Electrical Characterization and Application of Very High Speed
Vertical Cavity Surface Emitting Lasers (VCSELS)

V. M. Hietala, K. L. Lear, M. G. Armendariz, C. P. Tigges, H. Q. Hou, and J. C. Zolper

Sandia National Laboratories
Albuquerque, NM 87185-0874

ABSTRACT DEVICE STRUCTURE

Vertical Cavity Surface Emitting Lasers (VCSELSA schematic diagram of therosssection of the
offer many benefits over conventional edgehigh speedVCSEL is shown in Fig. 1. The
emitting lasers including  economical VCSEL cavity is formed byMOVPE growth
microelectronic batclprocessing, easgxtension where amactiveregion is appropriately positioned
to 2-D arrays, and of interesthere, verylarge betweentwo dielectric mirror stacks.The active
intrinsic bandwidths due to reducedavity region is comprised of five GaAs quantuvells.
volume. Results oélectrical characterization of aThe mirrors are necessarily comprised of
19 GHz bandwidth 850 nm VCSEL are alternating layers of high antbw Al fraction
presented. Small-signakharacterization and AlGaAs for high optical reflectivity. This need
modeling of the frequencyesponse andlevice typically results in an undesirably high mirror
iImpedance is presented. Large signal performan@sistance (due to heterojunction barriers) which
Is studied using two-tone RF and high-speesignificantly degradedevice performance. To
digital measurements. Appropriate drive minimizethis effect, a novel uniparabolic grading
conditions for high-speedigital applications are profile produced byMOVPE growth aswell as
demonstrated. careful doping considerations were usedjrieatly

reduce the mirror resistanc] To further

minimize mirror resistance,the VCSEL was

INTRODUCTION grown n-type up (see Fig. 1) take advantage of

the lower lateral resistance of the n-type material.
Very high efficiency VCSELs with over 20 GHz
electrical bandwidths have been demonstrated wi
several mW outpupower. These are believed to
be the fastest laser diodes ewegilized a850 nm.
Though this wavelength is not consistent witl
long-hauloptical link needs, it isconsistent with
the Fibre Channel arATM Forum standards and
Is in strong favor foreconomicalshort haul fiber
optic links.

The small cavity volume of VCSELs allows for
very large intrinsicbandwidths. Bythe careful
minimization of electrical parasitics, we have
successfully  demonstrated VCSELs  with
bandwidths in excess of 2GHz. [1] This has Fig. 1. Diagram of the VCSEL'’s cross section.

beﬁn achlthtad Ib):l_smg zeverall_ n%velprocest? nother unique feature of these VCSELSs is the use
enhancements. Intrinsic device IMIts appear 0 bg 5 selective wetthermal oxidation used to

well in excess of SA5Hz. It appearsthat the con et an AlGaAs mirror layer to an insulating
present bandwidth isimited predominantly Dy |\ index aluminafilm.[3] Thelow index of the

thermal issues. resulting alumina layer yields excellent lateral
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mode confinement and overlap wilfie electrical SMALL-SIGNAL MODEL

Eg(rennpagpndolr?ssﬁarlfevc\i”m] S0% povedficiency have Small-signal characterizatiomwas performed with

' an HP 8510 networkanalyzerusing an LRM
Shown in Fig. 2 is a microphotograph of actual calibrationfor the impedance measurements and a
4x4uny device. Contact to theevice is achieved simpleresponse caliltion alongwith correction
by coplanarcontacts. These&ontact pads are for probe lossand detectorresponse for the
fabricated on top of a @gm thick polyimide layer response measurements.

which results in a low pad capacitance of about P -
fF. To further reduce théotal device capacitance,%qif?g%dmmggcﬁr'rzmg rBeuaeSli(rIeh(glémegﬁ sg\zlgr?)lf

?epggtnosn(lsrgpél?:r;t \iv)as performed undee contact these VCSELs and the mirrogsistanceglectrical
9 9-1). drive impedances are much higher than with
conventional edge emitter lasers.

Fig. 2. Microphotograph ohigh-speedvCSEL.
The VCSEL'’s 4x4um? aperture ishe small dot
seen at the end of the center strip.

All of the measurements ithis paper were
performed on-wafer using a standard RF probe Fig. 4 Measured S11 of the VCSEL at 0, 1, 2
and a lensed multimode fiber positioned normal to . : T
the DUT byusing aCascade Microtech lightwave and 3 mA bias currents (0.045 to 25 GHz).
probe. The light was detectedusing a25 GHz
bandwidth model 1431 New Focus detector.

Fig. 3 showsplots of the light in the fiber
(estimatedbased onthe detector'sresponsivity
specification) and voltagi®r a 0 to 6 mAcurrent
bias range. Noté¢he very low thresholdcurrent
(=0.5 mA) and the low operating voltage.
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S 115 Fig. 5. Modulation response of high speed
! , VCSEL exhibiting a 19GHz -3 dB frequency.
[ S pm Curves are for 1, 2 and 3 mA bias as labeled.
) A T I Fig. 5 showsthe measuredesponsealong with
0 1 2 8 4 5 6 corresponding fits usinghe small-signal model

current (mA) outlined in Fig. 6. A co-optimization was used to

Fig. 3. Light (in fiber) and voltage over bias simultaneously fit the measured S11 and response.
current. In general, the modeled S11 results (slodwn in
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Fig. 4 for clarity) were very similar to the believed that significant bandwidth increases could
measured. From a co-optimizationsateral bias be realized.

conditions G=54 fF, R=16Q, and R=136Q.
The activeregion’s equivalentapacitance, Cand
equivalent resistance, Rvere found to be bias
dependent with Rvarying from 27Q at 1mA to i 1
160Q at 5 mA and Cvarying from 67 fF at 1 mA 15 ]
to 106 fF at 5 mA. These values foy iRay seem i ]
large as compared to a normal junction resistance,
but this resistance includes a combinatiotatdral

and spreading terms.
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a Fig. 7. The cutofffrequency,f .5 the extracted
Rp relaxation frequency,; and the extractetesonance
o width I/2mt plotted versus bias current.
Zin ¢
| G 6(r* +w,?) LARGE SIGNAL OPERATION
i, (578)578) ., STASHT A0, To evaluate largsignal operation, two-tone tests

C, = Pad Capacitance R= Pad Loss and digital measurements wgyerformed. Fig. 8

R, = Mirror Resistance C= "Active” Capacitance showsthe result of @&wo-tone test performed at

R = “Active” Resistance G = Scaling Constant 5 GHz with a devicebias current of3.75 mA.

I" = Resonance Width , £ Relaxation Frequency The linear components (at 5 abd1 GHz) and
Fig. 6. Small-signal VCSEL asvalent circuit. the 3rd orderinter-modulation components were
The differential light output, |, is modeledusing seen to both increase e properrate (1dB/dB
the traditional damped resonator model. and 3dB/dB). The vertical scale inthis plot

, representshe actuapower levels measured on a
Fig. 7 shows aplot of the measured cutoff spectrum analyzer.The scale is relative as the
frequency f,; the relaxatiorfrequency.f;; and  fiper coupling can be arbitrarily adjusted and hence
the resonancavidth //2m (defined in Fig. 6) apsolute power measurements  aredifficult.
plotted against bias current. At low biasrrents, Nevertheless, the intercept from the horizontal axis
from conventionafate equatioranalysis, the 3dB (6 5dBm) gives a good indication of suitable drive
bandwidth is known to trease in proportion to jevelsfor low distortionanalog link applications.
the square roothe drive current abovehreshold. The spuriousfree dynamic rangdor this fiber
For the data inFig. 7, the resulting modulation optic fink is over 40 dB abptimal bias. This
current efficiency factor is abod5.2 GHzI/mA.  intercept is bias dependent with a measured values
The resonant frequency,,fis seen to increaseof 7 dBm,=16 dBm, and 6.8 dBm at bias currents
rapidly at low bias currents andhen quickly of 1.25 2.5 and 3.75 mA, respectively aG5iz.
saturate at about 3 mA to around 16 GHz. This pgeasurements at the mid bias range, vefiffcult
a clear indication of dimit due to heating in the due to the smalBrd ordercomponent evemvhen
device. Aquadratic fit of the dampingate, I,  driving the device apowerlevels approaching the
against theresonant frequencyf,, at resonant 1gB compressiorpoint (around -3dBm). As

frequencies below 1&Hz, results in K factor of expected distortion occurs at either bias extreme.
95 pS whichimplies an intrinsic bandwidth in

excess of90 GHz. Such frequenciesre not Fig. 9 shows scope traces of the output light with
currently attainabledue to thermal effects, and the VCSEL driverwith a 10 GHz squarevave
remaining device Rarasitics. If theséssues and at different biakevels. The toptraceshows
could be minimized along witesigns for single- Operation at a point too close to thereshold
mode operation at extended biasrrents, it is Ccurrent, resulting in severe distortioihe middle
traceshowsoperation at an idle curremthich is
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more suitable, though ringingtill occurs due to significantly higher than present measured

the limited opticaldamping alow drive currents. extrinsic performance. Futurelesigns with

Finally, the lower trace shows operation a 3 mA improved thermal managementpwer device

bias current which results in afaithful parasitics, and improvethode confinement are

reproduction of the drive signal. expected to produckandwidthswell within the
millimeter wave frequency regime.
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