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Liquid crystal tuning of InGaAsP photonic crystal 
membrane type nanocavities 

M. A. Dündar, H. H. J. E. Kicken, A. Yu. Silov, R. Nötzel, F. Karouta, and 
R. W. van der Heijden 

COBRA Research Institute, Eindhoven University of Technology, P.O. Box 513  
NL-5600 MB Eindhoven, The Netherlands 

We demonstrate mode-dependent tuning of liquid crystal (4-pentyl-4’cyanobiphenyl, 
5CB, Merck) infiltrated into InGaAsP photonic crystal (PhC) membranes with 
embedded InAs quantum dots when the temperature or the power of an incident laser is 
varied. The cavity modes can be tuned in opposite directions and exhibit a sudden 
change at the clearing temperature. The mechanism relies on the existence of both 
ordinary and extraordinary refractive indices of the liquid crystal arising from specific 
molecular alignment inside the PhC holes. For high laser powers, large and reversible 
tuning of cavity modes is observed which is tentatively attributed to temperature 
induced liquid transport. 

Introduction 
Photonic crystal (PhC) membrane type nanocavities have attracted much attention 
during last decade because they are able to confine the light in a small modal volume 
(V) with a high quality factor (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 widely used to realise different devices such as 
ultra-low threshold lasers [1]. Lack of active tuning of the cavity modes over large 
spectral ranges is the main obstacle for applications. Changing the cavity’s average 
refractive index by changing the molecular orientations of infiltrated liquid crystal (LC) 
in the PhC holes is a promising way to achieve a large spectral range of active and 
reversible tuning. In this work, we demonstrate thermal and thermo-optic tuning of LC 
infiltrated InGaAsP PhC membrane type of nanocavities. A mode dependent tuning, 
which may yield either a redshift or a blueshift of the nanocavity modes, is observed 
when the temperature is increased across the ordering temperature of the liquid crystals 
(LCs) that are infiltrated in the PhC airholes. 

The sample preparation and the experimental set-up 
A 220 nm thick InGaAsP quaternary layer, which contains 1 monolayer of self-
assembled InAs Quantum Dots (density 3x1010 cm-2), is grown on an InP buffer layer 
by Metal-Organic Chemical Vapour Deposition. A hexagonal photonic crystal pattern 
with cavities is defined in a 350 nm thick ZEP 520 resist by 30 keV electron beam 
lithography. This pattern is transferred to an underlying 400 nm thick SiNx mask layer, 
deposited by Plasma Enhanced Chemical Vapor Deposition and opened through CHF3 
Reactive Ion Etching. In the next step, the pattern is created in the semiconductor layer 
stack by Inductively Coupled Plasma etching using Cl2:Ar:H2 chemistry. The final step 
consists of a wet chemical etching to undercut the InGaAsP layer using a HCl:H20=4:1 
solution at 2 °C. The cavities consist of a single missing air hole surrounded by six 
holes with modified size and/or position in order to achieve high-Q modes [2].  Figure 1 
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shows the scanning electron microscope 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 positions 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 ambient 
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 
nitrogen. To investigate the temperature tuning, the infiltrated sample is placed on a 
current controlled heating stage. A CW He-Ne laser (λ = 632 nm) or a power tunable 
CW diode laser (λ = 660 nm) is focused on the sample through a high numerical 
aperture microscope objective (for the thermal tuning 100x, N.A = 0.55 and for the 
thermo-optic tuning 50x, N.A=0.5). Excitation of the cavities and the collection of PL 
emission are done by the same objective. The collected PL is then dispersed in a 
monochromator and detected by a liquid nitrogen cooled InGaAs array.  
 

1 µm1 µm
 

Figure 1: Scanning electron microscope (SEM) image of the modified InGaAsP nanocavity. 

Thermal tuning of the liquid crystal infiltrated PhC membranes 

The LC is a birefringent material having two different refractive indices, ordinary and 
extraordinary, in the nematic state depending on the incident optical polarization. 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 µm, calculated from the 
parameters given in Ref. [3]. 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. The isotropic refractive index does not change with the temperature. Figure 2(b) 
shows the PL spectrum collected from the nanocavity, before infiltration. The modes 
are identified by a systematic investigation of PhC-cavities for varying lattice spacings 
and by comparison with known spectra of this type of cavities [4]. The peaks occurring 
at 1461 nm and 1468 nm are quadrupole modes, referred to as the Q1-mode and the Q2-
mode respectively. 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 to as the H-mode. Figure 2(c) shows the spectrum 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 due to the change in the ambient 
refractive index. Figure 2(d) shows the temperature dependent wavelength shift of the 
three modes. As the temperature is increased from 22°C to 44°C, the Q1-mode and the 
H-mode redshift by more than 9 nm and 6 nm respectively, with an abrupt jump of 4 nm 
and 2 nm at the phase transition temperature. On the other hand, the Q2-mode blueshifts 
by more than 3 nm, with a jump of around 1.5 nm at the transition point. The redshift 
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and the blueshift are attributed to the increase in the ordinary and the decrease in the 
extraordinary branch of the LCs refractive index. It implies that the electric field 
distribution of Q2-mode has a substantial component parallel to the LC director. The 
average electric field orientation with respect to the LC orientation can be mode 
dependent, so that different modes can be dominated by either branch of the LCs 
refractive index.  
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Figure 2: 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. d) The resonant wavelength shift of 
the modes with the increase of the temperature from 22 °C to 44 °C. 

Origin of the birefringence 
The LC orientation is determined by sidewall anchoring, surface energy and molecular 
elasticity. Depending on these effects, three LC molecular orientations inside small 
diameter voids are theoretically proposed: uniform axial, planar, and escaped radial, as 
sketched in Fig. 3 [5]. For the uniform axial orientation, Fig. 4(a), only no would be 
relevant for the TE-polarized cavity modes. Our experimental data can be explained if a 
substantial part of LC molecules are aligned perpendicular to the hole axis. This type of 
configuration can be either planar or escaped radial type of alignment. 

Thermo-optic tuning of liquid crystal infiltrated PhC membranes 
Preliminary experiments have been conducted to investigate the tuning of LC infiltrated 
PhC nanocavities by thermo-optic effects. Figure 4 shows the mode tuning of another 
modified H1 cavity having the same lattice spacing as previous one but different 
surrounding hole modifications. The holes are reduced by 34 nm and shifted radially 
outward by 24 nm. As the applied laser power is increased from 40 µW to 460 µW, all 
modes are blueshifted by more than 10 nm including an abrupt shift around 170µW. On 
the other hand, the experiments on the thermo-optic tuning of unfilled cavities have 
demonstrated strong redshift of the cavity modes as the incident laser power increases 
[6, 7]. From Fig. 2(d), the ne only has a small contribution to the refractive index. 
Therefore, the large blueshift must be attributed to a different mechanism. The 
mechanism is likely related to the laser induced large temperature gradient around the 
cavity. As the laser power increases, the LC will be moved away from the cavity due to 
the large temperature gradient, the precise mechanism being unknown at present. The 
changes in Fig. 4 are reversible. As the power decreases, the LC flows back into the 
cavity due to the wetting of the LC on the sample. Note also an abrupt change near 170 
µW, which could correspond to the clearing temperature of the LC. 
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(a) (b) (c)(a) (b) (c)

Figure 3: Schematic of a) axial uniform, b) 
planar, and c) escaped radial type of the LC 

alignment in the holes. 
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Figure 4: Thermo-optic tuning of a 
LC infiltrated modified H1 cavity. 

Conclusion 
In this work, we have demonstrated the thermal and thermo-optic effects on the tuning 
of LC infiltrated InGaAsP nanocavity modes. The modes can be tuned in opposite 
direction 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. For an intense laser power, the possible fluid transport could be the origin 
of the unexpected large blueshift of the cavity modes. The results are consistent with 
both the planar, and the more likely escaped radial type of the LC configuration inside 
the PhC holes. 
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