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Radiation losses in planar photonic crystals: two-
dimensional representation of hole depth

and shape by an imaginary dielectric constant
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Waveguide modes in two-dimensional (2-D) photonic crystals (PhCs) deeply etched through monomode slab
waveguides, e.g., AlGaAs/GaAs, GaAs/AlOx , or InP/GaInAsP, suffer from radiation losses that are strongly af-
fected by the air hole depth and shape. The issue of three-dimensional (3-D) out-of-plane losses is addressed
analytically by means of an incoherent approximation. Assuming separability both for the dielectric map and
for the electric field, this approach is valid for defects such as in-plane microcavities, PhC-based waveguides,
bends and couplers. Out-of-plane scattering is translated into an effective imaginary index in the air holes, so
that 3-D losses can be cast in a simple 2-D calculation. The case of cylindroconical holes is treated, and the
validity of this approach is experimentally confirmed by transmission measurements through simple PhC
slabs. © 2003 Optical Society of America

OCIS codes: 130.0130, 130.3130, 130.3060, 160.4760, 160.6000.
1. INTRODUCTION
In the past few years great effort has been devoted to the
study of two-dimensional (2-D) photonic crystals (PhCs)
at near-infrared wavelengths because of their potential to
mold and guide light1,2 and to lead to novel integrated op-
tics (IO) applications.3 Two different approaches have
been exploited to characterize the performances and capa-
bilities of 2-D PhC structures. The first consists of
macroporous silicon-based systems almost infinite along
the vertical direction.4–8 This is, of course, a good model
system, even though it requires collimated probe beams
for optical measurements. On the other hand, the use of
refractive-index confinement in the third dimension has
favored the investigation of quasi-2-D PhCs.9–13 In this
second approach a 2-D PhC (e.g., a triangular lattice of air
holes) is etched through a planar step-index waveguide.
However, perforating the waveguide induces coupling of
the guided wave to radiation modes into the claddings
thus resulting in out-of-plane losses.14–17 Only the case
of perfect Bloch–Floquet modes with a sufficiently large
wave vector below the light line of the claddings [i.e., the
line v 5 kc/n of the v(k) dispersion diagram] allows
lossless propagation.17–19
0740-3224/2003/030469-10$15.00 ©
To keep out-of-plane scattering low, two approaches
have been suggested. In the first approach high-index
contrast slab waveguides are adopted, such as silicon-on-
insulator systems10,20,21 or thin (approximately half-
wavelength) suspended membranes of high-index materi-
als (e.g., GaAs, InP, and related alloys).9,22,23 The use of
a vertical monomode waveguide offers two advantages:
it is a case of strong guiding, so that the requirement for
etching is modest (i.e., 150–250 nm), or, in other words,
the depth-to-diameter aspect ratio is of the order of unity.
A different approach aims for conventional waveguides
based on III–V materials grown on GaAs or InP
substrates.11–13,24–26 In this latter case, waveguiding is
weak and etching is more difficult as one requires a depth
such that the overlap of the guided-mode profile with the
etched structure is as complete as possible.11–16,24,27–29

It has been demonstrated17 that, in the case of high-
contrast waveguides, absolutely lossless Bloch–Floquet
modes well below the light line can propagate into a per-
fectly periodic PhC lattice. However, any practical use of
light in optical devices, such as in-plane guides with
bends or resonators, inevitably results in out-of-plane
losses as it breaks the periodicity and the k conservation.
2003 Optical Society of America
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Thus, 2-D PhCs deeply etched in low-contrast slab guides
have been demonstrated to be the preferable approach to
reduce out-of-plane losses in compact PhC structures with
many close-packed defects.14,17 In this case, it has been
pointed out that losses would be quite low if the PhC
structure were sufficiently etched through the
waveguide.14,30 According to a scalar analytical pertur-
bative approach,14 losses scale as (D«)2, i.e., the square of
the dielectric constant step in the waveguide. For van-
ishing D«, the guided mode is unconfined and extends
more into the claddings, approaching asymptotically the
behavior of plane waves normal to arrays of infinitely
deep holes. Therefore, no out-of-plane scattering is
present provided that the etch depth can be increased
along with the optical wave extension.

The possible application of PhC structures to IO de-
vices has generated intense interest in the evaluation of
out-of-plane losses in low-contrast systems. It has been
shown14–16 that the lowest-loss limit that can be expected
in such structures corresponds to infinitely deep holes.
In this ideal case, losses (referred to as intrinsic losses be-
low) originate from two main sources. First is the modal
mismatch between the confined mode that propagates in
the bare waveguide and the Bloch mode that travels in
the patterned region.31 Second, the low-contrast wave-
guide approach implies that the PhC Bloch modes lie
above the light line of the cladding layer and are intrinsi-
cally lossy.18,19,32 In any case, even for this basic case the
three-dimensional (3-D) problem is so complex that 3-D
modeling of losses in PhC-based applications including
several elements (e.g., guides, cavities, bends, etc.) is cur-
rently not possible. Therefore, a 2-D model that allows a
significant reduction in computing efforts becomes a fun-
damental tool for the design of real devices.

In a previous paper16 a 2-D model was used to investi-
gate the role of the finite etch depth, and the results were
confirmed by an exact 3-D numerical calculation. It was
demonstrated that out-of-plane losses that are due to the
hole depth scale such as G(z), i.e., the fractional overlap
of the guided mode with the unetched part of the holes.
Moreover, the comparison of 3-D and 2-D loss calculations
led to the validation of a phenomenological model for
which out-of-plane scattering at the air holes is trans-
lated into effective dissipation.14 Following this ap-
proach, losses are cast into a 2-D calculation by introduc-
ing a convenient loss parameter into the air holes (i.e., the
imaginary coefficient «9) that decreases with the hole
depth, like G(z).

Here, using the same scalar separability approach pro-
posed by Benisty et al.,14 we extend beyond the G(z) scal-
ing. First, we attempt to determine semianalytically the
value of the loss parameter «9 as a function of etch
depth.33 Second, we show that the same approach can be
extended to treat any particular hole shape with oblique
walls. In particular, we obtain an analytical expression
for the frequent case of a cylindroconical hole shape in the
cladding region of the waveguide. Finally, we assess the
potential of our approach, present some experimental
data, and analyze the data within the framework of the
discussed «9 loss model. We used an internal light source
technique11–13 to measure transmission spectra through
simple PhC slabs for the TE polarization direction. The
PhC structures consist of a triangular lattice of air holes
deeply etched by electron–cyclotron resonance reactive
ion etching through an InP/GaInAsP step-index wave-
guide. The experimental data are compared with 2-D
finite-difference time-domain (FDTD) calculations that
account for out-of-plane losses through a nonvanishing
conductivity parameter s(l) 5 (c/2l)«9 introduced in the
air holes.34 On the other hand, the exact cylindroconical
shape of the holes is determined from cross-sectional
scanning electron microscopy (SEM) micrographs of PhC
test structures etched in the same run as the measured
PhC slabs.

In Section 2 we develop the separability approach for
vertical wall holes that penetrate into the lower cladding:
we show that our approach agrees with the results ob-
tained from exact 3-D numerical models. In Section 3 we
solve the case of cylindroconical holes and relate it to the
previous case through a properly defined effective depth.
In Section 4 we present and analyze the experimental
data. Finally, we conclude by discussing the potential of
our approach to provide a fundamental feedback to PhC
fabrication. Although the SEM micrograph analysis
gives only local information on the hole morphology, an
average estimate is obtained from our model and predic-
tions can be safely made on the fabrication improvements
that are necessary to reduce losses.

2. HOLES WITH FINITE DEPTH AND
VERTICAL WALLS
A typical quasi-2-D PhC structure etched through a con-
ventional semiconductor step-index waveguide is
sketched in Fig. 1. The vertical heterostructure is usu-
ally grown on a GaAs or InP substrate and consists of a
bottom cladding (e.g., an Al-rich AlGaAs ternary com-
pound or InP with refractive index n1 and dielectric con-
stant «1 5 n1

2), a core layer whose thickness is suited to
monomode operation (e.g., GaAs or a lattice-matched
GaInAsP alloy with refractive index n2 and dielectric con-
stant «2 5 n2

2), and a top cladding. The latter layer
could be less confining than the bottom cladding: the
confinement on the top side is ultimately enforced by the
air. For simplicity we take the dielectric constant «1 also
for the top cladding and, when necessary, we neglect the
air, taking into consideration the system as vertically con-
fined only by the symmetric dielectric profile «1 /«2 /«1 .
The holes are assumed to have the same shape (e.g., cir-
cular) with perfectly vertical walls and a flat bottom that
penetrates into the lower cladding to a depth of z0 [see

Fig. 1. Sketch of an ideal 2-D PhC etched through a conven-
tional semiconductor step-index waveguide with a symmetric di-
electric constant profile «1 /«2 /«1 . The PhC consists of a trian-
gular array of infinitely deep air holes. The top cladding
thickness z1 , the core width (z2 –z1), and the guided-mode pro-
file z(z) are also shown.
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Fig. 2(a)]. Here we do not consider the limiting situation
of z0 lying inside the core (i.e., uz0u , uz2u), which is well
known to lead to important losses.

In the case of z0 ranging in the bottom cladding (i.e.,
uz0u . uz2u), 3-D calculations16 have led to the following
first-order expression for the 2-D loss parameter:

«9 5 « int9 1 «hole9 , (1)

where « int9 accounts for intrinsic losses, whereas «hole9 con-
tains contributions both from the finite etch depth and
from the hole shape. The main sources of « int9 have been
suggested in other papers13–19,31,32 and were briefly com-
mented on in Section 1. The « int9 values obtained from ex-
act 3-D calculations for GaAs-based systems and the gen-
eral scaling law deduced for «9 by Benisty et al.14 were
used to extrapolate « int9 for the InP-based structures con-
sidered in Section 4. In any case, the analysis of theoret-
ical and experimental results for both material
systems13,16 show that « int9 values are 1 order of magni-
tude lower than the actual «9 values achievable with the
current etching techniques. Therefore, at this stage «hole9
is the main factor that sets the loss level. Our aim in the
following sections is to relate analytically this contribu-
tion to the hole shape parameters.

The real case of a 2-D PhC with finite hole depth is de-
picted in Fig. 2(a). The guided mode profile z(z) in the
unetched waveguide is also shown. According to the
separable approach, z(z) can also be assumed to be the
mode profile in the PhC section. This is all the more true
when PhC structures with modest air fill factor ( f ) values
are considered (e.g., up to f ; 0.30).35

We evaluated radiation losses induced by the finite hole
depth by considering the actual PhC structure as the sum
of the ideal system with infinitely deep holes (i.e., the in-
trinsic loss case) plus a dielectric perturbation. In our
model the perturbation is represented by plugs of dielec-
tric constant «̃ 5 1 2 «1 that extend from z → 2` to z0
[see Fig. 2(b)]. The choice of an infinite perturbation
does not complicate the problem since the system is
probed by waves of finite extent. For simplicity, the field
of the ideal system at a given frequency v is assumed to
be scalar and its leaky character is neglected. By apply-
ing separability we can write the field as14

E~x, y, z ! 5 c ~x, y !z~z !. (2)

Out-of-plane losses that are due to the finite hole depth
are generated by the radiation of induced polarization

Fig. 2. (a) Same as Fig. 1 for the real case of a 2-D PhC with a
finite hole depth z0 . The partial confinement factor G(z0) is
also shown, i.e., the overlap integral of the squared field profile
z2(z) with the missing air column region [see Eq. (14)]; (b) sketch
of the dielectric perturbation with respect to the case of infinitely
deep holes.
P~x, y, z ! 5 E~x, y, z !«0«̃ 5 c ~x, y !z~z !«0«̃, (3)

with uzu . uz0u. The dielectric plugs are infinite but,
since perturbation P(x, y, z) is taken only in the bottom
cladding, it has the same exponential decay as z(z) to-
ward the substrate [see Eq. (11)], i.e.,

P~x, y, z ! ; exp~1Kz ! (4)

for z → 2`. Note that K 5 2p (neff
2 2 n1

2)1/2/l (where
neff is the guided-mode effective index)16 and Ldecay
5 1/K can be considered as the effective height of the ra-
diating volume. Equations (3) and (4) allow us to ap-
proximate the radiation of each plug as the radiation of
an electric dipole p given by14

p 5 EEE
plug volume

P~x, y, z !dxdydz. (5)

The useful vertical extension of dipole p is of the order
of decay length Ldecay . According to Benisty et al.,16 it is
possible to define to which extent the adopted approxima-
tion can be considered valid. In the Rayleigh–Gans
approach16 the field radiated by dielectric plug «(r) at lo-
cation r8 is given by the integral IRG 5 ***V
3 «0«(r)E(r)exp@ik(r8 2 r)#dV (V is the radiating plug
volume). Since «(r) is periodic, it can be expanded in a
Fourier series in which the high-order components are
weighted by a form factor that is a function of (D/a) with
D and a equal to the hole diameter and the lattice period,
respectively.36 For modest fill factor values for which
losses are low enough for device application,35 this factor
can be estimated to be 0.7–0.8 so that the contribution
from high-order components in IRG can be neglected. On
the other hand, when the holes grow in size (i.e., f in-
creases) the form factor decreases and the dipole approxi-
mation overestimates the radiation scattered by the per-
turbation. For example, when f . 0.5, i.e., D . 0.75a,
the form factor reduces to a value lower than 0.5. Fi-
nally, in the investigated PhC structures D , l/2n1 and
the integration on the hole surface in IRG gives the hole
section. The same argument applies in the z direction
where the exponential decay of expression (4) has to be
taken into account. Since even with refractive-index
steps Dn 5 n2 2 n1 ; 0.2 typical of InP-based
waveguides, Ldecay , l/2n1 , the approximation of Eq. (5)
is reasonable, whereas it would break down in the case of
weak waveguide confinement, i.e., Ldecay > l/n1 .

Different from the previous paper by Benisty et al.,14

the dipole radiates in a homogeneous medium. The in-
fluence of the nearby waveguide compared with that of
the cladding radiation modes is neglected. Hence, we
can assume that all the power Prad of the dipole radiation,
i.e.,37

Prad 5
p2v4n1

12p«0c3 (6)

is lost. Separating x, y, and z into Eq. (5) we obtain

Prad

5
1

2

«0v4

6pc3 n1«̃2F E E
S
c ~x, y !dxdyG2F E

2`

z0

z~z !dzG2

. (7)
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For comparison, let us look at the power lost by dissipa-
tion in a system in which the air holes have a fictitious
dissipative nature represented by an imaginary dielectric
constant «hole9 . The latter constant is assumed to be ho-
mogeneous over the z axis to enable a simple 2-D calcula-
tion. The dissipated power can be written as

Pdiss 5
1

2
«0v«hole9 EEE

holes
E2~x, y, z !dxdydz

5
1

2
«0v«hole9 EE

S
c2~x, y !dxdyE

2`

1`

z2~z !dz, (8)

where S denotes the hole cross section of area Shole and
the integral on z(z) runs over the whole z axis. Note that
the field is squared before the integral is taken and coher-
ence effects are neglected. This can be justified if we ob-
serve that (i) the dissipation acts in a local manner, (ii)
the dipoles sit close to the hole bottom16 thus emitting in
a 3-D medium (i.e., the bottom cladding) far from the
structured top dielectric region, (iii) disorder in real PhC
structures introduces spatial incoherence. Moreover, as-
suming that the field c (x, y) has no strong variations in-
side a hole, we make the following approximation:

F E E
S
c ~x, y !dxdyG2

' Shole 3 EE
S
c2~x, y !dxdy.

(9)

Then, comparing Eqs. (7) and (8) leads to the general ex-
pression for «hole9 :

«hole9 5 «̃2
1

6pc3 v3n1

F E
2`

z0

z~z !dzG2

E
2`

1`

z2~z !dz

Shole . (10)

Taking into account the exponential decay of z(z) in the
bottom cladding (z → 2`),

z~z ! 5 A exp~1Kz !, (11)

we find that

F E
2`

z0

z~z !dzG2

5
2

K
E

2`

z0

z2~z !dz . (12)

Finally, substituting Eq. (12) into Eq. (10) and replacing
v/c by 2p/l yields

«hole9 5 «̃2
8p2

3l3 n1G~z0!Ldecay Shole , (13)

where

G~z0! 5

E
2`

z0

z2~z !dz

E
2`

1`

z2~z !dz

(14)

is the partial confinement factor,16 i.e., the overlap inte-
gral of the squared field profile z2(z) with the missing air
column region.
Equation (13) indicates that (i) the size of the radiating
volume is LdecayShole instead of V 5 w Shole (where w is
the core width) as in the equivalent formula by Benisty
et al.,14 (ii) the loss parameter «hole9 scales like G(z0), as
already pointed out in previous papers.15,16 The new
feature of Eq. (13) is that it provides a quantitative value
for coefficient B in the relation «hole9 5 BG(z0).16 Let us
examine the case of a GaAs-based PhC structure already
illustrated elsewhere.14–16 Taking l 5 0.98 mm, «1
5 9.4, «̃2 ; 70, and K ; 10 [i.e., Ldecay 5 100 nm, thus
justifying the assumption of Eq. (5)] for f 5 0.25 6 0.05
and for a triangular lattice period a 5 240–260 nm, we
find B/f 5 35, in good agreement with the value B/f
' 30 obtained by exact 3-D calculations.15,16 The
adopted air fill factor range accounts for both fluctuations
in the PhC fabrication and discrepancies between 2-D and
3-D calculated f values.38 The last result clearly proves
the potentials of this approach to orient the design of low-
loss PhC systems. With Eq. (13) it is possible to deter-
mine how any figure of merit (e.g., losses in a simple crys-
tal or in a one-dimensional Fabry–Perot cavity) is
influenced by etching parameters.

Equation (13) is plotted in Fig. 3 for three basic mate-
rial systems for IO applications: (a) refers to a typical
GaAs/AlOx-based 2-D PhC (l 5 1.5 mm, n1 5 1.61, n2
5 3.37, and a ; 400 nm)39; (b) is for an AlxGa1 –xAs/GaAs
structure with x 5 0.80 in the bottom cladding (l
5 1.0 mm, n1 5 3.0, n2 5 3.5, and a ; 240–260
nm);11,12,16 and (c) represents the case of an InP/GaInAsP
system (l 5 1.5 mm, n1 5 3.17, n2 5 3.35, and a
; 400 nm; see also Section 4).13 According to our as-
sumptions, the three curves are shown only for z0 values
lying in the bottom cladding (i.e., uz0u . uz2u). When
f 5 0.30 we obtain B ; 0.2, 10, and 20 for (a), (b), and (c),
respectively. Apart from the scaling constant B, the de-
pendence of «hole9 on etching depth uz0u is given by the fun-

Fig. 3. Estimate of the loss parameter «hole9 5 BG(z0) as a func-
tion of the etched depth uz0u for hole diameters that correspond to
typical air-fill factor values of f 5 0.20–0.30. Three basic mate-
rial systems are considered: (a) a typical GaAs/AlOx-based 2-D
PhC, (b) an AlxGa1 –xAs/GaAs structure, (c) an InP/GaInAsP sys-
tem. The curves are shown only for z0 values lying in the bot-
tom cladding (i.e., uz0u . uz2u; see Figs. 1 and 2). The partial
confinement factor G(z0) is plotted in the inset for the three
cases.
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damental quantity G(z0), which is shown in the inset of
Fig. 3 on a semilogarithmic plot. Three parameters con-
tribute to shape G(z0): (i) the refractive-index step of the
waveguide, (ii) the core thickness, and (iii) to a lesser ex-
tent, the top cladding thickness. Since K } neff , the
slope of the curves illustrated in Fig. 3 is determined by
neff . Then, for a given K, the waveguide parameters [i.e.,
(i)–(iii)] set the value of factor A in Eq. (11). Once z0 is
fixed, it is thus possible for one to minimize G(z0) (i.e.,
«hole9 ) by varying the heterostructure parameters (e.g., the
three-alloy compositions, the core and top cladding thick-
ness). Nevertheless, because of the importance of achiev-
able depth z0 , this minimization cannot be usefully per-
formed before a thorough investigation of the etching
performances as a function of material properties (e.g.,
the alloy composition) has been well established.

3. HOLES WITH OBLIQUE WALLS:
ANALYTICAL FORMULA FOR
CYLINDROCONICAL HOLES
Unfortunately, the picture of straight holes with a flat
bottom is not realistic in most practical cases. In gen-
eral, vertical sidewalls can be achieved only in the top
part of etched holes, whereas oblique walls tend to occur
at the bottom. Such deviations from the vertical could be
due to overetching or underetching. Here we present a
study of the underetching case, even though the same ap-
proach can be, in principle, adapted to other shapes. In
particular we will be able to obtain an analytical expres-
sion for «hole9 for cylindroconical holes. For simplicity, we
restrict this analytical approach to holes that are per-
fectly cylindrical in the top cladding and in the core, while
their conical portion is located entirely inside the bottom
cladding (see Fig. 4). To exploit the results discussed in
Section 2 we define the quantity zeq as the equivalent
depth of an ideal cylindrical hole that gives the same
amount of loss as the actual cylindroconical hole. Then,
it would be possible for us to determine «hole9 by introduc-
ing the calculated zeq value in Eq. (13) (i.e., taking z0
5 zeq).

The assumed cylindroconical hole shape is sketched in
Fig. 4. The cone apex lies at za , whereas its base is lo-
cated at zb 5 za 1 Dz, where the cylindrical part ends.
If Dz is the cone height and a is the cone half-angle, the
hole radius r is given by r 5 Dz tan a. We note that in
real cases variations of cone slope a can occur along the z
axis [see, for example, Fig. 6(b)]. Nevertheless, since the
system is probed by a guided beam with an exponentially
decaying profile z(z) in the bottom cladding, a perfect
conical shape can be assumed if slope a remains constant
for some Ldecay terms (see Section 4).

The shape of perturbation «̃(x, y, z) is now comple-
mentary to the air cone. As in Eq. (5), we can cast the
perturbation of each hole in a single radiating dipole p.
Again, we can assume that c (x, y) is constant at the
length scale of interest. To take into account the effect of
the different hole shape it is sufficient to replace

E
2`

z0

z~z !dz → E
2`

zb

g~z !z~z !dz, (15)
where the factor g(z) accounts for the fractional amount
of material left as a perturbation at depth z. Expression
(15) is quite general and, if we choose the right function
g(z), it can be used to treat different hole shapes. More-
over, g(z) can be either positive (as in the present case) or
negative (i.e., the missing material case).

For the cylindroconical hole shape depicted in Fig. 4,
g(z) takes the following form:

g~z ! 5 1 ~ uzu . uzau!,

g~z ! 5 1 2
r~z !2

r2 ~ uzbu , uzu , uzau!, (16)

where r(z) 5 tan a(z 2 za) is the local cone radius.
Then, the right-hand integral in expression (15) splits
into two parts:

E
2`

zb

g~z !z~z !dz 5 E
2`

za

exp@2K~z 2 za!#dz

1 E
za

zbF1 2
r~z !2

r2 G
3 exp@2K~z 2 za!#dz. (17)

In Eq. (17) we have omitted the normalization factor A of
Eq. (11) and have taken za as the local origin, thus writ-
ing the field profile as z(z) 5 exp@ 2 K(z 2 za)#. From
Eq. (17) we obtained the following result:

E
2`

zb

g~z !z~z !dz 5
2

K
exp~KDz !F 1

KDz

2
1 2 exp~2KDz !

K2Dz2 G . (18)

In principle, the next step could be to inject Eq. (18)
into Eq. (10) to achieve an analytical formula for «hole9 .
However, it is more instructive to attempt a comparison
between the ideal flat bottom case and the real conical
bottom case. To this extent we introduce the equivalent
depth zeq , which represents the depth of a cylindrical hole

Fig. 4. Sketch of the cylindroconical hole shape model. The
main geometric parameters and the guided field profile z (z) are
shown. zeq is defined as the equivalent depth of a cylindrical
hole that gives the same amount of losses as the tapered-bottom
hole.
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giving the same radiating dipole as a cylindroconical hole.
In this case g(z) 5 1 from 2` to zeq and the right-hand
integral of expression (15) can be written as

E
2`

zeq

z~z !dz 5
1

K
exp@K~zeq 2 zb!#

5
1

K
exp~KDz !exp@K~zeq 2 zb!#. (19)

Following the definition of zeq , we can equate the right-
hand sides of Eqs. (18) and (19), thus obtaining

exp@2K~zb 2 zeq!# 5 2F 1

KDz
2

1 2 exp~2KDz !

K2Dz2 G .

(20)

This simple formula expresses zeq as an analytical
function of K and, implicitly, of the cone angle a
5 tan21(r/Dz). Since Eq. (20) allows one to take into ac-
count different hole shapes and to compare their losses, it
can be seen as a useful tool for optimization of the etching
techniques that are used for the fabrication of PhC struc-
tures.

Finally, two asymptotic cases can be identified for Eq.
(20): (i) K Dz → 0, i.e., the flat bottom limit; and (ii)
K Dz → `, i.e., the vertical wall limit. By examining
their physical interpretation, one can easily determine
that Ldecay sets the crossover between the two regimes
(see Fig. 5).

When K Dz → 0 [see Fig. 5(a)], the decay of z(z) is
slow compared with the cone height and the perturbation
can be expected to be volume averaged. By developing
the exponential factors, the right-hand side of Eq. (20) can
be written as (1 2 K Dz/3), so that

Fig. 5. Illustration of three different cases for losses with cylin-
droconical holes: (a) cone height Dz much smaller than the decay
length Ldecay ; 1/K of the guided mode: flat bottom limit; (b) in-
termediate case: Dz ; Ldecay ; (c) Dz @ Ldecay : vertical wall
limit; (d) plot of the normalized equivalent depth K(zb 2 zeq) as
a function of the normalized total depth KDz.
zb 2 zeq 5
Dz

3
, (21)

which is exactly equivalent to a volume average.
In contrast, in the K Dz → ` regime, the decay of z(z)

is much faster than the hole narrowing [see Fig. 5(c)]. In
this limit losses are supposed to be low and Eq. (20) gives

zb 2 zeq 5 2
1

K
lnS 2

K Dz D , (22)

which means that the equivalent flat bottom is situated at
many decay lengths from the base of the cone at zb . The
evolution of zeq is logarithmic with Dz, but, according to
Eqs. (10) and (19), «hole9 depends on the squared dipole
term @*

2`
zeq z(z)dz#2 } exp@22K(zb 2 zeq)#, which scales

like Dz22 [see Eq. (22)]. From this result we can con-
clude that in the vertical hole limit the main contribution
for losses comes from the top region of the cone, within a
few decay lengths from zb . In this region the amount
of extra material (leading to a radiating polarization)
scales like Ldecay /Dz as the exponential factor
exp@2K(zb 2 zeq)#. In practical cases it is difficult to
achieve holes with a well-defined conical shape and high
Dz values. Moreover, when Dz is high the irregularities
of the hole shape, including the core region, are likely to
play an important role. Losses are then more difficult to
quantify systematically, but one can hope that their level
becomes sufficiently low for high-performance applica-
tions, such as filters with high quality factors, low-loss
waveguides, and bends.

Finally, in the intermediate regime K Dz ; 1 [see Fig.
5(b)] no simple explanation holds. The dimensionless
version of Eq. (20) is plotted in Fig. 5(d), where the two
asymptotic regimes are illustrated as dashed lines.

4. COMPARISON WITH EXPERIMENTAL
DATA
The analytical model described in Sections 3 and 4 has
been developed for PhC structures with imperfect holes
both in depth and shape. Because of the assumptions
made, the above approach fails when perfect infinitely
deep holes are considered. This intrinsic loss limit (see
Section 2) has been preliminarily tackled in a 2-D first-
order approximation14 and has been discussed within
the framework of a 3-D model yielding the value « int9
5 0.02–0.04 for 2-D PhCs etched through AlGaAs/GaAs
waveguides.15,16 We point out that (i) different 2-D
models17 validate the basic scaling rule13,14

« int9 }
w

l/n2
~u2f !~D«!2hG2 , (23)

where D« 5 «22«1 , w is the core thickness, u 5 a/l
is the dimensionless reduced frequency, h is the extrac-
tion efficiency for a dipole in the core, and G2
5 *coreuz(z)u2dz/* uz(z)u2dz is the confinement factor in the
core. (ii) The 3-D calculated « int9 values can be taken
as reference. (iii) The overall losses are additive, i.e.,
«9 5 « int9 1 «hole9 [see Section 2, Eq. (1)]. The weak mode
confinement in the InP/GaInAsP waveguide considered in
this section leads to « int9 values lower than those reported
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above for the AlGaAs/GaAs systems. In particular, as-
suming the structure parameters listed below and the
scaling of Eq. (23), « int9 ; 0.01–0.02 is obtained. Then
our analysis can concentrate on the hole shape contribu-
tion «hole9 , for which optical measurements can yield a
fundamental feedback to PhC fabrication.

The 2-D PhCs that consist of a triangular lattice of air
holes were fabricated on nominally undoped GaInAsP/InP
heterostructures grown on n-InP substrates [see Fig.
6(a)].13 Moderate fill factor values ( f ; 0.30) were cho-
sen to minimize the out-of-plane scattering.11–13 Such
low f values result in a full gap only for TE polarization.
The PhC structures were etched vertically through an
InP/GaInAsP/InP slab waveguide with a 434-nm-thick
Ga0.24In0.76As0.52P0.48 core (n2 5 3.35) sandwiched be-
tween a 200-nm-thick InP cap layer and a 600-nm-thick
InP buffer layer (n1 5 3.17). In the spectral region of in-
terest (i.e., l ; 1.55 mm), the waveguide can be regarded
as monomode and the fundamental TE mode has an effec-
tive index of neff 5 3.24.13 An internal light source was
embedded in the core layer. It consists of two different
GaInAsP strain-compensated quantum well packages
that emit at 1.47 and 1.55 mm, respectively, which are
separated by a 30-nm spacer and located approximately
in the middle of the guiding structure between two 181-
nm-thick barrier layers. The superimposition of the two
quantum well signals yields a 100-nm-wide photolumi-
nescence peak centered at 1500 nm.13

Electron-beam (e-beam) lithography was used to define
the PhC patterns that were transferred to the semicon-
ductor heterostructure by electron–cyclotron resonance
reactive ion etching.13,40 A cross-sectional view SEM mi-
crograph of the PhCs obtained is illustrated in Fig. 6(b).
The hole shape is cylindroconical with an elongated ta-
pered bottom and nearly vertical walls close to the sur-
face. Some fluctuations appear in the hole depth around
the average value ^uzau& > 3 mm, whereas no bending is
present and the holes have straight walls down to uz2u
5 634 nm. As shown in the inset of Fig. 6(b), any tilting

Fig. 6. (a) Sketch of the InP/GaInAsP waveguide (WG) hetero-
structure. The cylindroconical hole shape deduced from the
SEM analysis of the sample is illustrated. (b) Edge view SEM
micrograph of a test PhC structure for the studied sample. The
image was taken before the removal of the SiO2 mask. In the
inset the almost cylindrical shape of the holes down to z2 is evi-
dent.
of the sidewalls in the core (uzu , uz2u) is negligible,
whereas the conical part lies completely inside the lower
cladding (uzu . uz2u). Therefore, the hole shape model
sketched in Fig. 6(a) can be assumed.

An internal light source technique11–13 was used to
measure transmission spectra through PhC slabs. The
photoluminescence excited inside the quantum wells was
used as a built-in probe beam. Part of the photolumines-
cence signal propagates parallel to the surface as a guided
mode and interacts with the PhC structure before it es-
capes from a cleaved edge at which adequate light collec-
tion is performed.11–13 The absolute PhC transmission is
obtained by normalizing the spectrum measured after
transmission through the PhC slab with respect to a spec-
trum collected in a nonpatterned region of the sample.
Details of the experimental setup are given elsewhere.13

Here, we note that, since internal light source measure-
ments on a single PhC structure yield the transmission
spectrum only in a narrow interval (;100 nm), the litho-
graphic tuning approach was used and PhC structures
with different periods a were measured (a
5 240–640 nm; Da 5 20 nm). If f is kept constant, the
scaling property of PhCs1 allows one to explore the whole
photonic bandgap by plotting all the spectra as a function
of dimensionless frequency u.11–13

Transmission spectra through eight-rows-thick PhCs
along both GM and GK orientations and for TE polariza-
tion are shown in Fig. 7(a). The layout of simple PhC
slabs is sketched in Fig. 7(b). Well-defined PBGs appear
in each spectrum with steep dielectric band edges at
u 5 0.19 and 0.22 for GM and GK orientations, respec-
tively. On the other hand, because of the strong influ-
ence of out-of-plane losses at the air band edge,12 smooth
transmission bands appear at u ' 0.28 and 0.30 for GM
and GK, respectively. Transmission values between 80%
and 90% are reached for u , 0.20, whereas they are less

Fig. 7. (a) TE transmission spectra through GM and GK ori-
ented PhC slabs for the sample in Fig. 6. Experimental spectra
(boldface curves) are compared with 2-D FDTD calculated spec-
tra (lightface curves). (b) Sketch of the typical layout of simple
PhC structures along GM and GK orientations. Each slab is
eight rows thick and is characterized by the period a (or hole di-
ameter D) value. Hairlines show a single atomic plane for both
orientations.
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than 40% for u . 0.30. Finally, an average transmission
of T ; 3 –5% is observed inside the PBG.

The experimental spectra are compared with theoreti-
cal spectra calculated with a 2-D FDTD model.34,41–44

The vertical confinement in the waveguide was taken
into account assuming that n [ neff 5 3.24 for the dielec-
tric matrix. Out-of-plane losses were cast into the 2-D
calculation by introducing the phenomenological loss
parameter into the air holes (i.e., the conductivity
s 5 (c/2l)«9, see Section 1).34 The air fill factor f and «9
were chosen as the only free parameters of the fit.45 The
fitted curves are shown in Fig. 7(a). Experimental and
calculated spectra are in good agreement for both orien-
tations. We note that different «9 values have to be used
to fit either the dielectric or the air band. This discrep-
ancy is due to the general scaling rule reported in Eq. (23)
(i.e., «9 } u2f ): if f is constant, while decreasing u, lower
«9 values have to be introduced to fit the transmission
spectra. However, the following analysis will concen-
trate only on the air band, which is intrinsically the most
sensitive to out-of-plane scattering in the air holes.1

From the fit of the air transmission band, the total loss
parameter value «9 5 0.32 6 0.020 is obtained [see Fig.
7(a)]. Then, the analytical approach of Section 3 can be
applied to determine the different contributions to out-of-
plane losses. Since « int9 ; 0.01–0.02 (see above), Eq. (1)
gives the shape factor value «hole9 5 0.305 6 0.025. On
the other hand, from the SEM micrograph analysis the
cone slope a in the first Ldecay can be determined. From
Fig. 6(b), taking into account that Ldecay ; 360 nm, the
value a ; 2.5° 6 0.5° is deduced. Moreover, Fig. 6(b)
shows clearly that in actual PhC structures holes are not
perfectly conical and a varies along z. Nevertheless, be-
cause of the exponential decay of the perturbation, losses
depend mostly on the hole shape in the first decay length.
As illustrated in Section 3, when K is fixed «hole9 is a func-
tion of a, provided that the cone slope remains constant at
least down to zeq . Once the shape model of Fig. 6(a) is
assumed (i.e., zb 5 z2 in Fig. 4), Eqs. (20) and (13) (with
z0 5 zeq) yield the calculated value «hole9 5 0.30, which is
in perfect agreement with the experimental data. There-
fore, an important conclusion can be drawn for real cylin-
droconical PhC structures: in a first-order approxima-
tion, the contribution «hole9 does not depend on the cone
height (i.e., the effective etch depth) but on angle a, which
can be identified as the basic hole shape parameter to as-
sess out-of-plane losses quantitatively.

Extrapolating from this analysis, two perspectives
emerge for the fabrication of low-loss PhC structures.
First, it is found that the minimum loss limit « int9 could be
reached for a , 0.5°, i.e., for holes with almost straight
walls in some Ldecay terms inside the substrate. On the
other hand, a loss level sufficiently low for good perfor-
mance IO applications (e.g., «9 < 0.1)16 could be achieved
for a , 1.5°, a reduction in the cone slope that might al-
ready be feasible with the current etching techniques.

5. CONCLUSION
We have presented an electromagnetic analysis of radia-
tion losses induced in planar PhCs etched through con-
ventional waveguides by insufficient hole depth and cylin-
droconical hole shape. The separability of the 3-D
dielectric constant map has been assumed. A phenom-
enological approach has been adopted to model losses in
the 2-D projection of the PhC system. In particular, an
imaginary dielectric constant has been added to the air
holes to account for out-of-plane scattering. The latter
constant has been decomposed into an intrinsic loss term
(« int9 ) and a hole shape factor («hole9 ). The problems of cy-
lindrical holes of finite depth and of conical holes in the
bottom cladding have been analytically solved. In the
second case, simple formulas allow for good physical in-
sight into the various loss regimes that depend on the
relative values of the cone depth and of the guided-mode
decay length.

This model has proved to be a powerful tool that avoids
the task of heavy 3-D calculations in the design of many
PhC applications. From a more general point of view, the
underlying assumption of incoherent scatterers14 pre-
sents further advantages for the modeling of complex
PhC-based devices: it is independent of the particular
architecture being considered.

To validate this analysis, the case of a 2-D triangular
PhC etched through an InP-based waveguide has been
considered. PhC slabs were fabricated by electron–
cyclotron resonance reactive ion etching to obtain cylin-
droconical holes with a conical bottom in the lower clad-
ding. Transmission measurements were performed by
use of an internal probe technique. Experimental data
were compared to 2-D FDTD calculated spectra and a to-
tal loss value of «9 5 0.32 was obtained. This value is in
good agreement with the model prediction if cone angle a
in the first Ldecay in the bottom cladding is taken as the
hole shape parameter. This is justified by the assump-
tion of an exponential decaying perturbation, provided
that no strong variations of a occur in some decay lengths.

The combination of theoretical and experimental re-
sults has led to a through investigation of the hole shape
contributions to out-of-plane losses. In the real case of
cylindroconical holes, the cone angle a has been clearly
identified as a fundamental parameter to assess quanti-
tatively the PhC quality and the performances of PhC-
based devices.

Finally, the presented analysis is a useful tool to pro-
vide efficient feedback for detailed fabrication parameters
in terms of fine optical properties of the PhC structures.
The quantitative estimate of out-of-plane losses is an im-
portant step toward the design and fabrication of low-loss
PhC-based IO devices. Clear perspectives can be identi-
fied for the fabrication process, whereas optical measure-
ments can be used to check and to validate the progress of
etching techniques.
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