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ABSTRACT We demonstrate plasmonic enhancement of upcon-
version luminescence in individual nanocrystal heterodimers formed
by template-assisted self-assembly. Lithographically defined, shape-
selective templates were used to deterministically coassemble single

Au nanorods in proximity to single hexagonal (5-phase) NaYF :Yb*",

Er’™ upconversion nanophosphors. By tailoring the dimensions of
the rods to spectrally tune their longitudinal surface plasmon resonance to match the 977 nm excitation wavelength of the phosphors and by spatially
localizing the phosphors in the intense near-fields surrounding the rod tips, several-fold luminescence enhancements were achieved. The enhancement
effects exhibited a strong dependence on the excitation light's polarization relative to the rod axis. In addition, greater enhancement was observed at lower
excitation power densities due to the nonlinear behavior of the upconversion process. The template-based coassembly scheme utilized here for plasmonic

coupling offers a versatile platform for improving our understanding of optical interactions among individual chemically prepared nanocrystal components.
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pconversion phosphors are an at-

tractive class of materials with the

ability to absorb low-energy light
and re-emit light having higher energy.' 2
This property has made spectral upconver-
ters attractive for a number of applications
including photovoltaics,”~'? bioimaging
and therapy,">”"” solid-state lighting,'®
and display technologies.'®?° For example,
solar cell efficiency could be improved by
extending the usable portion of the solar
spectrum by upconverting sub-bandgap
infrared light that is otherwise lost. As
contrast agents in biological systems, up-
converters enable the use of low-power,
infrared excitation, which offers reduced
autofluorescence background while pene-
trating more deeply and with less damage
to tissue. While developments in these ap-
plication areas are promising, widespread
implementation of upconversion materials
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remains limited by the low efficiency of the
upconversion process. Even for the most
effective materials, such as hexagonal (j)
phase NaYF, nanocrystals codoped with
Yb** and Er**, the quantum yield is often
below 1%,%'"?* motivating the develop-
ment of routes to enhance upconversion
luminescence.

One approach to enhance upconversion
is to explore chemical design strategies
such as tailoring the doping level, host
material and phase, and nanocrystal mor-
phology.?*~2° An alternative, parallel strat-
egy involves enhancing the luminescence
of phosphors through coupling to plasmo-
nic nanostructures. The collective oscilla-
tions of conduction electrons within nano-
scale metal structures, known as surface
plasmon resonances (SPRs), can greatly
amplify the luminescence from nearby
emitters,® as extensively demonstrated for
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Figure 1. (a) SEM image of NaYF,Yb>*" Er*™ UCNPs. Inset: Schematic depiction of hexagonal prismatic UCNP morphology. (b)
Emission spectrum of UCNPs under 977 nm excitation. Peak labels indicate the (1) 2Hy 12— *l15/2, (1) *S3/2— *l15/2, and () *Fo/a— %1152
transitions of Er**. (c) TEM image of Au NRs. Inset: Schematic depiction. (d) Extinction spectra of Au NRs (black) and UCNPs (blue).
Vertical lines denote the 977 nm excitation (dark red), 660 nm UCNP emission (red), and 545 nm UCNP emission (green).

semiconductor quantum dot> 33 and single-

molecule®* 3¢ fluorescence. A number of recent
reports have explored plasmonic enhancement of
upconversion nanophosphors (UCNPs) with strategies
including assembling UCNPs with Au and Ag nano-
particles,>”~*? placing UCNPs near structured metal
surfaces,”**? and employing core—shell architectures
with either plasmonic cores®®' or shells.>>~>” How-
ever, single-particle optical studies of UCNPs&38~6
and their plasmon-enhanced luminescence¥°%>7 re-
main limited. Single-particle measurements are valu-
able in complementing studies on ensembles of
UCNPs, as ensemble heterogeneities in the upconvert-
ing and plasmonic components and in their spatial
arrangement can obscure the underlying physics of
their coupling. The sensitivity of luminescence en-
hancement to design parameters is more easily un-
covered using single-particle experiments, enabling
the optimization of a model unit structure that can
be extended to a useful large-scale system.
Single-particle studies of plasmon-coupled UCNPs
require a robust means to precisely assemble a desired
structure for optical characterization. While previous
experiments have used, for example, manual manip-
ulation of individual nanocrystals with an atomic force
microscope (AFM) tip,*® a method to self-assemble
predesigned structures with controlled orientation is
highly advantageous. Template-assisted self-assembly®*%3
fulfills this need by combining the design freedom of
lithography with the highly parallel nature of self-
assembly. In this approach, chemically synthesized
components are made to assemble within topographical

GREYBUSH ET AL.

features defined on a substrate by lithography. This
technique has been used to successfully assemble
micron-%2-%° and nanosized**%3%¢~77 particles for ap-
plications including plasmonics,”>”*7%77  surface-
enhanced Raman scattering,°® and nanoelectronics’>
and was recently employed for the placement of
UCNPs into gold nanohole arrays for luminescence en-
hancement.*® In the present work, we utilize template-
assisted self-assembly to form discrete nanocrystal
heterodimers consisting of a single UCNP and a single
gold nanorod (Au NR). These individual unit structures
are assembled in well-defined locations and orienta-
tions on the substrate, enabling us to investigate the
magnitude of plasmonic enhancement by studying
the polarization- and power-dependent luminescence
properties of individual UCNPs in the presence and
absence of Au NRs.

RESULTS AND DISCUSSION

The nanocrystal building blocks used in our study
are shown in Figure 1. We synthesized UCNPs com-
posed of hexagonal (3) phase NaYF, codoped with
Yb3** and Er*" that are hexagonal prismatic in shape
with an average height of 61 nm £ 5% and face
diagonal of 66 nm + 4% (Figure 1a). In this UCNP
system, incident light at 977 nm resonantly excites
the 2F7,2 — 2F5/2 transition in Yo, and this energy is
subsequently transferred nonradiatively to nearby Er* "
ions through a series of energy transfer and phonon
relaxation steps to populate the emitting states of Er*,
as shown in Supporting Information Figure S1. The
visible emission spectrum (Figure 1b) displays three
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Figure 2. (a) Representative SEM image of an empty template defined in SiO, (with resist layer visible). (b) Schematic
depiction of UCNP assembly via a “squeegee method” in which a polymer wiper sweeps the UCNP solution across the
substrate. Not to scale; the UCNPs and template features are enlarged for clarity. (c) SEM image of a single UCNP in a template
(after ALD deposition of the SiO, overcoat). (d) Schematic of Au NR assembly with an assembly apparatus in which the
substrate moves relative to a fixed slide that restrains the Au NR solution. Not to scale. (€) SEM image of a UCNP and Au NR
heterodimer structure formed inside the template. Scale bars for SEM: 100 nm.

major upconversion emission bands centered around
(1) 525, (I) 545, and () 660 nm, corresponding to tran-
sitions from the 2Hyq1/, *Ss/, and *Foy, states to the
“I1s/> ground state of Er*™, respectively. Au NRs were
synthesized with an average length of 109 nm + 8%
and width of 20 nm =+ 9% (Figure 1c). This Au NR aspect
ratio was targeted specifically so that the broad SPR
spectrally overlaps the UCNP excitation. Figure 1d
illustrates that the main spectral feature in the Au NR
extinction around 975 nm, the longitudinal SPR result-
ing from excitation along the long axis of the rod,
coincides with the 2F,,, — Fs,, absorption in Yb** as
desired.

This spectral overlap is critical in determining the
nature, if any, of plasmonic luminescence enhance-
ment. In general, the presence of a plasmonic structure
can affect the luminescence of a nearby emitter in two
ways.”® First, the highly concentrated electric fields
surrounding the plasmonic structure can increase the
excitation rate of the emitter. Second, the quantum
yield of the emitter can also be modified to enhance
(or quench) the emission. Excitation and quantum yield
enhancement are sensitive, respectively, to the spec-
tral overlap of the plasmon resonance with the excita-
tion and the emission wavelengths of the lumi-
nophore.”#° In our system, we therefore are targeting
excitation enhancement and expect limited contribu-
tion from quantum yield enhancement.

In addition to spectral overlap, effective plasmon-
enhanced excitation requires spatial localization of the
UCNP within the enhanced near-fields surrounding the
plasmonic structure. We therefore employed a tem-
plate-assisted self-assembly technique to generate
spatially well-defined pairs of UCNPs and Au NRs, as
illustrated in Figure 2. First, a series of short trenches
was patterned in SiO, on a silicon substrate by elec-
tron-beam lithography and reactive ion etching. The
shape of these topographical templates was finely
tuned so that the central portion could only accept
one UCNP per template and that the extended arms of
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the template were suitable for accepting individual Au
NRs. The SEM image in Figure 2a shows a representa-
tive template structure following resist development
and etching. To assemble the UCNPs into the tem-
plates, we employed a “squeegee method” previously
demonstrated by our group for the assembly of
UCNPs. 81 As pictured schematically in Figure 2b, a
drop of UCNPs in hexanes was placed on the tem-
plated area and then swept across the surface using a
flexible piece of polydimethylsiloxane (PDMS), driving
the UCNPs at the liquid meniscus downward into the
depressions. The resist layer was then removed, clear-
ing away any UCNPs deposited nonspecifically outside
the templates. Next, a thin (6 nm) layer of SiO, was
deposited on the surface using atomic layer deposition
(ALD). This layer served a dual purpose: (1) it prevented
the Au NRs from approaching too closely to the
phosphor and quenching the emission,®” and (2) it
secured the UCNPs in place while the Au NRs were
being assembled. A representative SEM image of a
single-phosphor structure after ALD is shown in
Figure 2c.

While the squeegee method was effective for the
assembly of UCNPs dispersed in alkanes, the Au nano-
rods were dispersed in water, and matching the rate of
manual translation of the PDMS wiper with the slow
water evaporation rate was more challenging. How-
ever, recent successful demonstrations of Au NR tem-
plated assembly using capillary action®®”"’2 moti-
vated us to construct our own home-built apparatus
(Figure 2d) to use this approach for Au NR assembly.
Briefly, a dispersion of Au NRs was sandwiched be-
tween a fixed glass slide and the substrate, which was
mounted on a linear translation stage. As the substrate
was slowly moved relative to the fixed slide, the
meniscus of the Au NR solution was drawn across the
templates, and capillary force directed the rods into
their intended positions adjacent to the UCNPs.
Figure 2e shows a representative SEM image of a
rod—phosphor dimer formed using this assembly
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Figure 3. (a) Schematic of the PL mapping setup. (b) Spatial
map of PL from a single UCNP—NR heterodimer structure.
Pixel brightness indicates spectrally integrated PL intensity.
(c) Two-dimensional Gaussian fit (black contours) super-
imposed over a contour map of the data in (b). Scale bars in
(b) and (c) are 500 nm.

method. Additional SEM images are provided in Sup-
porting Information Figure S2. For the heterodimers
selected for photoluminescence measurements, the
average distance from the rod tip to the UCNP was
14 £+ 5 nm. While we are still optimizing the capillary
assembly of nanocrystals in our lab, our coassembly
scheme successfully demonstrates shape-selective as-
sembly wherein nanocrystal components are directed
with high specificity into template features corre-
sponding to their size and aspect ratio.

The photoluminescence (PL) of the UCNPs and the
UCNP—NR heterodimers was studied by scanning,
confocal, PL microscopy using the setup depicted in
Figure 3a. The sample was mounted on the piezo-
electric translation stage of an optical microscope and
rastered in two dimensions under a diffraction-limited
977 nm laser excitation spot focused by the micro-
scope objective. The upconverted emission was col-
lected by the objective, transmitted through a dichroic
beamsplitter that filtered out reflected excitation light,
and focused onto an optical fiber that carried the light
to a spectrometer coupled with a CCD camera for
detection. Importantly, a half-wave plate in the laser
beam path allowed us to orient the laser's linear
polarization direction along either the Au NR's long
or short axis. The laser power was maintained at a
desired constant value for the duration of a measure-
ment by a feedback loop that sampled the beam
power and automatically adjusted the laser output
via rotation of a gradient neutral density filter.
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By measuring the PL at each point in the raster,
spatial maps of PL intensity could be generated, as
shown in Figure 3b. In this representation, the color
intensity of each pixel indicates the total detected PL,
spectrally integrated over all three major emission
bands at 525, 545, and 660 nm. Because of the small
size of the diffraction-limited laser spot (~1.5 um
diameter) relative to the separation between individual
structures on the substrate (~13.5 um), PL maps of
individual single-phosphor and rod—phosphor struc-
tures could be acquired. While the structures them-
selves were too small to be resolved in the optical
microscope, alignment marks patterned in the periph-
ery allowed specific structures to be located and
mapped after their characterization by SEM. The PL
maps were fit to a 2D Gaussian function (Figure 3c)
whose height was used to quantify the PL intensity for
a given measurement.

PL measurements were taken for several examples
each of single-phosphor and rod—phosphor structures
to generate statistics of the luminescence enhancement.
A representative PL map for each structure measured is
provided in Supporting Information Figure S3. Figure 4a
presents the inverse-variance weighted average value of
PL intensity for these two structure types under long-
itudinally and transversely oriented laser excitation with
a power density of 1.6 x 10° W/cm? The presence of the
Au NR was found to enhance the luminescence intensity
by factors of 1.9 and 1.5 for the longitudinal and
transverse polarizations, respectively. Figure 4b shows
measurements of the same structures when the laser
power was reduced by a factor of 10to 1.6 x 10° W/cm?.
In the low-power case, enhancement factors of 2.5 for
longitudinal and 1.4 for transverse polarization were
observed. It is important to note that these measure-
ments encompass variations among samples in phos-
phor and rod size and in their separation, as discussed in
more detail below.

As expected, the single phosphors without Au NRs
demonstrated little sensitivity to the laser polarization.
However, for rod—phosphor heterodimers, the long-
itudinal polarization resulted in greater PL intensity
than the transverse polarization. This comparison is
presented more explicitly in Figure 4¢,d, which shows
the ratio between PL for excitation with longitudinal
laser polarization and PL for excitation with transverse
polarization for each of the rod—phosphor and single-
phosphor structures studied. The polarization ratio can
be used as a metric for luminescence enhancement by
anisotropic structures like nanorods where the en-
hancement along one direction is expected to be
small22 As shown in our simulations below, there is
no excitation enhancement predicted in the transverse
case. From an experimental perspective, constructing
this ratio is a very direct comparison, as the PL intensity
was measured for each polarization in immediate
succession at each point in the raster before the stage
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Figure 4. Inverse-variance weighted average PL intensity for single-phosphor and rod—phosphor structures under long-
itudinal and transverse laser polarization for power densities of (a) 1.6 x 10° W/cm? and (b) 1.6 x 10° W/cm?. Error bars
represent one standard deviation. (c,d) Ratio between PL from longitudinal excitation and transverse excitation for various (c)
rod—phosphor (A—G) and (d) single-phosphor (H—L) structures (representative SEM images inset). High and low power refer
to the same power densities as (a) and (b). Error bars represent one standard deviation over at least three measurements for

low-power and two for high-power excitation.

was translated to the next pixel in the map. As seen in
Figure 4c, the PL polarization ratio was always greater
than unity for the rod—phosphor cases, with magni-
tudes of up to ~2.3 for one of the structures. Again,
the single phosphors demonstrated no polarization
sensitivity, having PL polarization ratios near unity
(Figure 4d). Consistent with the expectation that the
polarization-dependent enhancement arises from ex-
citation (rather than emission) enhancement, when
integrated separately, the red and green PL bands
displayed similar polarization ratios (Supporting Infor-
mation Figure S4).

The luminescence enhancement is also observed by
comparing the PL spectra under each polarization for
the single phosphors and for the rod—phosphor het-
erodimers. As expected, there was no difference be-
tween the two polarizations in the single-phosphor
case, as shown in the representative spectra of
Figure 5a. However, Figure 5b illustrates that for the
rod—phosphor heterodimers, in addition to an in-
crease in intensity, the PL spectrum for the longitudinal
polarization exhibits several spectral changes. Most
prominently, the finer spectral structure in peak Il
evolves, with the ratio of the peak height at 556 nm
to that at 541 nm increasing substantially. As shown in
the power-dependent PL spectra for UCNP ensembles
(Supporting Information Figure S5), and in agreement
with the literature® the relative emergence of the
556 nm peak (as well as of smaller peaks at 469 and
504 nm) is a signature of increased excitation power. To
rule out the possibility that this peak arises at high
power in the ensemble measurements due to local
sample heating, PL spectra were collected as a function
of temperature at a constant laser power. Changes in
the shape of the spectra in this region were negligible
up to the highest temperature measured (440 K).
Therefore, it is likely that the 556 nm signature appears
for the rod—phosphor structure under longitudinal
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Figure 5. (a,b) Representative PL spectra from the center of
the phosphor under longitudinal (blue) and transverse (red)
incident polarization for (a) a single phosphor and (b) a
rod—phosphor heterodimer. Each set of curves was normal-
ized so that the transverse curves are of equal height for
comparison. Excitation power density was 1.6 x 10> W/cm?,
(c) PL polarization ratio versus excitation power density (log
scales) with fit to eq 1 (blue). Error bars are one standard
deviation.

polarization because of the increased local field inten-
sity due to the plasmon resonance.

For all of the rod—phosphor heterodimers studied in
Figure 4c, the polarization sensitivity was more pro-
nounced for the low-power excitation. To investigate
this trend further, the PL polarization ratio for sample
“G" was measured at additional excitation power levels
ranging over nearly 3 orders of magnitude from the
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Figure 6. Simulated field intensity enhancement maps for (a) transverse and (b) longitudinal excitation polarization. (c,d)
Simulated PL enhancement factor as a function of rod—phosphor separation d for (c) transverse and (d) longitudinal
polarization. (e) Simulated PL polarization ratio as a function of rod—phosphor separation d.

previous “high-power” value of 1.6 x 10° W/cm? down
to 20 x 10® W/cm? As seen in Figure 5c, the PL
polarization ratio increased up to a value of ~6 as the
incident power was decreased. The trend of increased
PL polarization ratio at lower power was also consis-
tently observed in other rod—phosphor structures, as
shown in Supporting Information Figure S6. The power
dependence of PL enhancement is explained by first
considering the underlying power dependence of the
upconversion process. Upconversion luminescence
has been observed to scale with power P as P"8
While in the low-power limit n is constant and equal
to 2 (the number of photons in the upconversion
process), as power is increased, the value of n can
itself be power-dependent®* This behavior can be
observed in a plot of log(PL) versus log(P), where the
slope indicates the value of n. As shown in Supporting
Information Figure S7, over the range of powers used
in our study, this slope decreased from 1.3 to 0.4 as
power was increased. To account for this behavior, we
use a modified power law of the form PL = kP¢109*)+8
where k, C, and B are fitting parameters. With y =
log(PL) and x = log(P), the shape of the log—log plot is
then represented by the parabola y = log(k) + Bx +
Cx?, which expresses the upconversion saturation
seen at the high power levels applicable in single-
particle experiments. In addition to our data, experi-
mental and simulation results in the literature® could
also be fit to the modified power law of this form. The
PL polarization ratio can then be calculated as a
function of incident laser power. Because the PL
enhancement is due to an increase in the local field
intensity surrounding the Au NR, we can introduce
a field enhancement factor F such that F:P repre-
sents the increased local power experienced by
the phosphor under longitudinal polarization. The
longitudinal-to-transverse PL polarization ratio can
then be written using the explicit form of the
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phosphor power dependence as

[F- P]C.Iog(F.P)+B
il "
Figure 5c shows the very good agreement of the
experimental data with this prediction. The linear
relationship between log(PL polarization ratio) and
log(power density) is shown explicitly in Supporting
Information Supplemental Discussion 1. While the
limited PL signal associated with single-particle mea-
surements prevented investigating even lower power
densities, it may be expected that the enhancement
will continue to rise as the power law exponent
approaches the low-power limit n = 2.

To better understand the magnitude and sample-to-
sample variation of PL enhancement in the UCNP—NR
heterodimers, we performed simulations using COMSOL
Multiphysics software of the polarization-dependent PL
of the phosphors with and without the Au NRs and as a
function of the experimentally observed variation in rod
size and rod—phosphor separation. Spatial maps of the
field intensity enhancement under 977 nm excitation,
defined as the ratio of the electric field intensity with and
without the nanorod, were generated for each incident
polarization, as shown in Figure 6a,b. It is clear that the
longitudinal polarization results in amplified field inten-
sity near the rod tip where the phosphor is located, in
contrast to the absence of enhancement for transverse
polarization. Due to the spatial distribution of the field
intensity, different regions of the phosphor volume ex-
perience different amounts of enhancement under lon-
gitudinal excitation. To explore this variation, the field
intensity enhancement was evaluated at six representa-
tive points (locations shown in Supporting Information
Figure S8). For each of the six points, the field intensity
enhancement decreases with increasing rod—phosphor
separation distance d (Supporting Information Figure S9),
and as expected from the shape of the field distribution,
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points nearest the rod tip are most strongly impacted
while those further away feel more limited effects.

In addition to the field enhancement, quenching
due to losses in the nanorod must also be taken into
consideration. This is done by calculating the emission
efficiency for a point dipole in the presence of the rod,
defined as the radiated power divided by the total
emitted power (radiated power plus power lost into
the rod). Emission efficiency averaged over three or-
thogonal dipole orientations at each of the six points as
a function of rod—phosphor separation is shown in
Supporting Information Figure S10, where increased
quenching is observed as the separation distance is
reduced. The overall PL enhancement factor is the
product of the field intensity enhancement and the
emission efficiency, and it is shown for each polariza-
tion in Figure 6c,d averaged over the six emitter
source positions. While the PL is enhanced by up to
afactor of 1.8 in the longitudinal case, only quenching
is predicted for transverse polarization. To explain
why a small amount of enhancement was observed
experimentally for transverse polarization, we con-
sider misorientation of the excitation laser polar-
ization with respect to the rod axes. As shown in
Supporting Information Figure S11a, rotating the
transverse polarization slightly off axis changes the
spatial distribution of field enhancement such that
some portions of the phosphor experience amplified
field intensity. As a result, the average field enhance-
ment factor for transverse polarization can change
from being less than one to greater than one with
increasing misorientation angle (Supporting Informa-
tion Figure S11b).

For longitudinal polarization (Figure 6d), the PL en-
hancement increases with decreasing rod—phosphor
separation until reaching a maximum at d = 15 nm.
Enhancement diminishes at smaller separation be-
cause of the reduction in emission efficiency due to
loss in the rod. For comparison with the experimental
results, the PL polarization ratio was also calculated
(Figure 6e), and it displays a local maximum value of 2.3
at d = 15 nm. The simulated magnitudes of PL polar-
ization ratio agree favorably with the experimental
results and show that variations in the gap size from
the average experimentally measured gap of 14 nm are
consistent with the observed sample-to-sample differ-
ences in enhancement. The diminishing enhancement
with increasing gap size is experimentally supported
by PL measurement of a heterodimer with a very large
gap size of 80 nm (pictured in Supporting Information

METHODS

Nanocrystal Synthesis. The NaYF,:Yb>",Er*™ (20%, 2%) upcon-
version nanophosphors® and the gold nanorods®® were synthe-
sized according to previously reported methods.

GREYBUSH ET AL.

Figure S12). The PL polarization ratio in this case was
measured to be 1.05 £ 0.4, which is significantly closer
to unity than for any of the small-gap heterodimers we
reported and is comparable to the ratios measured for
single phosphors having no rod nearby.

Another cause of differences in enhancement among
samples is polydispersity in nanorod size, which leads to
variation in the spectral position of the surface plasmon
resonance. To investigate this effect, the PL enhance-
ment was simulated as a function of rod length, with the
rod—phosphor gap fixed at the maximum enhance-
ment distance of 15 nm and the rod diameter constant
at 20 nm. As seen in Supporting Information Figure 513,
the PL enhancement reaches a maximum when the rod
length is tuned so that the SPR matches the frequency of
the 977 nm excitation. While the simulation predicts this
condition to occur for a rod length of 160 nm, placing
the rod in a dielectric environment (representing the
SiO, template) rather than in free space would shift the
resonance condition to a shorter rod length more
closely matching the experimental length of 109 nm.
Finally, we note that the condition of matching the rod
resonance with the phosphor absorption can be
achieved in rods of different overall sizes by simulta-
neously tuning the rod length and diameter. Supporting
Information Figure S14 shows that for a fixed long-
itudinal SPR wavelength, greater enhancement can be
achieved with larger-volume rods due to the greater
extent of their electric field enhancement.

CONCLUSION

In summary, we have utilized template-assisted self-
assembly to form nanocrystal heterodimers consisting
of a single UCNP and a single Au NR and have
characterized their plasmon-enhanced upconversion
luminescence. Shape-selective topographical tem-
plates defined by electron-beam lithography were
used to direct the coassembly of NaYF,Yb>'Er™
nanophosphors along with Au NRs having longitudinal
SPRs tuned to match the phosphor excitation wave-
length. Polarization- and power-dependent PL of in-
dividual UCNPs in the presence and absence of Au NRs
was measured and simulated, and several-fold PL
enhancement due to the localized electric field inten-
sity surrounding the Au NRs was observed. The suc-
cessful coassembly scheme demonstrated herein
motivates extension to other material systems for
achieving placement of a wide range of nanocrystal
components into a variety of predesigned functional
arrangements.

Template Fabrication and Nanocrystal Assembly. The substrate
consisted of a silicon wafer with 100 nm thermal oxide (Silicon
Quest International). Poly(methyl methacrylate) (PMMA) positive
e-beam resist (MicroChem) was spun onto the substrate in two
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layers: (1) 495 K molecular weight (MW) PMMA in anisole was
spun at 3000 rpm for 45 s followed by a 4 min bake at 180 °C and
then (2) 950 K MW PMMA in anisole was spun at 5000 rpm for 5 s
followed by a 4 min bake at 180 °C. The thickness of the PMMA
layer was ~150—200 nm as measured by atomic force micro-
scopy (Asylum Research MFP-3D). The template pattern was
written by e-beam lithography (Elionix ELS-7500EX) using a
50 kV accelerating voltage and a 50 pA beam current. The resist
was developed by a 90 s immersion in a solution of methyl
isobutyl ketone and isopropyl alcohol (IPA) at a 1:3 ratio and was
rinsed with IPA. The e-beam pattern was transferred by etching
into the silica layer using reactive ion etching (Oxford Instruments
Plasmalab 80 Plus) to a depth of ~40 nm (as measured by AFM)
to construct the templates. UCNPs were assembled into the tem-
plate features using a “squeegee method” in which a drop of a
solution of UCNPs in hexanes was dragged across the surface by a
piece of PDMS cut with a razor blade from a cast sheet. The PDMS
wiper was held at an angle to the substrate of ~35° and was
withdrawn at ~0.8 mm/s. The PMMA layer was then removed
by sonication in acetone for 30 s. A 6 nm layer of SiO, was
deposited in a Cambridge Nanotech Savannah 200 ALD system
using 3-aminopropyltriethoxysilane, Os, and H,O precursors. Au
NRs were assembled using the apparatus described above, using
a substrate withdrawal rate of 7 um/s.

Structural and Optical Measurements. Scanning electron micro-
scopy was performed using a JEOL 7500F HRSEM and an FEI
Quanta 600 ESEM operating at 5 kV. Transmission electron
microscopy was performed with a JEOL JEM-1400 TEM operat-
ing at 120 kV. Solution-phase extinction spectra of UCNPs and
Au NRs were collected using a Cary 5000 UV/vis/NIR spectro-
meter. Spatially resolved PL measurements were taken under
977 nm illumination from a Ti:sapphire laser (Coherent, Inc. Mira
HP pumped with a 532 nm 18 W Verdi diode laser). Laser power
was monitored by a beam sampler and power meter (Newport
1936-C) and stabilized throughout each measurement by
passing the beam through a gradient neutral density filter
mounted in a motorized rotation stage (Thorlabs PRM1Z8)
controlled in LabVIEW. The laser beam was coupled into a
modified Olympus BX2 microscope with a short-pass dichroic
mirror (Thorlabs DMSP805R) and focused by a 0.8 numerical
aperture objective to a diffraction-limited (~1.5 um diameter)
spot. Samples were translated under the excitation spot with a
closed-loop piezo-controlled stage (Thorlabs Nanomax) using a
200 nm step size. Upconversion luminescence was collected by
a fiber and routed to a Horiba iHR 550 spectrometer with a
nitrogen-cooled Symphony Si CCD camera. A short-pass filter
(Newport T0SWF-950-B) at the spectrometer entrance removed
any residual excitation laser signal. PL spectra were filtered
using a MATLAB script to remove false signals due to cosmic ray
strikes on the detector. Temperature-dependent PL spectra
were collected by mounting the sample on the heating stage
of an MMR Technologies D2300 optical transmission system.

Simulations. The theoretical simulations were performed
using the commercial software COMSOL Multiphysics with a
frequency domain solver based on the finite difference method.
Only linear effects were taken into account in the simulations;
therefore, the pump and the emission processes have been
considered as separate phenomena and then combined to-
gether. The pump effect was simulated using plane waves with
two different polarizations (parallel and orthogonal to the
nanorod long axis). The emission process was studied using 6
point sources uniformly located within the phosphor, with each
source modeled as three short electric dipoles oriented along x,
y, and z with equal emission probabilities. The dispersion of the
gold at the pump wavelength, as well as at the two emission
wavelengths, has been taken from Palik 8¢ whereas the permit-
tivity for the phosphor was set based on Banski et al.®” The
simulations shown in the figures are for an emission wavelength
of 540 nm; simulations performed at 650 nm displayed similar
results.
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