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Abstract:  We experimentally demonstrate a drastic increase in the rate
of radiative process of a nanoscale physical system with implementation
of the three physical effects. (1) the size effect, (2) plasmon resonance and
(3) the optical Tamm state. As an example of a nanoscale physical system,
we choose a single nanohole in Au film when the nanohole is embedded in
a photonic crystal of a specific type that maintains an optical Tamm state
and as a radiative process - a nonlinear photoluminescence. The efficiency
of the nonlinear photoluminescence is increased by more than 107 timesiin
compare to a bulk material.
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1. Introduction

The radiative properties of a single atom in free space are determined by its coupling to the
continuum of radiation modes in vacuum. The spatial and frequency distributions of the modes
depend upon the nature of the surrounding of atom environment which can be modified and
controlled. This photon density of states can be increased or reduced with respect to its free-
space value, leading to inhibited or enhanced atomic radiative properties. Textbook example
from atomic physics is a change in the rate of spontaneous emission of an atom when it is
placed in aresonant cavity (the Purcell effect) [1]. Aswas shown by Yablonovitch [2], such a
capability is equally important in solid-state physics, where spontaneous emission arises in the
form of radiative electron-hole recombination. Another approach to enhance radiative proper-
ties of quantum emittersis the use of their coherent collective interactions. As an example, the
radiative properties of an ensemble of atoms can be enhanced by collective emission processes.
This effect has been extensively studied since the early work of Dicke (1954) on superradiance.

In this Letter, we present results on the realization of a physical situation in which the radi-
ation properties of amesoscopic physical system (nanostructure) can be significantly changed.
We experimentally demonstrate a drastic increase in the rate of radiative process (electron-hole
recombination) of a nanoscale system due to simultaneous implementation of the three phys-
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Fig. 1. Schematic of the band structure of Au near the L symmetry point of thefirst Brillouin
zone [11]. Two photons excitation leads to the appearance of a hole in the d band. After
nonradiative relaxation of the hole from the d band and electron from the sp band, an
electron-hole recombination with spontaneous radiation of a photon (PL) can occur.

ical effects: (1) the size effect, (2) plasmon resonance and (3) the optical Tamm state (OTS).
Asarule, all three physical processes listed above affect the radiative capability of a quantum
or mesoscopic system separately. An example of a physical system in which the radiative rate
may strongly depend onitssizeisametal cluster that is capable of emitting photoluminescence
(PL) [3]. In addition, as is well known from nanoplasmonics, a radiative system placed in an
electromagnetic field can, in turn, enhance its radiative capabilities by means of excitation of
plasmon resonancesin ametal [4].

The radiative process under investigation is radiative electron-hole recombination in gold,
initiated by two photon absorption, known as atwo photon induced luminescence (2PPL) [5].
As a nanoscale physical system is used a nanohol e "embedded” in the OT S el ectromagnetic
mode. A nanohole plays role of plasmonic nanostructure, and due to the size effect and exci-
tation of associated localized plasmonic resonance dramatically enhance efficiency of radiative
electron-hole recombination in its vicinity. Excitation of local plasmon resonance leads to en-
hancement of local fields. The physics of size effect is based on realization of high wave vectors
due to scattering of light on nano-sized object, needed to realize intraband transitions in 2PPL
process[6].

The electromagnetic mode of the OTS plays arole of aresonant cavity mode. Over the last
few years, OT Ss have been intensively studied both theoretically and experimentally [7-9]. In
literature another name for this phenomenon is also used - Tamm plasmon mode [10, 12]. In
our research the OTS is realized at the interface between a photonic crystal and a metal. The
key role of excitation of the OTS is to enhance aloca field at the fundamental wavelength in
the vicinity of a nanohole.

The reason to choose a nanohol e as the nanoscal e object is the following. The optical behav-
ior of a nanohole in a conducting screen can be directly related to the properties of a nanopar-
ticle (with the use of the Babinet principle) and characterized by the corresponding (magnetic
and electric) dipole moments and can be modeled as a nanoscale nonlinear oscillator [13]. The
basic advantage of the former over the latter is the implementation of a background-free light
measurement, since, in the case of a nanohole, there is no background from the excitation ra-
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Fig. 2. (&) Schematic representation of the object of study, ”PC-metal nanofilm”, (b) com-
puter simulation by the FDTD method of the spatial distribution of the electromagnetic
field of the OTS excited at its resonance wavelength A = 780 nm, and (c) its cross section.

diation, whereas, in the case of a nanoparticle, the PL is always accompanied by the intense
excitation radiation. In addition, the damage threshold for nancholes is aways higher than for
complementary nanostructures [14].

Photoluminescence in metals is an important physical process occurring in the interaction
of radiation with metals, and its physical nature is determined by corresponding interband and
intraband transitions [6, 15, 16]. For the first time 2PPL process was investigated from rough-
ened metal surfaces [5]. Today one of the main physical reasons for interest in 2PPL in Au
is the possihility to use Au nanoparticles as theragnostic biomarkers, since they provide at the
same time the possibility for deep tissue imaging as well as for local heating in photothermal
therapies[17-19].

Absorption of radiation in ametal with subsequent PL can occur only in aregion with athick-
ness of about the skin-layer, i.e., on a nanosized scale. Possibility to excite local plasmonic os-
cillations in nanostructures made it possible to increase the efficiency of PL from nanoobjects.
As a result the PL efficiency from spherical nanoparticles is about 10—, from nanorods can
reach a value of 10~ [6, 16]. Recently we have shown that the PL process from nanostruc-
tures in the form of nanohole made in Au film has the same efficiency as from Au spherical
nanoparticles [20]. The physics of this drastic enhancement of PL quantum efficiency in the
nanostructures compared to smooth metal filmsis appearance of anew channel of electron-hole
relaxation, namelly excitation of collective electron oscillations which relaxate radiatively [16].

2. Experimental setup and samples

Fig. 1 shows the scheme of the 2PPL process upon excitation of gold by radiation at a wave-
length of 780 nm (1.58 €V), which was used in this experiment. The first photon excites an
electron via an intraband transition within the sp conduction band. The second photon excites
an electron from the d band, and it recombines with the sp-hole in the conduction band. Subse-
quently, the hole created in the d band as aresult of the two - photon process recombines with
electron in the sp band, implementing the PL process [21, 22].

In a separate experiment we have found that quantum efficiency of the 2PPL from Au film
with nanoholes depends on nanohol€e’s diameter. The maximum efficiency of the process is
realized for nanoholes with diameter about 60 nm (Fig. 3). This result corresponds to known
size dependence of the 2PPL emission from metal spherical nanostructures: for nanostructures
with diameter bigger than 60 nm the efficiency of the 2PPL processis damped dueto retardation
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Fig. 3. The efficiency of 2PPL emission measured from nanoholes of different diameters
made in 200 nm thick Au film on a quartz substrate.

effects, while for smaller diametersit is damped by excitation of the Auger plasmons [23].

To realize the main idea of the paper we chose the nanostructured object with the follow-
ing parameters: (1) it is a nanohole with a diameter of 60 nm in a gold film with a thickness
of 200 nm; (2) a nanohole with its plasmon resonance frequency that is close to the 2PPL
frequency [16]; (3) the nanostructure is ”embedded” in an electromagnetic field of an optical
Tamm state [20, 24]; (4) the laser radiation frequency exciting 2PPL in the nanohole corre-
sponds to resonance excitation of the OTS.

Schematically, the arrangement of the object of study is shown in Fig. 2(a). On a quartz
substrate was built a photonic crystal (PC). The PC isaperiodic dielectric structure: a 12-layer
stack of alternating high/low-index dielectric layers [24]. A PC was coated on one side with
an optically thick 200-nm Au layer. Deposition of the gold film allowed to create the optical
Tamm state at the interface ” PC-metal nanofilm” (the OT S resonance wavelength equalsto 780
nm), Fig. 2(b). The chosen optical thickness of the Au film makes it possible to realize light
reflectance at the PC/Au interface about 98%, which is necessary to form microcavity with
Q~100, as well as strongly decrease light transmission trough the Au film. The OTS makes
considerable enhancement of the amplitude of the light field incident on the system ” PC-metal
nanofilm” [24]. Thereafter a nanosized object, nanohole, is created in the gold nanofilm. As
followsfrom works[24,25], nanostructuring of the film does not destroy OTS. Upon irradiation
of a system "PC-metal nanofilm” by resonant optical radiation, an OTS arises on the inner
surface of the metal film[24] and the nanohole became” embedded” in the OT S electromagnetic
mode (as can be seen from Fig. 2).

Quantitative analysis based on comparison of 2PPL from smooth and nanostructured metal
film (aswell asrough metal films[26]) predictsthat 2PPL efficiency from nanostructured metal
film will bein 103 - 10° times higher compared to smooth metal film. Placement of the nanos-
tructured metal film in to the OTS mode should further enhance the 2PPL yield, sincelocal field
amplitude at the fundamental wavelength is increased if the OTS is excited. Our calculations
of electric field enhancement in the OTS without nanoholes (Fig. 2), with nanoholes [25] and
measurements of transmission through nanoholes embedded in the OTS [24] show that in this
case the electric field amplitude at the photonic crystal/metal interface isincreased by about 4.5
times in compare with incident field. The 2PPL intensity is proportional to E*, where E is the
local electric field amplitude enhancement [21]. Hence excitation of the OTS should enhance
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Fig. 4. (8) Setup for microscopic imaging and transmission spectroscopy: (1) 10x/0.25
objective that focuses excitation radiation, (2) 2D piezo stage with feedback sensors, (3)
40x/0.65 PL - collecting objective, (4) interference filter to cut off the excitation radiation,
and (5) flipping mirror. (b) SEM image of a nanohole array made in an Au layer of a PC.
An enlarged image of one nanohole is shown in the inset.

2PPL radiation process in about 400 times. Thus we estimate 10° - 10° - fold enhancement of
the 2PPL for nanostructured metal film placed in the OTS mode compared to the free standing
smooth metal film.

Figure 4(a) shows the schematic of the experimental setup for the laser excitation, mi-
croscopy, and spectroscopy of a nanohole ”embedded” in an OTS field. A laser pulse of suffi-
ciently long duration is required for the OTSto be established [27]. In the experiment, we used
the laser pulse with a duration larger than the time of the OTS formation and it was t =1.2 ps.
The spectrum width was less than 2 nm, and the central frequency can be tuned in the spectral
range 700 - 900 nm [27]. The laser light was focused into a spot with a diameter of 4 um on the
surface of afilm with nanoholes. Peak intensity of laser radiation on the sample was 1.2 x 108
W /c?. This value is two orders of magnitude smaller than measured threshold intensity of
nanoholes damage.

Microscopic and spectroscopic studies of a single nanohole were performed using a Nikon
Eclipse Ti inverted microscope. The 2PPL from the nanohole was collected by a 40x micro-
scope objective (NA = 0.65); its spatial distribution was measured with a 2D cooled CCD
camera with avalanche gain (Hamamatsu, 9100-13) and its spectrum - by using a spectrometer
equipped with a cooled CCD array. To suppress the excitation radiation, an interference notch
filter as well as color filter were installed before the CCD array. Thus signal from excitation
radiation was reduced by more than 16™ orders of magnitude.

At first we used two samples to study 2PPL from smooth Au surface: (1) 200 nm thick
monocrystalline Au film [28], (2) 50 nm thick Au nano layer (50 nm) that was deposited on an
ultra smooth SiO, surface. Measurements with monocrystalline Au film was carried out in the
reflection microscopy mode. The Au nanolayer of 50 nm thickness possess high transmission
of light (about 10%) at the frequency of PL, so that 2PPL can be detected in the transmission
microscopy mode. Based on our measurements, we estimate the efficiency of the 2PPL process
from the smooth gold surface to be lower than 1016 for both samples. The tiny efficiency of
2PPL from the smooth gold nanofilm is explained by the existence of the dipole forbiddance
for intraband transitions [26].

Then we prepared two samples with nanoholes in Au film: (1) an Au nano layer (200 nm)
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Fig. 5. Power dependence of the multiphoton PL emission measured from asingle nanohole
in Au nanofilm. The inset (a) presents: (i) the PL spectrum from the nanohole (black line);
(ii) excitation laser (gray line), and (iii) transmission spectrum of nanohole (red line). The
inset (b) presents measurements of spectral transmittance of laser light (black curve) as
well as 2PPL signa (blue curve) from a single nanoholein ”PC-metal nanofilm”.

that was deposited on a SiO, substrate; (2) an Au nano layer (200 nm) on the PC. The arrays
of nanoholes were produced by afocused ion beam. The spacing between nanoholeswas 2 um
(Fig. 4(b)). An electron image of one of the 2D array of nanoholes is shown in the inset of
Fig. 4(b). The nanoholes had a circular shape with a diameter of 58 (+-5) nm. We note that the
chosen distance between nanoholes is enough to neglect excitation by a sharply focused laser
light a surface plasmons coupled to the array with nanoholes [24].

3. Experimental results

At first the measurement was made for a characterization of PL. Measurements of the depen-
dence of the multiphoton PL signal on the power of the excitation laser radiation are shown
in Fig. 5. It follows from the Figure that the multiphoton PL can be approximated well by
a power dependence with a coefficient n = 2. The inset (a) of Fig. 5 presents the measured
spectrum of 2PPL from a single nanohole made in Au film on a quartz substrate without the
PC (black curve). The right narrow peak corresponds to the excitation radiation (gray curve).
The PL peak is located at a wavelength of 610 nm. Its spectral position is determined by the
nanohole plasmon resonance and the energy of the band gap of gold near the L symmetry point
of the first Brillouin zone [21]. Excitation of localized plasmon resonance on the wavelengths
of the 2PPL emission was confirmed by measuring transmission of light through the nanohole
(red curvein Fig. 5(a)). Then we made measurements of dependence of 2PPL [uminescence on
laser radiation wavelength from both samples with nanoholes. The resonant dependence was
found only for the sample with a photonic crystal. The inset (b) of Fig. 5 presents measure-
ments of spectral transmittance of laser light (black curve) as well as 2PPL signa (blue curve)
from a single nanohole in " PC-metal nanofilm”. As can be seen from the figure, the efficiency
of 2PPL process dramatically depends on excitation laser wavelength and has a maximum at
the wavelength of the OTS, where the maximum transmittance of light through the nanoholeis
realized [24].

Figure 6 demonstrates a giant enhancement of 2PPL emission from nanohole. Figure 6(a)
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shows results of measurements of 2PPL from an extremely smooth gold film. As can be
seen there is no measurable 2PPL. Figure 6(b) show results of similar experiments for 2PPL
measurement from a gold film with a nanohole. In this case a nanoobject (a nanohole) is cre-
ated in the metal nanofilm, and, as a result, the size effect and the plasmon excitations lead to
a strong enhancement of the 2PPL. The 2PPL efficiency was measured to be 2 x 10—, This
valueisas much as 2 x 10° higher than the measured 2PPL yield from smooth Au film and isin
good accordance with theoretical predictions[26]. Figure 6(c) shows results of the experiments
for 2PPL measurement from a nanohole that was placed inside OTS - the case of ”PC-metal
nanofilm”. Placing of the nanohole in the OTS mode leads to a dramatic, 200 - fold, enhance-
ment of the 2PPL signal compared to that from the nanohole in the gold film. Thisincrease is
mainly due to the local enhancement of the excitation field and is in a good correspondence
with the numerical simulations of the electric field amplitude shown in Fig. 2. To emphasize
this considerable increase in the 2PPL signal, in Fig. 6(b), along with the 2PPL signal from the
nanohole in the gold film (black curve), the 2PPL signal from the nanohole in the " PC-metal
nanofilm” is also presented (gray curve). For correct quantitative analysis of Fig. 6 it isim-
portant to take into account that signals of Fig. 6(b) and Fig. 6(c) corresponds to a diffraction
limited spot (~ 600 nm in diameter). This radiation emits from a nanohole of 60 nm diameter.
While signal of Fig. 6(a) is result of luminescence from a large surface of Au, determined by
diameter of excitation laser light spot.
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4, Conclusion

Thus, in this work we demonstrated an enhancement of the radiative capability of the nanoob-
ject when the three physical effects. the size effect, the plasmon resonance, and the optical
Tamm state are simultaneously realized. The total increase in the efficiency of the 2PPL pro-
cess is about 107. The maximum realized efficiency of 2PPL process is still small in compare
to other emitters (such as molecules, quantum dots). But the gold nanostructures as emitters
of light have important advantages: (1) optical stability (absence of blinking and bleaching),
(2) fast optical response on a fs and sub fs timescale, compared to ns time scale response
for molecules and quantum dots, (3) there is no saturation of photon flux in comparison to
molecules and quantum dots, (4) a broad emission spectrum, (5) they can be produced by con-
ventional nanolithography approaches. We note a possible practical importance of our work for
the creation of nanolocalized broadband laser radiation sources[20].
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