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We describe studies of an index-guidedx3 um? vertical cavity surface emitting laser with a cw,

room temperature 138A threshold current and 53% slope efficiency fabricated using selective wet
thermal oxidation to provide optical and electrical confinement. While the device operates strictly
single mode, a large number of transverse modes are evident in the subthreshold luminescence
observed in both vertical and lateral directions. Despite the lumped nature of the index region, the
transverse mode wavelengths agree very well with those predicted for a conventional distributed
waveguide structure. Waveguide dimensions and an effective index step of 2% between the active
and cladding region are determined by fitting the modal datal9®5 American Institute of
Physics.

Recently reported vertical cavity surface emitting lasersview of the laser. The square shape of the oxide aperture
(VCSELS incorporating aluminum oxide layers have fea- (active region resembles the outline of the mesa from which
tured threshold current reductions to AA* and power con-  the oxidation proceeded. Microscopic inspection of the lumi-
version efficiency increases to 50%@he low index of the nescent area indicates an approximately33um? active
oxide provides optical confinement, evident in the spectra ofirea, roughly consistent with the waveguide dimensions ex-
the latter device, which is critical to realizing smaller de- tracted below.
vices. In this letter, we investigate waveguiding in a laser of ~ The room-temperature, cw light-current characteristic
the same structure and fabrication as the high efficiency ondér this laser is presented in Fig. 2. This characteristic was
but with smaller area for reduced threshold and single-modé&table with no noticeable changes during experiments over
operation. A substantial modal structure, however, is eviderhe course of several weeks. It is quite linear in the range
in subthreshold luminescence, and it is used to analyze thghown, reaching a maximum power of 1.5 mW at 2.5 mA
nature of waveguiding in an aluminum oxide confined sur-pefore rolling over due to heating effects. The threshold cur-
face emitting laser for the first time. The modal dispersionent of 133uA is more than an order of magnitude smaller
data, which is enhanced in lateral emission spectra, is used tgan the minimum threshold observed in lasers made from
determine the effective dimensions of the waveguide and th&e same epitaxial material using proton implantation, since

size of the effective index step from the active to claddingSuch gain guided devices suffer from diffraction |03%§?j5
region. threshold current has been achieved with relatively high out-

The laser has been realized by producing a lateral index
step and current aperture due to conversion of AlGaAs to an
oxide by selective lateral oxidatichThe initial epitaxial
structure including A oG 0AS/GaAs distributed Bragg
reflectors and a triple InGaAs quantum well in a graded
AlGaAs cavity is similar to that described previou$lgx-
cept that the aluminum mole fraction of the AIGaAs mirror
layer closest to the cavity has been increased fxet0.96 to
x=0.98. Devices are formed in mesas created by etching
away~4 um of the surrounding material so as to expose the
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edge of the cavity layers. A portion of the AlGaAs layers optical
starting from the exposed edge are then converted to an elec- fiber é
trically insulating aluminum oxide with a refractive index of $~200“m*@—

~1.55 by wet thermal oxidaticrat 425 °C for a few hours.
The x=0.98 layer oxidizes most rapidiyand the resultant (b)

oxide protrudes furthest into the mesa to provide electrical

and optical confinement about the active region where thi§!G. 1. (a) Structure of the VCSEL diode shown in top view and cutaway

layer has not oxidized. A backside substrate contact and afi"gonal view. High aluminum content laydgray) are converted to ox-
’ ide (black including most of the layer directly above the quantum well

nular contact on the mesa complete the top-emitting laseggion (dashed lingexcept for a small rectangular active regi@mown in
diode. Figure 1 shows a top view and cutaway orthogonanhite in the top view. An annular metal conta¢tross hatchedallows for
top emission(b) Arrangement for collecting luminescence from the edge of
the laser mesa. The fiber was positioned alongxthady axes in line with
¥Electronic mail: kllear@sandia.gov the mesa to collect the spectra shown in Figs) &nd 3b), respectively.
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07 ¢ . two orthogonal horizontal directioriglong thex andy axes
06k 3 aligned with the sides of the mesa. The fundamental mode, at
: ] the longest wavelength, is observed in the spectra for all
—05F E three directions. The additional spectral lines are associated
304 E 7 with higher order transverse modes, recalling that the one-
03 _ _ wavelength cavity supports only a single longitudinal mode
£ Ot ] in the region shown with the next nearest longitudinal mode
02 F E occurring around 640 nm. The broad feature in the
01F ] z-direction luminescence at 945 nm corresponds to the
oo b v ] Fabry—Perot resonance in the cavity under the oxidized re-
00 0z 04 06 08 10 12 gion. The resonance is shifted from that in the unoxidized
CorrentmAl regioné since the change in the index alters the optical cavity
length:

FIG. 2. The light vs current characteristic for a small, index guided, top

emitiing VCSEL fabricated by selective oxidation. Transverse mode filtering in the horizontal direction as

well as the small cavity dimensions contribute to horizontal
spectra having well-defined transverse mode wavelengths
and readily assigned mode indices. The following analysis
will verify that the strong, narrow peaks in the horizontal
pectra correspond to waveguided modes that are higher or-

put coupler transmission so that the differential quantum ef
ficiency just above threshold is 53%. Higher mirror reflec-
tivity would result in even lower threshold currents. For

example, a recently reported, lateral injection, oxide confine er in the direction of emission but are strictly the fundamen-

Vi?ﬁ" uhS'Tg a (:jle|EC|tI'IC defp;pgted to? ;nzlg/r[;)r exf}lblted a 91tal mode in the orthogonal lateral direction. We attribute the
pA Ireshold and a siope efliciency o -or reterence, .suppression of higher order orthogonal modes to the spatial

ttheslo'\A/\vest dretzrﬁ)_orged _thr?‘sr:jold 1|‘or anﬁgo_lge-emlfttcl)ngwﬁser Iﬁltering of the far field by the limited size of the fiber core
pAA, and this device nad a slope €efticiency of 9.440e —  \hich corresponds to selection of wavevectors in the cavity.

VCSEL reported here lases strictly in the fundamental modq_he detection of higher order orthogonal modes could be

up to and beyond rollover. The moderate effective index step . : ; iy
s T . enhanced by laterally displacing the fiber position. The small

of 2% in this oxidized device, as compared to the very large ; . .
. - : . waveguide size leads to modes that are well separated, which
semiconductor to air index step in etched devices, promotes

. : . .__Improves the relative accuracy of mode wavelengths given a
the single-mode behavior. In comparison to etched device P y gms 9

this structure is also more suitable for short wavelength to ?_fxed spectrometer resolution. The modal lines inxtuérec-

emitting lasers and offers lower resistance for active regior%Ion are more closely spaced than those observed irythe

diameters less than about., direction indicating a slightly asymmetri¢rectangular

While only the fundamental mode reaches lasing thres waveguide with the dlmgnsmn Iarger than thedimension. .
Based on the following analysis, computed modal posi-

old, the full modal structure is evident in subthreshold am_t'ons for the peaks are indicated in Fia. 3. The modes are
plified spontaneous emission spectra as shown in Fig. 3. Tqébeled ith tEe notat'ohl ml hereltheI?} t.'ndexl is the
three spectra corresponding to the emission in the three oA Wi ' » W Irst 1 n IS

thogonal directions were taken at a drive current of 120 x-component mode order, and the second 'ndBX’S thg
y-component mode order. Because of the difference in the

The vertical emission from the surface of the laser was col h hift for TM and TE reflecti f th i
lected using a 0.31 nA microscope objective, while the horiPhase shift for an refiections from the waveguide,

zontal emission was collected using a 1061 core optical the two polarizations for a given transverse mode are slightly

fiber as indicated in Fig.(b). The emission was collected for nondegenerate. The splitting was not resolved in these spec-
tra and is calculated to be small, 1-6 GHz, due to the near

unity index ratio. In an ideal distributed waveguide structure,
the evanescent tails of the confined modes should be strongly
. attenuated before reaching the outer edges of the mesa. In
contrast, the present structure relies on a large index step
over a relatively small fraction of the cavity length with no
Lw index step for most of the cavity. The low index layer thus
acts as a lumped optical element rather than a distributed
L guide. The strength of the lateral radiation from this structure
may indicate that the lumped nature of the waveguiding
more effectively scatters or diffracts light out of the wave-
940 950 ' %60 970 guide.
Wavelength [nm)] A zig-zag ray modélis now used to analyze the ob-
served modal structure and extract waveguide parameters in-
FIG. 3. The subthresholL00 1A) emission spectra for a small VCSEL in  cluding the lateral dimensions and the index step. Curve fit-
the orthogonal horizontdla) x direction and(b) y direction and in thegc) ting of the lateral modal dispersion presented in F|g 4 allows

vertical direction. The computed positions of transverse modes, in excelle : ; _ ;
agreement with the data, are shown as lines at the top of the figure. Trl;gel determination of the Fabry Perot Wavelenggj’the ratio

peaks are labeled with the transverse mode order indices determined froRf the_ cladd_ing to cavity indexc_= Nelag/ Neaw and th(—:: |at_'
the analysis. eral dimensionsd, andd, . The zig-zag ray formulation is

Electroluminescence Signal
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difference in the index step obtained by the two methods. In

6.62 . . .

- T . '. ? either case, the index step is much larger than those of

%6'60 i * Lf’;ydgii‘g;)l) ] ~1.0_‘3 typicall%/ employed for lateral confinement in edge-

56381 ] emitting lasers? but smaller than the huge index step>e2

T 6.56 4 occurring in etched post VCSELSs.

~ 51 ] The small lateral dimensions of the unoxidized cavity

~§ ' result in a calculated in-plane mode spacing of 30—40 nm at

g &2 ] wavelengths around 980 nm. The 2% effective index step

£ 6.50 4 - provides only a small reflectivity for these modes, so that
6.48 ! ! ! : ] lateral cavityQ factor is low. No distinct spectral features are

<
Ju—y

4 5 associated with amplified spontaneous emission from these
modes, although a broad baseline in the horizontal signals is
FIG. 4. Modal di o for the two horizontal emissi e The I attributed to broadband lateral spontaneous emission. A fac-
. 4. Moaal dispersion tor the two horizontal emission spectra. e line: . . . .
show theoretical fits used to obtain the adjustable parameters of index raﬁi}or of 2 to 4 qecrease In cavity size WOl_'”d separat_e m-pl_ane
and waveguide dimension. modes sufficiently to place them outside the gain region.
This in combination with higher lateral index steps could
used to establish a transcendental equation for the IaterBdeuced etlhpartllal supt)r;])retsh&onho;‘dln-planet spontaneous emis-
wavevector eigenvalugs sion and thus lower the threshold current. _
We have demonstrated a small vertical cavity surface
/kﬁm—(ki,er K2) Neatly emitting laser with optical and electrical confinement pro-
vided by a selectively oxidized layer. The laser has a room
) ’( 1 \/(kf, mtK2) — kP 1, C? temperature 133:A threshold current and 53% slope effi-
—2 arctan — 5 E——
O R ()

2 3
Mode Index

=l ciency. Many transverse modes are clearly seen in the sub-
threshold luminescence, but the laser operates single mode.

where &ry=1 for the TM mode and is zero for the TE The transverse mode wavelengths, taken from three-
mode and the cavity index has been factored out so that thdimensional spectra, have been used to calculate waveguid-
wave-vector values are those external to the cavity whereng parameters including a moderate index ratio of 0.981 for
n=1. Using the set of data fdq o from thex-direction spec- this structure. Yet smaller index steps are desirable for single
tra, this equation was fit to obtain the three unknown quanmode operation in larger diameter devices and can be ob-
tities: the effective waveguide width,n.,d,=13.09 tained by positioning the oxidized layer further from the cav-
+0.07 um, the index ratio,c=0.9804+0.0007, and the ity and thus decreasing the field overlap with the oxidized
magnitude of the orthogonal component of the fundamentaayer. Despite the lumped nature of the index guiding, the
wave vector, k§’0+ k=6.495 14-0.000 09. The transverse modal dispersion agrees extremely well with that
analysis of theky, data for they direction yielded of a conventional distributed waveguide.
Ncady=10.86£0.0 um, the index ratio, c=0.9819 The authors thank R. Hadley for useful discussions and
+0.0006, and the magnitude of the orthogonal component o}. Banas, J. Figiel, K. Geib, and J. Nevers for technical as-
the fundamental wave VECIOF,\/sz’O-F k27=6.495 41 sistance. This work was supported by the United States De-
+0.000 19. The fit to thelata is excellent as shown in Fig. partment of Energy under Contract No. DE-ACO04-
4 and quantified with a regression figure of better thar®4AL85000.
R=0.9999. The errors in the above parameters are those
from the fit. The two sets of data agree well on the index
ratio of c=0.981. The excellent agreement with the theory
for a distributed waveguide is particularly noteworthy since
the decreased index layer occupies onl§% of the effec-  *'D. L. Huffacker, J. Shin, and D. G. Deppe, Electron. L&, 1946
tive cavity length. ,(1994. _ _
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