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DOI: 10.1039/x0xx00000x Vertically aligned nanorods assemblies are of great interest both for fundamental studies of anisotropic physical properties

arising from the structures and for the development of functional devices utilizing such anisotropic characteristics.
Simultaneous measurement of the homeotropic order parameter (Spomeo) Of assemblies in dynamic states can allow further
optimization of the assembly process and the device performance. Although many techniques (e.g. birefringence
measurement, SAXS analysis, high-resolution microscopy) have been proposed to characterise Shomeo, these do not yet
meet the essential criteria such as for rapid, in situ and non-destructive analyses. Here, we propose a novel approach
employing a unique photoluminescence behaviour of lanthanide-doped crystalline nanorods, of which the emission
spectrum contains the detailed information on the structure of assembly. We demonstrate a rapid in-situ determination of
Shomeo Of EU>"-doped NaYF, nanorods of which the orientation is controlled under external electric field. The method does
not require a consideration of polarization and can be performed using a conventional fluorescence microscopy setup. This
new methodology would provide a more in-depth examination of various assembled nanostructures and the collective
dynamics of their building blocks.

14,15,16,17 2,8,18,19

drying , shear stress under flow , and externally
1. Introduction applied electrict™*> 221 2 or magnetic fields 2" % .
Combination of these approaches has been useful to prepare
active devices modulating strong anisotropic properties by
reversibly controlling the director of organized particles with
external fields (e.g. electro-optical device*?).

One dimensional nanomaterial such as nanorods have
attracted much attention because of their unique anisotropic
material properties such as optical retardationl’z, ferro-
electricity and —magnetism3’4’5’6, polarized -luminescence and -
plasmons7’8’9’1°. These properties are promising for their
practical use in many functional devices. However, it has been
a difficult problem to investigate and manipulate such
properties because of the limited signal-to-noise ratio for
individual nanorods and their random orientation in ensemble.
Achieving significant intensities of response signals while
getting access to the anisotropic properties inherent in
individual particles becomes possible when considering aligned
particles by self-assembly or directed assembly. Self-assembly
can be achieved by controlling the sophisticated surface
chemistry of colloidal nanorods, which often imparts an ability
to be liquid crystalline.s’“’lz’13 Directed assemblies are made
by exerting forces, for instance, capillary forces during solvent

Description of the assembled nanorods involves an analysis of
the degree of orientation, represented quantitatively by the
order parameter S as:

S =(3'<cos?6>-1)/2 (1)

where 0 is the angle of the long axis of an individual nanorod
with respect to the director T of the ensemble. The angle
brackets indicate a temporal and spatial average in the
ensemble of nanorods residing in the measured volume.
According to Equation 1, the order parameter S is 1 for a
perfectly aligned system while S is 0 for a random ensemble.
Quantitative measurement of S is crucial as it allows to assess
the alignment process and to establish the relation between S
and the amount of anisotropy of physical properties.

*Laboratoire de Physique de la Matiére Condensée, CNRS, Ecole Polytechnique,

Institut Polytechnique de Paris, 91128 Palaiseau, France A widely used technique for analyzing assembled structures
Corresponding Author: and determining S is to measure the induced optical
thierry.gacoin@polytechnique.edu / jong-wook.kim@polytechnique.edu birefringence (An). However, in practice, determining the

Electronic Supplementary Information (ESI) available: absolute value of S from An is a complex problem often
In-plane alignment of nanorods by electro-optical switching, Line shape requiring a sophisticated intrinsic- and form- birefringence
comparison of Ix + |5 and Ir.q, Photoluminescence signal of NaYF4:Eu nanorods as a modeling that relates to the structure of assembly and the

fl.mction of rela.xation time after .the E-field turned off from. the saturating E-field. intrinsic optical constants of the building blocks and
Simulated profile of homeotropic order parameter analysis. NaYF4:Eu nanorods
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Figure 1. Schematic illustration of nanorods assembly with the alignment
director (a) 7i parallel to the substrate (measurement plane), (b) 7 with
out-of-plane angle (8) and (c) 7 perpendicular to the substrate. Blue line
indicates the direction of light propagation for measurement.

. . 1,26,27,28 . .
surrounding medium. Also, birefringence measurement

is only useful for simple configurations where the assembly is
unidirectional and 7 is parallel to the measurement plane (i.e.
perpendicular to the light propagation) (Figure 1a). When the
assembly has an out-of-plane component of 7 (8), S cannot be
deduced unless 8 is known. (Figure 1b). SAXS (small-angle x-
ray scattering) analysis also offers measurement of S as well as
detailed information such as superlattice structure and inter-
particle spacing.z‘r"zg‘30 However, a sophisticated scattering
pattern analysis is essential to quantify S, which is highly
sensitive to the experimental and materials parameters.
Moreover, SAXS instruments are heavy, costly, and not easily
accessible. Measuring S has sometimes been made by direct
observation of assembled nanorods by electron or optical
microscopy.ls’u‘ 31.32,33 However, electron microscopy is
destructive and cannot be made in situ in most cases, while
the optical microscopy imaging is only useful when the size of
particles is larger than the optical resolution.

In this study, we present a rapid, high-resolution,
destructive, and in-situ method to measure S, particularly the
homeotropic order parameter (Spomeo) Of vertically aligned
nanorods assembly (Figure 1c). Homeotropic assemblies are
useful in various applications. For instance, Homeotropic
assemblies of semiconducting nanorods is promising for
energy and sensor devices due to their improved light
absorption, large surface-to-volume ratio, and increased
carrier collection efficiency.34‘35‘36’37’38 Homeotropic assemblies
of plasmonic nanorods improve the performance of surface-
enhanced Raman scattering (SERS) substrates thanks to their
ability to enhance local electromagnetic fields with better
uniformity and reproducibility.”‘40 Measuring Shomeo 1S @ key to
optimize the structure and performance of such systems.
Meanwhile, as 7 is vertical to the measurement plane,
birefringence or anisotropic SAXS pattern cannot be measured
with the transmitted beam.

non-

Here, a new method utilizes the photoluminescence (PL) of
trivalent europium (Eu®") ions doped in crystalline nanorods.®’
Lanthanides doped in an anisotropic crystal exhibit
luminescence with a distinguished polarization nature.”* As a
result, an emission spectrum observed from a certain viewing
angle provides information on the three-dimensional
orientation of the crystal.9 When many nanocrystals are
collectively assembled together, measuring the spectral
degree of polarization allows to determine S and 72 In the
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present work, we demonstrate that, in the case of
homeotropic assembly, Spomeo Can be measured even without
considering the polarization but only from the line shape of
the unpolarized emission spectrum. This is a great advantage
because polarization state is easily perturbed by various
optical components (e.g. mirrors, filters, gratings, detector
arrays, etc). The proposed method is compatible with a simple
microscopy  setup

implementation to various applications.

conventional allowing its  easy

2. Results and Discussions
2.1. Methodology for homeotropic order parameter analysis

The Eu*
natures:

luminescence manifests two different dipolar
electric dipole (ED) and magnetic dipole (MD)
depending on each transition level. When Eu® ions are doped
in a crystalline matrix, their main transition levels are further
split by crystal-field and appear as a number of narrow
sublevel peaks being considered as individual dipoles.41 As
each of these sublevel peaks is polarized with a certain dipole
axis, the line shape of polarized luminescence spectrum shows
a drastic change when the emission is collected with a rotating
analyzer.7’8'9 As a result, the m- and o- polarized spectra,
corresponding to the emission toward directions
perpendicular to the nanorod and taken with the analyzer
(polarizer in front of the detector) parallel and perpendicular
to the rod axis respectively, are very different with each other
for both 5DO—7F1 (MD) transition and 5D0—7F2 (ED) transition lines
(Figure Za).9 When the nanorods possess a cylindrical
symmetry of their crystal
corresponding to the emission along the rod axis, is isotropic

structure, the a-spectrum,
(unpolarized) and its line shape is identical to the m-spectrum
for 5DO—7F1 (MD) transition and o-spectrum for 5Do—7F2 (ED)
transition lines (Figure 23).8'9 We showed previously that the
orientation of either individual or ensemble of Eu3+—doped
nanorods can be analyzed by polarization-resolved observation
of their photoluminescence (PL).8'9 It was also demonstrated
that the emission spectral line shape depends exclusively on
the crystal structure but is independent of the morphology of
nanocrystals.9 Here we demonstrate that the peculiar
characteristic of m-, o-, and a- spectra enables to determine
Shomeo Of vertically aligned nanorods without using any
polarization optics, which greatly simplifies the measurement
and analysis.

When a single Eu3+—doped nanorod is in 3D space with
arbitrary spherical angles (8-polar and @-azimuthal) with
respect to the measurement axis (z-axis) (Figure 2b), its PL
intensities collected at two orthogonal analyzer angles (1, I,,—
the two indices indicate the measurement axis and the
analyzer axes respectively) are projected sums of i, o, and a
components. The 8 and ¢ angles can thus be calculated using
the following equations. At the whole wavelength (A) range for
both MD and ED transition lines:

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) Polarized photoluminescence (PL) spectra in 11, o, and o configurations of NaYF,:Eu* nanorods under the excitation at 394 nm ("Fo=>°Le). These
spectra were obtained from the NaYF,:Eu®" colloidal nanorods aligned under electric field. The electro-optical switching experiments are detailed in Figure
$1-2 (for the i and o signals) and in Section 2.2 (for the a signal). This figure is adapted from the reference.’ (b) Schematic illustration of a single nanorod
in laboratory frame with an arbitrary orientation - polar and azimuthal angles (6, @) with respect to the measurement axis (z-axis). The PL signal measured
along the z-axis is a projected sum of i and o signals. Schematic illustration of nanorods assembly (c) lying on the substrate (normal to the measurement
axis) and (e) standing normal to the substrate (parallel to the measurement axis). (d) shows an intermediate state where the nanorods are partially
oriented normal to the substrate. The value or the range of homeotropic order parameter Spomeo fOr each state is noted.

Ly Q) = I; Q) - sin?6 - sin@ + I, (A) - sin®6 - cos®p +

I, Q) - cos?8 (2)
L Q) =1, () - sin?0 - cos?¢ + I, (A) - sin?8 - sin¢ +
I, (A) - cos?6 (3)

The PL collected in the measurement axis (l,) without analyzer

is the sum of the two orthogonal polarizations (l,, and I,).

Therefore, Equation 2-3 can be rewritten as:

L) = sz(}\) + Izy()\) =

sin?0 - (I, W) + I, W) +
(4)

2c0s%0 -1, \)

When considering an assembly of multiple nanorods, the
collected PL emission is a sum of the contributions by all the
nanorods in the measured focal volume. In this case, cos’0 of a
single nanorod orientation in Equation 4 can be replaced by
<cos’0> that is a spatial and temporal mean of cos’® of all the
nanorods residing in the focal volume during the time of
measurement. Note that a normally distributed orientation (6)
can be assumed when a unidirectional electric field is
competing with the thermal relaxation. In the case of
homeotropic assembly (i.e. 7@ vertical to the substrate plane
and parallel to the measurement axis, Figure 1c), measured
<cos’0> corresponds to the distribution of the polar angles
with respect to the director of alignment 7. As shown in

This journal is © The Royal Society of Chemistry 20xx

Equation 1, the order parameter Sis a function of <cos’8>.
Therefore, Equation 4 can be rewritten for an assembly of
nanorods using Equation 1 as:

%IZ()\) = (1 — Shomeo) In+aO\) + (142 Shomeo) * Ia @ (5)

where I.,5(7\) is a sum of I (L) and I5(A). In Equation 5, the PL
collected with the measurement axis (I,) is a simple function of
the homeotropic order parameter (Spomeo) and the reference
emission intensities (I, Isand |l,). Hence, once | .o(A)and I (A)
— the intrinsic reference spectra of the given crystal structure
of nanorods — are known, S,omeo Can be obtained by a simple
measurement of the unpolarized emission spectrum (1,(1)).

The value of Spomeo IS 1 for a perfect homeotropic alignment
(Figure 2e) and O for a random orientation. The minimum of
Shomeo 1S -1/2 when all the nanorods are lying on the substrate
plane normal to the measurement axis (Figure 2c). In this case,
<cos’0> is zero and thus I,is equal to |,; without contribution
of 1,. So, the reference spectrum, I .s(A), can easily be
collected without using an analyzer from a sample of nanorods
lying on a substrate. By a separate experiment observing
electrically in-plane-aligned nanorods with an analyzer (Figure
S1-2), it was confirmed that the sum of the two orthogonally
polarized m- and o-spectra (I(A) + I5(7A)) is identical to the
l+s(A) spectrum of randomly deposited nanorods (Figure S3).
The other reference spectrum, I, (A), can be obtained also
without analyzer from a sample with a perfect vertical
alignment as 1, = 2l, for Shomeo = 1 (Figure 2e). As the
experimental spectrum (l,(A)) and the two reference spectra
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Figure 3. (a) A scheme of the conventional fluorescence microscopy setup used to conduct the order parameter Spomeo analysis of the homeotropic NaYF,:Eu
nanorods assembly under electric-field (E-field). A fiber-coupled diode laser at 394 nm (corresponding to the 'Fo—"L transition of Eu**) was used as an
excitation source. The PL emission (*Do—F, transitions) was observed also with a fiber-coupled spectrometer. (b) The collected PL emission spectra with
gradually increased E-field strength (E). | indicates a reference spectrum taken with randomly deposited nanorods lying on the substrate. All the spectra
were collected without polarizer and normalized to the peak with highest intensity at A ~ 615 nm. (c) A plot of the calculated homeotropic order parameter
Shomeo as @ function of E (red, left panel) and of the relaxation time (t) after saturation at E = 0.25 V/um and turning off the E-field (blue, right panel). The
spectral fitting of the emission spectra for different E-field intensities of (d) 0.06, (e) 0.14 and (f) 0.25 V/um with the reference spectra (I, and |,) providing

the value of Shomeo according to the Equation 5.

(lees(A) and I4(A)) can be obtained without analyzer, this
method does not require consideration of polarization during
the experiment nevertheless it bases on the intrinsic
anisotropy of the luminescence of Eu3+—doped nanorods. This
allows a facile and robust analysis of Spomeo €liminating the
measurement errors and complexity due to the polarizing
optics. It is also worth noting that this methodology is free
from consideration of the structural factors other than Syomeo
such as volume fraction of the nanorods, sample thickness,
and other intrinsic material properties. The geometrical
analysis of Spomeo Can thus be made through a purely
spectroscopic method.

2.2. In-situ analysis of S;,omeo in electric field-induced nanorod
assembly

As a proof of concept device, we prepared a homeotropic
electro-optical cell in which a colloidal suspension of Eu®-
doped monocrystalline sodium yttrium fluoride (NaYF,:Eu)
nanorods is inserted. An AC (alternating current) electric field
(E-field) applied between the top and bottom substrate could
induce the vertically oriented nanorods assembly, which could
be reversibly controlled by adjusting the intensity of E-field.
NaYF, was selected as it is known as an efficient host crystal
for doping lanthanide ions.*>** A micrometer-long NaYF,:Eu
nanorods were synthesized by a wet-chemical method **,
surface-functionalized with citrate molecules45, and stably

4| J. Name., 2012, 00, 1-3

dispersed in ethylene glycol. The degree of orientation of the
nanorods under the applied E-field changed depending on the
E-field strength. The PL signal was collected simultaneously
with the modulation of the applied E-field in order to
quantitatively determine Syomeo at each moment. The simple
fluorescence microscopy setup used is schematized in Figure
3a.

The method requires a preset of reference spectra (l..4(A) and
l,), as discussed above. Firstly, NaYF,:Eu nanorods were spin
coated on the glass substrate and heated until the solvent was
evaporated. The nanorods deposited in this way were
perfectly lying on the glass substrate, which was used to
collect 1 ,5(A) spectrum (Figure 3b). Subsequently, the I, signal
was collected from perfectly vertically aligned nanorods
assembly under a strong E-field (E > 0.25 V/um) saturating the
increase of Syomeo (Figure 3b). The PL spectra collected under
varied E-field strength between 0.00 V/um and 0.25 V/um
show a clear line shape change (Figure 3b). As the E-field
strength increases, in the 5DO—7F1 (MD) transition range, the
relative intensity of the MD, peak at 593.7 nm decreases
compared to the almost constant intensity of the MD, peak at
591.4 nm. While in the °Dy-'F, (ED) transition range, the
relative intensity of the ED, peak at 619.0 nm decreases
compared to the constant intensity of the ED, peak at 615.3
nm. When the E-field strength was increased higher than 0.25

This journal is © The Royal Society of Chemistry 20xx



V/um, no longer spectral change was observed. The PL
spectrum observed at this saturation level was identical to the
mn-spectrum in the 5D0—7F1 (MD) transition range and to the o-
spectrum in the 5D0—7F2 (ED) transition range (Figure 2a), which
is thus equal to the OL—spectrumg’9 and confirms that Spomeo iS
close to 1 at this state. Note that, compared to the typical
organic liquid crystals used for electro-optical devices, 0.25
V/um is about one order of magnitude lower E-field strength
required to fully control their orientations. Such an efficient
control with a moderate E-field may be useful for further
device application using colloidal nanorod systems.
By fitting the reference spectra (l..; and [,) on the
experimental spectra using Equation 5, the S;omeo Values were
calculated and plotted as a function of E-field strength (Figure
3c-left panel). Initially, when E = 0 V/um where the dispersed
nanorods exhibit a random Brownian motion without an
alignment effect by the electric field, the calculated Spomeo Was
-0.17, which is lower than O for a perfectly random orientation.
This seems to be due to the in-plane capillary force that
induces partial orientation of the nanorods parallel to the
substrate plane when injecting them into the thin gap (~20
um) of the electro-optical cell. The Syomeo Value gradually
increases as a function of the E-field strength. Figure 3d-f are
examples of the fitting analysis showing that the contribution
of I, (red lines) compared to I..; (blue lines) increases when
increasing the E-field strength. When E = 0.25 V/um, the
contribution of |, is almost negligible and I, occupies most of
the emission spectrum providing Syomeo = 0.95 (Figure 3f).

The PL spectrum was continuously observed after turning off
the E-field in order to examine the relaxation behavior of the
aligned nanorods. Without E-field, nanorods are subject to a
randomization of their orientation due to the Brownian
motion. The calculated Spomeo Values as a function of time after
turning off the E-field are shown in Figure 3c-right panel. The
corresponding PL spectra are shown in Figure S4. These
experimental points fit with an exponential decay curve
(y=A-exp(-x/t;)+y,) with a relatively long decay time (t = 7.4 s).
We attribute this slow relaxation dynamics to the relatively
large size of the nanorods (Length = 1184 + 430 nm, Diameter
= 117 + 24 nm) and the viscosity of ethylene glycol (1.61-107
Pa-s) as a dispersion medium. Theoretical rotational diffusion
coefficient is given as:

3kpT 2a

" 16mn,ad (_1 +2in 7) (6)

where k;, is Boltzmann constant, 1, is solvent viscosity, a and b
are respectively the half-length and equatorial radius of the
ellipsoidal particle. % The Q calculated for our NaYF,4:Eu
nanorods dispersed in ethylene glycol is 0.37 st Itis in good
accordance with the experimentally obtained relaxation time
of 7.4 s (= 0.14 s'l) regarding that Q is highly sensitive to the
particle size while our nanorods have a certain polydispersity.
Interestingly, the relaxation of Spomeo Showed a saturation at
around 0.35, meaning that the orientation of nanorods were

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. The emission spectrum of a single NaYF4:Eu nanorod embedded
in a polymer film with an arbitrary orientation (black line) and its fitting
analysis with the reference spectra determining the polar angle 6 of a
single nanorod according to Equation 4. The inset picture is a photograph
of the PL emission of the single nanorod captured with a CCD camera
(scale bar: 2 um). The inset scheme illustrates a single nanorod in a
laboratory frame with a determined polar angle 6 from the fitting analysis.

not completely randomized and there was a memory effect
maintaining partially the orientation along the previously
applied E-field. It is presumably due to some portion of
nanorods that were dragged by the E-field and vertically
attached on the electrode surface losing their mobility. Further
study is required to explain and control this phenomenon. It is
also worth noting that there exists fluctuation of Spomeo from
0.30 to 0.39 when measured at different moments even after
the saturation without E-field. There seems to be thus a
continuous thermal agitation and the presented method is
quite sensitive to these small changes (see Figure S4b).

The accuracy of the calculation of Spomeo according to Equation
5 can be evaluated from its simulated profile as a function of
relative contributions of Ir,, and I, (Figure S5). One can expect
that the accuracy would be less good at the extremities where
Shomeo 1S Near 1 or -1/2. This implies that there might be some
error on the calculated value of Spomeo = 0.95 near saturation (E
= 0.25 V/um). In order to minimize errors, stable and good
spectral resolution and correct baseline treatment of the
measured spectra are necessary.

2.3. Analysing 0 of a single nanorod

The same method can be applied to measure the out-of-plane
orientation (8) of a single NaYF,:Eu nanorod (Figure 2b). A
randomly oriented single nanorod was immobilized in a ~8 um
thick PVA (polyvinyl alcohol) polymer film. The PL image of a
single nanorod captured by a CCD camera (Figure 4, inset
picture) shows an almost circular shape due to the nanorod
size smaller than the spatial resolution of the camera. So, any
information about the nanorod orientation cannot be
retrieved from the image. However, the line shape of the
emission spectrum from the same nanorod enables calculating
a polar angle (6) of the nanorod orientation with respect to the

J. Name., 2013, 00, 1-3 | 5



measurement axis according to Equation 4 (Figure 4, inset
scheme). The calculated value of 8 is 45° as noted in the figure.
Calculating azimuthal angle ¢ from the line shape of
photoluminescence is also possible if the polarization of the
emission spectrum is measured. The original methods to
measure the 3D orientation of single nanorods employing
polarizing optics is presented in our previous work.?

3. Conclusions

We have demonstrated that the homeotropic order parameter
(Shomeo) Of vertically aligned nanorods assembly can be
measured by a spectroscopic analysis of the
photoluminescence emission of doped europium ions. The
presented method is based on the optical anisotropy inherent
in lanthanide luminescence resulting in the variation of the
emission spectral line shape as a function of Sygmeo- It Was
shown that a precise measurement of Spomeo Can be performed
using a very simple microscope configuration without using
any polarizing optical component. We have used NaYF,:Eu
nanorods as a proof of concept material but any other
materials doped with lanthanides exhibiting both MD and ED
transitions can be used to perform the proposed orientation
analysis.9 Varying degree of orientation in nanorods assembly
under externally applied electric field was investigated in real
time. The demonstrated results confirm that a facile and cost-
effective but quantitative analysis of Spomeo Can be made. A
crucial advantage of this method is that the measurement
domain can be as small as the focal volume of optical
microscopy (< 0.1 pm3), which has never been achieved by
other techniques to assess the directional assembly of nano-
objects. Furthermore, a rapid in-situ analysis can be realized in
a non-destructive way by this novel spectroscopic method. It is
thus promising for investigations of a variety of collective
dynamics of nanoscale materials (e.g. self-assembly, directed
assembly, liquid crystalline behavior, thermal motions, vertical
anisotropic growth, etc) with a closer look into their micro- and
nano-scale domains.

4. Experimental Section
4.1. Nanorod synthesis and sample preparation

NaYF,:Eu nanorods, with 5% of Eu doping were solvothermally
synthesized following the procedure reported in the reference.
* Briefly, 45 mmol (1.8 g) of NaOH is dissolved in 6 mL of water
and mixed with 15 mL of ethanol (EtOH) and 30 mL of oleic
acid (OA) under vigorous stirring. To the resulting mixture,
0.95 mmol (288 mg) of Y(Cl);,6H,0, 0.05 mmol (18 mg) of
Eu(Cl); 6H,0 and 10.2 mmol (377mg) of NH,4F dissolved in 4 mL
of water were added. The solution was then heated in an
autoclave at 200°C for 24 hours under stirring. The obtained
nanoparticles were washed with water and EtOH several times
and recovered as a white powder after drying in vacuum. For
optical experiments, the nanoparticles were further sonicated
in 2 mL of aqueous citrate solution (0.2 M) and centrifuged
several times to fully exchange the surface-ligand (OA) with

6 | J. Name., 2012, 00, 1-3

citrate ions. ** The washed nanoparticles with EtOH were well
dispersed in water or ethylene glycol (EG). As-obtained
NaYF;:Eu nanorods are hexagonal phase monocrystals and
polydisperse with the size of 1184 + 430 nm in length (L) and
117 £ 24 nm in diameter (D) and with an average aspect ratio
(L/D) of ~ 10. All the electro-optical experiments were
performed using NaYF,:Eu nanorods dispersed in EG. The
single particle sample embedded in the polymer film was
prepared by drop-casting an aqueous solution of polyvinyl
alcohol (MW~ 22000) (0.1g/mL) and NaYF,;:Eu nanorods
together on a glass substrate followed by vacuum drying.
Scanning electron microscopy (SEM) picture and X-ray
diffraction (XRD) pattern of NaYF,:Eu nanorods used in this
study are presented in Figure S6 and also in our previous
study.9

4.2. Electro-Optical switching

For the measurement of the PL spectra in the i, o, and a
configurations, nanorods were aligned using electro-optical
(E/O) cells. For the in-plane alignment (it and o configurations)
(Figure S1,2), an in-plane switching cell was made with gold
thin film electrodes deposited with a parallel gap (width ~ 150
um) and a 60 um-thick spacer. 20 plL of nanorods dispersion in
ethylene glycol was dropped at the center and covered with a
glass coverslip. An AC electric field (1 kHz, 0.47 V/um) was
applied to fully align the nanorods between the gap. For the
homeotropic alignment (a configuration), a commercial
homeotropic E/O cell (Instec, Inc.) was used also with an AC
electric field (500 kHz, 0.25 V/um) (Figure 3a).

4.3. Optical spectroscopy

The photoluminescence (PL) spectra of NaYF,:Eu in E/O cell
were obtained using a upright optical microscope (Olympus BX
51WI, Objective: magnification = 20x, NA = 0.45) (Figure 2,3,
Figure S2b-f, Figure S3,4). A fiber-coupled monochromatic
diode laser (Oxxius, Acenter = 394 nm, FWHM = 0.7 nm) was
used as an excitation source matching with the 7F°>51°
transition of Eu®*". The PL signals were collected with a fiber-
coupled spectrometer (SpectraPro-300i, Princeton Instrument
equipped with LN/CCD-1100-PP camera). The PL spectra of
single NaYF4;:Eu nanorods were collected using the same
optical setup with higher magnification (magnification = 100x,
NA = 0.9) (Figure S2f, Figure 4). The microscopy setup is
schematized in Figure 3a. The baselines of all the
photoluminescence spectra were taken as a flat line with
averaged intensity between 600 nm and 608 nm where Eu®’
luminescence is not present.
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