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ABSTRACT

Many VCSEL based applications require optical festdtbof the emitted light. E.g. light output monitiunctions in
transceivers are used to compensate for thermadlyced power variation, power degradation, or dweakdown of
pixels if logic for redundancy is available. Inghdase integrated photodiodes offer less complesnalsly compared to
widely used hybrid solutions, e.g. known in LC-TO&#8semblies. Especially for chip-on-board (COBragsy and
array configurations, integrated monitor diodeso#i simple and compact power monitoring possybilior 850 nm
VCSELs the integrated photodiodes can be placeddest substrate and bottom-DBR, on top of the tofRPBr
inbetween the layer sequence of one DBR. Integriatea-cavity photodiodes offer superior charastiss in terms of
reduced sensitivity for spontaneously emitted lightand thus are very well suited for power monitg or even end-
of-life (EOL) detection. We present an advancediaewesign for an intra-cavity photodiode and adiowy
performance data in comparison with competing agghes.
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INTRODUCTION
Output power variation of VCSELSs is due to tempamidependence of threshold current and slopeesfiig, but also
due to degradation over life time. In order to cemgate for the power variation, or even detectioBQ@L criteria that
enable redundant system designs, power monitorirtheooutput is crucial for many applications thaly on fixed
opical power levels. Whereas the general temperatapendence of VCSELs is mostly given by matgniaperties
and requires compensation by closed loop powerralpndegradation behavior over lifetime has beemprowed
significantly by enhanced device design and manufaxg techniques [2,3]. The random failure raes;luding ESD
related failures, have been reduced to less thdfiTL(B]. Anyway, appropriate EOL detection wouldable simplified
redundant system design.
In general, output power of a VCSEL can be monddrg detecting the light extra cavity on eitheresaf the resonator,
or intra cavity by integrating a photodiode struetinto the cavity design. Fig. 1 illustrates thé'gee main options.
The most simple approach is making use of lighittechfrom the top side of the VCSEL and reflecbstk from an
optical plane in a certain distanceonto a sepgtattodiode chip adjacent to the VCSEL. The integtagxtra cavity
approach can be realized by photodiodes grown pnofathe VCSEL or between the substrate and théycawnd
adding the according electrodes to the chip design.

In the following we focus on 3 different approaclf@spower monitoring:
1: Standard external hybrid monitor diode, makisg of the reflection of output power from a glasadaw cap of
the package
2: Integrated monitor photodiode between substatebottom DBR (extra cavity)
3: Integrated monitor photodiode intra cavity ie tirdoped bottom DBR

As an important performance criteria, the influen€spontaneous emission for the monitor signal vélinvestigated
and discussed in terms of power tracking perforreaamd EOL criteria.
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Fig. 1: Three main options to implement power maniig functions:

1) reflections from top-emission at external odtfanes or partial absorption when transmittiggptithrough an integrated PD on
top of the n-DBR

2) detection of the small light portion emitteddhgh the high reflective mirror by an integratednitor diode below the VCSEL
cavity

3) intra cavity absorption by an integrated phatddi

VCSEL DESIGN
All devices under investigation are based on 850 axide confined VCSELs. As a reference for the grated
approaches, a typical configuration of a top-emity CSEL on a large area Si-photodiode is usedepgted in Fig. 2.
The reflection of the emitted power at the flatsgtdi e.g. a cap of a TO can is used for power radni.

optical plane

Si PD
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v

Fig. 2: Typical approach for power monitoring usthg optical plane of, e.g. the reflections froglas window of a cap ofa TO
can. The photodiode can be placed below or be#i@eg CSEL chip. Electrical connection is done by ditach and/or wire
bonding.

We have investigated two different designs foritttegration of a photodiode. In the first approaafegular VCSEL
structure has been grown on top of a pin photodiddehematic drawing is given in Fig 3 (left sid&€he light which
is emitted from the cavity to the bottom side is@bed by a 2 um thick GaAs layer. The PD areatésally not
constricted. The photodiode anode is built by arBthick layer, contacted from the top side by aard shorted to the
VCSEL cathode. Thus the device can be operatedrasaterminal device.
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Fig. 3: LEFT: VCSEL with integrated photodiode beem the bottom DBR and the substrate. The elect@atection of VCSEL
cathode and PD anode is done by a intra cavitynach of the VCSEL and a via contact to the 3 proktip-doped layer of the PD
and an electroplated gold pillar connecting bodtiebdes. The absorption layer consists of 2 pkrt@mninally undoped GaAs.
RIGHT: VCSEL with integrated intra-cavity photodiodéhe bottom DBR consist of 3 areas, starting bloavgbantum wells with
n-doped layers, changing to p-doped layers followgda GaAs absorption layer of about 100 nm thisknplaced around the
antinode of the standing wave pattern. The pinetitre of the PD is finished by further n-doped DBRRelapairs. The intra-cavity
VCSEL n-contact serves also as PD anode, as thengtign between VCSEL cathode and PD anode is diivéorward direction
and thus the PD anode contact can be skipped.

A novel approach is placing the PD inside the gawithout additional contact or spacer layer, altyuategrated into
the bottom DBR which now consists of a first pdrtLé n-DBR layer pairs and 2 p-doped DBR pairsdiattd by the
100 nm thick absorbing GaAs layer, which is plasgthmetrically around an antinode of the standingenaattern in
order to get maximum responsivity and maximum @sitof stimulated versus spontaneous emission. bbiti®m
reflector is completed by additional 22 pairs alaped DBR layer pairs. The intra-cavity contacthea central n-doped
DBR part is used as both, VCSEL cathode and moaitode. The additional pn-junction between VCSEhade and
PD anode is not shortened, but driven in forwardadion and thus just adding an additional voltdge to the monitor
diode.

Fig. 4: LEFT: VCSEL chip on top of a 1.25x1.25 mrifiten photodiode chip. CENTER: 4 terminal desigrthad integrated external
cavity photodiode. In the lower right corner, th&ra-cavity n-contact and the via connection @R anode can be seen. RIGHT: 3
terminal design of the intra-cavity photodiode.

In Fig. 4 the according pictures of the 3 differapproaches are shown. The left side is showindltB&x1.25mm?
large silicon photodiode carrying a VCSEL chiplie ttenter pad. In this case the VCSEL anode, VC&ihode, and
PD anode are connected by wire bonds. The centalre shows the top side of the VCSEL with intégdaextra-
cavity PD. In the lower right corner of the pictW€SEL cathode and PD anode pad is seen, the heabsgfucture in
the center of the pad is caused by the via cormetdi the PD anode. The picture in right side of Biis taken from a
VCSEL with integrated intra-cavity photodiode.

LIGHT-CURRENT-VOLTAGE AND MONITOR CURRENT VS. TEMPERATURE
The cw light-current-voltage (LIV) output charadstics at —30, +25, and +90°C of a free running ¥CSvith 5 um
active diameter are shown in the left part of Fig.The right side of Fig. 5 illustrates the typideimperature
dependence of the threshold current and the slfffpgeacy. In this case the threshold current minimis designed



around 10°C and increases parabolically with teampee, the slope efficiency is declining in firggpaoximation
linearly with temperature.
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Fig. 5: LEFT: LIV output characteristics at -30°G°€, and 90°C, of a 5 um aperture VCSEL without marfitaction. RIGHT:
Typical temperature dependence of threshold curfepproximately parabolic) and slope efficiency gagpximately linearly
decreasing).

The left part of Fig. 6 depicts the LIV curves di0+-+30, and +80°C ambient temperature of a 14 pichecaperture
VCSEL. The VCSEL is placed on top of a silicon mgithode and mounted in a TO46 package with flat wwaaap,
having a 50% reflection coating. The according rm@n¢urrent is given in the right graph of Fig.The upper part
represents the monitor current according to thewytower plotted in the lower part. The monitorrent versus laser
current curves show significant positive curvatuvlich is due to the dependence of the reflecteledrsorbed power
to the farfield pattern of the VCSEL. The effectimdreasing monitor current by spontaneous emigsioegligible.
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Fig. 6: LEFT: LIV output characteristics at -10°@)°8, and 80°C, of a 14 um VCSEL, placed hybridly osili@on photodiode.
RIGHT: In the lower part, the LI characteristics pietted again as reference, in the upper partrtbmitor current as a function of
laser current is plotted. The influence of spontarseemission is negligible for the hybrid solutitime non-linearity is due to the
changing farfield pattern with laser current.

The cw LIV characteristics of the VCSEL with intaggd extra-cavity PD is presented in the left prFig. 7. The
output power level at operation conditions is des@ljto be comparable to the hybrid solution, inicigahe reflection
losses. In the right graph, the monitor currensusraser current is shown, again in comparisoh thi¢ output power
characteristics. The monitor current is growingeéinly with increassing output power, but the sansit(represented
by the slope of monitor current versus laser cujrehthe detection is even stronger for the spo@b@ais emission
below threshold current.
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Fig. 7: LEFT: LIV output characteristics at -10°Q0°8€, and 80°C, of a 5 um VCSEL with integrated exta&ity monitor
photodiode. RIGHT: In the lower part, the LI chagaistics are plotted again as reference, in theupprt the monitor current as a
function of laser current is plotted. As this desig strongly sensitive on spontaneous emissiaan nbnitor current is increasing
more strongly with laser current below laser thaddltompared to lasing condition.

The VCSEL with integrated intra-cavity photodiod®ws almost identical LIV performance comparedh previous
extra-cavity design as can be seen in Fig. 8 igé. ©nly the spectral mismatch of resonance wagtheand gain peak
at room temperature is smaller, thus the thresbotcent minimum is achieved at significantly loviemperatures. The
monitor current, depicted in the upper part of FEgright side, is nicely linearly growing with kEscurrent and the
contribution of the spontaneous emission to theitoonurrent is strongly reduced.
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Fig. 8: LEFT: LIV output characteristics at -10°CQ°8, and 80°C of a 5 um VCSEL with integrated intraitgamonitor
photodiode. RIGHT: In the lower part, the LI chagaistics are plotted again as reference, in theeupprt the monitor current as a
function of laser current is plotted. The monitarrrent is increasing linearly with the laser cutramd the influence of the
spontaneous emission is strongly reduced.

MONITOR VS. OUTPUT AND TRACKING ERROR
The basic differences in performance between theethpproaches is clearly seen when plotting theitotocurrent
versus laser current. Representing the hybrid gardiion, Fig. 9 is showing negligible influence ggontaneous
emission to the monitor signal as no offset inrti@nitor current is observed. The monitor currerdlightly dependent
on temperature and does show a significant postiveature due to the already mentioned power antpérature
dependent farfield characteristics.
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Fig. 9: Monitor current versus output power for ME@SEL with external, hybrid monitor function. Themlinearity is due to the
change in farfield characteristics and the accardiriluence on the reflection at the external agtiglane. Spontaneous emission
does not contribute to the monitor signal.

The left part of Fig. 10 relates to the VCSEL wiitilegrated extra-cavity photodiode. A significarfitset in monitor
current which is due to the temperature dependeeshold current is observed. The monitor currenincreasing
linearly with output power and only a weak depem@eon temperature is present. For the on-statatan tdansmission
of e.g. 0.5 mW the offset amounts to about 40 %hefmonitor signal and even worse, in the off-stdte.g. 0.12 mW
the offset is even dominating. As the offset is tlueontribution of spontaneous emission and thestiold current is

changing with temperature and over lifetime of tievice, this scenario is disadvantageous for aedldsop power
control.
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Fig. 10: LEFT: Monitor current versus output po@rthe VCSEL with integrated extra cavity monitéode. The offset in monitor
current is due to the detection of spontaneousstonisand accounts for a large part of the total imorcurrent. RIGHT: Monitor
current versus output power for the VCSEL with gneged intra cavity monitor diode. The offset innitor current is significantly
smaller. The monitor signal versus output powepésfectly linear. The strong temperature dependeafcthe corresponding
responsivity monitor current versus output powetts to the temperature dependent absorption cieftiof the absorbing layer.

The device with integrated intra-cavity photodidmghaves very different as can be seen in the pgtttof Fig. 10. The
spontaneous emission, effecting the offset in tleitar current, is not contributing significantiyné the monitor
current is linearly growing with output power. Evienthe off-state at 0.12 mW the contribution afratlated emission
to the monitor signal is at least at the same legeipared to the spontaneous emission. Howevérpmagsdependence
of the absorption coefficient on temperature iseobad, which results in the different slopes far tamperatures of —
10, +30, and +80°C. This behaviour is due to thartséibsorption length of only 100 nm and the emissvavelength



which is close to the fundamental absorption ligfitthe GaAs layer and thus turns out to be verysiiga on
wavelength variation.

As a result, Fig. 11 and Fig 12 show the trackingrs for all 4 devices. Tracking error for the @&s with monitor
photodiode is defined as the deviation of outmwwéer compared to the output power at 25°C, givearstant monitor
current. For the free running VCSEL, tracking eri®defined as the power variation at constantrlaserent, again
referred to the conditions at 25°C. According gsafir the free running VCSEL are depicted in Fig It side. In the
on-state (doted line), the free running VCSEL iffesing from reduced slope efficiency in combinatiwith increased
threshold current at high temperature, whereagvatémperature, increased slope efficiency padipgensates for the
increase in threshold current. In the off stateske@a line) the tracking error is dominated by teengerature
dependence of the threshold current and the ghaplvssa very strong parabola and a -3 dB power dt@®°C. When
using the external silicon photodiode as monitog, tracking error remains within +/-10 % over timtire temperature
range of —10 to 80°C and for all power levels, as be seen in the right part of Fig. 11. The redidscillations are
due to the increments of the measurement. Thidtneguesents an almost ideal tracking behavior.
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Fig. 11: LEFT: Tracking error for the free runniM@SEL. RIGHT: Tracking error of the VCSEL with extainhibrid monitor
function. Both graphs are referenced to the outputap levels at 25°C
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Fig. 12: LEFT: Tracking error for the VCSEL with @grated extra-cavity photodiode. Especially for loutput powers, the

spontaneous emission causes significant deviaR6BHT: Tracking error of the VCSEL with integrateatra-cavity photodiode.

Altough the deviation is large, the tracking erisrindependent on power level and linear with terapee. By reducing the

temperature dependence of the absorption coefficiba tracking error can be independent also apégature. Both graphs are
referenced to the output power levels at 25°C



The tracking error over temperature for the VCSHthwntegrated extra-cavity photodiode is plottadhe left part of
Fig. 12. In the on-state the tracking error is atakle with a maximum of —20% at —10°C. But in tféstate, the
tracking error reaches -3 dB already at 0°C becadisithe strong contribution of the spontaneous siwisto the

monitor signal. Actually, the monitor signal indiea already lasing although the VCSEL operatiorsti below

threshold due to the strong sensitivity of the pglaxte on spontaneous emission. The right partgfR? is showing the
according tracking error for the VCSEL with integr intra-cavity photodiode. The three curves for different

power levels are almost identical, which means thaton- and off-state of the VCSEL can be corgmbby the same
driver concept in terms of temperature compensafibe strong temperature dependence of the traekimg is due to
the spectral sensitivity at the fundamental absorpimit of the 100 nm thick GaAs layer and canitmproved by

optimized material composition.

IMPACT OF DEGRADATION ON POWER MONITORING
Besides temperature dependence of the output ¢bestics and tracking error at different powerdisy degradation
behavior of the power monitoring is crucial for #yestem design. Focussing on the integrated phudedj the VCSEL
with intra-cavity photodiode has been selectedttits evaluation, as the typical degradation medraris causing an
increase in threshold current and a decrease [ire g@ficiency. Obviously, the change in threshald-ent will result in
even worse tracking behaviour for the extra-caafpiproach.
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Fig. 13: LEFT: LIV output characteristics at -10°80°C, and 80°C, of a 5 pm VCSEL with integrated ima&ity monitor
photodiode after aging. RIGHT: In the lower part tH characteristics are plotted again as refereincthe upper part the monitor
current as a function of laser current is plotiegase compare to Fig. 8.

Comparing the left part of Fig. 8 (no aging) wittetleft part of Fig. 13 (after aging), the mainmip@s are an increase
in threshold current by a factor of about 2. Tharges in IV characteristics and slope efficienay marginal. In the
right part of Fig. 13 the monitor current (top) amatput power (bottom) versus laser current istptbtThe shift of the
threshold currents is of course translated to thaitor current, but still the monitor signal is @ig linear with the laser
current. As a result, in Fig. 14 (left side) younceaee that the monitor current versus output pgnegoh did not change
significantly, just the power levels that are reathare reduced compared to Fig. 10, right side. ffdeking error
versus temperature after aging of the device taosims the same as can be seen in Fig 14, right Bitere is still no
dependence on power level and the temperature depea is still linear.
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Fig. 14: LEFT: Monitor current versus output povi@rthe VCSEL with integrated intra-cavity monitdode after aging. Compared
to Fig. 10 (right side), no change in monitoringfpamance can be seen. RIGHT: Tracking error of W&SEL with integrated
intra-cavity photodiode after aging. No changeracking error performance can be seen over thditife (compare with Fig. 12
(right side)).

CONCLUSION
Looking at the power monitoring performance, thdr solution with external silicon photodiode aad optical
reflection at external optical plane provides bpstformance. Due to the geometrical conditions,trdmution of
spontaneous emission is negligible. Thus the hyapigroach is rather independent on temperaturepaner levels.
The articfacts caused by farfield pattern changi#is power and temperature are of minor importai@iecourse, the
hybrid approach does not qualify for chip on boadedigns and monolithic array configurations
The VCSEL with integrated extra-cavity photodiodéfers from strong contribution of the spontaneensssion to the
monitor signal. As the threshold current is depehd® temperature and aging, especially low poereels are causing
significant tracking errors. Even in comparisonhatiie free running VCSEL, power stabilization i$ moproved.
For the VCSEL with integrated intra-cavity photadiép power monitoring and thus tracking is almodejmendent from
spontaneous emission and therefore this approaebryspromising for the power monitoring and closedp power
control in integrated systems. Especially the imahttracking behavior for all power levels is veagtractive for
optimizing data transmission dynamics. The obsesteshg temperature dependence is due to the ingpited thin
GaAs absorption layer and the according spectraditeity. Improvements can be expected by changigmaterial
composition of the absorbing layer slightly towasinaller band gap material. The excellent charaties of the
integrated intra-cavity photodiode are not changingng aging and allow for identical control mentsan over the
entire lifetime of the device. In addition to outgaower control, the stable monitoring characteristlso allow for
EOL detection by verifying the monitor current artain boundary conditions, as contribution fronorganeous
emission can not cause false interpretation.

SUMMARY

We have compared one hybrid and two integratedoampies for power monitoring of VCSELs and witheefrunning
VCSEL. For chip-on-board assembly and array comditions, VCSELs with integrated intra-cavity phatmtkes are
best suited for power monitoring, as they provideampact and excellent power monitoring withouteenal
components. Their independence on contributions fepontaneous emission offers promising power obraver
temperature and lifetime. In order to reduce tisédieal temperature dependence, material optimizatiadhe absorbing
layer is required.
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