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Effect of Mirror Quality on Optical Response of
Nanoparticle-on-Mirror Plasmonic Nanocavities

Zhenxin Wang, Lufang Liu, Di Zhang, Alexey V. Krasavin, Junsheng Zheng,
Chenxinyu Pan, Enxing He, Zifan Wang, Shengchengao Zhong, Zhiyong Li, Mengxin Ren,

Xin Guo, Anatoly V. Zayats, Limin Tong, and Pan Wang*

As an essential part of nanoparticle-on-mirror (NPoM) plasmonic nanocavi-
ties, metal mirrors play an important role not only in determining the optical
response of the nanocavities but also their application performance. Here the

effect of mirror quality on the optical response of hanosphere-on-mirror (NSoM)

and nanocube-on-mirror (NCoM) nanocavities is experimentally studied. Poly-
crystalline sputtered gold films (SGFs), template-stripped gold films (TSGFs),

and single-crystalline gold microflakes (GMFs) are investigated and compared.

Due to the great improvement in the surface roughness that can minimize
fluctuations in the gap morphology, NSoM and NCoM nanocavities formed
on smooth TSGFs and GMFs have a better cavity-to-cavity homogeneity in
the scattering spectrum than those formed on comparably rougher SGFs. In
addition, there is an obvious change in the spectral positions of the resonance
modes of NSoM and NCoM nanocavities formed on SGFs due to the variation
in the gap morphology, which is reproduced very well by theoretical calcula-
tions based on measured dielectric functions of the gold films. Finally, due to
the reduction in electron scattering losses from SGFs to TSGFs and GMFs, an

increase in the quality factors and scattering intensities of the resonance modes

is observed for nanocavities formed on the corresponding films.

enhancement.'*l They have been used
for a variety of applications ranging
from biochemical sensing and plasmon-
enhanced spectroscopies to nonlinear
optics and nanolasers.* 3l Particularly,
among the plethora of developed plas-
monic nanostructures, nanoparticle-on-
mirror (NPoM) plasmonic nanocavities,
consisting of a metal nanoparticle placed
on a metal mirror and separated by a die-
lectric spacer,>**1] have recently attracted
significant research interest because of
their ability to provide extreme optical
confinement combined with the ease
of fabrication. Therefore, they offer an
attractive platform for the study of light—
matter interactions at the nanoscale and
have triggered a series of breakthroughs
in state-of-the-art nanophotonic research
and applications, including enhance-
ment of spontaneous emission/'*"" and
nonlinearities,?” high-sensitivity optical

1. Introduction

Metallic nanostructures, which support localized surface
plasmons (LSPs) by coupling optical fields with collective
oscillations of free electrons, can squeeze light into deep-
subwavelength volumes and provide considerable local-field

sensing,?'?2 strong coupling,?*?Y and
quantum plasmonics.>?>-% In the theoret-
ical description of the optical response of
NPoM nanocavities, as their key component, the metal mirror
is usually treated as an ideal metal film with an ultimately
smooth surface. In this case, the optical response is mainly
determined by the size and shape of the nanoparticles, thick-
ness of the spacers, as well as their dielectric properties.[8-31
However, in practice, NPoM nanocavities are fabricated
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using deposited polycrystalline metal films with a rough
surfacell618.23.242632-35] o1 template-stripped  polycrystalline
metal films with a very smooth surface as the mirrors.[/36:3]
Recently, chemically grown single-crystalline gold microflakes
(GMFs) with an ultrasmooth surface have been exploited as
the metal mirrors as well, providing NPoM nanocavities with
significantly reduced loss.[3%3]

Due to the strong confinement of optical fields in the
nanometer-scale gap, the optical response of NPoM nano-
cavities is extremely sensitive to the nanoscale morphology of
the metallic gap as well as the crystalline quality of the metal
mirror. A small change in the gap morphology induced by a
rough mirror surface may introduce a significant fluctuation
in the spectral position of the plasmonic resonances, while the
scattering of electrons by surface roughness and numerous
grain boundaries can cause a significant optical loss and reso-
nance broadening.?>*) Therefore, it is necessary to investi-
gate the effect of the mirror quality on the optical response of
NPoM nanocavities, which will benefit both the fundamental
understanding of nanocavity properties, and the optimized
design of nanocavity-based plasmonic devices to achieve better
performances in practical applications.

In this work, we systematically investigate the effect of mirror
quality on the optical response of NPoM nanocavities including
nanosphere-on-mirror (NSoM) nanocavities with a point-
contact gap and nanocube-on-mirror (NCoM) nanocavities with
a face-contact gap. Three typical types of gold films are imple-
mented as the mirrors, which are polycrystalline sputtered gold
films (SGFs) with a rough surface together with polycrystalline
template-stripped gold films (TSGFs) and single-crystalline
GMFs with ultrasmooth surfaces. Compared with NSoM and
NCoM nanocavities formed on SGFs, nanocavities formed on
TSGFs and GMFs have a better cavity-to-cavity homogeneity
in the scattering spectrum, which is due to the great improve-
ment in the surface roughness of TSGFs and GMFs that can
minimize the fluctuation in the gap morphology. In addition,
there is an obvious change in the peak wavelengths of the reso-
nance modes of the NSoM and NCoM nanocavities formed on
different gold films due to the variation in dielectric functions
and surface qualities of the gold films. These are reproduced
very well by theoretical calculations based on experimentally
measured dielectric functions of the SGFs, TSGFs, and GMFs.
Moreover, due to the reduction in electron scattering losses
(introduced by surface roughness and grain boundaries) from
SGFs to TSGFs and GMFs, there is an increase in the quality
factors and scattering intensities of the resonant modes for
both NSoM and NCoM nanocavities.

2. Preparation and Characterization
of Different Gold Mirrors

For a fair comparison, in the experiments the thicknesses of the
gold films were kept the same as 50 nm. Details of the fabrica-
tion of the gold films can be found in Experimental Section.
Figure 1d-f presents the surface morphologies of an SGF, a
TSGF, and a GMF (scanning electron microscopy (SEM) images
are shown in Figure S1 in the Supporting Information). It can
be clearly seen that the surface of the SGF shows an uneven
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landscape with a measured root-mean-square (RMS) roughness
of =1.6 nm (Figure 1d), which is due to the island growth of
gold during the sputtering process. In contrast, the surface of
the TSGF (Figure 1le), determined by the surface quality of the
substrate used for deposition (silicon wafer with 300 nm oxide
layer in our case), is much smoother and has an RMS rough-
ness of =0.14 nm. The stark contrast in the surface quality for
the upper and bottom surfaces of a gold film sputtered on the
silicon substrate can be further visualized with the transmis-
sion electron microscopy (TEM) images (Figure 1gh) of the
cross section of the film, which displays nanometer-scale fluc-
tuations for the upper surface. The nonperiodic lattice fringes
observed in the high-resolution TEM image of the sputtered
gold film (Figure 1i) indicate that both SGFs and TSGFs have
a polycrystalline structure. Different from SGFs and TSGFs,
in agreement with previous works,?*!l chemically grown
GMFs have a single-crystalline structure and an atomically
smooth surface with an RMS roughness as low as =0.16 nm
(Figure 1f).

In addition to the structural characteristics, we further
compared the dielectric functions of the studied gold films
(see Experimental Section for details). Their thicknesses were
chosen to be =200 nm, so their optical properties are essen-
tially that of a bulk material. Figure 1j shows the real (&) and
imaginary (&) parts of the dielectric functions for the SGFs
(green line), TSGFs (blue line) and GMFs (red line) meas-
ured in the wavelength range from 400 to 980 nm. For com-
parison, data from Johnson and Christy*! and Olmon et al.l*’!
are plotted as well in Figure S2 (Supporting Information). As
shown in Figure 1j, there is an increase in the value of || from
SGF to TSGF and GMF, which is due to the increase in their
conductivities. For the value of &, in the short-wavelength
region below 516 nm, it is dominated by the electronic inter-
band transitions from the occupied d bands to the partially
filled sp bands in gold. Therefore, the value of &, increases
from SGF to TSGF and GMF in this wavelength range due to
the decrease in the effective volume density of voids for the
gold films.*l In the long-wavelength region above 700 nm,
the GMF with a single-crystalline structure and an atomically
smooth surface has the smallest value of &, due to the greatly
reduced scattering of electrons introduced by surface rough-
ness and grain boundaries. However, the value of ¢, for the
TSGF with a smooth surface is larger than that of the SGF in
this wavelength region. This agrees well with the data from
Olmon et al. ¥ and in our view this can be related to the
variation of the grain size during the deposition process, so the
grain sizes at the measured interface are different for the TSGF
and SGF.

3. NSoM Nanocavities with a Point-Contact Gap

3.1. Experimental Results

We first investigated the effect of mirror quality on the optical
response of point-contact-type (a single contact point) NPoM
nanocavities such as NSoM nanocavities. Experimentally,
gold nanospheres (synthesized by a successive seed-mediated
growth method®)), with a truly spherical shape and an average
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Figure 1. Characteristics of three representative types of gold mirrors. a—c)
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Schematic illustrations of a) an SGF, b) a TSGF, and c) a GMF. Brown lines

in panels (a) and (b) represent grain boundaries. d—f) AFM images and line scans along the indicated white lines for d) an SGF, e) a TSGF, and f) a
GMF with the same thickness of 50 nm. g) Cross-sectional TEM image of an SGF (50 nm in thickness) after focused ion beam milling. h) Close-up

view of the region marked with a red rectangle in panel (g). i) Atomically
(h). j) Measured dielectric functions (left: real part &; right: imaginary part

diameter of 69 £ 4 nm (Figure S3, Supporting Information),
were used to construct the NSoM nanocavities to minimize the
effect of the nanoparticle size and shape distributions. Each
nanosphere is capped with a bilayer of cetyltrimethylammo-
nium chloride (CTAC) having a thickness of =1 nm (Figure S3c,
Supporting Information). By drop-casting a diluted solution of
the gold nanospheres onto the gold films, well-separated indi-
vidual NSoM nanocavities with a total gap thickness of =1 nm
can be obtained (note that the gap morphology is affected by
the surface roughness for nanocavities formed on SGFs).
Figure 2a—c shows typical dark-field scattering images (see
Section S4 in the Supporting Information for details) of the
NSoM nanocavities formed on an SGF, a TSGF, and a GMF
with the same thickness of =50 nm. Each nanocavity exhibits a
scattering image consisting of both green (in the middle) and
red (with a doughnut-shaped spatial distribution) scattering
components. It can clearly be seen that the scattering images
of the nanocavities formed on the TSGF and GMF are more
uniform than those formed on the SGF, and that the nano-
cavities formed on the GMF have the highest scattering
intensity.

To quantitatively investigate the effect of mirror quality on
the optical response of the NSoM nanocavities, dark-field scat-
tering spectra of =100 nanocavities of each type were measured.
The scattering spectra of the NSoM nanocavities (Figure 2d—f;
Figure S5, Supporting Information) display a dominating peak
at around 700 nm (labeled as mode V), which corresponds
to the excitation of film-coupled vertical dipolar mode of the
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resolved TEM image of the region marked with a green dashed square in
&) of an SGF, a TSGF, and a GMF with the same thickness of =200 nm.

nanosphere.?8% In addition, there is a relatively weak peak
located around 550 nm (labeled as mode M), which corre-
sponds to the excitation of a film-coupled quadrupolar mode of
the nanosphere. Note that a new peak at around 640 nm (circled
by dashed orange lines in the superimposed scattering spectra
in Figure S5 of the Supporting Information) emerges for some
of the nanocavities constructed on GMFs and TSGFs (relatively
weak in this case), which is due to the existence of a small
number of aspheric nanoparticles with an ellipsoidal shape
in the synthesized gold nanospheres (see Figure S3a in the
Supporting Information). These nanoparticles can form an
elongated contact area with the mirror, which can therefore
produce the new distinctive resonance mode at around 640 nm
corresponding to the excitation of film-coupled longitudinal
mode of the nanoparticle.”! The absence of this peak in the
scattering spectra of nanocavities constructed on SGFs is mainly
due to the larger electron scattering losses from the rough
surface and grain boundaries of the SGFs. Similarly, despite
the TSGFs and GMFs have the same-level surface quality, this
peak is weaker in NSoM nanocavities formed on TSGFs (com-
pare Figure S5b and Figure S5c in the Supporting Information)
due to the existence of grain-boundary-induced electron scat-
tering loss. It is obvious that the cavity-to-cavity homogeneity
in the scattering spectra of nanocavities formed on TSGFs
and GMFs is much better than that of nanocavities formed on
SGFs (Figure 2d—f; Figure S5, Supporting Information). Also,
the dominating resonance mode, i.e., mode V, of the nano-
cavities formed on the GMFs exhibits a narrower linewidth.

(3 of9) © 2022 Wiley-VCH GmbH
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Figure 2. Statistical analysis of the effect of mirror quality on the optical response of the NSoM nanocavities. a—c) Dark-field scattering images of
the NSoM nanocavities formed on a) an SGF, b) a TSGF, and c¢) a GMF with the same thicknesses of =50 nm. d—f) Waterfall plot of dark-field scat-
tering spectra of the 100 nanocavities formed on the d) SGFs, e) TSGFs, f) GMFs. g) Statistical plot of the resonant wavelength and quality factors of
mode V (extracted from the scattering spectra shown in panels (d)—(f)) for nanocavities formed on the SGFs (green), TSGFs (blue), and GMFs (red).
h) Histogram of peak scattering intensities (extracted from the scattering spectra shown in panels (d)—(f)) of mode V for the nanocavities formed on

the SGFs (green), TSGFs (blue), and GMFs (red).

This can be seen more intuitively in a statistic plot of the peak
wavelengths and quality factors of the resonance mode V
(see Section S7 in the Supporting Information for calculation
details) for each type of the nanocavity (Figure 2g; Table S1,
Supporting Information). The average peak wavelengths of
mode V for nanocavities formed on the SGFs, TSGFs, and GMFs
are found to be 712.2 + 11.9, 702.9 £ 79, and 699.2 * 72 nm,
respectively. Nanocavities formed on TSGFs and GMFs have a
better homogeneity in the scattering spectrum due to the great
improvement in their surface quality compared with SGFs,
which minimizes the fluctuation in the gap morphology (e.g.,
its shape and average thickness), affecting the optical response
of the nanocavities. In addition, compared with the nanocavities
formed on the TSGFs and GMFs, there is an obvious redshift
(=13 nm) in the average peak wavelength for the nanocavities
formed on the SGFs. This is caused by the difference in the gap
morphology for the NSoM nanocavities formed on the rough
(i-e., SGFs) and smooth (i.e., TSGFs and GMFs) gold mirrors,
which will be discussed in detail in the following sections. The
average quality factors of mode V for nanocavities formed on
the SGFs, TSGFs, and GMFs are calculated to be 12.52 + 1.38,
13.06 + 1.17, and 13.95 + 1.19, respectively. The gradual improve-
ment in the quality factors for the three types of the gold
mirrors can be attributed to the reduction in electron scattering

Adv. Optical Mater. 2023, 11, 2201914
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losses introduced by grain boundaries and surface roughness,
which are significant in SGFs and TSGFs. The analysis of the
statistics also quantifies an =1.2 times increase in the scattering
intensity for nanocavities formed on GMFs compared with the
other two types due to the reduced loss (Figure 2h; Table S1,
Supporting Information).

3.2. Simulations and Discussion

To further understand the observed difference in the optical
response (Figure 2), we performed finite element method
numerical simulations of near-field scattering of NSoM nano-
cavities formed on the studied gold mirrors (see Experimental
Section). The effect of the difference in the dielectric func-
tions (Figure 1j) of the SGFs, TSGFs, and GMFs on the optical
response of NSoM nanocavities was first investigated (in this
case, all of the gold films were assumed to have a smooth
surface). Under transverse magnetic (TM) polarized light
excitation (see Figure S8 in the Supporting Information for
the excitation conditions and structural parameters used in
the simulations), two resonance peaks (labeled as modes M
and V, respectively) can be observed in the scattering spectra
(Figure 3a) of the NSoM nanocavities formed on SGFs (green

© 2022 Wiley-VCH GmbH

85U80]7 SLOWILWIOD BAEa.D 3|qeot(dde au Aq peuenob afe sejolie VO ‘8sn Jo sejn. Joj Ariq1T8ulUO A3 UO (SUONPUOD-PLe-SLLIBY/WIOD A3 1M AeIq 1 Bul [UO//SANY) SUORIPUOD Pue swie | 8y} &8s *[£202/20/70] Uo AriqiTauluo 8|1 ‘uopuoabe|jo0 sbui Aq 116102202 WOPe/Z00T OT/I0P/W0d A8 | IM AeIq Ul |uo//Sdny Wouj pepeojumod ‘€ ‘€202 ‘TZ0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

[9)]
o

S
o

w
o

N
o
T

ik
o

Scattering cross-section(nm?) @

0.2 0.16

0
500 600 700 800
Wavelength (nm)

"HE T T

www.advopticalmat.de

v & M

0.12 0.08 0.04 0 -0.04 -008 -0.12 -0.16 -0.2

T

Figure 3. Numerical simulations of NSoM nanocavities formed on different gold films. a) Calculated scattering cross section of NSoM nanocavities
formed on a smooth SGF (green line), a rough SGF (green dashed line), a smooth TSGF (blue line), a smooth GMF (red line). Inset: Schematics of
NSoM nanocavities formed on different gold films. b,c) Normalized z-component electric near-field distributions of the two cavity modes labeled in
panel (a) in the xz plane, perpendicular to the mirror and slicing through the center of the nanoparticle.

solid line), TSGFs (blue solid line), and GMFs (red solid
line). They correspond to the excitation of the film-coupled
vertical dipolar (Figure 3b) and quadrupolar (Figure 3c) modes
of the nanosphere,*! respectively. It can be observed that the
difference in the dielectric functions of the gold mirrors causes
an obvious difference in the resonance peak wavelength of
mode V (696.5, 700.0, and 701.9 nm for nanocavities formed on
SGFs, TSGFs, and GMFs, respectively) and its intensity.

The effect of surface roughness on the optical response
of the NSoM nanocavities formed on the SGFs with a rough
surface is also important. According to the cross-sectional
TEM image of an SGF shown in Figure 1h, instead of forming
a point-contact gap, nanospheres investigated in the experi-
ment, in fact, form a curved surface-contact gap with SGFs
(as schematically shown in the inset of Figure 3a, outlined
by dashed green line; see Figure S8b in the Supporting
Information for the structural parameters used in the simu-
lations). As a result, due to the increase in the contact area
between the nanosphere and the mirror, compared with
NSoM nanocavities formed on SGFs with a smooth surface,
the simulated peak wavelength of mode V shows a redshift
to 715.3 nm (Figure 3a, green dashed line). Therefore, the
simulated peak wavelengths of mode V (located at 715.3,
700.0, and 701.9 nm for nanocavities formed on the SGFs
with a rough surface, the TSGFs, and the GMFs, respec-
tively) agree well with the experimentally measured results
(average peak wavelengths of 712.2, 702.9, and 699.2 nm for
nanocavities formed on SGFs, TSGFs, and GMFs, respec-
tively). The mismatch between the scattering intensities for
nanocavities formed on SGFs (dashed green line) and TSGFs
(blue line) in the experimental and numerical results, can
be related to underestimation of the role of the scattering of
electrons on the rough surface in the simulation, which can
be expected to be more pronounced in the case of highly local-
ized modes, when surface effects play a bigger role. Particu-
larly, this is important for rough SGFs, where the additional
losses will lead to lower intensity and a smaller Q factor.
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4. NCoM Nanocavities with a Face-Contact Gap
4.1. Experimental Results

In addition to the point-contact-type NSoM nanocavities inves-
tigated above, we further studied the effect of mirror quality on
the optical response of face-contact-type NPoM nanocavities
such as NCoM nanocavities. Experimentally, silver nanocubes
with an average length of 77 + 5 nm (Figure S3, Supporting
Information) were used to construct the NCoM nanocavities
on different gold films (with the same thickness of 50 nm).
The total gap thickness is determined by the native polyvinyl
pyrrolidone (PVP) layer on the surface of the nanocubes,
which is measured to be =3.2 nm based on the TEM images
(Figure S3, Supporting Information). Figure 4a—c presents
typical dark-field scattering images of NCoM mnanocavities
formed on an SGF, a TSGF, and a GMF, respectively. Each
nanocavity exhibits a scattering image consisting of a blue
scattering spot at its center and a red ring-shaped scattering
component around it. The same as in the case of NSoM nano-
cavities, the scattering images of NCoM nanocavities formed
on the TSGF and GMF are more uniform than those formed
on the SGF and the nanocavities formed on the GMF have the
highest scattering intensity.

Figure 4d—f (see also Figure S6 in the Supporting Infor-
mation) shows statistics of the dark-field scattering spectra
of the nanocavities formed on the SGFs, TSGFs, and GMFs
(=100 nanocavities of each type were measured). Two resonance
peaks located around 640 nm (labeled as mode V;) and 730 nm
(labeled as mode V,) can be clearly observed in the scattering
spectra. They stem from hybridization of the film-coupled
vertical dipolar mode of the nanocube and one of the second-
order Fabry-Perot modes of a metal-insulator-metal surface
plasmon polariton supported by the nanocube-mirror gap.[*48!
Similar to the NSoM nanocavities, the cavity-to-cavity homo-
geneity in the scattering spectra of the NCoM nanocavities
formed on the TSGFs and GMFs is much better than that of
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Figure 4. Statistical analysis of the effect of mirror quality on the optical response of NCoM nanocavities. a—c) Dark-field scattering images of NCoM
nanocavities formed on a) an SGF, b) a TSGF, and c) a GMF. d—f) Waterfall plot of dark-field scattering spectra of the 100 nanocavities formed on the
d) SGFs, e) TSGFs, and f) GMFs. g) Statistic plot of the peak wavelengths and quality factors of modes V; and V, (extracted from the scattering spectra
shown in panels (d)—(f)) for nanocavities formed on the SGFs (green), TSGFs (blue), and GMFs (red). h,i) Histogram of peak scattering intensities
of modes h) V; and i) V, (extracted from the scattering spectra shown in panels (d)—(f)) for nanocavities formed on the SGFs (green), TSGFs (blue),

and GMFs (red).

the nanocavities formed on the SGFs. The two resonance
modes of nanocavities formed on the TSGFs and GMFs also
exhibit narrower linewidths corresponding to larger quality fac-
tors. This can be seen more explicitly in the statistic plot of the
peak wavelengths and quality factors of the modes of each type
of the nanocavities (Figure 4g; Table S2, Supporting Informa-
tion). The average peak wavelengths for modes V; and V, are
645.5 £ 15.5, 653.8 = 8.9, and 6576 £ 9.1 nm and 735.1 + 13.5,
741.7 £ 8.5, and 744.1 £ 9.8 nm for nanocavities formed on the
SGFs, TSGFs, and GMFs, respectively. The NCoM nanocavities
formed on the TSGFs and GMFs have a better homogeneity
in the scattering spectrum, which is again due to the great
improvement in their surface quality compared with the SGFs,
leading to the minimization of fluctuations in the gap mor-
phology (the interface profile and gap thickness). Different to
the case of the NSoM nanocavities, NCoM nanocavities formed
on SGFs demonstrate a blueshift (=10 nm) in the average peak
wavelength of the two modes compared with NCoM nano-
cavities formed on the TSGFs and GMFs. This is caused by the
increase of an equivalent gap thickness for face-contact-type
NCoM nanocavities formed on rough (i.e., SGFs) gold mirrors,
which will be discussed in detail later.

Due to the improvement in surface roughness and crystal-
line quality from SGFs to TSGFs and GMFs, the quality factors
of modes V; and V, (at the same resonance wavelengths) of
NCoM nanocavities increase (Figure 4g). It is worth noting that,
for each type of the NCoM nanocavities, the statistic distribu-
tions of the quality factors decrease gradually with the increase
of peak wavelength for mode V;, while increase gradually with
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the increase of peak wavelength for mode V,, showing an overall
“V-shaped” distribution. This can be attributed to the change in
the interaction between the film-coupled vertical dipolar mode
of the nanocube and the second-order Fabry—Perot mode of a
metal-insulator-metal surface plasmon polariton supported by
the nanocube-mirror gap (the coupling between them resulting
in the generation of modes V; and V,) due to a fluctuation in
the size of the nanocubes. The closer the resonance wavelength
of modes V; or V, to the resonance wavelength of the film-
coupled vertical dipolar mode of the nanocube with high radia-
tion efficiency, the higher the radiation of the mode to the far
field, which results in a lower quality factor. Figure 4h,i shows
the distribution of extracted peak intensities of modes V; and
V,. Generally, nanocavities based on GMFs have a potential for
stronger scattering intensity due to the reduction in the loss
of the mirror (Figure 4h; Table S2, Supporting Information).
However, due to the lower radiation efficiency of mode V, for
NCoM nanocavities formed on GMFs, they have similar scat-
tering intensities with that of mode V, for NCoM nanocavities
formed on SGFs and TSGFs (Figure 4i).

4.2. Simulations and Discussion

We also performed simulations of nearfield scattering of
NCoM nanocavities formed on different types of gold mir-
rors (see Experimental Section). The effect of the difference
in the dielectric functions (Figure 1j) of the SGFs, TSGFs, and
GMFs on the optical response was first investigated. Under TM

(6 of 9) © 2022 Wiley-VCH GmbH
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Figure 5. Numerical simulations of NCoM nanocavities formed on different gold films. a) Calculated near-field scattering cross section of NCoM
nanocavities formed on a smooth SGF (green line), a rough SGF (green dashed line), a smooth TSGF (blue line), and a smooth GMF (red line). Insets:
Schematics of NCoM nanocavities formed on different gold films. b—d) Normalized z-component electric near-field distributions of the cavity modes
labeled in panel (a) in the xz plane, perpendicular to the mirror and slicing through the center of the nanocube. Inset: The near-field distributions in

the plane slicing through the middle of the gap.

excitation (see Figure S8 in the Supporting Information for
the excitation conditions and structural parameters used in the
simulations), three resonance peaks (labeled as modes V;, V,,
and M) can be observed in the scattering spectra (Figure 5a)
of NCoM nanocavities formed on the SGFs (green solid line),
TSGFs (blue solid line), and GMFs (red solid line). Scattered
near-field distributions of modes V;, V,, and M shown in
Figure 5b—d confirm the nature of these modes, in which
the coupling between the film-coupled vertical dipolar mode
of the nanocube and a second-order Fabry—Perot mode of a
metal-insulator-metal surface plasmon polariton supported
by the nanocube-mirror gap can be clearly seen for modes V;
and V, (Figure 5b,c), and the coupling between the transversal
dipolar mode of the nanocube and the mirror can be seen for
mode M (Figure 5d). The absence of mode M in the measured
scattering spectra (Figure 4d—f) is due to a limited measure-
ment capability of the setup at wavelengths larger than 850 nm.
Similarly, the difference in the dielectric functions of the gold
mirrors causes an obvious variation in the resonance wave-
length and intensity of the modes.

The simulated resonance wavelengths of modes V, and V, for
nanocavities formed on the TSGFs and GMFs agree well with
the experimentally measured results. However, for nanocavities
formed on SGFs, compared with the simulated resonance wave-
lengths of modes V; and V,, the measured results blueshift by
about 10 nm. When the surface roughness of the SGF was
taken into consideration in the simulation (dashed green line
squared schematic in the inset of Figure 5a; see Figure S8b
in the Supporting Information for the structural parameters
used in the simulations), the resonance wavelengths of modes
V; and V, show an =10 nm blueshift (Figure 5a, dashed green
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line), therefore, agreeing well with the experimental results.
The blueshift of the resonance wavelength of the modes of the
NCoM nanocavities is due to the increase of the equivalent gap
thickness for nanocavities with face-contact gaps.

5. Conclusion

We have demonstrated both experimentally and theoreti-
cally that the mirror quality has a significant influence on the
optical response of NPoM nanocavities. Surface roughness of
the metal mirrors can introduce a significant change in the gap
morphology, resulting in a deterioration of the cavity-to-cavity
homogeneity of the optical response, as well as a shift in the
peak wavelengths of resonance modes in comparison with
nanocavities formed on smooth mirrors. In this study, films
with a thickness of 50 nm were used: for thinner films, we may
expect the observed effects to be even more important. Overall,
single-crystalline GMFs provide an attractive platform for the
construction of high-quality NPoM nanocavities in terms of
higher cavity-to-cavity homogeneity in the optical response
and lower optical loss, especially when the mirror thickness
is further decreased, compared with deteriorated film quality
for SGFs and TSGFs.?! These are required, for example, for
the precise match of the resonance modes of nanocavities with
quantum emitters and, therefore, the enhancement of sponta-
neous emission.*’] However, for the construction of large-scale
nanocavity arrays, TSGFs with excellent surface smoothness
are recommended due to the limited lateral size (around
several hundred micrometers) of the GMFs. These observa-
tions improve the understanding of optical properties of the

© 2022 Wiley-VCH GmbH
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nanocavity and provide guidelines for the design of nanocavity-
based devices with optimized performance for practical
applications.

6. Experimental Section

Preparation of Gold Mirrors: To avoid the use of metallic adhesion
layers (such as Cr and Ti) that can introduce significant optical loss to
plasmonic structures, cleaned glass slides (10127101P-G, CITOGLAS)
were first functionalized with a monolayer of (3-aminopropyl)
trimethoxysilane instead for the subsequent deposition of gold.
This was realized by immersing them into a 5 mm (3-aminopropyl)
trimethoxysilane (97%, Sigma—Aldrich) ethanol solution overnight and
kept at 80 °C for 1 h to enhance the attachment of (3-aminopropyl)
trimethoxysilane molecules on the glass slide surface. The functionalized
glass slides were rinsed with excessive ethanol and dried with nitrogen.
SGFs were prepared by depositing gold onto as-prepared glass substrates
by magnetron sputtering (DISCOVERY-635) at a base pressure of
=5 x 107° Torr and a deposition rate of 10 A s™'. TSGFs were obtained
as follows. First, gold films with a thickness of 50 nm were deposited
onto cleaned silicon substrates by magnetron sputtering as described
above. Second, a droplet (10 L) of epoxy glue (EPO-TEK 301-2) was
admitted onto the gold films, followed by the placement of cleaned
glass substrates on the top. Third, the structures were transferred onto
a hot plate to cure the epoxy under 80 °C for 3 h, and then slowly cooled
down to room temperature. Finally, the glass substrates were detached
from the silicon substrates with gold films having an atomically smooth
surface attached to them.

GMFs were synthesized using a wet chemical approach.?l First, a
growth solution was prepared by the addition of an aqueous HAuCl,
(0.025 m, 360 pL) into a 10 mL of ethylene glycol in a 20 mL glass
vial. Then, a cleaned glass (10127101P-G, CITOGLAS) was immersed
into the solution at a slightly titled angle. Finally, the growth solution
was stored in an oven at a constant temperature of 95 °C for about
7 h for the growth of GMFs on the substrate. After the growth, the glass
substrate with GMFs on the surface was cleaned with ethanol, dried in
a nitrogen environment for further use. As-fabricated GMFs were treated
with oxygen plasma cleaning to remove the native organic layer before
the fabrication of the NPoM nanocavities.

Measurement of Dielectric Functions: An imaging ellipsometer
(NanoFilm EP4) was used to measure the dielectric functions of
the three types of gold mirrors (Figure S2, Supporting Information).
The samples were measured in the wavelength range from 400 to
980 nm under an incidence angle of 50°, with the analyzed area fixed
at =80 x 80 um?. The four-zone measurement method was applied to
minimize measurement errors.’!l Then, the amplitude ratio (¥) and
phase difference (4) were determined from the rotational angles of the
polarizer and analyzer when the detected light intensity was zero. Finally,
the dielectric functions of the gold films were derived from the measured
Y¥and A by assuming a three-layer model (air, gold, and glass substrate)
and applying the Fresnel equations. The thickness of the glass substrate
could be considered to be infinite, and the thickness of gold films was
200 nm. The spectra of ¥ and A were fitted by the appendant data
processing software of the ellipsometer to obtain the values of n and
k. A superimposed line shape (Drude + Three-Lorentz) was used to fit
the experimentally measured data. During the fitting procedure, the root-
mean-square error was minimized. Finally, from the obtained n and k, it
was calculated the complex permittivity € = & + ig,. Fitting parameters
can be found in Table S3 (Supporting Information).

Numerical Simulations: The electromagnetic response of nanocavities
was numerically simulated using a finite-element method (COMSOL
Multiphysics software). The scattering from a single nanocavity was
computed using a scattered-field formulation, in which the scattered
fields were presented as an addition to the analytical solution for an
incident plane wave caused by the presence of the nanostructure. Gold
nanospheres and silver nanocubes were both modeled as core—shell
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structures (see Figure S8 in the Supporting Information for the excitation
conditions and structural parameters used in the simulations) in
agreement with the experiment. Particularly, the nanocube corners were
rounded with a 15 nm radius to match the experimental samples. The
entire NPoM structure was illuminated with a p-polarized plane wave
at 68° (the same as the incident angle of the illumination light in the
experiments). The wavelength of the incident wave was varied from
500 to 950 nm, and the scattered light was then collected within a cone
having a half-angle of 6 = 25° corresponding to the numerical aperture
(NA) of the objective used in the experiments. The partial near-field
scattering cross section was obtained by dividing the obtained power
flow integral by the intensity of the incident wave. The glass substrate
was assumed to be semi-infinite and had a refractive index of 1.45. The
refractive index of the CTAC and PVP surfactant polymer was taken to be
1.4 and 1.55, respectively.5>5]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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