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Enhancement of VCSEL performances using
localized copper bonding through Silicon vias

F. Taleb, S. Pes, C. Paranthoen, C. Levallois, N. Chevalier, O. De Sagazan, A. Le Corre, H. Folliot
and M. Alouini.

Abstract— We report on a new cost effective, with a low
temperature budget and simple bonding process on silicon,
presenting efficient heat spreading and great potentialities in
integration. This process is based on a thick electro-plated copper
bonding layer through silicon vias and is expected to reduce
significantly the bonded device internal temperature. We apply
this process to realize 1.55 um emitting vertical-cavity surface-
emitting lasers. We demonstrate continuous wave operation from
room temperature up to 55°C, an internal temperature reduction
of 13°C, and we estimate a decrease of 30% of the overall device
thermal impedance.

Index Terms—bonding processes, thermal management, wafer
scale integration, Vertical-cavity-surface-emitting-laser

I. INTRODUCTION

ONDING technologies have encountered over the years

growing interests and developments, covering a wide
panel of applications. Starting from the 3D integration in
microelectronics, bonding processes are commonly used in the
fabrication of micro electro-mechanical systems [1], in heat
flow management for high power transistors or photonic
devices [2], [3], and more recently in the emerging
development of silicon photonics and heterogeneous
integration of 111-V compounds on a mature silicon platform
[4] [5] [6]. In most cases, the bonding of two (or more)
different (or not) substrates allows improving the device
performances, or the emergence of new components and
functionalities which would otherwise not be possible.
Among the different bonding approaches, Van Der Waals
(VDW) and polymer adhesive bonding are commonly used
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attractive. Both technologies enable to bond individual chips
or whole wafers onto silicon substrates , with the constraint to
process extremely flat surface in the case of the VDW method
(commonly SiO, layers are used in conjunction with chemical
mechanical polishing technologies (CMP)) [7], whereas the
polymer adhesive bonding technique is less restrictive on the
surface roughness when adhesive layers such as
benzocyclobutene (BCB) are used. [6]. Considering these two
bonding methods, 111-V materials based devices such as lasers
and photodiodes have been successfully bonded onto silicon
photonic platforms [4] [5] [6]. In both cases the thermal
management is still an important challenge, which may limit
the overall device performances, mainly because of the poor
thermal conductivity of the insulated layers used for the
bonding. When the thermal budget of the bonded devices is
too large, as in the case of InP-based vertical-(external)-cavity
surface-emitting lasers (V(E)CSELs), metallic bonding on a
diamond substrate or the use of a metallic heat-spreader have
been reported to drastically improve the device performances
[8], [9]. Nevertheless, in this case, the integration with silicon
microelectronic or photonic platforms is mechanically not
possible. As an alternative, the flip-chip process, consisting in
bonding devices to silicon via metallic bumps, has been
developed with success, leading to significant improvements
in VCSEL performances, along with the benefits of the silicon
platform integration [10]. Recently, we have proposed a new
hybrid bonding process, called the TSHEC process (standing
for Trough Silicon Holes Electroplated Copper bonding),
which combines the advantages of the integration on a silicon
platform, with the thermal improvement inherent to the use of
a copper metallic bond layer acting as a localized efficient
heat-spreader and contact layer [11]. In this letter we apply
this process to the fabrication of InP-based VCSELSs operating
at telecommunication wavelength. We report improvements of
VCSEL performances, and we present experimental evidences
showing significant reduction of the device thermal impedance
below 1000 K/W, as expected according to finite element
method (FEM) simulations. These results evidence the
potentialities of the TSHEC process, allowing the hybrid
integration of virtually any photonic or microelectronic device
on a silicon platform, while keeping a thermally efficient,
cost-effective and simple process.
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1. DEVICE DESCRIPTION AND PROCESSING

The schematic cross section view of the VCSEL structure
realized according to the TSHEC process is depicted in Fig. 1.
It mainly consists of two distinct parts. The first one is the host
silicon substrate, on which matrices of 3x3 square holes have
been realized by anisotropic wet etching, with typical
dimensions of 200x200 pm? and 700x700 pm? on both sides
of the substrates. The second part is the VCSEL structure,
designed to operate under optical pumping. It consists in 9
strained InGaAsP quantum wells, distributed over three
optical standing wave anti-node positions, and emitting at 1.52
pm, grown by gas source molecular beam epitaxy on InP(001)
substrate. A red shift of 30 nm has been considered for the
design of the cavity mode resonance, in order to obtain a
VCSEL emission at 1.55 pm during room temperature
operation of the device. A first hybrid distributed Bragg
reflector (H-DBR), consisting in 3.5 periods of amorphous
silicon (aSi) and amorphous silicon nitride (aSiN) dielectric
layers, completed by a final 200 nm-thick gold layer, is
deposited, with a theoretical reflectivity of 99.66%. Dry
etching is performed on the H-DBR to form circular mesas
with diameters varying from 20 um up to 100 pm. A metallic
layer of Ti/Au is then deposited on the whole substrate, acting
as the electrode for a next electroplating step.

Upper DBR
InP heat
cavity
«— Ti/Au

BCB

Fig. 1. Cross section view of the TSHEC VCSEL.

At this stage, a 3 um-thick BCB layer is spin-coated on the
processed InP substrate. The silicon host and InP substrates
are aligned one to each other to center the H-DBRs within the
200x200 pm? wide silicon holes. Both substrates are then
brought into contact and the BCB s cured to finalize the pre-
bonding step. A dry etching step is performed through the
silicon backside (presenting the 700x700 pm? wide holes) to
remove the unprotected BCB from the metallic layer, leaving
the H-DBRs uncovered, as shown on the Fig. 2 (a). Then,
electroplating is performed on the metallic layer through the
holes, leading to a partial filling of the silicon vias with a 50
pm thick Cu layer, and completely covering the H-DBRs
(which in the following will be called BH-DBR for buried H-
DBR), as shown on Fig. 2(b). This copper layer enables a
robust mechanical link with the silicon substrate while also
promoting the heat spreading from the device, thereby acting
as a localized and efficient heat sink. Note that this copper
layer can be also used as contact layer if an electrical pumping
scheme is implemented for such devices. Following this step,
the whole InP substrate is removed by a combination of
mechanical and chemical etching, down to an InGaAs stop
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etch layer being also chemically etched. As a result, a 2 um-
thick InP based layer remains on the silicon host substrate.
Fig. 2(c) presents a picture of a quarter of 2 inches VCSEL
wafer bonded onto the silicon substrate just after the substrate
removal. It shows a uniform mirror like surface, presenting
none defects like air gap or unbounded related “bubbles” or
any scribe lines. Also, we can notice apart from the VCSEL
sample several 3x3 black square patterns corresponding to the
silicon holes matrices which remain not used in this case. It is
worthwhile to notice also that the TSHEC technique has no
limitation in terms of size for the processed wafers, allowing
bonding a complete 2-inches (or more) wafer on a
corresponding Si host substrate.

(d)

Fig. 2 : Images representing the 100 pm diameter H-DBR VCSEL fabrication
according to the TSHEC process at different step : (a) after the BCB dry
etching and (b) after the Cu electroplating (both views through a silicon hole),
(c) whole wafer after the InP substrate removal, (d) SEM image of a 400x400

um2 InP VCSEL die on silicon at the end of the process.

This half VCSEL structure is completed by the deposition
of the top DBR, consisting in four pairs of aSi/aSiN with a
theoretical reflectivity of 99.3 %. The process is completed by
the definition of VCSEL individual dies (400x400 pum?), as
shown on Fig. 2(d), according to conventional
photolithography steps and dry etching of the DBR and InP
layers.

I1l. TSHEC VCSEL CHARACTERIZATIONS

VCSEL devices have been characterized under optical
excitation, with a 980 nm continuous wave (CW) laser diode,
focused on a 15-20 pum in diameter spot (1/e2 waist size).
Temperature is controlled with a Peltier module controller.
Measurements are performed on VCSEL devices presenting
different BH-DBR diameters, from 20 up to 100 pum, and
belonging from the same 3x3 matrix (see Fig. 2(c)). This very
restricted surface (6.7 mm?) enables to exclude any MBE
related microcavity and/or DBR thicknesses inhomogeneity.

Fig. 3 (a) and (b) represent the VCSEL light output power
as a function of the absorbed pump power (LL characteristic)
measured at different device temperature and for two VCSELs
integrating a BH-DBR diameter of 100 pum and 20 pm
respectively. Note that for all measurements, a peculiar
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attention has been paid to the VCSEL optical excitation, in
order to maintain a single transverse mode emission, as
evidenced by the Fig. 3 (a) and (b) inset representing typical
single transverse mode near field intensity and spectrum
measured from VCSELSs. This peculiar point is important for
reliable LL curves, but also for the estimation of the thermal
impedance measurements, which will be presented later in the
paper. As shown on Fig .3 (a), the 100 um BH-DBR VCSELs
exhibits laser operation from room temperature up to 50°C,
with a typical threshold power of 9 mW and a maximal output
power of 2.5 mW, measured respectively at 16°C. The
external quantum efficiency is decreasing from 0.6 down to
0.45 with temperature increasing from 16°C up to 50°C. Fig
3(b) represents the same LL characteristics in the case of the
20 pm BH-DBR VCSEL. At 16°C, a smaller threshold of 6
mW is obtained with a 2 mW maximal output power. From
16°C up to 50°C, a low efficiency of 0.08 is measured, being
constant in the whole temperature range.
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Fig. 3 : CW VCSEL output power as function of the absorbed pump power
measured at different temperatures (from 16°C up to 50°C) for (a) the 100
um and (b) the 20 pm BH-DBR VCSEL. Insets correspond to typical near
field intensity profile and spectrum measured at 16°C from VCSELs with an
output power emission of 1.5 mW.

VCSEL output power (mW)

1550
um)

We attribute this lower value to the experimental set-up
itself, considering that this 20 um diameter BH-DBR and the
incident pump spot are very close in size to each other. This
might induce an overestimation of the real absorbed power,
which may mainly explain the lower slope efficiency for the
20 pm diameter BH-DBR VCSEL, rather than any other
additional detrimental effect. Nevertheless, from this
experiment, we can retain that in comparison with the 100 um
BH-DBR, the 20 pm BH-DBR VCSEL threshold is lower.

Fig. 4 represents both VCSELSs threshold power as a function
of the VCSEL stage temperature, from 50°C down to -15°C.
For temperatures lower than the dew point (Tgw=15°C),
measurements have been performed under an oversaturated
nitrogen atmosphere. Note that in the case of the 20 um BH-
DBR VCSEL, measurements in the low temperature range
have not been performed, because such small devices have
been partly destroyed with an unintended exposure to
moisture. As a usual procedure on VCSEL [6] [9], we proceed
to a simple second order polynomial fit to estimate that the
minimum threshold is achieved at a temperature of 13°C for
such a device. For the 100 pm BH-DBR VCSEL, the

3

minimum threshold is measured at a temperature of 0°C. Also,
Fig. 4 inset represents the optical emission spectra of both
VCSELSs, measured respectively at 13 °C and 0 °C. The 20 um
BH-DBR VCSEL (blue spectra) presents a 15 nm blueshift in
comparison with the 100 um one. Both measurements clearly
indicate that the VCSEL internal temperature is lower in the
case of the 20 um BH-DBR, enabling to get a smaller
wavelength emission when the matching between the modal
gain and the cavity resonance is achieved. These results can be
ascribed to an experimental evidence of a better heat spreading
from the device when a smaller BH-DBR is combined with
the TSHEC process.
16
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Fig. 4 : VCSEL threshold power as a function of the VCSEL stage
temperature for the 100 and 20 um BH-DBR VCSELs (red dots and blue
triangles respectively). Red dotted curve is only for eye-guiding, the blue
dotted curve is a second order polynomial fit. In inset, the VCSEL emission
spectra measured at 0°C and 16°C for the 100 pum and 20 um BH-DBR
VCSEL (red and blue), respectively.

Going further, the thermal properties of VCSEL devices have
been investigated thanks to Finite Element Modelling (FEM)
calculations. According to the VCSEL design depicted on Fig.
1, the thermal impedance (Ry) is extracted from FEM
simulations for different BH-DBR diameters, by measuring
the internal VCSEL temperature gradient when a 15 pm-
diameter heat spot of 15 mW is absorbed within the active
layer. In Fig. 5 is represented the result of such simulations.
The case in which a 3 um-thick large-area BCB layer is used
for the device bonding on Si (blue circles) is compared to case
in which the TSHEC process is used (dark squares). In the
first case, a large thermal impedance of 2800 W/K is deduced
for a 100 um BH-DBR, which is getting even worse when the
BH-DBR diameter is reduced. This is mainly due to the bad
thermal conductivity of the BCB layer, in comparison with the
one offered by the combination of the BH-DBR and the
localized copper heat-spreader. Indeed, in the case of the
TSHEC design, for devices presenting a BH-DBR larger than
50 um, a reduced and constant thermal impedance of 1250
W/K is deduced. This is mainly limited by the BH-DBR
thermal impedance itself, the reflector being composed by
dielectric materials. Reducing the BH-DBR diameter below 50
pum favors the heat flow spreading from the VCSEL device
towards the copper layer across the InP layers surrounding the
pumped area. As a consequence, from this simulation we
deduced a decrease of 11°C for the 20 um BH-DBR device
maximal internal temperature in comparison with the 100 um
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BH-DBR, resulting in a decrease of the thermal impedance of
nearly 30% (890 K/W). This internal temperature difference is
close to the 13°C previously presented on Fig. 4. As a first
glance, the overall tendency obtained with the FEM modeling
is fully in agreement with the previously presented
experimental data and the assumptions considering superior
thermal performances of the TSHEC process when smaller
BH-DBR is used.
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Fig.5 : Thermal impedance of the VCSEL calculated for different BH-
DBR diameters, when a 3 um-thick BCB layer is used for the bonding (blue
circles), and in the case of the TSHEC process (dark squares). Red stars are
experimental values deduced from experiments on several tested VCSEL
samples.

Thermal resistance R, (K/W)

To appreciate the benefits of the TSHEC process, we compare
the FEM simulations with the experimental results we obtain
from our devices. The red stars on the Fig. 5 are the
experimental values of the VCSEL Ry, we deduce from the
linear redshift of the VCSEL emitting wavelength with respect
to the temperature (AA/AT), and the absorbed power
(AL/AP,;, ), measured at 16°C(not shown) [9]. For large BH-
DBR diameters of 80 and 100 um, we measured a Ry, of 1000-
1050 K/W, which is close to the one calculated by FEM
simulations. For a BH-DBR diameter of 50 pm, a clear
decrease of the Ry, is measured down to 740 W/K, evidencing
better heat spreading. It is followed by an increase for the 20
pm BH-DBR. Once again, as previously discussed for such
small BH-DBR diameter, we considered this unexpected
increase of Ry, for the 20 um diameter BH-DBR to be mainly
the consequence of the optical pumping set up. This value has
to be considered with precaution, if we take into account the
above experimental evidences showing the superior thermal
properties of this 20 um BH-DBR VCSEL.

IV. CONCLUSION

We demonstrate 1.55 pum VCSEL CW operation with
improved thermal performances, by applying a new process to
bond the device on a silicon platform. This process consists in
bonding a semiconductor active region (but virtually any
semiconductor material) on a Si host platform, through the use
of electroplated Cu through Si vias acting as localized micro-
heat sinks, enabling a robust bonding of the devices as well as
benefiting from improvements in the thermal impedance of the
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structure. Thanks to this technique, we demonstrate reduced
VCSEL threshold, and an internal maximal temperature
reduction of 13°C. We estimate that this process enables to
decrease the thermal resistance for this VCSEL device by
30%. Following this proof-of-concept demonstration of this
TSHEC bonding process, and since it is fully compatible with
optical or electrical pumping schemes, other devices suffering
from a high thermal budget can successfully been tested, such
as high power lasers and LEDs, or high power transistors.
Finally, as this process bonding uses a silicon host substrate, it
can be envisaged to implement some chip functions on the
silicon platform, such as a temperature monitoring or a device
driver, to further improve the device integration.
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