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ABSTRACT

Using the 3-D �nite-di�erence time-domain (FDTD) method, we analyzed various designs of optical microcavities
based on a thin semiconductor membrane perforated with a hexagonal lattice of air holes. The microcavities consisted
of single or multiple lattice defects formed by increasing or decreasing radii of air holes, thereby producing acceptor
or donor-like defect states. The analyzed geometries include single acceptor or donor defects, as well as ring,
hexagonal and triangular cavities. Properties of these structures (excluding single donor-type defect) have not been
analyzed previously in a slab of �nite thickness. Frequencies, quality factors and radiation patterns of localized defect
modes were analyzed as a function of parameters of photonic crystal (PC) and defects. Finally, we discuss possible
applications of these structures in active or passive optical devices.
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1. INTRODUCTION

By introducing point or line defects into a periodic array of holes perforating an optically thin semiconductor slab,
one can construct various passive and active optical devices. This technique was employed in making a semiconductor
(InGaAsP) laser1 (emitting at � = 1:55�m), and for demonstrating Si optical waveguides with sharp bends.2 In
these structures, light is con�ned laterally by means of distributed Bragg re
ection and vertically by total internal
re
ection. Beside an easy fabrication procedure (compared to the fabrication of 3D PC structures), the advantage
of this approach lies also in facilitating the integration of many optical components on a single chip.

Microcavity formation via alteration of the refractive index of a single defect hole in a hexagonal photonic crystal
(PC) has been previously analyzed theoretically by our group.3 In that analysis, the radius of the defect was equal
to that of the unperturbed PC holes, but its refractive index was tuned between one and the refractive index of the
slab. It was predicted that, in the described structure, dipole defect modes can be excited with quality factors as
high as 30000. However, we recently described a more thorough analysis of this problem,4, 5 where we showed that
quality factors of these single defect structures were actually limited to several thousand, but that Q factors of more
than 30000 were still achievable with proper, more sophisticated designs.

In this article we will concentrate on single defect microcavities formed by reducing or increasing the radius of a
single hole in a hexagonal PC array, as well as multiple defect microcavities in shapes of triangles, hexagons or rings.
Properties of these structures have not been analyzed previously in a slab of �nite thickness. The thickness of the
slab is d and its refractive index is equal to nslab. The horizontal plane (plane of the slab) corresponds to the x-y
plane and z is the direction perpendicular to it. The interhole spacing is denoted by a, the radius of an individual
hole by r and � is the wavelength in air. All microcavities discussed here are based on PC with d=a = 0:65, r=a = 0:3
and nslab = 3:4. Band diagram for TE-like modes in the PC slab with these parameters is shown in Figure 1. In all
our calculations, the boundary for separation of vertical from lateral loss (i.e. the vertical quality factor Q? from the
lateral quality factor Qjj) was positioned approximately at �=2 from the surface of the membrane. As the number
of PC layers around the defect increases, Qjj increases exponentially and the total quality factor Q approaches Q?.

3

Therefore, Q? will represent the limiting value of quality factor in our structures.

Further author information: Send correspondence to Jelena Vu�ckovi�c. E-mail: jela@caltech.edu

1



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8Γ
X

J
Γ

Normalized Frequency  ( a/λ
o
 )

F
ig
u
r
e
1
.
B
a
n
d
d
ia
g
ra
m

fo
r
T
E
-lik

e
m
o
d
es

o
f
a
th
in

sla
b
(n
=
3
.4
,
d
/
a
=
0
.6
5
)
su
rro

u
n
d
ed

b
y
a
ir
o
n
b
o
th

sid
es

a
n
d

p
a
ttern

ed
w
ith

a
h
ex
a
g
o
n
a
l
a
rray

o
f
a
ir
h
o
les

(r/
a
=
0
.3
).
B
a
n
d
d
ia
g
ra
m

is
ca
lcu

la
ted

u
sin

g
th
e
3
D
F
D
T
D

m
eth

o
d
.

2
.
S
I
N
G
L
E
D
E
F
E
C
T
H
O
L
E

T
h
e
sim

p
lest

w
ay

o
f
fo
rm

in
g
a
m
icro

cav
ity

is
b
y
ch
a
n
g
in
g
th
e
ra
d
iu
s
o
f
a
sin

g
le

h
o
le.

B
y
in
crea

sin
g
th
e
ra
d
iu
s
o
f

a
sin

g
le

h
o
le,

a
n
a
ccep

to
r
d
efect

sta
te

is
ex
cited

,
i.e.

p
u
lled

in
to

th
e
b
a
n
d
-g
a
p
fro

m
th
e
d
ielectric

b
a
n
d
.
O
n
th
e

o
th
er

h
a
n
d
,
b
y
d
ecrea

sin
g
th
e
ra
d
iu
s
o
f
a
n
in
d
iv
id
u
a
l
h
o
le,

a
d
o
n
o
r
d
efect

sta
te

is
ex
cited

a
n
d
p
u
lled

in
to

th
e
b
a
n
d

g
a
p
fro

m
th
e
a
ir
b
a
n
d
.
A
ccep

to
rs

ten
d
to

co
n
cen

tra
te

th
eir

electric
�
eld

en
erg

y
d
en
sity

in
reg

io
n
s
w
h
ere

th
e
la
rg
e

refra
ctiv

e
in
d
ex

w
a
s
lo
ca
ted

in
th
e
u
n
p
ertu

rb
ed

P
C
,
w
h
ile

th
e
electric

�
eld

en
erg

y
d
en
sity

o
f
d
o
n
o
rs

is
co
n
cen

tra
ted

in
reg

io
n
s
w
h
ere

th
ere

w
a
s
a
ir
in

th
e
u
n
p
ertu

rb
ed

P
C
,
a
s
sh
ow

n
in

F
ig
u
re

2
.
F
o
r
la
ser

d
esig

n
,
d
o
n
o
r
ty
p
e
sta

te
is
a

b
etter

ch
o
ice,

sin
ce

o
n
e
co
u
ld

a
ch
iev

e
a
stro

n
g
ov
erla

p
b
etw

een
in
ten

se
electric

�
eld

a
n
d
a
ctiv

e
reg

io
n
.
F
u
rth

erm
o
re,

a
s
o
n
e
co
u
ld

n
o
tice

in
F
ig
u
re

2
,
electric

�
eld

fo
r
a
ccep

to
r
ty
p
e
sta

tes
is
co
n
cen

tra
ted

clo
se

to
th
e
ed
g
es

o
f
a
la
rg
e

d
efect

h
o
le,

w
h
ich

ca
n
lea

d
to

a
n
in
crea

se
in

su
rfa

ce
reco

m
b
in
a
tio

n
.
B
esid

e
th
a
t,
v
ertica

l
sca

tterin
g
a
t
th
e
ed
g
es

o
f

la
rg
e
d
efect

h
o
les

m
ay

lim
it
m
a
x
im
u
m

q
u
a
lity

fa
cto

rs
in

a
ccep

to
r
ty
p
e
stru

ctu
res.

H
ow

ev
er,

a
ccep

to
r
m
o
d
es

ca
n
still

b
e
v
ery

in
terestin

g
fo
r
d
esig

n
s
o
f
p
a
ssiv

e
o
p
tica

l
co
m
p
o
n
en
ts,

su
ch

a
s
�
lters. 6

P
a
ra
m
eters

o
f
a
ccep

to
r
a
n
d
d
o
n
o
r
sta

tes
a
s
a
fu
n
ctio

n
o
f
th
e
ra
d
iu
s
o
f
th
e
d
efect

h
o
le
(r

d
e
f
)
a
re

sh
ow

n
in

F
ig
u
re

3
.
F
o
r
a
ll
p
resen

ted
a
n
a
ly
ses,

5
lay

ers
o
f
P
C

h
o
les

su
rro

u
n
d
th
e
d
efect

a
n
d
in

th
e
a
p
p
lied

d
iscretiza

tio
n
a
=

2
0
.

T
h
erefo

re,
Q

fa
cto

rs
o
f
th
ese

sin
g
le

d
efect

stru
ctu

res
a
re

lim
ited

to
a
ro
u
n
d
2
5
0
0
.
W
e
h
av
e
n
o
ted

th
is
p
rev

io
u
sly

fo
r
d
o
n
o
r-ty

p
e
sin

g
le
d
efect

stru
ctu

res, 4
,
5
b
u
t
th
e
sa
m
e
ra
n
g
e
o
f
Q
s
is
n
ow

o
b
ta
in
ed

fo
r
a
ccep

to
rs.

B
y
tu
n
in
g
th
e

ra
d
iu
s
o
f
th
e
d
efect

h
o
le,

w
e
a
lso

tu
n
e
th
e
freq

u
en
cy

o
f
th
e
d
efect

m
o
d
e
th
ro
u
g
h
o
u
t
th
e
b
a
n
d
-g
a
p
.
In

th
is
p
ro
cess,

w
e
ca
n
o
p
tim

ize
th
e
q
u
a
lity

fa
cto

r
o
f
th
e
m
o
d
e.

L
a
tera

l
q
u
a
lity

fa
cto

rs
(Q

jj )
ca
n
a
lw
ay
s
b
e
in
crea

sed
b
y
a
d
d
in
g
m
o
re

P
C

lay
ers

a
ro
u
n
d
th
e
d
efect.

O
n
th
e
o
th
er

h
a
n
d
,
v
ertica

l
q
u
a
lity

fa
cto

rs
(Q

?
)
sa
tu
ra
te

a
fter

a
ro
u
n
d
5
P
C

lay
ers

su
rro

u
n
d
in
g
th
e
d
efect.

3
.
M
I
C
R
O
C
A
V
I
T
I
E
S
C
O
N
S
I
T
I
N
G
O
F
M
U
L
T
I
P
L
E
D
E
F
E
C
T
S

B
y
g
en
era

tin
g
m
u
ltip

le
d
efects

in
th
e
P
C
stru

ctu
re,

w
e
ca
n
p
ro
d
u
ce

va
rio

u
s
sh
a
p
es

o
f
m
icro

cav
ities.

T
h
ese

stru
ctu

res
w
ill

b
e
m
u
lti-m

o
d
e
w
ith

in
crea

sed
m
o
d
a
l
v
o
lu
m
es,

b
u
t
th
ey

m
ay

h
av
e
a
d
va
n
ta
g
es

ov
er

sin
g
le
d
efect

d
esig

n
s
in

so
m
e

situ
a
tio

n
s,
su
ch

a
s
fo
r
th
e
fa
b
rica

tio
n
o
f
electrica

lly
p
u
m
p
ed

d
ev
ices.

H
ow

ev
er,

w
e
w
ill

see
th
a
t
th
ese

la
rg
er

cav
ities

a
ctu

a
lly

h
av
e
m
o
d
est

Q
fa
cto

rs,
lim

itted
b
y
v
ertica

l
lo
sses.

L
et

u
s
�
rst

co
n
sid

er
a
h
ex
a
g
o
n
w
ith

a
sid

e
eq
u
a
l
to

2
a
,
p
ro
d
u
ced

b
y
o
m
ittin

g
m
u
ltip

le
P
C

h
o
les.

O
n
e
o
f
th
e

m
o
d
es

th
a
t
co
u
ld

b
e
ex
cited

in
th
is
stru

ctu
re

is
sh
ow

n
in

F
ig
u
re

4
.
Its

p
a
ra
m
eters

a
re
a
=
�
=
0
:2
8
8
6
,
Q
jj
=
1
5
4
7
a
n
d

Q
?
=

7
1
3
.
M
o
d
e
w
ill

ra
d
ia
te

la
tera

lly,
in

6
�
X

d
irectio

n
s.

Q
?
is
q
u
ite

sm
a
ll,

a
n
d
,
th
erefo

re,
v
ertica

l
sca

tterin
g
is

v
ery

critica
l.

If
w
e
k
eep

th
e
cen

tra
l
h
o
le
o
f
th
is
stru

ctu
re

(in
th
e
cen

ter
o
f
h
ex
a
g
o
n
),
th
ereb

y
p
ro
d
u
cin

g
a
rin

g
w
ith

a
sid

e
eq
u
a
l

2



(a) (b)

(c)

Figure 2. Electric �eld intensity pattern of (a) donor state (x-dipole mode); (b) and (c) acceptor defect state,
excited in the hexagonal PC of air holes perforating an optically thin slab. The defect is formed by (a) omitting a
single hole; (b) and (c) increasing the radius of the central hole from r=a = 0:3 to r=a = 0:5. The plotted intensity
patterns are: (a),(b) for the x-y plane in the middle of the slab; (c) for the x-z half-plane in the middle of the slab.

to 2a, and excite the same mode as the one shown in Figure 4, its parameters are a=� = 0:29436, Qjj = 1581 and
Q? = 542. Therefore, the mode senses the central hole only weekly and the overlap with air in it slightly increases
the mode's frequency. Qjj remains unchanged, while Q? decreases a little, due to increased vertical scattering at the
edges of this extra hole.

Finally, let us analyze a triangle with a side 2a produced by omitting holes of the PC and the mode shown in
Figure 4. Parameters of this mode are a=� = 0:3086, Qjj = 352 and Q? = 365. Therefore, both lateral and vertical
losses increase in this type of the microcavity.

Certainly, a more thorough analysis of these structures should be done to carefully scan the range of PC param-
eters, but our �rst results show that these large defect structures are not really good candidates for high Q cavities.
On the other hand, we have managed to optimize Qs of dipole defect modes to values of above 30000, by tuning
parameters of PC and holes around the defect.5
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Figure 3. Parameters of the donor (dipole) and acceptor mode in the single defect structure (r=a = 0:3, d=a = 0:65)
as a function of the defect hole radius rdef : (a) Q factors; (b) frequency in units a=�;

(a) (b)

Figure 4. Electric �eld intensity patterns of the modes excited in the large (a) hexagonal; (b) triangular microcavity.

4. FABRICATION

SEM micrographs of some of discussed structures fabricated in AlGaAs are shown in Figure 5. For the detailed
description of fabrication procedure of PC structures in AlGaAs or Si, readers are referred to References 5 and 7.
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(a) (b)

Figure 5. SEM picture showing the top views of fabricated structures.

5. CONCLUSION

In conclusion, we have theoretically analyzed various microcavities formed by introducing single or multiple defects
into PC arrays. Analyzed structures were based on an optically thin slab perforated with a hexagonal array of air
holes. The maximum calculated quality factors were around several thousand and limited by vertical losses (i.e. out
of plane scattering at the edges of holes). Mode properties (Q factors, frequencies) are very sensitive to parameters
of photonic crystal and defects, which can be exploited when designing various optical devices (e.g. lasers, �lters). Q
factor can be increased further (to values of more than 30000) with more sophisticated designs, as we have discussed
in our recent work.4, 5
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