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ABSTRACT: Noble metals such as gold and silver have been used extensively for a range of
plasmonic applications, including enhancing the fluorescence rate of a dye molecule, as
evidenced by numerous experiments over the past two decades. Recently, a variety of doped
semiconductors have been proposed as alternative plasmonic materials, exhibiting plasmonic
resonances from ultraviolet to far-infrared. In this work, we investigate the suitability of these
alternative materials for enhancing the fluorescence of a molecule. Considering nanosized
spheres, we study their response under plane wave illumination and the resulting enhancement
factors when coupled to a quantum emitter. Comparisons with standard plasmonic metals
reveal that semiconductor materials lead to a significantly reduced, and often strongly
quenched, emission of light caused by their dominant absorption, which hinders fluorescence

Fluorescence Enhancement

NP-molecule distance

enhancement. However, we show that enhancement may be obtained when considering poor

emitting dyes and high refractive index environments. Our findings demonstrate that these alternative materials result in weaker
fluorescence enhancement compared to their plasmonic counterparts. Nonetheless, there are means to compensate for this, and a
reasonable enhancement can be achieved for dyes in the infrared spectrum.

B INTRODUCTION

The modification of the emission rate of a quantum emitter by
varying its electromagnetic environment has represented a
significant breakthrough to control light—matter interaction.'
The enhanced radiative emission rate is fundamentally
attributed to the modified local density of states, best described
by the Fermi golden rule for quantum transitions.” This effect
has been realized in several photonic environments* such as in
dielectric optical cavities,” photonic crystals,”” plasmonic
nanoparticles,”” and Mie-resonant particles.'*~"*

In nanometer size particles made from metals with a large free
carrier concentration (n ~ 10* cm™), incident light is tightly
confined in near-zone regions (so-called hotspots), where light—
matter interaction can be enhanced. Noble metals, such as gold,
silver, aluminum, and copper, are typically used for plasmonic
enhancement due to their potent plasmon resonances and
amicable inclination toward nanotechnology.m_16

Recently, alternative plasmonic materials—beyond the tradi-
tional noble metals—have been proposed, especially classes of
semiconducting materials such as metal oxides, nitrides, and
chalcogenides, with potential use in electronics, metamaterials,
and light-emitting devices.'’ ™' Utilizing these materials for
plasmonic applications offers benefits such as flexibility in
fabrication and synthesis, as well as the ability to tune the
plasmon resonance across the electromagnetic spectrum, from
ultraviolet to far-infrared wavelengths.18 In contrast, in noble
metals, achieving plasmon resonances in the near-infrared
spectrum requires either large-size nanoparticles”*’ or
complex/hybrid geometries.”**>

The optical properties of semiconductor nanocrystals, such as
the localized surface plasmon resonance and the near-field
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enhancement, are determined by the dopant type, concen-
tration, and distribution inside the crystal, since these
parameters affect indirectly the free carrier concentration,
reaching values up to n ~ 10'® — 10*! em™.*° Consequently,
the doping mechanisms allow tuning of plasmon resonances to
the infrared spectrum while maintaining small NP sizes and
relatively simple geometries.

In this work, we investigate the plasmonic response of
semiconducting nanospheres made of the three principal classes:
metal oxides, nitrides, and chalcogenides. While their plasmonic
responses have been investigated elsewhere,'”'®*” we specifi-
cally focus on their performances for the fluorescence enhance-
ment of a quantum emitter. This has already been established
theoretically and studied experimentally in detail for noble
metals, primarily gold.**~* Hence, after a brief introduction of
the different concepts required for quantifying the modification
of the optical properties of a quantum emitter in the presence of
a plasmonic nanoparticle in Methods, we study the responses of
various plasmonic materials in Results. We review the
enhancements obtained with traditional plasmonic metals,
such that the responses obtained with alternative materials can
be compared to those with plasmonic metals in Discussion.
Finally, Conclusions summarizes the key findings of this paper.
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Figure 1. Overview of the physical system. (a) Near-field intensity distribution for a sphere of radius R = S0 nm under plane wave illumination. (b)
Hlustrative spectrum where the plasmon band is in resonance with the molecular absorption A, and emission Ay, (c) Simple three-level system to
model fluorescence in a dye molecule. (d, ) Two-way process for computing the fluorescence enhancement, as described in the main text.

B METHODS

In this section, we briefly describe the modeling approach for
light—matter interaction in a system composed of a plasmonic
nanoparticle (NP) and a molecule. Our primary focus lies in
establishing enhancement factors for comparison with free-
space values and thus quantifying the enhancement produced by
the NP. Fluorescence is represented by the simple three-level
system of Figure 1c, with a nonzero Stokes’ shift. Crucially, both
the excitation rate ¥,, (Ilg) — le,) transition) and radiative
emission rate y,,; (le;) — lg) transition) are influenced by
parameters that are dependent on the molecule’s environment.
Namely, the excitation rate depends on the intensity of the
incident electric field, and the emission rate is dictated by the
density of optical states (see Methods in the Supporting
Information). Thus, we expect both processes to be modified in
the presence of a plasmonic NP.

First, for the modification of the excitation rate, the excitation
enhancement is defined as the ratio of the excitation rate in the

presence of the NP to the value in free space,” i.e.,

_ Yexe _ |13'Ep(r01 a))|2
= Ve(,)(c Ip-Eq(r a))|2 (1)

where E,(ro, @) and E(r,, @) are the total fields in the presence
and absence of the NP at the molecule location r,. Note that
quantities with the superscript 0 correspond to free-space values
from now on.

Then, in the presence of the NP, some of the light emitted by
the molecule is scattered by the NP; the corresponding energy
can either be emitted as radiation (scattered light) into free
space or lost as heat inside the NP (the latter is especially
important for plasmonic NPs). The near field enhances the local
density of the optical states. To account for these effects, the
radiative enhancement factor F,,4 and quenching factor F, of the
combined system are defined as follows:*”

Ey= yrgd, £ o= fabs
q 0
}/rad yrad (2)
18575

where 7,4 is the total radiative emission rate of the combined
system and y, is the nonradiative rate (or Ohmic losses rate) of
the plasmon mode excited in the NP. Then, the modified
quantum yield is expressed as the ratio of the new radiative rate
to the total rate:

Ffar
L

tot

}/rad _ P;ad
0o 1
}/rad+yq+}/nr Ead+Fq+q_ﬁ_1

q =
(©)

where q° = ¥’/ (7 raa + ¥'ar) is the intrinsic quantum yield and
]/nor the intrinsic nonradiative emission rate. In the absence of the
NP, or equivalently when the NP-molecule distance h — oo, we

havey, , — ]/e?n, Yq— 0, and thus g — q°. For a molecule in free

space, the associated fluorescence rate is yﬂo = a(l))qu'29 The
fluorescence enhancement is defined as
" q
K 1= o = Fexc_o
Ya q 4)

Within the dipole approximation, it can be shown that the
molecule can be modeled as an oscillating electric dipole placed
in the vicinity of a plasmonic NP.*” Thus, classical electro-
magnetic theory can be applied to analyze this system. The
radiative enhancement factor can be expressed as the ratio of the
emitted power to the far field by the combined system to the
power emitted by an isolated dipole, and, likewise, the
quenching factor in terms of the absorbed power by the NP is
defined as®’

P

tot _
, =

q
Riip Riip

Pbs

al

Fad=

I

()

where P,4 is the power emitted by the combined system in the
far field, P, is the absorbed power in the particle due to Ohmic
losses, and Py, is the power emitted by a dipole in free space (see
Methods in Supporting Information). The modified quantum
yield and fluorescence enhancement are given by eqs 3 and 4,
respectively.
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Figure 2. (a) Scattering and absorption efficiencies for gold and silver. (b) The resulting fluorescence enhancement for both metals as a function of the
NP-molecule distance h. The inset demonstrates an oscillation effect at large distances, whose origin is described in the main text. We use a spherical

particle with radius R = 50 nm.

For our electromagnetic simulations, we use the surface
integral equation (SIE) approach.”®*” We consider an isolated
NP-molecule system in vacaum (n, = 1). We chose a simple
geometry for the NP, that of a sphere with radius R = 50 nm, with
a near-field profile shown in Figure 1a. The optimal response of
the system is determined by the dielectric function (or the
complex refractive index) of the NP material. Refractive index
measurements are typically done with ellipsometry using thin
films of the material of interest. Unfortunately, the dielectric
functions for the alternative plasmonic materials studied here are
spread through the literature. To overcome this, we have
gathered measured data for all the materials under consideration
(see Figures S1—S4, as well as the associated data).*

For optimal enhancement, the two characteristic transition
energies—absorption and radiative emission (see Figure 1c)—
should lie near the plasmon resonance.*® Specifically, we choose
a spectral configuration in which the wavelengths of the
molecular absorption and emission lie symmetrically about the
resonance peak with Stokes’ shift (typically found in dye
molecules) of Agores = Aem — Aabs = 20 nm, as depicted in the
example of Figure 1b. Since the objective of our study is to
investigate alternative plasmonic materials, we consider a
molecule with an intrinsic quantum yield of 1 (g° = 1). The
effects of nonunity quantum yields are briefly discussed in
Discussion.

Since fluorescence entails a 2-step process encompassing both
absorption and emission, our computation is split into two parts:
(a) a scatterer illuminated with a plane wave, Figure 1d, and (b)
the combined system of the scatterer and an electric dipole as the
source of radiation, Figure le. Step (a) provides the incident
field for molecular absorption, which depends on the projection
of the electric field onto the molecule dipole moment. Step (b)
provides the emitted power to the far-zone by the combined
system and the power absorbed by the scatterer, leading to the
radiative and nonradiative enhancement factors, as well as the
modified yield. From the aforementioned quantities, we can
compute the fluorescence enhancement factor. The molecule is
placed in one of the hot spots of the nanosphere, according to
step (a), with its dipole moment oriented perpendicular to the
surface for optimal coupling. For a plane wave propagating along
the z-direction and polarization along the x-direction, the
resulting near-field distribution follows that of Figure 1a; thus,

optimal enhancement is obtained when the dipole is placed
along the x-direction. We used this setup throughout our study.

B RESULTS

As a reference, we address the traditional plasmonic materials
gold and silver with localized surface plasmon resonances in the
visible spectrum. Among the two, silver exhibits higher light
scattering with a plasmon peak at 400 nm as well as lower
absorption, as seen in Figure 2a. For a molecule near a silver NP,
the fluorescence rate is enhanced by a factor of 16, whereas the
enhancement is weaker in the case of the gold NP (fluorescence
enhancement by a factor of 3) (Figure 2b). In the silver NP, the
excited plasmon mode transfers much of the energy into
scattering light localized in the near zone. Both molecular
absorption and radiative emission are significantly enhanced,
leading to a high fluorescence enhancement. In gold, both
molecular optical processes exhibit less enhancement due to
decreased scattering and high absorption inside the NP. The
latter is reflected from Figure 2b where the NP-molecule
distance for optimal enhancement is larger in gold: the molecule
has to be a bit further from the surface to overcome quenching.

Examining the inset of Figure 2b, oscillations appear in the
fluorescence enhancement as a function of the NP-molecule
distance, reminiscent of the interference effect observed when a
molecule is positioned in front of a mirror.”" The radiation
emitted by the dipole is reflected back from the NP and
interferes with itself. Depending on the dipole location, we end
up in either a minimum or maximum of interference. The
amplitude of the reflected wave varies with the absorption of the
material; for instance, large absorption results in a weaker
reflected wave, and thus, oscillations are feeble. This is precisely
the case for gold, while for silver, with its relatively low
absorption, oscillations are more prominent.

We turn our attention to semiconductors as alternative
plasmonic materials, specifically the three primary classes that
have been reported in the literature: metal oxides,'”*”**~**
metal nitrides,"””'® and metal chalcogenides, in particular copper
selenide.*

In metal oxides, the free carrier concentration is enhanced
both intrinsically and extrinsically by conventional techniques.
Intrinsic doping is achieved by vacancies in the crystal lattice,
typically with oxygen (anion) vacancies, which contribute free

https://doi.org/10.1021/acs.jpcc.4c05322
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particle with radius R = 50 nm.

electrons. Thus, metal oxides are usually n-type semiconductors.
For a nanosphere of R = 50 nm, the plasmon resonance lies in
the infrared region, as depicted in Figure 3a. Oxides demonstrate
relatively weak light scattering and high absorption, as shown in
Figure 3a. It is worth noting that among the six oxides, tungsten
oxide exhibits the largest light scattering. The combination of
weak scattering and strong absorption results in large quenching
(Figure 3b). Enhancement is absent in all oxides, except in
tungsten oxide, where weak fluorescence enhancement is
observed at an NP-molecule distance of h ~ 600 nm, which
makes it impractical to implement experimentally.

Metal nitrides exhibit various states depending on their
composition. They can be intrinsically metallic, such as titanium
nitride TiN and zirkonium nitride ZrN, or semiconducting, such
as gallium nitride GaN.”® For those metal-like nitrides, the free
carrier concentration is significantly high, comparable to those

18577

of gold and silver. The plasmon resonance lies in the visible
range (Figure 4a). GaN display a resonance peak in the infrared
spectrum and has been considered suitable for tetrahertz
optics.”® Absorption is significantly larger in GaN compared to
light scattering, which leads to an insignificant enhancement,
contrary to the rest of the nitrides (Figure 4b). Enhancement is
noteworthy in ZrN, with a factor of 1.6 at h = 16 nm. A small
peak appears in HIN for h = 24 nm; however, due to relatively
high absorption, it does not exceed the value of 1.

In doped metal chalcogenides, e.g.,, Cu,_,Se and Cu,_,S, the
stoichiometry x corresponds to the number of Cu vacancies in
the crystal lattice. These cation vacancies are a source of free
holes in the crystal and enhance the free carrier concentration,
without requiring extrinsic doping.26 In Figure Sa, the doping
concentration (i.e., the stoichiometry x) causes a blue shift in the
plasmon resonance. The doping concentration increase further

https://doi.org/10.1021/acs.jpcc.4c05322
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results in stronger resonance peaks, both for scattering and
absorption. Higher absorption is attributed to the high rate of
free carriers scattering on ionized 1mpur1t1es By varying the
stoichiometry x, the plasmon resonance can be tuned across the
infrared spectrum.”” In Figure Sb, the fluorescence rate of the
molecule is affected negatively at distances of up to 600 nm,
where quenching dominates. As is the case with most materials
discussed so far, the coupling of the molecule to the plasmonic
particle does not lead to significant fluorescence enhancement.

B DISCUSSION

Our findings indicate that plasmonic semiconducting materials
result in poor fluorescence enhancement compared to their
metal counterparts. Figure 6 summarizes the optical properties
of the semiconductors and their impact on fluorescence. We can
extract useful information about the quality factor of the
resonator from the resonance peak of the scattering spectrum.
The resonance energy w, and the resonance width Aw = 2y are
obtained by fitting a Lorentzian function to the plasmon band in
the scattering spectrum.

/4

Llw; A, wy, y) = A—————
’ (@ — )" +7° (6)

where A is the amplitude with the proper units. The
corresponding values for silver and gold are

(0™ = 3.14eV, y49 = 0.31eV) and

(0™ = 2.32¢V, y™) = 0.20eV), respectively. We then cal-
culate the quality factor of the resonator, defined as the ratio of
the resonance energy to the resonance width Q = @,/2,. Thus,
for silver, Q_(Ag) ~ 5, and for gold, Q_(Au ~ S5.7. For the
semiconductors, it ranges between Q™™ = 2.1 and QCd0) 7,
It appears that the quality factor does not provide a complete
picture. While high-quality factors correspond to low damping,
explicit computation of the scattering and absorption cross
sections reveals that in semiconductors, the latter dominates the
overall response and the fluorescence rate is impacted
negatively. The complete picture is provided when resorting
to the local density of states (LDOS), which provides an
alternative definition of the Purcell factor. This approach is
particularly suitable for plasmonic systems.** The LDOS
consists of contributions from both radiative and nonradiative
modes. In semiconductors, the nonradiative contribution
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Figure 6. Overview of the main optical characteristics of the considered
semiconductor materials. (a) Resonance and (b) fwhm, linked to the
intrinsic loss parameter y, are obtained by fitting the peaks of the
scattering spectra with a Lorentzian curve. Resulting optimal values for
(c) fluorescence enhancement and (d) the corresponding NP-emitter
distance. We use a spherical particle with radius R = 50 nm.

outweighs the radiative one, leading to more pronounced
quenching in these materials.

Figure 6 also shows that for most materials, the NP-molecule
distance for optimal enhancement appears to be beyond
applicability since the molecule needs to be placed at distances
where quenching is overcome by radiative enhancement. To put
everything in perspective, in gold and silver, we have
enhancement factors of 3 and 16 at an optimal NP-molecule
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J. Phys. Chem. C 2024, 128, 18574—18581


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05322?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05322?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05322?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05322?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05322?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05322?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05322?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05322?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c05322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

distance h = 15 nm and h = 5.5 nm, respectively. Evidently, the
reported semiconductors exhibit large absorption, and thus, the
resulting fluorescence enhancement is weak, occasionally
nonexisting (even for distances up to h = 1000 nm). Large
absorption stems from the doping process, which on the one side
increases the free carrier concentration and thereby accentuates
the plasmonic effects. On the other side, doping augments the
free carrier concentration by introducing more impurities into
the crystal structure, such that electron-impurity scattering
becomes significant, contributing to the overall intrinsic
damping rate.”® It is crucial to highlight that this holds for
oxides and copper selenides (or metal chalcogenides in general),
albeit to a lesser extent, for nitrides. These results justify the
choice of using a relatively large nanosphere since; for smaller
sizes, absorption will be even higher, resulting in a further
suppression of the enhancement.

Concerning the optical properties of molecules, it is known
that within the visible spectrum, dye molecules exhibit notably
high, close to unity intrinsic quantum yields."” Yet, as we
transition into the infrared spectrum, there is a notable yield
decline due to the energy-gap law."* This decrease is
attributed to an exponential increase in the nonradiative
emission rate of the molecule, which occurs as the optical gap
energy decreases or, conversely, as the emission wavelength
increases. A few illustrative examples of quantum yields for a
series of near-IR squaraine dyes include 80% at 681 nm, 75% at
729 nm, 66% at 740 nm, 10% at 820 nm, 0.9% at 885 nm, and
0.8% at 911 nm."” Assuming a fixed molecular absorption cross
section, a decreasing yield leads to a greater fluorescence
enhancement in the vicinity of an NP, as depicted in Figure SS.
Thus, dyes with low intrinsic quantum yields may benefit from
some of the semiconducting materials, such as in the case of ZrN
and WO, g3. It is noteworthy that for very low quantum yields g°
— 0, fluorescence enhancement is dominated by the excitation
and radiative enhancement factors, i.e, Fy = F F,,q since Fqy
(¢° = 0) > F,,4, while quenching is limited to very small NP-
molecule distances & — 0, as depicted in Figure S6. The
excitation and radiative enhancement factors follow a monotoni-
cally decreasing trend, leading to an increased fluorescence
enhancement as we move closer to the NP.

While we have performed our simulations using air as the
dielectric background, it does not always represent the actual
laboratory conditions. Quite often, the NP-molecule systems are
synthesized in solvents such as water (n = 1.33), ethanol (n =
1.36), and toluene (n = 1.496), among others. It must be
emphasized that there is no universal solvent when it comes to
NP synthesis, and the choice depends crucially on the NP
material. The different solvents account for a change in the
background refractive index, which leads to a red shift of the
plasmon peak and an enhanced scattering efficiency, producing
an increased fluorescence enhancement (see Figure S7). The
enhanced scattering efficiency results from the reduction of the
medium’s impedance since Z ~ 1/n.

Oscillations may appear in the fluorescence enhancement, as
explained in Results. In semiconductors, absorption is relatively
large, and the oscillations are weak, resembling the classical
system of an overdamped harmonic oscillator. Large absorption
in semiconductors also requires larger h for optimal fluorescence
enhancement.

Bl CONCLUSIONS

We have demonstrated that semiconductor materials, while
promising for numerous applications, do not perform as

efficiently as traditional plasmonic metals to enhance
fluorescence under similar conditions. We find greater
plasmonic fluorescence enhancement with the latter ones,
while in the former, the magnitude of enhancement varies,
generally remaining at lower values. Increasing the free carrier
concentration in semiconductors with doping indeed leads to
prominent plasmonic effects, such as near-field enhancement.
However, this also increases the scattering loss rate, leading to a
high absorption, which hinders the enhancement of the
fluorescence rate. In fact, at moderate NP-molecule distances,
it exerts the opposite effect and quenches the fluorescence. Our
work has also highlighted that low intrinsic quantum yields and
dielectric environments with a high refractive index can result in
a larger enhancement. Consequently, these conditions could
boost enhancement in semiconductor NP-molecule systems.
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