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Directive emission from high-Q photonic crystal cavities through band folding
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We propose a design methodology for high-Q photonic crystal nanocavities with a tailored radiation pattern.
As an example, we applied this technique to five missing hole defect cavities and experimentally achieved a
sixfold improvement of the collection efficiency. This will enable high external efficiency in single-photon

sources based on photonic crystal nanocavities.
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The first experimental demonstration of high quality fac-
tors achieved in two-dimensional (2D) nanocavities is con-
nected to the deep understanding of the way radiation leaks
out of photonic crystals (PCs).!= Ultra-high-Q (10°) single-
mode microcavities have been demonstrated based on Si
membrane PCs (Refs. 4 and 5) and on III-V
semiconductors.® Two-dimensional PCs are known to pro-
vide effective-field confinement [the modal volume is on the
order of (\/n)* or even smaller] along with a large Q factor,
thus providing extremely high values for the Purcell factor.!
By enhancing the spontaneous emission rate and thereby the
efficiency of point sources embedded in high index materi-
als, this makes them suitable candidates in particular for cav-
ity quantum electrodynamics and single-photon sources.”

However, in contrast with micropillars, originally pro-
posed as optical microcavities,'? the directivity of the radia-
tion emitted from PC microcavities is poor and this limits the
coupling efficiency of the emitted photons to the output
channel severely. Therefore, the advantage of achieving the
highest Q/V ratio cannot be exploited entirely without an
improvement of directivity.

More generally, coupling light efficiently in and out of
photonic crystals is crucial and it is very difficult because of
the large mode mismatch between highly confined photonic
modes inside these structures and modes in the free space or
in optical fibers. Photonic crystal cavities have been pro-
posed as an elegant way to couple radiation into PC
structures.'"'> An unprecedented control over the beaming
from a single mode diode laser has been demonstrated, how-
ever, this was based on a spatially extended band-edge
mode.'3

Controlling the radiation emitted from a PC membrane
nanocavity is harder for two fundamental reasons: first, the
extremely reduced modal volume implies a very strong dif-
fraction; the second reason is intimately related to the opti-
mization procedure of high-Q cavities. The starting point of
this procedure is the relation between the near field of the
mode represented in the reciprocal space and its far field.
Leakage is minimized by reducing the field inside the light
circle (i.e., ).!=3 This implies that the far field is
determined by the residual near field inside the light circle
and, for this reason, it is difficult to control. Kim and
co-workers'# have shown theoretically that a suitable optimi-
zation of a particular kind of cavity (hexapole) allows the
reshaping of the far field into an almost Gaussian mode and
that the collection efficiency can be increased to 80%. The
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optimization procedure, specific to this cavity, is focused on
the modification of two holes. This makes far field particu-
larly sensitive to disorder.

In this Rapid Communication we introduce a design pro-
cedure which applies to a variety of small-volume high-Q
cavities and which is very robust to disorder. As an example,
we have developed a modified L5 cavity and experimentally
demonstrated a strong increase in the extraction efficiency
compared to a standard microcavity. The main idea is illus-
trated in Figs. 1(a) and 1(b). The near field of an optimized
PC cavity is distributed as close as possible to the border of
the Brillouin zone (BZ), which is at k,=m/a. If a period 2a
is superimposed to the original structure, the distribution of
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FIG. 1. (Color online) Principle of band folding: (a) schematic
representation of the near field distribution in the reciprocal space
for an optimized cavity; (b) band-folded distribution. Designs
implementing the principle on 2D membrane cavities: (c) L5 cavity,
(d) modified L5 (emphasized). [(e) and (f)] Calculated distributions
(pseudocolor map) of the near field corresponding to (c) and (d).
First BZ, reduced BZ, and light circle are represented.
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FIG. 2. (Color online) Calculated radiation P(6, ¢) using Eq. (1), corresponding to the L5 cavity [Fig. 1(c)] and the extractor [Fig. 1(d)].
Panels (a) and (b) plot P(6, $=0) corresponding to the L5 and the extractor cavity. A Gaussian fit is added. Panels (c) and (d) map P(8, ¢)
on x= 6 cos(¢) and y= 0 sin(¢). Panel (e) shows the fraction of P(6, ¢) which would be collected as a function of the numerical aperture of
the optics. The calculation is also reported for a L3 cavity. The ideal curve for a Gaussian beam with 6,=0.137 and 6,=0.27.

the near field in the reciprocal space is folded with respect to
k,=/(2a) and therefore a replica of the distribution near the
first BZ appears at k,=0. Consequently, radiation is now
leaked mainly vertically and the amount of leakage is con-
trolled by the amplitude of the subharmonics with period 2a.
This concept has been discussed theoretically in the field of
plasmonics.”> The analogy with grating coupling to
waveguides is convenient to understand band folding and has
been adapted to PC waveguides (not cavities) for a very dif-
ferent purpose, i.e., imaging.'® A nice feature of band folding
is that if the near field distribution corresponding to the origi-
nal structure is bell shaped, so will be its replica at k,=0 and
the radiation pattern. To illustrate this principle we designed
an optimized L5 cavity [Fig. 1(c)] with a resonant mode at
1575 nm and a high intrinsic Q factor (about 250 000). The
design parameters are the following: lattice period a
=415 nm, slab thickness ~A=265 nm, normalized radius r
=0.29a and normalized shift of the two side holes, s
=0.18a. Calculations have been performed with the three-
dimensional (3D) finite differences in time domain method
running on a computer cluster. The resolution of the finite
differences grid is Ax=a/16 and accuracy was improved us-
ing the technique in Ref. 17. The relative accuracy on the
resonant frequency f, was 0.2% after the convergence test.
The L5 cavity was then modified [Fig. 1(d)] in order to
implement the band-folding concept. We refer to this struc-
ture as the extractor. The diameter of the holes was changed
periodically [Fig. 1(d)] in order to introduce new lattice vec-
tors which fold the M points into I'. The value used in this
work is |Ar/r|=0.01. This is apparent in Figs. 1(e) and 1(f),
where the electric field parallel to the slab surface (|E[?) is
represented in the reciprocal space (i.e., the spatial Fourier
transform). An  approximation suitable for planar
structures>!*18 relates the electric and magnetic fields paral-
lel to the surface to the radiation pattern o(6, ¢) through

a-fo f 7+ Bl + fom B Pl (1)
|kl <w/c

Here A=w?/(877,c?) and (0, ¢) is defined as the normal-
ized radiated power, i.e., o(0,p)=P(6,¢d)/(Ww,) with

P(6, ¢) the power, W the energy in the mode, and 7, is the
vacuum impedance. Importantly, as the relevant mode in di-
electric 2D PCs is quasi-TE, the dominant contribution is
from the electric field.3

Figure 1(e) shows that the design of the L5 cavity [Fig.
1(c)] minimizes the field within the light circle (|k|<w/c)
and thereby the radiated power. The near field is mainly dis-
tributed around the M,,M,,M,,M5 points in the reciprocal
space. In contrast, the design in Fig. 1(d) produces a replica
of the four peaks (M1,2,4,5) at the I' point in Fig. 1(f); thus
we succeeded in reshaping the near field in the light circle.
The Q factor of the extractor is Q.,=3.9 X 10* and it is lower
than that of the original structure (Qy=2.5 X 10%). The frac-
tion of radiation which is funneled into the bell-shaped mode
centered in k=0 is approximately 1-Q.,/Qy=~85%. Thus,
the larger the Q factor of the original cavity, the larger the
potential extraction efficiency or the Q factor allowed for the
extractor.

The effectiveness of the design in controlling the far-field
emission is proven by direct calculation using formula (1)
and shown in Fig. 2. While the radiation pattern of the L5
cavity is rather complicated [Figs. 2(a) and 2(c)] and mainly
distributed at large azimuthal angles 6, the pattern associated
to the modified L5 cavity (the extractor) is a bell-shaped
pattern [Figs. 2(b) and 2(d)] and centered at =0, i.e., the
vertical direction."”

After fitting with an elliptical Gaussian beam we obtain
the values for the aperture (half-width at 1/¢%) to be 6,
=0.137 (NA=0.4) and 6,=0.27 (NA=0.6), with ¢=0 and
¢=1/2, respectively. The normalized collection efficiency,
i.e., the amount of radiation which can be collected with an
optics ~ with numerical aperture NA is o(NA)
=[5, JuSiNA) (9, h)d Od . This is plotted in Fig. 2(e). Be-
cause of the symmetry of the PC slab, the maximum theo-
retical collection is 50% (theoretical curve is plot for an ideal
Gaussian beam). This figure can be improved by exploiting
the reflection from the substrate, as suggested in Ref. 14. We
have not considered this possibility in our calculations and
we calculated the amount of energy collected from one side
of the membrane only.
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FIG. 3. (Color online) (a)
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In Fig. 2(e) it is apparent that the collection efficiency of
the extractor is far better (sixfold improvement with NA
=0.25) than that of the L5 and an L3 cavity.' In fact, optics
with NA>0.9 are required in order to collect at least 30% of
the radiation emitted from the surface of the L3 or L5 cavi-
ties, while the extractor only requires NA=0.4 for the same
efficiency. In addition, 45% is achieved with NA=0.8, which
is the kind of optics used in setups for low temperature spec-
troscopy.

We have validated this design experimentally in the fol-
lowing way. The sample structure is shown in Fig. 3(a)
(scanning electron microscope [SEM] figure is also shown).
The sample is a GaAs slab (thickness is 265 nm) patterned
with a triangular lattice (period a=415 nm) of holes with
radius r=0.29a. The fabrication process and the detailed lin-
ear characterization of similar structures are described
elsewhere.?*?! Two PC cavities are side coupled to the same
PC waveguide (width W=1.05 vV3a). One, the reference cav-
ity, is the optimized L3 cavity;! the holes at the cavity edge
were shifted by s=0.15a. The other is the extractor, with
parameters corresponding to the calculations in Figs. 1 and 2.
The spacing between the two cavities and the waveguide is
four and five rows, respectively.

We measure the waveguide transmission spectra Fig. 3(b)
and the off-plane radiation Fig. 3(c) collected from each of
the two cavities with a microscope objective (NA=0.4 here)
and an InGaAs infrared camera (Xenics). A narrow linewidth
(<1 MHz) tunable laser (Santec TSL 520c) was used. Fig-
ure 3(c) shows that the off-plane emission P, from the modi-
fied L5 cavity (at A=1581 nm) is about five times stronger
than the reference (at A\=1571 nm). Accurate comparison of
the directivity of the two cavities must take into account the
actual value of the drop efficiencies (i.e., the ratio between
the power leaking from the cavity and that which is coupled
into the waveguide). The drop efficiency at resonance is es-
timated through e=1-T-R=20%/(Q,Q,), with T and R be-
ing the transmission and the reflection of the waveguide,?
Q, is the isolated cavity Q factor, i.e., for vanishing coupling
(Q,.=). We measured Q=24 000 and Q=25 000 for the ref-
erence and the modified L5 cavity, respectively. Using the
relation Qy=Q\T/T,., we get, from the transmission [Fig.
3(b)], the estimated intrinsic Q factors (Q(L)3=45 000 and

Wavelength 4 (nm)

65 =58 000). Here T and T, are the transmission out of the
cavity resonance and at resonance, respectively. The cali-
brated ratio of the collection efficiencies is then oys5/0y3
=P/ PL3(3/€5)=4 which is in good agreement with
theory.

In order to provide a strong experimental evidence that
the modified LS cavity reshapes the radiated far field and
provides a bell-shaped beam perpendicular to the surface of
the cavity, we have repeated this measurement by varying the
numerical aperture of the microscope objective from 0.25 to
0.95. Direct far-field measurement (i.e., without microscope
objective) is difficult because of strong scattering from the
waveguide input facet. In contrast, in our experimental con-
figuration the input facet is well outside the image field (with
size <200 wm, while cavity to facet distance is 500 wm)
and no stray light is detected by the camera. The measure-
ment is calibrated with the transmission of each microscope
objective. The result of the measurement is shown in Fig.
4(a) and it is compared with the theoretical result calculated
by the 3D FDTD method. The agreement is excellent on all
the measured points. The comparison in terms of collection
efficiency in Fig. 4(b) shows that the collection efficiency of
the extractor cavity is much stronger compared to L3 and L5
cavities when the numerical aperture is small. This implies
that the cavity emits on a beam with reduced divergence. We
have obtained similar results with other pairs of reference or
modified L5 cavities (16 in total), thus confirming the ex-
pected robustness with respect to structural disorder. We also
found that the beam emitted from the cavity is linearly po-
larized on the PC plane, perpendicular to the long axis of the
cavity, as expected from modeling.

We have introduced a concept for designing high-Q pho-
tonic crystal nanocavities with a well controlled far-field pat-
tern. This allows vertical emitting devices with very good
emission efficiency, on the order of 80% if a mirror is used.
This is a potential breakthrough for suitable single-photon
sources for quantum optics based on PCs. The design strat-
egy proposed here does not result from “trial and error” op-
timization; instead, it exploits the fundamental properties of
photonic crystals. We believe that this result will solve the
crucial issue of improving the collection efficiency from
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FIG. 4. (Color online) (a) Measured and theoretical ratio of the collection efficiency for the extractor and the reference (L3) as a function
of the numerical aperture of the collection optics. (b) Collected power, measured. Theory from Fig. 2(c) is superimposed (dashed line).

single-photon sources based on photonic crystals. Although
we modulated the hole diameter in order to achieve band
folding, the same result can also be achieved through other
kinds of perturbation of the PC lattice (e.g., hole displace-
ment).
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