Spontaneous emission factor in oxide confined vertical-cavity lasers
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We report on measurements of the spontaneous emission factor for oxide-confined InGaAs vertical
cavity surface emitting lasers. The spontaneous emission factor is determined as a function of the
active layer volume from the measurement of small-signal harmonic distortion at threshold. For a
3X3 um oxide aperture device we obtain spontaneous emission factor o142 at room
temperature. ©1997 American Institute of PhysidsS0003-695(97)03501-§

The possibility of controlling spontaneous emission inmodes[see Fig. 1b)], and the modal distribution is also
semiconductor microcavities has attracted considerable atlependent on the drive current, even though calculations
tention due to predictions of essentially thresholdless lasingisually assume it to be constant.
and enhanced modulation bandwidtiThe spontaneous An alternative technique is used here to deternpnét
emission factorg has been measured for buried mesa VC-is based on the measurement of small-signal harmonic dis-
SELs with dielectric mirroré,gain-guided VCSELS opti-  tortion at threshold, first suggested by Goodwin and
cally pumped lasers with planar resonatdesd for air-post Garsidé® and recently applied to VCSE[>sThis method can
mesa VCSELs at low temperatufe$he g factor of oxide-  be very accurate since all the measurements are made at or
confined VCSELs was estimated from the spectral and angurear threshold, and therefore all the current induced changes
lar width of the spontaneous emissibithe results reported are insignificant. To make the measurement even more pre-
thus far differ significantly from structure to structure and thecise we modify the previously derived expressionsgbtto
measurement conditions, with the highest values ®f take into account the nonzero transparency current.
~10 2 observed at low temperature8. We restrict our analysis to the case of a single transverse

The enhancement in the value gfis expected to sig- mode. As illustrated in Fig. 1, the number of transverse
nificantly affect the laser performance when the lateral di-nodes in the VCSEL spectrum at threshold can be quite
mensions of the cavity are reduced to less thapm®® large, but the zeroth-order mode always dominates. Single-
Unfortunately, VCSEL size scaling is limited by increasing mode rate equations are written as:

optical loss and consequently the threshold carrier density. In dN 7l N
addition, the enhancement of spontaneous emission in a mi- —= ——— ——A(N—N,)S,
crocavity formed by distributed Bragg reflectors is limited by dt eVy m
the finite width of the reflection band and the optical field ds S N @
penetration into the mirror. gt PANN=N)S——+I8—,

Oxide confined VCSELs are characterized by signifi- P '
cantly reduced internal loss and have already demonstrated
record performance levels in terms of the threshold current 40 pree :
and power conversion efficiendy.Lasers with the lateral 4 X 4 um aperture
cavity dimensions below-1 um appear feasible. £ S0f !=la=04mA

Devices used in our measurements are based on three 2 of
InGaAs quantum wells in the active region, and are designed Z
to emit at 980 nm. Two quarter-wavelength JG#\ly ggAS “:s’ 0k
layers, one above and one below the active region, are par- E”
tially oxidized to form the current aperture. Devices with the 80
aperture sizes in the range of 3—28n exhibit threshold 970 971 o2 o1 om4
currents from 0.27 to 3.3 mA, and threshold voltages of 2.6— ___ Wavelength (nm)
1.4 V. -20F 10x 10 um aperture

The conventional method of estimating tjgefactor is T aof IFla=006mA
based on the rate equations fitting the measured light-current 8
(L-1) curvel? When applied to VCSELSs, this technique is g
likely to be inaccurate. In very small devices, the tempera- Z -
ture of the active region, and therefore the threshold and 5
efficiency, are dependent on the drive current as a result of -
self-heating, and these effects require careful compensation. B R R VR Py T
Larger index guided devices lase in multiple transverse Wavelength (nm)

FIG. 1. Near-threshold spectra ok4 and 10<10 um oxide aperture de-
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whereN(S) are the carriefphotorn densities,; is the in- . . . ; . :

jection efficiency,| is the drive currente is the elementary 14001 5)
charge,V, is the active region volumé is the differential 1200
gain, I' is the optical confinement factoN, is the carrier 1000 -
density at transparency,, is the photon lifetime in the cav- 800
ity, 7, is the carrier lifetime, and-, is the radiative carrier ool
lifetime.

In general,7,<7,, and we use the following definition
of the radiative efficiencyy, :

10 x 10 um aperturg

044 046 048 050 052 054 056
Drive current (mA)

7, radiative recombination rate

”f:Z_ total recombination rate

)

After that, our analysis closely follows the guidelines of Ref. 160

13. We assume small-sighal modulation in the formxof
=Xot7vy Sin(wt), wherex is the normalized pump variable
and y is the modulation index

120

Normalized harmonic amplitude (a.u.)

80
=1y Im

X=—"7, y=—1"”", ©)
lih— e lh =l 40

wherely, is the threshold current, is the transparency cur-
rent,_ andl |s_the modulation current amplltude. From har- 020 022 024 026 028 030 032

monic analysis of the steady-state solution(df, we find Drive current (mA)

that the second harmonic peaks very close to threshold at

Xpeak= 1-287,, and the ratio of the amplitudes of the sec- FIG. 2. Harmonic amplitude dependence on the normalized drive current for

: . . two VCSELSs of different sizes. The amplitude of the fundamental harmonic
ond and fundamental harmomcs}%ﬁ""kls given by is normalized byy and the amplitude of the second harmonic is normalized

by /4.

5 x 5 pm aperture

R=>— 2 (@)
4 4By (1t xy)

where X, =l /(ln,—1)is the normalized transparency cur-
rent. Finally, we obtain

_ 1
B 47, (1+Xy)

pm in size. Itis clear from Fig. 2 that the measured harmon-
ics behave as expected from theoretical analysis.

The knowledge of three additional parametdgs, Iy,
v \2 and, , is needed in order to extract tjgefactor. The thresh-
ﬁ) (5  old currents were determined from the kink position in the

measured differential current-voltagé-V) characteristics

It is interesting to comparé5) to the B’ =(y'/4R)?,  1dV/dI(l). The transparency currety is determined from
obtained in Ref. 13note thaty’'=1,/ly, is different fromy  the measurement of photoinduced current dependence on dc
in our Eq.(5)]. For »,=1 and the transparency current equalbias, using the device under test as a photodetector and a
to one third of the threshold current, we hage-1.58".  second VCSEL, of the same kind, as a source of tgfthe
When the approach of Ref. 13 is used without a correctiorvalue of radiative efficiency;, can be obtained from a direct
for the nonzero transparency currérhe resulting values of measurement of the differential carrier lifetime dependence
the B factor are underestimated by at least 50%. on the drive current below threshoi®ior estimated from

Small-signal sinusoidal modulation used in our experi-comparison of the actual injection current density at thresh-
ments is produced by a low-distortion synthesized rf generagld with the one predicted for an ideal laser with=1, as
tor. The modulation signal at 30 kHz is mixed with the dc done in Ref. 6. We assumg,=1 for all devices meaning
bias using a standard bids-To ensure the validity of the that it is the product ofy, 8, rather than the factor itself
small-signal approximation the modulation index is kept be-being reported on.
low y=2%. The laser is mounted on a heat-sink and tem-  The measured values of the spontaneous emission factor
perature stabilized al=20 °C. A cleaved end of standard are plotted in Fig. 3 as a function of the cavity width. It is
multimode (50 um corg optical fiber, positioned several clear that3 scales as the inverse of the active layer volume.
millimeters away from the laser surface, is used to collect therhis type of scaling is predicted by the classical electromag-
light and to spatially filter the spontaneous emission. Thenetic theory and is attributed to a decrease in the number of
light is then put through an optical spectrum analyzer actingavailable cavity modes. A rigorous calculation of spontane-
as a filter with the resolution bandwidth set at 0.2 nm, selectous emission coupling into the lasing mode of a distributed
ing only the zeroth-order transverse mode of the laser. Th8ragg reflector surface emitting microcavity laser with quan-
spatially and spectrally filtered emission is detected by anum well (QW) active regiof® shows that for cavity widths
InGaAs p-i-n photodiode, and the amplitudes of the funda-a> \/n.s, where\ is the resonant wavelength angk is the
mental and second harmonics are measured by a lock-in areffective refractive index, one can approximate:
plifier.
The measured harmonic amplitudes are plotted in Fig. 2 Bow™ EMPBuik- ®)
as a function of drive current for two lasersx5 and 110  The coefficientm accounts for the dipole radiation enhance-
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devices of the same size the lower threshold laser always
exhibits higherg (see Fig. 3. Since the measured transpar-
ency current is almost constant for a given device size, the
difference in threshold is assumed to be mostly due to the
difference in optical loss. The decreasedmwith increasing
carrier density can then be attributed to the broadening of the
spontaneous emission spectrum as well as increased optical
loss.

To compare the two methods of determining the sponta-
neous emission factor, we fit rate equations to measuréd
characteristics for selected devices. This measurement is
done for the zeroth-order transverse mode in the vicinity of
threshold. Data points obtained in this way are plotted as
triangles in Fig. 3. For mid-size devic€5—10 um cavity
width) the best fit to the_-1 curve gives approximately the

sameg value as those obtained by harmonic distortion analy-
FIG. 3. Spontaneous emission factor dependence on the cavity width: solig!S-
circles—experimental data obtained from harmonic distortion measure-  In conclusion, we report the results of spontaneous emis-
ments, open triangles—experimental data obtained from the fit to the meagjon factor measurement for oxide-confined InGaAs vertical
suredL-1 curve, solid line—theoretical result. cavity lasers emitting at 980 nm. Thefactor is determined
from the measurement of the small-signal harmonic distor-
ment in the direction perpendicular to the plane of the QWtion at threshold. For a’83 oxide aperture device we obtain
and is equal to 1.5. The coefficieéinccounts for the change B= 4.2-10 2 which is, to our knowledge, the highest value
in modal density distribution in QW and varies from 2 to O reported for any VCSELSs to date.
depending on the relative position of the QW and the mode  The authors thank J. Banas for technical assistance. The
field. The lasers used here are designed with the QWs at theork at Sandia was supported in part by the United States
center of the\ cavity and we calculaté~1.8. TheBy,kis Department of Energy under Contract DE-AC04-
calculated from classical electromagnetic theory as one ha#4AL85000, work at Texas Tech is supported by the Na-
of the inverse value of the total number of modes in thetional Science Foundation and the Maddox Foundation.
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