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ABSTRACT

Philips recently released a new VCSEL and photodiode product family for the fast growing FDR InfiniBand™
generation. In this work we review the influence of production process variations on VCSEL characteristics, the FDR
VCSEL transmission behavior as well as wear-out reliability characteristics. Data collected during an initial 15 wafers
pilot production batch verify that FDR VCSEL manufacturing reached mature volume production level. The VCSEL for
the next EDR (26Gbps) InfiniBand™ generation is currently being developed at Philips. The paper presents
characteristics of thefirst EDR VCSEL iteration.
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1. INTRODUCTION

High speed 1/0 fabric is till often based on electrical interconnects. To push the copper interconnects to higher data
rates, equalization techniques as well as low loss cables and better connectors have been implemented. But these
improvements tend to not follow the market trends. Equalization consumes power, low |oss cables are more bulky and
make cables supporting wide interfaces very difficult. As a consequence optical cables are becoming more and more
common place in high speed 1/0 fabric and optical buses’. Optical cables offer reduced power consumption and size as
well aswell long interconnection distances. For example 12 channels wide interfaces are straightforward.

In order to compete with their dectrical counterparts optical interconnects must meet basic 1/0 fabric requirements. Bit
error rates shall be 10 or better. Longevity of more than 10 years at 0-to-70°C operating temperatures is expected. The
optoel ectronic technology platform must be able to follow roadmaps like e.g. the IBTA*s InfiniBand™ roadmap?.

Directly modulated VCSELSs are the most attractive light source for optical interconnects due to low cost, low power
consumption and ease of integration. Extensive effort has been put in demonstrating that direct modulation line rates of
345

up to 40 Gbps are possible >,

VCSELs specifically designed for 14 Gbps FDR lane rates and now being deployed in FDR optical cables will be
introduced and discussed. The technology is based upon the established platform of 10 Gbps VCSELSs and thus taking
loan from a huge database of technological and production experience as well as reliability data. In addition to device
performance and reiability data particular attention is paid to link performance parameters. Activitiestowards 26 Gbps
EDR lanerates and preliminary data on device performance will be presented as an outlook to the next evolution in high
speed data transmission by VCSELSs.
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2. FDRVCSEL FABRICATION AND CHARACTERISTICS

2.1 Pilot production run

The pilot run workflow starting with 15 epitaxial-grown wafers over to 570 kpcs screened FDR VCSELs till qualified
singulated diesis shown in Fig. 1. The epitaxial-grown wafers are taken from four different epi campaigns.

One of the key control parameter is the Fabry-Perot (FP) cavity resonance wave ength which is measured directly after
growing the epitaxial layers. Optical gain and doping profiles are checked on calibration wafers. More feedback to
epitaxial growth is derived from quality checks during processing, like spatially resolved reflectance measurements,
TLM measurements, and temperature dependent threshold current characteristics.

Beside the Fabry-Perot cavity resonance wavel ength the second most important device parameter to betightly controlled
is the current aperture diameter. Philips VCSEL platform is based on mesa etching and subsequently laterally oxidized
current apertures® where for the FDR VCSEL we have chosen a 7 um aperture diameter. The frontend steps include
mesa etching, oxidation, electrical passivation and device planarization, contact as well as bondpad deposition.

Each wafer from the fabrication line is going through a wafer-level screening procedure where VCSELSs with
conspicuous and out-of specification characteristics are marked as “bad”. During the pilot run less then 20% of the
possible good dies have been sorted out. The screening procedure is based on wafer mapping data like threshold current
(Ith), slope efficiency (SE), average output power (Pavg), optical modulation amplitude (OMA), voltage drop (U),
differential resistance (Rdiff), center wavelength (CWL), spectral width (RMS) and many more both for 25°C and 85°C
wafer backside temperature.
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Figure 1. Pilot production workflow starting with epitaxial-grown wafers till qualified singulated dies

After wafer dicing the singulated dies undergo an automatic optical inspection procedure where again abnormal and
out-of specification dies are marked as “bad’. On sample basis farfield angle, equivalent circuit model (ECM)
parameters, small signal transfer function resonance frequency (fr) and damping factor (y), eye mask margin, time-to-
failureat [6 mA, 170°C] and [6 mA, 85°C, 85% relative humidity] conditions are tested.

Philips provides single channel, 1x4 and 1x12 VCSEL and PD arrays for 14 Gbps lane rate applications. The
300 um x 1000 um 1x4 array design with 250 um channel spacing is shown in Fig. 2 both for the FDR VCSEL and for
informative purposes also for the matching FDR PD chip. Anode and cathode pads with a diameter of 70 um are on the
top-side.
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Figure 2. Top view of an flip-chip 1x4 top-emitting VCSEL (left) and top-receiving photodiode (right) array die.
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2.2 Static characteristics

The following Figs. 3 to 7 show cumulative parameter histograms for the VCSEL s that passed the screening procedure
described in the previous section. Philips recommends to drive the FDR VCSEL between 3 mA laser current in the low
state and 9 mA laser current in the high state. The parameters in the diagrams of Figs. 3 to 7 are matched to the
recommended drive conditions. For the purpose of reference the cumulative distribution function for the respective
standard Gaussian distribution is plotted in diagrams bel ow, too.

Fig. 3 depicts the cumulative histogram for the average output power and for the optical modulation amplitude. The
average output power does not exceed 2.4 mW at 25°C chip backside temperature (Tchip). The smallest optical
modulation amplitude of 1.1 mW is recorded at Tchip = 85°C. As can be seen from Fig. 4 the differential resistanceis
matched to 50 Ohm and the voltage drop at 6 mA isbelow 2 V.

Fig. 5 shows cumulative histograms for threshold current and sope efficiency. The typical threshold current at room
temperature is 0.7 mA and does not exceed 1.4 mA at 85°C.

FDR optical cables typically require that the center wavelength stays within 840 nm and 860 nm and the spectral width
below 0.65 nm. As can be seen from Fig. 6 both requirements are met.

Because it significantly limits static, dynamic and reliability performance it is important to keep current induced self-
heating in the VCSEL aslow as possible. Fig. 7 showsthat the VCSEL dissipates power in the order of 10 mW. With the
empirically verified formula on the right hand (+/- 2°C compared to Ti estimates by measuring wavelength shifts), self-
heating isfound to betypically +34°C at 85°C chip backside temperature and 6 mA laser current.
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Figure 3. Cumulative histograms for the optical output power at 6 mA (left) and optical modulation amplitude at 3-9 mA (right) drive
current. Sample mean for Pi6 and OMAI6is[2.1, 1.8, 1.4] and [2.2, 1.9, 1.5] mW at Tchip =[25, 55, 85]°C, respectively.
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Figure 4. Cumul ative histograms for the voltage drop (left) and differential resistance (right) at 6 mA drive current. Sample mean for
Ui6 and Rdiffi6 is[1.86, 1.82, 1.79] V and [53, 50, 48] Ohm at Tchip =[25, 55, 85]°C, respectively.
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Figure 5. Cumulative histograms for the threshold current (left) and slope efficiency (right). Sample mean for Ith and SE is
[0.6, 0.7, 0.9] mA and [53, 50, 48] Ohm at Tchip = [25, 55, 85]°C, respectively.
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Figure 6. Cumulative histograms for the center wavelength (left) and spectral width (right) at 6 mA drive current. Sample mean for
CWLi6 and RMSi6 is[849, 851, 853] nm and [0.40, 0.33, 0.28] nm at Tchip = [25, 55, 85]°C, respectively.
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Figure 7. Cumulative histograms for the dissipated power (left) and empirically verified formula to calculate the VCSEL internal
temperature Ti6 (right). Sample mean for Pdissi6 and Ti at 6 mA is[9.6, 9.6, 9.9] mW and [54, 86, 119]°C at Tchip = Ths = [25, 55,
85]°C, respectively.
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2.3 Large-signal modulation performance

Therole of aVCSEL in an optical cableisto transmit optical signals. Therefore the large-signal modulation behavior of
the FDR VCSEL is very important. We performed numerous large-signal modulation measurements on typical and
corner type FDR VCSELs from the pilot production run described in section 2.1. Over the entire temperature range from
25°C to 85°C the eyes obtained are nicely open.

Fig. 8 shows typical eye diagrams recorded at 25°C (left) and 85°C (right) heatsink temperature where the PRBS31
signal from the 50 Ohm pattern generator is fed to the VCSEL via a high frequency probe tip. The average VCSEL
current and the optical extinction ratiois 6 mA and 4.5 dB, respectively. Thelanerate of 13.5 Gbpsinstead of 14 Gbpsis
because of limitationsin the avail able pattern generator.

The eye diagram in Fig. 9 is produced with an FDR VCSEL which is wire-bonded to a driver IC (IPVD16G4C from
Iptronics A/S) which drives the laser current between 3 mA and 9 mA in the low- and high-state, respectively. A mask
margin of 20% is measured at 25°C heatsink temperature.
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Figure 8. Eye diagrams at 25°C (left) and 85°C (right) recorded at 13.5 Gbps at 6 mA average laser current and a constant extinction
ratio of 4.5 dB. The PRBS3L1 test pattern comes from a 50 Ohm pattern generator. VCSEL is contacted via HF probe tip.
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Figure 9. 13.5 Ghps eye diagram at 25°C which is recorded at Ilow =3 mA and lhigh=9 mA . The VCSEL is mounted on a FDR
evaluation board and contacted to the driver IC (IPVD16GAC from IPtronics) via wire-bonding.

2.4 Wear out analysis

In order to study the wear out behavior of the FDR VCSEL we accelerate the aging process by increasing the substrate
temperature and derive wear out lifetime predictions by analyzing the time-to-failure (TTF) distribution. The sample set
so far includes 105 VCSEL that have passed the screening procedure described in section 2.1 and are randomly picked
from 8 different wafers. The devices are continuously operated at 6 mA laser current at 170°C substrate temperature.
Once every 24 h the room temperature LIV curve of the devicesis recorded. The failure criterion is 2 dB degradation in
optical output power relative to optical output power at the beginning of the test.
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Fig. 10 shows the lognormal probability plot. The mean time to failure and standard deviation is estimated to be 3365 h
and 0.48, respectively. With an activation energy of 0.7 eV and normalized to 70°C substrate temperature, the mean time

to failure is expected to be more than 50 years. This value is in line with results from the well established 10 Gbps
platform.
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Figure 10. Probability plot for 105 FDR VCSELSs operated at 170°C substrate temperature with 8 failed devices. Acceleration factor
towards 70°C substrate temperature is cal culated to be 128.

3. EDR VCSEL DESIGN AND CHARACTERISTICS
3.1 Design

The EDR VCSEL design is based on the FDR VCSEL design. In order to reduce the parasitic mesa capacitance a second
oxide aperture just above the first oxide aperture is introduced. Both apertures have an inner diameter of 7 um. To
increase the differential gain and finally the resonance frequency at a given laser current compressive strain has been
introduced by using InGaAs instead of GaAs quantum wells. Fig 11. shows on the left hand side a cross sectional view
of the VCSEL mesa with details of the two oxidized layers and on the right hand side atopview of the VCSEL cell. Both
the anode and the cathode bond pad has a diameter of 70 um and is located on the die top-side.
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Figure 11. Cross section view of the VCSEL mesa (left) and top view of the EDR VCSEL cell.
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3.2 Static characteristics

Typical LIV curves of the first generation of EDR VCSEL and the optical spectrum at 6 mA laser current are plotted in
Fig. 12 on the left and right hand side, respectively. At 25°C the threshold is 0.6 mA and slope efficiency is 0.68 W/A.
At 85°C threshold current is increased to 1.1 mA and a dope efficiency reduced to 0.47 W/A. At a typical operating
current of 8 mA, the output power at 25°C and 85°C is 4.5 mW and 2.2 mW, respectively
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Figure 12. LIV curves (left) and optical spectrum at 6 mA (right) of a7 um active diameter EDR VCSEL.

3.3 Modulation characteristics

To investigate the large signal modulation a 25 Gbps PRBSY test signal from a 50 Ohm pattern generator is fed to the
VCSEL via a high frequency probe tip. At 25°C substrate temperature, 8 mA average drive current and 4 dB optical
extinction ratio a mask margin of 5% is obtained.
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Figure 13. Eye diagram at 25°C recorded at 25 Ghps at 8 mA average laser current and a extinction ratio of 4 dB. The PRBS7 test
pattern comes from a 50 Ohm pattern generator. The VCSEL is contacted via HF probe tip.

3.4 Analysisof the modulation char acteristics

The eectrical load behavior of the EDR VCSEL is extracted from S-Parameter measurements and can be described
using the distributed equivalent circuit model as listed in Fig 14. It is calculated that the 3 dB bandwidth is currently
limited to 17 GHz due to parasitics. A 15% reduction of the mesa capacitance will increase the limit to 24 GHz.

Driver Package Parasites E/O T [°C] Current [mA] Ry [Ohm] Cy [fF] Rz [Ohm] C; [fF] fais [GHZ]
R L R 5 27.9 6 514 | 294 | 172
| Tc:l'T—. 25 10 30.1 6 246 | 416 | 205
14 315 6 149 | 643 | 194
COT c1—|— CZT RZQ 5 279 | 6 | 339 |38 | 172
85 10 29.0 6 267 | 624 | 180
14 295 6 107 | 980 | 170

Figure 14. Equivalent circuit model of the VCSEL (left) and extracted model parameters (right) from load measurements.
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To understand the e ectro-optical bandwidth limitations a two pole transfer function to model the conversion processin
the quantum well layersis used. The two pole transfer function parameters resonance frequency (fr) and damping factor
(y) are obtained via fitting to S11(f) and S21(f) network analyzer measurements. Resonance frequencies and damping
factors for various temperature and current settings are plotted in Fig. 1. At 85°C substrate temperature current induced
sdf-heating in the VCSEL limits the resonance frequency to below 12 GHz and needs to be reduced in the next iteration.
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Figure 16. Resonance frequency as a function of laser current (left) and K-factor diagram (right).

4. CONCLUSION

We have described that FDR VCSEL manufacturing has achieved high yidds. Temperature stable, clear and open eye
diagramswith an extinction ratio >4dB at FDR lane rates, from 25 to 85 degC substrate temperature under constant drive
conditions were obtained with the FDR VCSEL. Mean time to failure normalized to 70°C substrate temperature is
expected to be more than 50 years.

The firgt iteration of 26 Ghps lane rate EDR VCSELSs shows clear and open eye diagrams at 25°C with 4 dB optical
extinction ratio. Bandwidth limitations in the electro-optical conversion at 85°C need to be addressed in the next
iteration.
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