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Mode-dependent shifts of resonant frequencies of cavities in liquid crystal �LC� infiltrated planar

photonic crystals �PhC� are experimentally observed when the temperature is varied across the LC

ordering transition. The shifts can be in opposite directions, even for two very similar nearly

degenerate modes. The behavior is attributed to the different interactions of the modes with the two

components of the refractive index of the LC infill and directly demonstrates that at least a

substantial amount of the LC is oriented perpendicular to the PhC-hole axis. © 2009 American

Institute of Physics. �doi:10.1063/1.3259814�

Photonic crystal nanocavities confine light into small

modal volumes �V� with high quality factors �Q�. A high

Q /V ratio and the ability to tune the resonant frequencies

make nanocavities attractive both for fundamental research

and for applications. So far, they have been used for realiza-

tions of ultralow threshold lasers,
1

optical switches,
2

and

add-drop filters.
3

Most applications require fast, large, and

active tuning of the resonant frequencies. Therefore, tuning

mechanisms have been demonstrated that rely on changing

the effective refractive index via temperature
4

or by inserting

scanning probe tips
5

inside the air holes. Another promising

approach is to change the refractive index of the cavity en-

vironment by infiltrating liquids. Liquid crystals �LC� have

attracted much attention due to the ability to change the ef-

fective refractive index of the cavity by temperature or elec-

tric field. Infiltration techniques and the effects of the infil-

trated LC have been widely studied, in particular for two-

dimensional photonic crystal structures.
6–10

In these studies,

shifts of the bandgap edges and the lasing mode have been

observed by adjusting either temperature or electric field.

None of these studies has demonstrated the birefringent ef-

fect of the LC on the cavity resonances.

In this letter, we present evidence for the birefringent

effect of the infiltrated LC from the temperature tuning of

InGaAsP nanocavity modes. We show frequency shifts in

opposite directions with varying temperature of two nearly

degenerate modes, which is attributed to the opposite tem-

perature dependence of the ordinary and the extraordinary

refractive index of the LC. The presence of the birefringent

effect is due to the electric field configuration of the resonant

modes with respect to the distribution of an in-plane compo-

nent of the LC orientation.

A hexagonal photonic crystal with cavities was made in

a 220 nm thick InGaAsP membrane which contains a

single layer of self-assembled InAs quantum dots
11

�density

3�1010 cm−2
/ layer�. The pattern was defined in a 350 nm

thick ZEP 520 resist by 30 keV electron beam lithography

and subsequently transferred to an underlying 400 nm

thick SiNx mask layer. Next, the pattern was etched in an

InP-InGaAsP-InP layer stack, by inductively coupled plasma

etching using Cl2 :Ar:H2 chemistry. The final step consisted

of selective wet chemical etching of InP to leave a free stand-

ing InGaAsP membrane using a HCl:H2O=4:1 solution at

2 °C. The six air holes around a single missing air hole

cavity were modified by changing their size and/or positions

in order to achieve high-Q.
12

Figure 1�a� shows the scanning

electron microscope �SEM� image of a fabricated InGaAsP

nanocavity having a lattice spacing �a� of 480 nm and

radius-to-lattice spacing ratio �r /a� of 0.3. The radius of the

six modified holes is reduced by 33 nm and the center posi-

tions are shifted radially outwards by 13 nm.

The LC 4-pentyl-4� cyanobiphenyl �5CB, Merck�, which

has the nematic-isotropic phase transition temperature, or

clearing temperature, Tc at 35 °C, is infiltrated under ambi-

ent pressure. This is carried out by putting a drop of LC on

the sample, while the sample and the LC are heated above

Tc. The excess liquid is blown off the sample by dry nitro-

gen. The remaining LC thickness on the top of the sample is

unknown. Since the hole infiltration is driven by capillary

pressure effects, good wetting of the LC to the surface is

essential. Contact angles were inspected occasionally, and

are typically below 15°. From the shift of the cavity reso-

nances after infiltration, it can be concluded that the holes

are, at least substantially, filled, which is the ultimate proof

for good and sufficient wetting. Ideally, all of the environ-

ment of the membrane should consist of LC as schematically

sketched in Fig. 1�b�. To investigate the temperature tuning,

the infiltrated sample is placed on a heating stage. A photo-

a�
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FIG. 1. �Color online� �a� SEM image of the modified InGaAsP nanocavity.

�b� Schematic of ideal configuration of infiltrated LC into a PhC nanocavity.
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luminescence �PL� experiment is conducted by using a con-

tinuous wave He-Ne laser ��=632 nm�. An NA=0.5 100�

optical microscope objective is used for both excitation of

the cavities and collection of the PL. The relative strengths

of the modes depend on the emission lobes of the cavities

and, therefore, they are influenced by the relatively low NA

of the objective, so the mode strengths should not be com-

pared. After dispersing the PL in a 35 cm focal length mono-

chromator, the collected signal is detected by a liquid nitro-

gen cooled InGaAs camera.

Figure 2�a� represents the temperature dependence of the

ordinary �no� and the extraordinary �ne� refractive index of

the LC 5CB for the wavelength of 1.5 �m, calculated from

the parameters given in Ref. 13. The no and the ne have an

opposite temperature dependence, which varies slightly with

temperature below Tc and shows an abrupt change at Tc

=35 °C, when both ne and no become equal to the isotropic

refractive index ni. Figure 2�b� shows the PL spectrum col-

lected from the nanocavity as shown in Fig. 1, before infil-

tration. The modes are identified by a systematic investiga-

tion of photonic crystals �PhC�-cavities for varying lattice

spacings and by comparison with known spectra of this type

of cavities.
14

The peaks occurring at 1461 and 1468 nm are

quadrupole modes, referred to as the Q1-mode and the

Q2-mode, respectively, having Q values up to 1000. The

Q1-mode and the Q2-mode are degenerate in ideal cavities

but in practice are split due to fabrication tolerances. The

peak occurring at 1479 nm is the hexapole mode, referred as

the H-mode, with a Q value 900. Figure 2�c� shows the spec-

trum of the same cavity after the infiltration of the LC, which

is done with the LC in the nematic state. All resonant modes

are redshifted by more than 70 nm. The redshift is somewhat

smaller than expected from simulations ��100 nm�, so that

the complete filling of Fig. 1�b� is not realized. Presumably,

the space below the membrane is not filled. This may result

in increased scattering but the Q is still high enough to

clearly resolve the resonances. Figure 2�b� shows that the

Q1-mode and the Q2-mode are split by 7 nm before the in-

filtration. Figure 2�c� shows that the splitting is increased to

15 nm after the infiltration. The increase in the splitting

shows that the two modes respond differently to the infill of

the holes, which could be the result of different overlaps of

the modes with the holes. The intensities and the Q values of

the resonant modes are significantly decreased after the in-

filtration due to the lower refractive index contrast between

the semiconductor membrane and the surrounding medium.

To investigate the possible influence of the LC orienta-

tion on the nanocavity modes, the temperature is increased

from 22 °C to 44 °C across the clearing temperature of Tc

=35 °C. Figure 3�a� represents three PL spectra collected

from the LC filled cavity at three different temperatures, one

�22 °C� is well below and two �32 °C and 35 °C� are near

Tc. Figure 3�b� shows the temperature dependent wavelength

shift of the three modes. As the temperature increases from

22 °C to 34 °C, the Q1-mode and the H-mode, redshift by

more than 3 and 2 nm, respectively. The redshift can be

partly accounted for by the temperature dependence of the

refractive index of the semiconductor, corresponding ap-

proximately to 0.1 nm/K.
15

However, the Q2-mode exhibits a

small blueshift around 0.5 nm. Near Tc, the Q1-mode and the

H-mode show an abrupt redshift by more than 4 and 2 nm,

respectively, while the Q2-mode is abruptly blueshifted by

more than 1.5 nm. Above the transition temperature, there is

no significant shift in the modes observed because the refrac-

tive index of the LC does not change in the isotropic state.

Our experimental results can be explained if the

Q2-mode is dominated by the ne, while the Q1-mode and

H-mode are dominated by the no. The electric field of the

cavity mode is in the plane of the PhC �TE-polarization�,
perpendicular to the hole axis. This requires that at least a

substantial fraction of the LC is aligned in the plane, i.e.,

perpendicular to the hole axis. Since different modes, includ-

ing degenerate ones, have different E-field profiles, the rela-

tive contributions of ne and n0 to the effective refractive in-

dex in the holes may vary between modes. Even though the

change in the refractive index is larger for the ne than for the

no, the data show that the observed blueshift for the Q2-mode

is smaller than the obtained redshift for the Q1-mode and the

H-mode. The reason is that even if the LC orientation is

completely in-plane, there is still a distribution of orienta-

tions between the E-field and the LC orientation.

The LC orientation is determined by sidewall anchoring,

surface energy, and molecular elasticity. Depending on these

effects, three LC molecular orientations inside small diam-

eter voids are theoretically proposed as follows: uniform

axial, planar polar, and escaped radial, as sketched in Fig.

4.
16

For the uniform axial orientation, Fig. 4�a�, only no

would be relevant for the TE-polarized cavity modes. Indeed,

several letters suggest this orientation inside photonic crystal

holes, notably in large hole diameter Si,
8

and in deeply

etched �InGa��AsP�.
17

In other letters, evidence is presented

for the escaped radial configuration �Fig. 4�b��, particularly

well below Tc,
9,18

which has a significant amount of in-plane

orientation. Only in one occasion so far,
18

a very small blue-

shift, occurring well below Tc, has been reported and attrib-

uted to the ne-contribution, but at the transition there was still

a redshift.

FIG. 2. �Color online� �a� Temperature dependence refractive index change

of the LC. �b� PL spectrum of the nanocavity before the infiltration. �c� After

the infiltration of the LC.

FIG. 3. �Color online� �a� PL emission of the LC infiltrated nanocavity at

three different temperatures, 22 °C, 32 °C, and 35 °C. �b� The resonant

wavelength shift of the modes with the increase of the temperature from

22 °C to 44 °C.
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In order to investigate the persistence of the effect, the

resonant frequency shifts at Tc were investigated for different

nanocavities; all fabricated on the same chip and thus sub-

jected to the same processing conditions. The cavities are of

the type shown in Fig. 1, and only differ by slight variations

of the surrounding hole geometry. Two examples of nano-

cavities, with the same a and r /a as the cavity in Fig. 1 are

given in Figs. 5�a� and 5�b�. In one cavity, the radii of the six

surrounding holes are reduced by 33 nm and their center

positions are displaced by 24 nm. For the other cavity, the

radii are reduced by 20 nm, while the center positions are left

unchanged. We refer to these cavities as Cc24_r33 and

Cc0_r20, respectively. Both cavities accommodate the same

Q1, Q2, and H-modes as the cavity in Fig. 3. Figure 5�a�
shows that all three modes of the cavity Cc24_r33 are red-

shifted by more than 2, 8, and 5 nm, respectively, including

an abrupt increase at the clearing temperature. Below the

clearing temperature, the Q1-mode and the Q2-mode acciden-

tally appear at the same wavelength. At the clearing tempera-

ture, the near-degeneracy of the modes is lifted and they

suddenly split by more than 5 nm. This might be caused by

the orientational effects of the LC but also by unequal filling

of the holes. Figure 5�b� shows results from the cavity

Cc0_r20. Here only the Q1-mode redshifts by more than 6

nm at Tc. The Q2-mode and the H-mode are blueshifted by

more than 9 and 1.5 nm, respectively. All three modes show

abrupt changes at the clearing temperature. The different be-

havior of the very similar cavities Cc24_r33 and Cc0_r20

show that the orientation of the LC inside the voids is not

due to an intrinsic molecule-wall interaction, but may be

randomly determined by varying surface properties of the

etched holes. A variable LC orientation in the holes, depend-

ing on variations of the etched surface conditions, was also

concluded on different grounds in previous letter.
9

Since the

orientation of the LC molecules inside the PhC holes is ap-

parently varying, no model calculations have been under-

taken to fit the frequency shifts. In addition, it should be

noted that the optical properties of nonuniformly polarized

LCs in small geometries may be exceedingly complex.
19

In this letter, we have demonstrated the mode-dependent

tuning of LC infiltrated InGaAsP nanocavity modes, which is

attributed to the birefringent properties of the LC. The modes

exhibit either a blueshift or a redshift at the LC clearing

temperature, depending on the LC orientation. The results

are consistent with both the planar and the more likely es-

caped radial type of the LC configuration inside the PhC

holes. A possible enhancement of the effects due to unequal

filling of the holes cannot be ruled out but unequal filling

cannot explain the opposite tuning behavior. The effects are

dominated by varying surface conditions and are potentially

interesting for device applications.
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FIG. 4. Schematic of �a� axial uniform, �b� planar, and �c� escaped radial

type of the LC alignment in the holes.

FIG. 5. �Color online� Temperature dependence resonant wavelengths

change of �a� the cavity Cc24-r33 and �b� the cavity Cc0_r20.
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