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ABSTRACT

We present an analytical model for the plasmonic enhancement of metal photoluminescence (MPL) in metal
nanostructures with a characteristic size below the diffraction limit. In such systems, the primary mechanism
of MPL enhancement is the excitation of localized surface plasmons (LSP) by recombining carriers followed
by photon emission due to LSP radiative decay. For plasmonic nanostructures of arbitrary shape, we obtain
a universal expression for the MPL Purcell factor that describes the plasmonic enhancement of MPL in terms
of the metal dielectric function, LSP frequency, and system volume. We find that the lineshape of the MPL
spectrum is affected by the interference between direct carrier recombination processes and those mediated by
plasmonic antenna which leads to a blueshift of MPL spectral band relative to LSP resonance in scattering
spectra observed in numerous experiments.

1. INTRODUCTION

The photoluminescence of noble metals'* and metal nanostructures® 3° has attracted continuing interest fueled,
to a large extent, by its numerous applications, e.g., in imaging,?6*! sensing,*?>"4® nanothermometry,*6-48 and
optical recording.*® In bulk metals, the underlying mechanism of metal photoluminescence (MPL) is the radiative
recombination of photoexcited d-band holes and upper-energy sp-band electrons via a momentum-conserving
interband transition, a process that competes against much faster nonradiative transitions in noble metals,
such as Auger scattering, resulting in extremely low MPL quantum yields'™ ~ 10719 Much brighter MPL
has been reported from various metal nanostructures supporting localized surface plasmons (LSP), including
nanospheres,* '3 nanorods,'4 2% nanowires,?? 3% nanoparticle dimers,>'3* and porous structures.?® In all such
systems, the generic MPL spectrum represents a nearly Lorentzian peak centered close to the LSP frequency
with a peak amplitude depending weakly on the system size,> " 2% except for very small systems, in which MPL
is largely quenched,% %% or for large structures, in which LSP is radiatively damped.? 725

The origin of bright MPL from plasmonic structures was suggested® to be due to the excitation of the
LSP by a recombining electron-hole pair®®52 followed by the LSP radiative decay. This plasmonic antenna
scenario has been extensively tested and largely accepted based mainly on MPL measurements from single gold
nanorods which revealed strong similarities between the MPL spectra and scattering spectra measured from
the same structures.? 28 More recent experiments on hot carrier recombination in plasmonic structures have
highlighted the important role of intraband transitions, but here as well, strong similarities between the MPL
and scattering spectra point to the dominant role of LSP-mediated processes.?>%? At the same time, persistent
differences in the lineshape and in peak positions between the MPL and scattering spectra have been widely
reported in diverse nanostructures under various excitation conditions.??724:34:56-58 Notably, the MPL spectra
are blueshifted relative to scattering spectra, which has not so far been explained.

The enhancement of the radiation rate is described by the Purcell factor,50 which, for an emitter situated near
a plasmonic structure, is determined by the LSP’s local density of states (LDOS) at the emitter’s position. 53 64
In contrast, the MPL Purcell factor describes the enhancement of the time-averaged signal and, therefore,
involves spatial averaging of the LDOS over the metal volume, which requires the calculation of local fields
within the entire structure. Such calculations, with the rare exception of high symmetry systems, present a
considerable numerical challenge.’” On the other hand, the surprising similarity of MPL spectra across diverse
systems33° suggests that a simpler, yet accurate, description of plasmon-enhanced MPL should be possible
within an analytical approach.

In this article, we present an analytical model for MPL from plasmonic structures of arbitrary geometry
whose characteristic size is below the diffraction limit. For such systems, we derive an explicit expression for the
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MPL Purecell factor, which describes the plasmonic antenna effect, and trace the observed blueshift of the MPL
spectral band to destructive interference between the direct and antenna-assisted recombination processes. For
frequencies w close to the LSP frequency w,,, we obtain the MPL enhancement factor relative to the bulk MPL
background in the following universal form

2
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where e(w) = €'(w) + i€’ (w) is the metal dielectric function and the parameter A,, weakly depends on the system
volume. For any system geometry, the lineshape of the MPL spectrum is determined solely by the metal dielectric
function and LSP frequency. For larger structures, Eq. (1) is extended to include the LSP radiation damping
effect while retaining its universal form.

2. MPL PURCELL FACTOR

We start by recalling that MPL involves several stages?>°7 including the photoexcitation of the nonequilibrium

population of d-band and sp-band carriers, carrier energy and momentum relaxation due to electron-electron and
electron-phonon scattering, and carrier recombination accompanied by photon emission, all of which contribute
to the MPL overall quantum yield. Here, we focus on the latter process which can involve LSP excitation in
the intermediate state.’! Note that only a small fraction of recombination processes, for which the emitted
photon energies fit within the LSP spectral band, undergo plasmonic enhancement.® For interband transitions,
which require no momentum relaxation mechanism, the transition matrix element has the form [ dV; 1" ®f ~
—dy,- E(r), where ;" and { are the Bloch wave functions for the sp-band and d-band, respectively, dj, is the
interband dipole matrix element between electron states with the same wave vector k, ®(r) is the local potential
and E(r) = —V®(r) is the corresponding local field at d-band hole’s position r, while the integral is taken over
the metal volume V;,.5° Note that, in contrast to the radiation field that is nearly uniform on the system scale,
the local field E(r) can vary significantly inside the nanostructure, so a recombination of a low-mobility d-band
hole and sp-band electron can be viewed as a dipole transition that takes place at some position 7 inside the
nanostructure.

The rate at which the energy of the excited electron-hole pair is transferred to an electromagnetic (EM)
environment is%° Ty, = (2/h)Im [dy D (w; 7, r)dy], where D(w;r,r’) is the EM dyadic Green function obeying (in
operator form) V x V x D — (w?¢/c?)D = (47w?/c?)I; here e(w, r) is the system dielectric function equal to
£(w) in the metallic regions and €4 in the dielectric ones (we set €4 = 1 for now), ¢ is the speed of light, and
I is the unit tensor. To extract the LSP contribution to D, we note that, for unretarded electron motion, the
LSP modes are described by the longitudinal fields E,,(r) = —V®,,(r) and obey the lossless Gauss’s equation®®
V[ (wn, r)V®, ()] = 0. The dyadic Green function D relates to the scalar Green function D for the potentials
® as D(w;r,r") = VV'D(w;r,r"), where D satisfies V - [e(w, )V D(w;r,7r')] = 4wd(r — r’). We now split the
scalar Green function as D = Do+ Dysp, where Dy = —|r —r'| 71 is the free-space near-field Green function and
Dy gp is the LSP contribution. Expanding the latter over the LSP modes as Dygp(w;r,7") = >, Dp®, (r) P, (1),
we obtain the expansion coefficients as

4
7de5(w,r)E,2L(r)’

Dy (w) = (2)
where we omitted a constant term.® Since, due to Gauss’s law, we have [dVe'(w,,7)E2(r) = 0, the ex-
pansion coefficients D,,(w) exhibit LSP poles in the complex frequency plane at w = w, — iv,/2, where
Vo = 26" (wy,)/[0€' (wp)/Owy] is the LSP decay rate (we assume v, /w, < 1). Presenting D, (w) as the sum over
LSP poles would lead to normal field expansion suitable for quantum approaches.®® However, within classical
approaches, it is suitable to obtain another representation for the LSP Green function (2) directly in terms of the
metal dielectric function. Namely, the denominator is presented as [dVe(w,7)E2(r) = [e(w) — &' (wy)] [dVim E2(r),
where the integral is taken over the metallic regions while contributions from the dielectric regions, characterized
by constant permittivities, cancel out. We thus obtain the LSP Green function for the electric fields as

, —4r  E,(r)E,(r’
Duse(wir, ) = ; [dVi, E2 E(wg ze’éun)) )
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Note that even though E, (r) represents eigenmodes of the lossless Gauss equation, the Green function (3) is
valid for the complex dielectric function e(w) = &’(w) +ic”(w) as well. Indeed, if €” is included as a perturbation,
then the first-order correction leads to Eq. (2), and the higher-order corrections involve nondiagonal terms of the
form ¢”(w) [dVin E,(r) - E,/(7), which vanish due to the modes orthogonality,°® so that the LSP Green function
(3) is, in fact, exact in all orders. The energy transfer rate from the emitter to the plasmonic environment takes

the form
2 [dy B, (r))? A
Telw,m) =3 Zn [avaE2 ™ L(w) - 6’(wn)] ' )

Note that the rate (4) is suitable for an emitter situated either outside or inside the plasmonic structure, but
here we consider only the latter case.

We now turn to the MPL Purcell factor, which is defined as F,, = (I'y)/vi, where 75 = 4djw?/3c3h is the
emitter’s radiative recombination rate%? and (I';,) stands for the average of rate (4) over the emitter’s positions
inside the metal and over orientations of its dipole moment dj = dgny. For relatively small nanostructures under
long illumination, the electron-hole pairs are distributed nearly uniformly. Using (ngnj) = %I and averaging
Eq. (4) over the metal volume, we obtain the MPL Purcell factor per emitter in the following universal form,

2me3 e’(w)

w3V, le(w) — 6’(wn)|2’

where we kept only the resonant term. The MPL Purcell factor is inversely proportional to the metal volume,
while its frequency dependence, apart from normalization, is determined by the metal dielectric function. At
resonance frequency w = wy,, the maximal value of the Purcell factor is F;, = 27¢c? /w3 Viye” (wy, ), which is related
to the LSP mode volume V,, as®:6% F,, = 6wc3Q,, /w3V,,, where Q,, = w,, /7, is the LSP quality factor, and we
obtain

Fo(w) = (5)

Vi = 3Qne" (wn)Vin = gvm o O (wn) /Do (6)

The LSP mode volume (6) for MPL can be significantly larger than the metal volume V4, especially for long-
wavelength LSPs characterized by large |¢/(wy,)|. Note, however, that the LSP mode volume plays no significant
role in MPL, in contrast to that for an emitter situated outside the structure,%3 %4 as it effectively cancels out in
the radiated power spectrum (see below).

3. EMISSION SPECTRUM

We now turn to the emission spectrum of a recombining electron-hole pair mediated by the excitation of LSP.
For systems with a characteristic size below the diffraction limit, the radiated power spectrum is® W} (w) =
(wt/3¢%)|pr(w)|?, where pi(w) = p(w) + pgl(w) is the system dipole moment composed of the electron-hole
pair’s dipole moment p',’;h (w) and the induced dipole moment of the plasmonic structure pgl(w). To determine
pzh(w), we note that, due to the very fast relaxation rate of the d-band hole, the recombination events are
not correlated. In the linear regime, the interband polarization pi can be determined from the Maxwell-Bloch
equations

i0py /Ot = (Wi — ik /2)px — di- E(r) /R (7)
with the initial condition pg(0) = 1. Here, wy, is the interband transition frequency, i is the intrinsic decay rate
due to the fast Auger processes,? and E(r) is the local field at the emitter position. The coupling to LSP is
included in the standard way,% by relating the local field back to the interband dipole moment pzh = dypi as
E(r) = Dysp(r,7)p$t. Upon performing the Laplace transform, the interband dipole moment takes the form

dy,

ch 4
h 8
P o — o — /2 — iTh)2 ®)

where the energy transfer rate I'y is given by Eq. (4).

The MPL enhancement comes from the induced dipole moment of plasmonic structure defined as

ph = / dVx(w,r)E(r)= / dV'x(w, ") Dysp(w; ', r)psP, (9)
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where x = (¢ — 1)/4r is the system susceptibility. With help of the LSP Green function (3), we obtain

47Tpn ( )'th
- Zfdv B2 o) — () (10)

where p,(w) = [dVx(w,7)E,(r) is the dipole moment of the LSP mode. Finally, using Eq. (8), the radiated
power spectrum for an electron-hole pair takes the form

Z 47Tpn ( ) dk 7 (11)

Wile) = T

3¢ 3|Qk|2
where Qf = wy — w — iy, /2 — il /2.

The full radiated power spectrum W*(w) is obtained by the k-integration of Eq. (11) with the factor f;"(1—
f,f), where f;” and f,f are the Fermi distribution functions for the sp-band and d-band, respectively. After
orientational averaging, we obtain W' = WerhM , Where

d2 Sp 1— d
- Z el (L= i) (12)
363 lwr, — w — iy, /2 — il /2|2

describes direct emission by the recombining carriers and

2
4mp, ‘n
M(w,r) = < Z fd‘p; o )( )E‘/(w];)| >n (13)

is the local MPL enhancement factor. The direct emission spectrum (12) differs from the bulk MPL spectrum
by the presence of an additional relaxation rate I'y, which describes the excitation of high-momentum LSPs by
recombining carriers and, for small systems, leads to MPL quenching.?® Note that due to the extremely short
d-band hole lifetime (< 50 fs), MPL is significantly quenched only for very small (< 3 nm) structures, in which
most excited carriers are sufficiently close to the metal surface.®59 Otherwise, we have W1 = ¢W}, where W}
is the bulk MPL spectrum and ¢ < 1 is the quenching parameter that weakly depends on the system volume.

Turning now to the MPL enhancement factor (13), the main contribution comes from the LSP (second) term.
Keeping only the resonance term (with w close to wy,) and neglecting, for now, the direct (first) term, the LSP
contribution to the MPL spectrum takes the form

M (w,r) = é [ ffﬁgz} |

4drp, (w) 2

e(w) —&'(wn)

(14)

where the factor of 1/3 comes from orientational averaging. Noting that p,(w) = x(w) [dV,E,, and averaging
Eq. (14) over the metal volume, we obtain

2

LSP _ 5n e(w) —1
Mn (w) - E(W) _ El(wn) 9 (15)
where the parameter
2
dVnE,

T Vi [V E2

is independent of the field overall amplitude and, for the dipole LSP modes, of the system volume as well.
For nanospheres and nanospheroids, its exact value is s, = 1, while smaller values are expected for other
geometries. To pinpoint the exact mechanism of MPL enhancement, we note that, for small nanostructures,
the LSP’s radiation efficiency is 1, = w},/w", where w}, and wh" are its radiated power and the Ohmic losses,
respectively:69

n

r _ w4‘p7l(w)|2 nr _ wa”(w) 2
whw) = SR ) = 25 fav, B2, (1)
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Then the LSP contribution (15) can be recast as
MTI:SP(W) - nn(w)Fn(w)v (18)

where the Purcell factor Fj,(w) is given by Eq. (5), implying that MPL enhancement is indeed due to the
plasmonic antenna effect. Since, for small nanostructures, the antenna’s radiation efficiency is proportional to its
volume, the latter effectively cancels out the Purcell factor’s volume dependence, as reflected in the parameter
Sn-

We now turn to the effect of interference between the direct and LSP-mediated MPL processes, described by
the cross term in Eq. (13). After performing spatial and orientational averaging, we obtain

e, N 28 g(w)—1
M (w) = —7Re L(w)e’(wn)} . (19)

Combining MESP (w) and M"(w) and omitting a constant term, we arrive at the enhancement factor M, (w),
given by Eq. (1), with A,, = s,,¢/3 that includes the quenching parameter q. Comparing the frequency dependence
of M, (w) and MESP(w), we observe that e(w) in the numerator of Eq. (15) is replaced with ¢’(w,) in Eq. (1),
implying that interference between the direct and LSP-mediated transitions, however weak, can substantially
affect the MPL spectral band (see below).

The enhancement factor (1) is derived for small structures by assuming that the LSP’s radiation damping
is much weaker than the Ohmic losses in the metal. For larger systems, the radiation damping effect can be
included in the standard way by considering the system’s interaction with the radiation field.%%:67 The result

reads
2

B e'(wn) — €a
M(w) = ;An e(w) —€'(wn) — FE3Vole(w) —ed] | o

where we restored the environment permittivity e4. Here, k& = /eqw/c is the light wave vector, V,, =
Vinl€'(wn)/ea — 1]sn /47 is the effective volume,®® and the sum runs over LSP modes that couple to the far
field (e.g., longitudinal and transverse dipole modes in nanorods). For the nanosphere of radius a, we have
s, = 1 and ¢'(w,) = —2¢4, and we recover V,, = a. The enhancement factor (20) can be used to describe the
MPL spectra for systems of various shapes and sizes with no substantial numerical effort. It is also suitable for
describing MPL spectra of complex or random metallic structures, such as nanosponges,® which exhibit multiple
LSP peaks. In this case, the coefficients A,, can be tuned to fit the spectral peaks’ amplitudes.

4. NUMERICAL RESULTS

To illustrate our results, below we present the MPL spectra for several gold nanostructures immersed in water
(eq = 1.77) by plotting Eq. (20) for a single LSP mode. In all calculations, we use the experimental gold dielectric
function. Accordingly, the LSP wavelength range extends above 530 nm, which corresponds to the interband
transition onset in gold. Specifically, we choose the LSP peak positions at wavelengths of 620, 670, 710, and 750
nm, which are close to those measured in the MPL experiments.?? 24 We assume no particular nanostructure
shape but specify the overall volume as V,,, = L3, where L is the characteristic linear size. For gold structures,
the optimal L lies in the interval between 20 and 60 nm, in which the MPL quenching is relatively weak while
the LSP radiative damping is not too strong,® 725 so we set ¢ = 1, 5, = 1, and 4,, = 1/3.

In Fig. 1, we plot the MPL enhancement factor M, (w) for general-shape gold structures with L = 20 nm,
in which the LSP resonance position can be tuned by varying the structure shape (e.g., by varying the aspect
ratio of the nanorods). The MPL enhancement factor exhibits nearly-Lorenzian resonances, whose amplitude
increases with the wavelength, consistent with plasmon-enhanced MPL quantum yield measurements.??22 Note
that the bulk MPL exhibits the opposite trend, as its efficiency is greater for shorter wavelengths due to an
increased sp-band electron density of states for higher energies close to the Fermi level.?3

In Fig. 2, we compare the MPL spectra for L = 40 nm gold nanostructures at the same LSP wavelengths
obtained as Sypr(w) o< w*M, (w) and the scattering spectra, which are related to the plasmonic antenna’s
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Figure 1. MPL enhancement factor for general-shape gold nanostructures with characteristic size 20 nm at various LSP
wavelengths of 620, 670, 710, and 750 nm. (Inset) Schematic of interband transitions in gold.
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Figure 2. Normalized MPL and scattering spectra for gold nanostructures with a characteristic size of 40 nm at the same
LSP wavelengths as in Fig. 1.

emission as Sseats(w) oc w*MESF(w), both normalized to their maxima. A clear blueshift of the MPL spectral
band relative to the LSP resonance in scattering spectra persists for all structures but is more pronounced for
shorter wavelengths, consistent with the experiment.?22434:56-58 GQpecifically, the calculated normalized spectra
closely resemble those measured for gold nanostructures of various shape.?®>2* This blueshift and the change
in the resonance lineshape originate from the interference between the direct and LSP-mediated recombination
processes, as discussed above, resulting in the replacement £(w) — €’(w;,) in the numerator of Eq. (20).
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Finally, our approach should apply to the intraband MPL as well, where similar differences between the MPL
and scattering spectra were reported.’®®® Although any intraband MPL mechanism must include additional
momentum relaxation channels, the final-state transition should involve both the direct and LSP-mediated
processes, so the intraband MPL spectrum should still be described by Eq. (20), albeit with different A,,, which
incorporates the interference between them. Note that the calculated normalized spectra in Fig. 2 closely
resemble the intraband MPL spectra recorded in silver nanorods.?®

5. CONCLUSIONS

We have developed an analytical approach to plasmon-enhanced MPL that accurately describes the emission
spectra of metal nanostructures of arbitrary geometry with the characteristic size below the diffraction limit.
We have established that the primary mechanism of MPL enhancement is excitation of LSPs by recombining
carriers followed by the LSP radiative decay, and we have obtained an explicit universal expression for the MPL
Purcell factor in terms of the metal dielectric function, LSP frequency, and system volume. We have shown that
the precise lineshape of the MPL spectrum is defined by the interference between the direct and LSP-mediated
photon emission processes, resulting in the blueshift of the MPL spectra relative to scattering spectra reported in
numerous experiments. Our results can be used for modeling experimental MPL spectra for small nanostructures
of arbitrary shape without extensive numerical effort.

ACKNOWLEDGMENTS

This work was supported in part by National Science Foundation grants DMR-2000170, DMR-1856515, and
DMR-1826886.

REFERENCES

. A. Mooradian, Phys. Rev. Lett. 22, 185 (1969).

. P. Appel, R. Monreal, and S. Lundqvist, Phys. Scr. 38, 174 (1988).

. G. T. Boyd, Z. H. Yu, and Y. R. Shen, Phys. Rev. B 33, 7923 (1986).

. J. P. Wilcoxon, J. E. Martin, F. Parsapour, B. Wiedenman, and D. F. Kelley J. Chem. Phys. 108, 9137

(1998).
. M. R. Beversluis, A. Bouhelier, and L. Novotny, Phys. Rev. B 68, 115433 (2003).
. E. Dulkeith, T. Niedereichholz, T. A. Klar, J. Feldmann, G. von Plessen, D. I. Gittins, K. S. Mayya, and F.
Caruso, Phys. Rev. B 70, 205424 (2004).

. R. A. Farrer, F. L. Butterfield, V. W. Chen, and J. T. Fourkas, Nano Lett. 5, 1139 (2005).

. M. Eichelbaum, B. E. Schmidt, H. Ibrahim, and K. Rademann, Nanotechnology 18, 355702 (2007).

9. P. Biagioni, M. Celebrano, M. Savoini, G. Grancini, D. Brida, S. Matefi-Tempfli, M. Matefi-Tempfli, .. Duo,
B. Hecht, G. Cerullo, and M. Finazzi, Phys. Rev. B 80, 045411 (2009).

10. M. D. Wissert, K. S. Ilin, M. Siegel, U. Lemmer, and H.-J. Eisler, Nano Lett. 10, 4161 (2010).

11. M. Castro-Lopez, D. Brinks, R. Sapienza, and N. F. van Hulst, Nano Lett. 11, 4674 (2011).

12. P. Biagioni, D. Brida, J.-S. Huang, J. Kern, L. Dud, B. Hecht, M. Finazzi, and G. Cerullo, Nano Lett. 12,
2941 (2012).

13. M. Loumaigne, A. Richard, J. Laverdant, D. Nutarelli, and A. Débarre, Nano Lett. 10, 2817 (2010).

14. M. B. Mohamed, V. Volkov, S. Link, and M. A. El-Sayed, Chem. Phys. Lett. 317, 517 (2000).

15. O. P. Varnavski, M. B. Mohammed, M. A. El-Sayed, and T. Goodson, III, J. Phys. Chem. B 107, 3101
(2003).

16. O. P. Varnavski, T. Goodson, M. B. Mohamed, and M. A. El-Sayed, Phys. Rev. B 72, 235405 (2005).

17. A. Bouhelier, R. Bachelot, G. Lerondel, S. Kostcheev, P. Royer, and G. P. Wiederrecht, Phys. Rev. Lett.
95, 267405 (2005).

18. K. Imura, T. Nagahara, and H. Okamoto, J. Phys. Chem. B 109, 13214 (2005).

19. K. Imura and H. Okamoto, J. Phys. Chem. C 113, 11756 (2009).

20. D.-S. Wang, F.-Y. Hsu, and C.-W. Lin, Opt. Express 17, 11350 (2009).

o Ot = W N =

o

Proc. of SPIE Vol. 12646 1264603-7



21. A. Tcherniak, S. Dominguez-Medina, W.-S. Chang, P. Swanglap, L. S. Slaughter, C. F. Landes, and S. Link,
J. Phys. Chem. C 115, 15938 (2011).

22. M. Yorulmaz, S. Khatua, P. Zijlstra, A. Gaiduk, and M. Orrit, Nano Lett. 12, 4385-4391 (2012).

23. Y. Fang, W.-S. Chang, B. Willingham, P. Swanglap, S. Dominguez-Medina, and S. Link, ACS Nano 6,
T177-7184 (2012).

24. W. Rao, Q. Li, Y. Wang, T. Li, and L. Wu, ACS Nano 9, 2783-2791 (2015).

25. H. Hu, H. Duan, J. K. Yang, and Z. X. Shen, ACS Nano 6, 10147-10155 (2012).

26. F. Wackenhut, A. V. Failla, and A. J. Meixner, J. Phys. Chem. C 117, 17870-17877 (2013).

27. A. Konrad, F. Wackenhut, M. Hussels, A. J. Meixner, and M. Brecht, J. Phys. Chem. C 117, 21476-21482
(2013)

28. W. Zhang, Y. Cheng, J. Zhao, T. Wen, A. Hu, Q. Gong, and G. Lu, J. Phys. Chem. C 123, 9358-9363
(2019).

29. Q.-Q. Wang, J.-B. Han, D.-L.. Guo, S. Xiao, Y.-B. Han, H.-M. Gong, and X.-W. Zou, Nano Lett. 7, 723
(2007).

30. H. Kim, C. Xiang, A. G. Guell, R. M. Penner, and E. O. Potma, J. Phys. Chem. C 112, 12721 (2008).

31. P. J. Schuck, D. P. Fromm, A. Sundaramurthy, G. S. Kino, and W. E. Moerner, Phys. Rev. Lett. 94, 017402
(2005).

32. D. Huang, C. P. Byers, L.-Y. Wang, A.Hoggard, B. Hoener, S. Dominguez-Medina, S. Chen, W.-S. Chang,
C. F. Landes, and S. Link, ACS Nano 9, 7072-7079 (2015).

33. D. Sivun, C. Vidal, B. Munkhbat, N. Arnold, T. A. Klar, and C. Hrelescu, Nano Lett. 16, 7203 (2016).

34. G.-C. Li, Y.-L. Zhang, J. Jiang, Y. Luo, and D. Y. Lei, ACS Nano 11, 3067-3080 (2017).

35. C. Vidal, D. Sivun, J. Ziegler, D. Wang, P. Schaaf, C. Hrelescu, and T. A. Klar, Nano Lett. 18, 1269 (2018).

36. H. Wang, T. B. Huff, D. A. Zweifel, W. He, P. S. Low, A. Wei, and J.-X. Cheng, Proc. Natl. Acad. Sci.
U.S.A. 102, 15752 (2005).

37. N. J. Durr, T. Larson, D. K. Smith, B. A. Korgel, K. Sokolov, and A. Ben-Yakar, Nano Lett. 7, 941 (2007).

38. J. Park, A. Estrada, K. Sharp, K. Sang, J. A. Schwartz, D. K. Smith, C. Coleman, J. D. Payne, B. A. Korgel,
A. K. Dunn, and J. W. Tunnell, Opt. Express 16, 1590 (2008).

39. X. Wu, T. Ming, X. Wang, P. Wang, J. Wang, and J. Chen, ACS Nano 4, 113-120 (2010).

40. A. Carattino, V. I. P. Keizer, M. J. M. Schaaf, and M. Orrit, Biophys. J. 111, 2492-2499 (2016).

41. Y. Jiang, N. N. Horimoto, K. Imura, H. Okamoto, K. Matsui, and R. Shigemoto, Adv. Mater. 21, 2309-2313
(2009).

42. O. Hauler, L. A. Jakob, K. Braun, F. Laible, M. Fleischer, A. J. Meixner, and F. Wackenhut, J. Phys. Chem.
C 125, 64866493 (2021).

43. Y. Kim, R. C. Johnson, and J. T. Hupp, Nano Lett. 1, 165-167 (2001).

44. J.-C. Tinguely, I. Sow, C. Leiner, J. Grand, A. Hohenau, N. Felidj, J. Aubard, and J. R. Krenn, BioNanoSci.
1, 128-135 (2011).

45. G. Lu, L. Hou, T. Zhang, J. Liu, H. Shen, C. Luo, and Q. Gong, J. Phys. Chem. C 116, 25509-25516 (2012).

46. S. Jones, D. Andren, P. Karpinski, and M. K&ll, ACS Photonics 5, 2878-2887 (2018).

47. G. Baffou, ACS Nano 15, 5785-5792 (2021).

48. A. Carattino, M. Caldarola, and M. Orrit, Nano Lett. 18, 874-880 (2018).

49. P. Zijlstra, J. W. M. Chon, and M. Gu, Nature 459, 410 (2009).

50. T. V. Shahbazyan, Nano Lett. 13, 194 (2013).

51. T. V. Shahbazyan, I. E. Perakis, and J.-Y. Bigot, Phys. Rev. Lett. 81, 3120 (1998).

52. T. V. Shahbazyan and I. E. Perakis, Chem. Phys. 251, 37 (2000).

53. J.T. Hugall and J. J. Baumberg, Nano Lett. 15, 2600-2604 (2015).

54. J. Huang, W. Wang, C. J. Murphy, and D. G. Cahill, Proc. Natl. Acad. Sci. U. S. A. 111, 906-911 (2014).

55. J. Mertens, M.-E. Kleemann, R. Chikkaraddy, P. Narang, and J. J. Baumberg, Nano Lett. 17, 2568-2574
(2017).

56. K.-Q. Lin, J. Yi, S. Hu, J.-J. Sun, J.-T. Zheng, X. Wang, and B. Ren, ACS Photonics 3, 1248-1255 (2016).

Proc. of SPIE Vol. 12646 1264603-8



57. Y. Cai, J. G. Liu, L. J. Tauzin, D. Huang, E. Sung, H. Zhang, A. Joplin, W.-S. Chang, P. Nordlander, and

65.

S. Link, ACS Nano 12, 976-985 (2018).
58.
59.

Nano 14, 15757-15765 (2020).
60.
61.
62.
63.
64.

Y.-Y. Cai, L. J. Tauzin, B. Ostovar, S. Lee, and S. Link, J. Chem. Phys. 155, 060901 (2021).
B. Ostovar, Y.-Y. Cai, L. J. Tauzin, S. A. Lee, A. Ahmadivand, R. Zhang, P. Nordlander, and S. Link, ACS

L. Novotny and B. Hecht, Principles of Nano-Optics, (Cambridge University Press, New York, 2012).

T. V. Shahbazyan, ACS Photonics 4, 1003 (2017).

T. V. Shahbazyan, Nano Lett. 19, 3273 (2019).

T. V. Shahbazyan, Phys. Rev. Lett. 117, 207401 (2016).

T. V. Shahbazyan, Phys. Rev. B 98, 115401 (2018).

M. I. Stockman, Nanoplasmonics: From Present into Future, in Plasmonics: Theory and Applications, edited

by T. V. Shahbazyan and M. I. Stockman (Springer, New York, 2013).
66.
67.
68.

T. V. Shahbazyan, Phys. Rev. B 103, 045421 (2021).
R. Carminati, J. J. Greffet, C. Henkel, and J. M. Vigoureux, Opt. Commun. 261, 368 (2006).
T. V. Shahbazyan, Phys. Rev. A 107, L061503 (2023).

Proc. of SPIE Vol. 12646 1264603-9



