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Abstract:  Microdisks made from GaAs with embedded InAs quantum
dots are immersed in the liquid crystal 4-cyano-4’-pentylbiphenyl (5CB).
The quantum dots serve as emitters feeding the optical modes of the
photonic cavity. By changing temperature, the liquid crystal undergoes a
phase transition from the isotropic to the nematic state, which can be used
as an effective tuning mechanism of the photonic modes of the cavity. In
the nematic state, the uniaxial electrical anisotropy of the liquid crystal
molecules can be exploited for orienting the material in an electric field,
thus externally controlling the birefringence of the material. Using this
effect, an electric field induced tuning of the modes is achieved. Numerical
simulations using the finite-differences time-domain (FDTD) technique
employing an anisotropic dielectric medium allow to understand the
alignment of the liquid crystal molecules on the surface of the microdisk
resonator.
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1. Introduction

Tuning photonic resonators [1] is a strong challenge in nanophotonic devices. In a nanolaser,
tunability adds another degree of functionality to the device. In quantum information technol-
ogy, it is often necessary to control the coupling between a semiconductor quantum emitter
and the resonant cavity mode. Tunable resonators are also of interest as modulators in com-
munication technology. Different schemes have been applied for tuning photonic cavities, such
as material adsorbtion [2] on the device surface, heating the device [3, 4] or defined material
removal [5]. All these approaches are limited to low temperatures or lack direct controllability.
Here, we report on a room temperature approach for achieving tunability in a photonic res-
onator with embedded self assembled quantum dots that relies on the interaction of the cavity
mode with a liquid crystal. Since their discovery in 1888 by F. Reinitzer [6], liquid crystals have
emerged not only due to their interesting physical properties, e.g., their topological features, but
also due to their versatility as tools in modern electrooptic devices as well as the display indus-
try. Modern liquid-crystal-based screens make use of the polarization properties. In this letter,
we will demonstrate how the optical and electrical anisotropy of nematic liquid crystals can
lead to novel device functionality [7]. First steps towards applying liquid crystal technology
to photonic structures have been made by Schuller et al. [8]. As the quality factors of these
devices were comparably low, the influence of the liquid crystal on the photonic confinement
could not be studied in greater detail. Experiments have also been performed in the mid-infrared
region [9]. The electrical anisotropy [10, 11] of the liquid crystal molecules enables the use of
such kind of structures as a device. In this letter, we will report on a room-temperature device
based on self-assembled (In,Ga)As quantum-dots exploiting both the electrical anisotropy and
the phase-changing characteristics of the liquid crystal molecules.
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2. Experimental

Fabrication of the liquid crystal/semiconductor hybrid devices: As a base material, GaAs-based
heterostructures grown by all solid source molecular beam epitaxy (MBE) were used. On a
semiinsulating GaAs-substrate, a GaAs buffer layer was deposited. Subsequently, 300 nm of Si-
doped GaAs were grown. On top of this layer, a sacrificial layer made of 500nm Al 33Gag g7AS
was grown, followed by the 240nm thick membrane layer. In the center of the membrane,
a layer of (In,Ga)As-quantum dots was deposited. In order to achieve a high electronic con-
finement potential, the indium content in these dots is comparably high, leading to a strong
photoluminescence signal even at room temperature, where individual orbital shell state can
still be observed. Microdisks were formed from the above described base material by con-
tact or electron beam lithography and subsequent isotropic wet etching in a HBr based so-
lution. This step leads to circularly shaped mesa structures, which are subsequently under-
etched in a Kl-based solution [12]. The radii of the fabricated mirodisks were in the range of
2um — 3um. After microdisk fabrication, the devices were optically characterized (see be-
low) and then immersed in the nematic liquid crystal 4-cyano-4’-pentylbiphenyl (5CB). This
liquid crystal melts at Ty, = 22.51°C and undergoes a nematic-isotropic phase transition at
its clearing point of Tc = 34°C [13]. To promote a planar alignment of the liquid crystals
on the exposed GaAs surfaces, the samples were pre-treated with either MAP (N-mehtyl-
3-aminopropyltrimethoxysilane) or PVA (polyvinyl alcohol). Finally, the devices were either
capped with a thin glass slide or — for the electrically controllable devices — using two quartz
slides covered with indium tin oxide (ITO) as a transparent conductive electrode. The electrode
spacing was d = 800 um in total.

Soectral response setup: The photoluminescence of the devices was measured in a micro-
photoluminescence (u-PL) setup. As an excitation source, a continuous wave (cw) tita-
nium:sapphire laser was used operating at A = 780nm. The laser light was focused on the
sample surface using an infinity-corrected 50 x -microscope objective with a numerical aperture
of NA=0.50 which was simultaneously used to collect the emitted photoluminescence signal. A
diffraction limited spot size of d < 1 um was achieved. The collected PL signal was dispersed
in a Czerny-Turner monochromator and detected using an liquid nitrogen cooled (In,Ga)As
photodiode array with 512 pixels. The sample temperature was controlled using a temperature
sensor and PID control circuit.

3. Discussion and Results

In order to achieve photonic confinement devices with high quality optical modes, microdisk
cavities based on GaAs have been fabricated and immersed in the liquid crystal 4-cyano-4’-
pentyl-biphenyl (5CB) (details see above).

For characterization of the impact of the liquid crystal immersion on the nanophotonic cavity,
the influence of the liquid crystal on the resonant modes of the microdisk devices was checked
using photoluminescence (PL) measurements at room temperature (RT). The results are shown
in Fig. 1. In the upper part, one can see the PL signal of the (In,Ga)As quantum dots (QDs)
at RT before microdisk fabrication. Due to the narrow size distribution of the QD ensemble,
even at RT at least the first three excitonic orbital states (s-shell, p-shell and d-shell) are clearly
resolved. Fabrication of the microdisk changes the PL spectrum such that the emission is now
dominated by the sharp emission peaks of the resonant cavity modes. Depending on the device,
spectral linewidths of AA < 0.3nm were measured, corresponding to quality factors of Q >
4000. Due to the large pixel size of the (In,Ga)As-detector, this is close to the instrumental
limit of the measurement setup. In the lower part of Fig. 1, The PL emission of a microdisk
device immersed in liquid crystal is shown. Due to the scattering in the liquid crystal, the
excitation laser intensity as well as the PL emission strength is slightly reduced, giving rise to
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Fig. 1. (Upper part) Room temperature photoluminescence spectrum of the embedded
(In,Ga)As quantum layer. The orbital shell structure of the quantum dot ensemble is clearly
resolved. (Lower part) PL spectrum of a microdisk sample immersed in the liquid crystal
5CB. The sharp lines decorating the quantum dot emission originate from the fundamental
whispering gallery modes in the microdisk. (Right panels) Spectra from two different de-
vices with high quality factors. The maximum achievable quality factor is not signifcantly
changed by the immersion.

a noisier signal.The lineshape from two different devices with high quality factors before and
after immersion in the liquid crystal is shown in the insets of Fig. 1. As can be seen, in both
cases a Lorentzian lineshape is observed with quality factors between 4000 and 5000. Thus, a
significant loss of quality cannot be measured for the photonic cavity, which is an important
result with respect to the applicability to liquid crystal technology on nanophotonic cavities.
The fact that such a reduction in quality factors is not observed is surprising, as the immersion
of the microdisk resonator into the liquid crystal reduces the refractive index contrast, which is
responsible for the photonic confinement. As a consequence, one expects a redistribution of the
electromagnetic field from the semiconductor into the environment, i.e., the liquid crystal. This
shows, in contrast to the results obtained by Schuller et al. [8] that liquid crystal technology is
indeed compatible with nanophotonic devices. However, the infiltration with the liquid crystal
leads to a redshift of the photonic modes due to an increase of the effective refractive index. For
the wavelength range of the quantum dot emission around 1eV, this redshift is around 20meV.

The nematic liquid crystal adds two degrees of freedom to the newly formed hybrid device:
On the one hand, the liquid crystal undergoes a phase transition from the ordered nematic phase
to the unordered isotropic phase at the clearing temperature Tc. Therefore, one should expect
a strong temperature-induced effect near Tc. On the other hand, due to the dipolar character of
the liquid crystal molecules, the material exhibits a strong dielectric anisotropy, leading to the
possibility to orient the molecules in an external electric field. As a consequence, the device
should respond to an external electric field in the nematic phase.

In the nematic phase, the liquid crystal is birefringent, exhibiting an extraordinary refractive
index of ng, ~ 1.66 for light polarized with its electric field E along the alignment direction v
of the long molecular axes and n, ~ 1.5 for E L v (at T = 20° C). When fully disordered, the

refractive index is isotropic with njso = / %ngo + %ng ~ 1.55. Therefore, the achievable change
of refractive index is quite large in comparison to other systems such as switchable molecules,
e.g., azo-benzenes.
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Fig. 2. Temperature dependent tuning behaviour of resonant WGM maodes in a liquid crys-
tal immersed microdisk. (Black trace) Reference sample without liquid crystal. The shift is
induced by the GaAs thermal lattice expansion. (Red trace) Liquid crystal immersed sam-
ple. As the temperature approaches the clearing point Tc = 307.15K, the resonant mode
energy shifts strongly to higher energies.

The temperature tuning behavior of the liquid crystal immersed devices is shown in Fig. 2.
The experiment was conducted as follows: Firstly, the devices were heated above the clearing
temperature Tc in order to destroy any pre-ordering. Then, the device was cooled with an ap-
plied AC electric field in the z—direction. In the next step, the device temperature was increased
from room temperature to T = 323 K. At each temperature, u—PL spectra were recorded in or-
der to monitor the effect of the dielectric environment on the resonant modes. In the same way,
a reference sample was monitored without liquid crystal. The result is shown in Fig. 2. For the
reference sample, the resonant mode wavelength shifts to lower energies due to the thermal
expansion of the GaAs lattice, leading to a smaller refractive index. The total shift for a tem-
perature change of AT = 28K is about AE ~ 1 meV. The temperature dependence of the GaAs
refractive index can be described using the Sellmeier equation [14], from which we obtain an
index change of An=5.7 x 10~3. For a resonant cavity mode at Ey; = 1.0€V, this corresponds
to a shift of AE = —1.67 meV, which is in acceptable agreement with the measurement. In com-
parison, the liquid crystal immersed device shows a completely different behaviour: Close to
the phase transition temperature Tc, the device shows a steep increase of the resonant mode fre-
quency, until a maximum mode shift of about AE ~ +6.5meV is reached. Above the clearing
temperature, the resonant mode wavelength is only affected by the effect of the thermal expan-
sion of the semiconductor lattice on the GaAs refractive index, causing a mode shift with the
same slope as the reference sample. The effect of the thermal expansion on the geometrical pa-
rameters of the resonators such as diameter or membrane thickness is negligible in comparison
to the refractive index change.

In the next step, the samples were sandwiched between two transparent electrodes and the
response to an external applied electric field in the z—direction (epitaxial growth direction)
was investigated. In order to prevent electrochemical dissociation of the liquid crystal, an AC-
voltage of frequency f = 50Hz was applied. Again, before the experiment the sample was
heated above the clearing temperature to remove any remaining order in the liquid crystal
molecules and then slowly cooled down to 23°C. The results are shown in Fig. 3. As the AC
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voltage is increased, the resonant mode frequencies shift to higher energies, until the shift satu-
rates at an applied voltage of 30V. Considering the device dimensions and the static dielectric
constants for GaAs and the liquid crystal [15], one obtains for the saturation voltage an electric
field of Egaas = 301.2V/cm and E| ¢ = 388.6V/cm, respectively. For the investigated mode
at Am,0 = 1270nm, the maximum observed shift is AE ~ 5meV, which is sufficient for many
applications like tunable nanolasers or resonant coupling to narrow emitters such as individual
QDs or colloidal nanocrystals.

The temperature effect is fully reversible in the presence of an electric field that leads to
an alignment of the LC molecules in the nematic state. The electric field tuning satures once
the molecules are fully aligned. However, by shortly heating the sample above the clearing
temperature the order is destroyed, and the electric field tuning can be repeated once the sample
has cooled down below the clearing temperature again.

The observed frequency shifts in the semiconductor microdisks as a function of the dielectric
constant in the environment are caused by the boundary conditions at the disk’s interface: The
QDs inside the microdisk primarily excite transversal-electric-like (TE-like or even) modes
inside the structure due to the strong carrier confinement in the z—direction. Thus, in the z=
0—plane (center plane of the microdisk slab) the E;, Hy, Hy-components vanish, while for z# 0
they need to be considered. When the liquid crystal is in its nematic phase and either fully
aligned in-plane or fully out-of-plane, we can describe the liquid crystal using an anisotropic
dielectric tensor containing only diagonal elements:

&g 0 0
D=¢g&gE=2¢- 0 & O -E Q)
o 0 0 €

While the above equation affects the components of the electric field, the magnetic field com-
ponents are affected by the anisotropic dielectric constant via the time-dependent Maxwell
equations, which couple the different field types. However, one needs to answer the question
why a change in the dielectric constant in the environment, which supports a continuum of
states, can lead to a change of the resonant modes confined in the semiconductor.

To understand the interaction between the resonator and its environment, we consider a plane
wave in a dielectric medium with a distinct wave vector k. A change in the dielectric constant
leads to a change in the dispersion w(R), i.e., for a linear isotropic medium, the group velocity
Vi is changed. For the interaction between microdisk and its surrounding, the interface of
the disk with the liquid crystal needs to be studied. For a planar infintely extended interface
between semiconductor and liquid crystal, we would argue that we have conservation of ki,
while k; is not conserved due to the symmetry breaking at the interface. However, for a cir-
cularly shaped surface with confined optical modes, i.e., standing waves, we can no longer use
k as a good quantum number to classify the optical modes of the device. Instead, we have to
use the azimutal quantum number m, which is a measure for the number of lobes in the disk
periphery. Instead of k; conservation, we can now reasonably argue that the phase of the stand-
ing wave inside the disk needs to be matched to the evanescent field in the liquid crystal at
the disk/LC interface. This way, when the dispersion in the dielectric environment is changed,
in order to preserve phase matching at the interface, the resonant mode frequency inside the
device must change as well. This is the reason for the observed resonant mode shifts induced
both by temperature and electric field tuning. It should be noted that although TM-like modes
are not fed by the QD emission they are still confined, even after immersion of the microdisk
with an anisotropic dielectric medium, as can be shown numerically.

In order to understand the anchoring of the liquid crystal molecules on the device surface
and their alignment in the electric field, we employed numerical simulations of the resonant
mode frequencies. To describe the resonant cavity modes embedded in an anisotropic dielectric
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Fig. 3. (Upper part) u—PL spectra of a microdisk immersed in liquid crystal with an elec-
trical AC field applied perpendicular to the disk plane. (Lower part) Tuning behaviour of a
resonant cavity mode as a function of the applied voltage.

environment, an in-house developed finite-difference time-domain code with standard CPML
”open” boundaries and subcell accuracy borrowed from Finite Integration Technique (FIT) was
used (FDTD, [16]) to simulate the light field propagation after excitation with an ultrashort
broadband pulse. A magnetic dipole was used in order to excite the TE-like modes of the
semiconductor cavity. The MIT "Harminv” software package based on the filter diagonalization
method [17,18] was used to efficiently extract the frequency and decay rate of the cavity modes
from the simulated electric fields.

In our simulations, a dimensionless parameter o was introduced in order to accomodate for
the different orientations of the liquid crystal molecules. A value of o = —1 corresponds to par-
allel ordering of the molecules, i.e., the molecules are oriented in the xy—plane, while a value of
0= +1 means that the molecules are fully aligned along the z—axis, corresponding to & = €.
For —1 < 0 < +1, the effective dielectric constant & is linearly interpolated, assuming that the
dielectric tensor contains only diagonal elements, which is a requirement of the used algorithm.
In this (simple) approximation we neglect the temperature dependence [19] of the refractive
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Fig. 4. FDTD simulation for different orientations of the liquid crystal molecules. The ver-
tical axis describes the alignment of the molecules, where S= 1 corresponds to vertical
alignment, S= 0 to an intermediate partially disordered state and S= —1 to parallel align-
ment in the disk plane.

index of the liquid crystal, as we are mostly interested in the electric field induced alignment.
Thus, it is assumed that the microdisk environment is uniaxially birefringent with the optical
axis perpendicular to the disk plane. This assumption describes the case of vertical alignmen
(o= +1) and the isotropic state (o = 0) correctly, but for planar alignment, this symmetry re-
quires a uniform distribution of the local alignment direction over all azimuthal angles. The
results of the calculation are shown in Fig. 4. Here, the frequency of a single resonant mode
was isolated and its shift was tracked as the orientation of the liquid crystal molecules were
changed. For a full orientation of the liquid crystal molecules in the xy-plane (o = —1), one
obtains the lowest mode frequency. As the orientation parameter is increased towards o = 0,
the frequency increases linearly with the orientation parameter o. As the orientation is changed
into the zdirection, the resonant mode frequency is further increased up to a maximum value
for the vertical alignment (o = +1). The comparison with experiment (Fig. 3) suggests that the
final orientation of the liquid crystal molecules is indeed vertical as it is assumed in the calcu-
lation. However, before the electric field is applied, it is not clear whether the pretreatment (see
method section) of the GaAs surface leads to a planar alignment of the LC molecules, or if it
has no effect at all.

For the three extreme cases, i.e., in-plane alignment, partial disorder and vertical align-
ment, we obtain resonant mode energies of E(o = —1) = 0.9754eV, E(0 = 0) = 0.9766eV
and E(o = +1) = 0.97769eV for the traced mode. This means, if one assumes that the LC
molecules were disordered before the experiment, i.e., the pretreatment of the GaAs surface
would only have had a negligible effect on the orientation, one would expect a shift from
isotropic to vertical alignment of AE = 1.2meV, which is far below the experimentally observed
shift of more than AE = 5meV. If one assumes that the pretreatment of the GaAs surface has
lead to an in-plane alignment corresponding to the case 0 = —1 before the electric field was ap-
plied, one obtains from the calculations an effective shift of AE = 2.3meV. While this is much
closer to the experimentally observed result, there is still a significant discrepancy. The most
likely explanation for this difference is the existence of fabrication imperfections which lead
to scattering at the interface and therefore to an increased leaking of confined optical modes in
the environment of the disk, where they can interact with the liquid crystal molecules. While
in reality such fabrication imperfections cannot completely be avoided, the idealized dielectric
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structure assumed in the calculations is only limited by the computational grid. Moreover, ad-
ditional numerical calculations suggest that also an excentricity of the microdisk as well as a
non-cylindrical edge profile as described by Srinivasan and Painter can explain the quantitative
difference [20].

4, Conclusion

In conclusion, we have shown that liquid crystal technology can be applied to photonic cavity
devices. Liquid crystals are indeed a very versatile tool, as they respond to many external pa-
rameters, such as temperature or external electric field as shown in this letter. In fact, due to the
richness of this material class, possible applications go far beyond the experiments shown here,
where a comparably simple liquid crystal molecule was chosen. By choosing the molecule, de-
vices can be realized that are custom designed for specific applications, such as high switching
speed, temperature window of operation etc.
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