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ABSTRACT

There is awide variety of reasons why future high-performance datacom links are believed to rely on two-dimensional
VCSEL arrays suitable for direct flip-chip hybridization. Some typical are as follows: highest interconnect density,
high-frequency operation, self alignment for precise mounting, productivity at high number of channels per chip. In this
paper the latest approaches to flip-chip VCSELSs are presented. In particular we will assess the properties of transparent
substrate VCSEL arrays which are soldered light-emitting side up as well as VCSEL arrays which are soldered light-
emitting side down, e.g., onto a CMOS driver chip. The VCSEL arrays are designed for bottom- or top-emission at
850 nm emission wavelength and modulation speeds up to 10 Gbps per channel.

Keywords. Semiconductor laser arrays, surface-emitting lasers, VCSELs, optical interconnections, high-speed
modulation, flip-chip bonding, Gigabit Ethernet

1. INTRODUCTION

In the commercial arena, VCSELs nowadays are mainly known as low-cost sources in 850 nm short-wavelength
transceivers for graded index multimode fiber-based Gigabit Ethernet (GbE) or fiber channel links. These components
are employed for a variety of tasks, like in-building backbones or the interconnection of telecom gear in central offices.
Transmission distances are up to 550 m at 1 Gbps data rate [1]. Compared to single channel modules, an increase of
data throughput is achieved with 12-channel parallel optical links connected through multimode fiber ribbon cables.
These already well established technologies are utilized at a rather high, namely rack-to-rack, interconnect level and
only gradualy approach the board-to-board domain. Extrapolating the increase of clock speeds as done in the
Semiconductor Industry Association roadmaps, it seems redlistic that the inherent limitations in electrical wiring
technology will lead to a future introduction of optical subsystems on the intraboard, the intermultichip module, and
even the interchip levels. For all the application areas, VCSEL s are considered as the key enabling elements.

It is their excellent fiber coupling [2] that opened the way to low cost single channel GbE transceivers and in a second
step linear arrays for 12-channel 30 Gbps links. Today it is the natural advantage of monolithic two-dimensional arrays
that will consequently be exploited to develop parallel transceivers providing bandwidths in the Terabit/s regime. Next
generation transceivers will benefit from accumulated advantageous characteristics VCSELs are famous for: low power
consumption [3], highest data throughput above 10 Gbps [4], simple beam shaping optics, outstanding reliability [5, 6],
and custom designed lateral arrangement of emitters with respect to the driver chip’s top-surface design. Whereas
switching from a single top-emitting VCSEL to a linear VCSEL array did not demand for a significant change in
technology, stepping into the next geometrical dimension requires a very different device design [7]. Since wire
bonding seems unsuitable for large scale densely packed 2-D arrays, flip-chip bonding is to be chosen for proper
electrical and thermal contacts. Broadly spoken, the most attractive features of flip-chip integration include productivity
at high number of bumps (solder bump formation on wafer level), highest packaging density, amost no electrical
parasites (short circuit tracks), low height of the whole assembly (no bond wires), minimum of interconnections ("direct
die attach") and self alignment effect. We attempt to point to future directions of VCSEL use in multimode optical links
with multiGbps channel data rates. Static and dynamic characteristics as well as reliability data of the fabricated devices
are discussed in detail.
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2. APPROACHESTO FLIP-CHIP VCSEL ARRAYS

The term “flip-chip VCSEL array” does neither indicate if the VCSEL is designed for epitaxial- or substrate-side
emission nor on which side of the chip the solder bumps are placed. According to Figure 1, approaches to flip-chip
VCSEL arrays are subdivided hereinto four categories @) - d) which are discussed in the following.
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Figure 1: Solder bumps are placed on the epitaxial- (a), b)) or substrate-side (c), d)) of atop- (a), ¢)) or bottom-emitting (b), d))
VCSEL structure. To enable light emission, the substrate of bottom emitting VCSEL b) which is highly absorptive at 850 nm may be
replaced by atransparent substrate (b1)), completely (b2)) or partidly (b3)) removed.

At first sight approaches @) and c) are most straightforward because in terms of fabrication and testing they are based on
the well established and successfully commercialized wire-bonded top-emitting VCSEL chip. The naturally used GaAs
substrate is highly absorptive at 850 nm, therefore the main challenge of option b) and d) lies in the fabrication and
wafer-level testing of bottom-emitting VCSEL arrays where, however, several feasible routes have already been
devised. Among those are epitaxial growth on a transparent AlGaAs substrate [8], wafer bonding to a new host
substrate [9, 10, 11], as depicted in Figure 1bl), or incorporation of light outcoupling holes [12] as shown in Figure
1b3). Complete substrate removal after flip-chip bonding (Figure 1b2)), leaving only a thin film of epitaxially grown
material or even individual islands, has been demonstrated with LEDs [13], optical modulators [14] and VCSELs[15].
Beside laser quality itself, heat removal from the opto-chip has to be considered carefully to achieve high performance
and highly reliable operation. For the approaches depicted in Figure 1, heat which is generated and current which is
used in the VCSEL must flow along the paths labeled "1" and "2" (of course one can introduce additional thermal paths
which are connected to the substrate or VCSEL mesa). The well-established wire-bonded top-emitting VCSEL mainly
uses path "2", i.e. heat is removed throuhg the substrate. Flip-chip VCSELs can use both paths. In terms of heat removal
approach b), which utilizes a bottom-emitting VCSEL, is superior to al other approaches if the solder bump is placed
directly onto the VCSEL mesa[16].

Flip-chip VCSEL arrays a) and d) are soldered light-emitting side down e.g. onto a printed circuit board (PCB) and
Ultra Thin Silicon (UTSI®) CMOS within the scope of intraboard interconnection scenarios [17, 18] and Peregrine's
FOCUTS™ [19] technology, respectively. In section 4 we present a flip-chip VCSEL array based on approach a). We
decided against option d) because the transparent substrate with through-substrate vias is problematic in terms of heat
removal and manufacturability.

Flip-chip VCSELSs b) and c) are soldered light-emitting side up and may be, e.g., sandwiched between CMOS chip and
fiber connector [20]. A VCSEL array with transparent substrate according to option bl) is discussed in the following
section. The advantage of option bl) over approach b2) [21] is that complete device characterization and substrate
replacement/ etching can be done on wafer- rather than on chip-level.



3. BOTTOM-EMITTING VCSEL ARRAY WITH TRANSPARENT SUBSTRATE

The epitaxial structure used for the fabrication of bottom-emitting devices consists of high contrast top- and bottom
AlGaAs DBR, typically built of 32 and 24 layer pairs, respectively. Three GaAs QWSs are embedded in Alg,GaygAS
barriers. Mesas are formed by wet chemical or dry etching down to the current confinement layer, which is placed close
to the active region in the first p-doped layer pair of the top DBR. The size of the electrically pumped area typicaly is
10 um in diameter. In the following step, via holes are etched through the remaining bottom DBR to enable access to a
highly conductive contact layer. N- and p-contacts, polyimide passivation, electroplating of gold pillars and lateral
structuring of metal pads complete epi-side processing as seen in the cutaway view in Figure 2. Afterwards the substrate
is removed and replaced by a glass substrate, solder bumps are deposited, pixels are tested and finally the wafer is
diced. The technology can be fitted variably to various lateral designs. Due to that fact, custom designed arrangements
can easily be realized within few general design rules. This is important to match the geometrical boundary conditions
given by driver circuits. The top view of the standard U-L-M photonics design isillustrated in Figure 2.
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Layer # Description Layer #| Description
1 Glass Substrate 8 p-DBR
2 n-contact 9 QWs
3 Solder pad 10 n-DBR
4 Polyimide passivation 11 Contact line
5 Non-wettable layer 12 Au-pillar
6 Current aperture 13 Etch-stop layer
7 p-contact 14 Solder pad

Figure 2: Cut away view of a bottom-emitting VCSEL with transparent glass substrate and top view of unit cell of a250 pm spacing
bottom-emitting VCSEL array with wafer-bonded transparent substrate and indium bumps for flip-chip mounting.

Typical LIV-curves of aflip-chip bonded 5x5 array are plotted in Figure 3. A fanout chip with coplanar linesis used as
substitute for, e.g., a CMOS driver chip. Threshold currents and threshold voltages are 0.9 mA and 1.6 V, respectively,
and series resistances at appropriate operation currents of 2 mA are 70 W. Differential quantum efficiency of 0.6 W/A
results in typical wallplug efficiencies in excess of 30 % at 1 mW output power. Variation of output power at 2 mA is
less than 10 % within the 5x5 VCSEL array, accompanied laser voltage variation isless than 3 %.

To characterize the quality of the thermal path, we measure the thermal resistance by monitoring thermally induced
wavelength shift with dissipated power. Emission wavelength is centered at 850 nm and shifts with typically
0.17 nm/mW with increasing dissipated power. The thermal resistance of a 10 um diameter VCSEL flip-chip soldered
on silicon is calculated to 2.4 K/mW. Due to emission in multiple modes, spectral width is about 2 nm within a 10 dB
drop with respect to maximum spectral power. The broad spectral width is a result of the optimization for low mode
partition noise, which is necessary for high speed modulation.



Measured far-field cross-sections for an individual VCSEL out of an 5x5 array are shown in Figure 4. The full width
1/e2 beam divergence at 4 mA injection current is about 22°.
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Figure 3: L1V-characteristics of a 5x5 VCSEL array flip-chip Figure 4: Measured far-field cross-sections for a bottom-
mounted on a fanout chip. Substrate-side emission is feasible emitting glass substrate VCSEL flip-chip bonded on a fanout
because of the wafer-bonded transparent substrate. chip.

To measure modulation characteristics of the flip-chip mounted VCSEL array the modulated light is detected with a
8 GHz (3 dB) bandwidth photodiode and recorded with an RF spectrum analyzer or sampling oscilloscope after low
noise amplification. Small- and large-signa modulation characteristics of the 10 m diameter devices are illustrated in
Figure 5 and Figure 6. At 7 mA bias current the extracted 10 dB modulation bandwidth exceeds 8 GHz, i.e. the
bandwidth is limited by the photodiode, and the eye is wide open.
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Figure 5: Small-signal 10 dB bandwidth of representative flip- Figure 6: Representative eye diagram recorded at 7 mA bias
chip soldered VCSEL for various bias currents. Theinset shows  current, 10 Gbps PRBS31 modulation and room temperature.
the bias-dependent small-signal response of the VCSEL The glass substrate V CSEL is flip-chip mounted on a fanout
measured with a8 GHz photodiode. chip.



For reliability characterization U-L-M® wire-bonded VCSELs are tested in chip form, directly glued on a copper
heatsink whereas the flip-chip arrays are soldered to a silicon fanout which is glued also on a copper heatsink. Normally
ensembles of around 30 VCSELSs are tested at the same time at the same conditions. This number is sufficient to get
statistically relevant data. No hermetically sealing is used for the chips, since in many applications, like for the two
dimensional arrays discussed here, hermetic packaging is too expensive. The optical power is measured with a
photodiode placed above the VCSELSs. Light, current and voltage are monitored automatically at certain times and
certain operating points. To accelerate the degradation process, the heatsink can be heated by a heating element. No
previous burn-in is conducted, so that early failures are not eliminated in the testing.

As already showed by other groups [5, 6], the main stress to accelerate device failure mechanisms is temperature. This
so called physical acceleration means, that the same failures occur asin normal operation, except that they happen much
faster. The relevant temperature is the junction or internal temperature of the device, which is determined by ambient
temperature, dissipated power and thermal resistance. The time to failure (TTF) is defined as a 2 dB drop in output
power compared to the initial value, when driving the VCSEL with constant current. Figure 7 shows the output power
of an ensemble of 20 VCSELS, stressed at 100 °C heatsink temperature and 6 mA current. The output power was
measured at room temperature. To be able to extrapolate time to failure under normal use at lower internal temperatures,
we have measured a lot of device ensembles under different stress levels. In Figure 8 the measured lognormal mean
time to failure (MTTF) is plotted against the junction temperature in a so called Arrhenius plot. Because no device
failed so far in the etched substrate (Figure 1, approach b2), 120 °C heat sink temperature) and glass substrate (Figure 1,
approach b2), . Figure 7) ensemble a lower limit estimate MTTF is plotted in Figure 8. We expect a sudden drop of
output powers for the removed substrate flip-chip VCSELs in approx. 4000 hours and for the glass substrate VCSEL sin
25.000 hours.
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Figure 7: Output power of an ensemble of 20 flip-chip Figure 8: Arrhenius plot of measured MTTF of wire-bonded
mounted transparent substrate VCSELS, stressed at 100°C 5 Gbps and 10 Gbps VCSEL ensembles. The flip-chip soldered
heatsink temperature and 6 mA current. The output power is VCSEL ensembles didn®show any failure up to now, i.e. the

mesasured at room temperature. data points (circles) indicate alower limit for the MTTF.



4. TOP-EMITTING FLIP-CHIP ARRAY

The flip-chip array approach discussed in the previous section solves the problem of the highly absorptive GaAs
substrate on wafer-level - people prefer doing such steps on wafer-level rather than on chip-level. The flip-chip VCSEL
array presented in this section does not have the substrate absorption problem, because it uses a top-emitting VCSEL
structure.

Testing the electro-optical characteristics of a flip-chip top-emitting array is not trivial, because it is soldered light-
emitting side down onto a carrier. We solve this - as depicted in Figure 9 - by soldering the flip-chip array on a glass
fanout with coplanar metal lines. The left-hand side picture in Figure 10 is taken after Au/Sn wafer-bumping and before
dicing. The right-hand side picture shows the bottom-side of the glass fanout chip after the 1x12 VCSEL array has been
soldered onto it. Light emission is enabled through the circular opening in the ground metal plane.

Figure 9: Linear 1x12, 250 m spacing top-emitting flip-chip VCSEL array, which is soldered light-emitting side down onto a glass
fanout chip.

Figure 10: Unit cell of alinear 1x12, 250 m spacing top-emitting flip-chip VCSEL array before (Ieft) and after (right) it has been
soldered to a glass fanout chip. The circular opening in the ground metal allows light emission through the glass fanout chip.

Figure 11 shows the operation characteristics of a 1x12 elements flip-chip VCSEL array emitting at 850 nm. Very good
homogeneity is achieved with an average threshold current of 1.2 mA and a maximum slope efficiency exceeding
0.6 W/A. At a current of 6 mA and an associated output power of 3 mW, applied voltage and differential resistance



amount to 1.9 V and 60 Ohms, respectively. Far-field cross-sections in Figure 12 reveal the existence of higher-order
modes, and afull width 1/e2 beam divergence at 6 mA injection current which isbelow 25 .
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Figure 11: L1V characteristics of the 1x12 flip-chip array Figure 12: Farfield of atop-emitting flip-chip VCSEL.

Especially for low-cost transceiver modules or in demanding environments like direct chip attachment to electronic
circuits, it isimportant to ensure reliable operation over a wide temperature range without external laser cooling. To
investigate the modulation behavior of the flip-chip top-emitting VCSEL array, we have thus performed data
transmission experiments at 3 Gbps datarate over a20to 85 C temperature range while maintaining constant bias,
modulation voltage and extinction ratio >10 dB. The results of the experiments are summarized in Figure 13 and Figure
14 . Under al given conditions, the eye is sufficiently wide open and symmetric.
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Figure 13: Representative eye diagram of the 1x12 flip-chip Figure 14: Representative eye diagram at 85 C heat sink
array at 3 Gbps/chand 30 C. temperature.

Although wide temperature operation of flip-chip integrated VCSELSs at higher bit ratesis certainly more challenging to
achieve, encouraging results at 10 Gbps are depicted in Figure 6 for bottom-emitting devices and reported next for top-
emitting devices.

Top-emitting GaAs quantum well based oxide-confined VCSEL s are employed as transmitters. VCSEL mesas are
planarized by polyimide to obtain alow-capacitance design, allowing for high-speed modulation in the above 10 Gbps
range when contacted with a microwave probe in a coplanar ground-signal-ground configuration. As can be seen from
Figure 15 the 50 W devices have threshold currents of around 1 mA and deliver more than 1 mW output power at 4 mA



driving current and heatsink temperatures between 20 C and 90 C. Small- and large-signal modulation characteristics
of the 10 m diameter devices areillustrated in Figure 16. At 5 mA (6.4 kA/cm?) bias current (density) the extracted
10 dB modulation bandwidth exceeds 12 GHz and the eye is wide open. In order to obtain high modulation bandwidth
the VCSEL doesn’t has to be driven at high current densities which might affect device reliability. These results, the
lifetime data depicted in Figure 8, time to 1% failure of more than 10 yearsat 70 C ambient temperature, and MTTF of
more than 1000 hours at 85 C/ 85% humidity testing confirm that 10 Gbps compatible top-emitting V CSEL chips are
available. In the next step will use our experience and demonstrate flip-chip 10 Gbps per channel VCSEL arrays
according to approach Figure 1a).
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Figure 15: Operating characteristicsof a10 m aperture Figure 16: Modulation characteristics of a 10 GbpsVCSEL
diameter VCSEL for atemperature range from 20 C to 90 C. taken at room temperature.

5. SUMMARY

For tomorrows parallel transceivers to enter the 100 Gbps - Tbps regime we have fabricated bottom- and top-emitting
VCSEL arrays at operation wavelengths of 850 nm. Fundamental absorption of radiated power is overcome by substrate
replacement prior to flip-chip mounting. The presented glass substrate and the top-emitting flip-chip VCSEL arrays are
reliable, manufacturable and well suited for flip-chip integration on driver circuits with 10 Gbps channel datarates.
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