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31 Abstract

34 We present all-dielectric gallium phosphide (GaP) nanoantennas as an efficient
36 nanophotonic platform for surface-enhanced second harmonic generation (SHG) and
38 fluorescence (SEF), showing negligible losses in the visible range. Employing single
40 GaP nanodisks, we observe an increase of more than three orders of magnitude in the
SHG signal in comparison with the bulk. This constitutes an SHG efficiency as large
as 0.0002%, which is, to the best of our knowledge, the highest yet achieved value pro-
duced by a single nano-object in the optical region. Furthermore, we show that GaP
dimers with 35 nm gap can enhance up to 3600 times the fluorescence emission of dyes
49 located in the gap of the nanoantenna. This is accomplished by a fluorescence lifetime
o1 reduction of, at least, 22 times, accompanied by a high intensity field confinement in the

53 gap region. These results open new avenues for low-loss nanophotonics in the optical

55 regime.
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Main

The initial excitement on metallic nanostructures for the production of nanophotonic de-
vices operating in the visible regime was later partially eclipsed with the realization that
losses could play a role as important as that of the actual radiative properties. '™® Losses
have been, however, exploited in other useful ways, % for example by making use of the

highly localized heat,!® by utilizing the generated hot-electrons to induce highly localized

1 8,9,12-14

photocurrents,'' or to drive chemical reactions at desired nanoscale regions, among
others. In this context, dielectric nanoantennas emerge as complementary candidates to
plasmonic systems. Nanostructured high-refractive index dielectrics can highly confine elec-
tric and magnetic fields at subwavelength volumes, ' while presenting ultra-low absorption
—compared to metals— when excited above their bandgap energies. As such, they could be
considered as an alternative to overcome the current limitations of plasmonic nanoantennas.

At this point, it is important to clarify the different underlying physical phenomena be-
tween the widely used dielectric microcavity and the novel concept of the dielectric nanoan-

16,17 nanoan-

tenna: while microresonators use high Q-factors to generate field enhancements,
tennas use small modal volumes with low Q-factors, broadening the spectral range of oper-
ation, while reducing field-enhanced region volumes. GaP, in particular, has an associated
bandgap wavelength as small as <550 nm with a refractive index of ~3.3, opening interesting
opportunities for the realization of low-loss nanophotonic antennas in the optical regime.

Recently, applications such as second or third harmonic generation as well as surface
enhanced Raman or fluorescence spectroscopy were explored by exploiting the ability of high-
refractive index nanoantennas to highly confine the electric field at subwavelength volumes

2
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2,15,16,19°21 " Tndeed, since the efficiency of nonlinear phenomena and the enhancement factors

of surface-enhanced spectroscopies increase with the excitation density, locally enhancing
the incident light intensity can significantly amplify these processes.

Second harmonic generation (SHG), particularly, is a coherent nonlinear phenomenon
that converts two photons of frequency w into one photon of frequency 2w. On the macro-
scopic scale, the crystal symmetry of the excited structure has to be non-centrosymmetric
in order to produce a non-zero SHG signal, as SHG is a second order process.?* In the
nanometer scale, however, inhomogeneities in the fields or in the materials may induce a
high second order nonlinear response, even for structures with a centrosymmetric crystal
lattice.??"2* Based on this property, in the past decade, different configurations of plasmonic
nanoantennas have been engineered to produce second harmonic (SH) conversion efficiencies
(n&g) of up to 1075%.252" Nonetheless, the large absorption of the metallic nanostructure
when excited at the plasmonic resonance severely limits the amount of power that can be
delivered to the nanosystem without damaging the material or changing its refractive in-
dex,? preventing the possibility of achieving higher 73, values. To address this issue, very
recently, low-loss dielectric nanoantennas made from Si, Ge and AlGaAs have been used
instead, demonstrating promising results for second and third harmonic generation '9:28732
Specifically for SHG, AlGaAs nanoantennas have been shown to produce 7§y values as large
as ~ 1072% for SH wavelengths in the near infrared. 3° However, up to now, this strategy has
not yet been adopted to generate efficient SH light in the visible range, mainly due to the
relatively large absorption that most high-refractive index dielectrics present in this spectral
regime.®? Therefore, GaP, which has an absorption coefficient that can be up to more than
three orders of magnitude lower than those of Au, Ag and AlGaAs at optical frequencies, 34736
emerges as a promising candidate for visible SHG 37739,

Following this scenario, a GaP nanoantenna could also be considered as a potential alter-

native to plasmonic systems “* for surface enhanced fluorescence (SEF), since all standard

fluorophores absorb and emit in the visible range. Indeed, ohmic losses and quenching effects,

3
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typically present in metal structures, would be completely avoided in GaP nanoantennas for
excitation wavelengths above their bandgap (i.e. >550 nm). Regarding reported research on
dielectric nanoantennas for SEF, up to now, only Si dimers with nanoscale gaps have been
investigated for this purpose, reaching fluorescent enhancement values ranging from 250 to
2000 when placing the fluorescent molecules in their gaps.'®?! It is worth mentioning that
even though Si does absorb light in the visible regime, its absorption coefficient is nearly
two orders of magnitude lower than that of Au. 3% However, the remaining absorption of Si is
still one order of magnitude larger than that of GaP %! (see Supporting Information, section
1), and therefore represents a limitation for fluorescent enhancement, with non-negligible
non-radiative contributions.?! In this context, GaP could then boost radiative emission even
more than Si.

In this Letter, we exploit the properties of GaP nanoantennas as an effectively lossless
nanophotonic platform at optical frequencies, and show its applicability for both resonantly
enhanced SHG and SEF. We start by showing efficient generation of SH light throughout the
visible range by tuning the size of single GaP nanodisks (NDs), enhancing their nonlinear
response by more than three orders of magnitude with respect to the bulk. Afterwards,
we probe the properties of fluorescent molecules located in the hot-spot of a GaP dimer
nanoantenna, attaining a fluorescence enhancement factor of 3600 when comparing with the
bare emitter. Both, high-field confinement effects, and a fluorescence lifetime reduction of
more than one order of magnitude, produced the observed SEF factor when placing the
molecules within the 35 nm gap.

Different designs of GaP nanoantennas of 200 nm height (h) were fabricated by masking
a GaP substrate using electron-beam lithography, followed by several wet and dry etching
steps (more fabrication details can be found in the SI, section 2). Two masking layers were
used to improve the sidewall homogeneity. We start by considering the simple case of the
single nanodisk (ND), which has been recently demonstrated *> as a convenient geometry for

the enhancement of harmonic generation efficiencies when using dielectrics such as Si, Ge,

4
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and AlGaAs.'%?%3% However, to the best of our knowledge, the dielectric ND has not yet
been investigated for SHG in the visible range. To address this issue, we chose to study the
SHG characteristics of individual GaP NDs of h = 200 nm in this spectral region (schematic
and scanning electron micrograph image in Figure 1(a)).

Following fabrication, to determine resonance wavelengths, we numerically calculated
and experimentally measured the scattering cross section spectra of NDs of different radii
R, in the range of 200 to 400 nm. Relevant geometrical parameters of the nanostructures,
as deduced from scanning electron micrographs, as well as the refractive index of (bulk)
GaP, determined through ellipsometry (refer to SI, section 1, for ellipsometry data), were
used as input values for the simulations. Figures 1(b)-(c¢) show, respectively, the simulated
and experimental scattering cross section spectra for the case of the smallest ND, with R
— 200 nm. In both cases a single peak appears in the selected spectral region, indicating
the presence of a resonant mode. The observed ~ 10% disagreement in the experimental
resonance frequency with respect to the numerical calculation, a discrepancy commonly

194243 may be attributed to tapered walls,

observed in high refractive index nanophotonics,
rounding effects and superficial debris in the real nanoantennas that deviate the fabricated
disk from the assumed perfect cylindrical geometry.

To gain better understanding of the resonance registered in the scattering cross section
spectrum, in Figure 1(d) we plot its associated electric field intensity distribution in the
vicinity of the nanoantenna. It can be seen that the electric field is highly confined to the
top and lateral surfaces of the ND, with enhancement factors around 30. This mode shows
a strong quadrupolar magnetic resonance, as inferred from the simulated magnetic field
intensity distribution, included in the SI, section 3. Even though the bulk contribution to
second order nonlinear processes is expected to be negligible, *® by concentrating the electric
field intensity to the surfaces, this mode could enable efficient SHG. Indeed, the GaP crystal

structure behaves effectively as centrosymmetric when the direction of the light polarization

is contained within the fundamental planes of the zinc blende (cubic) lattice (100), (010)
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or (001), as in our experimental conditions, in contrast to, for example, the case of non-

centrosymmetric GaP (110).3%4
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Figure 1: (a) Scanning electron micrograph of a 200 nm radius disk. Scale bar: 200 nm.
Schematic view of the experimental setup for a disk emitting green SH light. (b)-(c)Simulated
(b) and experimental (c) scattering cross section spectrum of a single 200 nm thick GaP ND
with R = 200 nm. The vertical arrow in (c) represents the chosen excitation wavelength
band for the nonlinear characterization. (d) XZ cross section of the predicted electric field
intensity distribution computed at the simulated scattering maximum. Scale bar: 200 nm.
(e) SH spectra of the ND and bulk GaP substrate for an excitation wavelength of 910 nm.
(f) Dependence of the average SH power (Psy) with the average excitation power (P) for
the ND. The solid line is a fit of the data considering the expected quadratic dependence of

In Figure 1(e), the SH spectrum of a single GaP ND and that of the GaP substrate (bulk)
are shown for an excitation wavelength of 910 nm, i.e. at the resonance wavelength as evi-
denced from the measured scattering cross section spectrum (Figure 1(c)). The description
of the experimental setup employed for the nonlinear characterization can be found in the

SI, section 4. As expected, the SH spectra show, in both cases, a single peak centered at 455
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nm, which is half of the excitation wavelength. Moreover, a remarkable enhancement of 1300
times is found in the SH emission signal for the ND with respect to the substrate. Our the-
oretical calculation of the SH enhancement factor, which considers surface SH nonlinearity,
also supports this result. First, we can rule out the contributions from the optical response
of the nanoantenna at the SH frequency since no resonances were found at this wavelength
in the scattering cross section spectrum. Then, it is necessary to consider the electric field
intensity enhancement of ~30 at the registered scattering resonance (Figure 1(d)), together
with the factor of 1+2 x h/R = 3 determined by the increased surface area of the ND when
compared to unstructured GaP. Since the field enhancement is only localized at the top
quarter part of the disk, these contributions combined give rise to a predicted enhancement
factor of about 30% x (1 + 2/4) = 1350 in the SH power, which matches very well the one
obtained experimentally.

To reveal the dependence of the SH signal with the excitation density, we experimentally
measured fundamental and harmonic powers in the range of 0-100 GW c¢m ~2 peak pump
intensity, as exhibited in Figure 1(f). The results show the expected trend of the SH intensity
increasing quadratically with the pump power, as described by the second order polynomial
fit. In order to calculate the corresponding SH conversion efficiencies, we use the usual

equations 264

Nsa = Porsu/P (Poxsu, peak SH power; Py, peak pump power), which
yields a value as high as 0.4% MW ! and 1%y = Ppksu/Pok = s X Pk, which expresses
the percentage of incident light converted into SH emission, and increases linearly with the
power of the fundamental wave. In particular, at Py, = 200 GW ¢cm ™2, which is the maximum
power we could input without damaging the sample, we obtain a value of nd; of 0.0002%.
To the best of our knowledge, this is the highest SH conversion efficiency reported so far for
a single nanoscale object at optical frequencies, exceeding by several orders of magnitude

25227 and by one order of

those reported for monomer and dimer-like metallic nanoantennas,
magnitude that reported for a hybrid Au/ZnO nanoantenna.® Moreover, our experimental

results demonstrate that the Mie-resonant GaP ND is considerably more efficient than the
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recently investigated micrometer-long GaP nanopillar waveguide, 383

which provides ndy
values of only ~ 1077%. It is essential to mention here that excitation powers as high
as Pyx = 200 GW ¢m ™2 were only possible due to the ultra-low absorption of GaP. Indeed,

typical maximum Fpy values for resonant Si or Ge nanoantennas are two orders of magnitude

lower than the ones used here for GaP. !9:28:30

A, [nm]
a) 400 500 600 700
1 _R 200 nm 300 nm 400 nm
S L
2 L
0 L
b) CR=200 nm 300 nm 400 nm
S1E /\
A =
2 =.

800 1000 1200 1400
A [nm]

Figure 2: (a) Experimentally obtained fundamental wavelength dependence of the SH spec-
trum for radii (R) of 200 nm (blue spectra), 300 nm (green spectra), and 400 nm (red
spectra). The sets of curves are normalized to have equal maximum intensity. Each spec-
trum corresponds to a different fundamental wavelength of double that of the central SH
wavelength. Full width at half maximum of each spectrum is ~5 nm. (b) Simulated spectral
dependence of the square of the surface electric energy for the three different ND radii.

In order to demonstrate efficient SH emission over the entire visible range, we also examine
the nonlinear characteristics of NDs with larger diameters. Keeping the thickness fixed at 200
nm, Figure 2(a) shows the measured nonlinear optical response corresponding to NDs with
R values of 200 nm, 300 nm and 400 nm when varying the excitation wavelength. It can be

seen that while the smallest nanoantenna produces maximum SHG at ~450 nm wavelength
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(blue), as expected, the NDs of 300 nm and 400 nm radii generate optimum SH emission
at ~ 550 nm (green) and ~ 650 nm (red) wavelengths, respectively. Furthermore, the
conversion efficiencies measured for the green and red SHG are comparable to that obtained
for blue light, i.e. ny ~ 107*% for the whole visible range. Concerning the dependence of the
conversion efficiency on the polarization of the fundamental wave, since the structure presents
rotational symmetry about the z-axis, any polarization direction parallel to the substrate
surface plane would produce equal SH intensity. However, components with polarization
perpendicular to this direction would fail to excite the simulated mode in Figure 1(d), which
assumes normal incidence only. In our experimental configuration, since most of the focused
beam is linearly polarized in the x-direction, efficient excitation of this resonant mode is
expected.

For the purpose of understanding the SH spectral response in Fig. 2(a), we calculate the
electric energy stored at the surface of the ND, WP(JS) =n?/2 [[||E(r,\)||*dS. Essentially,
since SHG is a second order process that behaves as a surface phenomenon under our ex-
perimental conditions, the electric energy at the nanostructure surface at the fundamental
wavelength can be used to represent the excitation power. At the same time, the observed
variations in the SH emission intensity as the fundamental wavelength is scanned can be
associated with the corresponding variations in }W]E;S)r. Indeed, as observed in Fig. 2(b)

for all different R values, the spectral dependence of ‘Wé‘g)r describes well the correspond-
ing measured spectral dependence of the SH signal shown in Figure 2(a). While a similar
concept has been developed for the volume electric energy, WJ(EV) =n?/2 [[[|E(r,\)|*dV,
using volume generated third harmonic emission, ' we demonstrate here that the model can
also be applied to surface effects, with the magnitude of the SH intensity, yielding a good
measure of the electric energy stored at the dielectric surface.

We turn now our attention towards the study of the GaP nanoantenna as a nanophotonic

platform optimized for the enhancement of radiative properties of fluorescent molecules in the

visible range (schematic in Figure 3(a)). To that end, we built GaP dimer-like nanoantennas

9
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with 35 nm gap size, as can be seen in the inset of Figure 3(a). The radius of the GaP pillars

composing the antenna is 50 nm.
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Figure 3: (a) Scheme of experimental configuration and scanning electron micrograph of a 35
nm gap GaP dimer. The scale bar is 100 nm. (b) Simulated scattering and absorption cross
sections of the GaP nanoantenna in (a). (¢) Experimental cross section of the antenna in
(a). (d)-(e) Normalized electric field intensity distribution ||E(r, \)||?/||Eo(\)]|? for excitation
polarization X (d) and Y (e) computed at the simulated scattering maximum. The field is
shown in the plane located at half the height of the antenna (z = 100 nm). The insets show
the cross-section field distribution along the dashed lines. Scale bar: 100 nm. (f) Absorption
spectrum of the fluorescent dye Star 635P measured in a solution of PMMA of 500 M. The
green vertical lines indicate the excitation wavelengths for photoluminescence experiments
(633 nm) and time correlated experiments (640 nm).

To characterize the scattering resonances of the nanoantennas, we simulated and subse-
quently measured the scattering cross section of the designed GaP dimers, as shown, respec-
tively, in Figures 3(b)-(c). A single broad peak can be seen in both cases in the selected
spectral range, which would correspond to a dipolar mode, as deduced from the absence of
other resonances at lower frequencies. The calculated absorption cross section of the nanoan-
tenna, also included in Figure 3(b), is found to be nearly negligible at resonance, yielding

a far-field scattering efficiency of 99%. We observe that this value highly contrasts with
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the maximum radiation efficiency of about 75% simulated for a Si Yagi-Uda antenna in this
spectral range, ? anticipating the potential benefits of exploiting the close to zero absorption
of GaP at visible wavelengths. In Figures 3(d)-(e) we plot the simulated electric field in-
tensity distribution at resonance for both X and Y incident light polarization, i.e. parallel
and perpendicular to the dimer orientation, respectively. As expected, the simulated pat-
terns exhibit a dipolar behavior, giving rise to a field intensity enhancement factor of up to
>32 for the X polarization. Conversely, this enhancement is only 10 when considering the
perpendicular direction. Therefore, when the excitation light is polarized in the X direction,
the gap region provides a suitable location for placing fluorescent molecules, with highly
localized and enhanced fields.

To analyze the radiative properties of fluorophores in the gap of the GaP nanoantenna,
we immersed the dielectric dimer, via spin coating, in a PMMA matrix containing Star
635P fluorescent dyes, which were chosen due to their negligible photobleaching rate. 4" The
concentration of molecules was tuned to 500 pM, yielding an average of 50 fluorophores
in the 35 nm gap. In Figure 3(f) we show the absorption spectrum of the fluorescent dye
in the PMMA matrix, with the marked wavelengths indicating the excitation lasers used
to probe the molecules, i.e. 633 nm (steady-state fluorescence experiments) and 640 nm
(time-resolved fluorescence measurements).

To experimentally evaluate the SEF, the PMMA:dye coated nanoantenna was excited
at resonance with linearly polarized 633 nm light at a power density of 2.5 MW cm ~2.
The polarization of the excitation laser was chosen to be either parallel or perpendicular
with the dimer’s main axis. The fluorescence emission, characterized with a commercial
WITec microscope, was collected in a back-scattering configuration, using a long-pass filter
to remove the laser’s contribution to the spectrum.

In Figure 4(a) we plot the fluorescence spectra registered when exciting the coated
nanoantenna with the two different polarizations (Ix and Iy), including, as reference, the

’

result obtained when illuminating a bare PMMA:dye layer on the GaP substrate (I ). We
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Figure 4: (a) Fluorescence spectra from the PMMA:dye coated 35 nm gap nanodimer excited
at X and Y polarizations (Ix and Iy, respectively), a region of molecules not interacting with
the nanoantenna (/,f) and bare PMMA /GaP (), i.e. without the fluorescing molecule. The
shaded area is inspected in the inset, where the counts are normalized to .. to obtain the
increase in counts due to the presence of the nanoantenna for both polarization excitations.
(b) Fluorescence emission decay rate curves together with the instrument response function
(IRF). A bi-exponential model was used both for X and Y polarizations, however a single-
exponential fit sufficed to describe the dynamics of the background. (c) Effective detection
volumes used to calculate the enhancement factors in (b). The size of the used spot is also
shown. The measured spot size coincided with the width of a focused gaussian spot (i.e. with
an excitation spot radius of A/(7NA) = 230 nm, with NA the numerical aperture NA = 0.9).
The volume of the spot interacting with the molecules is (A/(7NA))?7 x 200 nm = 3 x 107

nm?. (d) Fluorescence enhancement factors, at 40 nm, calculated from Equation 1.
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note that a bare PMMA film (i.e. containing no fluorescent dyes) on the GaP substrate
produced only dark counts (Ip), indicating that the collected emission unequivocally corre-
sponds to the Star 635P molecules. The inset of Figure 4(a) shows the relative increase of
counts due to the presence of the antenna under X polarization ([Ix/I.f) and Y polariza-
tion (Iy/I.) excitation. By analyzing the measured spectra, a clear polarization-dependent
behavior can be observed when exciting fluorophores in the vicinity of the antenna. More
specifically, for polarization parallel to the dimer’s main axis, the emission intensity was
found to be nearly three times that corresponding to the perpendicular polarization, and
approximately 35 times that of the bare PMMA:dye mixture, excited at any polarization.
It is necessary to mention here that these effective fluorescence enhancement factors do not
yet take into account differences in the amount of molecules contributing to the emission in
each case. Indeed, as it has been recently shown by fluorescence correlation experiments, 2!
the effective excitation volume (Vig), when considering resonant dimers excited with X po-
larization, corresponds to that defined by the gap size (Vj,p), where the field is concentrated,
whereas for measurements far from the antenna, Vg is simply that of the diffraction-limited
excitation spot (Vipot). A similar reasoning can be made for the Y polarization by considering
the associated regions of enhanced fields. More details of effective volume calculations can
be found in the SI, section 5. Figure 4(c) shows the effective excitation volumes predicted
for our GaP dimer at each excitation polarization. Under these considerations, when the
antenna is excited with polarization X/Y, the fluorescence enhancement factor ( Fxy) can

be calculated as:

V; ot IXY
Fxy = —o= == 1
Y ‘/;Jff Iref ()

where Ix y is the emission intensity measured when exciting at the antenna either parallel
or perpendicularly, while [,.¢ corresponds to the signal registered when illuminating outside
antenna regions. Remarkably, we obtain a value of Fx as large as 3600 (Figure 4(d)). It is

worth mentioning here that DNA origami approaches used to fine-tune the position of fluo-
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rophores in ~ 10 nm gaps between Au colloids ***? led to Fx values of 5000. Noticeably, our
approach provides comparable results, even though it uses considerably larger gap distances,
demonstrating the advantage of employing an ultra-low loss dielectric nanoantenna. When
switching to the Y polarization the enhancement factor drops to Fy =144, in accordance
with the reduced field-confinement capabilities of the nanoantenna in this situation (Figure
3(e)).

Regarding the decay rate of the fluorescence emission, it is intrinsically dependent on the
localized density of optical states (LDOS). Qualitatively, the LDOS indicates the amount of
states that can be excited by a local source at a given wavelength, °® including both non-
radiative modes and radiative (scattering) excitations. In the traditional case of a metallic
nanostructure, even though the LDOS is strongly enhanced at the plasmonic resonance,
inherent losses of the metal can induce large lifetime reductions of nearby emitters via the
usually undesired non-radiative channels. > However, if the radiation efficiency of the nanoan-
tenna is high, the reduction in the lifetime will be accompanied by an increase in the radiative
rate of emission; a condition that can be met, in principle, with low-loss dielectrics. In this
context, GaP presents as an excellent candidate in the visible range. We explore next the
effect of the GaP dimer nanoantenna on the decay dynamics of the fluorescence probes.

Table 1: Fitting parameters for the lifetime decay curves in Figure 4(b). ¢ is the decay time
of the slow component, 71 the decay time of the fast component and A7 is the FWHM of
the IRF.

| Background  Y-pol X-pol IRF
7o |ns|] | 1.10£0.01  1.10£0.01 1.10£0.01 -
1 [ns] - 0.1240.01  <0.05 -
AT [ns| - - - 0.180

Figure 4(b) shows time-resolved fluorescence measurements of the coated nanoantenna
sample at 640 nm excitation wavelength, for the two different polarizations, parallel and
perpendicular to the main dimer’s axis. The optical response from the bare PMMA :dye film
on the GaP substrate is also included. As predicted, a much faster decay is observed for

the molecules interacting with the antenna, when compared to the case of the bare layer
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of molecules. Furthermore, it can be seen that the fastest decay occurs when exciting the
nanoantenna with the X polarization. In order to extract lifetime values from the mea-
surements, we fit exponential decay functions to the data, convoluted with the instrument
response function (IRF) (see SI, section 6). The characteristic time of the IRF, determined
by its FWHM (full width half maximum), is 0.18 ns, allowing the determination of lifetime
values of up to ~0.05 ns.?!

The fluorescence decay lifetimes obtained from the fittings are summarized in Table 1.
A mono-exponential decay is observed for the bare dyes, yielding a total lifetime of 1.10 ns.
Remarkably, in the presence of the GaP dimer, corresponding lifetime values are calculated
to be as short as < 0.05 ns and 0.12 ns for X and Y excitation polarizations, respectively.
In these two cases, the long lifetime component of 1.10 ns was also included in the fitting
to account for background emission from dyes located outside of the enhanced-field regions.
Indeed, for ¢ > 1 ns in Figure 4(b), when fast processes vanish, the slopes of the decay curves
are found to be nearly the same for all three considered situations.

It is important to remark that the shortest value of <0.05 ns in Table 1 cannot be
accurately determined, as it falls well below the IRF characteristic time of 0.18 ns, and it
is consequently limited by the instrument response. However, this provides us with a lower
bound on the Purcell factor of 1.1 ns/0.05 ns ~ 22 when the excitation of the nanoantenna is
optimum. It must be noted here that Si dimer nanoantennas with similar gap sizes have been
reported to produce considerably smaller fluorescence enhancement and lifetime reduction,
highlighting the importance of effectively lossless GaP against Si for 633 nm. 2!

In conclusion, we have explored the use of essentially lossless all-dielectric GaP nanosys-
tems for visible light applications. We have investigated the manipulation of Mie-resonant
modes to highly confine the electric field at the surfaces of the dielectric structure, benefiting
two quintessential nanophotonic applications in the visible light regime, namely SHG and
SEF. Starting with single individual NDs, we have studied their nonlinear SHG character-

istics and found the highest yet reported SHG efficiency for a single nanostructure, to the
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authors’ knowledge, in the visible range. It has been further verified, by the experimen-
tal evidence of the spectral nonlinear response when changing the pump wavelength, that
the observed SHG can be attributed to surface effects. When considering the linear optical
regime, by exciting fluorescent dyes placed within a 35 nm gap of a GaP dimer nanoan-
tenna, we have shown that a large fluorescence enhancement (3600) can be obtained. It
is remarkable that this material shows such a strong fluorescent enhancement at relatively
large gaps. In comparison, enhancement values of around 100 were reported for 30 nm gap
Si dimers.?! We explain this achievement as a direct consequence of the negligible absorption
of GaP, which prevents it from enhancing non-radiative decay paths. A > 22 times lifetime
reduction (limited by the IRF) in the fluorophores is obtained, indicating a strong near-field
light-matter interaction of the emitter with the localized density of optical states. Engineer-
ing smaller gap GaP nanoantennas, or even other ubiquitous geometries commonly used in

5

plasmonics, 2 might pave the way towards further improving field-confinement capabilities

in the visible regime with practically lossless characteristics.

Supporting Information available

This material is available free of charge via the Internet at http://pubs.acs.org.

Refractive index of GaP and Si; fabrication and characterization of nanostructures; nan-
odisks and magnetic field distribution; second harmonic experimental setup; calculation of

effective excitation volume; deconvolution of time-resolved plots and fits.
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