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Water-Scale Hybrid Integration of InP DFB Lasers on

S1 Photonics by Flip-Chip Bonding With sub-300 nm
Alignment Precision
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Abstract—InP DFB lasers are flip-chip bonded to 300 mm Si
photonic wafers using a pick-and-place tool with an advanced vi-
sion system, realizing high-precision and high-throughput passive
assembly. By careful co-design of the InP-Si Photonics electrical,
optical and mechanical interface, as well as dedicated alignment
fiducials, sub-300 nm post-bonding alignment precision is realized
in a 25 s cycle time. Optical coupling losses of —1.5+—0.5 dB
are achieved at 1550 nm wavelength after epoxy underfill, with
up to 40 mW of optical power coupled to the SiN waveguides
on the Si photonics wafer. The bonding interface adds less than
10% to the series resistance of the laser diodes and post-bonding
thermal resistance is measured to be 76 K/W (or 27 K.mm/W),
mostly dominated by heat spreading resistance in the InP lasers as
suggested by in-depth thermal modeling. Although the assembled
lasers suffer from significant, unintentional optical backreflection
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from the fiber grating couplers used for optical characterization,
laser linewidths well below 1 MHz have been measured under spe-
cific drive conditions, as supported by a detailed laser noise analysis.
Finally, we demonstrate the ability of bonded laser assemblies to
pass early reliability tests.

Index Terms—TFlip-chip devices, hybrid integrated -circuits,
semiconductor lasers, silicon photonics.

1. INTRODUCTION

i PHOTONICS (SiPho) transceivers are being deployed at
S an accelerating pace to keep up with increasing demands
for communication in data centers and high-performance com-
puting systems. Future applications will require advanced mul-
tiwavelength light sources, integrated into Si photonic chips [1],
[2]. Integrated light sources are also a key component of LIDAR
and other sensors based on SiPho technology [3]. Today, various
laser integration approaches are considered, ranging from laser
micro-packages, flip-chip bonding [4], micro-transfer printing
[5], die-to-wafer bonding [6] and direct III-V epitaxial growth
on the Si substrate [7]. Each method has its own benefits and
challenges and different cost structure.

In this work, we focus on hybrid laser integration, where
prefabricated and tested III-V laser light sources are flip-chip
bonded to 300 mm SiPho wafers, as illustrated in Fig. 1. A key
benefit of this approach is the relatively low development costs,
as well as the simplicity and flexibility of its supply chain. This
integration approach is particularly well suited for applications
requiring a relatively low number of light sources per SiPho unit
area. Applications requiring a larger number of light sources
may benefit from higher throughput integration approaches, at
the expense of higher upfront development costs.

One of the key challenges of flip-chip integration is the
placement precision, which directly affects the laser-SiPho op-
tical coupling loss. This is particularly important for lasers
with small mode field diameters, where coupling efficiency is
highly sensitive to misalignment. In this work, we leverage
an advanced vision-driven dynamic alignment pick-and-place
tool (ASM Amicra Nano System), featuring high post-bonding
alignment precision, to address this challenge at wafer scale with
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Fig. 1. Camera image of a 300 mm SiPho wafer with wafer-scale flip-chip
bonded InP laser diodes. The inset shows a 3D schematic of the flip-chip laser
bonding test site.

arelatively high throughput of >100 (laser) units per hour. The
opto-mechanical interface between the SiPho wafer and the InP
DFB lasers was carefully co-designed and implemented in a
commercially available InP laser technology (Sivers Photonics,
Fig. 2(a)).

II. LASER FLIP-CHIP INTEGRATION

A. Interface Design and Simulations

First, we define the specifications for the assembly process to
achieve a coupling efficiency of lower than 2 dB, supported by
detailed optical simulations of the laser-SiPho interface, using
Lumerical 3D FDTD software. The coupling interface and test
site are schematically shown in the inset of Figs. 1 and 2(b).
Light with 1550 nm wavelength from the InP DFB laser is butt
coupled to a 400 nm thick PECVD SiN waveguide (Fig. 2(c)),
implemented on the SiPho wafer, having a 2225 nm-thick bottom
oxide layer, and a 2165 nm-thick top oxide. The 840 nm wide
SiN waveguide is tapered down in the laser coupling interface
to better match the laser mode. In this work, we only explored
a simple, straight inversely tapered waveguide edge coupler
design. More advanced couplers with lower insertion loss [8]
and higher misalignment tolerance [9] will be explored in future
work. First, the optimal SiN taper tip width is identified, based
on the maximum field overlap between the InP laser mode
and the SiN mode (Fig 2(d)—(f)), assuming perfect alignment.
The laser mode is approximately 2 pm wide and 1 um high,
reflecting the tight mode confinement in the InP waveguide,
and necessitating the need for a pick-and-place process with
sub-micron precision. The mode slightly expands while propa-
gating in the 500 nm-wide gap between the InP laser and the
SiPho facets. As can be seen in Fig 3(a), the best coupling
efficiency is achieved for a SiN taper tip width of 350 nm,
yielding —1.6 dB coupling loss assuming air between the InP and
the SiPho facets. Filling this gap with an index-matching epoxy
reduces coupling loss to —1.1 dB. The 0.5 dB improvement can
be partially explained by a reduced reflection at the SiPho facet.
As there is no anti-reflection coating on this SiN/oxide facet, the
index contrast reaches ~30% with an air gap. The epoxy has a
refractive index (RI) of 1.56 at 1550 nm wavelength, which is
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Fig.2. Cross-section schematic of InP laser with both contacts on frontside (a).
Top-view schematic of assembly test vehicle (b). Laser-SiPho optical interface
schematic (not to scale) (c). Mode profiles of light propagating from laser (d) to
SiPho facet (e) through air gap (f).

better matched with the SiN taper tip effective index (n ~1.6),
minimizing Fresnel reflections at this interface.

Next, the sensitivity to alignment errors was modelled to set
the specifications for the placement process (Fig. 3(b)—(c)). We
explored 3 translational (x, y, z) and 3 rotational (pitch, yaw,
roll) misalignments. As our mechanical interface includes pillars
for passive vertical alignment, 2 translational and 1 rotational
degrees of freedom remain. In Fig. 3(b)—(c), we show the sim-
ulated misalignment sensitivity for a 350 nm wide SiN taper,
which yields the lowest insertion loss. Since the laser mode
is narrower in the vertical direction, the coupling efficiency
is sensitive mostly to vertical misalignment (Fig. 3(b)). After
evaluation of excess loss from translational misalignment, we
defined the placement precision specs as <500 nm (mean+30)
for x alignment, <300 nm for y alignment, and <200 nm for z
alignment.
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Looking at rotational sensitivity, a yaw misalignment (rotation
around z axis) creates a negligible excess loss when below
1 degree (Fig. 3(c)). Based on geometry, yaw misalignment will
be limited to 0.2 degree for a 0.5 um laser-SiPho facet distance.
On the other hand, an analysis of pitch and roll misalignment
demonstrates significant excess loss in case of failure to properly
land the LD on the vertical alignment pedestals. The pitch should
be <0.05 degree and roll should be <0.09 degree to stay within
a reasonable excess loss of ~0.5 dB. From a practical point
of view, this means that the pedestals and corresponding laser
surfaces should be well matched in dimensions and free of
particles, and that the wafer chuck and bonding head in the
flip-chip tool needs to be accurately leveled.

B. Assembly Process Development

InP DFB laser diodes (LD) were co-designed with the SiPho
interface and manufactured by Sivers Photonics on the InP100
platform. The laser diodes operate in the C-band and have both
electrodes on the frontside as well as mechanical alignment
features, facilitating the p-side down flip-chip bonding process.
The nominal dimensions of the laser dies are 300 pm (W) x
350 pm (L) x 100 pm (H). The receiving 300 mm SiPho wafer
contains laser bonding sites with dry-etched cavities to host the
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Optical microscope image of an array of bonded LDs (a). A tilted SEM image of the LD-SiPho assembly before underfill (b). Histograms showing LD

InP LDs, featuring co-designed vertical alignment pillars, Cu
redistribution lines, and Cu/Ni/Sn bumps plated with a standard
CMOS process to electrically connect to the Au electrodes of
the LDs. Both the LD dies and the SiPho wafer contain matching
cross-shaped fiducials, which are used by the assembly tool
imaging system for realizing high-precision LD placement along
the x-y axes (Fig. 4(a), (b)). For vertical alignment (z axis), which
has the tightest alignment spec, passive alignment is exploited
by placing the LD on limiting pedestals made in the SiPho wafer.
These pedestals are defined by highly selective etch processes,
with better than 10 nm relative precision along the z axis between
the pedestal top surface and the SiN waveguide bottom surface.
Similarly, complementary trenches are precisely defined on the
LD front surface to match the SiPho pedestals.

First, the imaging system in the assembly tool aligns a LD
in the xy plane, and subsequently, the bondhead presses the LD
against the Cu/Ni/Sn bumps and vertical alignment pedestals.
The SiPho wafer is then locally heated with a laser from the
backside, to reflow the Sn and electrically connect with the Au
contacts on the LD. During the Sn reflow process, the LD lands
on the SiPho vertical alignment pedestals. Several process pa-
rameters, such as bond force, bond pressure position, Sn reflow
temperature and time, were optimized to achieve the best bond-
ing results. After these process optimizations, we have achieved
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Fig. 5. Bonded LD profile measurement with white-light interferometry.

a post-bonding x and y placement accuracy (30) of 254 nm and
284 nm, respectively, centered at the mean values of 26 nm and
13 nm, as illustrated in Fig. 4(c). This data was collected from 51
LDs bonded on a target wafer within one run. The measurement
precision of the camera system is ~50 nm. Vertical alignment
accuracy can be evaluated by doing a cross-section of assembly
and inspecting mechanical interface in a scanning electron mi-
croscope (SEM). However, this method is destructive and has
low throughput. Therefore, we adopted an indirect measurement
method utilizing a white-light interferometer. This technique
allows to measure the tilt of a bonded LD, which indicates how
well the die landed on vertical alignment pedestals. A typical
example (Fig. 5) shows a bonded LD die with <20 nm and
~150 nm height variation across the x and y axes respectively,
which corresponds to <0.003 degree pitch and 0.03 degree roll.
This is well within the angular misalignment specification. The
bonding cycle time is approximately 25 seconds.

After the reflow bonding of the lasers, an epoxy underfill is
applied (Fig. 4(d)), which is required to address several critical
points:

® improved bonding strength and mechanical stability

e reduction of back-reflections from SiPho interface

e passivation of electrical contacts,

e improved heat dissipation.

A commercially available optical UV-curable epoxy was
applied by the dispensing unit within the ASM Amicra Nano
System and then UV cured. In this way, all LD packaging steps
are implemented within a single assembly platform.

III. MEASUREMENT RESULTS
A. Optical Coupling Efficiency

We recorded post-assembly L-I-V curves and laser emission
spectra to evaluate the bonding process. As seen in Fig. 2(b), the
test circuit consists of a bonded LD, a single-mode tapered SiN
waveguide and a SiN fiber grating coupler on the 300 mm SiPho
wafer. The LD-SiPho coupling loss is derived by comparing
the measured fiber-coupled LD optical power of the assembly
with the output power of the same LD before bonding, while
calibrating out the insertion loss of the grating coupler (measured
separately on a reference structure on the same reticle). The
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overall measurement error of the extracted coupling loss is
conservatively estimated to be 0.5 dB.

Fig. 6(a) shows the obtained coupling loss values for different
SiN taper tip widths, before and after epoxy underfill application.
Before epoxy encapsulation, the coupling loss values are in the
range —2.5+1 dB. After the underfill process, the coupling
losses are improved to —1.5+0.5 dB, particularly for 350 nm
and 400 nm wide SiN tapers. As discussed in Section II.A,
an improvement of about 0.5 dB can be expected based on
the optical simulations. Further improvement may come from
lowered scattering losses at the sidewall roughness of the SiPho
facet after application of the index-matching epoxy.

The coupling loss values measured after applying the underfill
are close to the simulated coupling loss with epoxy in the LD-
SiPho gap (—1.1 dB, see Fig. 3(a)). In addition to improving
coupling loss, the underfill process also improves the mechanical
reliability of the assemblies: shear tests results are discussed in
paragraph D.

Coupling losses of —1.5 dB are on-par with some of the
best reported flip-chip processes using active alignment [4]. In
our work, we obtain competitive coupling efficiencies without
requiring integrated mode size expanders in the InP LDs, making
the assembly process more generally applicable. In addition,
leveraging a pure vision based passive alignment, the assembly
process is simplified and can be done in a relatively short cycle
time of 25 s.

Fig 6(b)—(c) show the post-bond, SiN waveguide-referred L-1
curves of several assemblies, overlaid on the LD L-I curves
before bonding. Most of the variation in coupled optical power
originates from the LDs in this batch, which had variation in
emitted power due to an underlying design split. Up to 40 mW of
optical power is coupled into the SiN waveguide at a drive current
of 200 mA. The ripples in the L-I curves are a consequence of the
relatively strong optical feedback from the SiN grating coupler
back into the DFB laser cavity. The cavity length corresponding
to a 27 phase shift induced by one L-I curve ripple period
(25-30 mA) is matching with SiN waveguide length with a
grating coupler. SiPho facet distance to laser diode is below
1 pum, therefore, it is too short to create L-I curve ripples with
observed period. A backreflection strength of 4% (—14 dB) is
estimated from the Fabry-Perot ripple amplitude in the measured
transmission spectrum of a short SiN reference waveguide with
two SiN grating couplers. This is a known design issue, which
can be fixed in a future design by implementing a grating coupler
with low backreflection [10]. Paragraph C includes a deeper
study of these feedback effects on the laser emission properties.

The electrical characteristics of the laser assemblies were
evaluated by comparing V-I curves before and after bonding
with epoxy underfill (Fig. 7). The extracted series resistances
are 15.40+0.15 Ohm and 16.55+0.07 Ohm (sans outlier) for
LDs before and after assembly, respectively. Only ~1.1 Ohm
is added after the assembly process, which suggests a robust
electrical interface with SiPho metallization.

To verify the repeatability of the packaged LD measurements,
we repeatedly recorded L-I-V curves in 15 drive current ramp
cycles from 0 to 200 mA, at room temperature. Both V-I and L-I
curves are very reproducible, including the L-I ripples.
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series resistance change.

We also evaluated the performance of bonded lasers at differ-
ent SiPho wafer temperatures. This test was carried out using
an earlier set of bonded lasers with higher coupling loss and up
to ~20 mW waveguide-coupled optical power at room temper-
ature. The wafer chuck temperature was varied from 25 °C to
65 °C and L-I curves were recorded (example shown in Fig. §).
Although the varying ripples in the L-I curves complicate an
accurate comparison of threshold current and slope efficiency,
up to 16 mW of optical power is coupled at 65 °C, a reduction of
~30% compared to 25 °C. The repeated measurement at 25 °C
(black line) overlaps with the initial measurement (blue line),
which shows that the laser assembly is stable after such oper-
ation temperature ramping. In the next paragraph, the thermal
properties of the laser assembly are derived from experimental
data and compared with thermal modeling results.

B. Thermal Performance and Modeling

For reliable operation, it is imperative that the laser tempera-
ture is kept as low as possible. Furthermore, laser performance
degrades at elevated temperatures: lasing efficiency drops and

Pre-bond L-I curves are added for reference.

@ (b 24
10
20|
E ol
g ° %‘16 a
e .
g -10 - g 12
o]
& o
=20} w 8}
- —25°C -
o s Q. oo =
O -30+ igg O 4t L25°c
55°C 45°C
—65°C —65°C
—25°C_rep 0 L —25°C_rep
_40 1 1 1 1 1 1
0 100 200 0 100 200
Current [mA] Current [mA]
Fig. 8. Packaged laser L-I curves at different chuck temperatures in logarith-

mic (a) and linear (b) scale.

threshold current increases [11]. In this section, the thermal
resistance of the bonded laser is determined experimentally, and
this result is compared with a finite-element thermal model. The
model allows to determine the laser operating temperature, for
the case with and without epoxy underfill.

The laser thermal resistance is determined by the following
equation [12], [13]:

o\t /o
th‘(a?) (a—P)’

where A is the laser wavelength, T is the laser temperature and
P is the thermally dissipated power. The laser wavelength slopes
are measured experimentally by increasing the wafer chuck tem-
perature and increasing the laser drive current (Fig. 9). Following
this method, a laser thermal resistance of 75.9 4+ 16.3 K/W is
extracted. For comparison with laser integration in other works,
typically the performance is reported as the product (thermal
resistance) x (length) [14]. The laser used in this work has a
length of 350 pm, which results in a normalized laser thermal
resistance of 26.6 K.mm/W. This value is competitive with
recently demonstrated laser integration reported in literature:

ey
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Fig. 10.  Finite element model of the bonded laser.

B. Song et al.[14] reported a normalized thermal resistance
of 36.6 K.mm/W for a flip-chip integrated laser. For a micro-
transfer printed laser, R. Loi et al. [15] reported a value between
19-46 K.mm/W. Finally, for heterogeneous laser integration, D.
Shin et al. [16] reported a value between 20-34 K.mm/W.

Next, a finite-element thermal model of the laser is developed
using the software Msc.Marc [17]. The computational domain
is set as a 6x6 mm? containing the Si photonic carrier die, with
the laser flip-chipped on top (Fig. 10). The simulated thermal
resistance is 85.7 K/W, which matches reasonably well with the
experimentally obtained value. The thermal resistance of the
bonded laser is extracted in the model as the average laser mesa
temperature per unit of dissipated thermal power. The model
assumes that all heat generation occurs in the laser mesa, and
no parasitic losses in the electrical contacts of the laser are
considered. The total thermal resistance can be attributed to two
main resistances along the heat transfer path from heat source
(laser mesa) to heat sink (carrier die bottom face). Firstly, ~50%
of the total resistance comes from heat conduction in the InP of
the laser itself. The other half comes from the thermal contact
between the laser and the carrier die and the heat conduction
through said carrier die. Furthermore, there is a secondary heat
transfer path from the laser outer surfaces directly to the ambient
air through natural convection. However, because the small
surface area of the laser, this contribution to the total heat transfer
is negligible (<0.04%). More details about the finite element
modeling can be found in [18].

The laser temperature is now calculated in function of input
current. The laser temperature increase is found by AT = Ry, -
Py;,. The thermal power Py, is calculated by:

Py, =V-I-(1-—WPE(I,T)) 2)

where V' is the voltage, [ is the currentand W PE = P,,; /P;.
Because of the temperature dependence of the wall plug ef-
ficiency, the temperature increase A7 depends on the laser
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Fig. 11. Laser temperature increase (left) and underfill impact on thermal

resistance (right).

temperature. This results in an implicit equation for temperature
increase that is solved iteratively. The wall plug efficiency is
calculated from the measured L-I curves and the voltage is
extracted from the measured laser I-V curves. The resulting laser
characteristic temperature increase versus current shows that due
to optical efficiency loss at higher temperatures, the self-heating
is more severe at 7' = 75 °C compared to 7' = 25 °C (Fig. 11).
Furthermore, the addition of epoxy underfill in the finite element
model shows a decrease in thermal resistance of the bonded
laser up to —31%, depending on the thermal conductivity of
the epoxy. The epoxy underfill improves the thermal contact
between the laser and carrier: it provides an alternative heat flow
path from the laser mesa directly into the Si substrate below,
partially mitigating the thermal spreading resistance in the laser
itself.

We have also analyzed how much LD thermal expansion
affects the mechanical alignment with SiPho. For the case
when LD temperature is 100 °C, InP die of given dimensions
expands by ~129 nm laterally and ~37 nm vertically. Such
dimension change yields negligible misalignment loss below
0.1 dB (Fig. 3(b)).

C. Laser Linewidth and Frequency Noise

Laser frequency noise and spectral linewidth are fundamen-
tally related, and they are critical to achieve high-performance
semiconductor lasers. Many photonics applications require low
noise and narrow linewidth lasers to offer better functionality.
For example, coherent communication and FMCW Lidar re-
quire light sources with ultra-low frequency noise [19], [20].
Theoretical solitary laser linewidth can be fully expressed with
spontaneous emission rate, laser output power and linewidth
enhancement factor proposed by C. Henry [21]. For lasers
coupled to silicon or silicon nitride waveguides, the frequency
noise and linewidth can be affected by reflections in these
passive waveguides as well, e.g., at the grating coupler [22].
The laser then becomes an external cavity laser and exhibits
much more dispersion, which can affect the linewidth positively
or negatively and to a lesser or greater extent depends on the
amplitude and phase of the external reflection [23], [24], [25],
[26]. In this section, frequency noise (FN) and linewidth mea-
surement results of the bonded lasers are reported and discussed.
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Example of measured frequency noise power spectrum density from hybrid
lasers with weak feedback (blue) and strong feedback (red). The Lorentzian
linewidth of each trace is proportional to the white noise level of PSD, Sv” (b).

The effects of external feedback strength on laser linewidth are
analyzed.

The Lorentzian linewidth, Av, is directly obtained from the
frequency noise power spectral density (PSD) S, (f), measured
using the frequency/phase noise analyzer from OEwaves, Inc.
Fig. 12(a) shows the schematic of the experimental setup. The
laser chip temperature is controlled and driving current is sup-
plied through DC probes. The light output from the grating
coupler is first coupled to a cleaved single-mode fiber with fixed
tilting angle and then connected to an optical isolator to prevent
extra back-reflections from the rest of the optical path. Lastly
the optical signal is fed into the OE4000 to measure S,,( f). The
Lorentzian linewidth is derived using the following equation
[24]:

0
AVLorentzian =7 X Sy (3)

with SY the spectral density of the white noise part from the FN
PSD. Note that the system includes noises from both thermo-
electric cooling (TEC) and the laser diode (LD) driver. There-
fore, the same equipment is used during every measurement so
the lasers’ frequency noise can be compared fairly.

The linewidth Av under feedback can be qualitatively de-
scribed using following equation [25], [26]:

AZ/O

_ 4
v [14+ C - cos(pest + tanfla)]Q 7 @

where Ay is the solitary laser linewidth, C is the effective
feedback strength coefficient, ¢, is the feedback phase and «v is
the laser linewidth enhancement factor. In our measurements, we
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Fig. 13. Measured Lorentzian linewidth vs. ambient temperature for laser

assembly at different drive currents (a) and a typical laser emission spectrum
after packaging (b).

changed the feedback phase by varying the temperature, which
mainly changes the emission wavelength of the DFB laser.

Fig. 12(b) shows an example of the PSD spectrum at 25 °C
from two hybrid lasers biased at 150 mA. The red curve is
the result from a laser with stronger feedback (higher coupling
efficiency) and the blue curve is the result from a laser with
weaker feedback (lower coupling efficiency). The Lorentzian
linewidth is calculated from (3) where the white noise PSD level
is used. From Fig. 12(b), laser linewidths Av of 1.1 MHz and
360 kHz are deduced respectively.

Fig. 13(a) shows a strong dependence of the measured laser
linewidth Av versus ambient temperature and laser drive cur-
rents, for an assembly with low coupling loss (-1.5 dB) and
strong optical feedback. As mentioned before, the SiN grating
coupler has an estimated back-reflection strength of 4% (-14 dB).
The effect of external feedback on the laser linewidth Av is a
function of the feedback strength and phase [25], [26]. The peri-
odic variation of Av over temperature for a given drive current,
suggests that it is mostly influenced by the back-reflected signal
coming from the SiN grating coupler, as the thermally-driven
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TABLE I
DESCRIPTION OF INITIAL RELIABILITY TESTS
Method Test conditions Learning
. . Mechanical
Shear test | Force applied until LD peels off stability
g/l‘r’llsitt‘i“iet Bake for 24h at 125°C Underfill
CRSIIVILY | Soak at 85°C/85% RH for 168h performance
Level 3 times reflow at 260°C Laser operation
(MSL1) P

relative phase shift matches with the 1.2 mm-long roundtrip
path in the SiN waveguide between the laser and the grating
coupler (see Fig 2(a)). The relatively high intensity of the side
modes seen in Fig. 13(b) is another consequence of this strong
optical feedback. The laser linewidth Av ranges from 260 kHz
to tens of MHz whereas the laser linewidth before bonding is
in the range of 500 kHz to few MHz. As such, laser linewidth
narrowing can be also achieved.

We then applied (4) to analyze the measured linewidth rela-
tionship with the feedback strength. Using (4), the estimated
solitary laser linewidth is around 2.6 MHz and the effective
feedback coefficient C is 0.56. These results show that the hybrid
laser linewidth in the current assemblies is strongly affected by
optical feedback from the grating coupler, and that the linewidth
can be narrowed when the feedback phase is properly tuned.

D. Initial Reliability Tests

Flip-chip laser assemblies are prone to various potential
degradation mechanisms, including laser displacement and
stress, laser failure, pbump cracking/voiding, creep and diffu-
sion of copper lines, degradation of the optical epoxy and more.
Dedicated reliability tests need to be carried out to examine the
failure rates for each degradation mechanism, using industry-
standard tests such as accelerated ageing, thermal cycling, high
temperature storage, electromigration, electro-static discharge
test, vibration, etc.

As a first step toward comprehensive reliability testing, a first
set of reliability tests was conducted, as listed in Table .

First, we performed shear strength tests to evaluate the me-
chanical stability of the laser assemblies. We compared the shear
force needed to peel off the laser without and with underfill.
We tested 10 assemblies in each group, bonded using the same
process conditions. Results are shown in Fig. 14. Looking at the
mean values, the shear force needed to peel underfilled LDs is
~2.5 higher than for LDs without underfill (87.8 gf versus 36.5
ef, respectively). We compared this value with MIL-STD-883J
shear strength standard for 350 x 300 pm die: the assembly
withstands MILSPEC 1.25x of 81.4 gf [27].

Next, a humidity test (MSL1) was carried out, including
exposure in a humidity chamber for 1 week, followed by 3
cycles of solder reflow conditions, mimicking a PCB attach
process. Eight bonded and underfilled lasers were stressed under
the conditions as described in Table I.

L-I curves of one assembly before and after stress are shown
in Fig. 15. The fiber-coupled after-stress optical power varia-
tion relative to the pre-stress value was within 10% for all 8
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tested devices, which is within the measurement variability of
the test setup. This suggests that the laser performance is not
significantly affected by the applied stress conditions, e.g., the
underfill did not degrade, or the LD was not displaced. Ongoing
work includes extensive reliability tests as mentioned above.

IV. SUMMARY AND OUTLOOK

We demonstrated a wafer-scale InP laser diode flip-chip bond-
ing process with passive alignment precision below 300 nm,
driven by a visual fiducial recognition system in an advanced
assembly tool, enabling a relatively high throughput of >100
devices per hour. Vertical alignment is controlled by limiting
mechanical structures co-designed in both SiPho and laser
diode. The electrical connection between the InP laser and the
SiPho wafer is enabled by landing the laser Au contacts on
standard CMOS Cu/Ni/Sn bumps followed by reflow, adding
only ~1.1 Ohm extra series resistance. Optical coupling losses
of —1.540.5 dB are achieved in the C-band after optimizing
the assembly and underfill process, and are close to the 1.1 dB
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coupling loss predicted by 3D FDTD simulations. Leveraging
the efficient heat sinking and low thermal resistance of the
bonded lasers (26.6° K.mm/W), up to 40 mW of optical power
coupled to the SiN waveguide at room temperature and a drive
current of 200 mA. In-depth thermal modeling suggests that the
main contribution to thermal resistance is lateral heat spreading
within the laser diode.

The demonstrated laser assemblies suffered from strong un-
intentional optical feedback from non-optimized fiber grating
couplers used for optical characterization, creating strong ripples
in the measured L-I curves. A detailed study of the influence
of these back-reflections on the Lorentzian linewidth and laser
frequency noise was carried out. By thermo-optically tuning the
feedback phase through temperature and drive current, we were
able to decrease the Lorentzian linewith of a packaged DFB laser
to 260 kHz, substantially lower than the Lorentzian linewidth of
the lasers before bonding (500 kHz to few MHz).

Finally, a first set of reliability tests was carried out. Shear tests
show a significant improvement in mechanical stability after
underfill application, reaching shear strength of 828.6 gf/mm?.
Several laser assemblies have also passed an initial humidity
and solder reflow test, providing a positive outlook for ongoing
comprehensive reliability studies.
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