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Laser emission from quantum dots in microdisk structures
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We report optically pumped continuous-wave lasing from self-assembled InAs and InGaAs
guantum dotgQDs) embedded in high-quality-factor microdisk laser structures. The microdisk
emission spectra show lasing on 1-5 well separated modes in the wavelength range between 900
and 990 nm. The estimated threshold pump densities are between 20 and 260 WHenfasing
characteristics are discussed in terms of both inhomogeneously and homogeneously broadened QD
transitions. ©2000 American Institute of Physids$S0003-695(00)04928-7

Quantum dotQD) microdisk structures are attractive for AlGaAs with high Al content in preference to GaAs. Scan-
photonic devices since they combine small mode volume anding electron micrographs reveal the top disk layer to have a
zero dimensional electron density of states. These attributesnooth, nonfaceted surface with an almost vertical etched
offer the potential for ultralow threshold and high differential profile.
gain semiconductor lasetsThe gain spectrum of an en- The microdisks are mounted in a He gas flow cryostat
semble of QDs—in contrast to a quantum well—is usuallyand cooled to 6 K. Optical pumping is performed with a
inhomogeneously broadened to a large extent since the cagontinuous-waveécw) Ti-sapphire laser operating at 760 nm,
riers are localized in different dots, resulting in a systemgenerating free electron-hole pairs in the GaAs microdisk.
without a global Fermi functioA Microdisk lasers have only The exciting light was focused to an approximately 3@

a certain number of high-quality factorQj whispering- diameter spot size on top of the microdisks. The emitted
gallery modes(WGM)® within a distinct spectral range. PhotoluminescencéPL) from the microdisks is collected at
Typically only a few of these modes lie within the inhomo- 90° with respect to the excitation direction in order to
geneously broadened gain spectrum of the QDs. These feachieve a high collection efficiency.

tures make the QD-microdisk system attractive for multi- ~ Figure 1 displays a typical PL-spectrum for a 4.

wavelength lasing on distinct spectral modes over a widdliameter disk under low excitation conditiof@&23 mW in
spectral range. the range between 925 and 985 nm. Several sharp peaks,

In this letter, we report the observation of lasing in ansuperimposed on a weak background signal are observed.
optically pumped QD-microdisk system. In contrast to theThe background corresponds to free QD PL, whereas the
previous results on QD lasers based on FabryetPe sharp peaks correspond to emission from QDs which couple
cavities*® we obtain simultaneous lasing in five well sepa-t0 microdisk modes. For comparison, Fig. 1 also shows the
rated modes in the wavelength range 920—990 nm. QD emission (dashed line, full width at half

Our samples were grown by molecular beam epitaxy off@ximum=66 me\) of an unprocessed part of the wafer un-

a semi-insulating GaAs substrate. The layer structure can Bé€r equivalent conditions. The inset of Fig. 1 displays a high
described as consisting of a disk area and a pedestal ardgsolution PL spectrum of two WGMs at 959.2 and 960.4
The disk area consists of 4 nm GaAs, 20 nm Mg -As "M exhlbltln_g linewidths of 0.07 and 0.057 nm, respec-
barrier, 200 nm GaAs, 20 nm fAGa, -As barrier, and 4 nm tively. Intensity dependent measurements show a spectral
GaAs cap. One or two layers ¢fn,GaAs self-assembled

QDs were grown at the center of the 200 nm GaAs layer. 0.6

The QD density of each array is #@m 2. The postlayer . P=023mW
thickness used was either 0.5 oruin of Al,Ga,_,As, X @05 K she0.057am 5
ranging from 0.65 to 0.85, grown on top of an AlAs/GaAs S 04l= e,
buffer layer. Photolithography was used to define circles g

with diameters ranging from 1.5 to &m. Either 1um thick Z03

photoresist or 50-nm-thick Ti was used to mask the substrate % 0.2

for the etching of the microdisk layer, using a HBr-based wet o

etchant. The etch extended into the AlGaAs post layer ma- £ 01

terial. The etch solution used produced isotropic etching, 0.0

with the disk diameter reduce@ateral etching during the
vertical etch into the material. After delineation of the mi-
crodisk feature, the pedestal layer is defined by etching in a

dilute HF solution, which has a high selectivity in etching FIG. 1. PL spectrum of a 4.5m diameter microdisk in the range from 925
to 985 nm(solid ling). For comparison the PL spectrum of the QDs of an
unprocessed part of the wafer is also shown under similar excitation condi-
dElectronic mail: peter@ece.ucsh.edu tions (dashed ling Inset: High-resolution PL spectrum of two WQMs.
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narrowing of the WGMs with increasing excitation intensity, , , ,
which indicates tha® is limited by QD absorption processes 0.0 0.5 1.0 1.5
at low excitation intensities. This narrowing is in agreement Excitation Power (mW)

with recent observations on comparable structfrébere- o . o
fore, we have determined tli@ values near the transparency E-IG' 8. (&) Laser emission intensity vs incident pump power of a.’a B
iameter microdisk for two hig) modes(929 and 960 nm Inset: PL

threshold and find typical) values between 10000 and intensity vs pump power for a nonlasing mode at 972 fish Laser emis-
17 000(resolution limit of our monochromatpfor the high-  sion intensity vs incident pump power for a.2n diameter microdisk.
Q modes.

The modes of the microdisks can be approximated byAfter a linear increase in PL at low pump powers we observe
the solution of the two-dimensional Helmholtz equation. a saturation at pump powers ne@y,.
They are described by WGMsf(r)~Jn[ (27 Neg /Amp)r], In order to explain our observations, we first note that
whereJ,, is the Bessel function of orden,n corresponds to the photoexcited carriers are localized in QDs with vastly
the nth zero ofJ,,, andng is the effective refractive index. different transition energies, resulting in an inhomoge-
Due to the cylindrical symmetry a two-fold degeneracy ex-neously broadened gain spectrum. All QDs whose homoge-
ists for m>1. Our theoretical estimate of the WGMs with neously broadened linewidtdue to dephasingverlap with
radial mode orden=1 are also given in Fig. 1. It can be a cavity mode, contribute to lasing of that mod&lodes
seen that these modes dominate the PL spectrum. Howevarhich couple to spatially isolated dots with transition-energy
higher radial number modes also contribute to the emissioseparations larger than the homogeneous broadening can
spectrum. start lasing simultaneously if the optical gain is above the

Figure 2 shows the pump-power dependence of théasing threshold.
emission spectra of the 4/m diameter microdisk for three First, we discuss the 4.Bm microdisk results in detail:
different pump powers in the wavelength range from 925 towe find that theQ values of the nonlasing modes are typi-
985 nm. At low excitation power(0.6 mW) the long- cally below 10000, whereas th® values of the lasing
wavelength high mode at 976 nm dominates the emissionmodes are 14 000, 17 000, 12 000, 13 000, and 10 000 for the
spectrum. With increasing pump power, the intensity of thed76, 960, 946, 929, and 927 nm modes, respectively. This
960 nm mode increases most rapidly, dominating the emisshows that lasing is only possible for modes with
sion spectrum. Figure 3 displays the intensity as a function ofalues=10000 in this sample. Taking th@ value at thresh-
excitation power fofa) the 929 and 960 nm modes of the 4.5 old density we can estimate the cavity losses fram
um diameter microdisk antb) the 909 nm mode of a gzZm  =(2wng)/(\Q) (Ref. 6. The calculatedx values for the
diameter microdisk. The observed nonlinear dependencising modes are between 12 and 22 ¢mAt lower pump
suggests the onset of laser action. The emission linewidth giowers, lasing is only observed for the long-wavelength
the 2 um diameter disk decreases with increasing excitatioomodes which lie in the center of the QD energy distribution
power from 0.15 nm at 0.03 mW to 0.1 nm at 1.4 mW. Forand which possed?’s=14 000. At higher pump powers the
the 4.5um diameter microdisk modes, we could not observeshort wavelength modes succesively start lasing. This might
if there is a linewidth reduction above transparency, as thée related to the fact that higher energy levels with greater
measurement is limited by the monochromator resolutiordegeneracy are excited and contribute to the optical gain.
(~0.05nm). The threshold value®) estimated from the The mode ah =959.2 nm was found to have@ value
laser emission dependence on pump power of thew#s  of 13500(see Fig. 1 However, no lasing is observed even
diameter microdisk for the five lasing WGM are in the rangeat the highest pump power. This can be understood if one
0.5-1.4 mW. The excitation-power dependence of a nonlassonsiders the homogeneous broadening of the transitions and
ing mode @ =972nm) is shown in the inset of Fig(8. that a higherQ mode (960.4 nm,Q=17000 is spectrally
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separated by only 1.6 meV, spatially overlapping predomi{=17000) InAs/GaAs and InGaAs/GaAs QD microdisk
nantly with the same QDs. First, the high@rmode reaches structures. We have demonstrated optically pumped cw-
threshold coupling to all QDs that have nonzero spectralasing from QD-based microdisk structures with estimated
overlap. Due to the homogeneous broadening of the gain thiareshold pump densities between 20 and \06n?. The
lower Q mode cannot reach threshold. We can use this resuthicrodisk emission spectra show simultaneous lasing on 1-5
to conclude that the homogeneous broadening is at least imell separated modes in the wavelength range between 900
the order of 1.6 meV at threshold density for the 960.4 nmand 990 nm.
mode which is consistent with previous nonlinear absorption
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