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Abstract A continuous-wave electrically-pumped short-
wavelength hybrid vertical-cavity silicon-integrated laser (VCSIL)
with in-plane emission into a silicon nitride (SiN) waveguide is
experimentally demonstrated. The coupling from the vertical
cavity into the in-plane SiN waveguide is achieved by a
weak grating on the SiN waveguide placed inside the cavity.
The grating provides coupling, sets the polarization of the
lasing output, and provides transverse mode control. A5 um
oxide-aperture diameter device with a threshold current of
1.1 mA produces 73 uW single-sided waveguide-coupled
optical output power at 2.6 mA bias current at a wavelength of
856 nm and a side-mode suppression ratio (SMSR) of 29 dB.
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1. Introduction

Over the past decades, considerable efforts have been in-
vested in research, development and industrialization of
silicon (Si) photonics. As a result Si photonics has emerged
as a mature technological platform for optical datacom and
telecom applications at 1310 and 1550 nm. However for ap-
plications requiring shorter wavelengths, Si cannot be used
due to the absorption in Si below 1.1 pm. Instead silicon
nitride (SiN) can be used as a substitute of Si, providing
similar circuit compactness, resulting from the relatively
high refractive index contrast between SiN (n ~ 2) and
silicon dioxide (SiO;, n /~ 1.5), and can be manufactured
using the same complementary metal oxide semiconductor
(CMOS) fabrication infrastructure as Si [1]. SiN has partic-
ular relevance for life science applications, because of the
therapeutic window at visible and very near-IR wavelengths
for biological media, where the photo-damage of cells is
minimal and water absorption is negligible.

While there has been a rapid development of differ-
ent optical components such as low-loss waveguides and
spectrometers [1-3] on the SiN platform, the realization of
integrated light sources on SiN is still a major challenge. So
far, the SiN photonic integrated circuits have been demon-
strated with external light sources. Hence, an integrated

laser source in such densely integrated circuits would pro-
vide immense potential for applications such as medical
point-of-care devices, bodily implants for monitoring of glu-
cose levels, and sensing devices integrated in smartphones.
Various approaches to integrate III-V light sources into Si
waveguides have been demonstrated, for example by direct
growth of III-V on Si [4], die-to-wafer and wafer-to-wafer
bonding [5,6], flip-chip integration [7—11] and transfer print-
ing [12]. A review of different integration approaches has
recently been published in [13].

The most power efficient low-current/low-power semi-
conductor laser available today is the vertical-cavity surface-
emitting laser (VCSEL) with demonstrated power conver-
sion efficiencies exceeding 60% [14]. Such a light source
could offer a compact, and inexpensive wafer scale solution
with low power consumption. While VCSELs were devel-
oped mainly for data communication application, they have
also gained attraction in applications such as optical sensing,
spectroscopy, atomic clocks [15], etc. Therefore, VCSELs
are of great interest to be integrated into SiN waveguide
circuits. For several of these applications, there is a need for
a single mode, polarization stable laser source.

One of the hybrid integration approaches is to flip chip
a VCSEL onto a grating coupler on a Si/SiN photonic inte-
grated circuit (PIC). There have been reports on flip-chipped
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VCSELSs on a Si grating coupler to couple the vertical emis-
sion from a VCSEL to an in-plane Si waveguide using a
perfectly vertical grating coupler [7, 8] and using an angled
grating coupler [9, 10]. Recently, a hybrid vertical-cavity
laser (VCL) with a single-mode output using a silicon high
contrast grating (HCG) was demonstrated using flip-chip in-
tegration [11]. In these hybrid structures the standing wave
optical field extends over both the III-V material, containing
the gain region and a single DBR, and the Si-based struc-
ture, containing the HCG. Despite of having the advantage
of pretesting the III-V components prior to the assembly
with the Si/SiN PIC, flip-chip technique suffers from not
being wafer scale process and from requiring accurate and
time-consuming alignment of individual devices. Another
integration approach is heterogeneous integration, which
has the advantage of being a wafer scale process. Heteroge-
neously integrated optically pumped lasers with polarization
independent 2D HCG [16], and polarization dependent 1D
HCG providing coupling to in-plane Si waveguides [17]
have also been demonstrated.

Our approach is to bond an epitaxial half-VCSEL struc-
ture onto a CMOS-compatible dielectric distributed Bragg
reflector (DBR) on a Si substrate, forming a hybrid cav-
ity [18]. By placing a waveguide with a weak diffraction
grating inside the cavity, between the dielectric DBR and
the half-VCSEL, it is possible to tap off light into in-plane
waveguide [19]. We took the first step towards the realiza-
tion of such a device with the demonstration of a hybrid-
cavity VCSEL on silicon, but without the intra-cavity waveg-
uide [18]. These VCSELSs were surface emitting and thus
acted as a stepping-stone in the development of the integra-
tion technique. Further, we numerically investigated the pos-
sibility of coupling the output of the hybrid vertical-cavity
laser to an in-plane SiN waveguide using an intra-cavity
diffraction grating [20]. As this design was not surface emit-
ting, we referred to it as a vertical-cavity silicon-integrated
laser (VCSIL). We showed that a design with high coupling
efficiency and polarization selection is feasible.

In this paper, we report on a single-mode, polarization-
stable, short-wavelength VCSIL heterogeneously integrated
on a SiN PIC that couples into a SiN waveguide based on the
design presented in [20]. To the best of the authors’ knowl-
edge, this is the first demonstration of a heterogeneously-
integrated electrically-pumped VCSIL with emission into a
SiN-based waveguide.

2. Concept and Design

As can be seen in Figure 1, the VCSIL structure comprises
two distinct parts referred to as the top half-structure and
the bottom half-structure. The top half-structure is a GaAs-
based half-VCSEL identical to the one used in [18, 21],
consisting of a top p-doped Al 12Gag g3 As/Alp.9oGag 10As
DBR with 23 mirror pairs, a 1-A-thick separate confine-
ment heterostructure (SCH) containing five 4-nm-thick
Ing 10Gag 90 As/Alp 37Gag 63As quantum wells, and a 1-A-
thick n-doped Aly.12Gag gg As current spreading layer (CSL).
A 30-nm-thick layer of Alg9gGag opAs is included in the
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Figure 1 Schematic cross-section of the VCSIL with in-plane
out-coupling into a SiN waveguide. The red dotted lines are the
reference planes where reflection and single-sided coupling coef-
ficient are calculated.

DBR miirror pair closest to the SCH, for the formation of an
oxide aperture via selective oxidation. The top-half struc-
ture is covered by a 100 nm thick gold film to avoid surface
emission, whereby the topmost GaAs layer thickness has
been adjusted for phase matching to the gold. The bottom-
half structure is a SiN-waveguide/dielectric-DBR combi-
nation on a Si substrate consisting of a weak diffraction
grating etched in an intra-cavity SiN waveguide placed on
top of a CMOS-compatible 20-pair Ta;O5/Si0, dielectric
bottom DBR identical to the one used in [18,21]. The top
and bottom SiO; cladding layers prevent the waveguide
mode to leak into the high index GaAs half-VCSEL and the
high index dielectric DBR and Si substrate. A 50-nm-thick
divinylsiloxane-bis-benzocyclobutene (DVS-BCB) adhesive
bonding layer is used to attach the top half-structure to the
bottom-half structure.

As the arrows in Figure 1 illustrate, light is amplified
vertically between the III-V top DBR and the intra-cavity
grating/dielectric bottom DBR combination, and a fraction
of this light energy is coupled out into a SiN waveguide.
The intra-cavity grating is designed in such a way that the
combination of the grating and the DBR reflects most of the
light and couples a small fraction of the light into the SiN
waveguide. This is by design the dominant (useful) cavity
loss. In principle the waveguide-coupled output power of
the VCSIL can be similar to that of any other single-mode
VCSEL with a similar thermal impedance. As compared
to edge-emitting lasers one can expect that useful output
powers of 100’s of uW up to few mW can be reached at
much lower bias current, but the maximum output power
will be considerably lower than is the case for edge-emitting
lasers, where it can reach tens to hundreds of mW.

To design such a grating, a 2D FDTD simulation was
performed using a commercial simulator Lumerical on the
bottom half-structure of the VCSIL [20]. A Gaussian beam
with a width similar to the fundamental VCSIL mode was
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launched from inside the top SiO; cladding layer (100 nm
above the intra-cavity grating layer) perpendicular to the
bottom half structure of the VCSIL. The fraction of inci-
dent optical power that is on one hand reflected by the
grating/dielectric bottom DBR combination (reflection coef-
ficient) and on the other hand coupled to the SiN waveguide
(single-sided coupling coefficient) is calculated at the ref-
erence planes (red dotted lines in Figure 1). Note that the
output coupling by the intra-cavity grating is bi-directional.
Therefore, the coupling to each side of the in-plane waveg-
uide is the same, with the single-sided coupling coefficient
being the fraction of incident light being coupled into each
waveguide. As discussed in [20], a GaAs VCSIL with aper-
ture diameter > 4 um is required to have a polarization
selective intra-cavity grating/dielectric DBR combination
with sufficient reflection and coupling of the fundamental
transverse electric (TE) mode into the SiN waveguide. The
TE mode is polarized along the intra-cavity grating lines,
while the transverse magnetic (TM) mode is polarized across
the grating lines.

To realize a device with the above-mentioned features,
an oxide aperture diameter of 5 um (corresponding to a
1/e? beam diameter of 4.7 um) was chosen. For the surface-
emitting hybrid devices demonstrated in [18], the gain peak
was estimated to be at 852 nm, which resulted in superior
room temperature performance of VCSELs operating at
~ 855 nm [21]. Therefore, we chose to design VCSILs op-
erating at 855 nm, as the III-V layer structure used in this
work is identical to the one used in [21]. Figure 2 shows the
simulated reflection and single-sided coupling coefficient
for the intra-cavity grating/DBR combination as function of
wavelength and polarization for a grating period of 530 nm
and a 50% duty cycle (DC). At 855 nm, it can be seen in Fig-
ure 2(b) that the grating is designed to operate far from the
center Bragg wavelength for coupling the vertically prop-
agating light into the SiN waveguide. In particular the TE
mode operates further away from the Bragg wavelength than
the TM mode. This results in higher cavity losses for the
TM mode, which can be used to prevent the TM mode from
lasing, i.e. set the lasing polarization state of the VCSIL to
TE.

An increment in the grating period redshifts the reflec-
tion and single-sided waveguide coupling spectrum for both
TE and TM polarizations. Figure 3 shows the simulated
reflection and single-sided coupling coefficient as function
of the grating period at a resonance wavelength of 855 nm
for the two polarizations. As can be seen from Figure 3(a),
the intra-cavity grating favors lasing of the TE polarization
for grating periods ranging from 520 - 550 nm, while also
providing coupling into the SiN waveguide, see Figure 3(b).
To estimate the optical cavity properties of the VCSIL, such
as the cavity resonance wavelength, threshold gain and the
slope efficiency, a 1D transfer matrix method (TMM) was
used. The bottom dielectric DBR combination was replaced
with an artificial interface having the wavelength dependent
reflection and single-sided coupling coefficient obtained
from the 2D FDTD simulations [20]. The cavity length of
the VCSEL was adjusted to set the resonance wavelength of
the cavity at 855 nm. For a top SiO; cladding thickness of
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Figure 2 (a) Simulated reflection coefficient and (b) single-sided
coupling coefficient of the bottom-half structure as a function of
wavelength for TE and TM polarizations. (grating period = 530 nm,
DC = 50%)
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780 nm with DVS-BCB layer of 50 nm, this condition was
achieved. The calculated threshold gain and single-sided
slope efficiency (assuming an internal quantum efficiency of
85%) as function of the grating period at a resonance wave-
length of 855 nm is shown in Figure 4. While the VCSILs
with the smallest grating period provide high single-sided
slope efficiency, the threshold gain required for lasing is
large. Therefore the selection of an optimal intra-cavity
grating period sets a trade-off between the threshold gain
and single-sided slope efficiency. A threshold gain below
1000 cm ™! is typically required to ensure sub-mA threshold
current (for GaAs-based VCSELs with an oxide aperture di-
ameter < 10 pm). The higher threshold gain for the TM po-
larization, for grating periods between 520 nm and 550 nm,
results in a relative dichroism much higher than the 1%
required for a large polarization suppression ratio [22]. A
change in the thickness of top SiO, cladding layer influences
the optical cavity properties such as the cavity resonance
wavelength, threshold gain and single-sided slope efficiency.
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Figure 3 (a) Simulated reflection coefficient and (b) single-sided
coupling coefficient of the bottom-half structure as a function
of intra-cavity grating period for TE and TM polarizations at a
resonance wavelength of 855 nm.
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A brief discussion about the impact of the thickness of the
top SiO, cladding layer is presented in [20]. For a structure
with an optimal grating period, a =10 nm shift in thick-
ness of top SiO, cladding layer corresponds to a resonance
wavelength shift of maximum =£1.3 nm while the threshold
gain stays well below 1000 cm ™! and the single-side slope
efficiency stays well above 0.15 mW/mA [20].

Finally, fiber-to-chip grating couplers with 683 nm pe-
riod and 50% DC were incorporated at the ends of the
waveguide to be able to couple light from the SiN waveg-
uide to an optical fiber. In contrast to the intra-cavity grating,
the grating couplers have an etch depth of 300 nm and have
a theoretical coupling efficiency to single mode fiber of
-4.2 dB at 855 nm.
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Figure 4 (a) Simulated threshold material gain in quantum wells
(TE and TM polarization) and (b) single-sided slope efficiency
(TE polarization) as a function of intra-cavity grating period at a
resonance wavelength of 855 nm.
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3. Device Fabrication

To add the SiN waveguide layer on top of the dielectric
DBR used in [18], a 610 nm thick PECVD bottom SiO;
cladding layer and a 300 nm thick low-frequency PECVD
SiN waveguide layer was deposited at 270°C. The thickness
of the deposited SiO; and SiN was accurately monitored
using ellipsometry. Intra-cavity gratings with five different
periods, varying from 525 - 545 nm, and three different DCs,
varying from 45 - 55%, were defined in the SiN waveguide
layer using electron-beam lithography. The intra-cavity grat-
ing was etched 30 nm using reactive ion etching (RIE) with
a SFg, CF4 and H, mixture. Thereafter, the grating couplers
and the interconnecting waveguides were defined, also using
electron-beam lithography. This pattern was fully etched
(300 nm), again using RIE with a SF¢, CF4 and H, mix-
ture. A 780 nm thick top PECVD SiO; cladding layer was
finally deposited. The GaAs half-VCSEL epitaxial struc-
ture (4 x 12 mm die) was bonded on top of the patterned
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structure using DVS-BCB adhesive bonding using a similar
process as in [5], followed by the removal of the GaAs sub-
strate. A DVS-BCB:mesitylene (1:3) solution spin coated
at 3000 rpm on the top PECVD SiO, cladding layer and
an applied bonding pressure of 300 kPa results in a 50 nm
thick DVS-BCB bonding layer (after curing the DVS-BCB
at 280°C), while also planarizing the top oxide cladding sur-
face to within +5 nm. The thickness of the BCB layer can
be controlled to within 10 nm. VCSIL devices were then
fabricated using a similar process as in [18]. To accurately
align the VCSILs on top of the intra-cavity gratings, direct
laser writing was used to pattern the top contact rings and
the III-V mesas. The direct laser writing technology has a
throughput of 100 mm?/min with 0.7 pm resolution and
200 nm alignment accuracy. For large scale fabrication it
can be exchanged with a stepper. Any remaining AlIGaAs
material on top of the waveguides was removed outside the
device structure to reduce the possibility of power leakage
from the waveguide to the higher refractive index AlGaAs
material. Finally, the surface-emission was suppressed by
electron beam deposition of a 100 nm gold film on top
of the III-V mesas. Figure 5 shows microscope images of
fully fabricated VCSILs on top of intra-cavity gratings and
waveguide structures.

4, Measurements

To evaluate the properties of the VCSIL cavity, the sur-
face emission was studied prior to the deposition of the
surface gold layer. At this stage the structure with the weak-
est single-sided coupling coefficient (using a grating pe-
riod of 545 nm) shows best lasing behaviour whereas the
grating with the strongest single-sided coupling coefficient
(520 nm grating period) shows almost no lasing behaviour
due to overall high cavity losses. Figure 6(a) shows the
polarization-resolved light-current-voltage (LIV) character-
istics at 25°C of a device with an intra-cavity grating period
of 545 nm and 50% DC, measured from the surface us-
ing a free-space polarizer and a large area Si photodetector.
The measurement result shows that the cavity only supports
lasing in the TE polarization, which is consistent with the
simulations in Figure 3. The surface-emitted spectrum for
the same device at a bias current of 2.5 mA is shown in
Figure 6(b). The spectrum shows near single mode opera-
tion with a side-mode suppression ratio (SMSR) of 30.8 dB
and a peak wavelength of 856.3 nm. This indicates that the
cavity is mode selective enough to achieve near single mode
emission. Without the gold layer on top of the surface to
suppress surface emission, the waveguide-coupled power
was weak due to the dominant cavity loss from the top sur-
face emission. With this gold layer on the surface aperture,
the waveguide coupled output from the VCSIL was coupled
into a bare OM4 multi-mode fiber by a TE grating coupler
(GC) with peak coupling efficiency near 855 nm. To be able
to estimate the actual optical power coupled into the SiN
waveguide from fiber coupled measurements, grating cou-
plers were arranged in a back-to-back configuration. The
coupling loss was determined from the measured insertion

(b)

Figure 5 Optical micrographs of (a) an array of fully processed
VCSILs and (b) a single VCSIL.

loss of two such back-to-back connected couplers, which
also included the waveguide loss of the SiN waveguide in
between. The waveguide has a width of 5.5 um throughout
the ~ 1.6 mm length. Hence the waveguide loss was con-
sidered to be negligible. The coupling loss for each grating
coupler was measured to be -5.75 dB for coupling to a mul-
timode fiber with core size of 62.5 um at a wavelength of
855 nm.

The single-sided on-chip continuous LIV characteristics
of VCSILs with five intra-cavity grating periods ranging
from 525 to 545 nm and with 55% DC were then measured
at 25°C using a fiber-coupled power meter, as shown in
Figure 7(a), whereby the GC loss was taken into account.
The variation of threshold current with intra-cavity grating
period is expected to follow the variation of the threshold
gain predicted by the simulations (Figure 4(a)). However,
the influence of the intra-cavity grating period on thresh-
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Figure 6 (a) Polarization-resolved surface-emitted light-current-
voltage characteristics for a 5 um oxide-aperture diameter VCSIL
with 545 nm intra-cavity grating period and 50% DC (prior to gold
deposition on surface). (b) Surface emitted spectrum for the same
device operated at 2.5 mA.

old current is not as strong as numerically estimated in
Figure 4(a). This indicates that there are unexpected domi-
nant losses in the cavity due to surface roughness, material
loss, etc. From Figure 7(a), we see that the slope efficiency
trend is in agreement with the simulation in Figure 4(b), in
terms of the reduction of the slope efficiency with increased
intra-cavity grating period. There is a clear difference in
the maximum output power that is coupled into the SiN
waveguides for the different intra-cavity grating periods. A
VCSIL with the smallest grating period of 525 nm exhibits
a threshold current of 1.13 mA providing maximum single-
sided waveguide-coupled output power of 73 uW at 2.6 mA
bias current. The single-sided slope efficiency and the dif-
ferential resistance for this device is 0.085 W/A and 78 Q,
respectively. Compared to the simulated single-sided slope
efficiency in Figure 4(b), the experimental slope efficiency
is somewhat lower, which could be due to the unexpected
dominant cavity losses. The on-chip spectrum for a VCSIL
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Figure 7 (a) Waveguide-coupled light-current-voltage character-
istics for 5 um oxide-aperture diameter VCSILs with intra-cavity
grating periods (GPs) ranging from 525 - 545 nm (after gold depo-
sition on surface). (b) Spectrum for the 525 nm device operated
at 2.5 mA.

with intra-cavity grating period 525 nm, at bias current of
2.5 mA is shown in Figure 7(b). The SMSR is 28.9 dB,
while the peak wavelength is at 856.6 nm.

As can be seen from the spectra in Figure 6(b) and
Figure 7(b), the demonstrated VCSIL has better transverse
mode control than ordinary oxide-confined VCSELSs with
the same aperture size [23], both before and after deposition
of gold on the surface aperture. This can be attributed to the
fact that the higher order transverse modes contain spatial
frequency components with larger off-normal angles than
the fundamental mode. These couple more efficiently to
the waveguide through the grating, thereby leading to an
increase of the threshold gain. This was also the effect that
required the size of the oxide aperture to be larger than 4 um
for sufficient grating/DBR reflection in [20]. Since the gain
is clamped at the threshold gain of the fundamental mode, a
good transverse mode control is expected from the grating.
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Figure 8 Measured light-current-voltage characteristics where
the power has been measured from both grating couplers for a
VCSIL with 525 nm intra-cavity grating period and 55% DC.

The thermal impedance of the VCSIL was deduced by
tracking the red shift of the fundamental mode as function
of stage temperature and dissipated power [24]. At 25°C
the fundamental mode redshifts with 0.052 nm/K, while
it redshifts with dissipated power by 0.61 nm/mW giving
a thermal impedance of 11.8 K/mW, which is similar to
the 10.7 K/mW of our previous silicon-integrated surface-
emitting device with the same aperture diameter [23]. The
thermal impedance is ~ 4 times higher than ordinary GaAs-
based oxide-confined VCSELSs [25] and explains the early
onset of thermal rollover in both these cases.

Finally, the coupling symmetry was studied. As can be
seen in Figure 8, an equal amount of power is tapped off
into both of the two connected waveguides. This indicates
that the VCSIL aperture is well aligned with the intra-cavity
grating.

5. Conclusion

In summary, we have demonstrated a heterogeneously inte-
grated continuous-wave electrically-pumped vertical-cavity
Si-integrated laser (VCSIL) with laser output coupled into
SiN waveguides using a shallow etched intra-cavity SiN
grating. The intra-cavity grating provides the advantage of
setting the polarization of the output coupled into the SiN
waveguide together with transverse mode control. A VC-
SIL with a 5 um oxide aperture diameter has a threshold
current of 1.13 mA and produces a maximum single-sided
waveguide coupled output power of 73 uW at ~ 856 nm.
The slope efficiency and the thermal impedance of the corre-
sponding device is 0.085 W/A and 11.8 K/mW, respectively.
The performance of the present VCSILs is inferior to the
VCSELSs presented in [21], in terms of threshold current
and output power, which is to a large extent is limited by
the high thermal impedance due to the dielectric DBR and
unexpected cavity losses attributed to surface roughness and
material absorption. With the identification of the origin of

the unexpected cavity losses in the VCSIL cavity and by
lowering the thermal impedance by using integrated metal-
lic heat spreaders or thermal shunts, significant performance
improvements are expected. The presented device can be
extended to cover other wavelength ranges as well.
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