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The tailoring of plasmonic near fields is central to the field of nanophotonics. Detailed knowledge of the field
distribution is crucial for design and fabrication of plasmonic sensors, detectors, photovoltaics, plasmon-based
circuits, nanomanipulators, electro-optic plasmonic modulators, and atomic devices. We report on a quantitative
comparison between near-field observation and numerical calculations, considering the intensity distribution for
transverse magnetic (TM) and transverse electric (TE) polarizations, which are necessary for the construction
of devices in all these areas. We present the near-field scanning microscopy (NSOM) results of surface plasmon
polaritons (SPPs), excited by linearly polarized illumination on a gold, nanofabricated transmission grating.

The optimization process is performed for infrared light for applications in cold-atom trapping and plasmonic
sensing. We show the in situ processes of buildup and propagation of SPPs and confirm that the out of plane
component of the electric field is not coupled to the aperture-type NSOM probe.
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I. INTRODUCTION

Near-field scanning microscopy (NSOM) is a well-known
imaging technique for optical near-field examination. Nowa-
days, it is one of the most powerful imaging tools thanks to
a wide range of probe types and achievable subwavelength
resolutions [1-3]. The technique provides a unique opportu-
nity to investigate physical processes such as extraordinary
optical transmission [4], light propagation in photonic crystal
waveguides [5], and dynamics of plasmonic nanoantennas
[6,7]. Knowledge of the distribution of the near field allows
for the design of a number of devices, e.g., nanomanipulators
[8,9], sensors based on surface enhanced Raman spectroscopy
[10], plasmonic sensors [11], surface plasmon-based circuits
[12,13], electro-optic plasmonic modulators [14], and chip-
scale atomic devices [15]. Understanding of near fields is
necessary for the construction of structured optical potentials
for cold atoms, e.g., atom mirrors and plasmonic surface traps
[16-19].

Surface plasmon polaritons (SPPs), which emerge from a
coupling between the light and collective oscillations of free
electrons at a metal surface, underlie a significant number
of the above-mentioned experiments. The SPPs propagate
along the metal-dielectric boundary, and the amplitude of the
electromagnetic field exponentially decays in both media. The
nonpropagating form of SPPs, localized surface plasmons, is
found in the vicinity of metallic nano-objects [20]. Both forms
of SPPs have been studied with the NSOM technique [21,22].
The research includes mapping the near field associated
with metallic waveguides based on stripes [23,24], nanowires
[25,26], cavities [27], nanoparticles [28,29], and a gold film
surface covered with randomly positioned scatterers [30,31].

“a.sierant@uj.edu.pl

2469-9950/2021/103(16)/165433(8)

165433-1

The plasmon modes were also imaged in gold nanorods [32],
gratings [33-35], slits [36-38], metallic discontinuities [39],
the Au-Al heterostructure [40], and nanoholes [41-43]. Apart
from localized and propagating SPPs, also the standing waves
of SPPs have been observed with the NSOM technique for a
variety of structures [44], including a set of nanoslits [45,46].

One of the available optical methods for generating SPPs
uses a chain of nanograins [47-49] or a grating coupler,
which, unlike any prism-based configuration, allows us to
miniaturize the system [20]. The idea is to match the momenta
of the tangential component of the ky wave vector of incident
light of the TM polarization state and kgpp, the wave vector
of SPPs. In our case, the requirement of momentum matching
stands:

. 2mm
kspp = —ko sin 6 + ) (D

where 6 is the angle of incidence (6 in our notation is pos-
itive), m =0, 1,2, ..., and d is the grating period. Among
the wide selection of various grating types, the transmission
structures are of particular interest because it is possible to
generate the SPPs on both glass-gold and gold-air boundaries.
The latter is advantageous for cold-atom experiments and
NSOM imaging. Atomic mirrors use SPPs’ evanescent field
to create a strong, repulsive potential for an atomic cloud
[16-19], but the presence of light on the gold-air side leads
to unwanted atom-photon scattering. Likewise, it would be
detected by the probe, disturbing the NSOM observation of
SPPs themselves.

So far, only qualitative studies of the absolute enhancement
of the electromagnetic field have been presented, we believe.
Here, we present a quantitative analysis of the SPP excita-
tion on the nanofabricated transmission structure. The NSOM
imaging is compared with numerical models, revealing the
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FIG. 1. Optimization of SPP excitation performed by the RCWA
method. (a) Scheme of the modeled gold transmission structure, with
one grating period magnified. (b) Reflectivity and (c) intensity maps
for the grating of the 550 nm grating period for various slot widths
and grating heights.

in situ processes of buildup and propagation of SPPs on a
large-area grating coupler.

II. EXPERIMENT

A. Numerical optimization

To maximize the efficiency of the excitation process, we
have numerically optimized the parameters of the grating
structure, i.e., the grating period, slot width, and grating
height, to obtain a narrow and deep plasmonic resonance
with a strong electromagnetic field enhancement above the
grating surface for near-infrared light (780 nm). We focus
on narrow-width slots, as proposed by Yoon ef al. [50]. The
modeled grating geometry is presented in Fig. 1(a). We have
performed in-depth calculations of the reflectivity coefficient
R and electromagnetic field enhancement, given by the inten-
sity ratio I/ly, where [ is the intensity of the incident light.
The calculations were performed by rigorous coupled wave
analysis (RCWA), using RCWA-1D, by Pavel Kwiecien from
Czech Technical University in Prague. The calculations were
performed in the regime of monochromatic, near-infrared
780 nm laser light, with the complex refractive index of gold
equal to 0.1478—4.6223; and the refractive index of glass
equal to 1.51. In order to avoid light diffraction into orders
other than zeroth, the scanned range of the grating periods
was 400-760 nm, slot widths were 30-140 nm, and grating
heights were 20-80 nm. The investigated angles of incidence
were in the range of 0°-90°. The periodic boundary conditions
were implemented in the calculations, making the grating
virtually an infinite structure. The most effective plasmonic
resonance and electromagnetic field enhancement are ob-
tained for the grating period equal to 550 nm with reflectivity
and intensity shown in Figs. 1(b) and 1(c). The reflectivity
coefficient R is minimized for slot widths of 100-140 nm and
heights between 40 and 80 nm. On the other hand, taking
into account the intensity of the electromagnetic field, we
set the optimal range to 30-50 nm wide slots. Due to the

technically demanding fabrication process, especially in the
case of large-area structures, the final parameters have been
tuned so that the fabrication errors (of the order of a few
nanometers) do not affect the resonance significantly. Finally,
a 550 nm grating period, 55 nm grating height, and 40 nm
slot width were chosen for fabrication and implemented in all
calculations discussed in this paper.

B. Fabrication

The 55 nm thick gold layer was evaporated by electron
beam metal deposition onto a glass substrate, overcoated with
a 3 nm titanium adhesion layer. The structure was nanofab-
ricated by focused ion beam (FIB) milling (Dual Beam
SEM/FIB Quanta 3D FEG microscope by FEI) using gallium
ions with 30 keV energy in a gold layer. The grooves are
38 nm wide and 100 um long, continuously repeated every
550 nm, on an area of 100 x 100 um?. To prevent sample
charging during FIB nanopatterning, an electron flood gun
charge neutralizer was used. Directly after the FIB processing,
the grating was examined with a scanning electron micro-
scope (SEM) at 5 keV electron energy in the same apparatus.
The SEM images of the grating are presented in Fig. 2(a). The
detailed SEM analysis showed the presence of spherical-like
grains with a diameter up to 14 nm, which was included in the
numerical simulations. In total we fabricated and examined
three samples of such a transmission grating (all gave similar
results and will not be distinguished in this paper).

C. Far-field investigation

Measurements of the far-field optical response of the grat-
ing were carried out using the optical setup shown in Fig. 2(d).

The collimated 780 nm laser beam (Toptica DL 100) was
guided through a single-mode, polarization-maintaining fiber,
followed by the polarizer (a half-wave plate and a polarization
beam splitter cube), and reflected from the gold transmission
grating from the glass-gold boundary. The grating was placed
on a rotary stage, which allowed us to precisely change the
angle of incidence. The presence of the plasmonic resonance
was determined with charge-coupled device (CCD) images,
taken for TE and TM polarized laser beams. The efficiency
of the plasmonic coupling was determined by the reflectivity
coefficient R at each angle of incidence. R was calculated as
the ratio of the intensity of light at the grating to the intensity
of light reflected from the plain gold (not modified by slots).
The measurements were repeated for each angle separately,
in a range of 0°-20°. The position of the lens and the CCD
camera were adjusted for each setting of the rotary stage.

D. Near-field investigation

The sample was mounted in the NSOM microscope scan-
ner (Nanonics MultiView 1000 scanning near-field micro-
scope), and the SPPs were excited on the gold-air boundary.
The optimal angle of incidence was set as a result of monitor-
ing the intensity distribution of the reflected beam on the CCD
camera. The gold-air boundary was scanned by the NSOM
fiber tip to image both the electromagnetic field intensity and
the surface topography. The NSOM head was integrated with
an optical microscope, so that the examined area was optically
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FIG. 2. (a) SEM micrographs of the transmission diffraction grating: the position of the grating on the Au/glass substrate and a detailed
view of five grating periods. The grating is marked by the dashed line. (b) Schematic of the NSOM installed above the breadboard with the
optical setup. (c) Angle-dependent zeroth-order reflectivity of the 780 nm laser beam: calculations performed by the finite-difference time
domain (FDTD; solid circles and squares) and RCWA (solid lines) methods, compared with experiment (open circles and triangles) for TE
(black) and TM (red) polarizations of light. Inset: photos of the reflected beam for the optimum angle of incidence for TE and TM polarized
light, imaged by a CCD camera. (d) Scheme of the auxiliary optical setup, which was used to measure the efficiency of plasmonic resonance.
/2 is a half-wave plate, PBS is the polarization beam splitter, and PMF is the polarization-maintaining fiber.

observed in real time, revealing the horizontal position of the
fiber tip with respect to the grating area. The NSOM was
working in a collection mode, with multimode Cr-Au coated
fibers of two diameters: 50 and 100 nm. Several commercially
available cantilevered NSOM optical fiber probes were used,
fabricated by Nanonics Imaging Ltd. (NAN.630.00199). The
collected data were analyzed and compared with the surface
topography registered simultaneously by the same probe (the
tapping mode of an antiferromagnetic (AFM)-like operation).
During the near-field measurements, the SPPs were excited
with the collimated 780 nm laser beam, TM/TE polarized, at
an optimal angle of incidence of 16°. The state of light polar-
ization was controlled by the rotation of the half-wave plate.
We have examined three samples of transmission gratings
with exactly the same parameters, obtaining similar results
(thus, we show typical results, and the samples will not be
distinguished).

Scanning of the entire sample’s area and beyond was
performed with tens of measurements. A single scan size
was 20 x 20 um?. For each measurement we performed
finite-difference time domain (FDTD) simulations, taking into
account the finite size of the grating: the modeled structure
consisted of 183 grating periods surrounded by 100 um of
plain gold on each side. The surface corrugations were in-
cluded in the calculations.

The numerical simulations were performed using the
FDTD method, which took into account the irregularities of

the gold surface and the finite/infinite size of the sample
(an infinite grating is used for calculations of the Poynting
flux, and a finite structure is used for near-field distribution
analysis). The size and shape of the irregularities match the
SEM analysis of the topography of the surface; namely, the
grains are implemented as half-spheres with a diameter up
to 14 nm. The grains were distributed randomly using the
Wolfram Mathematica random number generator and cover
the entire surface of the structure, both ridges and grooves.
The latter corresponds to the presence of residual gold at
the bottom of the groove. The near-field distributions were
calculated using the FDTD method for the optimal angle of
incidence, equal to 15.4°.

III. RESULTS AND DISCUSSION
A. Far-field analysis of SPPs

In the case of far-field measurements, the presence of
the SPPs is demonstrated by an extinction in the reflected
light intensity, caused by the phase difference between spec-
ularly reflected and radiated light [see the inset in Fig. 2(c)].
The measured values of the R coefficient are compared with
two types of numerical simulations in Fig. 2(c). The RCWA
method implements the perfectly smooth, rectangular grating
with periodic boundary conditions (making the modeled grat-
ing a virtually infinite structure). The FDTD method took into
account the irregularities of the gold surface. The plasmonic
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FIG. 3. Electromagnetic field enhancement above the diffraction grating (a) calculated by the FDTD method and (b) measured by NSOM.
Measurements were performed in the center of the grating, on the right side, on the left side, and outside the left edge of the grating, as
indicated in the graphs by images taken by the optical microscope. The grating and the scanned areas are marked with black and white squares,
respectively. Also, the range of the scanned area is marked with a black dashed line in both plots. The figure is completed with NSOM images
of the respective areas. £p is the propagation length, and &, is the buildup length.

resonances are indicated by two minima. The first minimum,
located around 4°, results from the SPPs generated on the
glass-gold boundary and is irrelevant for us due to the loca-
tion of the SPPs inside the sample. The second one, located
around 16° (15.4° for simulations), corresponds to the SPPs
excited on the gold-air interface with experimentally achieved
reflectivity equal to 0.32 (coupling efficiency of roughly 68%)
and is our area of interest. Very good agreement between the
simulations performed with the RCWA and FDTD methods is
observed, with some mismatch in the R coefficient calculated
at the optimal angle of incidence (Rgewa = 0.26 and Rpprp =
0.39). The difference between Rrcwa and Rpprp quantifies
the degree to which the plasmonic resonance is deteriorated by
the surface imperfections. The periodic boundary conditions
imposed in numerical calculations make the modeled grating
a virtually infinite structure, which causes the discrepancies
between the simulations and experimental points. The real
grating consisted of 100 um of grating periods, surrounded
by a flat gold surface (hereinafter referred to as a finite
grating).

B. Near-field analysis of SPPs

The near-field intensity enhancement 7 /I for the TM state
of polarization within and outside the grating area is pre-
sented in Fig. 3(a) for FDTD simulations. The plasmonic
beam illuminated the sample from the left side at the optimal
angle of 16°. In this way we distinguish the right edge, the
center, the left edge, and outside left edge of the grating. The
numerical simulations are supplemented with the intensity of
the electromagnetic field measured with NSOM in Fig. 3(b).

The particular area of the grating is shown in the images,
taken by the optical microscope, and completed with an ap-
propriate NSOM image for both states of polarization. Each
NSOM image presents the results obtained for TM and TE
states of polarization, changed in the middle of the single
20 x 20 um? scan by the rotation of the orientation of the
polarization plane by a half-wave plate. The process of SPP
buildup takes place on the right side of the grating, which
is demonstrated by the very low intensity for TM polarized
light and poor contrast of fringes. Going to the left, the signal
and the contrast become stronger. The SPPs propagate even
outside the left side of the grating, and the enhancement of the
field intensity reaches a factor of 50. The results are consistent
with Eq. (1), which predicts the SPPs propagate backwards
with respect to the excitation beam direction. Although the
sample has no grooves outside the grating, the fringes are still
clearly visible—this is due to the interference between the
propagating SPPs and the incident beam, which leaks through
the gold layer (confirmed by numerical simulations in Fig. 4,
which will be discussed later). The results of the numerical
simulations match qualitatively the intensity distribution mea-
sured by NSOM. Quantitative agreement for the central region
will be shown later as well. The intensity profile allows us to
determine the propagation length &p of SPPs excited on the
structure, which describes the distance at which the intensity
of SPPs decreases e times [51]. The analytically calculated
propagation length for a flat, gold surface of infinite thickness
is €14t = 43 pm [51]. Apart from the always-present Ohmic
losses, the leakage radiation also reduces the propagation
length by approximately a factor of 2 [51,52] in the case of
thin layers. This is confirmed in our numerical simulations
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FIG. 4. FDTD simulations of the electromagnetic field enhancement above the diffraction grating. (a) A quantitative comparison between
components £ (in plane), EZ2 (out of plane), and total intensity / for TM polarized light. (b) Amplitude of the respective components on the left
edge of the grating. The maxima of the interference pattern, resulting from interference between the incident and reflected light and leakage
radiation, are schematically marked with white lines. (¢) Simulated 7/, distribution for TM (up) and TE (down) polarized light. Inset: cross
section in the z direction for TE (black line) and TM (red line) polarized light. (d) Poynting flux calculated for TM (red squares) and TE (black
circles) polarized light, compared with the intensity distribution calculated without the probe presence (solid lines).

for a perfectly flat gold (no irregularities on the surface),
giving £8°" = 21 pm. However, to determine the propaga-
tion length in a realistic scenario, the irregularities of the
grating surface must be taken into account. The exponential
function ~exp (—x/&p) has been fitted to both numerical
simulations and the NSOM signal (denoted in Fig. 3 by the
blue lines). The numerically calculated propagation length
is £5PTP = 12.9(0.1) um and is consistent with the experi-
mentally measured value §5*P = 11.5(2.0) um. Furthermore,
the process of SPP buildup is investigated. Both numerical
and experimental intensity profiles are very well described
by the analytic formula [53] I/l ~ {1 —exp [(x — x0)/Ep1)?,
where &p is the buildup length. The calculated value of the
buildup length is £5XP = 31.0(2.0) m for the NSOM signal,
consistent with the value §5°7P = 30.3(0.1) um from the
numerical simulations.

Before we move on to the quantitative comparison, we
would like to note an important feature regarding NSOM
measurements. According to Rotenberg and Kuipers, the out

of plane electric field component is greatly suppressed in
NSOM detection, as opposed to the in plane component, for
aperture-type probes [54]. The electric field emerging from
the TM polarized light has two components: E, and E_, which
are the in plane and out of plane components, respectively.
The electric field arising due to the TE polarized light has
only an E, component, which is the in plane component de-
tected efficiently by the NSOM probe. This means that the
nature of the coupling of both polarizations to the fiber tip
is in favor of the TE polarized light, whereas part of the
TM signal is suppressed in the NSOM itself. A quantitative
approach is shown in Figs. 4(a) and 4(b). The main plasmonic
enhancement is due to the E, component, which explains
the differences between the TM/TE ratios obtained in the
simulations and NSOM measurements. Results in Fig. 4(a)
show that the EZ2 component (green line) is 20 times stronger
than the E? component (blue line), so that E? almost com-
pletely overlaps with the total intensity distribution (red line).
This type of relation between electric field components is an
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FIG. 5. Electromagnetic field enhancement above the transmission diffraction grating measured by NSOM and numerically simulated by
the FDTD method for TE and TM polarized light. (a) Qualitative comparison for polarization of light varying between TE and TM, together
in a single measurement cycle, with respective surface topographies. (b) Comparison between TM and TE polarizations detected by NSOM
in a single measurement cycle. (c) Quantitative analysis of (b): light intensity at NSOM and FDTD cross sections, obtained for the in plane
components of TM (red line) and TE (black line) polarizations of light. Two of the grating slots, based on the surface topography, are denoted

by black dashed lines, given as a reference.

inherent property of SPPs on gold for the considered wave-
length of 780 nm, in contrast to the case of a pure evanescent
wave on a dielectric surface, where the contribution of the
components may be easily varied [55]. The strong domination
of the E, component in the NSOM results explains the well-
pronounced interference pattern measured outside the grating,
which is hidden in simulations by the domination of the E,
component [compare Figs. 3(a) and 3(b), left side of the grat-
ing]. The interference pattern in the glass substrate volume has
an interesting origin. It comes from the interference between
three waves: the incident beam, the beam reflected from the
gold surface, and the leakage radiation, as depicted in Fig. 4(b)
(cf. [56]). The angle of incidence of the laser light is 15.4°,
and the angle of the leakage radiation is 43° in glass.

The intensity distribution above three grating periods and
the respective cross section are presented in Fig. 4(c). As
expected, the exponential decay from the surface is revealed,
thus proving the usefulness of such a structure in cold-atom
experiments for the generation of an optical dipole force.

Motivated by Dvordk et al., we performed the Poynting
flux calculations inside the fiber probe, which take into con-
sideration the detection of individual field components [45].
The calculation model was constructed of a 20 pm long row of
grating periods, with the NSOM probe above them (note that
this is the infinite type of the structure; the calculations for the
finite case were infeasible). The NSOM probe was constructed
of a glass structure with a 50 nm diameter, covered with
100 nm of gold coating, and was placed 15 nm above the
grating structure. After calculating the flux in one position, the
simulations were repeated for the probe shifted horizontally in

50 nm increments, scanning more than one grating period in
total. The summary is presented in Fig. 4(d) by comparing the
value of the Poynting flux and the intensity distribution 7/I
(which was calculated without the NSOM probe but for the
very same 20 pum of grating periods and also for the infinite
type of grating). The shape of the intensity distribution is re-
produced for both polarization states. The TM to TE intensity
ratio determined by the enhancement //I equals 2000, while
the one driven by the Poynting flux gives a factor of 200,
reducing the no-probe ratio 10 times. This indicates that the
out of plane component is not detected by NSOM, yet the
shape of the distribution is accurately reproduced and can be
further used.

Based on the above information, a quantitative comparison
is made for the in plane components of TM and TE polarized
light. Figure 5 compares the results obtained for different
states of polarization, varying between TM (SPP presence)
and TE (SPP absence) states, taken at the center of the grat-
ing. A qualitative demonstration is presented in Fig. 5(a),
showing the signal detected by NSOM, during a change in
the polarization state with the respective topography of the
surface taken by NSOM. The state of polarization was varied
from TM to TE polarization by rotating the orientation of
the plane of polarization with a step of 15°. This analysis
demonstrates a significant change in the intensity distribution:
the maxima and minima switch positions, and the strength of
the signal weakens with decreasing SPP excitation (that is,
from TM to TE). The result for NSOM measurements for
TM and TE polarization states is shown in Fig. 5(b). The
cross sections, which allow for a quantitative comparison, are
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exhibited in Fig. 5(c), together with numerical simulations of
intensity enhancement for the in plane components of TM and
TE polarizations. The numerical simulations were performed
for the whole finite grating, but the results are presented for
only 13 grating periods, taken from the middle of the grating.
The positions of the minima and maxima with respect to
the grating’s ridges and grooves are well matched with the
numerical simulations. The maxima of the TM case occur in
the middle of the ridges, while the maxima of TE polarized
light can be found in the vicinity of grooves. Some discrep-
ancies can be found in the shape of the maxima, which are
slightly wider in the NSOM data. This is caused by the spatial
integration of the collected signal (note that the diameter of
the fiber aperture is 50 nm, excluding the Cr-Au cladding, and
the width of the slot is 40 nm). Furthermore, the TM case
gives a stronger signal than TE, leading to a typical TM/TE
ratio measured by NSOM of 10, and the highest recorded ratio
was 40. According to the FDTD simulations for in plane and
out of plane components, the TM/TE ratio is expected to be
30, in good agreement with the near-field measurements.

IV. CONCLUSION

We have used a NSOM technique to investigate the na-
ture of SPPs on a nanofabricated transmission grating. We
have optimized the parameters of the grating, and we have
fabricated the structure with a FIB microscope. Our far-field
goniometric measurements revealed the narrow and deep plas-
monic resonance with an efficiency coupling of 68% and
electromagnetic field enhancement of 50. This makes the
grating an effective scientific tool for plasmonic sensing and
a promising base for cold-atom experiments, including pre-
cise micropotentials tailored with subwavelength resolution
through SPP excitation. The proposed transmission structure
allows for the miniaturization of the system and ensures

the separation between the exciting beam from the proper
part of the experiment; thus, it can be successfully used in
optical dipole mirrors, surface traps, and other plasmonic
devices [16,17]. We have directly observed in situ processes
of SPPs building up with a SPP decay length of &5XP =
31 um and propagation outside the grating structure, with
the propagation length equal to £5XF = 11.5 pum. We have
confirmed that the aperture-type probe does not couple the
out of plane component of the electric field. We have also
quantitatively compared the signals detected by NSOM and
FDTD calculations. We have measured the intensity distribu-
tion associated with propagation of SPPs and demonstrated
an accurate agreement of numerical simulations with experi-
mental data. Our simulations also showed that it is crucial to
take into account the microscopic details of the structure such
as the irregularities of the gold surface and the finite size of
the grating for quantitative understanding of propagation and
buildup of SPPs. This paves the way for a full quantitative
understanding of SPPs needed for the design and fabrication
of plasmonic sensors, plasmon-based circuits, photovoltaics,
nanomanipulators, electro-optic plasmonic modulators, and
atomic devices.
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