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ABSTRACT 
 
U-L-M photonics GmbH has been set up to develop next-generation vertical-cavity surface-emitting laser (VCSEL) 
products and to exploit the full potential of these industry-leading devices in terms of performance and application 
areas. Reliability is important for all application areas for VCSELs. This paper presents the excellent reliability 
characteristics of U-L-M’s VCSEL technology. 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 flip-chip VCSEL arrays that appear as key components to reach highest aggregate 
bandwidths of tomorrow’s parallel optical transceivers. We report on two-dimensional (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, and compact integration. Up to now, in most single channel transceivers, the 
VCSEL is packaged in a TO can and connected to the driver via a printed circuit board. We investigate the performance 
of a high speed VCSEL in a TO 46 package and demonstrate 10 Gbps transmission. The potential of VCSEL 
technology in other areas of application than datacom or telecom is just going to be exploited. We present a 760 nm 
single-mode VCSELs for gas monitoring applications. 
 
Keywords: Semiconductor laser arrays, surface-emitting lasers, VCSELs, optical interconnections, high-speed 
modulation, flip-chip bonding, Gigabit Ethernet, lifetime testing 
 

1. INTRODUCTION 
 
Vertical-cavity surface-emitting lasers (VCSELs) [1, 2, 3] have been the topic of increasing investigation over the past 
ten years in laboratories throughout the world. Moreover, the first VCSELs have ultimately left the research labs and 
are now being put into products, which have meanwhile hit the mass market. U-L-M photonics which is funded and 
supported by the SCHOTT GLAS Group exemplifies this trend: former members of the Ulm University VCSEL-group 
have initiated VCSEL manufacturing in 2000 in Ulm, Germany.  
Meanwhile U-L-M photonics has 20 employees and we have established a state-of-the-art VCSEL production line - 
shown in Figure 1 - which allows us to mass-produce leading-edge VCSEL products and to develop key technologies 
for crystal growth, lateral processing, packaging and reliability testing. The production capacity of approx. 1000 3 inch 
VCSEL wafers per year is more than adequate regarding the actual market demand and it can be easily increased if 
necessary. 
 

    

 

  

 

 
Figure 1: U-L-M photonics has extensive/ high volume molecular beam epitaxy (MBE), chip fabrication, performance 
testing, reliability testing, and packaging/ assembly capabilities. 
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Among the various VCSEL applications, optical datacom is the primary driving field. Especially Gigabit Ethernet 
(GbE) and related transceiver standards for graded-index multimode fiber data transmission have become inexpensive 
mass products by relying on 850 nm short-wavelength technology. It is their excellent fiber coupling [4] that opened the 
way to low cost single channel GbE transceivers and in a second step linear arrays for 1x12 channel 30 Gbps 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 [5], highest data 
throughput above 10 Gbps [6], simple beam shaping optics, outstanding reliability [7, 8], 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 [9]. 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. 
Flip-chip mountable top-emitting VCSEL arrays, the advanced bottom-emitting technology that enables flip-chip 
integration and bypassing fundamental absorption of the GaAs substrate for light output, 10 GbE TO VCSEL 
subassemblies, and a 760 nm single-mode VCSEL stimulating new applications areas for VCSELs are presented in the 
following. Static and dynamic characteristics as well as reliability data of the fabricated devices are discussed in detail. 
 

2. RELIABIL ITY TESTING AT U-L-M PHOTONICS 
 
The founders of U-L-M started first reliability measurements of VCSELs in 1995 at Ulm University. These tests where 
conducted at room temperature and up to now the devices have shown no failures. Therefore an estimation of the 
reliability and an improvement of it was not possible. Since then reliability testing has been improved a lot, so that 
reliability measurements can be conducted today much faster, giving a fast feedback for quality control and reliability 
improvement. Because reliability is so important, U-L-M photonics has been performing excessive reliability testing 
since 1999 and has gathered a lot of data and made a lot of improvements in device reliability. Currently U-L-M 
photonics is able to test 496 devices at the same time, giving more than 4 million true test hours a year. 
Top-emitting VCSELs are tested in chip form, directly glued on a copper heatsink whereas bottom emitting devices are 
flip-chip mounted to a silicon carrier which is glued also on a copper heatsink. Normally ensembles of around 30 
VCSELs 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 two dimensional arrays, no hermetic 
packaging is possible. The optical power is measured with a photodiode placed above the VCSELs. 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 [7, 8], the main stress to accelerate device failure mechanisms is temperature. This 
so called physical acceleration means, that the same failures occur as in normal operation, except that they happen much 
quicker. 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. The inset of Figure 2 shows the 
output power of an ensemble of 31 VCSELs, stressed at 160°C heatsink temperature and 7 mA current. The output 
power was measured at room temperature. It is interesting, that we do not see a linear decrease of output power, but a 
nearly constant output power over a long time, with even a slight increase and than a sudden drop of output power. To 
the determined TTF a lognormal distribution function is fitted as shown in Figure 2. It is remarkable that the 
distribution of the TTF shows a very low dispersion. Since TTF have a lognormal distribution, the failure rate is not 
constant but a function of time. Figure 3 shows the failure rate as a function of time for the distribution function in 
Figure 2 for a highly stressed ensemble of VCSELs. Remarkable is that the failure rate is very low for the first 750 h. If 
we calculate back to 35°C junction temperature, failure rate will be below 1 fit (1 failure in 1 billion hours) for the first 
4000 years, and MTTF is more than 4*107 h. These values seem to be very high, but one have to remember that in a lot 
of applications due to high ambient temperature, junction temperature can reach 90°C over a long period of time. Then 
the acceleration factor goes down to around 300, giving a MTTF of 3.9*105 h or 44 years. Failure rate is below 1 fit for 
the first 27 years. 
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Figure 2: Cumulative distribution function of lognormal 
distribution fitted to the measured cumulative TTF. The inset 
shows room temperature output power as a function of stress 
hours. 

Figure 3: Failure rate as a function of time for lognormal 
distribution with MTTF = 1315 h and s = 0.089. 

 
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 4 the measured lognormal mean time to failure (MTTF) is 
plotted against the junction temperature in a so called Arrhenius plot. 
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Figure 4: Arrhenius plot of MTTF of different VCSEL 
ensembles of first and second generation devices. 

Figure 5: Cumulative percentage failures of  a set of 1x4 
VCSEL arrays, where the evaluation was made originally as 
single devices and afterwards also for the arrays. 

 
Junction temperature is determined by ambient temperature, dissipated power and thermal resistance of the device. The 
typical dissipated power is 10…20 mW. With a thermal resistance of 1K/mW, we get a temperature increase above 
ambient of around 10…20°C. At an ambient temperature of 80°C, junction temperature is 90…100°C  (360…370 K). 
In our measurements no current acceleration factor is taken into consideration, since up to now the dependence of 
failure rate on current is not quite clear. However to give an underestimation of reliability, our devices are tested at the 
same or even higher current density than in normal operation. 
Figure 5 shows the cumulative percentage failures for a batch of 7 1x4 VCSEL arrays and for comparison also for the 
single devices. The array reliability is nearly the same as the single device reliability, since the dispersion of the TTF 
distribution is very low. 
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3. FLIP-CHIP VCSEL ARRAYS 
 
U-L-M puts effort into VCSEL arrays because the demand for more than one VCSEL per module is continuously 
increasing. Using VCSEL array chips, e.g. with 1000 pixels per chip, rather than 1000 individual VCSELs chips or TO 
packaged VCSELs offers a lot of benefits in terms of compactness, wafer area consumption, dicing, packaging and 
pixel positioning. On the one hand pixel pitch can be made very small, e.g. below 50 µm, on the other hand dicing, pick 
and place operations require a chip size of at least 350x350 µm². The consequence of which is that U-L-M’s most 
sophisticated (customized) VCSEL array product allows 150000 pixels compared to 30000 single VCSEL chips on a 
3 inch wafer. Increasing the number of VCSELs per wafer will likely reduce the cost per VCSEL element and open new 
markets but the crucial impact of array yield and device yield needs to be considered carefully. 
The preferred method when it comes to mount the VCSEL arrays into systems is flip-chip. Generally speaking, the most 
attractive features of flip-chip integration include productivity at high number of bumps (solder bump formation on 
wafer level), highest packaging density, almost 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. U-L-M offers 
Au/Sn, PbSn and In solder bumping service for most of its chip-level VCSEL products. 
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 light emission occurs. U-L-M offers top-emitting and bottom-emitting flip-chip 
arrays. 
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Figure 6: Unit cell of a linear 1x12, 250 µm spacing top-
emitting flip-chip VCSEL array. 

Figure 7: LIV characteristics of the 1x12 flip-chip array 
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Figure 8: Representative eye diagram at 3 Gbps modulation. Figure 9: Farfield of a top-emitting flip-chip VCSEL. 

 

Au/Sn bump 

VCSEL 



Top-emitting means that the epitaxial structure is designed for top-emission and the solder bumps are on light emitting 
side of the chip. In intraboard interconnection scenarios [10, 11] and Peregrine’s FOCUTS™ [12] technology, e.g., top-
emitting VCSELs could be soldered light-emitting side down onto the printed circuits board (PCB) and Ultra Thin 
Silicon (UTSi®) CMOS chip. Figure 6 to Figure 9 present U-L-M’s top-emitting 1x12 flip-chip arrays. 
Bottom-emitting implies that the VCSEL structure is designed for substrate-side emission and the bumps are on the 
opposing side of the chip. For instance, bottom-emitting flip-chip VCSEL may be sandwiched between CMOS chip and 
fiber connector [13]. Compared to the top-emitting configuration bottom-emitting VCSELs benefit from lower thermal 
resistance and higher lifetime if the solder bump is placed directly on the VCSEL mesa. Because the naturally used 
GaAs substrate is highly absorptive at 850 nm, the main challenge lies in the fabrication of bottom-emitting VCSEL 
arrays where, however, several feasible routes have already been devised. Among those are epitaxial growth on a 
transparent AlGaAs substrate [14], wafer bonding to a new host substrate [15, 16, 17], or incorporation of light 
outcoupling holes [18]. Complete substrate removal after flip-chip bonding, leaving only a thin film of epitaxially 
grown material or even individual islands, has been demonstrated with LEDs [19], optical modulators [20] and VCSELs 
[21]. U-L-M’s first generation bottom-emitting VCSEL array, which is discussed next, is based on the substrate 
removal approach. 
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 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 typically is 
10 µm 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 10. 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. 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 10. 
 

 

 

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 10: Cut away and top view of a bottom-emitting VCSEL with solder pads for flip-chip mounting and etch stop layer for 
substrate removal. 

 



Typical LIV-curves and optical spectrum of a flip-chip bonded 4x12 array after selective wet chemical substrate 
removal are plotted in Figure 11 and Figure 12, respectively. A fanout with coplanar lines and In 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 11: LIV-characteristics of a 4x12 bottom-emitting 
VCSEL array flip-chip mounted on a subcarrier after substrate 
removal. Active diameters are 10 µm. 

Figure 12: The optical spectrum typically is centered around 
850 nm. Spectral width due to multimode operation typically is 
2 nm within a 10 dB drop. 

 
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 12 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 optimization for low mode partition 
noise, which is necessary for high speed modulation. 
Because substrate removal after flip-chip bonding is problematic for many customers, the next generation of bottom-
emitting VCSEL arrays will have a wafer-bonded transparent substrate. Samples of transparent substrate VCSELs are 
available, their LIV-characteristics are presented below. 
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Figure 13: LIV-characteristics of a 5x5 VCSEL array flip-chip 
mounted on a fanout. Because of the  wafer-bonded transparent 
substrate substrate-side emission is feasible. 

Figure 14: Unit cell of a 250 µm spacing bottom-emitting 
VCSEL array with wafer-bonded transparent substrate and In 
bumps. 

 



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 15. 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. Indium is used as solder to bond 
the VCSEL array onto the subcarrier, since Indium provides both, proper thermal and electrical contacts as well as 
reduced mechanical stress on the laser 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. 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 16. 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 [22]. 
 

  
Figure 15: Simulated temperature distribution of a VCSEL cell 
after flip-chip bonding and substrate removal. 

Figure 16: Thermal red-shift of a lasing mode versus 
dissipated power. The slope of the curve gives Rth. 

 
4. HIGH-SPEED TO CAN VCSEL 

 
As datacom systems move to higher data rates, requirements on optical transmitter increase. Modulation of VCSELs at 
10 Gbps and beyond require proper design of the interface to the driver circuit, which is in most cases determined by 
the package. Up to now, in most single channel transceivers, VCSEL and driver are spatial separated. The VCSEL is 
packaged in a TO can and connected to the driver via a printed circuit board (PCB). The intention of this paragraph is to 
investigate the performance of a TO 46 package with a high speed VCSEL. 
Top-emitting GaAs quantum well based oxide-confined VCSELs are employed as transmitters. VCSEL mesas are 
planarized by polyimide to obtain a low-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 17 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 µm diameter devices are illustrated in Figure 18. At 5 mA (6.4 kA/cm²) 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 and the 
lifetime data depicted in Figure 4 confirm that 10 Gbps compatible VCSEL chips are available.  
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Figure 17: Operating characteristics of a 10 µm aperture 
diameter VCSEL for a temperature range from 20°C to 90°C. 

Figure 18: Modulation characteristics of  a 10 Gbps VCSEL 
taken at room temperature. 

 
To measure the behaviour of the TO 46 package, a proper interface to the measurement system, which has normally 
coaxial, 50 W impedance input and outputs, has to be defined. Therefore a PCB with a conduction line is designed to 
which the TO can and a coaxial 50 W SMA microwave connector is soldered. The performance of the whole assembly 
is measured in small and large signal operation. A soft substrate with a thickness of 0.76 mm and er = 2.5 is used. From 
the interface to the SMA socket a short coplanar conduction line leads to the holes in which the socket can be soldered. 
The conduction line has a impedance of 50 W. Figure 19 shows two photographs of the PCB with TO header and SMA 
connector.   
 

  
Figure 19: PCB with SMA connector and TO header SL 04.237.018 shown from top and bottom side. 

 
Figure 20 shows the relative magnitude of S11 at the SMA connector for different configurations of SMA connector 
with PCB. If we have only SMA and PCB which has a open end, the S11 is nearly constant over the measured 
frequency range of 20 GHz, and all the power is reflected at the end of the conduction track. This measurement can be 
seen as some sort of calibration. If we additionally solder the TO can into the PCB, we can see at around 10 GHz a 
resonance dip. In the last measurement, we glued a 50 W resistor onto the header. Now we see a clear decrease in 
reflection up to 9 GHz. In the next step, the 50 W resistor was replaced by a high bandwidth VCSEL chip, with a 
differential resistance of around 50 W. Figure 21 shows the magnitude of s21, measured with a scalar network analyser 
and a 8 GHz bandwidth photodiode. Again we can see a dip in the frequency response, which now shifted to 8 GHz. 
This might be due to a slight variation of the VCSEL impedance compared to the 50 W resistor. The decrease in S21 
from 6 GHz on might be due to the increase in S11 as it is seen in Figure 20. 
 

0 20 40 60 80 100 120 140
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6 5.0 mA bias, 10 Gbps PRBS 231-1

Time (ps)

0 2 4 6 8 10 12
-60

-50

-40

-30

-20

-10

1mA

6mA

R
es

po
ns

e 
(d

B
)

 

Frequency (GHz)



0 5 10 15 20
-50

-40

-30

-20

-10

0

PCB +
TO can +
50 W resistor

PCB +
TO can

PCB

R
el

. |
S

11
| (

dB
)

 

 

Frequency (GHz)
 

0 2 4 6 8 10
-40

-30

-20

-10

0

10

PCB +
TO can +
VCSEL

R
el

. |
S

21
| (

dB
)

 

 

Frequency (GHz)
 

Figure 20: S11 at SMA connector for different configurations: 
SMA connector and PCB, SMA connector, PCB and TO can, 
SMA connector,  PCB, TO can and mounted 50 W resistor. 

Figure 21: S21 of  VCSEL on the TO can, measured with a 
high bandwidth photodiode. 

 
A further experiment was to mount the TO header with the VCSEL on the front side of the PCB, as shown in Figure 22. 
If we look at the S21 as depicted in Figure 23, we can see that there is no more any dip in the frequency response. It 
should be remarked, that this behaviour could only be achieved if we soldered the plate of the TO header on both sides 
to the ground planes. 
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Figure 22: Photograph of TO header mounted on front side of 
PCB. 

Figure 23: s21 measurement of VCSEL on the TO can, 
mounted on front side of PCB. 

 
To finally test the performance of the VCSEL packaged into the TO header, we conducted transmission experiments at 
10 Gb/s. For these experiments we used the VCSEL shown in Figure 22. As seen in the eye diagram and the bit error 
rate (BER) measurement in Figure 24, a transmission with a bit error rate below 10-12 is possible with the device. Even 
if we transmit over 100m of multimode fibre only a small power penalty of 2 dB occurs. 
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Figure 24: Eye diagram and bit error rate as a function of received optical power at 10 Gbps modulation. 

 
5. 760 NM SINGLE-MODE VCSEL 

 
The potential of VCSEL technology in other areas of application than datacom or telecom – e.g. spectroscopy , position 
sensor, printing, range finder, indoor infrared free-space data link, optical memory, optical processor, high-power 
external-cavity VCSEL design as a pump device for erbium-doped fiber amplifiers (EDFA), etc. - is just beginning to 
be exploited. In collaboration with customers U-L-M photonics works on developments stimulating such new VCSEL 
applications. Topics of the projects cover VCSEL system requirements, as well as the design, growth, fabrication, and 
performance of VCSELs. Because most of the projects are confidential, a VCSEL laser to be used in a gas monitoring 
instrument exemplifies these non-datacom activities. 
A laser has been developed which will be a critical part of the gas measurement system and shall be used in the CW 
mode biased above the lasing threshold with superimposed low frequency modulation. Critical performance parameters 
are operating wavelength, sidemode suppression ratio, current and temperature tuning range and linearity, stable 
coupled output power, and long term stability of operating characteristics. Driving and output characteristics of the 
760 nm VCSEL which fulfils the requirements are depicted in Figure 25 and Figure 26. 
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Figure 25: Operating characteristics of the 760 nm VCSEL. Figure 26: Optical spectrum at 1.9 mA driving current. 

 
The VCSEL shows threshold currents and voltages of 0.4 mA and 1.8 V, respectively. It is a single spectral mode laser 
diode with a single-mode output power of 0.55 mW obtained at 1.9 mA driving current. Single-mode operation includes 
longitudinal and transverse modes as well as polarization. The optical spectrum is centered around 761.5 nm and lies 
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within the specified wavelength range of  761 – 763 nm. The laser output wavelength is tunable by adjustment of the 
forward bias current. The wavelength tuning characteristics are linear with a slope of 0.66 nm/mA. The temperature 
tuning is 0.06 nm/K. 
 

6. SUMMARY 
 
In conclusion, we have reported on U-L-M’s VCSEL technology, reliability testing,  flip-chip arrays, 10 Gbps TO 
packages, and 760 nm single-mode VCSELs.  
Because reliability is so important, U-L-M photonics has been performing excessive reliability testing since 1999, has 
gathered a lot of data and made a lot of improvements in device reliability. Currently U-L-M photonics is able to test 
496 devices at the same time, giving more than 4 million true test hours a year. Failure rate of the 5 Gbps VCSELs is 
below 1 fit for the first 27 years at 90°C junction temperature. Reliability of a 1x4 array is nearly the same as the single 
device reliability, since the dispersion of the TTF distribution is very low. 
For tomorrows parallel transceivers to enter the terabit/s regime we have fabricated bottom-emitting 2D arrays at 
operation wavelengths of 850 nm. Fundamental absorption of radiated power is overcome either by selective etching of 
the substrate subsequent to flip-chip mounting or substrate replacement prior to flip-chip mounting. The presented 
VCSEL arrays are well suited for flip-chip integration on CMOS circuits. 
We have investigated the behavior of a TO46 header at frequencies up to 10 GHz and demonstrated 10 Gbps 
transmission. To have a defined interface between header and measurement system and to be compatible with demands 
of a real application - where the TO header normally is soldered into a PCB -  we designed a small PCB to which a 
SMA can be soldered. We realized that the behavior of the packaged devices is mainly determined by the interface 
between PCB and TO header. We could not see a distinct influence of the bond wire length or the packaging scheme 
within the header on the frequency behavior of the device. This might be due to the strong influence of the external 
system but also due to the limited bandwidth of the VCSEL chip itself and due to the limited bandwidth and sensitivity 
of the detection system. 
760 nm lasers are especially useful for gas monitoring applications. We have fabricated a single-mode 760 nm VCSEL 
with excellent operation characteristics. The potential of VCSEL technology in other areas of application than datacom 
or telecom is just going to be exploited. 
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