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Silicon does not emit light efficiently, therefore the integration of other
light-emitting materials is highly demanded for silicon photonic integrated
circuits. A number of integration approaches have been extensively explored
in the past decade. Here, the most recent progress in this field is reviewed,
covering the integration approaches of III-V-to-silicon bonding, transfer
printing, epitaxial growth and the use of colloidal quantum dots. The basic
approaches to create waveguide-coupled on-chip light sources for different
application scenarios are discussed, both for silicon and silicon nitride based
waveguides. A selection of recent representative device demonstrations is
presented, including high speed DFB lasers, ultra-dense comb lasers, short
(850nm) and long (2.3μm) wavelength lasers, wide-band LEDs, monolithic
O-band lasers and micro-disk lasers operating in the visible. The challenges
and opportunities of these approaches are discussed.
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1. Introduction

A tremendous research effort has gone
into the development of silicon photon-
ics over the past decade. By leveraging the
well-established complementary metal
oxide semiconductor (CMOS) manufac-
turing infrastructure, silicon photonics
allows for mass-producible, high-yield
photonic chips. Relevant technologies
have advanced such that most of the
key components are nowadays avail-
able with superior performance, such as
low-loss waveguides, multiplexing units,
high-speed modulators and photodetec-
tors. Thus, after years of R&D and in-
vestments by industrial giants and re-
search centers, silicon photonics-based
optical interconnect solutions are now

finding their application in hyper-scale datacenters, a market that
has traditionally been dominated by III-V-based solutions such
as vertical cavity surface emitting lasers (VCSELs). On the other
hand, despite that they are being processed on smaller wafers,
with a lower process maturity, yield and therefore higher cost,
compound semiconductor solutions are still dominating the dis-
crete photonic devices market today. One of the key factors that
holds back silicon photonics is that it is fundamentally very chal-
lenging to achieve efficient light generation, and subsequently
realize lasing using silicon. Different from direct bandgap mate-
rials (such as GaAs and InP), the X valley of silicon’s conduction
band is not aligned with the maximum of its valence band. By
the law of momentum conservation, to generate a photon by car-
rier recombination, a third particle (a phonon in this case) must
be involved to carry away the excess momentum, which makes
this process inefficient. For more details of the fundamentals and
relevant research progress in silicon light emission, readers are
referred to an earlier review article.[1]

Limited by the lack of efficient on-chip light sources, most of
the demonstrated silicon photonic systems rely on external light
sources. The use of off-chip lasers allows keeping their optimized
performance in terms of efficiency, temperature control and
long-term reliability. However, the output from off-chip lasers
suffers extra loss when coupled into silicon photonic chips.[2]
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The large physical footprint and the high cost of packaging also
hinder the further scaling of the number of light sources that can
be integrated on a single chip, which is particularly important
when extending the transmission bandwidth using wavelength
multiplexing. Therefore, a lot of research is geared towards
integrating light sources on silicon photonic chips. In the past
decade, several promising approaches have been extensively
investigated, and improved light generation efficiency and even
lasing have been demonstrated using Si nanocrystals,[3] rare
earth doped glasses,[4] Germanium (Ge) and its alloys,[5,6] and
Si-integrated III-Vs,[7,8] etc. An excellent review on these topics
has recently been published elsewhere.[9] Considering that the
above-mentioned research activities are all aligned with the aim
of delivering on-chip light sources for optical interconnects, most
of the demonstrations have been focusing on the following re-
quirements: emission at communication wavelengths (1310 nm
or 1550 nm); electrical pumping; operation at room or even
elevated temperatures, low power consumption, and CMOS-
compatible mass-production capability. On the other side, after
being heavily investigated for over a decade, silicon photonics
is going beyond a technology that is purely communication-
oriented and has evolved into a versatile integration platform,
which has a great potential to serve various application fields,
including sensing,[10] spectroscopy,[11] signal processing,[12]

quantum science,[13] microwave engineering,[14] imaging,[15]

high performance computing,[16] etc. Depending on the nature
of different application scenarios, some of the restrictions
discussed above can be lifted, although new requirements may
apply. In this work, we will review, non-exhaustively, novel light
sources and integration approaches on silicon photonics that
have been proposed and studied over the past few years. A sum-
mary of the recent progress will be made, and an assessment will
be presented from the perspective of technological maturity, scal-
ability, cost, and potential limitations. This paper is arranged as
follows. Section 2 discusses the recent progress in wafer bonded
III-V lasers on silicon. Besides newly developed high-speed
lasers that benefit the traditional field of datacom and telecom,
new laser configurations and the extension of the emission
wavelength range hold great promise for sensing, spectroscopy,
radio-over-fiber and microwave photonic applications. The use of
III-V-on-silicon nonlinear waveguides for the spectral broaden-
ing of semiconductor mode-locked laser based frequency combs
is described as well. Section 3 discusses a transfer printing
integration approach, which is anticipated to replace bonding
technology for III-V light source integration for relatively large
volume applications. Basic principles will be covered, as well
as a summary of recent demonstrations. Section 4 focuses on
monolithically integrated III-V lasers, representing the ultimate
solution for silicon-integrated light sources. A lot of progress has
been made in the past few years, and we will focus on the newly
demonstrated lasers based on localized epitaxial growth tech-
niques. Section 5 discusses the potential application of colloidal
quantum dots as a gain material for ultra-low power consump-
tion and cost-effective light sources on silicon. In addition to a
discussion of lasing in the visible wavelength range at room tem-
perature, a new integration approach will be elaborated, which
may lead to the ultimate co-integration of single photon sources
with silicon photonic integrated circuits. In the final section, a
comparison of all the topics covered will be presented, which
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is followed by a discussion of the perspective of this research
field.

2. Heterogeneously Integrated III-V/Si Lasers

2.1. Introduction

Because of the direct bandgap and the high optical gain of III-
V semiconductors, it is very appealing to integrate IIII-V lasers
on silicon. Directly mounting pre-fabricated III-V lasers using
flip-chip or pick-and-place technology is currently preferred by
the industry.[2,17] It allows the pre-selection of known-good lasers,
however the limited alignment tolerance and the high packag-
ing cost make it unsustainable for further scaling. Therefore,
wafer-bonding-based heterogeneous integration has been widely
explored in the past decade and has proven to be the most suc-
cessful approach up to now for dense III-V laser integration on
silicon. Several bonding techniques, such as direct bond-
ing and adhesive bonding, have been utilized to demon-
strate various laser sources on silicon, including Fabry-Perot
lasers,[8] distributed feedback (DFB) lasers,[18] micro-disk/ring
lasers,[19,20] tunable lasers,[21] multi-wavelength lasers,[22] mode-
locked lasers,[19] etc. Technical details of different bonding pro-
cesses and a review of previous laser demonstrations can be
found elsewhere.[23]

In the past few years, heterogeneously integrated III-V/Si
lasers keep evolving at a rapid pace. By leveraging the low loss
(< 1 dB/cm) of passive silicon waveguides, various laser config-
urations have been implemented for realizing narrow linewidth
and low phase noise lasers,[24–26] widely tunable lasers,[24,27–29] and
multi-wavelength lasers,[28,30,31] all of which are highly demanded
for next generation high capacity coherent communication sys-
tems. As an example, Figure �a shows a schematic plot of a widely
tunable III-V/silicon hybrid laser formed by integrating a 4-cm
long low-loss silicon external cavity with III-V amplifiers. Wave-
length tuning is realized through the Vernier filter effect formed
by the drop port response of two ring resonators with slightly
different radii. The laser operates in the O-band and covers a
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Figure 1. (a) A schematic view of a tunable laser design with integrated external cavity. Tuners are yellow and SOAs are dark orange. (b) Lasers are
tunable over 54+ nm range with SMSR >45 dB (RBW–0.02 nm). (c) Measured spectrum showing a 50 kHz optical linewidth (3 MHz span, 30 kHz
RBW). (Reproduced from[24])

Figure 2. (a) Schematic structure of a heterogeneously integrated laser diode with feedback provided by a cleaved facet and a silicon double ring resonator
structure. (b) Calculated and measured small signal modulation response. (Reproduced from[32])

54-nm wavelength tuning range as shown in Figure 1b. High
side-mode suppression ratio exceeding 45 dB is achieved across
the whole tuning range. Thanks to the controlled feedback from
the external cavity, a narrow linewidth of 50 kHz (see Figure 1c)
is achieved and the measured linewidth across the whole tuning
range is below 100 kHz.

In recent years, there has been an increasing attention for the
application of III-V/Si lasers as directly modulated optical trans-
mitters for interconnects and passive optical networks. In the
past, III-V-on-Si lasers operating at bit rates of 12.5 Gb/s and �20
Gb/s have been demonstrated,[32,33] which is still significantly
lower than the bit rates obtained with state-of-the-art monolithic
InP DFB/DBR lasers[34] and long wavelength VCSELs.[35] The
highest direct modulation speed for III-V-on-Si lasers had un-
til recently been obtained for a laser with external cavity based
on two cascaded ring resonators, as shown schematically in Fig-
ure �. The high modulation bandwidth and bitrate are possible
because of the so-called photon-photon resonance in the mod-
ulation response. This resonance occurs at a frequency equal
to the inverse of the roundtrip time in the external cavity.[36]

By leveraging the advances of III-V-on-Si lasers, fully integrated
silicon photonic transceivers and interposers are also available
nowadays.[37,38]

Besides traditional laser configurations, great progress has
also been made in silicon-integrated micro-lasers and nano-
lasers. While optically pumped low threshold laser operation in
nanolasers is widely demonstrated,[40] it is difficult to achieve

efficient electrical injection due to the large nonradiative sur-
face area, poor heat sinking, and the loss incurred from the
electrodes.[41] Recently, highly efficient electrically pumped one-
dimensional (1D) PhC nanolasers bonded on silicon waveguide
circuit were demonstrated however.[39] A schematic of the hybrid
nanolaser diode can be found in Figure �. Great care is taken to
design the electrodes properly to achieve a balance in injection ef-
ficiency and optical loss. Room temperature continue-wave (CW)
lasing is achieved with a relatively low threshold of 100 µA and a
wall-plug efficiency of more than 10%.

Following this discussion of the progress in heterogeneously
integrated III-V/Si lasers, below we will review a selection of re-
cent contributions to this field. Ultra-high-speed directly mod-
ulated lasers for optical interconnects are discussed in Section
2.2. Section 2.3 describes the recently demonstrated optical comb
laser that holds promise for new applications such as dual-comb
spectroscopy and microwave photonics. Section 2.4 discusses the
possibility of further extending the optical comb span by inte-
grating highly nonlinear III-V waveguides on silicon. Section 2.5
discusses lasers with an emission spectrum outside of the tele-
com band, suited for sensing applications.

2.2. Ultra-High Speed III-V/Si Lasers

Direct modulation at very high bit rates has recently been
achieved for heterogeneously integrated InP/Si DFB lasers, of
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Figure 3. (a) Schematics of the hybrid nanolaser diode made of an InP-based 1D PhC nanocavity heterogeneously integrated with a SOI waveguide.
(b) Wavelength and spectral linewidth of the light emitted by the nanolaser as a function of current. Inset: optical spectrum of the emitted light at I =
150 µA. (Reproduced from[39]).

Figure 4. Schematic structure of a heterogeneously integrated InP/Si DFB
laser diode. (Reproduced from[18])

which a schematic plot is shown in Figure �. The small width
of the InP ridge waveguides and the high refractive index
contrast between InP and the surrounding divinylsiloxane-bis-
benzocyclobutene (DVS-BCB) lead to high optical confinement
in the active layer, which typically consists of 8 to 9 strained In-
GaAsP or InAlGaAs quantum wells.[42] Room temperature lasing
with low threshold (below 20 mA for lasers of length 340 µm)
and relatively high output power (5 mW) has been realized.[43]

Furthermore, by making the bonding layer very thin (down to
10 nm), strong distributed reflections from the silicon grating
characterized by a large coupling coefficient � can be obtained.
Since in strained layer multiple quantum wells the gain is ap-
proximately a logarithmic function of the carrier density, the com-
bined large optical confinement factor and low mirror loss even
for short cavity devices resulting from the large � give a relatively
high modal differential gain.

It is well known that a high modal differential gain leads to a
high relaxation resonance frequency at high bias current, which
is clearly shown in the presented small signal modulation char-
acteristics measured at 100 mA in Figure �a. The existence of a
second resonance frequency around 30 GHz is caused by the 4%
reflection from the output grating couplers, which form an exter-
nal cavity to the laser. In addition to these two resonances, one
can also distinguish a low-frequency contribution. It is mainly
due to the modulation of the coupling tapers between Si and III-
V, which act as semiconductor optical amplifier. This effect can be
suppressed by modulating only the laser. Figures 5b and c show
the large signal modulation and transmission results at 56 Gbit/s.

Using lasers with a small signal modulation bandwidth of 34
GHz, NRZ-OOK modulation at 56 Gb/s[44] and error-free trans-
mission (after forward error correction) of this signal over 2 km
of nonzero-dispersion shifted fiber (NZ-DSF) has been achieved.
Bit rates of 56 Gb/s and more have also been demonstrated us-
ing Discrete Multi-tone (DMT) modulation or electro-absorption
modulation by using the laser tapers.[45]

2.3. Ultra-Dense Optical Comb Laser

An optical frequency comb is a source with a spectrum consist-
ing of an array of discrete, equally spaced longitudinal modes
that are all phase locked. Optical-frequency combs provide the
link between the radio frequency domain and the optical domain,
which enables a wide range of exciting applications.[11,46–48] Many
mechanisms have been explored for comb generation, includ-
ing mode-locked fiber lasers,[49] mode-locked titanium-sapphire
lasers,[50] intensity modulation of a CW laser[51] and strong non-
linear interactions.[52] Most of the solutions are bulky and ex-
pensive. Therefore, a chip-scale, low-power-consumption comb
source that can be electrically pumped is highly demanded.

Monolithically integrated III-V mode-locked lasers (MLLs), act-
ing as compact multi-wavelength sources for telecom, covering a
repetition rate of 10 GHz to 100 GHz have been heavily inves-
tigated over the past two decades.[53] A few attempts of utilizing
a long high-quality cavity to improve mode-locking performance
have been made,[54–56] although the improved performance is not
satisfactory due to the high III-V waveguide loss. One may bypass
this obstacle by utilizing a hybrid integrated laser configuration
that uses low-loss silicon waveguides as an external cavity and
high performance III-V heterostructure for making semiconduc-
tor optical amplifiers (SOAs) and saturable absorbers (SAs).[25,57]

Figure � shows the schematic of the III-V/Si ultra-dense comb
laser.[58,59] The III-V is integrated on the silicon-on-insulator
wafer (400 nm Si device layer thickness) using a 30-nm thick
DVS-BCB bonding layer (not shown in the figure). A long and
low loss (0.7 dB/cm) silicon spiral waveguide of 37.4 mm length
forms the major part of the long laser cavity. Two semiconduc-
tor optical amplifiers (one of which acts as a spot-size converter
for efficient light coupling between III-Vs and silicon) are imple-
mented to provide optical gain. Two distributed Bragg reflectors
(DBR) are defined in the silicon waveguide to form the two mir-
rors of the cavity. To achieve mode-locking, a 40-µm-long SA is
defined by etching two 15-µm wide isolation slots in the III-V
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Figure 5. (a) Small signal modulation characteristics at 50 and 100 mA. (b) and (c) Eye diagrams for 43 Gb/s large signal modulation, measured
back-to-back and after 2 km of NZ-DSF fiber (word length 27-1). (Reproduced from[44])

Figure 6. Schematic of the ultra-dense III-V/Si comb laser. (Reproduced
from[58])

p-contact layer to electrically isolate it from the gain sections. Be-
cause both the amplifiers and the SA share the same InGaAsP-
based multi-quantum well layer,[60] the fabrication process is easy
to implement. Furthermore, by placing the SA above the DBR
next to the output coupler, the MLL is working in anti-colliding
pulse mode. It has been shown that anti-colliding operation en-
ables higher output power, lower timing jitter, and better RF spec-
tral purity.[61]

The III-V/Si MLL is passively locked at 1 GHz when the
gain section is biased at 91 mA and the SA is reversely bi-
ased at -2.6 V. An overview of the measured high-resolution
(5 MHz) optical spectrum of the laser output is presented in Fig-
ure �a. The 10-dB optical bandwidth spans more than 15 nm.
Considering that the line spacing of the longitudinal modes
is only 1 GHz, this optical comb contains more than 1400
phase locked lines, which is the densest comb generated by
an integrated MLL. The optical linewidth of the longitudinal
modes is measured using a delayed self-heterodyne method (see
Figure 7b). A narrow optical linewidth below 250 kHz is achieved,
which surpasses other works[54–56] by at least one order of
magnitude.
Figure 	a shows the measured RF spectrum of the pulse trains.

The pure fundamental tone indicates high quality mode-locking

with negligible residual amplitude modulation. From the insert,
one can tell the 10-dB linewidth of the fundamental tone is below
900 Hz, which is much lower than in other integrated MLLs so
far. In order to function as an optical comb generator, one needs
to stabilize two degrees of freedom of the comb, which are the
repetition rate (line spacing) and the offset frequency.[62] By sup-
plying a RF reference signal to the SA, one may firmly stabilize
the line spacing. Figure 8b presents the measured RF spectrum
when the MLL is operating in a hybrid mode-locking mode. The
linewidth of the fundamental tone is sub-Hz (not shown), which
proves that the line spacing of the optical comb can be firmly
stabilized. Regarding the offset frequency fceo, the widely used
self-referencing method cannot be applied, because it is unlikely
to generate an octave-spanning spectrum using integrated MLLs.
However, one can resort to electronic feedback to stabilize fceo.[63]

The optical comb can also be stabilized by locking the MLL to an
external stable laser.[64]

2.4. III-V-on-Silicon Nonlinear Waveguides for Spectral
Broadening

Broad optical combs that extend over an octave are highly de-
manded for metrology applications, which require strict stabi-
lization of all degrees of freedom of the comb.[62] Although III-V-
based comb lasers may never reach such wide frequency spans,
one may exploit the strong third order nonlinear response, i.e.
the Kerr material nonlinearity, of integrated waveguides for spec-
tral broadening. One way of generating broadband combs is by
pumping highly nonlinear high-Q resonators. When these res-
onators are pumped by a continuous wave signal a strong field
builds up in these resonators. This enables to down and up con-
vert photons in a four-wave mixing process and provides para-
metric gain near the pump wavelength. Although enormous
progress has been made,[65–69] these combs typically need high
threshold powers and can be difficult to bring in the coherent
low noise comb state. Nevertheless, the nonlinear parametric
gain has the enormous advantage of using virtual states and
thus allowing for an almost limitless bandwidth. A particularly
interesting demonstration, by M. Pu et al is comb generation
in III-V AlGaAs-on-Si integrated micro-resonators.[69] The highly
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Figure 7. (a) Optical spectrum when the laser is passively locked at 1 GHz repetition rate. (b) Optical linewidth measured by using the delayed self-
heterodyne method. The black dots are the measured data, and the red curve is the corresponding Lorentzian fitting. (Reproduced from[58]).

Figure 8. Measured RF spectra of the MLL output when it is (a) passively and (b) hybrid mode-locked. (Reproduced from[58]).

Figure 9. (a) A SEM picture of the integrated AlGaAs microresonator used in the comb generation experiment and (b) the generated output spectrum.
(Reproduced from[69])

nonlinear response of the III-V waveguides allowed to lower the
oscillation threshold down to a few mW. Figure 
a shows an SEM
picture of the AlGaAs resonator, while in Figure 9b the broad
bandwidth (>300 nm) bandwidth generated output comb spec-
trum can be seen.

One obstacle that makes a fully integrated comb generator
challenging is that traditionally broadband combs are generated
by pumping highly nonlinear waveguides with a seed comb.
When additional bandwidth was needed, TiSapphire or fiber
mode-locked laser combs underwent an extra broadening step
in photonic crystal fibers. Building on this approach, we have re-
cently shown that we can rely on heterogeneously integrated III-V
InGaP nanowire waveguides bonded to oxidized silicon wafers[71]

to broaden seed combs coherently.[70] Due to the very high non-
linear response of the waveguides and the absence of two-photon

absorption in InGaP at telecom wavelengths this process can be
very efficient. Although the interaction length in the waveguide
was limited due to the relatively high losses of 12 dB/cm we suc-
ceeded in broadening 170 fs pulses with a peak power of merely
10 W up to an octave.[72] Figure �� shows the output spectrum of
a 700-nm wide 250 nm high air clad InGaP waveguide of 2 mm
when it is pumped by a pulse train increasing in power. It was
confirmed that the comb like structure of the input source was
preserved in the experiment. Lately, with the help of accurate
theoretical models, the process of coherent comb generation is
well understood,[73] which benefits various application fields.[74,75]

The next step would be to integrate these spectral broadening
devices with the III-V-on-silicon mode-locked lasers discussed
above. When the losses of the waveguides could be reduced,
as has been demonstrated in an AlGaAs-on-insulator platform,
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Figure 10. The output spectrum of the 2 mm InGaP wire waveguide when
pumped by 170 fs pump pulses. It was confirmed that the process does
not destroy the coherence of the input pulses. (Reproduced from[70])

this would allow to reduce the threshold for comb generation
further and allow for a fully integrated octave spanning electri-
cally pumped comb source. Again, this comb source would take
the full advantage of the flexibility of the hybrid platform: it allows
to combine low-loss silicon waveguides for the laser cavity, high-
performance III-V gain material and high-performance nonlin-
ear waveguides.

2.5. Laser Emission Beyond 1550/1310 nm

2.5.1. Silicon Integrated 2.x µm Laser for CO Sensing

Silicon photonics is also of interest for optical sensing in the 2–3
µm wavelength range as many important gases (e.g., CO2, CH4

and CO) have strong absorption lines in this wavelength range.
Compact spectroscopic gas sensors can be realized by hetero-
geneously integrating III-V laser sources and detectors on pas-
sive silicon PICs. The emission wavelength of heterogeneous III-
V/silicon laser sources has been extended to around 2 µm based
on highly strained InP-based type-I heterostructures.[76] But the

emission wavelength of this material system is limited to around
2.3 µm. Above 2.3 µm wavelength, GaSb-based heterostructures
can be used to realize lasers with high performance. However,
the heterogeneous integration of GaSb-based material is much
less established than is the case for InP-based material. Recently,
we demonstrated the heterogeneous integration of III-V/silicon
laser sources emitting beyond 2.3 µm, by integrating InP-based
type-II heterostructures on silicon PICs.[77–79]

A typical emission spectrum of a heterogeneous DFB laser de-
signed for CO gas sensing is shown in Figure ��a. A SMSR of
40 dB is obtained. In a CW regime, the 2.32 µm DFB laser works
close to room temperature (>15 ˚C), has a maximum output
power of 1.3 mW and a threshold current density of 1.8 kA/cm2

at 5 ˚C. Tuning of the emission wavelength by means of varying
the injection current is also demonstrated, which enables tun-
able diode laser absorption spectroscopy (TDLAS). The measured
current-tuning rate is 0.01 nm/mA. Over the whole bias current
range, single mode lasing is achieved for a heat-sink temperature
variation from 5˚C to 15˚C. Direct absorption spectroscopy of CO
is carried out by tuning the laser emission wavelength by chang-
ing the bias current. The TDLAS spectrum of CO is obtained
as shown in Figure 11b. The measurement results fit well to
the high-resolution transmission molecular absorption database
(HITRAN) data. As type-II lasers on InP substrate with emission
wavelength up to 2.7 µm were demonstrated recently,[80] the oper-
ating wavelength of the heterogeneously integrated III-V/silicon
PICs can be extended further to cover more gas absorption lines
in the 2–3 µm wavelength window.

2.5.2. 850 nm Silicon-Integrated Vertical-Cavity Surface-Emitting
Laser (VCSEL)

Integration of short-wavelength lasers on a silicon nitride waveg-
uide platform on Si can enable fully integrated photonic circuits
for applications in life sciences and short-reach optical inter-
connects. There have been reports on GaAs-based vertical-cavity
surface-emitting lasers (VCSEL) with power conversion efficien-
cies exceeding 60%, modulation bandwidths up to 30 GHz,[81]

and data rates exceeding 70 Gb/s.[82] Therefore, it is an attractive
source for integration on a silicon nitride waveguide platform for
applications requiring wavelengths in the range �650 –1100 nm.

Figure 11. (a) Emission spectrum of the InP/Si type-II DFB laser; (b) TDLAS spectrum of CO and the corresponding high-resolution transmission
molecular absorption database (HITRAN) spectrum. (Reproduced from[78])
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Figure 12. Schematic of the surface emitting HC-VCSEL. (Reproduced
from[89]).

VCSELs have been integrated with Si waveguide by flip chipping
them onto a perfectly vertical grating coupler,[83] or onto an an-
gled grating coupler.[84,85] The monolithic integration of VCSELs
and waveguides has also been demonstrated where the VCSEL is
integrated with planar Si waveguide using Si high contrast grat-
ing (HCG)[86,87] and to a III-V waveguide by an integrated Bragg
diffraction grating placed inside the top p-DBR.[88]

Recently, we demonstrated silicon-integrated GaAs-based
hybrid-cavity vertical cavity surface emitting lasers (HC-VCSELs)
operating at 850 nm.[89–92] The HC-VCSEL, schematically shown
in Figure ��,[89] consists of a top III-V “half-VCSEL” containing
23 pairs of p-doped Al0.90Ga0.10As/Al0.12Ga0.88As DBR, a 30 nm
thick Al0.98Ga0.02As layer for the formation of an oxide aper-
ture, an active region with 5 In0.10Ga0.90As/Al0.37Ga0.63As multi-
quantum wells (QWs), and an n-doped Al0.12Ga0.88As intra-
cavity contact layer. The bottom mirror is formed by a 20-pair
SiO2/Ta2O5 dielectric DBR on a Si substrate. The HC-VCSEL is
constructed by attaching the top III-V “half-VCSEL” to the bot-
tom dielectric distributed Bragg reflector on a Si substrate using
ultra-thin DVS-BCB adhesive bonding.

These HC-VCSELs had an output power of 1.6 mW at
845 nm[89] and were capable of 20 Gb/s error-free data transmis-
sion under direct current modulation.[90] The bonding interface
is found to be of high importance for the optimization of the laser
performance.[91] By choosing the thickness of the bonding inter-
face one can either achieve minimum threshold current, maxi-
mum output power and maximum bandwidth at a specific am-
bient temperature or a temperature-stable threshold current and
bandwidth.

A comparison of four HC-VCSELs denoted A–D, with bond-
ing interface thicknesses of 35, 65, 125, and 180 nm resulting in
resonance wavelengths of 843, 853, 861, and 867 nm with gain-to-

resonance detuning of approximately +9, −1, −9, and −15 nm,
respectively were studied. The output power and voltage versus
current measured at ambient temperatures ranging from 15 to
100 °C, in steps of 5 °C, are shown in Figure ��. While the thresh-
old current of HC-VCSEL D is higher than that of HC-VCSEL B
at 25°C, it is lower at high temperatures and shows a weaker de-
pendence on temperature. This is due to the fact that the gain-
resonance detuning of HC-VCSEL D at room temperature leads
to an on-resonance behavior at high temperature, thereby result-
ing in a lower threshold current at high temperature compared
to HC-VCSEL B, which is detuned at high temperature. Among
the 4 different HC-VCSELs A-D, HC-VCSEL B and C produced
the highest output power (2.3 mW) at 25 °C, whereas at higher
temperature HC-VCSEL D showed improved performance due
to gain peak alignment with the resonance wavelength at higher
internal temperature. The performance of HC-VCSEL A was lim-
ited to the maximum operating temperature 70 °C due the rapid
increase of threshold current with temperature, due to the already
positive detuning at room temperature.
Figure �� shows the modulation response for HC-VCSELs A–

D at 25°C and 85°C, compensated for the frequency response of
the probe and the photodetector. The bonding interface thickness
also had an impact on the HC-VCSEL dynamics. HC VCSEL B-
D had the most damped response at the highest current, due to
differential gain being lower on the long-wavelength side of the
gain peak. At 25°C HC-VCSEL B had the highest 3 dB modulation
bandwidth (10.0 GHz) whereas at 85°C the HC-VCSEL D had
the highest bandwidth (6.4 GHz). HC-VCSEL D also showed the
smallest dependence of modulation bandwidth on temperature.

The next phase of this work is to integrate the above-discussed
VCSELs with silicon nitride waveguides and relevant photonic
devices, which may pave the way of realizing fully-integrated
solutions for life science and short-reach optical interconnects
applications.

3. Transfer Printing

3.1. Introduction

As described above, classical heterogeneous integration ap-
proaches rely on die-to-wafer or wafer-to-wafer bonding for the
integration of III-V material. In many cases, however, such an ap-
proach is not efficient in terms of usage of III-V material. In most
optical chips, the area taken by the III-V opto-electronic compo-
nents is only a fraction of the circuit area. Moreover, integrating

Figure 13. Output power and voltage versus current for HC-VCSELs A–D measured at ambient temperatures ranging from 15 to 100°C in steps of 5°C.
(Reproduced from[91])
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Figure 14. Small-signal modulation response at 25 °C (a) and 85 °C (b) for HC-VCSELs A–D at indicated bias currents. The maximum 3 dB modulation
bandwidth is reached at the highest bias currents indicated. (Reproduced from[91])

different III-V layer stacks on a single chip leads to strong lim-
itations in mask design because of the minimum sizes that are
needed for the bonded dies. In 2004, Menard et al[93] proposed a
novel technique, transfer printing, where micron-scale thin-film
components can be transferred from a source substrate to a target
substrate. This technique can be an enabling technology for the
cost-effective integration of III-V semiconductor materials or de-
vices on Si PICs, as it only provides III-V where it is needed, while
maintaining high throughput and scalability. In the paragraphs
below we will discuss the working principle of transfer printing
and the benefits it brings. Next, we will discuss the demonstra-
tion of transfer-printed components on a silicon photonic circuit,
after which the remaining challenges are listed.

3.2. Working Principle

In transfer printing, a thin film material stack or device (hereafter
referred to as a coupon) is transferred from a source substrate to
a target substrate by use of a soft elastomeric PDMS stamp. As
described elsewhere,[94] the adhesion to the elastomeric stamp de-
pends on the velocity of the stamp. The coupon can be picked up
from the native substrate by moving up the stamp rapidly (thus
exerting a force greater than the adhesion to the native substrate),
and printed to a Si PIC by releasing the stamp slowly. While show-
ing similarities with a pick-and-place technique, the main advan-
tage in transfer printing is that coupons can be transferred in a
massively parallel way. Using a patterned stamp, which only con-
tacts the substrates in selected positions, large arrays of coupons
are picked and printed at the same time. This is shown in Fig-
ure ��, where all 4 red/yellow coupons were transferred in paral-
lel (the array can consist of more than 4 coupons of course). The
figure also illustrates so-called area magnification, where a small
III-V wafer can populate multiple large Si wafers in a step and

Figure 15. Illustration of area magnification in transfer printing of III-V
coupons from the III-V source substrate to the SOI target substrate. The
coupons of the first source wafer are indicated in red, the second one
in yellow. (a) Patterned stamp (b) Two source substrates with patterned
coupons, (c) SOI target substrate with four printed coupons from each
source in the top left. (Reproduced from[95])

repeat manner. Integrating multiple III-V stacks can be done in
a straight-forward manner by using multiple source wafers.

To be able to overcome the adhesion of the coupon to the sub-
strate with the PDMS stamp, the coupon should be released from
the III-V growth substrate. Therefore, the transfer printing tech-
nology differs from pick-and-place in the sense that the coupons
are very thin, free-standing and substrate-free, which may pose
some challenges as will be discussed later. During the release
process, the entire coupon is undercut and is only supported by
small tethers from the side, as shown in Figure ��. The coupons
are patterned in two steps, after which they are encapsulated
in photoresist and the tethers are formed. In the InP material
system either an InGaAs or InAlAs release layer is used. The

Laser Photonics Rev. 2017, 11, 1700063 C© 2017 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700063 (9 of 21)


























