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We present the local polymer infiltration of planar photonic crystal cavities via a maskless laser-writing tech-
nique. After the infiltration of the air holes with a UV-curable monomer a focused laser is used to locally po-
lymerize the monomer in selected holes at the cavity boundaries. We show that cavity modes with different
symmetries can be differently tuned depending on the size and the position of the infiltrated region around the
cavity. © 2008 Optical Society of America
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. INTRODUCTION
n the past decade photonic crystals (PhCs) have been in-
ensively studied as a promising platform for the fabrica-
ion of miniaturized optical devices whose potential has
een demonstrated both theoretically and experimentally
n several applied and fundamental fields such as, e.g., in-
egrated optics and quantum optics [1,2]. Nowadays, PhC
evices are routinely fabricated by locally modifying the
tructure of the air hole lattice [3]. Their optical proper-
ies can be optimized during the design procedure by
odifying the size and/or the position of the air holes ei-

her inside or at the boundaries of the device [3]. More-
ver, research efforts have been focused on the possibility
f increasing the device functionality by either trimming
r tuning the PhC optical properties after fabrication
4–14]. On one hand, the infiltration of the air holes with
n organic material (e.g., liquid crystals or polymers)
4–8] has been demonstrated for both trimming and tun-
ng. On the other hand, several theoretical studies have
uggested that the selective infiltration of a few holes can
rovide an alternative approach for ultracompact photo-
ic integrated components such as single mode
aveguides, broadband low-reflection bends, crossings
nd splitters [9], or ultrahigh-Q cavities [10]. The poten-
ial of PhC infiltration with organic materials is thus am-
lified provided that a selective filling procedure is avail-
ble. However, only a few examples of locally modified
hCs have been published so far [11–14]. For instance,
ntonti et al. [11] have demonstrated microinfiltration of
iquids in a macroporous silicon PhC via hollow submi-
rometer size pipettes and have suggested the possibility
f nanoinfiltration with smaller microtips and UV imag-
ng. Smith et al. [12] have used a similar technique to cre-
te a PhC double heterostructure based on the theoretical
0740-3224/08/101562-6/$15.00 © 2
alculations by Tomljenovic-Hanic et al. [10]. Erickson et
l. [13] have used nanofluidic targeting to infiltrate a
ingle row of holes within a planar PhC using fluids with
ifferent refractive indices. More recently, Faraon et al.
14] have succeeded to locally tune GaAs-based PhC cavi-
ies by local photodarkening of a thin chalcogenide glass
ayer deposited on top of the device.

In this paper, we present an all-optical method to lo-
ally infiltrate air holes in a GaAs membrane PhC. This
ethod exploits the local polymerization of an acrylate
onomer by a UV laser and has been successfully used in

he past to fabricate waveguiding devices in polymers
15]. In Section 2, we illustrate the optical properties of
wo-dimensional PhC cavities fabricated on a GaAs mem-
rane. In Section 3, we describe the filling procedure,
hich consists of three steps: (i) infiltration of a PhC slab
ith a liquid monomer at room temperature and ambient
tmosphere, (ii) local photopolymerization by focused UV-
aser irradiation, and (iii) removal of the residual mono-

er from the unpolymerized PhC regions by organic sol-
ents. Our technique presents several advantages: it does
ot require fine positioning of a micropipette or a
anochannel on the PhCs; it does not need the deposition
f thick dielectric layers on the device surface that can
ventually affect the optical properties of the planar PhC
tructure; the UV laser spot can be adjusted and moved to
ddress any desired region; the refractive index of the in-
ltrated material can be chosen by selecting a molecule or
mixture of several molecules out of the large family of

crylates. In Section 4, we use this technique to trim the
pectral response of the two-dimensional PhC cavities de-
cribed in Section 2 by locally infiltrating their bound-
ries. We show how cavity modes with different symme-
ries can be differently tuned by choosing the size and the
008 Optical Society of America



p
n
m
c

2
P
w
p
t
l
s
g
t
e
t
s
G
t
i
w
t
t

h
m
a
T
=
t
t
y
[

l
[
c
=

c
n
c
o
m
f
c
l
i
p
i
o
=
n
l
(
d
s
f
i
c
f
i
c
m
�
�
b
v
t
i
t
t
t
w
m

s
f

F
a
f
T

El-Kallassi et al. Vol. 25, No. 10 /October 2008 /J. Opt. Soc. Am. B 1563
osition of the infiltrated region around the cavity. Scan-
ing electron microscopy (SEM) and optical measure-
ents are used to validate the filling procedure and to

haracterize locally infiltrated PhC cavities.

. GaAs PHOTONIC CRYSTAL MEMBRANES
lanar PhCs consisting of a triangular lattice of air holes
ere fabricated by electron-beam lithography, CHF3
lasma etching and SiCl4/O2/Ar reactive ion etching
hrough a 320 nm thick GaAs membrane grown by mo-
ecular beam epitaxy on top of a 1.5 �m thick Al0.7Ga0.3As
acrificial layer. Details on the sample fabrication are
iven in [16]. A single layer of self-assembled InAs quan-
um dots (QDs: high areal density � 300 dots/�m2) [16]
mitting around 1.3 �m was embedded in the membrane,
hus enabling the optical characterization of the PhC
tructures by an internal light source technique [16]. The
aAs membrane is single mode for the TE polarization in

he wavelength range of interest. The effective refractive
ndex values neff=3.151−3.038 for the TE guided mode
ere calculated for �=1.2−1.4 �m, respectively, by a

ransfer matrix method [17] and taking into account both
he mode and the material dispersion.

PhC defect cavities were fabricated by removing three
oles along the �K direction (i.e., L3 cavities) in the
iddle of a PhC slab placed at the center of a 12 �m di-

meter suspended membrane [see the inset of Fig. 1(a)].
he lattice constant and the hole diameter are a
330 nm and d=202 nm, respectively. This corresponds

o an air filling factor f=�d2 /2�3a2=0.34 (as measured on
he SEM images) that, in the considered spectral region,
ields a photonic bandgap only for the TE polarization
16].

To optically characterize the L3 cavities an internal
ight source technique with frontal collection was used
17,18]. A He–Ne pump laser emitting at 633 nm is fo-
used in the center of the cavities (spot diameter
2.5 �m), so that the excited QD photoluminescence can
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ig. 1. (a) Front photoluminescence spectrum collected from
=330 nm and hole diameter d=202 nm). The resonance wav
=0.34 are shown (dashed lines). The �K lattice and the TE pola
E cavity modes.
ouple to the cavity modes [18]. The scattered photolumi-
escence is collected through the same objective that fo-
uses the pump beam and is used as a weak optical probe
f the cavity modes [18]. The signal is then coupled to a
ultimode fiber whose conjugated image on the PhC sur-

ace has a diameter of 2.5 �m. This spot is focused in the
enter of the cavity as for the pump spot and the collected
ight is spectrally analyzed by means of a flat-field imag-
ng spectrometer with a spectral resolution of 0.1 nm. The
hotoluminescence spectrum collected from an L3 cavity
s shown in Fig. 1(a). Three peaks corresponding to the
ptical resonances excited inside the cavity appear at �1
1130.7 nm, �2=1248 nm, and �3=1339.9 nm. The reso-
ance wavelengths of the TE cavity modes were calcu-

ated with a two-dimensional plane wave expansion
PWE) method assuming neff as the matrix refractive in-
ex [17]. Six cavity modes were found in the investigated
pectral region. The resonance wavelengths calculated for
=0.34 (dashed lines) and their Hz-field maps are shown
n Figs. 1(a) and 1(b), respectively. While peaks 1 and 3
orrespond to a single cavity mode, peak 2 is the sum of
our different resonances (2–1, 2–2, 2–3, and 2–4, in the
ncreasing wavelength order), whose wavelengths are too
lose to be spectrally resolved. As is shown by the Hz-field
aps, cavity modes 2–1, 2–2, and 2–4 are confined in the
K direction while modes 1 and 2–3 are confined in the
M direction. Cavity mode 3 is isotropically confined in
oth directions. Finally, we observe that cavity mode 1 is
ery close to the air band and its field partially leaks in
he air holes. The peak indexing was confirmed by collect-
ng the photoluminescence spectra for different orienta-
ions of a rotating polarizer placed in front of the detec-
ion system. The resonance wavelengths were fitted
aking f as the fitting parameter. The value f=0.34±0.01
as obtained in agreement with the result of the SEM
easurements.
The full widths at half-maximum (FWHMs) of the

ingle resonance peaks 1 and 3 yield the cavity quality
actors Q1=510±30 and Q3=990±30, respectively. These
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alues agree with those found for similar unmodified L3
avities on membranes [19] and are limited both by fabri-
ation imperfections and by light reabsorption by the em-
edded QDs.

. LOCAL INFILTRATION TECHNIQUE
he PhC structures were infiltrated with a liquid mixture
f a dimethacrylate monomer (1,4-butanediol dimethacry-
ate) and 2% in weight of a photosensitive initiator [(1-
ydroxycyclohexyl)phenyl-ketone] [see the chemical
tructures of the monomer and the photosensitive initia-
or in Fig. 2(b)]. The photosensitive initiator has three
road absorption peaks in the wavelength region
20–375 nm, and, when irradiated with UV light, it acti-
ates the free radical polymerization of the monomer. We
emark that using a liquid monomer instead of a mono-
er in solution reduces the postpolymerization shrinkage

ypical of these materials (i.e., 10%–20% and 90% for a
iquid monomer and a monomer in solution, respectively)
5].

The infiltration procedure is described in Fig. 2(a). The
ample was immersed in the liquid mixture at room tem-
erature and ambient atmosphere in order to completely
over the PhC patterns. The monomer wets completely
he semiconductor–PhC surface (contact angle is �0°), so
hat, as is discussed in [20], the hole infiltration is driven
y the capillary forces. The velocity and the regime of the
nfiltration process depend on the liquid viscosity (7 cps
0.007 Pa·s. in our case) [20,21]. We remark that, follow-

ng the same procedure as in [4], the hole filling was
hecked by optical measurements. After the monomer in-
ltration, the wavelength shift of the cavity resonance
eaks was measured and fitted taking the value mea-
ured by ellipsometry for the monomer refractive index
n=1.39±0.01 at �=1.3 �m�. Assuming the hole refrac-
ive index nhole as the fitting parameter we obtained
hole=1.38±0.02 that corresponds to an infiltration effi-
iency of 95% ±5% [4].

ig. 2. (a) Local infiltration procedure. After infiltration with a
ocal polymerization of the monomer inside the selected holes. The
n organic solvents. (b) Chemical structures of the dimethacrylate
itive initiator Irgacure 184 [(1-hydroxycyclohexyl)phenyl-ketone
After the monomer infiltration, the sample was re-
oved from the bath and fixed on a sample holder for the

olymerization step. An Ar-ion laser emitting at 351 nm
as focused on the PhC. The UV-activated polymerization
as performed under a N2 flow in order to prevent the

adicals formed during the process from reacting with the
2 molecules thus stopping the polymerization [22]. The

rradiation power and time were adjusted so as to obtain
complete polymerization over the thickness of the infil-

rated holes. After the selective polymerization, the re-
idual monomer was removed from the unpolymerized
hC regions using organic solvents (acetone and isopro-
anol).
By adjusting the UV-laser spot diameter (e.g., from
to 1 �m), the size of the infiltrated PhC region can be

ontrolled on a micrometer scale and reduced from a few
ens of holes down to ten or less. The SEM top-view and
ross-section images of the L3 cavity globally infiltrated
ver a 5.2 �m region are shown in Figs. 3(a) and 3(e), re-
pectively. In this case, a residual polymer layer remains
nder the membrane. By dividing the cross section of this
olymer underlayer over the cross section of the underly-
ng cavity, a polymer shrinkage of the order of 20% can be
oughly estimated that agrees with the typical 10%–20%
hrinkage expected for this family of acrylates [5]. The
ossibility of selectively polymerizing a 1.2–1.8 �m area
n close vicinity to a L3 cavity is demonstrated in Figs.
(b) and 3(c). A residual polymer overlayer with a thick-
ess of the order of tens nm may remain above the mem-
rane as it is shown in the tilted top-view SEM image in
ig. 3(d). We remark that this overlayer as well as the un-
erlayer shown in Fig. 3(e) do not extend beyond the lo-
ally polymerized area, thus not affecting the PhC optical
roperties.

. OPTICAL CHARACTERIZATION AND
ATA ANALYSIS
he infiltrated cavities were optically characterized in or-
er to validate the filling procedure. The photolumines-

monomer a UV laser is focused on the photonic crystal inducing
mer is then removed from the other holes by washing the sample
mer SR214 (1,4-butanediol dimethacrylate) and of the photosen-
liquid
mono
mono

].
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ence spectrum collected from the L3 cavity of Fig. 3(a) is
hown in Fig. 4. When the cavity boundaries are globally
nfiltrated the photonic bandgap shrinks and the reso-
ance peaks (solid curves) redshift with respect to the
mpty cavity (dashed curves) due to the reduced refrac-
ive index difference between the holes and the semicon-
uctor. The resonance peaks are located at �2=1292 nm
nd �3=1367.3 nm for resonances 2 and 3, respectively,
hile peak 1 disappears because of the gap shrinkage (see
ig. 4). To compare the experimental resonance wave-

1 µµµµm(e)

1 µµµµm

5.2 µµµµm

(a) 1 µµµµm

1.2 µµµµm

(b)

(d)(c) 1 µµµµm

1.8 µµµµm

(e)
320 nm
membrane

Residual polymer under-layer

PhC hole

ig. 3. SEM images of the infiltrated photonic crystal structure
fter local polymerization and monomer removal: (a)–(c) top-view
mages of the L3 cavity globally (filled area diameter=5.2 �m)
nd locally (filled area diameter=1.2 and 1.8 �m) infiltrated, re-
pectively; (d) tilted top-view image of the locally infiltrated cav-
ty shown in (b); (e) cross-section image of the globally infiltrated
avity shown in (a).
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ig. 4. Front photoluminescence (PL) spectrum collected from
he globally infiltrated L3 cavity shown in Fig. 3(a) (solid curves).
he resonance peaks for the corresponding empty cavity are
hown as references (dashed curves) as well as the bandgap and
he air band boundaries for the filled photonic crystal.
engths with theoretical PWE calculations, the neff value
as recalculated taking into account the residual polymer
verlayer and underlayer [see Figs. 3(d) and 3(e)]. The
olymer refractive index was measured by spectroscopic
llipsometry (n=1.51±0.01 at �=1.3 �m) and the value
eff=3.1051±0.0004 is obtained at �=1.3 �m for a mem-
rane completely embedded into the polymer. Assuming
he latter neff value as the matrix refractive index, PWE
alculations were performed with the refractive index
hole inside the holes as the fitting parameter. The value
hole=1.40±0.02 was obtained that yields an average fill-

ng efficiency [4] of 80% in agreement with the value es-
imated from the cross-section SEM image in Fig. 3(e).

The resonance quality factors decrease with respect to
he empty cavity (e.g., Q3�=769 with �Q /Q=20%). This
hould be mainly due to the reduced refractive index dif-
erence between the holes and the semiconductor mem-
rane, and thus to the reduced reflectivity of the PhC
oundaries. In this particular case, the presence of the
olymer overlayer and underlayer might also contribute
o the decrease of the cavity quality factor.

The photoluminescence spectrum collected from the L3
avity of Fig. 3(b) is shown in Fig. 5. When the cavity
oundaries are locally infiltrated, the redshift of the reso-
ance peaks is of the order of a few nanometers: i.e., ��
1–10 nm, depending on the considered resonance peak.
hese experimental values agree very well with the val-
es calculated with the PWE model using the neff value
alculated for the bare membrane (i.e., with no polymer
verlayer and underlayer) and taking an L3 cavity with
he same ten-hole infiltrated region as the one shown in
ig. 3(b). Moreover the theoretical calculations clearly
how that, since the infiltrated region lies in the �M di-
ection with respect to the L3 cavity axis, the redshift is
arger for the modes confined in the �K direction than for
hose confined in the �M direction: i.e., ��=6–10 nm and
�=1−3 nm for the �K (2–1, 2–2, and 2–4) and the �M (1
nd 2–3) confined modes, respectively [see also Fig. 1(b)].
ote that the apparent doublet structure of resonance 1 is
ot due to a mode splitting but to the shift of an air band
ode into the gap (see the inset of Fig. 5) [23]. We remark

hat, in spite of the nanometer-scale tuning of the reso-
ance wavelengths, for the modes that remain well-
onfined into the cavity (e.g., 3), since in this case the lo-
al infiltration leaves the boundary reflectivity almost
naffected, the resonance quality factor remains constant
ith respect to the empty cavity: e.g., Q3�=985.
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urves). The Hz-field maps calculated for cavity 1 and air band 1�
odes are shown.
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The photoluminescence spectrum collected from the L3
avity of Fig. 3(c) is shown in Fig. 6. In this case, due to
he position of the locally infiltrated area and the reduced
eakage of the cavity modes in the �K direction with re-
pect to the �M direction [see Fig. 1(b)], the resonance
edshift is lower than that measured for the cavity of Fig.
(b), i.e., ��=0.1–3 nm depending on the considered reso-
ance peak. Again the experimental values agree very
ell with the values calculated with the PWE method
sed above taking an L3 cavity with the same 20-hole in-
ltrated region as the one shown in Fig. 3(c). In this case,
ince the infiltrated region lies in the �K direction with
espect to the L3 cavity axis, the redshift is larger for the
odes confined in the �M direction than for those con-

ned in the �K direction: i.e., ��=1–3 nm and ��=0.1
0.3 nm for the �M (1 and 2–3) and the �K (2–1, 2–2, and
–4) confined modes, respectively [see also Fig. 1(b)].
herefore we have demonstrated the possibility to ad-
ress differently cavity modes with different symmetries
y adjusting the position and the size of the locally infil-
rated area around the cavity. Finally, as in Fig. 5, the ap-
arent doublet structure of resonance 1 is due to the shift
f an air band mode into the gap (see the inset of Fig. 6).

. CONCLUSIONS
n conclusion, we have demonstrated the local polymer in-
ltration of planar PhC devices. In particular, we have ex-
loited the local photopolymerization of PhC cavities in-
ltrated with a liquid dimethacrylate monomer to
electively fill the cavity boundaries over PhC regions
anging from 5 down to 1 �m. An internal light source
echnique was used to measure the shift of the cavity
esonances after the local infiltration. The experimental
easurements were compared to theoretical PWE calcu-

ations showing that the wavelength shifts correspond
ell to the refractive index change in the infiltrated PhC

egion. By adjusting the size and the position of the infil-
rated area around the cavity, we were able to tune differ-
ntly cavity modes of different symmetry.

Our local infiltration method has several advantages:
he shape of the infiltrated area can be easily and repro-
ucibly controlled by moving the UV laser spot on the
hC surface and since the size of the polymerized area de-
ends mainly on the size of the UV spot (that can be re-
uced to a few hundreds of nanometers), the infiltration
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ig. 6. Front photoluminescence (PL) spectrum collected from
he L3 cavity with locally infiltrated boundaries in the GK direc-
ion shown in Fig. 3(c) (solid curves). The resonance peaks for the
orresponding empty cavity are shown as references (dashed
urves). The Hz-field maps calculated for cavity 1 and air band 1�
odes are shown.
f single air holes over a PhC device can be straightfor-
ardly achieved. We highlight that, apart from acrylates,

here is a large variety of optical polymers [24,25] that
an be used to achieve local infiltration with our tech-
ique, provided that the chosen material meets the right
i) infiltration (e.g., good wetting, molecule size versus
ole diameter) and (ii) physicochemical (e.g., limited
hrinkage after polymerization) properties.
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