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Mode structure of the L3 photonic crystal cavity
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The authors investigate the multiple confined modes of GaAs L3 photonic crystal air-bridge cavities,
using single layers of InAs quantum dots as active internal light sources. Theoretical results for the
energies, quality factors, and emission polarizations of the first five modes are compared to
experimental data for cavities with lattice periods ranging from 240 to 270 nm. The authors also
present in-plane field distributions for each mode. In addition to the well-known quality factor
improvement of the fundamental mode, they show that outward displacement of the end-holes
selectively redshifts modes with large end-hole-field overlaps, thus reordering the modes.
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The “L3” defect was the first type of photonic crystal
nanocavity in which quality factors in excess of 10*
were obtained experimentally.1 This nanocavity consists of a
photonic crystal membrane with a line of three holes miss-
ing, as shown in Fig. 1(c). The high quality factors are ob-
tained by displacing the end-holes of the cavity by a small
amount, which reduces the radiation losses compared to
cavities with undisplaced holes. Following the initial demon-
stration of high quality factors, L3 defect cavities have been
the subject of intense research for applications in cavity
quantum electrodynamics (QED),>* low-threshold lasing,é‘f7
and control of ultrafast laser pulses.8

Reported work on the L3 cavity has mainly concentrated
on maximizing the quality factor Q of the fundamental
mode, with the specific aim of optimizing the ratio of Q to
the modal volume. A fact that is rarely discussed is that the
L3 cavity is capable of supporting a multitude of modes, the
properties of which remain largely unexplored. The higher-
order modes are important for the efficient pumping of nano-
cavity lasers.,6 and also for the selective excitation of quan-
tum dots embedded within the cavity.9’lO

In this letter we present an analysis of the mode structure
of L3 defects, in terms of mode energy, field profile, and
emission polarization. We find a reordering of the modes
when the end holes are displaced, predicted by our theoreti-
cal model and confirmed by experimental results. The im-
proved understanding of the higher-order modes is useful for
the design of more efficient lasers and for the observation of
cavity QED effects from single quantum dots coupled to
high Q nanocavities.

A scanning electron microscope image of a typical L3
cavity is shown in Fig. 1(c). The cavities were fabricated in a
GaAs membrane containing a single layer of InAs quantum
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dots. Electron-beam lithography and chemically assisted ion
beam etching were used to make hexagonal lattices of circu-
lar air holes, with lattice constants a ranging from
240-270 nm and nominal bulk fill factor f=0.29. A subset
of the cavities had the holes at either end of the defect dis-
placed outwards by s=0.15a, with the rest having no end-
hole displacements (i.e., s=0). Air bridges of thickness
d=140 nm were fabricated by etching away a sacrificial
Al g5Gag 15As layer of thickness 1500 nm using hydrofluoric
acid.

We first present our theoretical studies of the cavity
mode structure, which were performed by using a method
similar to that used by Whittaker et al.,'! and also by
Andreani et al.'*" for slightly different systems. The calcu-
lations find the modes of patterned air-bridge structures using
an expansion in a basis of the guided modes of an unpat-
terned membrane. The emission from the structure including
its polarization is calculated by evaluating the coupling of
each cavity mode to the scattering states of the unpatterned
membrane. Q can then be found in terms of a first-order
self-energy correction to the cavity mode energy. This
method is very accurate for high Q modes, since they couple
very weakly to scattering modes.

Previous work on waveguide mode field parities
concerned parities along the direction normal to the plane;
the nature of the band gap for our chosen filling fraction
dictates that all the confined states of our L3 cavities are
even in this direction (i.e., TE-like). Our structures are also
symmetric along the x and y axes, allowing us to introduce
identifying notation for the modes in terms of the in-plane
parities of their E, fields at the center of the membrane. We
place the parity along the x axis above the parity along the y
axis, and add a numerical index denoting their ordering in
terms of energy. As the high Q fundamental mode has an E,
field of odd parity (along both in-plane axes) and it is the
lowest energy mode with such a parity, we term it [_1]. E|
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FIG. 1. (Color online) Calculated |E|? intensity patterns for L3 defects with a=240 nm for (a) s=0 and (b) s=0.15a. The notation used to label the modes
refers to the in-plane parities of their E, fields. Note that the mode ordering changes with the displacement of the end-holes. (c) Scanning electron microscope
image of a typical L3 cavity with lattice constant =240 nm, and end-holes outwardly displaced by s=0.15a. The arrows define the x and y directions as used

throughout this letter.

parities can be determined by using the condition V-D=0;
the E, parity along each axis is the opposite of the corre-
sponding E, parity. From the in-plane parities, it is possible
to infer information regarding near-normal emission. Doubly
positive in-plane field parities are required for coupling to
the exactly vertical scattering states of that field component.
Negative parities force a cancellation in the overlap between
the confined and scattering states, inhibiting vertical emis-
sion of the considered field component; thus, [TN] and [ZN]
states, respectively, favor x- and y-polarized vertical emis-
sion. [*N] and [[N] states provide no exactly vertical emis-
sion; to establish their dominant near-normal emission polar-
izations, it is necessary to consider coupling at nearby finite
in-plane wave vectors, which are within the angular range of
our experimental collection.

Calculated mode patterns for cavities with a=240 nm
are shown in Fig. 1. Figure 1(a) presents the results for a
cavity with undisplaced holes (i.e., s=0), while Fig. 1(b)
shows the equivalent results for a cavity with s=0.15a. For
each mode, we plot the electric field intensity, |E |2 at the
center of the membrane.

Consider first the modes shown in Fig. 1(a) for a cavity
with s=0. The energies, Q factors, modal volumes, and
dominant near-normal emission polarizations are given in
Table I. Five modes were found in the range of
1.33—-1.42 eV. Of these, the fundamental mode has the high-
est Q. Four higher energy modes are grouped together with
energies of 0.07-0.09 eV higher than the fundamental (see
Table I).

Now consider the modes of the structure with s=0.15a
[Fig. 1(b)]. Tt is striking that the modes appear in a different
order to those of the s=0 structure [Fig. 1(a)]. The modes
with strong E fields in the region of the displaced holes (i.e.,
[*1] and, to a lesser extent, [_1]) are strongly redshifted (see
Table 1), whereas those with minimal fields in that area (i.e.,
the [T1], [12], [11] modes) are almost unaffected by end-hole
displacement. We thus explain the reordering of the modes
between s=0 and s=0.15a in terms of end-hole-field overlap.
It is also evident that the Q of the most heavily redshifted
mode (i.e., the [*1] mode) is significantly improved, as is
widely known for the [Z1] mode.

In order to verify the predictions of our theoretical
model, we have investigated the energy, Q factor, and polar-
ization of the modes by performing photoluminescence (PL)
experiments on the quantum dot layer embedded within the
membranes. The structure was illuminated off-resonance
with a HeNe laser at 633 nm, and the PL was collected in the
direction normal to the sample surface using a microscope
objective with a numerical aperture of 0.42. The PL spectra
were then obtained with a spectrograph and charge coupled
device detector. The sample was mounted in a helium flow
cryostat at a temperature of ~10 K.

Figure 2 shows the results of typical PL measurements
on cavities with =240 nm for s=0 and s=0.15a. The range
of the PL measurements was restricted to 1.22—1.42 eV by
the quantum dot emission spectra and the sensitivity of the
detector. Within this range, we observed two modes for the

TABLE I. Calculated parameters of the modes for a=240 nm illustrated in Fig. 1. Energy, mode energy; Qy,,
theoretical quality factor; V, modal volume; n, energy dependent refractive index (Ref. 15); Q.,, experimental
quality factor of the modes identified in the PL spectra shown in Fig. 2; Polarization, dominant emission
polarization expected near the normal to the plane. Modes are listed in order of increasing frequency.

sla Mode Energy (eV) O Oy VI(N/n)? Polarization
0 [c1] 1.33152 5600 2200 0.64 y
[11] 1.405 38 440 520 0.67
[*2] 1.413 56 500 035
[*1] 1.414 08 710 0.72 y
[71] 1.423 37 400 0.73 X
0.15 [c1] 1.323 63 47 000 3500 0.76 y
[*1] 1.380 53 2100 1300 0.78 y
[11] 1.404 97 430 540 0.68 X
[*2] 141276 510 0.36 x
[:1] 1.422 36 380 0.74 x
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FIG. 2. (Color online) Typical experimental PL spectra for cavities with
lattice constant @=240 nm and end-hole displacements of (a) s=0 and (b)
s=0.15a. The lighter and darker spectra, respectively, show the experimental
x-polarized and y-polarized cavity emission. The vertical lines denote theo-
retical mode energies taken from Table I, with line styles common to Fig. 3.

s=0 cavity and three for the cavity with s=0.15a. As pre-
dicted theoretically, the [Z1] mode is redshifted and exhibits
a higher Q for s=0.15a compared to s=0 (see Table I). The
highest measured Q values are well below the theoretical
ones due to imperfections in the samples. In both samples the
[Z1] mode is linearly polarized along the y axis of the cavity,
in agreement with results by other groups.3’7

In the cavity with s=0, the first higher-order mode ([11])
at 1.415 eV is polarized predominantly along the x axis [see
Fig. 2(a)]. However, the [}1] mode is not the second mode of
the s=0.15a cavity, but rather the third. The second is the
y-polarized [*1] mode at 1.375 eV, which was the fourth
mode of the s=0 cavity, and has a reduced energy and en-
hanced Q for s=0.15a.

Figure 3 overlays experimental and theoretical mode en-
ergies for a=240-270 nm; strong agreement to within +1%
is shown across the entire range, showing correct under-
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FIG. 3. (Color online) Energies of the modes for (a) s=0 and (b) s=0.15a,
as a function of lattice period. Lines and points, respectively, represent the-
oretical and mean experimental values. x-polarized and y-polarized modes
appear lighter and darker, respectively.
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standing of the modes. The energy shifts due to lattice con-
stant did not significantly affect experimental Q factors,
which suggests that the Q of the fundamental mode is not
limited by absorption due to the quantum dots, wetting layer,
or electronic surface states.

In conclusion, we have studied the mode structure of L3
defects in photonic crystals both theoretically and experi-
mentally. We show that end-hole displacement not only in-
creases the Q factor of the fundamental mode but that it
strongly redshifts those modes which have large end-hole-
field overlaps, thus reordering the modes. We have calculated
and experimentally verified emission polarizations, and pre-
sented in-plane field profiles for each mode. This understand-
ing of the higher energy modes should be particularly useful
for the selective excitation of emitters that are strongly
coupled to the cavity, for example, in cavity QED experi-
ments on single quantum dots in high Q nanocavities.
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