Uniparabolic mirror grading for vertical cavity surface emitting lasers
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We report details of mirror grading profiles for high efficiency vertical cavity surface emitting lasers.
The mirrors provide low vertical resistance in conjunction with improvements in optical reflectivity,
thermal conductivity, and lateral electrical conductivity in comparison to earlier grading profiles.
The enhancement of these properties is verified by a comparison of thermal resistance and total
electrical resistance for lasers of varying size. 1896 American Institute of Physics.
[S0003-695(196)00704-9

Research during the past few years has made substantiares were grown by metalorganic vapor phase epitaxy
progress in reducing the operating voltages of vertical-cavittMOVPE) which also cannot reliably grade continuously be-
surface-emitting laseréVCSEL9.1~> Sophisticated hetero- tween binary compositions due to limited dynamic ranges for
junction grading and doping methods have reduced the hightable mass flow controller operation. In order to reach
voltage drops of early multilayer, semiconducting distributedGaAs, the Al source is switched to change abruptly between
Bragg reflectorgmirrors). These methods include step grad- Al :Ga As and GaAs. A similar structure could be grown
ing combined with delta dopifg and modulation doped by MBE with appropriate control software.
parabolic grade&’ Previous work at Sandiaused cyclical The extent of non-Ohmic transport limitations can be
effusion cell temperature variation to produce mirrors withinferred from the equilibrium valence band profiles for these
piecewise linearly graded alloy composition by molecularstructures as shown by the dotted lines in Fig. 1. Upward and
beam epitaxy(MBE). These grading approaches were suc-downward pointing potential cusps, respectively correspond-
cessful at reducing vertical mirror resistance but often at théng to narrow depletion and accumulation regions, form at
expense of other important properties. the slope discontinuities present in the piecewise linearly

In addition to conducting current vertically, semicon- graded profile. Only the upward cusps in depletion regions
ducting mirror stacks should also have good thermal conducact as significant barriers to hole transport. The downward
tivity, maximum optical reflectivity per period, and for top cusps occur at accumulation layers which do not signifi-
emitting devices with annular contacts, high lateral electricacantly inhibit conductivity relative to the flatband regions.
conductivity. In general, it is desirable to minimize the alloy Trapping of carriers vertically transiting the accumulation
content of mirrors in order to achieve these goals. Alloy scatregions in downward cusps is negligible due to near-
tering reduces both the electronic mobilities and thermaHegenerate doping.
conductivity of alloys with respect to the constituent com-  The new grading profile results in an elimination of only
pounds’ Since refractive indices vary monotonically with those band edge features that most substantially hinder ver-
alloy composition, index changes and thus reflectivity aretical current flow. The computed equilibrium valence band
reduced in mirrors with narrowed composition ranges. Exrofile shows no depleted upward cusps to inhibit carrier
cessively wide graded regions can also reduce reflectivitynotion. A deep accumulation region that enhances lateral
Thus, alloy content and grading must be chosen to balanceonduction forms at the abrupt GaAsfAGa As hetero-
the requirements for low vertical resistance with the othejunction. However, the band edge discontinuity must be lim-
properties. Specifically, alloy grading should be concentratedted to a few thermal voltage&T) to prevent a depletion
in large band-gap regions prone to depletion where it has theegion from forming on the AlGaAs side. Only a single,
greatest benefit. negative curvature parabolic segment is used to smooth the

These considerations have led to a redesign of our earligfansition to the large band-gap material. We have termed
piecewise linearly graded mirrors. The old and new mirrorthis grading profile “uniparabolic” to distinguish it from one
designs are shown in Fig. 1. Previously, the mirror composiwith two concatenated parabolic segmefftisiparabolic”)
tion varied between Al,Ga /As and A}, (Ga, ;As within a  of opposite curvature as used by oth®fsThe use of a uni-

56 nm graded region. Continuous grading to binary GaAgarabolic profile substantially reduces the graded region rela-
and AlAs compositions was not possible by MBE without tive to biparabolic profiles of equal curvature, improving
shuttering due to limitations on cell temperature excursionsthermal, optical, and lateral electrical properties. As in the
In contrast, the new grading profile goes from GaAs tocase of modulation doped biparabolic grading, doping levels
Al oGay As within a graded region of 28 nm. These struc- must be changed commensurately with the curvature of para-
bolic regions®’ The concave downward uniparabolic seg-
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tial optical, thermal, and electrical improvements.

The vertical mirror resistance for 10 period, carbon-
doped mirror stacks with uniparabolic grading was deter-
mined from 4-wire voltage versus current measurements of
30 um diameter reactive ion etched mesas. The samples
were grown by MOVPE on heavily doped substrates. The
mirrors exhibited linear current—voltage relationships indi-
cating the absence of significant non-Ohmic transport barri-
ers. Contact resistance, as determined from test structures on
the sample, and substrate spreading resistance were sub-
tracted from the total resistance to analyze the contribution
from the mirrors alone. The resulting areal resistivities were
2.7x10° % and 0.96<10 ¢ Q cnf/period for base carbon

. , doping levels of X 10 and 2x10*® cm™3, respectively.
050 10050 20002 As mentioned in the introduction, low lateral resistances
Position [nm] are crucial for top emitting devices with annular contdéts.
Therefore, such devices serve as a convenient means for
FIG. 1. The zero-fieldsolid) and equilibrium(dotted valence band mini- eva|uating the lateral resistance of mirrors. The total device

mum hole energy profiles referenced to GaAs and the Fermi energy, respefacistance of top—emitting proton-implanted VCSELs based
tively. (The plots are inverted from the usual convention so that hole energy !

increases upwajdThe solid curves can also be read against the right axis a9 the two mirror designs of Fig. 1 is presented as a function
the approximate aluminum mole fraction. Profiles are shown(d@three  of device size in Fig. 2. In addition to the different mirrors,
segment per interface piecewise linear grading @ndiniparabolic grading.  the uniparabolic mirror lasers were capped with an addi-
tional, heavily doped, half-wavelength contact and current
Measurements op-type mirror stacks and full VCSEL spreading layer with a calculated sheet resistance of 168
structures confirm that the uniparabolic grading approach si¥/LI. This cap in parallel with a 20 period uniparabolic mir-
multaneously reduces vertical electrical resistance, laterdPr sheet resistance of 105 yields a combined calculated
electrical resistance, and thermal resistance in comparison f1€et resistance of 68/0] for the MOVPE devices. The
earlier three-segment piecewise linear grading. Note that thealculated sheet resistance for 22 penwrhirror MBE de-
growth method changed from MBE to MOVPE and acceptorvices without the extra half-wavelength cap is 18801,
species changed from beryllium to carbon in ConjunctiontWiCE that of the MOVPE devices. The devices had commen-
with the change from piecewise linear to uniparabolic grad-surate implant defined gain regions and contact apertures and
ing profiles. The acceptor density was adjusted to producwere fabricated as previously describedThe 4-wire resis-
nominally uniform hole concentrations except in the paratance was measured between threshold and peak power bias
bolic regions. Hall measurements on bulk samples of variougoints. The lasers with uniparabolic, carbon doped mirrors
alloy content confirmed the activated hole concentrations. I$how a dramatic decrease in resistance in comparison to their
particular, the Be flux was adjusted to compensate for th@iecewise, linearly graded counterparts.
reduced doping efficiency in high Al content regidrid.Cal- The resistance dependence on size can be further ana-
culated and measured properties for the two mirror designiyzed by fitting it to the empirical formufa, R=R_/r
are summarized in Table |. These numbers indicate substart-R,/mT?. The first term varies inversely with the device
perimeter to account for contact, lateral, and constriction re-
sistance contributions. The second term varies inversely with
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TABLE I. Properties of two mirror grading schemes illustrated in Fig. 1.

2 segment piece-

200 =

Uniparabolic wise linear T '2' R
Grading profile [Fig. 1b)] [Fig. 1@] _ ! Ry [@mm] Ry [Q-em?]
a [ -5
Computed maximum Y b 0.6 200 —M—3Seg
energy Ey—Eg) (meV) 39 43 g [ 9.8x10 © —@— Uniparabolic ]
Acceptor species C,2.6in 3 100 R=RL/r+RV/(1|:r2) .
and hole concentration parabolic grades, & i ]
(X 10 cm™3) 2.0 elsewhere Be, 2.0 § ol ]
Meas. vertical resistance & i 1
(X107% Q cn/period 0.96 1.9 i 1
Calc. lateral resistance 00 é — '1'0' i '15 '2'0' L '25' — '30
C;:Z Qﬂ% Tc:lfgl{f‘e)(:tion 210 296 Nominal Implant Mask Radius [wn]
coeff. per interface 0.0787 0.0572
Calc. lateral thermal FIG. 2. The series resistance as a function of active region radius for proton
conductivity (W/cm K) 0.357 0.168 implant defined VCSELs incorporatir@ircles MOVPE mirrors with uni-
Calc. vertical thermal parabolic grading antsquaresMBE mirrors with three linear segments per
conductivity (W/cm K) 0.273 0.155 interface grading. The curves indicate fits of the equation to both sets of data
with the fitting parameters indicated.
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curve fits with decreasing device size suggests that lateral
heatsinking through the contact metallization may become
important.

Reduced resistance and thus reduced heat generation
E combines with better thermal conductivity to impact device
performance through substantial reductions in operating tem-
perature. This has increased the maximum single-mode and

-1.05 —i—3 Segment

Thermal Resistance [°C/mW]

: 191 133 —e Unsomsmic BN multimode power of proton-implanted, uniparabolic mirror
57 100 - Disc on GaAs . VCSELs in wafer form to 4.4 and 23 mW, respectivély.
0% 10 30 Power conversion efficiencies are enhanced by both the
Nominal Implant Mask Radius [ym] lower voltage drops and decreased temperature. Recently,

uniparabolic mirrors have been combined with AlIGaAs oxi-
FIG. 3. The thermal resistance as a function of active region radius fodation confinement to produce threshold voltages as low as
proton implant defined VCSELs incorporatir(gircles MOVPE mirrors 1.33 \/,2 and power conversion efficiencies up to 56%.

with uniparabolic grading antsquares MBE mirrors with three linear seg- . . . )
ments per interface grading. The solid curves indicate power law fits in the In conclusion, a new type of gradmg’ termed unipara

radius with the constants shown. The dotted curve is the theoretical residolic, balances the pertinent properties of VCSEL mirrors
tance of a uniform temperature disc on the surface of a semi-infinite GaAsi:nC|uding vertical and lateral electrical resistance, thermal
region. resistance, and optical reflectivity. The grading profile is

_ _ _  based on the philosophy of using a minimal alloy content to
area to reflect voltage drops assoglated Wth'unlform verticajrade only those regions necessary to achieving Ohmic ver-
current flovy throu.gh the mirror. Fits and fitting parametersiical mirror transport. Specifically, depletion regions are
are shown in the figure for the two sets of data. In both casegjiminated with a modulation doped parabolic grade, but ac-
the first, lateral, resistance term dominates for device radii,muylation regions are retained and enhanced. Experimental
Iarg_er than~1 pm. This (_amphaS|z_es_ the importance of ré- oo rements of mirror current—voltage characteristics, total
ducing lateral resistance in top-emitting VCSELSs. The Iaterahevice resistance, and laser operating temperature have con-

Lisi"séfggsligtm?roﬂal;asrgresté;;’CL?”]:O::;&”ESH:ZW?;;ZIN}QE Iinfirmed improvements to electrical and thermal resistances.
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Scaling data as a function of device size is also insightful
for evaluating the thermal resistance of the mirrors. A loga-
rithmic plot of thermal resistance against laser radius is1
shown in Fig. 3. The lasers’ temperature change was mea-":
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