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Optical characterization of AlGaAs microdisk resonant cavities with a quantum dot active region is
presented. Direct passive measurement of the optical loss within AlGaAs microdisk resonant
structures embedded with InAs/InGaAs dots-in-a-wéDWELL) is performed using an
optical-fiber-based probing technique at a wavelelfgth 1.4 um) that is red detuned from the dot
emission wavelengtt\ ~ 1.2 um). Measurements in the 14m wavelength band on microdisks of
diameterD=4.5 um show that these structures support modes with cold-cavity quality factors as
high as 3.6< 10°. DWELL-containing microdisks are then studied through optical pumping at room
temperature. Pulsed lasingXat- 1.2 um is seen for cavities containing a single layer of InAs dots,
with threshold values of~17 uW, approaching the estimated material transparency level.
Room-temperature continuous-wave operation is also observe2DGS American Institute of
Physics [DOI: 10.1063/1.190181)0

Recently, multiple research groups have demonstrateductor microcavities over the last few years. A variety of
vacuum Rabi splitting in a semiconductor system consistinggeometries and materials have been studied, ranging from
of a single quantum-ddiQD) exciton embedded in an opti- INP  photonic  crystal microcavities(Q~1.3X 10%, Vg
cal microcavity: These experiments have in many ways~(A/n)? (Ref. ? to Si photonic crystdl® [Q~4
confirmed the potential of semiconductor microcavities forx 10*,Vez~ (A/n)3] and microdisk’® [Q~5X 10°, Vgt
chip-based cavity quantum electrodynamicQED) experi-  ~5(\/n)%] cavities. Of particular importance to the self-
ments. For future experiments, such as those involving quarassembled InAs QD work is the host AlGaAs material sys-
tum state transfer in quantum netwofkis will be important  tem. Here, we report the creation 8f=4.5um diameter
to further improve upon the parameters of such QD-AlGaAs microdisks that exhibiQ factors as high as 3.6
microcavity systems. One clear improvement required is to< 10° at A~ 1.4 um, a value which exceeds the high€st-
move the system further within the regime of strongfactors measured for AlGaAs microcavitie$™'*? These
coupling® defined as having the atom-photon coupling rateAlGaAs microdisks contain embedded quantum dots-in-a-
(g) larger than both the cavity loss rafe) and QD dipole well (DWELL) (Refs. 13 and I4which have a ground-state
decay ratg(y). In particular, the ratio of to the larger ofc ~ emission at\ ~1.2 um, so the passive measurements\at
and y approximately represents the number of Rabi oscilla-~ 1.4 um are performed where the QDs are relatively non-
tions that can take place before the effects of dissipatio@bsorbing. The lasing characteristics of these devices are also
destroy coherent energy excharida.each of Refs. 1-3, loss investigated through photoluminescence measurements, and
in the system was found to be dominated by the optical cavlow threshold room-temperature QD lasers are demonstrated.
ity, with g~ «. As the low-temperature homogeneous line-  The microdisks studied here are fabricated from an epi-
width in self-assembled InAs QDs is typically a feweV®  @xy consisting of one or three layers of InAs QDs embedded
corresponding to a QD dipole decay rateydRm~1 GHz, 1N (1-3 Ing1sGaeAs quantum wells, which are in turn
it will be advantageous to develop cavities with quality fac-Sandwiched between GaAs/i5g As layers to create a
tors such thai/27=<1 GHz, with further improvements in total waveguide layer that i¢=255 nm thick. This layer is
Q serving mainly to improve the optical collection efficiency grown on top of a,l"':”m AI0-7GT90-3AS sacrificial qu_er that
of emitted light. For thex ~0.9-1.2um emission wave- forms the suppqrtlng pedestgfig. 1(c)]. The cavities are
length for InAs QDsl,'2 this corresponds to an optical mode created throughti) Electron-beanie-bea_rf)l lithography and
quality factor of Q~1x 10° (k/2m=w/4mQ). Achieving subsequent reflow of the e-beam resist to produce smooth

< . S ... and circular patterns(ii) SF;/C4Fg inductively coupled
Suﬁh !OV\]C Igs_s (:t§1V|t|es Its altso Imprc]) rtanthln I'ggt .oft.the”d|ff|- plasma reactive ion etchingCP-RIE) of a deposited SN,
cu %.'n gfrlca Ing a struc ur? Wter;eh N Q’t aw |(|j”na Y mask layer[Fig. 1(@)], (iii) Ar-Cl, ICP-RIE etching of the
positioned for maximum coupling to the cavity mode. Alg Ga, 7As layer and removal of the remaining8j, layer,

Alongside the work on cQED in QD-microcavity Sys- ,pjy) wet chemical etching of the underlyin s
tems, there has been significant progress in developing, (iv) g ying fSa A

_ ; - yer to form the supporting pedesfaligs. 1b) and Xc)].
higherQ and smaller effective mode volunt¥eq) semicon-  tpg SiN, etch step is particularly important, as any rough-

ness in this mask layer is transferred into underlying layers.
¥Electronic mail: kartik@caltech.edu This etch has thus been calibrated to produce as smooth a
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FIG. 2. (Color onling. (a) Schematic geometry for probing the microdisk
sidewall surface as possib[&ig. 1(a)], without particular ~ cavities through side coupling via an optical fiber tapé). Normalized

; iali ; taper transmissiofir =P,/ P;,) of a 4.5um diameter microdisk for a taper-
concern for its vertlcallty. The SUbsequent ArY@Ch IS .disk lateral separatiomAx) of ~800 nm.(c) Normalized taper transmission

h|gh|_y selective so that _the angled mask does not result iR, e same device withx~ 200 nm. The overlying solid green curves are
erosion of the AlGaAs sidewalls. Lorentzian fits to the data.

Initial passive measurements to measure the cold-cavity
Q factor of the microdisk resonant modes were performed
using an optical-fiber-based evanescent couplingemperature QD dipole decay rate pf27~ 1 GHz. After
technique’®* An optical fiber taper is formed by heating adjusting for the reduced wavelength of the QD resonance,
and adiabatically stretching a standard single-mode fiber urthe current device$D=4.5 um) have aVez~6(\/n)® for
til it reaches a minimum diameter1 um. A fiber-coupled the standing wave resonant modes studied Hefeor a
scanning tunable lasé«5 MHz linewidth) is spliced to the maximally coupled InAs QOspontaneous emission lifetime
taper’s input, and when the taper is brought within a fewr~ 1 ns, oscillator strength~ 1818) this mode volume cor-
hundred nanometeréhm) of the cavity, their evanescent responds tay/2w~ 11 GHz. Thus, even for the disk sizes
fields interact, and power transfer can result. A schematiconsidered in this work, an appropriately positioned QD
illustrating the coupling geometry for this system is shown inwould place the system deep within the strong coupling re-
Fig. 2(@). Further details of the mounting and positioning of gime. Of additional importance is the fiber-based coupling
the fiber taper are described in Refs. 9 and 10. Ghef a  technique used here. This method allows for @eo be
cavity mode is determined by examining the linewidth of theaccurately determined in a way that does not rely upon the
resulting resonance in the taper's wavelength dependertiveak background emission from the QDS all that is re-
transmission spectrum. In Fig(8, we show a “doublet” quired is a probe laser that can be slightly detuned from the
resonance of a microdiskD=4.5um, one-DWELL struc- QD absorption lines. Furthermore, the taper also acts as a
ture) in the 1400 nm wavelength band when the taper iscoupler that transfers light from an optical fiber into the
~800 nm to the side of the disk; the separation is kept larggvavelength-scale mode volume of the cavity, where it can
in order to reduce taper loading effedt® The double reso- interact with the QDs, and as a subsequent output coupler.
nance peaks correspond to standing wave modes formeslich integration could markedly improve the collection effi-
from mixtures of the degenerate clockwise and counterclockeiency in cQED experiments, particularly important for mi-
wise whispering gallery modes that couple and split due t@rodisk and photonic crystal cavities, which typically do not
the disk-edge surface roughné8$>'®The linewidth (AN)  have a radiation pattern that can be effectively collected by
of the shorter wavelength resonance correspond3+®3.6  free-space optics or a cleaved fiber.
X 10P. Similarly, in Fig. Zc), we show the spectral response In addition to the fiber-based passive measurements of
of the doublet when the taper is positioned much clgser the microdisks at A~1.4um, we performed room-
~200 nm to the edge of the disk, so that the amount oftemperature photoluminescence measurements to study the
coupling has increased. The combination of increased col@D emission in the 1.2um wavelength band. The cavities
pling as well as parasitic loading due to the presence of thé€D=5 um in this casgwere optically pumped at room tem-
taper has increased the total loss rate of the resonant modggrature using a pulsed 830 nm semiconductor laser, and the
yielding a loadedQ ~ 1.0X 10°. The depth of coupling, how- emitted laser light was collected by a microscope objective
ever, has also considerably increased from 10% to 60%, cognd spectrally resolved in an optical spectrum analyzer
responding to a photon collection efficien¢the ratio of  (OSA). Initial measurements were performed on cavities
“good” coupling to all other cavity losses including parasitic containing three DWELLs due to their higher modal gain,
and intrinsic modal logsof approximately 20%. It is be- roughly three times that of a single DWELL layérEmis-
lieved that the higtQ values achieved in these measure-sion is observed for a few~2-5 modes in a given micro-
ments are due to a combination of the resist reflow processlisk [Fig. 3@], and the linewidths of the resonant modes
that reduces radial variations and subsequent Rayleigh scdtaken at sub-threshold pump powegse as narrow as the
tering in the disk® and the optimized dry etching processesresolution limit of the OSAinset of Fig. 3b)]. Figure 3b)
that create very smooth disk-edge sidewalls. shows a typical light-in-light-outL-L) curve for a three-

The demonstrated is high enough that, if used in DWELL device pumped with a 300 ns period and 10 ns
CQED, the cavity will have a decay ratg27~0.35 GHz  pulse width; the device exhibits lasing action with an esti-

(at\~1.2 um), lower than the aforementioned typical low- mated threshold value of22 uW.
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(@) mmWELlLdis_kd . A (b) 3DWEILL discl;h demonstrated laser threshold to this transparency value indi-
—{10 ns pulse widt 10 ns pulse widt H F : i H H
31300 s pulse period Siaspakepensd catgs that nonintrinsic opt!cql losses within the microdisk
5 [Pext~75 UW Pihreshold~22.1 W cavity have largely been eliminated. .
§Room temp. Room temp. In conclusion, AlIGaAs microdisks as small as 48 in
K Shorom diameter and supporting standing wave resonant modes with
g Q factors as high as 3:610° in the 1400 nm wavelength
S Mogr—Ti501 band have been demonstrated. These cavities contain integral

R o T i o e T InAs quantum dots, and initial room-temperature photolumi-

wavelenigth (nm) Peak External Pump Power (uW) nescence measurements have yielded laser threshold values
(0] ' TDWELL disk () IDWELLdisk as low as 16.4W, nearing the transparency level of the
5110 ns pulse width Continuous Wave . . ' _g ) p Y
81300 ns pulse period Pthreshold~55.3 LW material. Future efforts will include low-temperatunear-
glPthreshold~16.4 uW Room temp. resonancestudies to examine single-QD-microdisk systems
§R°°m leme: ; and further studies of the trade-off between microdisk size
& j;" and optical loss. In addition, use of the fiber taper coupler
[} . . .
= will be examined as a tool that can greatly facilitate such
G g
U .
Putp Power (1) Cee® experiments.
20 60 100 140 20 60 100 140
Peak External Pump Power (uW) Peak External Pump Power (uW) One of the authoréK.S.) thanks K. Hennessy for helpful

FIG. 3. (Col . () Photolumi . o three.DWELL conversations regarding AlGaAs processing. Three of the au-
. 9. olor onling. (a) otoluminescence spectrum or a three- .

microdisk device [OSA resolution bandwidth(RBW)=1 nm. (b  Hors (K.S., T.J., and M.B, respectively, thank the Hertz
L-L curves for:(b) pulsed three-DWELL microdisk lasénset shows the Foundation, the Charles Lee Powell Foundation, and the

subthreshold spectrum of cavity mode with a resolution-limit@&BW Moore Foundation, NPSC, and HRL Laboratories for their
=0.10 nm linewidth), (c) pulsed one-DWELL microdisk laséinset shows graduate fellowship support.
L-L curve near thresholdand (d) one-DWELL microdisk laser under cw
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