
Photonic crystal slab cavity simultaneously optimized for ultra-high Q/V and vertical
radiation coupling
Momchil Minkov, Vincenzo Savona, and Dario Gerace

Citation: Appl. Phys. Lett. 111, 131104 (2017); doi: 10.1063/1.4991416
View online: https://doi.org/10.1063/1.4991416
View Table of Contents: http://aip.scitation.org/toc/apl/111/13
Published by the American Institute of Physics

Articles you may be interested in
 Q factor limitation at short wavelength (around 300 nm) in III-nitride-on-silicon photonic crystal cavities
Applied Physics Letters 111, 131103 (2017); 10.1063/1.4997124

 Realization of high-Q/V photonic crystal cavities defined by an effective Aubry-André-Harper bichromatic
potential
APL Photonics 2, 056102 (2017); 10.1063/1.4979708

Ultra-high Q/V hybrid cavity for strong light-matter interaction
APL Photonics 2, 086101 (2017); 10.1063/1.4994056

 Polarization-entangled photons from an InGaAs-based quantum dot emitting in the telecom C-band
Applied Physics Letters 111, 133106 (2017); 10.1063/1.4994145

Efficient continuous-wave nonlinear frequency conversion in high-Q gallium nitride photonic crystal cavities on
silicon
APL Photonics 2, 031301 (2017); 10.1063/1.4974311

Low index contrast heterostructure photonic crystal cavities with high quality factors and vertical radiation
coupling
Applied Physics Letters 112, 141105 (2018); 10.1063/1.5026433

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/2138760704/x01/AIP/Lakeshore_APL_PDF_1640x440_Oct_17-23/Lakeshore_APL_PDF_1640x440_Oct_17-23_2018.jpg/525a39634d5675324c425541422f5878?x
http://aip.scitation.org/author/Minkov%2C+Momchil
http://aip.scitation.org/author/Savona%2C+Vincenzo
http://aip.scitation.org/author/Gerace%2C+Dario
/loi/apl
https://doi.org/10.1063/1.4991416
http://aip.scitation.org/toc/apl/111/13
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4997124
http://aip.scitation.org/doi/abs/10.1063/1.4979708
http://aip.scitation.org/doi/abs/10.1063/1.4979708
http://aip.scitation.org/doi/abs/10.1063/1.4994056
http://aip.scitation.org/doi/abs/10.1063/1.4994145
http://aip.scitation.org/doi/abs/10.1063/1.4974311
http://aip.scitation.org/doi/abs/10.1063/1.4974311
http://aip.scitation.org/doi/abs/10.1063/1.5026433
http://aip.scitation.org/doi/abs/10.1063/1.5026433


Photonic crystal slab cavity simultaneously optimized for ultra-high
Q/V and vertical radiation coupling

Momchil Minkov,1,a) Vincenzo Savona,2 and Dario Gerace3

1Department of Electrical Engineering, and Ginzton Laboratory, Stanford University, Stanford,
California 94305, USA
2Institute of Theoretical Physics, Ecole Polytechnique F�ed�erale de Lausanne EPFL, CH-1015 Lausanne,
Switzerland
3Department of Physics, University of Pavia, Via Bassi 6, 27100 Pavia, Italy

(Received 20 June 2017; accepted 13 September 2017; published online 28 September 2017)

We present a design for a two-dimensional photonic crystal slab cavity in which the electric field

localization is due to an extra hole in the lattice, as opposed to the more standard procedure of

removal of holes. This leads to a tighter field confinement and a mode volume that is several times

smaller than that of conventionally used designs. Through small modifications of the holes around

the cavity, we optimize the theoretical quality factor (Q) to an ultra-high value of 20.9� 106 and

furthermore illustrate the possibility for high coupling efficiency to free-space modes in the vertical

direction, while keeping a high Q of 3.7� 106. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4991416]

Current research in photonics is heavily directed

towards on-chip integration and interfacing with electronic

components for faster and more efficient information trans-

mission and processing.1 Photonic crystals (PhCs) hold great

promise to advance this effort due to their natural silicon-

chip integrability and their ability to tightly confine light

with minimal losses to the environment.2 A PhC optical

cavity3–10 in particular provides the strongest known all-

dielectric concentration of light to volumes of the order of a

cubic wavelength, together with a photon lifetime with a

characteristic quality factor (Q) that can exceed one million.

This cavity has thus become a fundamental building block

for various applications in the domains of classical and quan-

tum communications, lasers, and sensing.11–28 There are a

number of different PhC cavities, but one of the most widely

used is the L3 design, formed by three missing holes in a

hexagonal lattice of air-holes in a dielectric slab.3,10–14,21–25

In this Letter, we present a different way to introduce a local-

ized mode in the slab-PhC lattice, namely, by adding instead

of removing holes, which results in a stronger field confine-

ment. Furthermore, we optimize the theoretical quality factor

of the proposed device to 20.9� 106 and thus obtain a struc-

ture superior to the traditional L3 in all respects, without any

added disadvantages.

Broadly speaking, resonators are used to enhance

light-matter interactions such as material non-linearities or

coupling to emitters. While the exact description of these

interactions varies, they are all enhanced by a stronger con-

centration of electromagnetic energy, and so, the quality fac-

tor of a cavity is a fundamental figure of merit. It is worth

noting, however, that in experiments, this quantity does not

always match the intrinsic (theoretical) value predicted by

simulations but is instead limited by structural disorder and/or

absorption.29,30 Thus, while intrinsic Q values above one

billion have been predicted,7,8 the record measured Q was

recently reported to be eleven million9 and values above one

million are considered ultra-high. Thus, merely improving

the intrinsic Q of a cavity is not always associated with an

improvement in practice, in particular when the theoretical

value is of the order of tens of millions. Thus, another impor-

tant cavity figure of merit is the modal volume, which can be

defined for example as

Vm ¼

ð
V

jEmðrÞj2eðrÞdr

maxr jEmðrÞj2eðrÞ
h i ; (1)

where Em(r) is the electric field profile of the mode, e(r) is

the dielectric permittivity, and the integration is over the

whole space. This definition of the volume, particularly rele-

vant for light coupling to point-like emitters, is now com-

monly adopted in the PhC literature. We will thus use it

throughout this Letter, but we note that other definitions are

possible and reasonable for other applications.31 These all

scale down with the confinement of the electric field to phys-

ically smaller structures, and the smallest possible volumes

are usually desired.

The standard L3 cavity is illustrated in Fig. 1(a). We

assume a silicon (Si) slab of thickness d¼ 220 nm and a hex-

agonal lattice of air-holes of radius r¼ 100 nm, with a lattice

period of a¼ 420 nm. The lowest-frequency localized mode is

found at k¼ 1.604 lm and has a quality factor of Q¼ 7200,

and the mode volume is Vm¼ 0.64(k/n)3, computed using

a 3D finite-difference time-domain (FDTD) commercial

solver.32 This basic design has a modest quality factor, but it

has been shown that small modifications of the holes sur-

rounding the cavity can lead to a tremendous increase in

Q,33,34 combined with a much less significant increase in the

mode volume. Notably, a design with a theoretical Q¼ 4.1

� 106 and a mode volume of Vm¼ 0.95(k/n)3 has been pro-

posed and experimentally characterized.10,34

In Fig. 1(b), we illustrate our cavity proposal, which is

based on the same slab-PhC, but with one additional hole in

the lattice. The design is even better understood as four holesa)mminkov@stanford.edu
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(marked in black) added in the region where the three holes

of the L3 cavity are removed. Because of this, we refer to it

below as the L4/3 cavity. The electric field of its fundamental

mode is also illustrated in the Figure. The fields shown

in Figs. 1(a) and 1(b) are normalized so that
Ð

V jEðrÞj
2eðrÞdr

¼ 1 and are plotted on the same color scale. This perfectly

illustrates the effect of the four extra holes: the mode profile

of the L4/3 cavity is reminiscent of that of the L3, but the

field is squeezed more tightly in the cavity center. Indeed,

the mode volume for the structure of panel (b) is found to

be Vm¼ 0.35(k/n)3, and the quality factor is Q¼ 33 000.

Because of the tighter confinement, the mode also lies at a

lower resonance wavelength, k¼ 1.547 lm.

Next, we optimize Q of this L4/3 cavity using an

approach similar to that in Ref. 34. More precisely, we vary

the positions of the holes closest to the center of the cavity

and use a global optimization algorithm35 (specifically,

particle-swarm optimization) to find the maximum Q with

respect to these structural parameters. For an efficient and

reliable computation of each structure, we perform a simula-

tion using the guided-mode expansion method.34,36 Once an

optimal structure is obtained, a first-principles FDTD simula-

tion32 is also performed, to verify all the parameters of the

cavity mode. As optimization parameters, we include the

positions of all holes marked in red in Fig. 1(c). We denote

the shifts along the x- and y-axes as Xij and Yij, respectively,

where the indexes ij for each hole are marked in the Figure.

We apply the shifts symmetrically with respect to both the xz
and yz planes [red dotted lines in Fig. 1(c)], i.e., the values of

Xij and Yij need to be set only for the holes in one of the four

quadrants. Furthermore, we define the positive direction of

the shifts to be away from the center of the cavity [cf. red

arrows in Fig. 1(c)]. Finally, we note that the symmetry also

imposes, for all i, j, Y1j¼ 0, and Xi1¼ 0. Thus, in total, there

are eleven optimization parameters for the holes marked in

red in Fig. 1(c).

Using the quality factor as an objective function,

the optimal design is found for X1;1�4 ¼ ½�0:013;�0:018;
0:044;0:200�a; X2;1�2¼½0:052;0:065�a; X32¼�0:005a; Y2;1�2

¼½0:101;0:044�a; Y3;1�2¼½�0:013;�0:032�a. We note once

more that negative values signify shifts in the direction oppo-

site to the red arrows in Fig. 1(c). The electric field of the

optimized cavity mode and the optimized hole positions are

illustrated in Fig. 2. The design has a theoretical, FDTD-

computed Q of 20.9� 106. Furthermore, unlike previous

quality-factor optimizations,34 the mode volume actually

decreases slightly, compared to the un-optimized design,

and was found to be Vm¼ 0.32(k/n)3. This is likely related to

the fact that the shift X11 is negative, bringing the two holes

closer to the center of the cavity.

The figures of merit of our optimized cavity are com-

pared in Table I against the most relevant existing designs.

Compared to the L3 cavity in Ref. 34, the mode volume of

L4/3 is three times smaller, while the theoretical Q is five

times larger. The only known designs with a higher theoreti-

cal Q are the various waveguide-based cavities,5–9 for which

this parameter can go up to one billion.7,8 However, as dis-

cussed earlier and shown in the last two columns of the

Table, the measured Q is limited by disorder (and potentially

material losses) such that statistically similar values can be

expected for any cavity design with a theoretical Q larger

than about ten million.9,29,30 The comparison in the Table

shows that there is a rough, negative correlation between the

mode volume and the disorder-averaged Q-values, which

can be understood intuitively since the same change in the

FIG. 1. (a) Electric field jEj2 profile in the center of the slab for an L3 cavity.

(b) The same as (a), for the L4/3 design. The four additional holes are

marked in black. (c) The positions of the holes marked in red are shifted for

quality factor optimization of the L4/3 cavity. The shifts are symmetrical

with respect to the center, where the two dashed lines intersect. The modi-

fied holes are labeled by two digits given by their row and column number,

respectively.

FIG. 2. Electric field jEj2 profile for the optimized cavity mode: (a) in the

x-y plane, for z¼ 0 and (b) in the x-z plane, for y¼ 0. The holes whose posi-

tions were changed are marked in red in (a).
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size of a hole leads to a different change in the fraction of

the dielectric material. However, compared to waveguide-

based designs, hQi of L4/3 is only about 40% lower, while

the mode volume is four times lower. In terms of the mode

volume, the only 2D PhC cavity that can compete with L4/3

is the H0 cavity, with a Vm of 0.25(k/n)3 and the highest

experimentally demonstrated Q of 400 000.27 However, the

highest theoretical Q obtained for this value of Vm is one mil-

lion,34 while a further increase in the theoretical Q to 8.9

million is possible only at the expense of a mode-volume

increase to Vm¼ 0.64(k/n)3. Moreover, despite its small vol-

ume, H0 has not found broad popularity due to the symmetry

of its fundamental mode, which has a node in the center and

electric field maxima at the interfaces of the two holes on

each side. Furthermore, this symmetry results in an anti-node

in the vertical direction of the far-field, which is a problem

for applications in which light needs to be coupled in and out

of the chip.37

There are two observations worth making as to why the

inclusion of the extra air-holes leads to a significant decrease

in the mode volume. The first one is the fact that from the

perspective of the electromagnetic variational theorem, the

energy functional is minimized when the electric field is

inside the high-index material.38 For the lowest-frequency

localized mode, then, reducing the fraction of the dielectric

content in the central region of the cavity decreases the phys-

ical space in which the electric field is preferentially con-

fined, and the mode volume decreases. The same effect can

be seen in other cavities with a decreased dielectric frac-

tion.8,39 Our low-V cavity mode is also related to the recently

introduced “anti-slot” concept,40–42 in which the electric

field of polarization parallel to a silicon-air interface is

strongly enhanced in a thin silicon slot. In the L4/3 cavity,

this is exactly the situation in the y¼ 0 plane, in which the

electric field polarization is in the y-direction, i.e., tangential

to the air-hole interfaces. The connection to the anti-slot

effect is especially clear in Fig. 2(b). However, outside of

this plane, the electric field is generally not restricted to

being tangential to the holes and is rather confined to the

dielectric region because of the variational principle men-

tioned earlier. Furthermore, it is worth noting that we started

from a low-V cavity design and only optimized the quality

factor Q. In the future, the mode volume could be decreased

further—albeit at the expense of the quality factor—by uti-

lizing an objective function that takes both quantities into

account.

Finally, we also demonstrate how efficient extraction of

light can be achieved in the L4/3 cavity, using the paradigm

in Refs. 43 and 44. The far field of the optimized design

[Fig. 3(c)] has two peaks at very large angles, which makes

free-space coupling of light in and out of the cavity very

challenging. This is a typical feature of high-Q cavities but

can be greatly improved by adding an extractor structure to

the geometry. One possible realization of this is illustrated in

Fig. 3(a), where the radius of the holes marked in red is

increased from r to rþ re. This modification has a periodicity

twice larger than that of the PhC lattice and serves to fold

Fourier components of the field that are normally outside of

the light cone back into it. In this way, with only a small

change in the radius, the extraction efficiency can be greatly

improved, with the quality factor still remaining in the mil-

lions – as illustrated in Fig. 3(b). The efficiency g within a

given collection angle hc around the normal direction is

defined as

gðhcÞ ¼

ð
XðhcÞ
jEFFðh;/Þj2 sinðhÞdhd/

ð
Xð90�Þ

jEFFðh;/Þj2 sinðhÞdhd/
; (2)

where X(h) is the solid angle from 0 to h and EFF are the far-

field components of the electric field, computed through a

near-to-far-field projection. In Fig. 3(b), we plot this effi-

ciency for a collection angle of 30� [numerical aperture

(NA) 0.5] as well as for 60� (NA¼ 0.87). The efficiency has

a maximum for re¼ 1 nm and reaches a value of 0.65 in the

first case and 0.93 in the second case. The far-field electric

field profile for this value of re is shown in Fig. 3(d) and

as expected presents a lobe centered around the vertical

direction. Importantly, the quality factor remains very high,

TABLE I. Comparison of the cavity design proposed here with other rele-

vant slab-PhC cavities. All Q values are in millions, and hQi denotes the

average simulated Q assuming Gaussian disorder in the positioning and

radius of the holes with zero mean and standard deviation r1¼ 1.2 nm or

r2¼ 0.6 nm. One hundred disorder realizations were computed for L4/3.

Cavity Vm (k/n)3 Q hQir1
hQir2

L4/3 (this work) 0.32 20.9 1.8 0.55

Optimized L3 (Ref. 34) 0.95 4.1 2.5 0.93

Waveguide-based5–9 � 1:2 >50 2.9a 0.86a

Optimized H0 (Ref. 34), v. 1 0.25 1.0 0.7 0.40

Optimized H0 (Ref. 34), v. 2 0.64 8.9 2.0 0.65

aValues extrapolated from Ref. 29 for the cavity in Ref. 5.

FIG. 3. (a) Optimized cavity design. For efficient vertical extraction, the

radius of the holes marked in red is increased by re. (b) Extraction efficiency

g and quality factor Q vs. the extractor radius re. (c)–(e) Normalized far-

field intensity jEFFj2 for the nominal design (re¼ 0 nm) (c), for re¼ 1 nm

(d), and for re¼ 3 nm (e). The white solid line indicates a collection angle

hc¼ 30� from the vertical direction, while the dashed line �hc¼ 60�.
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Q¼ 3.7� 106, and the mode volume does not change. Thus,

a strong improvement in the coupling can be achieved with-

out a significant compromise on the light confinement.

Beyond re¼ 1 nm, the efficiency fluctuates only a little, but

Q gets progressively lower as the overall strength of the radi-

ative components increases. For completeness, we have also

plotted the far-field profile for re¼ 3 nm in Fig. 3(e).

In conclusion, we have presented an ultra-high-Q pho-

tonic crystal slab cavity with a mode volume that is three

times smaller than that of the optimized L3 design and four

times smaller than that of waveguide-based cavities (see

Table I). The mode profile of our structure presents a strong

lobe in the center, making it ideal for coupling to quantum

dots11 or other optically active emitters.45–48 We note that

the positioning precision of the point-like source for such

applications is the same as that needed for coupling to the L3

mode (see Fig. 1), i.e., in our cavity, the coupling strength

can be significantly enhanced at no cost. This is also impor-

tant when comparing with the nanobeam cavities based on

the anti-slot effect,40,41 which have a theoretical mode vol-

ume that is much smaller than (k/n)3, but would require

extreme positioning precision for coupling to a point-like

source. The L4/3 cavity is also relevant for enhancing the

material non-linearity and can find applications for example

for single-photon Kerr-effect blockades49 or for unconven-

tional photon blockades.50 The possibility for efficient light

extraction with a small compromise on the quality factor is

an additional advantage for applications in both classical and

non-classical light generation. Finally, we also note that the

idea of introducing a defect in the photonic crystal lattice

by increasing the number of holes (or, more generally, by

decreasing the dielectric fraction) can be utilized to devise

other cavities, as well as waveguides, with a stronger field

confinement for smaller and more efficient devices.
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Arakawa, Y. Yamamoto, and J. Vučković, Phys. Rev. Lett. 95, 013904 (2005).
13A. Faraon, I. Fushman, D. Englund, N. Stoltz, P. Petroff, and J. Vučković,
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