Commun. Mag., vol. 50, no. 2,
pp. s67-s72, Feb. 2012.

[2] A. Spott et al., “Heterogeneous integration for mid-infrared silicon
photonics,” IEEE J. Sel. Topics Quantum Electron., vol. 23, no. 6,
Nov./Dec. 2017, Art. no. 8200810.

[3] Z. Wang et al., “Novel light source integration approaches for silicon
photonics,” Laser Photon. Rev., vol. 11, no. 4, 2017, Art. no. 1700063.

[4] S. Chen et al., “Electrically pumped continuous-wave III-V quantum dot
lasers on silicon,” Nature Photon., vol. 10, no. 5, pp. 307-311, 2016.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 6, NOVEMBER/DECEMBER 2019

[5] T. Kita, R. Tang, and H. Yamada, “Narrow spectral linewidth silicon
photonic wavelength tunable laser diode for digital coherent communi-
cation system,” IEEE J. Sel. Topics Quantum Electron., vol. 22, no. 6,
Nov./Dec. 2016, Art. no. 1500612.

[6] S. Xiao, M. H. Khan, H. Shen, and M. Qi, “Compact silicon microring
resonators with ultra-low propagation loss in the C band,” Opt. Express,
vol. 15, no. 22, pp. 14467-14475, 2007.

[7] F. Horst et al., “Cascaded Mach-Zehnder wavelength filters in silicon
photonics for low loss and flat pass-band WDM (de-)multiplexing,” Opt.
Express, vol. 21, no. 10, pp. 11652-11658, 2013.

[8] A.Liand W. Bogaerts, “Experimental demonstration of a single silicon
ring resonator with an ultra wide FSR and tuning range,” Opt. Lett., vol. 42,
no. 23, pp. 4986-4989, 2017.

[9] Z. Wang et al., “A III-V-on-Si ultra-dense comb laser,” Light, Sci. Appl.,
vol. 6, 2017, Art. no. e16260.

[10] T. Kita, R. Tang, and H. Yamada, “Compact silicon photonic wavelength-
tunable laser diode with ultra-wide wavelength tuning range,” Appl. Phys.
Lett., vol. 106, no. 11, 2015, Art. no. 111104.

[11] L.Tombez et al., “Methane absorption spectroscopy on a silicon photonic
chip,” Optica, vol. 4, no. 11, pp. 1322-1325, Nov. 2017.

[12] E.M.P.Ryckeboer et al., “Measurement of small molecule diffusion with
an optofluidic silicon chip,” Lab Chip, vol. 13, no. 22, pp. 4392-4399,
2013.

[13] J. T. Robinson, L. Chen, and M. Lipson, “On-chip gas detection in silicon
optical microcavities,” Opt. Express, vol. 16, no. 6, pp. 42964301, 2008.

[14] F. Dell’Olio and V. M. Passaro, “Optical sensing by optimized silicon slot
waveguides,” Opt. Express, vol. 15, no. 8, pp. 4977-4993, 2007.

[15] M. Lee and P. M. Fauchet, “Two-dimensional silicon photonic crystal
based biosensing platform for protein detection,” Opt. Express, vol. 15,
no. 8, pp. 4530-4535, 2007.

[16] L. S. Rothman et al., “The HITRAN2012 molecular spectroscopic
database,” J. Quant. Spectrosc. Radiat. Transf., vol. 130, pp. 4-50, 2013.

[17] S. Forouhar et al., “High-power laterally coupled distributed-feedback
GaSb-based diode lasers at 2 pum wavelength,” Appl. Phys. Lett., vol. 100,
no. 3, 2012, Art. no. 031107.

[18] D. Sanchez, L. Cerutti, and E. Tournié, “Single-mode monolithic GaSb
vertical-cavity surface-emitting laser,” Opt. Express, vol. 20, no. 14,
pp. 15540-15546, 2012.

[19] F. Xu et al., “2004-nm ridge-waveguide distributed feedback lasers with
InGaAs multi-quantum wells,” IEEE Photon. Technol. Lett., vol. 28, no. 20,
pp. 2257-2260, Oct. 2016.

[20] S. Sprengel et al., “Continuous wave vertical cavity surface emitting
lasers at 2.5 pum with InP-based type-II quantum wells,” Appl. Phys. Lett.,
vol. 106, no. 15, 2015, Art. no. 151102.

[21] N. V. Alexeevaand M. A. Arnold, “Near-infrared microspectroscopic anal-
ysis of rat skin tissue heterogeneity in relation to noninvasive glucose
sensing,” J. Diabetes Sci. Technol., vol. 3, no. 2, pp. 219-232, 2009.

[22] K. Vizbaras et al., “High power continuous-wave GaSb-based superlumi-
nescent diodes as gain chips for widely tunable laser spectroscopy in the
1.95-2.45 pm wavelength range,” Appl. Phys. Lett., vol. 107, no. 1, 2015,
Art. no. 011103.

[23] A. Bauer et al., “Mid-infrared semiconductor heterostructure lasers for
gas sensing applications,” Semicond. Sci. Technol., vol. 26, no. 1, 2011,
Art. no. 014032.

[24] G. Roelkens et al., “Silicon-based photonic integration beyond the
telecommunication wavelength range,” IEEE J. Sel. Topics Quantum Elec-
tron., vol. 20, no. 4, 2014, Art. no. 8201511.

[25] A. Spott et al., “Heterogeneously integrated 2.0 pm CW hybrid silicon
lasers at room temperature,” Opt. Lett., vol. 40, no. 7, pp. 1480-1483,
2015.

[26] G.Boehm et al., “Growth of InAs- containing quantum wells for InP-based
VCSELs emitting at 2.3 pum,” J. Cryst. Growth, vol. 301, pp. 941-944,
2007.

[27] S. Sprengel et al., “InP-based type-II quantum-well lasers and LEDs,”
1IEEE J. Sel. Topics Quantum Electron., vol. 19, no. 4, Jul./Aug. 2013, Art.
no. 1900909.

[28] R. Wang et al., “2.3 pm range InP-based type-II quantum well Fabry-
Perot lasers heterogeneously integrated on a silicon photonic integrated
circuit,” Opt. Express, vol. 24, no. 18, pp. 21081-21089, 2016.

[29] A. Gassenq et al., “Study of evanescently-coupled and grating-assisted
GalnAsSb photodiodes integrated on a silicon photonic chip,” Opt. Ex-
press, vol. 20, no. 11, pp. 11665-11672, 2012.

[30] R.Wang et al., “III-V-on-silicon 2-pum-wavelength-range wavelength de-
multiplexers with heterogeneously integrated InP-based type-II photode-
tectors,” Opt. Express, vol. 24, no. 8, pp. 8480-8490, 2016.



WANG et al.: WIDELY TUNABLE III-V/SILICON LASERS FOR SPECTROSCOPY IN THE SHORT-WAVE INFRARED

[31] S. Sprengel et al., “InP-based type-II heterostructure lasers for 2.5 pm
working CW atroom temperature and above,” in Proc. IEEE Int. Semicond.
Laser Conf., 2014, Paper MC.05.

R. Wang et al., “Heterogeneously integrated III-V-on-silicon 2.3x pm
distributed feedback lasers based on a type-II active region,” Appl. Phys.
Lett., vol. 109, 2016, Art. no. 221111.

R. Wang et al., “Broad wavelength coverage 2.3 pm III-V-on-silicon DFB
laser array,” Optica, vol. 4, no. 8, pp. 972-975, 2017.

L. Bizet et al., “Multi-gas sensing with quantum cascade laser array in
the mid-infrared region,” Appl. Phys. B, vol. 123, 2017, Art. no. 145.
[35] H. Ishii et al., “Widely wavelength-tunable DFB laser array integrated
with funnel combiner,” IEEE J. Sel. Topics Quantum Electron., vol. 13,
no. 5, pp. 1089-1094, Sep./Oct. 2007.

S. Pathak, M. Vanslembrouck, P. Dumon, D. Van Thourhout, and W. Bo-
gaerts, “Optimized silicon AWG with flattened spectral response using an
MMI aperture,” J. Lightw. Technol., vol. 31, no. 1, pp. 87-93, Jan. 2013.
R. Wang et al., “Widely tunable 2.3 psm III-V-on-silicon Vernier lasers for
broadband spectroscopic sensing,” Photon. Res., vol. 6, no. 9, pp. 858-866,
2018.

R. Wang et al., “Compact GaSb/silicon-on-insulator 2.0 x zem widely tun-
able external cavity lasers,” Opt. Express, vol. 24, no. 25, pp. 28977-28986,
2016.

[32]

[33]

[34]

[36]

(371

[38]

Ruijun Wang received the B.S. degree in material science and engineering from
Xidian University, Xi’an, China, the M.S. degree in material physics and chem-
istry from Shandong University, Jinan, China, and the Ph.D. degree in photonics
engineering from Ghent University, Ghent, Belgium. He is currently a Postdoc-
toral Researcher with Institute for Quantum Electronics, ETH Zurich, Zurich,
Switzerland. Prior to joining the ETH Zurich, he was a Postdoctoral Researcher
with Photonics Research Group of Ghent University-IMEC from 2017 to 2018.
His current research interests include semiconductor lasers, photonic integrated
circuits, frequency comb, infrared spectroscopy, and high-speed photodetectors.

Bahawal Haq received the B.S. degree in engineering sciences from the Ghulam
Ishaq Khan Institute of Engineering Sciences and Technology, Pakhtunkhwa,
Pakistan, in 2013, the M.S. degree in microsystems engineering from Masdar
Institute, Abu Dhabi, UAE, in 2016. He is currently working toward the Ph.D.
degree at Photonics Research Group, Ghent University, Ghent, Belgium. His
current research interests include heterogeneous integration of III-V/Si for the
development of lasers and SOAs.

Stephan Sprengel was born in Erding, Germany, in 1987. He received
the Dipl.Phys. degree from Technische Universitit Miinchen, Miinchen,
Germany, in 2012. Since then he has been working toward the Ph.D. degree with
the Walter Schottky Institut, Technische Universitit Miinchen. He is currently
involved in the research on InP and GaSb-based type-I and type-II quantum well
lasers, LEDs, and photodiodes for the mid-infrared including design, epitaxial
growth, manufacturing, and characterization. He is a member of the Deutsche
Physikalische Gesellschaft and the IEEE Photonics Society.

Aditya Malik received the bachelor’s degree in physics from Delhi University,
the M.Sc. degree in physics from IIT Delhi, and the Ph.D. degree from the
Photonics Research Group, Ghent University, Ghent, Belgium, in March 2015,
developing a novel CMOS compatible waveguide platform beyond the telecom-
munication wavelength range. He was a DAAD Fellow in FU Berlin during
his master studies. After receiving the Ph.D. degree, he worked on various top-
ics such as realizing integrated gas sensors, external cavity tunable lasers, and
wavelength demultiplexers operating in mid-infrared. His current research in-
terest is integration of mid-infrared light sources on CMOS compatible passive
waveguide platforms. He has authored or coauthored more than 35 journal and
conference papers which have been cited more than 700 times.

1502412

Anton Vasiliev received the B.Sc. degree in applied physics engineering in
2012 and the M.Sc. degree in photonics in 2014 from Ghent University, Ghent,
Belgium. He is currently working toward the Ph.D. degree in photonics with
the Photonics Research Group, Department of Information Technology, IMEC,
Ghent University, Ghent, Belgium. His current research interests include inte-
grated circuits on SOI platform for mid-infrared spectroscopy applications and
photothermal methods for trace gas detection. He is a member of the IEEE Pho-
tonics Society and the OSA Optical Society.

Gerhard Boehm was born in Munich, Germany, in 1962. He received the
Dipl.Ing. degree in technical physics from Fachhochschule Muenchen, Munich,
Germany, in 1988. Since then he has been with the Walter Schottky Institut,
Technical University of Munich, Munich, Germany. His main interests include
epitaxial growth of I[II-V semiconductor structures, quantum cascade lasers, and
long-wavelength vertical-cavity and edge-emitting laser diodes.

Ieva Simonyté received the M.Sc. degree in material science and semiconduc-
tors physics in 2014 from Vilnius University, Vilnius, Lithuania. Since 2013, she
has been working as a Computational Simulation Engineer in Brolis Semicon-
ductors, Vilnius, Lithuania. Her activities include electrical, thermal, and optical
modeling of semiconductor material, devices and systems, simulations of light
interaction with living body, and statistical data analysis. She has authored or
coauthored more than 15 papers in scientific peer-reviewed journals and confer-
ence proceedings and six pending patent applications.

Augustinas Vizbaras received the B.S. degree in electrical engineering in 2007
from Vilnius University, Vilnius, Lithuania, the M.Sc. degree in physics in 2009
from the Royal Institute of Technology, Stockholm, Sweden, and the doctoral de-
gree in the field of semiconductor technology in 2012 from the Walter Schottky
Institut, TU Munich, Munich, Germany. In 2011, he co-founded Brolis Semicon-
ductors, Vilnius, Lithuania, where he currently heads the chip technology and
sensor activities. He has authored or coauthored more than 50 papers in scientific
peer-reviewed journals and conference proceedings, three granted U.S. patents,
and nine pending international patent applications. He was awarded with the
Order of Merit to Lithuania Knights Cross in 2017, the Medal for Distinguished
Service from Lithuanian Special Operation Forces in 2018, and the Medal for
Merit to Lithuania’s Riflemen’s Union in 2015.

Kristijonas Vizbaras received the B.S. degree in electrical engineering in 2007
from Vilnius University, Vilnius, Lithuania, the M.Sc. degree in physics in 2009
from the Royal Institute of Technology, Stockholm, Sweden, and the Doctoral
degree in the field of semiconductor technology in 2012 from the Walter Schottky
Institute, TU Munich, Munich, Germany. In 2011, he co-founded Brolis Semi-
conductors, Vilnius, Lithuania, where he currently heads the epitaxial growth
activities. He has authored or coauthored more than 50 papers in scientific peer-
reviewed journals and conference proceedings, two granted U.S. patents, and
nine pending patent applications. He was awarded with the Order of Merit to
Lithuania Knights Cross in 2017, the Medal for Distinguished Service from
Lithuanian Special Operation Forces in 2018, and the Medal for Merit of Lithua-
nia’s Riflemen’s Union in 2015.



1502412

Joris Van Campenhout received the master’s degree in physics engineering in
2002 and the Ph.D. degree in electrical engineering in 2007, both from Ghent
University, Ghent, Belgium. After receiving the Ph.D. degree, he was a Postdoc-
toral Researcher with the IBM T. J. Watson Research Center, New York, NY,
USA. In 2010, he joined IMEC, Belgium, where he is currently the Program
Manager Optical 1/0.

Roel Baets received the M.Sc. degree in electrical engineering from Ghent
University (UGent), Ghent, Belgium, in 1980, the second M.Sc. degree from
Stanford University, Stanford, CA, USA, in 1981, and the Ph.D. degree from
UGent, in 1984. He is a Full Professor with UGent and is associated with IMEC.
From 1984 to 1989, he held a postdoctoral position with IMEC. Since 1989, he
has been a Professor with the Faculty of Engineering and Architecture, UGent,
where he founded the Photonics Research Group. From 1990 to 1994, he was
a part-time Professor with Delft University of Technology and from 2004 to
2008 with Eindhoven University of Technology. He has mainly worked in the
field of integrated photonics. As part of a team of eight professors, he leads the
Photonics Research Group. In 2006, he founded the ePIXfab, the globally first
multiproject-wafer service for silicon photonics. Since then ePIXfab has evolved
to become the European Silicon Photonics Alliance. He is also the Director of the
multidisciplinary Center for Nano- and Biophotonics with UGent, founded in
2010. He was a co-founder of the European M.Sc. programme in photonics. He
is an ERC Grantee of the European Research Council and a Methusalem Grantee
of the Flemish government. He is a Fellow of the European Optical Society and
Optical Society. He is also a member of the Royal Flemish Academy of Belgium
for Sciences and the Arts.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 6, NOVEMBER/DECEMBER 2019

Markus-Christian Amann was born in Singen/Hohentwiel, Germany, in 1950.
He received the Diploma in electrical engineering and the Dr. Ing. degree from
Technische Universitit Miinchen, Munich, Germany, in 1976 and 1981, respec-
tively. From 1981 to 1994, he was with the Corporate Research Laboratories,
Siemens AG, Munich, where he was involved in the research on long-wavelength
InGaAsP-InP laser diodes. In 1990, he became the Deputy Director for the re-
search on laser diodes and integrated optoelectronic devices. On February 1994,
he joined as a Full Professor in “Technical Electronics” with the Department
of Electrical Engineering, University of Kassel, where he established a working
group for III/V semiconductor electronics and optoelectronics. Since Novem-
ber 1997, he has been the Chair of semiconductor technology with the Walter
Schottky Institut, Technische Universitit Miinchen, Garching. He has authored
or coauthored about 400 articles and talks on semiconductor optoelectronics in
scientific journals, conference proceedings, and coauthored two books. He is a
member of the German Informationstechnische Gesellschaft and a Fellow of the
IEEE Photonics Society. He was a member of numerous conference commit-
tees such as the IEEE Semiconductor Laser Conferences, the Indium Phosphide
and Related Materials Conferences, and the Conferences on Lasers and Electro-
Optics.

Gunther Roelkens received the degree in electrical engineering and the Ph.D.
degree from the Department of Information Technology, Ghent University,
Ghent, Belgium, in 2002 and 2007, respectively. He is currently a Full Professor
with Ghent University. In 2008, he was a Visiting Scientist with the IBM T. J.
Watson Research Center, Rochester, NY, USA. He was an Assistant Professor
with Eindhoven University of Technology, Eindhoven, The Netherlands. His re-
search interests include the heterogeneous integration of III-V semiconductors
and other materials on top of silicon waveguide circuits and electronic/photonic
co-integration. He was a holder of an ERC starting Grant MIRACLE to start up
research in the field of integrated mid-infrared photonic integrated circuits.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


