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Effect of polarization in evanescent wave
amplification for the enhancement of scattering
of nanoparticles on surfaces

D. KOLENOV,* H. P. URBACH, AND S. F. PEREIRA

Optics Research Group, Imaging Physics Department, Faculty of Applied Sciences, Delft University of
Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands
*d.kolenov@tudelft.nl

Abstract: We demonstrate the far field detection of low-contrast nanoparticles on surfaces
using a technique that is based on evanescent-wave amplification due to a thin dielectric layer
that is deposited on the substrate. This research builds upon earlier results where scattering
enhancement of 200 nm polystyrene (PSL) particles on top of a glass substrate covered with a ≈
20 nm InSb layer has been observed by Roy et al. [Phys. Rev. A 96, 013814 (2017)]. In this
paper, the enhancement effect is analyzed using other dielectric materials with lower absorption
than the previous one, resulting in a higher signal-to-noise ratio (SNR) for particle detection.
We also consider several polarizations of the incoming field, such as linear, circular, azimuthal,
and radial. In our experiments, we observe that the optimum enhancement occurs when linear
polarization is used. With this new scheme, PSL nanoparticles of 40 nm in diameter have been
detected at a wavelength of 405 nm.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The need for the detection and size identification of (bio-) nanoparticles has been one of the main
driving forces for a number of the near-field and far-field optical techniques in the last few decades.
In turn, single molecule detection is one of the fundamental challenges of modern biology [1].
The behaviour of individual particles and molecules can have significant implications in both
properties of individual cells and biochemical processes [2]. Notably, bio-nanoparticles such as
exosomes or viruses are known to be important bio-markers for a range of medical experiments
[3]. They are challenging to visualize via optical means because they are index-matched with
the substrate [4]. Additionally, their size is small such as viruses range from 18 to 300 nm and
exosomes from 30 to 100 nm in diameter [5]. When imaging nanoparticles with sizes < λ/8 in
diameter, the diffraction limit of optical systems becomes a limiting factor [6]. Existing labeling
techniques found in fluorescence microscopy can overcome the diffraction limit. For example,
wide-field epi-illumination confocal microscopy combined with fluorescence are popular methods
for single particle detection. A review of these methods can be found in Ref. [5]. However,
such techniques have a drawback due to the complexity of sample preparation and labeling [3].
Another popular approach is near field optical microscopy (NSOM). Nevertheless, it also has
drawbacks because of tip perturbations, risk to add contamination to the sample, and limited
throughput [5].
In the last few years, new detection schemes have been introduced that eliminate the need of

fluorophores and work in the far field. For instance, the technique called common path wide-field
interferometric microscopy [6], that uses a layered substrate. It works in reflection mode, and
the function of the extra layer is to eliminate the background due to destructive interference.
The strength of this technique is that the detection is at the far-field and is very sensitive to
subwavelength nanoparticles with small optical contrast [7].
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The use of layers on the substrate as extra “tool” allow subwavelength detection of single
particles is also the heart of the technique that is discussed in this paper, but the principle is
quite different than common path interference microscopy. Essentially, our method is based on
exploring the interaction between the incoming light with the nanoparticle and the substrate
with the latter having a thin layer of dielectric material deposited on it. This interaction results
in evanescent wave amplification in the near field and enhancement of the scattering to the far
field [8,9]. Here, we go one step forward with this method by presenting a study on appropriate
materials (dielectric) and thickness for the thin layer and an analysis on the influence of the
polarization state of the input light. We show that by optimizing the system, one can drastically
improve the sensitivity of the detection of nanoparticles. Further, we demonstrate detection of 40
nm PSL nanoparticles in diameter with a wavelength of 405 nm.
The remainder of the paper is organized as follows: Section 2.1 is devoted to the description

of the optical system, and in Section 2.2 the mechanism behind the amplification is discussed. In
Section 3, we present the overview of materials that are suitable for evanescent wave amplification.
Section 4 shows the rigorous simulations of the scattering system. In Section 5, we present
the experimental results, and, in Section 6 and 7, we finalize the paper with discussions and
conclusions, respectively.

2. Methods

The optical system we analyze in this paper is similar to a confocal microscope operating in
reflection mode. The illumination of the sample is a laser beam that is focused by a high numerical
aperture microscope objective. The far field signal is obtained by scanning the sample in the
lateral direction, and for each scanning position, the reflected light is detected by a photodetector.
One major difference of our system as compared to confocal microscopes is that we do not detect
the image plane at the detector, but the image of the back focal plane of the objective. Thus, at
the detector plane, the full scattered field within the numerical aperture of the system is detected.
This far field is a 2D light distribution where each pixel corresponds to one scattered angle.
Since the system is coherent, it means that for each scattered angle, the signal corresponds to
the interference between the scattered light by the object and the substrate. Although the full
scattered field contains a lot of information regarding the particle, we have seen that enough
information about the position and size of particle can be obtained by simply dividing the far
field in two halves (perpendicular to the scan direction), integrating both halves using a split
detector and subtracting them. In this way, only one photocurrent value is recorded for each
scanning position.

2.1. Experimental scheme

The experimental setup is shown in Fig. 1(A). The light source is a blue diode laser (405 nm
by Power Technology, model: IQ1A25) that is polarized before it approaches the focusing
lens of numerical aperture NA = 0.9 (OBJ in the figure). The objective is a non commercial
objective designed for mastering CDs in optical data storage. The focused spot is ≈ 1 µm. The
high numerical aperture allows for the collection of a large number of diffracted angles within
the illumination cone of the light. These include the scattered and reflected fields from the
nanoparticle and substrate. The state of the polarization is crucial because the shape and size
of the spot that is formed in the plane of the particle will vary as well as the 3D polarization
distribution of the field in focus. A telescopic arrangement formed by LENS2 and LENS3 is
used to fit the reflected beam into the area of the split detector (SD). Recorded signals from the
photodetector are the basis for the signal maps. In our system, SD is bi-cell silicon photodiode
from Advanced Photonix. The sample is mounted on a 3D piezo-electric stage whose position
can be controlled with sub-nm precision (P-629.2CD by Physik Instrumente.)
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Fig. 1. A sketch of the experimental setup: A) (STAGE: piezo-electric XYZ translator;
OBJ: objective lens; PC: polarizator convertor (zero-order vortex half-wave retarder); BS1,
BS2: beam splitters; POL: linear polarizer, COL: light collimator, LENS1, LENS2, LENS3
converging lenses; CAM: CCD camera used for localizing the sample; SD: split detector
(bi-cell silicon photodiode), LAS: blue diode laser. B) Top: the scattered and reflected
components that contribute to the far field signal and evanescent modes decay quickly in the
substrate and in air. Bottom: evanescent waves at the interface due to the presence of a thin
layer on the substrate are amplified and re-scattered by the particle.

In order to generate azimuthal or radial polarization, we add a liquid crystal polarizator
convertor (PC in the figure, zero-order vortex half wave retarder from Thorlabs) before the
objective (OBJ), otherwise the polarization is linear. The camera (CAM) is used for localizing
the sample.
Note that our scheme operates in bright field and not in dark field as it is the case of some

nanoparticle detectors based on far field scattering [10].

2.2. Enhancement mechanism

The light at the split detector is a superposition of mainly three contributions (see Fig. 1(B) top):
the mirror-like reflected field from the substrate (1), the direct scattered field by the particle (2),
the field scattered by the particle that is further reflected from the substrate (3). The scattering
from the particle on top of substrate can generate the weak evanescent mode that decays very fast
and cannot reach the detector. When switching to, e.g. the 3-layer system (air, enhancement
layer, substrate with refractive indices n1, n2 and n3), a fourth channel (4) can be invoked; firstly,
the particle couples light to the modes that can propagate in the layer (Fig. 1(B) bottom), hence
it is critical that n2 > n1 and n2 > n3, and secondly, the generated decaying tail is converted
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to the propagating modes by re-scattering from particle [8,9]. It is crucial to create such an
enhancement layer that the amount of the decay towards the first medium is maximum.
We believe that the evanescent wave amplification that we employ is highly relevant for

biological applications because it manifests itself even with low power illumination such as in
the range of smaller than 1 mW, as we will show experimentally. Low illumination power is
important in systems where the specimen could be damaged through heat [11]. Our approach is
more efficient than only using the massive power of illumination for one more reason: in the
proposed mechanism, we can amplify a characteristic signal from particle rather than from its
surroundings. To overcome the noise level, we introduce and tune the thickness and material of
the enhancement layer until it has a sizable contribution on the evanescent field, and this light is
being re-scattered specifically by a sphere.

3. Thin film material analysis

One should choose a suitable material to achieve enhanced scattering. Firstly, for the probing
wavelength of interest, the layer should have both a higher refractive index than the substrate
surface n2 > n3 and low absorption to allow the guiding. Secondly, in applications in which the
transmission properties of the resulting stack should be high, the enhancement layer should be
very thin (of the order of a few tens of nanometers) in order to avoid much light loss because of
absorption. Finally, the thickness should be tuned so that the most substantial evanescent part of
the spectra builds up near the interface between the host medium n1 (e.g. air) and top layer n2.
Enhancing the far-field response by coating the glass or plastic substrate with a single layer

of dielectric is convenient because, in the visible regime, it is relatively straightforward to find
materials that do have a higher refractive index than glass or plastic. See, for example, the set of
common dielectric and semiconductor materials shown in Table 1.

Table 1. Examples of dielectric and semiconductor materials that can act as single layer
evanescent wave amplification. The optical properties are defined for the wavelength 405 nm. The
substrate should have a lower refractive index than a cover layer to allow the guiding. Deposition

processes are Evaporation: conventional thermal evaporation in high vacuum, EPVD:
Electron-beam physical vapor deposition, CVD: chemical vapor deposition techniques, Arc-PVD:

cathodic arc plasma deposition. Ext. coeff. refers to extinction coefficient.

Material Index Ext. coeff. Process

Evaporation

TiO2 2.5 1e-10/≈ zero +

Arc-PVD

Ta2O5 2.15 1e-4 EPVD

Si3N4 2.09 ≈ zero CVD

c-Si 4.4 or 5.437 2.3 or 0.34 CVD

GaP 4.15 0.25 CVD

Ge 4.11 2.18 Evaporation

InSb 3.39 2 CVD

alpha-Si 3.8
2.5 or 0.5

EPVD
process dependent

Our goal is to maximize the scattering that reaches the detector. In the case of very small
particles, it is crucial that the surface under the particle is smooth and does not introduce too
much scattering. Dielectric materials are favored because they allow large area and homogeneous
deposition with high levels of smoothness.
In addition, one should add that the enhancement mechanism considered here is different

compared to conventional ways of getting greater optical response from the surface under
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inspection such as high reflecting surfaces by introducing metal or by producing sandwich-
structured layers. By using one single dielectric layer, our approach offers the elegance regarding
both simplicity and surface uniformity. The selection of the dielectric materials which have
sufficiently high real part of the refractive index and small absorption (low imaginary part), yields
the effect that is similar to metal covering layers while it also contributes to the enhancement of
the evanescent waves. The concept of the enhancement of evanescent energy will hold for any
combination of the considered substrate and cover layer (as given in Table 1), while the medium
between the layered substrate and lens is either air, water or oil (the latter two for immersion
applications), so that, together, it creates an asymmetric waveguide n2 > n1 and n2 > n3.
The introduction of the covering layer of large (compared to the wavelength) thickness is a

no-go solution. If the covering layer is too thick, the original properties of the substrate might be
debased. Conversely, thin films of approximately λ/20 which allow for guiding of at least one
mode and consequently boost of the evanescent field, keep the design simple and compact [12].
Another important issue in the choice of materials is the deposition process. In Table 1, we

include, for each material, the traditional deposition processes. The fabrication accuracy and the
temperature requirement vary. So, for instance, CVD processes run at much higher temperatures
than PVD processes (usually between 300◦C and 900◦C) which can be inappropriate to cover
glass or plastic substrates directly because they cannot tolerate such temperatures. Also, PVD has
a distinct advantage because it has a more precise film thickness control, in the order of sub-nm
precision. This is important in our application, considering the required thickness of the thin film
(around 10-20 nm).

4. Numerical results

For the simulations, we performed both 1D multilayer method [13] to analyse the Fresnel
reflection coefficients when the substrate plus layer system is excited by evanescent waves, and
rigorous 3D vectorial simulations using a homemade finite element method [14] to analyse the
scattering enhancement due to a the presence of a particle on the top of the substrate plus layer
system. In both 1D and 3D problems, the substrate roughness is neglected. The 1D simulations
give insight to understand the background that would be created if either s- or p-polarized plane
wave is incident at the interface in the absence of a scattering object. This step is necessary to
determine the thickness that maximizes the evanescent components at the interface where the
particle will lie. It is also important to look at both polarization components, s and p, because
the incident field will include them both, for example, a tightly focused linearly polarized beam.
The complex refractive index n = n + i ∗ k for thin film of varying thickness that accounts for
small changes in absorption is simulated through the software package OpenFilters [15]. The
simulations are done for the wavelength of 405 nm, and the numerical aperture of the system (for
the 3D simulations) was equal to NA = 0.9.
Correspondingly to the 3-layer system introduced in the Fig. 1(B) we show the cavity in

Fig. 2(A). We consider a middle layer whose index of refraction is n2 and thickness is d2
surrounded by an input medium of index n1 and an output medium with n3. An incoming wave
is from the left with an incident wavevector

−→
k1 = 2π/λ ∗ n1−→u , where −→u is a unit vector. We

assume the plane wave incidence where total vector
−→
k1 =

−→
kz1 +

−→
kx consists of the normal

−→
kz1 and

longitudinal
−→
kx wavevector component. The wave incoming onto the slab is partially reflected

and partially transmitted through the layer. The transmitted part reaches subsequently the second
interface and will either be reflected or transmitted again. According to the literature [13] and
[16] by adding all the coherent amplitudes for reflection or for transmission we arrive at the
equations known as Fabry-Perot (FP) formulas for a single cavity which are exact, valid for the
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input of evanescent waves, work with any thickness of d2. Here we only use the reflected part:

r = r12 +
t12t23r23exp(ikz2d2)

1 − r23r21exp(i2kz2d2)
(1)

where kz2 =
√
k20n

2
2 − k

2
x is the z component of the wavevector in the medium 2, the Fresnel

reflection and transmission coefficients at each interface t12, t23, r23, r21 are shown in the Fig. 2(A),
and the refractive index n, which can be complex valued.

Fig. 2. Incident reflected and transmitted waves for three media layered structure A). Scheme
of the simulation system B). Fresnel reflection coefficients for the three layer medium (air as
input medium, TiO2 as thin layer and glass as substrate). C) and D): absolute value of the
Fresnel reflection coefficients as a function of the thickness of the TiO2 layer for p and s
polarizations, respectively, when the thickness of the covering layer changes from 17 to 23
nm. For the case of 21 nm thick TiO2 layer, we show in E) and F) the Fresnel reflection
coefficients with (red) and without (blue) the thin layer.

The notation can be generalized to rnm (tnm) with n and m ∈ 1, 2 or 3 being the reflection
(transmission) coefficient corresponding to the wave reaching the interface from one medium n to
another m. Hence, for specific s or p polarization of light, the Fresnel coefficients are computed
by the following relations in wave vectors notation.

r(s)nm =
µmkzn − µnkzm
µmkzn + µnkzm

, r(p)nm =
εmkzn − εnkzm
εmkzn + εnkzm

(2)

t(s)nm =
2µmkzn

µmkzn + µnkzm
, t(p)nm =

2εmkzn
εmkzn + εnkzm

(3)

where ε is the material’s relative permittivity, and µ is its relative permeability both set to 1.
One notices that a particular combination of kx > k0n will render the imaginary value for kz that
represents an evanescent wave. Since we are interested in maximizing the evanescent wave in
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the reflection mode next to the particle, i.e. in the medium of air with n1 = 1, we will study the
reflection as the function of in-plane wavevector not only for the propagating modes kx < k0n1
but also higher spatial frequencies kx > k0n1. Further in the paper k0n1 = kair.
Here we show simulations for TiO2 as a thin layer on glass; the same procedure was used for

the Ta2O5. For Ta2O5, the Sellmeir equation [17] Eq. (4) is used to approximate the real part of
refractive index of the weakly absorbing thin film:

n2(λ) = 1 +
B1λ

2

λ2 − C1
+

B2λ
2

λ2 − C2
+

B3λ
2

λ2 − C3

B1 = 3.3, C1 = 0.005
B2 = 0.2, C2 = 0.01
B3 = 0.1, C3 = 0.02

(4)

and the Cauchy equation [18] Eq. (5) is used for the TiO2 film:

n(λ) = B +
C
λ2

B = 0.025614, C = 0.0059846
(5)

The choice for this configuration is obtained by selecting the systemwith the strongest contribution
of the evanescent waves.

For a three layer system (air-thin layer-glass, see scheme in subfigure 2(B), we plot in subfigures
C) and D) of Fig. 2 the Fresnel reflection coefficients of s and p input polarization for layer
thicknesses ranging from 17 to 23 nanometers for the case of TiO2 as thin layer. In subfigures E)
and F) we show the comparison between the absolute value of the Fresnel reflection coefficients
for the bare (no thin layer) and covered substrate with 21 nm of TiO2. Specifically, the region of
spatial frequencies kx/kair > 1 is interesting because it represents the non-propagating waves,
where for values of rp and rs > 1, it means amplification. It is evident that the presence of a
thin layer such as TiO2 results in a growth of the evanescent field. Moreover, the region of
spatial frequencies kx/kair < 1 is also higher with the layer than without, but not as much as the
evanescent part. This effect is expected because the contrast between air and TiO2 is higher than
contrast between air and glass nTiO2 > nglass > nair.
Once the thickness of the layer is selected, we consider the glass substrate with 21 nm of

TiO2 for the full 3D configuration to evaluate the effects of the polarization states of the probing
focused light with and without the particle on it. This leads us to perform 3D rigorous simulation
with the incident light focused at the top layer, and including a nanoparticle at the center of the
focused beam (see Fig. 3(B)). The field components as part of the illumination cone interacts
with both particle and substrate. The diameters of the polystyrene (PSL) nanoparticles are either
50 or 40 nm. When the beam is focused, all incident angles and polarisation components within
the numerical aperture of the objective should be considered.
We calculate the scattered near and the far-field maps of the particle on top of the bare and

covered with thin layer substrate illuminated by the focused laser beam. Scattered field computed
by subtracting the portion that is caused by the given incident field when only the multilayer is
present from the total field in the presence of the particle. With different polarization states, two
of them are conventionally polarized laser beams such as linear and circular, while the other two
are cylindrically polarized beams, namely radial and azimuthal (for linear and radial polarization
see Fig. 3(A)). The boost in the near (all planes) and far field is evident and present in all four
cases. The total near field in XZ plane for the case of linear polarization along x-axis is shown in
Fig. 3(B) and the far field maps that for linear and radial polarization in Fig. 3(C) and (D). The
far field is obtained over spatial frequency/angle within the numerical aperture of the system; this
distribution corresponds to the pattern that falls onto the split detector. The color-code is such that
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Fig. 3. A) Schematic drawing showing linearly (left) and radially (right) polarized light
being focused on the substrate, with the electric field in focus at the optical axis shown in
red. B) The near field distribution when linearly, along the x-axis polarized light is focused
onto a 50 nm PSL nanoparticle on top of the substrate, without (top) and with (bottom)
enhancement layer. C) and D) The far field-maps without (top) and with (bottom) layer
for the case of linear polarization and radial polarization, respectively. The enhancement
layer is 21 nm of TiO2, the wavelength is 405 nm and numerical aperture is NA = 0.9. The
color-code is such that the observed intensity is normalized by the maximum value of the
far-field when the TiO2 layer is present.

the observed intensity is normalized by the maximum value of the far-field when the TiO2 layer is
present. Following the near-field enhancement as in Fig. 3(B), we observe that linear polarization
causes the far field to grow and remarkably change its angular distribution in 3(C). In the case of
radial polarization, the far field is also enhanced but does not considerably change in shape (3(D)).
The central part of the far field map is suppressed and it is biggest in the region where spatial
frequencies exceed approximately kx/kair > 0.2, corresponding to acceptance angles higher than
11.5° with respect to the normal. The angular distribution of the far-field can be firstly explained
by the shape of the focused spot in the focal plane. The x linearly polarized beam, left 3(A), has
the focal spot elongated along the polarization axis, leading to the far field map that is also a bit
wider in the x direction rather than y, with no rotational symmetry. For the focusing of radially
polarized light, (3(A), right side), we understand that the strong longitudinal component of the
electric field at the optical axis is responsible for the hollow central part of the far-field map and
the rotational symmetry of the spot also translates to the far-field. Secondly, due to the sole p or
joint s and p polarization content of the radially and linearly polarized beams, respectively, after
the scattering from the particle on the enhancement layer, (3(C) and (D), bottom), the propagating
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and evanescent-converted components lead to destructive or constructive interference in different
parts of the optical pupil.

Next, to quantitatively evaluate the enhancement that each polarization produces, we introduce
the far-field gain factor G. In the equations below Eqs. (6–8) , we look at two metrics: Gint and
Gmax. These metrics represent the ratio between covered and bare substrate regarding the total
scattered far-field intensity. To obtain Gint, we integrate the total far-field, while Gmax relies on
the maximum value of corresponding total field distribution:

Gint =
ICov_int
IBare_int

I =
∫ nrows

n=1

∫ ncol

m=1
I(n,m)dndm

(6)

Gmax =
ICov_max
IBare_max

Imax = max(I(n,m))
(7)

I(n,m) = (|Ex(n,m)|2 + |Ey(n,m)|2) (8)

The integrals above are calculated by the trapezoidal method. Despite the metric that we use,
either integral or based on maximum value, the gain factor expected by the cyllindrically polarized
light is superior to conventionally polarized beams, as shown in Table 2.

Table 2. The gain factors indicate that cylindrically polarized light produces higher gain in the
far-field as compared to the conventional polarizations. The material TiO2 shows better performance

than Ta2O5. The maximum gain in each column is given in bold. The diameter of particle is 50 nm.

Polarization Gmax Gint

state Ta2O5 TiO2 Ta2O5 TiO2

Linearly X 1.13 1.32 1.65 1.97

Radially 2.04 2.91 2.49 3.76
Azimuthally 2.08 2.86 2.47 3.53

Cicularly 1.04 1.13 1.65 1.97

By observing the far-field angular distribution for various polarizations, one conclude that for
both linear and circular polarization, the central part of the far field is almost not enhanced as
compared to the enhancement at the edges of the pupil, whereas in the case of azimuthal and
radial polarization, the enhancement occurs to all angles. However, for all polarisations, the
position of the maxima of the distribution lies in the high angular range kx/kair > 0.2. This is the
one additional reason why we have introduced the Gmax factor. For example, the Gmax parameter
for the TiO2 layer and particle of 50 nm is equal to 2.91 for radial polarisation. This suggests
that applying an annular aperture at the detector plane can yield better sensitivity. In fact, the
benefit of the detection with annular aperture was demonstrated in previous research [19]. In
that reference, it was anticipated that the collected far field at higher angles of the aperture are
more influenced by the presence of the particle, and has been confirmed here with the far field
simulations.
As can be seen from Table 2, we also introduce Ta2O5 material as enhancing layer, which

has just slightly lower refractive index n and about the same level of absorption k as compared
to TiO2. Along the same procedure of defining the suitable thickness as introduced earlier, we
consider a cover layer of 20 nm of Ta2O5. Due to slightly higher absorption, the evanescent
amplification that surrounds the particle is lower so both Gmax and Gint are inferior as compared
to TiO2.
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Further, to understand whether the evanescent wave conversion mechanism may explain the
superior detection performance, we have studied how the value of the real and imaginary parts
of the index of refraction of the enhancement layer influences the far-field increase. In order to
do that, we perform a parametric sweep. A radially polarized beam focused at the center of the
particle of diameter 30 nm, NA = 0.9 and enhancement layer with fixed thickness of 21 nm of a
fictitious material is considered. We show in Fig. 4 the response of the far field as the values
of the real or imaginary part of the refractive index varies. One parametric sweep is shown in
Fig. 4(B) the imaginary part of refractive index remains fixed as k = 0.133 and n changes from
2.6 to 4 in 15 steps. Another sweep is shown in Fig. 4(C), where the real part of the refractive
index remains fixed to n = 2.66 and k changes from 0.004 to 1.5 in 15 steps. Note, for the
far-field cross-sections (4(D) and (E)) (radial polarization and particle is aligned with a spot),
the scattered field is cyllindrically symmetric (as in 3(D)). The cross-section curves D) and E)
are normalized to unity by the maximum value of the far field intensity from the corresponding
parametric sweeps. For instance when n = 4 + i ∗ 0.133, that corresponds to the rightmost value
in the parametric sweep B), the far-field cross-section (bottom of Fig. 4(D) ) has the maximum
value of 1 thus the enhancement is the highest

Fig. 4. A) Cross-section of the far field intensity along the x-axis when input beam is radially
polarized and focused on a 30 nm nanoparticle. The middle zone in blue corresponds to the
center of the pupil |kx/kair | ≤ 0.2 and the surrounding hollow cone in red corresponds to
0.2 < |kx/kair | < 0.9. B) Point per point gradient of the integrated electric field intensity
of the blue and red regions of the far field as a function of the real index of refraction with
the imaginary part kept at the value of 0.133, C) as function of the imaginary part of the
index of refraction with the real part kept at the value of 2.6. D) and E) profile of the field
distributions corresponding to the left- and right-most values of the refractive indexes of
plots B) and C), respectively. Black lines mark the centre of the cross-section kx/kair = 0
that corresponds to the beginning of refractive indexes sweep.

In order to emphasize the region of the pupil where either propagating or converted-evanescent
components contributes, we integrate the total field by two zones: |kx/kair | ≤ 0.2 and
0.2 < |kx/kair | < 0.9, seen as blue and red colour of the cross section in Fig. 4(A). The integral
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for total field intensity of both zones is calculated by applying the trapezoidal rule and on top
of that we compute the gradient. From the profiles B) and C), one can see that the amount of
energy that scatters to the outer parts of a pupil is greatly boosted when absorption is low (as it
can be seen in the region where k ≤ 0.5). Whereas upon increase of the real part of a refractive
index (n ≥ 2.6) the central and side contributions raise almost linearly. The index of refraction
properties are varied separately because they have a major influence on either the propagating
modes or the evanescent-converted components. Also, in Fig. 4(B), the growing behavior of
the gradient can be characterized by an almost linear behavior of the total field in both central
(blue curve) and outer part of the pupil (red curve). In contrast, if the absorption decreases from
k = 1.5 to k = 0.133 (see Fig. 4(E) top and bottom, respectively), the level of the field in the
center of the pupil remains almost constant while the slope grows more rapidly at the lobes in
lowest absorption value. In other words, allowing for the absorption to be as low as possible is
the key mechanism to increase the ratio between the scattering at the higher angles as compared
to the lower ones. This behavior seems to be achieved mainly by the evanescent components
at the interface converted to propagating modes by the presence of the isolated particle on top
of the covering layer. The topographical contrast of optical detection is of significant interest
for techniques that rely on differential detection principle, such as the one we propose. Equally
important, by considering materials with large real part of refractive index, one can achieve large
enhancements of the full far-field distribution. That is important for applications that benefit
from low power of illumination.

Fig. 5. Point per point gradient of integrated electric field intensity as function of the real
and imaginary parts of the refractive index for the case of linear polarization along the X
direction when A) the real part value changes from 2.6 to 4 while the imaginary remains fixed
at 0.133, and B) when the real part remains fixed at 2.66 while the imaginary part changes
from 0.0004 to 1.4. C) and D) cross-sections of the total far-field pattern corresponding to
the maximum and minimum values of the refractive indices of plots A) and B), respectively.
The curves are normalized to unity by the maximum value of the distribution belonging to
the particular parameter sweep. Black lines mark the centre of the cross-section kx/kair = 0
that corresponds to the beginning of refractive indexes sweep.
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Finally, we point out that the gradient profiles for the azimuthally polarized light are very close
to those of the radially polarized ones. The major differences in directional tendency are observed
in the sweep of the real value of the refractive index for both linear and circular polarization.

Similar to Fig. 4, we calculate the gradient of the integrated total field by two zones, central and
outer part of the pupil for linear polarization as shown in Fig. 5. Compared to radial polarization,
in case of linear polarisation, the gradient of integrated electric field intensity for both the real
and imaginary parts of the refractive index is different. Also, because of the absence of rotational
symmetry, we show in Fig. 5(C) and (D) the profiles in Y direction. For minimum (top) and
maximum (bottom) value of n in C), and maximum (top) and minimum (bottom) k value in D).
From the gradients in Fig. 5(B), one can see that the behavior is such that the energy grows faster
towards the lobes and slower towards the center. But in 5(A), when n ≥ 3.2, it levels out. This
can be attributed to the fact that linear polarization has a mixture of s and p components in focus.
Similar behavior is observed for circular polarization.

We have also studied the robustness of the enhancement process for variations on the thickness
of the single layer. This is important parameter that should be taken into account since,
experimentally, it is almost unavoidable that the actual thickness will vary as compared to
the nominal one. The results of this analysis highlight the advantage of the evanescent wave-
amplification method in terms of robustness. In Fig. 6, the behaviour of the total scattered
far-field intensity as the function of the covering layer thickness is shown (integration over full
pupil according to the trapezoidal method.)

The cover layer material in this case is TiO2, having a constant refractive index of n = 2.6632,
k = 0.00423 over the range of covering layer thickness from 0 to 200 nm. The size of the
nanoparticle is 30 nm in diameter with the refractive index of n = 1.58 for the wavelength of
illumination of 405 nm. From these plots, one can see that the deviation around the maximum of
scattering for linear and radial polarization is about 0.84% and 0.71% per nm, meaning that the
system is robust for a few nm thickness variations.

Fig. 6. The total scattered far-field intensity integrated over the pupil and normalized to
unity for linearly polarized (red) and radially polarised light (blue). The positions of the
guided modes of the three-layer 1-D slab are indicated in purple, and the positions of maxima
and minima in reflection for the normally incident light in black solid and dashed lines
correspondingly.

The same Fig. 6 can be used to show the influence of the thickness of the thin layer as it
becomes much larger than the values we have considered so far. The maxima and minima
fluctuations suggest that it could come from the excitation of modes on the 1D cavity that is
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formed of the 3-layer system without the presence of the particle. To illustrate that, we calculated
the modes of this 3-layer system. In the vertical lines found in Fig. 6, we show the positions of
the TE modes and TM modes (in purple). We pick positions of truly guided modes, whose spatial
frequency kx/kair is comprised between the two highest indices inherent to the 3-layer structure.
The positions of the first two modes, namely TE0 and TM0, supported in the waveguide are in
good correspondence with the maxima of the far-field scattering for linearly and radially polarized
light, respectively. Also, the positions of the minima of the reflected field of the 3-layer stack are
in good agreement with the dips of the far-field scattering profile (black dashed lines of Fig. 6). A
minimum in reflection affects mainly the secondary-scattered portion (from particle to substrate
and further to the detector). Also, we can consider that the evanescent part of the guided modes
for the thickness of the layer sufficiently larger than the cut-off of the particular mode after being
re-scattered by the particle is not transferred to the far field at the angles of the acceptance cone.
It becomes clear that for the particular design of the enhancing layer, maximum of scattering
can be achieved when the layer supports just one mode that does correspond to the spectrum
of excitation. Further increasing the thickness of the layer can have a drawback of falling into
the local minima of reflectance, having dissipation, or having destructive interference upon
interaction with particle due to the multiple modes of the waveguide. This simulation allows us
to support the idea that the enhancement in scattering is due to the evanescent wave amplification,
which becomes possible in the scenario when the probing light excites the dipolar-like response of
the sphere at an interface. When exciting with linearly or radially polarized light, the dipolar-like
response of mainly horizontal or vertical orientation will be excited and coupled to the structure
of the waveguide beneath. Coupling is only possible if the radiation of dipole matches with the
mode supported by the waveguide. If the requirement is fulfilled, modes will propagate in a slab
and the evanescent part of the field is maximized, and so it can be re-scattered to the far field by
the particle.
Finally, we point out that the shape of the far-field distribution is wavelength dependent, and

also the size of the particle influences the angles of the scattering. Therefore, the result cannot be
generalized for other wavelength regimes and particle sizes. However, for particles in the regime
of λ/9 and all the states of polarization, the boost related to the evanescent amplification occurs.

5. Experimental results

From the experimental point of view, the enhancement present in the far field estimated numerically
in the previous section can be demonstrated by comparing the scattered enhancement in a relative
scale, i.e., by performing the same experiment with covered and uncovered substrates with the
same nanoparticle material and size. However, only producing higher scattering does not give
information on whether the gain is sufficient to overcome the background noise or not. Thus, it is
difficult to predict the ultimate limit of this technique. In any case, in order to verify the validity
of the calculations, we carried out several experiments. We use the setup earlier introduced and
explained in Fig. 1. In Table 3, the fabricated samples are shown.

Table 3. Summary of the fabricated samples. The thickness of the layers has been measured with
an ellipsometer.

Sample # Design

1 glass + 40 nm spheres

2 glass + 50 nm spheres

3 glass + 20.3 nm Ta2O5 + 50 nm spheres

4 glass + 20.3 nm Ta2O5 + 40 nm spheres

5 glass + 22 nm TiO2 + 40 nm spheres
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For each sample, we find an isolated nanoparticle of the nominal size and then collect the far
field maps for different polarization states such as linear, radial and azimuthal (Fig. 7). Each far
field map is the result of averaging two repeated scans. As the detection is done using heterodyne
technique [20], we modulate our diode laser with a square waveform of either Vpp = 1.7 V or
Vpp = 1.8 V , so that the power on the substrate is either Plow = 0.02 mW or Phigh = 0.026 mW,
respectively. The higher power is used for the detection of 40 nm spheres. In order to compare
the SNR with and without the thin layer, we define SNR gain G (in dB units) as Eq. (9):

G = SNR(layer) − SNR(no layer), with SNR(.) = 10 log10

( S(.)
N(.)

)
(9)

The SNR is computed based on the profile with the highest amplitude, which corresponds
to a probing beam scan across the centre of the spherical particle. Table 4 summarizes the
measured gain enabled by the cover layer for different polarizations. All tested cases show that
the enhancing layers do improve the detection of the low refractive index nanoparticles. The gain
results are consistent with the simulations done previously that predicted that TiO2 is a better
material to enable evanescent wave amplification.

Table 4. SNR gain G [dB] due to evanescent wave amplification for the cases of detection of 50 and
40 nm particles on top of Ta2O5 or TiO2 layers on glass (compared to glass with no layer), for

various polarization configurations.

SNR gain G [dB]

Polarization State d = 50 [nm] d = 40 [nm] d = 40 [nm]

Ta2O5 TiO2 Ta2O5

Linearly X 7 11.8 11.5

Radially 5 9.3 6

Azimuthally 2.8 11.1 6.5

Fig. 7. The raw far-field signal maps of the glass sample without and with the enhancement
layer of Ta2O5. Isolated PSL particle of 50 nm and linear A), radial B), azimuthal C) input
polariziation of the beam. Each map is 2.7µm × 0.5µm.

There is an evident relationship between the size of the particle and the gain that is achieved
with the layer. The smaller particles become visible, compared to the very low signal in the
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absence of the layer, while the bigger particles have already a SNR> 18 [dB] even without the
layer. One reason for that is because the scattering cross-section is larger for 50 nm particles
than for 40 nm. Below, we demonstrate the measured far-field signal maps, without/with layer
of Ta2O5 (samples number 2 and 3) for the case of d = 50 nm PSL particle and three input
polarizations as according to the first column of 4.

The results show that the cylindrically polarized beams can contribute to a relatively big gain
(G of 9.3 [dB] or 11.1 [dB]), yet, it is important to highlight that we have observed experimentally
that the use of linearly polarized light is superior to cylindrically polarized light. In Fig. 8 we
show the results for sample number 5. Even though the particle of 40 nm diameter is visible
when radially or azimuthally polarized beams are used (Fig. 8(B) and (C)), one can clearly see
that for the linearly polarized light, the signal is much stronger (Fig. 8(A)).

Fig. 8. Split detector signal as a function of the relative position of the particle w.r.t. the
focused field as the particle is scanned in the X direction. The particle is on a glass sample
with the enhancement layer of TiO2 and 40 nm PSL with the linear A), radial B), and
azimuthal C) polarization of the probing beam. The colour scheme scales to the limits of the
linearly polarized beam. The cross-section of the corresponding signals are compared in
panel D).

6. Discussion

In this work, the wavelength of the probing light was chosen in accordance with our experimental
settings, but in general, this parameter can also be optimized together with the others. The study
of resonant wavelength combined with evanescent wave amplification can extend the application
of this technique to a wide range of applications. As predicted, our experiments demonstrate
gain in the far-field due to the re-scattered evanescent field generated from the particle at a
layered structure. Contrary to expectations, we did not find a significant benefit of changing the
polarization of the probe to cylindrically polarization. We observed lower SNR as compared to
linear polarisation, even in the case of no thin layer on top of the substrate. A possible explanation
could be the complexity of the experiment. Producing and focussing radial/azimuthal polarisation
is more difficult than linear polarisation. For instance, with radially polarized light, the alignment
of the beam w.r.t. the objective as well as the quality of the radial (azimuthal) polarization are
very critical in order to obtain a very tight symmetrical focused spot.
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7. Conclusion

In this paper, we studied the enhanced far-field scattering of single spherical PSL particles
deposited on top of a glass substrate covered with a thin layer of dielectric material. The key to the
far-field enhancement effect is to achieve first substantial field enhancement in the near-field. By
simply looking at the interface between the air and the top surface of the bare/covered substrate,
we concentrate our attention on maximizing the region of spatial frequencies that corresponds to
the enhancement of evanescent waves. The ultimate sensitivity of the detection is limited by
both propagating components that interact with the particle and also by the amount of evanescent
waves that are converted to propagating waves.

From the research that has been conducted, a gain factor greater than one has been experimentally
observed for different polarizations (linear, radial, azimuthal). Furthermore, in the experiment,
the use of linearly polarized light has shown superior performance for the detection of 40-50 nm
nanoparticles. To understand the mechanism of the evanescent wave amplification, our analysis
show that both values of n and k of the material are important, with large real part of the refractive
index and low absorption being the key elements. This technique is robust to the deviations of
the thickness of the cover layer. For the particular design of the enhancing layer, the maximum of
scattering is achieved when the layer supports just one mode that does correspond to the spectrum
of excitation. Further increasing the thickness of the layer can have a drawback of falling into
local minima of reflectance from where the observed scattered field will become smaller. Due
to the directionality of the scattering from the nanoparticle, applying an annular aperture at the
detector can be beneficial.
The proposed technique can be successfully used in applications such as bio-nano detection

and contamination detection in the semiconductor or flexible electronics industry. For instance,
materials such as Si3N4 silicon nitride (n ≈ 2 and almost zero absorption at 405 nm) can serve the
dual purpose because they are inherently present as a top layer of poly-silicon pellicle [21] or in
PET plastic substrates [22]. Furthermore, there is a potential for this technique to be implemented
in interference reflectances imaging techniques such as IRIS and iSCAT. In these label-free
techniques, the excellent smoothness and flatness of the substrate are crucial [3]. Finally, one can
also mention spinning bio disks for lab-on-chip devices, where the dipolar-like scattering of the
particle near the surface is required to be maximized [23].
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