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ABSTRACT

Over the past 3 years laser based tracking sydtemaptical PC mice have outnumbered the tradiliM@SEL market
datacom by far. Whereas VCSEL for datacom in the@ @& regime emit in multipe transverse modeslaakr based
tracking systems demand for single-mode operatioiciwrequire advanced manufacturing technology.tidexeration
tracking systems even require single-polarizatibaracteristics in order to avoid unwanted movenaoérthe pointer
due to polarization flips. High volume manufactgriand optimized production methods are crucialafchieving the
addressed technical and commercial targets ofdbisumer market. The resulting ideal laser sourh&lwemits
single-mode and single-polarization at low costl& a promising platform for further applicatidike tuneable diode
laser absorption spectroscopy (TDLAS) or miniatati@mic clocks when adapted to the according waggihen

Keywords: VCSEL, single-mode, single-polarizatisolume production

INTRODUCTION
Single-mode VCSELs have been regarded as scieatifientrics in the early 90ths. Introducing singlede VCSELs
to niche markets like spectroscopy or encodersong the production techniques significantly. Tqdaigh volume
production of single-mode VCSELs in the order ofesal 10 Mio pcs is reality. The next step in expg the
uniquenesses of VCSEL technology is the controthef polarization of the fundamental mode. In thetpaeveral
technigues have been investigated in order to abifte polarization or at least enhance the preéepolarization
orientation. The common approach of all investigyagihas been breaking the high symmetry of théceédavity laser
system. Among the different approaches are EPI tjraw higher order substrates [1,2], highly strdif@ws [3],
elipically shaped mesa geometries [4,5], and eateanechanical stress [6].
We present an approach that makes use of a sheliowed surface grating which offers multiple adages. No
change in the established manufacturing platformcémventional single-mode VCSELSs is required areadditional
technological steps can easily be implementedth@aexisting process flow.
The polarization control mechanism is strong enotagguarantee the polarization behavior by des8atistical data
show that thorough process control is sufficienpitedict the final laser polarization performanthe influence of the
surface grating on the basic laser performanceegisemted and volume manufacturability is discussed.

APPLICATIONS
The driving market for single-mode VCSELs is theelabased PC mouse. Two main tracking technolegeessing the
performance uniquenesses of 850 nm single-mode €SiEame comparison and laser self-mixing [7]. thar PC
peripheral devices, especially input devices lilkgy or track balls, can be equipped with VCSELebasacking
systems.
Besides those consumer electronic devices, thenaddalaser performance is attractive for otheresyst e.g. laser
absorption spectroscopy (TDLAS) used in oxygen oistare detection, or miniature atomic clocks. Téehnology
platform needs to be adjusted to the according lasgelengths of 760 nm for oxygen, 948 nm for mois, and 780,
795, 852, or 894 nm for miniature atomic clocks [8]
The grating technology which is discussed can lzptd to all mentioned wavelengths that are bagetthed material
system InAlGaAs.

GRATING DESIGN
The basic effect that is exploited for the polaita control makes us of a surface grating thatioles a polarization
dependent effective reflectivity. A full vectoriadodell [9] supports the design rules used for teeiak manufacturing.
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For a grating pitch below the emission wavelengithigher order diffraction maxima appear in thdiédd [10]. The

filling factor of the surface grating (etched vessinetched area) is chosen to about 50 %. The abriching depth
for maximum polarization selective effect is a daakvavelength which amounts to about 55 nm. Thentation of the
grating can be aligned to the main crystal axis Pass manufacturing a good matching of the desigrance

window and the process tolerance window is crutied to the high sensitivity of laser performancepoocess related
grating characteristics.

EPITAXY AND PROCESSING INCL. SURFACE GRATINGS
The epitxial design is identical to standard singlede VCSELSs and consists of a highly reflectivigme DBR, 3 GaAs
QWs embedded in a GRINSCH type inner cavity, apdtygpe DBR with carbon doping. State of the art aneiching
and wet oxidation is laterally confining the curras well as the optical field. P-contact depositim top of the mesa
and full area cathode on the substrate are usezldotrical connection [11]. The emission in thedamental transverse
mode is enforced by the small lateral dimensiothefcurrent aperture. In an early phase of the faaturing process,
the surface gratings are etched into the top lajéne wafer. E-beam lithography or imprint teclow can be used to
create the sub-wavelength grating mask. Whereasalmbithography is well known and approved for tekevant
geometries, imprint technology is a rather new nedbgy and its use for sub-wavelength surface patig for
VCSELs has only recently be introduced [12]. Thatigg geometry is transferred to the GaAs by unigit RIE
etching, where etch rates, etch depths, and honet@nhave to be controlled extremely well in artiehit the small
tolerance window for the etching depths of bettant+/- 10 nm across the wafer.
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Figure 1: E-Beam resist mask after developmenttfdrieg of the sub-wavelength grating
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In Figure 1 a typical E-Beam resist mask afterefi@yment is shown, the resist thickness is abo0tr30. The 550 nm
pitch, duty cycles around 50 %, and nice sidewtepness can be seen, which allows for straightdiat pattern
etching. The measurements are taken by Atomic Rdicesocopy.

Figure 2: Imprint mask for etching of the sub-wavegjth grating

Using imprint technology for the masking result@imost identical mask geometries as can be seigime 2. Again
the sidewall quality and the 100 nm thickness ef$02 mask is well suited for the subsequent RiRieg. Figure 3
illustrates the highly accurate features of therimtpd mask on top of the VCSEL mesa.



Figure 3: SEM picture of the imprinted area onéh@ssion window.
After RIE etching the grating is transferred to tbp layer of the semiconductor stack. Figure 4wshthe resulting

grating topographie. The RIE process is optimizedcause minimum crystal defects. The etching ndedbe
unisotropic and the homogeneity across the 3 ingfemhas to be better than +/- 7 %.
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Figure 4: VCSEL surface with sub-wavelength gragtched into GaAs

The fully processed mesa including the surfacemgatnd the p-type contact is presented in Figufehg grating
which can be seen by an optical microscope is cethti@ the p-type ring contact with a 10 um opening

Figure 5: Surface grating in the emission windova afngle-mode VCSEL

The grating performance is identical for both magkiechnologies E-Beam and nano-imprint. Theredwaoemain non-
technical advantages of nano-imprinting comparedetbeam, which are processing cost per wafer awhehi
throughput due to short process time. Thus nanatimjs a good candidate for sub wavelength mastéatnology in
volume production.



LIV, SPECTRAL, AND POLARIZATION CHARACTERISTICS
For comparison, Figure 6 shows LIV characteristiceoom temperature for a reference device witlsouface grating.

Threshold current is 0.45 mA, slope efficiency i§9W/A, and the operation current for 1 mW of audtpower
amounts to 1.8 mA.
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Figure 6: LIV characteristics of the reference devi Figure 7: LIV characteristics of the standpaddiarization

controlled device

Applying the strongest effect to the polarizati@mthking surface grating, the LIV characteristics argnificantly
affected by the incorporated optical losses. Figuneresents the according LIV graphs of a polapatontrolled
device produced on the identical wafer, where amemse of threshold current to 0.75 mA and an apeaoimg
reduction of slope efficiency to 0.55 W/A are se€he drawbacks are mostly due to diffraction los§&Emsequently
the operation current for 1 mW of output power risreased to 2.5 mA. As can be expected, the cuvadtage
characteristics are not affected by the surfacéngra
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Figure 8: Optical spectra at 1mW for a standardlsimode VCSEL (left) and a polarization stabili26@SEL (right).

In Figure 8 both optical spectra for the standard the polarization controlled single-mode VCSEE depicted. As
you can see, no performance drop in terms of spleotrity can be seen at the operating conditidns mW optical
output as both spectra show a SMSR of more thadB10
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Figure 9: Typical polarization flip behavior of &sdard single-mode VCSEL. The output power fordhshed and light line is
measured through a polarizer at 0° and 90° rspagtithus the sudden power drop, respectively pom@ease, indicates a
polarization flip.

A typical polarization flip is shown in Figure 9rfa reference device. The laser starts emittin§0h polarization

orientation and flips it's orientation at 1.8 mAséa current to the perpendicular orientation. Foixed temperature, the
laser current at which the device flips its polatian orientation is reproducible. Polarizatiopdliaccur for only few %
of devices and only at a specific set of laserants and ambient temperatures. Statistical inwetsbig on polarization
flips is therefore quite difficult. Even if no paelaation flips are observed at certain operationditions, flips might

occur in the application due to changes in tempegabr laser currents. Applying long pulses in kitz frequency

range and thus changing the cavity temperaturecanent density in short time is a good way toiaté potential

polarization flips. The graph in Figure 10 depittte optical output of a device operated at 1 kHetidon rate with a
70 % duty cycle. The output power Popt is filtebgda polarizer. The first 5 pulses do not show polarization flips,

but during pulses 6, 8, and 9 the polarizationrtaton is flipping after few 100 us, identified liye sudden power
drop.

Using a polarization filter when measuring the ogltipower in such a pulsed operation leads to ify@mg suspicious

lasers. All wafers without polarization control shat least a small percentage of flipping devices.
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Figure 10: Polarization flip in dynamic operatidtulse repetition rate is 1 kHz. Optical power itedeed through a polarizer. A
polarization flip is observed by the sudden powempdvithin the pulse when measuring the peak pdla@ugh a polarizer.

For polarization controlled VCSELs we do not detaay flips in polarization when having a minimum1df00 devices
per wafer under test.
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Figure 11: Threshold current (left) and slope &ficy (right) distribution across a 3 inch standsirgyle-mode VCSEL wafer. The
values are in mA and W/A, respectively.

In Figure 11 a wafer map for standard single-mod&S¥Ls is shown, both threshold current and slofiieiericy
distribution is presented. The threshold curremtation is 0.32 to 0.40 mA (+/- 6 %) along 250 dms across the 3
inch wafer, the slope efficiency varies from 0.80A%b 0.84 W/A (+/- 2.5 %)

In comparison, Figure 12 depicts the same laseanpeters for a polarization controlled single-modeSEL wafer.
The according on wafer variations are +/- 9 % foe threshold current and +/- 5 % for the slopeckfficy,
respectively.
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Figure 12: Threshold current (left) and slope éficy (right) distribution across a 3 inch polatiaa controlled single-mode
VCSEL wafer. The values are in mA and W/A, respe&tyiv

The already discussed impact on increased thresiotdnt and reduced slope efficiency is also sedne wafer maps
above. For the standard and the polarization cthetrdevices the average values for the threshaicents are 0.4 and
0.8 mA, respectively, and the average slope effias amount to 0.83 nd 0.55 W/A, respectively.

For the surface grating devices, more variationlaser performance parameters are seen, which istalsenall
variations in the gratings for each device. Althbube absolute electro-optical laser charactesissigffer from the
polarization control and in addition the laser#sdr homogeneity is a bit worse, the presentedntdatyy for
polarization control qualifies for volume produgctio



RELIABILITY
Etching of surface gratings in the laser facett mayse negative impact on the laser reliabilityolder to minimize
crystal effects by reactive ion etching, a veryt gwbcess is chosen. Analysis of accelerated difettests as well as
operation at high humdity and high temperature show deviation from reiability data observed fanstard single-
mode devices. In Figure 13 preliminary TTF datafailure accured so far) are depicted and in Figuréhe according
data point in the arrhenius plot is presented. #s¢ conditions are 125°C heat sink temperature 228dmA laser

current.
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Figure 13: Time to failure data for polarzationbdiaed single-mode VCSELs at 125°C heatsink tentpeesand 2.5 mA laser
current. The measurements are taken at room tetnpera
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Figure 14: Arrhenius plot of MTTF values versusgtion temperature for 850 nm single-mode VCSELSs. fHutangular dots
represent standard single-mode VCSEL wafers, tloaleir dot indicates the ongoing ALT test for theface grating VCSEL wafer.

Figure 15: 85/85 test results of polarization colted single-mode VCSELs over 500 h.



The additional etching step in the top layer dogisharm the lifetime of the device. The expectedWTat maximum
operation conditions is still exceeding 100.000rkou

Surface damages often initiate reliability issuesighly humid ambient. Test results of the deviopsrated at 85°C
and 85 % relative humidity given in Figure 15 shdwat no power drop after 500 hours of operatioseisn which is in
line with the standard wafer qualification proceskur

SUMMARY
The presented grating technology strongly conttledés polarization characteristics of standard srap#rture single-
mode VCSELs. Two manufacturing techniques have liscussed, whereas for the masking of the gragioh
priocess imprinting is the more promising technglagmpared to E-beam lithography with respect i@ émst high
volume production.
The drawback of the grating technology is identifia the threshold and output power performanceheflasers.
Significantly increased threshold current and reduslope efficiency for the strongest polarizatlonking effect
results in a 30 % increase of the operation currdtthough there is room for further optimizatiori e desing
parameters, additional diffraction losses haveet@dnsidered in general.
In terms of reliability, no negative impact is givey the surface grating technology. Preliminargederated lifetime
testing results as well as operation in high hutyddigh temperature do not indicate reduced lifetiexpectation.
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