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Single-photons sources are required for quantum technologies and can be created from individual atoms and atom-like
defects. Erbium ions produce single photons at low-loss fiber optic wavelengths, but they have low emission rates,
making them challenging to isolate reliably. Here, we tune the size of gold double nanoholes (DNH) to enhance the
emission of single erbium emitters, achieving 50× enhancement over rectangular apertures previously demonstrated.
This produces enough enhancement to show emission from single nanocrystals at wavelengths not seen in our previous
work i.e., 400 nm and 1550 nm. We observe discrete levels of emission for nanocrystals with low numbers of emitters
and demonstrate isolating single emitters. We describe how the trapping time is proportional to the enhancement factor
for a given DNH structure, giving us an independent way to measure the enhancement. This shows a promising path to
achieving single emitter sources at 1550 nm.

I. INTRODUCTION

Single-photon sources are a key component for many quan-
tum technologies and many efforts have explored using sin-
gle atoms and atom-like defects as single emitters. Rare-
earth ions have been found to be good candidates for single
emitters as they produce stable emission and their quantum
state can be controlled.1–4 The need for a stable single-photon
source that has high transmission efficiency in optical fibers
is only increasing as quantum communication becomes more
advanced.5–7 This motivates the search for a source of sin-
gle photons at low-loss telecom wavelengths for long-distance
fiber propagation. Erbium is of particular interest as it emits in
the C-band, the lowest-loss band for fiber transmission, a char-
acteristic which is already widely used in erbium-doped fiber
amplifiers for long-distance telecommunications.8 Single er-
bium emitters have also been demonstrated, but a remaining
challenge is finding a reliable method to isolate single emit-
ters.9

Methods of producing single emitters typically yield ran-
dom distributions and most rely on either searching among
them or using low concentrations to find the single emit-
ters.2,10 Isolating single rare-earth emitters is particularly
challenging as they have low emission rates due to long ex-
cited state lifetimes.1 Some approaches have been explored
to isolate rare-earth emitters by precisely implanting ions in
crystals, making the process nearly deterministic but suffer-
ing from low yield.11 Our group has previously demonstrated
a scalable method of isolating single erbium emitters by mea-
suring their discrete emission levels in an optical tweezer
setup.12

a)Corresponding author: rgordon@uvic.ca

Plasmonics can be used to enhance the emission rate
of single emitters and make isolating them more practi-
cal. Nanoscale structures can create plasmonic enhancement
which concentrates the incident electric field, enhancing emis-
sion from luminescent particles by increasing the radiative
emission and non-radiative decay rates.13–16 As applied to an
Er-doped nanocrystal, this can allow a well-designed struc-
ture to increase its viability as a single photon source,9,17 and
has other applications such as photocatalysis18 and enabling
subwavelength luminescence imaging with IR excitation.18

Structures can also be designed with multiple plasmonic reso-
nances, which has been shown before with aperture arrays in
metal.19–21

Plasmonic resonance not only enhances the emission, it
also helps to isolate smaller particles, using the enhanced lo-
cal field as optical tweezers.22,23 Optical tweezers are well-
established and have been widely used to trap and manipulate
nanoparticles,24 but trapping particles in the subwavelength
scale typically requires high intensities when using conven-
tional single beam traps. Rayleigh scattering also makes it
challenging to trap and characterize small particles.24,25 Aper-
tures in metal films can be used to enhance the local field
through plasmonic resonance, and when applied to optical
tweezers this makes it easier to trap subwavelength particles
well below 100 nm with lower beam intensity.25–31 Several
aperture designs have been evaluated in past works including
double nanohole (DNH),32,33 bowtie,34,35 and rectangular22

apertures.

Our group has previously shown that using a rectangular
aperture to trap Yb–Er-doped NaYF4 nanocrystals enhances
emission by a factor of 400 when tuned for both the excitation
and emission wavelengths.21 Rectangular apertures have also
been used by our group to trap NaYF4 nanocrystals with trace
doping of Er, finding discrete levels of emission. The discrete
levels indicate how many emitters are present in the trapped
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FIG. 1. Optical trapping of Yb–Er-doped NaYF4 nanocrystals with DNH. (a) Image of NaYF4 nanocrystals with nominal diameter of 26.2 nm.
(b) Image of a fabricated DNH structure with 32 nm cusp separation and 222 nm aperture diameter, taken with scanning electron microscope.
(c) Schematic of a trapped nanocrystal in a DNH aperture on a gold sample. (d) Schematic of optical tweezer setup. (e) Optical transmission
through a 32 nm DNH aperture in a metal film trapping a 26.2 nm nanocrystal, as measured by the APD voltage. Laser is turned on at 0 s. (f)
Magnified region showing the APD voltage change shortly after the laser is turned on and trapping time measurement.

nanocrystal, allowing nanocrystals with single emitters to be
reliably isolated.12 DNH structures have been found to pro-
duce greater local field enhancement compared to rectangular
apertures, which can make isolating single emitters easier.23

These properties make DNHs useful for other applications as
well, such as biosensing.36

Here, we optically trap two different sizes of nanocrystals,
made of NaYF4 doped with 18% Yb and 2% Er, with plas-
monic DNH aperture optical tweezers and characterize their
emission spectra and trapping rate for different cusp separa-
tions. The DNH apertures exhibit multiple resonances within
a single structure and further enhances the emission from in-
dividual nanocrystals by ~50× compared to previous findings
with rectangular apertures.21 We also, for the first time, ob-
serve new resonances from nanocrystals trapped in a DNH at
400 nm and 1550 nm.

Using the DNH apertures with the best geometry, we op-
tically trap nanocrystals made of NaYF4 with low concen-
trations of Er3+. We observe discrete emission levels corre-
sponding the different numbers of active emitters and isolate
nanocrystals with single emitters. Furthermore, we explore
the relation between the trapping dynamics and emission en-
hancement.

We note that recent works have used thermophoretic
forces37,38 and nanopore flow39–41 to bring the particles closer

to the surface. Since the trapping already happens in less
than a second, we do not presently see any benefit for these
approaches, but we do see potential of these approaches for
water-based experiments where the trapping is slower (likely
due to repulsive surface charges).

II. TUNING DNH APERTURE TO MAXIMIZE
ENHANCEMENT

A range of DNH apertures with average cusp separations
from 23 to 95 nm were fabricated to evaluate the emission en-
hancement. Cusp separation was the focus because the cusp is
where DNH apertures produce the highest field intensity.43,44

Samples with DNH apertures are fabricated in a 70 nm thick
gold film on a glass substrate using a colloidal lithography
method previously reported on by our group.45 Scanning elec-
tron microscopy was used to measure the average cusp sepa-
ration of the DNH structures in each sample. Two different
sizes of nanocrystals – nominally 16.9 nm and 26.2 nm in di-
ameter, with standard deviations of 1.3 nm and 2.7 nm – were
made of NaYF4 doped with 18% Yb and 2% Er, dispersed in
a hexane solution. Figure 1a shows an image of the 26.2 nm
nanocrystals. Figure 1b shows an example of a DNH that was
fabricated with a cusp separation of 32 nm and an aperture di-
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FIG. 2. Measuring the emission spectra from single nanocrystals. (a) Upconversion emission spectra from a 26.2 nm nanocrystal observed
for a sample with 32 nm average cusp separation. The counts can be compared for 400, 550 and 650 nm emission peaks. Collected by a
spectrometer with a 10 ms acquisition time. (b) Downconversion emission spectra from a 16.9 nm nanocrystal observed for a sample with
32 nm average cusp separation. Collected by a spectrometer with 1 s acquisition time. (c) Schematic energy level diagram of Yb3+ sensitizer
and Er3+ activator in nanocrystals. Radiative energy transfer (solid lines), non-radiative energy transfer (dotted lines), cross-relaxation (dashed
lines), and multiphonon relaxation (curly lines). (Adapted from Suyver et al.)42

ameter of 222 nm.We believe that the smaller circles are cre-
ated by the nanospheres contacting the surface during deposi-
tion. Figure 1c shows a schematic of a nanocrystal trapped in
a DNH aperture.

Figure 1d shows a schematic of the optical tweezer setup
used to trap the nanocrystals and measure the emission spec-
tra and trapping characteristics. A single 980 nm continuous-
wave laser is used for both trapping and excitation of the
nanocrystals. Trapping is confirmed by the abrupt jump in
the avalanche photodiode (APD) voltage which corresponds
to the transmission of light through the aperture.

Figure 1e shows the transmission of light through the DNH
aperture and a representative trapping event. The laser is
briefly turned off and then turned back on at 0 s. The abrupt
jump in the APD voltage, compared to before the laser was
turned off, confirms the trapping event.

Figure 1f shows how the trapping time is measured for the
trapping event. After turning on the laser, there is a brief pe-
riod (on the order of milliseconds) before a particle is trapped,
this is the trapping time, tt .

We have observed the oscillation seen in Figure 1e consis-
tently for trapping in hexane21, but not for trapping in water
where a single step is observed23. We believe that it is the re-
sult of hydrodynamic interactions at the surface, in conjunc-
tion with the trapping potential; however, the detailed analysis
of this effect is beyond our expertise. The oscillations are not
coming from the circuit electronics.

Figures 2a and 2b show the emission of a single Yb–Er-
doped NaYF4 nanocrystal trapped in a DNH aperture with
32 nm average cusp separation. Emission peaks are apparent

in Fig. 2a near wavelengths of 400 nm, 550 nm, and 650 nm.
Figure 2b shows the emission at 1550 nm of a single Yb–Er-
doped NaYF4 nanocrystal trapped in a DNH aperture, which
we could not observe in our previous measurements21. The
linewidth in Figure 2b is limited by the emission band of
4I13/2→4 I15/2 levels. Plasmonic resonances found in sim-
ulation are much broader. Because the 1550 nm peak is en-
tirely the result of Er, it is not expected to vary significantly in
linewidth due to the shifting plasmonic resonances with dif-
ferent nanoholes because the nanoholes show much broader
resonances in this region of the spectrum.

We have not previously observed emissions at 400 nm and
1550 nm from single Yb–Er-doped NaYF4 nanocrystals. The
400 nm upconversion emission is from the 2H9/2→4 I15/2

transition in erbium.42 The 1550 nm downconversion emis-
sion is from the 4I13/2→4 I15/2 transition.8 These transitions
can be seen in the energy diagram shown in Figure 2c. Ob-
serving these two transitions from single nanocrystals for the
first time in our group is possible due to the higher enhance-
ment achieved using the double nanoholes.

Figure 3 shows the emission of the two sizes of Yb–Er-
doped NaYF4 nanocrystals using DNH apertures with vary-
ing average cusp separations. It illustrates how the size and
shape of the aperture can impact the overall emission. Several
measurements on different DNHs within each sample were
taken to confirm that the measured emission is from a sin-
gle trapped nanoparticle. The average of these single trap-
ping events is taken to form the final count. The normalized
standard deviation over different measurements of a single
26.2 nm nanocrystal was 2.4%, 4.3% and 6.5% and for a sin-
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FIG. 3. Investigating the influence of the DNH cusp separation on
emission enhancement. Emission from 17 nm and 26 nm nanocrys-
tals at 400 nm, 550 nm, 650 nm for varying DNH cusp separations.
Emission counts at 400 nm are multiplied by 5 for visibility.

gle 16.9 nm nanocrystal it was 3.3%, 5.6%, and 4.8%, for the
400, 550 and 650 nm emission. The laser power is maintained
at ~9 mW (as measured before the 100× objective) to simul-
taneously excite the structure and trap the particle.

The emission and trapping characteristics of 26.2 nm Yb–
Er-doped NaYF4 nanocrystals are measured in ten different
samples of DNH apertures with average cusp separations from
32 to 95 nm. We observe that the sample with 32 nm cusp sep-
aration has the largest emission and exhibits plasmonic reso-
nance at additional wavelengths, 400 nm and 1550 nm, that
are significantly larger than in apertures with other cusp sepa-
rations. The emission was compared to previous results from
our group which used the same experimental setup with rect-
angular apertures.21 This aperture size showed additional en-
hancement factor of approximately 50, over the best rectan-
gular aperture. With the 26.2 nm nanocrystals, enhancement
at 400 nm can only be clearly seen in two samples–32 nm and
80 nm average cusp separation.

The 16.9 nm nanocrystals are used to probe the effect of
smaller apertures as the 26.2 nm nanocrystals are too large to
trap in DNHs with cusp separations under 32 nm. The 16.9 nm
nanocrystals are too small to trap in DNHs larger than 45 nm,
so the measurements for these were performed for four differ-
ent samples of DNH apertures with cusp separations from 23
to 45 nm. It was seen that the 32 nm cusp size remained the
peak, showing that it has optimal plasmonic resonance to en-
hance emission at 650 nm. There was one isolated case where
a nominally 26.2 nm nanocrystal was trapped in a nominally
23 nm gap, which is possible given the size tolerances.

These results show that the resonance wavelengths shifts
as the cusp separation changes. The colloidal lithography
method used to prepare these samples adjusts the cusp sep-
aration by changing the plasma etching time, this also affects
the diameter of the apertures. Changing both the cusp sep-
aration and aperture diameter like this can impact both the
enhancement factor and resonant wavelengths.

To probe this further we look at FDTD simulations (Lumer-
ical FDTD ver. 2020 R2.3). The simulations calculated the
electric field inside the cusp of the DNH structure where the

particle would be trapped as shown in Fig. 1c. The structures
were modeled from SEM images similar to Fig. 1b. A total of
four different DNHs were modeled around the peak of interest
at 32 nm cusp separation. Figure 4a shows the simulated elec-
tric field intensity inside the cusp of a 32 nm DNH structure.

Figure 4b shows the simulation result of the relationship be-
tween the near-field electric field intensity (normalized to the
incident intensity) and wavelength inside the cusp of DNH
structure with different cusp separations. It can be seen that
the 32 nm cusp separation has the greatest overall electric
field intensity. There are two main resonant peaks for each
of the simulated DNH structures. The structure with 32 nm
cusp separation has peaks at 720 nm and 940 nm. The sim-
ulations were performed based on single SEM images and as
the resonance frequencies are sensitive to the curvature of the
cusps and the exact separation it is expected that the peaks
differ slightly from the experimental results. The simulations
show that multiple resonances can be used to enhance both
excitation and emission wavelengths. There is minimal field
enhancement seen in the simulations at 400 nm, but experi-
mental results show increased overall emission at that wave-
length. This suggests that the main effect is seen at the exci-
tation wavelength, increasing the energy transfer, with addi-
tional resonances for other wavelengths.

III. OBSERVING DISCRETE EMISSION LEVELS

After finding that a DNH cusp separation of 32 nm shows
the best enhancement with Yb-Er-doped nanocrystals, we ap-
plied this finding to search for and isolate nanocrystals with
single erbium emitters. Dilute Er-doped NaYF4 (with no
Yb) nanocrystals were produced with a nominal diameter of
22.7 nm (standard deviation of 2.4 nm) and a nominal num-
ber of Er ions per nanocrystal of 2.48. It is expected that the
Er3+ ions are statistically distributed within the NaYF4 crys-
tals following a Poisson distribution with λ = 2.48. As the
nanocrystals have varying numbers of Er3+ ions, we expect to
see emission counts with levels corresponding to the different
number of ions that follows a similar distribution. Trapping
was performed for 100 events using a DNH with 32 nm cusp
separation, measuring the emission spectrum for each event.

Figure 5a shows the upconversion emission from 640 nm to
680 nm of single nanocrystals as measured with a 1 s integra-
tion time. It can be seen that the emission is separated into dis-
crete levels. We attribute these levels to the discrete numbers
of erbium emitters in the nanocrystals, from zero to seven in-
dividual active emitters. The integrated emission counts give
a clear way to distinguish between the distinct numbers of ac-
tive erbium emitters. The experiment demonstrated a mean of
1.68±0.17 active erbium emitters per nanocrystal. Compared
to the expected mean from the synthesis, this gives a yield of
0.67± 0.07 which is consistent with previous findings from
our group.12

Figure 5b shows the probability distributions of Er emit-
ters per nanocrystal as expected from the synthesis and experi-
mental means. This distribution makes the assumption that all
Er3+ ions can emit photons. However, it is expected that sur-
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a b

FIG. 4. Simulated electric field intensity. (a) Visualization of the electric field intensity inside of a DNH with 32 nm cusp separation. (b)
Electric field intensity for DNHs with 22.7 nm, 32 nm, 40 nm, and 45 nm cusp separations. Normalized to the incident intensity.

a b

FIG. 5. Measuring discrete emission levels from low counts of erbium emitters. (a) Emission counts from nanocrystals showing discrete levels
corresponding to different amounts of active erbium emitters. Collected by a spectrometer with a 1 s acquisition time. (b) Poisson probability
mass functions (PMFs) for the experimental (λ = 1.68) and synthesis (λ = 2.48) and experimental probabilities for the number of Er emitters.

face quenching significantly reduces the emission from Er3+

ions near the surface of the nanocrystal.46 A quenched layer
of 1 nm leads to quenching of 24% of the Er3+ ions in the
volume. This seems to be a plausible explanation considering
the statistical uncertainty in the experimental results.

The different DNHs were nominally the same and therefore
showed the same emission intensity. The final Poisson distri-
bution analysis used data from several different DNHs, each
following the same discrete level response.

The emission measurements were collected with a spec-
trometer with a 1 s acquisition time. This is an improvement
by over a factor of 40 compared to previous results from our
group which required a 30 s acquisition time and produced
even fewer counts.12 This is consistent with the finding in Sec-
tion 2 and makes it clear that DNHs can be used to improve the
process of isolating single emitters. We believe that this level
of enhancement will allow for detecting and isolating single
emitters at 1550 nm; however, improvements in the optical
setup for that wavelength are required.

IV. TIME-TO-TRAP ANALYSIS

We also measure the trapping time from the APD voltage
for the different DNH cusp separations. The analysis of the
trapping time has been done previously;32,47 here we show
that the inverse of the trapping time has a similar dependence
as the enhancement which we attribute to the larger trapping
region with higher local field intensity.

Figure 6 shows the trapping rate (inverse of trapping time,
Γ) as a function of cusp separation size. The trapping time
was measured from the APD voltage (Fig. 1f) and the effect of
DNH cusp separation on this factor was evaluated. With both
the 16.9 nm and 26.2 nm nanocrystals, the trapping rate for the
DNHs with 32 nm average cusp separation was also found to
be much greater than other cusp separations. The uncertainty
for the trapping time measurements was ±2 ms. The trapping
rate shown in this figure aligns closely with the emission en-
hancement seen in Fig. 3, with both the fastest trapping and
greatest emission enhancement occurring for the 32 nm cusp
separation. The 16.9 nm nanocrystals were also trapped faster
on average than the 26.2 nm nanocrystals due to their smaller
size and correspondingly lower Stokes’ drag. In these exper-
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FIG. 6. Investigating the influence of the DNH cusp separation on
trapping rate for 16.9 nm and 26.2 nm nanocrystals.

iments, the nanoparticle diffuses into the trapping region and
the concentration of nanoparticle is maintained constant. Con-
sidering the Stokes-Einstein diffusion of 10 nm radius parti-
cles spaced by 1 micron in solution (which corresponds to the
average side length of the concentration used), the expected
time to reach the trap by random diffusion is 10 ms, which
is the order of magnitude seen in the experiments. The con-
centration of the crystals was maintained the same, but the
diffusion time and trapping potential size differ for different
sized particles, hence 26.2 nm and 16.9 nm particles showed
different times to diffuse into the trapping region.

Considering possible differences in the diffusion of
nanoparticles for each aperture, multiple experiments for each
sample and aperture were performed. The measurements were
performed for a minimum of four DNHs in each sample and
the measurements were repeated three times for each DNH.

These results demonstrate that samples with more emission
enhancement also experience faster trapping, and the intensity
of the emission can show how fast a particle can be pulled
into trapping. While the emission enhancement and trapping
dynamics are separate physical processes, they can be related
to one another. It should be noted that for the enhancement
seen in this experiment, it is the square of the trapping rate
that is related to the emission enhancement as the emission (at
650 nm) is a two-photon process.

In the case of trapping nanocrystals, greater emission en-
hancement corresponds to greater intensity on the sample to
excite it. Having more intensity makes the trapping region
larger so the particle needs to travel less distance to get into
the trap, resulting in a faster trapping time. Thermophoretic
forces may also be contributing to this effect as higher local
field enhancement can cause additional heating at the structure
which can attract thermophilic nanoparticles to the trap.37

V. CONCLUSION

In conclusion, we demonstrated that the plasmonic reso-
nances of a DNH aperture in gold film can be tuned to further
enhance the emission of erbium emitters compared to rectan-
gular apertures. The greatest enhancement for Yb–Er-doped

nanocrystals was found when using DNHs with 32 nm cusp
separation. The emission of single nanocrystals at 400 nm
and 1550 nm was also observed for the first time. Using this
finding we demonstrated isolating NaYF4 nanocrystals with
single active Er3+ emitters as determined by the discrete lev-
els of emission. The trapping rate for varying cusp separations
was measured and was found to be fastest at the same separa-
tions that produced the greatest enhancement. The increased
enhancement corresponding to the higher local field intensi-
ties increases the effective size of the trap, increasing the trap-
ping rate and giving us an independent method to measure en-
hancement. These results show that DNHs can be tuned to sig-
nificantly enhance emission, improving the method to reliably
isolate single erbium emitters. This result can be applied to
isolate and measure the characteristics of single erbium emit-
ters at 1550 nm. It is a step towards deterministically isolating
single photon emitters for future single photon sources at low-
loss fiber optic wavelengths. This approach can also be used
for looking at other properties of lanthanide based nanoparti-
cles such as photon avalanche at the single particle level.48

APPENDIX A: METHODS

Nanocrystal Synthesis and Characterization.
Chemicals. Yttrium(III) chloride hexahydrate (99.99%),

erbium(III) chloride hexahydrate (99.995%), ytterbium
(III) chloride hexahydrate (99.998%), ammonium fluoride
(99.99%), tech grade oleic acid (90%), tech grade 1-
octadecene (90%), and hexanes were purchased from Sigma-
Aldrich. Anhydrous ethanol from Commercial Alcohols,
methanol from Caledon, and sodium hydroxide from Bio Ba-
sic Canada inc. were used. All chemicals were used as re-
ceived.

Characterization. Transmission electron microscopy im-
ages were obtained using a JEOL JEM-1400 microscope oper-
ating at 80 kV. Hexane dispersions of the NPs were drop-cast
on a Formvar carbon-coated grid (300 mesh Cu) and air-dried
before imaging. Size analysis of NCs from the images was
performed digitally by measuring the surface area of at least
1000 particles with the program ImageJ (v. 1.52p) and calcu-
lating the corresponding diameter. X-ray diffractograms with
a resolution of 0.0263 ◦2θ were collected using a PANalytical
Empyrean X-ray System with a Cu source (Kα radiation, λ =
1.54060 Å) operating at 45 kV and 40 mA.

Synthesis (26.2 nm, NaYF4: 18% Yb, 2% Er (102AF18)).
To a 100 mL 3-neck roundbottom flask, 240.3 mg
YCl3•(H2O)6, 77.8 mg YbCl3•(H2O)6 and 8.7 mg
ErCl3•(H2O)6 were added together with 15 mL ODE
and 5 mL oleic acid. The mixture was heated to 160 ◦C
under vacuum and kept at that temperature for 30 minutes
before cooling to room temperature. Once cooled, a solution
of 107 mg NaOH and 152 mg NH4F in 10 mL MeOH was
added dropwise while stirring. The mixture was heated to
65 ◦C 120 minutes to evaporate the MeOH. The temperature
was then raised to 298 ◦C over 20 minutes (11.75 ◦C/min.)
Temperature was kept at 305-307 ◦C for 90 minutes. The
mixture was then cooled, washed with 30 mL EtOH, cen-
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trifuged at 1800 g for 10 min, and washed with 30 mL EtOH
again before redispersion in 20 mL hexanes. TEM and XRD
were performed.

Synthesis (16.9 nm NaYF4: 18% Yb, 2% Er (340AF20)). To
a 100 mL 3-neck roundbottom flask, 240 mg YCl3•(H2O)6,
80 mg YbCl3•(H2O)6 and 8 mg ErCl3•(H2O)6 were added to-
gether with 16 mL ODE and 5 mL oleic acid. The mixture
was heated to 140 ◦C under vacuum and kept at that tempera-
ture for 60 minutes before cooling to room temperature. Once
cooled, a solution of 102 mg NaOH and 150 mg NH4F in
10 mL MeOH was added dropwise while stirring. The mix-
ture was heated to 70 ◦C 120 minutes to evaporate the MeOH.
The temperature was then raised to 280 ◦C. Temperature was
kept at 280 ◦C for 135 minutes. The mixture was then cooled,
washed with 30 mL EtOH, centrifuged at 1800 g for 10 min,
and washed with 30 mL EtOH again before redispersion in
20 mL hexanes. The sample was then centrifuged again at
8694 g for 60 minutes and the sediment was redispersed in
10 mL hexanes. TEM and XRD were performed.

Synthesis (NaYF4: 2.48 Er/NP (347AF20)). To a 100 mL
3-neck roundbottom flask, 300 mg YCl3•(H2O)6 and 0.3 mL
0.1×10−3 M Er(OA)3 were added together with 16 mL ODE
and 5 mL oleic acid. The mixture was heated to 140 ◦C un-
der vacuum and kept at that temperature for 60 minutes be-
fore cooling to room temperature. Once cooled, a solution of
102 mg NaOH and 150 mg NH4F in 10 mL MeOH was added
dropwise while stirring. The mixture was heated to 70 ◦C 120
minutes to evaporate the MeOH. The temperature was then
raised to 280 ◦C. Temperature was kept at 280 ◦C for 135 min-
utes. The mixture was then cooled, washed with 30 mL EtOH,
centrifuged at 1800 g for 10 min, and washed with 30 mL
EtOH again before redispersion in 20 mL hexanes. TEM and
XRD were performed.
DNH Apertures Fabrication.

Colloidal lithography was used to fabricate double
nanohole apertures. Microscope slides were cleaned using
plasma for 15 minutes and sonicated for 10 minutes in an
ethanol bath. 30 µL of 300 nm 0.01% w/v polystyrene
spheres in ethanol drop-coated on the microscope slides uni-
formly. While the solution dries out through evaporation, the
polystyrene spheres attach to the slides. The prepared slides
were plasma etched with 5 to 15 seconds difference in etching
time to get different cusp separation on each sample. Using
5 nm of titanium as an adhesive layer followed by 70 nm of
gold, the samples were sputtered (MANTIS Sputtering Sys-
tem). The sputtered samples were sonicated for 1 minute in
a toluene bath to remove polystyrene beads. SEM was per-
formed.
Optical Trapping.

The optical tweezer setup (Fig. 1d) consists of a single
980 nm continuous-wave laser (JDS Uniphase SDLO-27-
7552-160-LD) which is collimated, filtered, polarized, and ex-
panded, before being focused on the sample with a 100× oil
immersion microscope objective (1.25 numerical aperture).
This single beam is used for both trapping, and to excite the
nanocrystals. A 10× microscope objective is used to col-
lect the light transmitted through the sample which is mea-
sured by an avalanche photodetector (Thorlabs APD120A).

The polarization of the beam is set by the half-wave plate
(HWP) and the linear polarizer (LP). A three-axis sample
stage with piezoelectric adjustment aligns the apertures to
the beam with 20 nm precision. A 750 nm short-pass fil-
ter (Thorlabs FES0750) reduces the trapping beam intensity
and a bifurcated fiber splits the signal between two spectrome-
ters, one for visible wavelengths (Ocean Optics QE65000) and
one for NIR wavelengths (BaySpec NIRS-0900-1700). The
gold DNH aperture samples were attached to #0 coverslips
with an adhesive spacer containing 17.6 µL of nanocrystals in
hexane with concentrations of 1.3× 1012 nanoparticles/cm3,
5× 1012 nanoparticles/cm3, and 4× 1012 nanoparticles/cm3

for the 16.9 nm, 22.7 nm, and 26.2 nm nanocrystals.
Abbreviations used in Figure 1d: APD, avalanche photode-

tector; BE, beam expander; CCD, charge-coupled device; D,
dichroic mirrror; FM, flip mirror; HWP, half-wave plate; LP,
linear polarizer; LPF, long-pass filter; Obj, objective lens; OD,
optical density filter; S, spectrometer; SPF, short-pass filter.
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