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ABSTRACT 

 
Accumulation of all advantageous properties VCSELs are famous for, like low power consumption, circular low divergent 
beam profile, high modulation bandwidth, and scalability of monolithic arrangements, results in two-dimensional (2D) 
VCSEL arrays that appear as key components to reach highest aggregate bandwidths of tomorrow’s parallel optical 
transceivers. We report on 2D VCSEL arrays, substrate emitting although operating at 850 nm and prepared for flip-chip 
bonding, that are well suited for the customer’s needs in terms of speed, power consumption, reliability and compact 
integration. Based on advanced technology, our arrays target the requirements of transceivers in the OC-192 VSR and 10 
Gigabit Ethernet arena. In this paper we present the basic technology, static and dynamic device characteristics as well as 
reliability data for a 4x12 850 nm bottom-emitting VCSEL array. 
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1. INTRODUCTION 

During the past 5 years, since VCSELs are commercially available, the continual technical developments in the VCSEL 
technology have been driving forces in modern transceiver design. Step by step the forecasted benefits of this technology 
have been translated into technical reality and commercial success. It has been their excellent fiber coupling [1] that opened 
the way to low cost single channel Gigabit Ethernet transceivers and in a second step linear arrays for 1x12 channel 30 Gb/s 
links. Today it is the given by nature 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 [2], highest data throughput 
above 10 Gb/s [3], simple beam shaping optics, outstanding reliability [4,5], 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 [6]. Since wire bonding seems unsuitable for large scale densely packed 2D arrays, 
flip-chip bonding is to be chosen for proper electrical and thermal contacts. Having all contacts on one side, use of the 
opposite side for optical output is indicated. The advanced bottom-emitting technology that enables single-side contact pads 
for flip-chip integration and bypassing fundamental absorption of the GaAs substrate for light output is presented in the 
following.  As an example, a 4x12 array (dimensions can generally be chosen freely) with each channel capable of 2.5 or 
10.0 Gb/s results in a aggregate bandwidth of 120 and 480 Gb/s, respectively. Static and dynamic characteristics as well as 
reliability data of the fabricated devices are discussed in detail. 

2. FROM SINGLE CHANNEL TO DENSE 2D-ARRAYS 
The first commercially available VCSELs in 1996 [7], were single channel proton implanted devices packed in TO cans or 
comparable packages, commonly used up to now. Main application still is Gigabit Ethernet (GBE) or point-to-point links 
with even lower bandwidth. 3 years later, the so called second generation VCSELs, comprising current confinement by an 
oxide aperture, entered the market [8]. First commercial products based on monolithic linear VCSEL arrays have been the 
OPTOBUS from MOTOROLA [9] and the PAROLI (PARallel Optical LInk) from INFINEON (formerly SIEMENS) [10] 
with aggregate bandwidths of 4 and 12 Gb/s, respectively. Today several suppliers offer VCSEL products of the 1x12 
channels 12-30 Gb/s family, e.g. Honeywell, Agilent, Picolight, Emcore MODE, Cielo, Avalon photonics, Zarlink, and U-
L-M photonics. All mentioned VCSEL components are based on a similar concept: top-side emission and  top-side contact 
(at least one) for wire bonding. The first product that avoids wire bonding has been the smart OSA 1x4 VCSEL array by 
MITEL [11], where VCSELs are flip-chip soldered on a lead frame, providing light emission on the same side. Looking at 
the maximum 3 dB bandwidth for a single channel, the highest value reported is 21.5 GHz [12], but typically bandwidths 
around 10 GHz are observed. Therefore it is not obvious that the highest bit rates for single channel achieved up to now can 
be overcome significantly. As a consequence, increasing the capacity of a point-to-point connection requires increasing the 
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number of channels. The most compact way to do that is to flip-chip the VCSEL array directly onto the driver chip, that 
results in highest lateral and vertical integration. Figure 1 describes the evolution of aggregate bandwidth from single 
channel to multi channel transceivers within 6 years. Increase of modulation speed, and in addition monolithic integration in 
one- and two-dimensional arrays, results in increased bandwidth of approximately one order of magnitude for each of the 
three technological steps. 
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Figure 1: Since first commercial appearance of VCSELs in 1996, the aggregate bandwidth has been increased by a factor of 10 due to 
higher modulation speeds of individual lasers, by another factor of 10 due to monolithic arrangement in linear arrays and will be increased 
again by something like a factor of 10 by expanding monolithic arrays into the second dimension. 
 

3. VCSEL TECHNOLOGY AT U-L-M PHOTONICS 
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 QWs are embedded in Al0.2Ga0.8As barriers. Mesas 
are formed by in situ optically monitored wet chemical 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 typically is 10 
µm in diameter. In the following step, via holes are wet chemically 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. Solder bumps have to 
be placed onto solder pads either on the VCSEL chip or on the driver chip. After soldering, the substrate has to be removed 
in a post processing step. 

 

 
 

Layer  # Description Layer  # Description 
1 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 solder pads for flip chip mounting and etch stop layer for substrate removal.  



  

 
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 is illustrated in Figure 3. 

 
 

Figure 3: Top view of 4 VCSEL cells with mesa and Au pillar connected to solder pads which are surrounded by non-wettable surfaces. 
 

4. STATIC ELECTRO-OPTICAL CHARACTERISTICS 
Typical LIV-curves and optical spectrum of a flip-chip bonded 4x12 array after selective wet chemical substrate removal 
are plotted in Figure 4. A silicon subcarrier with metal lines and PbSn solder bumps is used as substitute for, e.g., a CMOS 
driver chip. Threshold currents and threshold voltages are 1.1 mA and 1.7 V, respectively, and series resistances at 
appropriate operation currents of 4 mA are 70 W.  
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Figure 4: LOI-characteristics of a 4x12 bottom-emitting VCSEL 
array flip-chip mounted on a subcarrier after substrate removal. 
Active diameters are 10 µm, measurements are taken at room 
temperature. 
 
 
Differential quantum efficiency of 0.3 W/A results in typical wallplug efficiencies in excess of 10 % at 1 mW output power. 
Variation of output power at 4 mA is less than 10 % within the 4x12 VCSEL array, accompanied laser voltage variation is 
less than 3 %. Emission wavelength shown in Figure 5 is centered at 850 nm and shifts with typically 0.2 nm/mW with 
increasing dissipated power. The thermal resistance of a 10 µm diameter VCSEL flip-chip soldered on silicon is calculated 
to 2.8 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 optimisation for low mode partition noise, which is 
necessary for high speed modulation. 

Figure 5: The optical spectrum is centered around 850 nm. 
Spectral width due to multimode operation is 2 nm within a 10 
dB drop. 



  

 
5. HIGH SPEED OPERATION UP TO 10 GB/S 

Optimizing resonator design and minimizing on-chip parasitics, e.g. incorporation of thick polyimide passivation layers 
below metal pads, one can reach appropriate modulation bandwidths for data transmission rates up to 10 Gb/s. The extracted 
3 dB modulation bandwidth at 2 mW optical output power amounts to 8 GHz, indicated in Figure 6. The modulation 
bandwidth is not limited by the VCSEL, but by the detector photo diode with a 3 dB bandwidth of 8 GHz. The eye-diagram 
in Figure 7 shows reasonable opening at 10 Gb/s, although inherent problems of multimode VCSELs can be seen in the eye-
diagram, like increased jitter and amplitude noise. Single mode VCSELs would be the better choice, but they still suffer 
from worse reliability and more complicated fabrication.  
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Figure 6: Small signal modulation response for different bias 
points. 

Figure 7: Eye-diagram at 10 Gb/s modulation with a PRBS 
signal. 

 
In Figure 8 bit error rate (BER) measurements taken at 10 Gb/s show values below 10-12 for back-to-back transmission and 
along 500 m of 50 µm core diameter multimode fiber. The VCSEL is biased at 7.6 mA and modulated by a 50 W impedance 
driver with 0.5 Vpp.  The BER is also measured at different VCSEL heat sink temperatures from 25 to 70°C, presented in 
Figure 9. The required optical power for a certain BER is decreasing slightly with temperature. The VCSEL is biased at a 
constant output power of 2.6 mW. Modulation voltage has a temperature coefficient of 7mV/°C, which is a quite good value 
to compensate temperature effects. In order to obtain high modulation bandwidth the VCSEL has to be driven at higher 
current densities which might affect device reliability. 
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Figure 8: BER versus received power for 10 Gb/s data 
transmission for different fiber lengths. 
 
 
 

Figure 9: BER versus received power for 10 Gb/s data 
transmission for different VCSEL heat sink temperatures. 



  

6. ON-WAFER TESTING AND RELIABIL ITY DATA 
Among the most favourite advantages of VCSELs, the capability of on wafer testing holds responsible for significant cost 
reduction of the opto semiconductor component in transceiver modules. Nevertheless, for bottom-emitting devices operating 
at 850 nm wavelength on wafer testing is more demanding since absorbing GaAs substrate is still present at wafer level and 
therefore light output of the devices through substrate side is not available. To overcome this restriction, we first supply all 
devices with top side ring contacts, giving us access to a defined portion of the totally emitted light. After 100% on wafer 
testing, the emission windows can be covered by an additional metal cap before flip-chip bonding in order to avoid 
potentially disturbing illumination of the CMOS circuits. Threshold current, threshold voltage, differential series resistance, 
and a good approximation of differential quantum efficiency, calculated from known top/bottom emission ratio, are main 
informations achieved with this technique. In Figure 10 a map of a 3 inch VCSEL wafer is shown, where bright dots 
indicate devices in specifications listed in Table 1  and dark dots represent an aggregation of all kind of failures, processing 
losses  as well as crystal dislocations and measurement errors. The dominating failure mechanism is imperfect lithography, 
leading to group losses of some adjacent devices.  

 
Figure 10: Wafer map of a 3 inch bottom-emitting VCSEL wafer. Dark dots are VCSELs out of spec, bright dots are “good”  ones. 
 

Parameter  Min Max 
Threshold current (mA) 0.7 1.8 
Series resistance (W) 60 80 
Output power @ 5mA (µW) 
Top-side emission 

9.0 11.0 

 
Table 1: General specifications used as criteria for the mapping of VCSEL wafers. 
 
Specially designed devices with larger bonding areas are also processed on each wafer in order to easily wire bond them for 
accelerated lifetime testing. Long term operation at different current densities, ambient temperatures and humidity is 
observed. Counting device failures (defined as a 2 dB drop of output power at constant laser current) in a VCSEL ensemble 
gives the data base for failure statistics. In Figure 11 the output power of 31 VCSELs are monitored for more than 2000 
hours at an ambient temperature of 140°C. Power penalty is not seen in this diagram yet. The failure statistics can be 
described by a lognormal distribution function, which is fitted to the measured data as shown in Figure 12. From fitted 
parameters the  Mean-Time-To-Failure (MTTF) rate and variance are obtained. It can be seen, that the measured TTF fit 
very well to the distribution function. At a heat sink temperature of 100°C, MTTF is 5600h with a very low variance. If we 
extract the MTTF of every ensemble and plot it in an Arrhenius plot, we get the activation energy for the failure mechanism, 



  

and can predict reliability at other temperatures. Figure 13 shows the Arrhenius plot for the first and second generation of 
U-L-M photonics devices. For first generation VCSELs at U-L-M photonics MTTF values of about 106 h at room 
temperature can be predicted, whereas next generation has improved by a factor of 10 to 107 h. The data base is not 
sufficient to give final values, anyway clear indication is seen, that improvements in technology result in better reliability 
data that should accomplish the requirements given by parallel transceiver manufacturers.  
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Figure 11: Output power of 31 devices versus operation hours 
at ambient temperature of 140 °C.   
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Figure 13: MTTF analysis for different device generations versus ambient temperature. The slope of the fit-function represents a specific 
activation energy of the dominating failure mechanism. 
 

7. THERMAL CONDITIONS OF FLIP-CHIP INTEGRATED VCSEL 
Beside laser quality itself, thermal management of the subcarrier/VCSEL connection is most important to achieve high 
performance and highly reliable operation. Heat removal from the opto-chip has to be considered carefully, since laser 
characteristics depend strongly on the chip temperature. In order to estimate performances of the VCSELs after dicing, flip-
chip mounting, and substrate removal, thermal simulation analysis is carried out. With the help of finite element analysis, 
investigations show temperature distributions as presented in Figure 14. The main heat source is identified as the p-Bragg 
reflector. The only path where heat can be dissipated is via soldered interfaces to the subcarrier. For this reason, proper flip-
chip soldering is required for optimum operation of the VCSELs. PbSn is used as solder to bond the VCSEL array onto the 
subcarrier, since PbSn provides both, proper thermal and electrical contacts as well as reduced mechanical stress on the laser 

Figure 12: Log normal plot versus time-to-failure (TTF) in order 
to achieve mean-time-to-failure (MTTF) values. 



  

chip. Due to the high thermal conductivity of metal, the dominating heat flow is observed between the 10 µm diameter mesa 
and the p-type solder bump. Along this path, the temperature difference is approximately 10 K. 

  
 

Figure 14: Simulated temperature distribution of a VCSEL cell after flip-chip bonding and substrate removal. Four solder bumps surround 
the VCSEL mesa. Main heat flow is observed between the mesa and the p-type solder bump (left bump in front). 
 
The simulation is based on a dissipated power of 10 mW. Since the obtained temperature increase at the mesa has to be 
considered as an average for the whole vertical laser structure, the obtained value represents an underestimation for the 
temperature increase of the inner cavity. Therefore local temperatures close to the active region are expected to be slightly 
higher. To characterize the quality of the real interface, we measure the thermal resistance by monitoring thermally induced 
wavelength shift with dissipated power as plotted in Figure 15. The measured thermal resistance is 2.8 K/mW, which still is 
about 2 times higher than the value obtained for top-emitting devices of the same size [13].  

 

Figure 15: Thermal red-shift of a lasing mode versus dissipated power. The thermal resistance can be calculated from the slope of the 
straight line. 



  

 
8. SUMMARY 

In conclusion, we have presented bottom-emitting 2D arrays at operation wavelengths of 850 nm, well suited for flip-chip 
integration on CMOS circuits. Fundamental absorption of radiated power is overcome by selective etching of the substrate 
subsequent to flip-chip mounting. 100 % on wafer testing of static electro-optical characteristics is carried out by measuring 
the residual emitted light through the high reflective DBR. Laser characteristics match very well the requirements of OC-
192 VSR and 10 GBE. Therefore the presented VCSEL arrays are ideal light sources for tomorrows parallel transceivers to 
enter the terabit/s regime. 
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