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We have observed optical emission from self-assembled InAs/GaAs quantui@@msembedded

within the single-hole-defect, square-latti¢€1) photonic crystal microcavity. Cavities were
measured to have quality factors as high as 4000. Finite-difference time-do{fRRIND)
calculations were used to determine the specific S1 geometry that is resonant at the center of our
ensemble QD spectrum. Extensive, systematic measurements fully confirmed the FDTD simulations
and mapped resonant wavelengths as a function of varying lattice constant and hole radius of the
photonic crystal structures. @003 American Institute of Physic§DOI: 10.1063/1.1623319

Due to their very small mode volume¥) and ease of tion results of a GaAs device withla=0.39,t/a=0.6, and
fabrication, photonic crystal microcaviti€BCMs formed in  a=300 nm, surrounded by air. The calculated frequency re-
a thin semiconductor membrane have attracted attention aponse in the defect region is shown in Fig. 1. The simulated
candidate devices to observe cavity quantum electrodynamid, magnetic field distribution of the mode at 911 nm is
(CQED) phenomena. However, cavities constructed for thesshown in inset(a) over the region of the device shown in
experiments must also possess high quality fact@¥ o inset(b), and confirms the lowest-order WGM nature of this
achieve highQ/V, a crucial CQED figure of merit. By ap- resonance. We have fabricated S1 PCMs of sinalar/a,
plying techniques to minimize coupling to radiative modes,andt/a in a 180 nm GaAs membrane, suspended in air. The
PCMs based on a triangular lattice, supporting high material is grown by molecular-beam epitaxy on(100)
modes, have been designed and realtzéd\Ve have previ- GaAs substrate. The GaAs membrane is grown after a 500
ously shown highQ resonances in the triangular-lattice H2 nm sacrificial layer of A} /Ga, sAs. Five layers, spaced by
PCM fabricated in a GaAs membrane, excited by InAs/GaA220 nm, of self-assembled InAs QDs blue shifted by partial
quantum dot§QDs) embedded within the membraf&he  covering!® with a density of~2x10° cm~2, are embed-

H1 resonance, while having a smaller mode volume, hadled into the membrane. The AlGaAs layer is selectively
similar Q/V as the H2 due to a loW®~250, consistent with etched to form the final PC membrane. The cavity pattern is
the symmetry of the mode. More recently, a highnonde-  defined by electron-beam lithograpkiBL) using a 50 kV
generate, whispering-gallery-like mod&/GM) has been JEOL JBX-5DI(U) EBL system. The pattern is transferred
identified in a single-hole-defect PCM based on a squarénto a SiN mask and subsequently into the GaAs by reactive
lattice (S1). The properties of this mode have been studiedon etching. A wet etch in HF releases the final membrane
theoretically and experimentally characterized around 1550structure. Analyses of loss mechanisms in PC membranes
nm using quantum wells as an active regfdnAs QDs have  suggest that fabrication accuracy is essential to achieve de-
also been used as an active layer in the square lattice, excit-
ing lasing modes around 1330 nm in two and four

coupled-S1 cavitie$.Our current work describes the cou- 1
pling of InAs QDs, emitting around 925 nm, to an S1 cavity :.:0:o:o:o:o=
with a potentially much highe®/V than exhibited by the H1 0.8 .0‘0.0.0.0.0‘
cavity and well suited for CQED with a QD since, in contrast 5 .‘.’.x.:.“
to many of the highQ/V triangular PCMs, the electric field L6 .:.:Q‘...‘.:ﬂ
maximum in the S1 cavity is located within the semiconduc- % 200006¢
tor region, allowing high spatial overlap between cavity § 0.4 ..‘: To'e
mode and QD emitter. = (b)

We designed the hole radius lattice constant, and 0.2
membrane thickness of our S1 cavities by using three- JLN
dimensional finite-difference time-domairDTD) simula- 0 /
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FIG. 2. Scanning electron micrographs of a single-hole-defect PC micro-
cavity with a 300 nm lattice constant, showing a top vigeft) and a 45° |
view (right) of the defect region in a 180-nm-thick GaAs membrane. 88(?36 0.38 04 0.42

r/a

sired device performané‘é',lz therefore, we have developed FIG. 4. quelength ‘of the whispering gallery mode in a single-hole-_defect,

fabricaion techniques 10’ minimize variation in ole_size SA/e1aice PC microcauy for warous e constas a o

across the device and produce PC holes with smooth, straightap are of highesD.

sidewalls. Details of these techniques are published

elsewheré? Scanning electron micrographs of resulting i .

cavities are shown in Fig. 2, where only a few of the ten"M./a=0.38, and/a=0.6 were of the highest quality, and

lattice periods are shown at Qfeft) and 45°(right) views. WO spectra of these devices are shown in ingatsand (b)
Spatially resolved photoluminescend®L) measure- Of Fig. 3, fit to Lorentzians 0Q=4000 and 3600, respec-

ments were performed & K on Sicavities of varyinga and  tively. Based on our estimations, tig value of these cavi-

r in order to characterize the WGM spectral location over thdies is not limited by QD absorption, which we estimate can-

entire QD emission range, which is continuous from 880 tonot limit Q in the rangeQ <10 000.

970 nm. Using a diode laser operating in cw at 780 nm, we  We have confirmed the importance of minimizing varia-

focused 1.8 kW/crhpower density on the sample surface attion in hole size across the PCMs. Spectra taken on devices

normal incidence in an estimated @m spot size with a with nonuniformr show many closely spaced modes in con-

microscope objectiveénumerical aperture0.55. Using the  trast to the clear, single-mode spectra, as shown in Fig. 3, of

QDs to decorate the cavity modes, we collected their emisgeyices with unifornt. The additional resonances are defect

sion through t_he same obj_ectlve and have observed a singlg,;qes resulting from aperiodic holeand have been ob-

high Q mode in devices witla between 290 and 310 nm. A oo\ in devices with as little as 606.5 nm) decrease im

sample PL spectrum is _s_hown.m F'g'. 3 for a PCMBef300 over ten lattice periods from the center to edge of the PCM.
nm andr/a=0.37. Cavities with lattice constants between A this letter. all data on WGMs were taken on devices with
250-280 and 320—400 nm were tested and determined not {0 !

be resonant within our QD emission spectrum. We measureﬂegligible variation in holer, therefore exhibiting single-

the Q factor of the WGMs by collecting PL with a mono- mode spectra._ o )
chromator having a spectral resolution of Z6V and fitting These cavities incorporated an ensemble of QDs, and it
the spectra to Lorentzian functions. Cavities with-300 IS clearly desirable to locate a single QD at an antinode of the
WGM, to achieve strong coupling between the QD and cav-
ity mode. Rather than relying on coincidental spatial and

1 spectral alignment, we would prefer developing a technology
(a) (b) to spatially align a PCM around a QD of known emission
0.8} wavelength, choosing andr/a to significantly improve the
- chance of spectral coupling. In such technologies, we must
2 be able to tune the resonant wavelengttof the PCM very
;0'6' precisely, over large ranges, by scaling its geometry. Conse-
‘™ quently, utilizing a large set of PCMs fabricated with varying
5 0.4+ dimensions, we have mapped out three different ways to tune
£ o % . - this cavity, each with a different characteristic tuning scale
AN, . Large shifts in\,, on the order of 25—-40 nm, are
0.2 achieved by changing the lattice constantAg=*+10 nm.
/W‘JL“‘*——M We achieve moderate tuning ®f by about 10 nm by alter-
0 - . L

ing r/a in the initial pattern file by=6%, and final, subtle
shifts by AN, =*=1-2 nm are produced by varying the elec-
tron dose in the EBL. We observe a slight increase /i

FIG. 3. PL from a typical single-hole-defect, square-lattice microcavity of when the dose is increased by about 2%, explaining this fine
lattice constana =300 nm and'/a=0.37, showing a higlp mode at 926 _ ghjifting in A, . The tuning information is summarized in Fig.
nm. The InAs QD emission is between 870 and 970 nm. High-resolution PL hich ol s | h f ion/af
is displayed in the insets for devices wih=300 nm and/a=0.38, fit to 4, which plots S1 resonant wavelength as a function/a

Lorentzians ofQ=4000(a) and 3600(b). for three different lattice constants. Each point in this reso-
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nant mode map represents the averagef several devices DARPA for grants QUIST MDA 972-01-1-0027 and CNID
defined with the same pattern in the EBL and has an error baddDMEA 90-02-2-0215.

of about=1 nm. Modes in the shaded region of the map are

of highest Q=2000-4000. The resonant mode map fully
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