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Diffraction from oxide confinement apertures in vertical-cavity lasers
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Direct measurement of scattered fields from oxide confinement apertures in vertical-cavity lasers is
presented. Diffraction fringes associated with each transverse lasing mode are detected in the far
field from devices with varying oxide aperture dimensions and with quantum efficiencies as high as
48%. The diffracted pattern symmetries match the rectangular symmetry of the oxide apertures
present in the devices and fringe locations are compared to Fraunhofer theory. The fraction of power
diffracted from the lasing mode remains roughly constant as a function of relative pump rate, but is
shown to depend on both transverse mode order and oxide aperture siZE9990American
Institute of Physicg.S0003-695(99)03532-9

Selective oxidation as a means of electrical and opticaBmaller device apertures were not available for investigation.
confinement has dramatically enhanced the performance dihe oxide layers are of a quarter wave thickness and are
vertical-cavity surface-emitting lasef¥ CSEL9. The ben- positioned on the first low index layer. The active regions are
efits of oxide confinement are manifest in properties ranginghree 8 nm InGaAs quantum wells. Although each device
from low laser threshofdand decreased intensity noisle  operates in a single longitudinal mode, the number of trans-
high differential quantum efficiencies and increased modulaverse lasing modes typically varies between one and six,
tion bandwidtt as compared to other confinement methodsdepending on the drive current.
such as proton implantation. By growing the laterally confin- ~ With traditional methods of beam profiling it is difficult
ing oxide aperture dimensions smaller and thereby increasin§ extract the individual transverse mode profiles for these
optical losses to higher order transverse modes, single furflevices due to the spatial overlap of the modes. However,
damental mode laser operation has also been achfeved. Since each transverse mode has a distinct cavity resonance,

But such lateral confinement is not without cost. Due tofollowing previous work] we utilize the frequency separa-
the abrupt nature of the index step between the oxide cladion of these modes as a discriminator. As depicted in Fig. 1,

ding region and the unoxidized optical cavitthere can ex- & multimode optical fiber is scanned along the curved wave-

ist a phase discontinuity in the field at this boundary. Scatfront of the uncolimated VCSELS in the far field. The

tering losses due to such discontinuities are predicted tféouorlcge-tlc()-flber d|st%n(;e IS 5'4 cm for Z" dﬁ?ta taken. OptlcaL
increase with decreasing aperture dimensiSince aper- eedback was avoided and assoclated effects were not ob-

ture dimensions on the order of several wavelengths are neé_ervetd.”At eaclh 3ngu_lar posmo? of t?e fllbetrr;_the signal tlf?
essary to obtain single transverse mode operation, a delicapBectrally resolved using a spectrometer. In this manner, the

. . ' oatlcal power of each transverse mode can be monitored as a
balance ensues between the desired optical confinement ap

i : unction of azimuthal and polar angles. If the spectrometer
the unwanted scattering from the confinement boundary. . o o . )
. " utput is logarithmically amplified, this method can provide
Such scattering losses have been shown to play a critical role

in laser performance® but have not been directly measured more than five orders of magnitude in dynamic range. Al
erp ' . rectly me . “results were highly reproducible even when the laser was
In this letter, we present direct observation of diffraction

rotated or translated slightly from its original position indi-

patterns from oxide confinement boundaries and we measu{:%ting that coupling into and transmission through the fiber

?r:fcl::;cted field intensities relative to the undiffracted IasmgWas not greatly affected by polarization or precise alignment.

The devices used in this experiment consist of AlGaAs

laser cavities grown to match a nominal lasing wavelength of .
s Multi-mode VCSEL
960 nm. Distributed Bragg reflectors serve as the (- Fiber
put) and bottom mirrors with reflectivities 0£99.0% and _m/‘:*
>99.9%, respectively. The laser cavities are sandwiched be- To Spectrometer <

tween two oxide confinement layers with square or rectan-
gular apertures varying betweer#.5 umx4.5 um and~12
pumx12 um (see Ref. 3 for similar device constructjon

Rotary
Stage

FIG. 1. Light collection apparatus. Light from the fiber is spectrally ana-
¥Electronic mail: carlsten@physics.montana.edu lyzed using a spectrometer.
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FIG. 2. Detected optical power vs polar and azimuthal angles for the fun-FIG' 4. Detected optical power vs polar and azimuthal anglesdothe

damental0,0) transverse mode. Relative pump rates (/1. of (a) 1.76 fundamental0,0) mode andb) the (2,1) higher order transverse mode of a

~6 umX6 um aperture device. The lowest contour represer®® dBm
and (b) 17.8 are shown. The lowest contour represen® dBm and the . 5 L .
highest represents 53 dBm resulting in a 4.3 dBm contour spacing. This and the highest represents55 dBm resulting in a 4 dBm contour spacing.

L A O . Integration over the profiles showed that fractional diffracted power was
data indicates that fringe position is independent of relative pump rate. Two :
; . : . - : ' larger for the higher order mode.
dimensional integration over the mode profiles showed that fractional dif-
fracted power remained constant for the two relative pump rates.

field diffraction pattern due to a Gaussian beam profile

Figure 2 shows two-dimensional logarithmic intensity within the cavity, truncated by an opaque aperture, gives
profiles of the fundamental transverse mode for a device witlyood agreement with the features present in the experimental
~4.5 umx4.5 um aperture, operating at relative pump ratesdata. The dashed curve in Fig. 3 shows the resulting intensity
(I=1¢)/14 of (@) 1.76 and(b) 17.8. Note that the plot axes profile calculated for d/efield diameter of 4.19m and an
are the two angles of spherical polar coordinates and thaperture size of 4.5&m, in good agreement with the ex-
representation on a flat, square plane necessarily causes sopested values. The calculation assumes a field amplitude
distortion. Interference maxima and minima are clearly ob-maximum centered within the aperture and refraction due to
served in both plots. Although the absolute diffracted powethe laser medium/air interface was included. Discrepancies in
of the device scales roughly with relative pump rate, thethe diffracted maxima amplitudes can be attributed to our use
fractional diffracted powef (4.4=0.2)x10 2 for this de-  of an opaque aperture as compared to the index step present
vice] and the locations of the interference minima did notin the actual device. Also, attenuation of the field at higher
measurably depend on pump rate. Fractional diffracted@ngles is expected due to the distributed Bragg reflectors as
power was determined by taking the ratio of the integratedvell as the laser medium/air interface and the gain of the
diffracted optical power to that contained in the undiffractedlaser. A slight asymmetry was observed in the diffraction
mode. Note, however, that this fractional power does nopattern of some device profiles, indicating that either the
include the losses due to additional reflections in the VCSELPeak of the field amplitude is not centered in the aperture or
mesa structure, nor does it include losses due to the badke propagation vector of the outgoing field is not perpen-
aperture in the cavity. The observed radiation pattern wagicular to the plane of the aperture. This effect may occur for
common to all devices studied and matches the expectegxample if the oxide apertures on the top and bottom sides of
pattern for the rectangular oxide apertures present in thegge cavity were slightly misaligned with respect to each
devices. other. We also note that diffraction is observed here despite

Fraunhofer theory was used to verify the diffraction the high differential quantum efficiencyp to 48% of some
source. On a logarithmic scale, Fig. 3 shows datguares  devices. Therefore, the diffraction is observable even in high
for a single slice through the center of the fundamental modéfficiency devices with presumably low scattering losses.
profile of the same device at zero polar angle, operating at a  Figure 4 shows logarithmic intensity profiles f@ the
relative pump rate of 17.8. A simple calculation of the far- (0,00 fundamental andb) the (2,1) higher order transverse

modes for a device with-6 umXx6 um aperture. A drive
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Angle (deg) FIG. 5. Detected optical power of tH€,00 mode vs polar and azimuthal

angles for(@) a ~4.5 umx4.5 um and(b) a ~6 umx6 um aperture device.
The lowest contour represents96 dBm and the highest represent$5
FIG. 3. Optical power vs azimuthal angle. The polar angle was held at zeraBm resulting in a 4.1 dBm contour spacing. This plot indicates that the
degrees. The fundament@,0) mode is shown on a log scalsquares for diffracted maxima positions move to larger angles for smaller aperture sizes.
a relative pump ratel(1y)/1 of 17.8. The dotted curve represents a Integration over the profiles showed that fractional diffracted power in-

Fraunhofer diffraction of a Gaussian beam truncated by an opaque slit. creases for smaller aperture sizes.
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current was chosen such that the total optical power wasncertain first order minima positions used for integration.
roughly the same for the two modes. As expected, diffractiorOptical losses from the fundamental mode due to such dif-
from the oxide layers is not restricted to the fundamentafraction can therefore play a role in determining the mini-
mode. Furthermore, the higher order transverse mode diinum aperture dimensions allowable for laser operation.
fracts a larger fraction of its powdi(8.5-0.5)x 10 °] as )
compared to the fundamental modé3.7+0.2)x 10 3]. This work was supported by the NSF-EPSCOR,
This observation qualitatively matches theoretical predicNVASA—EPSCOR, ILX Lightwave, and the DOE.
tions, and is expected considering the higher order modes _ _
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