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Lasing from a circular Bragg nanocavity with an ultrasmall modal volume
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We demonstrate single-mode lasing at telecommunication wavelengths from a circular nanocavity
employing a radial Bragg reflector. Ultrasmall modal volumes and submilliwatt pump thresholds
level are observed for lasers with InGaAsP quantum well active membrane. The electromagnetic
field is shown to be tightly confined within the 300 nm central pillar of the cavity. The quality
factors of the resonator modal fields are estimated to be on the order of a few thousaz@i3s ©
American Institute of PhysicfDOI: 10.1063/1.1947375

The quest for the ultimate localization of light has beensuitable for realizing ultracompact cavities, especially if they
one of the central directions in contemporary research irare designed for the mode with angular modal numiner
many fields, such as integrated optics, quantum communica=0. Them=0 mode is an interesting solution of a disk Bragg
tion and computation, sensing, and mbréOptical nano-  resonator consisting of a disk surrounded by a radial Bragg
cavities with high-quality factor¢Q) and small modal vol-  stack(see Fig. 1 Unlike other solutions with nonzero angu-
ume (Vmoad are key elements for a wide variety of |ar modal numbers, then=0 mode is nondegenerate and
applications, such as functional building blocks for inte-features maximum intensity at the center of the device. This
grated_optical circuits, lasers, optical traps, and opticajngde cannot be supported in conventional cavities because

.45 . o . .
logic. _ the propagation direction of the waves is perpendicular to the
In the past few years, much attention was focused ORavity interfaces

decreasing the modal volume and improving @ef pho- In this letter, we report on the observation of single

tonic crystal(PC) defect cavities by carefully optimizing the mode lasing from a Bragg-based disk nanocavity with ultr-

position, dimensions, and shape of the holes composing thgsmall modal volume, realized in active semiconductor ma-
crystal?"'9 This optimization procedure attempts to tune the '

effective length of the cavity to the maximal reflection fre- terial. .Flgure 1 depicts a scanning eIectrqn MICroscope
quency of the PC reflector and is generally conducted nutSEM image of the nanocavity which was designed to reso-
merically. The main disadvantage of this process is the enofate in them=0 angular mode. The internal disk can be

mous number of parameters to be optimized and the endless

number of configurations that potentially need to be consid-

ered.

Recently, we have proposed and demonstrated a novel
class of circular resonators that are based on optimally de
signed radial Bragg reflectors™* These devices, known as
annular Bragg resonatof®\BRs), are designed to support F:
azimuthally propagating modes, with energy concentratec. &
within a radial defect region or in a central pillar by radial &
Bragg reflection. Compared to conventional resonators base &
on total-internal reflectionTIR), the employment of the &
Bragg reflection mechanism offers improved control over the
resonator paramete(®, Vioqo €tc) and allows for engineer-
ing unique mode profiles. Compared to PC defect resonatorsjg
the radial symmetry of ABRs allows f@nalytical engineer-
ing the Bragg reflector for optimize® and smaller modal
volume. These properties make the ABR structure highly

dElectronic mail: koby@caltech.edu

YAlso at Department of Electrical Engineering, California Institute of Tech-
nology, 1200 East California Boulevard, Mail Code 128-95, Pasadena, CAIG. 1. SEM image of the circular Bragg nanocavity designed to support the
91125. m=0 mode in the 300 nm wide central pillar.
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viewed as the cavity while the concentric rings form theapproximately 150 nm.

radial Bragg reflector, both designed to efficiently confine the  For a circular cavity to support a radial mode with an
specific mode in the cavity. The radius of the optimizedangular propagation coefficient af, the radius of the inner
nanocavity for telecommunication wavelengths isdisk, py, and the grating profilde must satisfyq.

“olal si &
Ae(p):{ 2laf sin2 phaseilioned) <0 o "

0  sin{2 phaseH Y [konerp))} =0

whereky, N, anda are, respectively, the desired resonancevice is given by a Bessel function of orderin the central
wave number, the slab effective index and the perturbatiopillar and an exponentially decaying Bessel function in the
strength.H,, and J,, are, respectively, the Hankel and the grating area where the decay constdqtis determined by
Bessel functions of orden. The widths of the resulting lay- the perturbation strength according tok=a/2n3.

ers are determined by the zeros and extrema of the Bessel The nanocavitiy was fabricated within a 250 nm thick
function of orderm. Due to the cylindrical geometry, the membrane of InGaAsP with six 75 A quantum wel@W)
optimal layer widths required to confine the light in the cen-positioned at the center. After the resonator pattern was
tral pillar are not constaft™*?but rather monotonically de- etched into the active material, the original InP substrate was
creasing with the radial distance. The chirped nature of theemoved and the membrane was transferred to a sapphire
gratings, which can be clearly seen in Fig. 1, is highly im-plate using an ultraviolet curable optical adhesive to improve
portant. Deviation from that profile will result in nonoptimal the vertical confinement of the electromagnetic field in the
phase relations between the partially reflected waves frordevice. A detailed description of the fabrication process is
the Bragg layers, and thus, in weaker confinement of thgiven in Ref. 13. The effective index of the membrane was
electromagnetic field. It should be noted that the realizedound to be approximately 2.8 for thid, polarization and
grating profile shown in Fig. 1 is of “second-Bragg order” in 2.09 for theE, polarization. Since thel, polarization is more

the sense that the second term in the Fourier expansion of tlw@nfined than thé&, polarization and the optical gain of the
grating is the term responsible for the radial reflection. Suclcompressively strained QW structure used favors lthe

an approach induces efficient vertical emission from the depolarizationt* we optimized the radial structure to this po-
vice which decreases the over@lon one hand but enables larization.

simple observation of the intensity pattern evolving in the  The emitted spectrum and the near-fiédF) intensity
device on the other. The condition on the radius of the pillapattern of the nanocavity were examined at room tempera-
can be intuitively understood when the optimized distributedture under pulsed optical pumping using a mode-locked
reflector is considered effectively as a perfect mirror at theli:Sapphire laser operating at 890 nm. The pump beam was
resonant Bragds vector® The modal field profile of the de- focused through the transparent sapphire substrate on the
back side of the sample with a X0objective lens. The po-
sition of this lens was used to control the size and the posi-
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FIG. 2. The evolution of the emitted spectrum from the device shown in
Fig. 1 as a function of the pump intensity. InsetL curve, indicating a  FIG. 3. (Color onling Calculated modal intensity profile of the nanocavity
lasing threshold oP;=900 uW. shown in Fig. 1.
Downloaded 14 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



251101-3 Scheuer et al. Appl. Phys. Lett. 86, 251101 (2005)

confinements which limits the smallest possiblg,qe This
0.218 1 tradeoff can be intuitively understood as follows: For a given
0217 | membran(_a thickness, th_e transverse design and r‘r_\odt_e profile
' of the cavity are determined primarily by the effective index
= 0216 of the slab. The larger the effective index, the smaller the
§ 0.215 Actual membrane | cavity, and correspondingly, the modal volume. On the other
PR /thickness hand, larger effective indices require thicker membranes
W7 0.214 1 which, in turn, increase the modal volume. These two oppo-
0.213 site processes create an optimal membrane thickness for
which Vioqe iS minimal.
0.212 ] Figure 4 depicts the dependence\tf,q. on the thick-
D22 024 D026 028 03 032 034 ness of the membrane. For the material system that was used,

Membrane thickness [um the smallest achievable modal volume is 0.@12)° occur-
ring for a membrane thickness of 0.28n, which is less
FIG. 4. The dependence of the normalized modal volume on the membrang,an 19 smaller than th¥,,oqe Of the fabricated structure.
thickness. The modal volume of the nanocavity could be further re-
) _ _ duced to almost the theoretical limit if a first-Bragg order
tion of the pump spot. 50% of the pump beam intensity wasscheme were used instead of the second-order schBme
split by a 3 dB beam-splitter and was focused on a broad |n conclusion, we demonstrated single-mode lasing at
area detector to obtain the pump beam intensity. X2fb-  tglecommunications wavelengths from a circular Bragg
jective lens was used to collect the vertical emission from theygnolaser with an ultrasmall modal volume. Lasing was
front side of the sample and to couple the light into a multi-5chieved at room temperature under pulsed optical pumping
mode fiber to obtain the emitted spectrum or to focus it on agnditions at sub-mW threshold levels. Such cavities can
IR camera to obtain the NF intensity pattern. easily be integrated with other photonic devices such as PC
Figure 2 depicts the emitted spectra from the0 laser  \yayequides and distributed feedback lasers to realize com-
for various pumping levels above the lasing threshold. Thepact and highly functional optical circuits.
emitted light consists primarily of a single wavelength\at The authors would like to thank Dr. Axel Scherer and Dr.

=1.56um, very close to the target design wavelength ofggyar painter for providing access to their fabrication facili-

1.55um. The inset of Fig. 2 shows a Light-Liglit-L) curve a5 This work was supported by the National Science Foun-
of the same device, indicating a threshold®Pgt=900 uW. It dation and DARPA.
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