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Optical modes in mesoscopic quantum cascade ring lasers
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We present lasing spectra of mesoscopic rings processed from a GaAs-based quantum cascade material. The
emission properties are investigated for various inner ring radii. Small inner radii leave the spectra unaffected,
whereas large inner radii shift the spectra to smaller wavelengths. To obtain insight into the spatial distribution
of the optical modes, we performed simulations with a finite-difference time-domain method.
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Ring-shaped resonators have been investigated for boBaAs (nm)]: 2.6/3.02.02.8/.8/3.0/1.7/3.42.84.8/1.1/5.4/
optical applications and basic research. For example, the$.1/1.9/4.6/3.0. Underlined layers are doped. Because the op-
are of interest as compact building blocks for optical signalical transition is based on an intersubband transition be-
processind‘.‘3 Here, the ring served as resonator.tween quantized conduction band states, only TM polarized
Evanescent-wave coupling of a ring-shaped gain mediunfight is allowed. Thus, since the polarization is normal to the
separated from the resonator has been demonstrated &5 welyers, no light is lost through the top and bottom of the
The ring can also serve as both gain medium and resonatdings. Data from the same material, processed as a Fabry-
with a ring material of, for example, a semiconducting Peot ridge cavity, have been shown elsewhere.
polymer® InGaAs single quantum welfsjnGaN/GaN mul- The waveguides of the ring lasers were defined by reac-
tiple quantum well€, and InGaAsP quantum weffsAll of tive ion etching. Patterned SiN was used as the etch mask. A
these devices were optically pumped. For the work describetglatively high power of the SiGlplasma, 160 W at 4 mtorr,
in the following, we investigated electrically pumped ring resulted in a perpendicular and smooth ring boundary. Figure
lasers. They were processed from a GaAs/AlGaAs heterol shows a scanning electron microscdfS&M) image of a
structure that was designed for quantum cascade lasing in ttigg laser. To allow for bonding, a Ti/Au metallization was
midinfrared. sputtered on top of the cavity. Typically, two bonding wires

Devices related to such ring lasers are cylinder- or diskwere positioned on the cavity. To check if an inhomogeneous
shaped quantum cascade laséRCLs).’> ! Compared to current distribution caused by the particular position of the
ridge-shaped lasers, the optical interface losses for circuldtonding wires affects the properties of the ring lasers, we
cavities are potentially decreased. Ideally, the modes prop&onded from one to seven wires on one ring. In terms of
gate as whispering gallery modes and suffer losses only btpreshold, spectral output, and maximum operation tempera-
evanescent leakage. A surface that is sufficiently smooth arigire, no trend was found. However, cylinder-shaped lasers
substantially reduces losses compared to ridge cavities mayith two peripheral bonding wires had a higher optical out-
be processed, for example, by reactive ion etching. Such dé¢ut than a device with one central bonding wire. Further, the
vices have already demonstrated room temperature lasirgpectra of cylinders with two bonding wires were more ir-
at 12.6 um.*? Intentionally deformed cavities have the ad- regular than the spectra of cylinders with one central bonding
vantage that a larger fraction of the emitted light iswire. The envelope of the spectra was not systematically
collectablg!®t%14 altered.

The aim of this work is to demonstrate that ring lasers The threshold of the ring lasers at 78 K is between 3.5 and
based on a quantum cascade material are functional, and TokA/cn®. Fabry-Peot cavities from the same material have
gain knowledge about the spatial mode distribution in thea threshold down to 3 kA/cfn The relatively large scatter of
ring lasers. To this end, we processed rings with various
inner radii while the outer radius was kept fixed at three
different values, 100, 150, and 2@0n. By measuring spec-
tral properties of the rings, we can infer how far the modes
extend toward the ring center. We further performed simula-
tions with the body of revolution finite-difference time-
domain method to obtain the spatial mode distribution.

The ring cavities were processed from a GaAs/AlGaAs
heterostructure. The active area, injector, and waveguide
were grown by solid source molecular beam epitaxy on
dopedn™ GaAs(100) substrates with a doping concentration
of ng;=2x10' cm™3. Al ,Ga, ssAs was used for both the
barriers in the active region and in the injector. The conduc-
tion band discontinuity at thé’ point is AE.~390 meV. FIG. 1. SEM image of a ring laser bonded with two wires. The
Forty active areal/injector stages were cascaded. Starting witbp metallization(partly ripped off by the bonding wirgés visible.
the injector barrier, one stage consists[8lGaAs (nm)/  The height of the ring is approximately %m.
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FIG. 2. Spectra of rings with outer radii of 100, 150, and 200 k|G, 3. A FDTD simulation of the electric field amplitude vs

um and various inner radii. The spectra were normalized andjistance from the resonator center and mode number. Results are
shifted along they axis such that the background signal of each presented for 5@m (a) and 160um (b) inner ring radius. The outer

spe_ctrum ind_icatt_es the ratio _of its_radii. The adjustment of the speGrgius was fixed at 20@m for both simulations. The simulations
tra in thex direction is explained in the text. were performed within a small amplitude approximation. To simu-

the threshold in ring cavities is presumably caused by sma'lalte a narrow galn-loss spectrum, a central frequency of 35 THz and
. e . . , " f a dephasing time of 1 ps were used.
irregularities in the cavities. Fabry-Re cavities with

cleaved facets possess more regular mirrors. The spectra dis- L .
P 9 P =0.32, which is not too far from the experimental value.

cussed in the following were taken at 78 K. Most ring laser ; . . .
showed lasing up to agt] least 270 K: selected deviceg Iasedsg us, it appears that the blueshift is caused by the interaction
. the lasing modes with the inner rim of the ring.

. Th in Fig. 2 k i . . ;
room temperature. The spectra in Fig. 2 were taken at a bidlS We now turn to the simulations. We have applied the body

of approximately twice the threshold current. Each spectrum]c revolution finite-difference time-domaifBOR FDTD)

Ise?rozvv?]i(s:ﬁvv?/:)ﬂlcrjn gge;;];emgre izgzrlr?r?glss clearly not reglr’iﬁethor}6 coupled with the finite-difference algorithm for two

A striking feature of the spectra is their blueshift with level atoms similar to the one suggested in Ref. 17 to obtain

increasing inner radius. Figure 2 shows spectra for three dif2 distribution of the _electromagnetlc field in rlng-shaped
ferent oug']ter and variousginner radii. Sipnce the emissionQCL reson_ators.Wlt_hln th? BOR FDTD algorlthm,f!elds are
wavelength also shifts with outer radiusot shown, the expanded in a Fourier series of sines and cosines:
emission wavelengths of the rings with outer radii of 150 and

200 um were manually blueshifted by a constant of 0.14 and E
0.27 um, respectively. The constants were obtained from m
spectra of devices with a ratig,,/r;,=1.67, because this is

the only ratio where spectra from devices with all three outer I L

radii were measured. The spectra were further shifted along H= 2 (hycosme+h, sinmg),

they axis so that the background signal indicates the ratio m=0

rout/Tin- The observed blueshift is not correlated to thewhere the mode numben is the number of wavelengths per
threshold or to the position on the wafer. While we observectircumference. The solution is obtained for each mode sepa-
different optical modes if the system was thermally cycledrately.

and also if the signal was detected with the ring rotated, the For each numbem an initial wave with an amplitude of
envelope of the individual modes did not change. Interestene arbitrary unit was “injected” into the entire area of the
ingly, the spectra do not blueshift for small inner radii. Thewaveguide. Then the FDTD algorithm was executed to ob-
spectra start to shift for a ratio of the radij,/r,,~0.43. tain a steady electromagnetic field energy distribution. After-
Apparently, the mode distribution does not extend to the inward, all field components were normalized by dividing
ner rim for sufficiently small inner radii. Within a simple ray them by the value of the amplitude at the maximum point.
model, it follows from trigonometry that modes propagating These values served as new initial values for the second
by total internal reflection never penetrate a circle of radiu=DTD simulation. The FDTD algorithm was then executed

I outSin (named the “caustic). y is the angle of total inter- again to obtain the amplitude distributions presented in Fig.
nal reflection of the materialy=sin }(1/n.s). Normal inci- 3. Clear intensity maxima are obtained when the frequencies
dence corresponds to 0°. An estimatengk=3.17 from a  of the resonant modes of the ring match the gain maximum,
distributed feedback laser processed from a similar materiakhich is specified in the FDTD at 8.86m. As expected,

as our ring lasers yieldy=18.4°. From these consider- first order radial modes with high amplitudes appear for
ations, the modes are not cut off below a ratiorgf/r,,, ~ mode numbers above 440. Interestingly, the amplitudes of

Il
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. (8,cosme+ €&, sinmeg),
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higher order modes are comparable to the amplitudes of firshode with the same number of nodekifts toward smaller
order modes. This may be compared to measurements of theavelengths. Mooret al?? investigated a blueshift of whis-
lasing intensity distribution in a pendant drpit was found  pering gallery modes that was caused by a decrease of their
that the modes take up the entire annulus between the caustigvity Q when the refractive index was decreased thermally.
and the outer rim. In particular, we find that intensity distri- Corbettet al® found that the lasing wavelength of InGaAs
butions of modes with mode numbers lower than 380 arguantum well microring lasers decreases as the ring size de-
strongly affected by the presence of the inner boli#g.  creases. Here, the wavelength shift is explained by higher
3(b)J. ) ) carrier densities required to match the higher curvature losses
The appearance of higher order modes is unexpected bgyj the reduced gain length. This implies that the emission
cause first order modes are expected to have the lowegt,, oength depends on the bias. We have confirmed on our

losses. Experimental evidence for these modes, COmmonl%’a\mples that the wavelength shift with bias is only minimal.

known as whispering gallery modes, has been extracted from To summarize, we have studied the spectra of mesoscopic

the mode spacing in circular cavities:™ ' Our experi- ing lasers processed from a quantum cascade material. This
ments and simulations suggest that in addition to first ordel!"Y ' P . d : . '
ork investigates the influence of the inner rim on the spec-

modes, higher order modes extend toward the center of th& _ . .
ring. This result can be understood if we take into accounfral behavior of ring lasers. From the observed blueshift of

the high gain of mid-IR QCLs and the low loss at the outertN€ SPectra for inner radii beyond approximately 43% of the
rim of the rings.(For example, Hagnest al’ found Qs of puter radps, we cpncludg that in this range th_e optical modgs
several thousands for their circular semiconductor microcavilnteract with the inner rim. In agreement with the experi-
ties) For sufficiently high gain, the electromagnetic field am- ments, simulations show that the electric field for higher or-
plitude is nearly unaffected by variations of the loss at theder modes, which are affected by the presence of the inner
outer boundary. In fact, irregularities in the gain distributionfing border, is comparable to the electric field of the first
due to the fabrication process can have a greater influence @ider mode.

the appearance of higher order modes than losses at the rim. We would like to thank J. Darmo and C. Rjlifor helpful

As a result, many modes are expected within the rings. iscussions and P. Schwaha for performing some of the mea-
The transition between disk and ring resonators has alsg o P 9
surements. This work was supported by the European

been treated with finite-difference time-domain microcavity ) . '
simulations by Hagnesat al® It was found that, as the inner COMMUnity—IST project SUPERSMILE, by the Austrian
radius of the ring is increased, each set of resonafiesa  Microelectronics Society, and by the Austrian FWF.
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