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The paper proposes a new approach that enables the structure analysis and
reconstruction of a rough surface where the height of inhomogeneities (from the
depression to the upper point) varies within the spread about 20 nm. For the surface
diagnostics, carbon nanoparticles are used, which serve as sensitive probes of the local
surface height. A single nanoparticle can be positioned at a desirable point of the studied
surface with the help of an optical tweezer employing the He-Ne laser radiation. Then the
particle is illuminated by the strongly focused exciting beam of 405 nm wavelength, with
the waist plane precisely fixed at a certain distance from the surface base plane. The
particle’s luminescence response (in the yellow-green spectral range) strongly depends on
the distance between the exciting beam waist and the particle, thus indicating the local
height of the surface. After scanning the surface area and the consecutive interpolation, the
surface “vertical” landscape can be reconstructed with a high accuracy: the numerical
simulation shows that the RMS surface roughness is restored with an accuracy of 6.9%
while the landscape itself is reconstructed with the mean error 7.7%.

Keywords: rough surface, inhomogeneity diagnostics, carbon nanoparticles, optical manipulation, luminescent
probe, particle position, surface reconstruction

INTRODUCTION

In the past years, a significant progress occurs in the development of a new branch of optical
technology directed to the fabrication of thin, light and flexible electronic elements. In this regard,
additional requirements are imposed on the materials used and the methods of their preparation. A
critical point in the creation of such devices is the glass substrate, which forms the basis for displays,
touch sensors, photovoltaics, thin-film transistors, and lighting. With growing degree of the devices’
integration, the influence of the substrate on the functionality of devices, and, naturally, on their
manufacturing processes, becomes increasingly subtle and sensitive. Taking into account the
mechanical and, especially, the optical properties of the substrate becomes important even at the
initial stages of the production process.

Properly prepared and selected glass substrates provide the necessary hermeticity, sufficient
thermal stability enabling the high-temperature processes to be performed as required in some
devices, and the specific optical properties. The latter imply high optical transmission with a weak
wavelength dependence in the visible range, and the high homogeneity with a submicron-level
resolution and layer-to-layer alignment over the entire device. Diagnostics of such surfaces with
especial attention to their quality, assessment of their structure inhomogeneity, etc. are extremely
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important for producing fine electronic components, e.g., in the
technology of glass substrates for thin multifunctional screens [1].

Presently, as substrates for displays, texture surfaces are used
[2] characterized by the RMS roughness in a range from 5 to
75 nm and a correlation length of the surface texture in a range
from 5 to 150 nm. Among the existing methods that are widely
used for the surface roughness diagnostics, the contact and non-
contact approaches can be distinguished. Contact measurements,
which include stylus profilers or atomic force microscopes (AFM)
[3, 4], enable to measure the surface inhomogeneities with an
accuracy of 5 nm but may cause the surface damage during
measurement due to the occurrence of contact stress between
the probe and the surface [3, 5].

Usually, optical methods are contactless and non-destructive.
In optical methods, information about the surface roughness is
contained in the optical beam, obtained via the scattering of the
probe radiation by the probed surface [6]. Among the optical
approaches, the most common are methods [7] using optical
profilometers [8, 9], interference techniques [10–13], methods
based on the speckle-correlation [14, 15] and the light scattering
phenomena [16]. It is the optical methods that enable the
permanent on-line monitoring of the surface state in the
course of technological process. Typically, the applicability of
such methods is limited by the lateral resolution up to the
Rayleigh diffraction limit [11, 12].

With decreasing scale of inhomogeneities, the known non-
contact methods become unsatisfactory with respect to their
accuracy and resolution, and the necessity emerges in the
search of new approaches to the surface roughness control and
diagnostics. In particular, such problems arise in the
technologies of glass panels for the flat screens, functional
units of modern sensor displays, screens of the monitors and
TV sets, where the lightness and flexibility are among the
main requirements, together with the high optical
transmission, hermeticity, thermal stability and the surface
quality [1, 17].

Recently, we have proposed an optical method that makes it
possible to test and evaluate the degree of surfaces’
inhomogeneity of the order of tens of micrometers by using
carbon nanoparticles [18–20]. The method is based on the
property of laser radiation, scattered by a rough (structured)
surface, to form a speckle pattern [12, 13, 21], and carbon
nanoparticles are employed for the study of this pattern. The
synthesized carbon nanoparticles [20], about 50–70 nm in size,
with a significant absorption at the wavelength of 405 nm and
moderate absorption at the wavelength of He-Ne laser
radiation, are able to move within aqueous suspensions
under the action of optical forces generated by the internal
energy flows in the light field [21, 22]. Intensively absorbing
the radiation of the semiconductor laser (405 nm), the
particles can be kept at the special regions of the optical
intensity distribution under the action of the gradient
optical forces [22, 23]. Significant luminescence of the
particles in the yellow-green spectral range enables to
visualize their location. Thus, the structure-forming points
of the optical field (singularity points) can be recorded, which
made it possible to reconstruct the amplitude and phase

distribution of the optical field, practically in a real time.
The obtained distribution was used to estimate the pattern
of inhomogeneities of the surface under investigation.

However, this method is only applicable for surfaces, where
sizes of inhomogeneities are comparable with the wavelength. For
glass substrates, being the object of this work and characterized by
a thinner surface structure, one needs to develop more accurate
and reliable methods for assessing the surface inhomogeneities.
In the current literature, the promising approaches are described
based on the combination of a light sectioning microscope and a
computer vision system [24], or involving the depolarization
effects in the interference methods [25], which offer new
contactless techniques for diagnostics of surface
inhomogeneities and can be applied for investigation of thin
screens. However, the main limitations, associated with the lateral
resolution dependence on the height of the surface structures
[26], still remain insistent.

In this context, the search of the ways to overcome the
difficulties related to the limited lateral resolution has led to
the new proposition. In this paper, we discuss additional
possibilities to involve the fluorescent particles as sensitive
probes of the surface relief. The main idea is that a single
particle can be efficiently localized at any point of the
investigated surface with the help of a proper optical tweezer
[27]; the necessary lateral manipulation can be realized, e.g., with
the techniques used for the probe manipulation in the AFM [3].
Kept at this point of the horizontal plane by the tweezer, the
particle’s vertical position is determined by the local surface
height. Then, the particle is illuminated by the strongly
focused laser beam with the precisely fixed waist position with
respect to the surface. This beam with the properly chosen
wavelength excites the particle luminescence whose intensity
depends on the distance between the particle and the beam
waist, and thus the information on the local height of the
surface can be derived.

This procedure can be realized with the same carbon
nanoparticles that were used for visualization of the singular
light-field structure [20], which show efficient absorption at
405 nm, intense light emission at 530 nm and can be
manipulated by the light of He-Ne laser. Its implementation
includes several steps: 1) digital modeling of the surface profile via
the set of heights measured at a discrete set of points and
formulation of the corresponding requirements to the probe
particle localization with the sufficient lateral resolution; 2) the
exciting beam localization with precise fixation of the horizontal
position of its axis and vertical position of the waist; 3) calibration
of the luminescence signal dependence on the particle-waist
distance and 4) numerical reconstruction of the surface relief
based on the measured luminescence data. All these steps are
considered in detail in the subsequent sections.

DIGITAL CHARACTERIZATION OF THE
SURFACE RELIEF

Simulation of the plate surface inhomogeneity was performed
in the MATHEMATICA environment with employing the
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second-order spline interpolation [28]. A glass surface has
been supposed with the RMS roughness of the order [2, 29].

Rq ∼ 4 − 10nm. (1)

Using the limit correlation radius rcorr � 75 nm, the correlation
length

lcorr � 2rcorr � 150nm (2)

is supposed, which agrees with the data of [2].
Let the dimensions of the investigated region be 1 × 1 μm2.

Based on the known values of Rq and lcorr, a two-dimensional
array of random heights in the (x, y) plane is generated, separated
by distances comparable to the correlation radius. A set of
random values of heights is generated, which corresponds to
the normal (Gaussian) distribution law. The variance of the
heights’ distribution corresponds to the RMS value (Eq. 1);
the range of the height variation is ±20 nm. The use of the
second-order spline interpolation allows modeling a
continuous distribution from the obtained discrete set of
values, which corresponds to an inhomogeneous glass surface
(Figure 1).

In order to study the surface landscape, the continuous
height distribution of Figure 1 is replaced by discrete
sampling via employment of the standard functions
DiscretizeGraphics or DiscretizeRegion of the Mathematica
environment. The choice of the shape, size, and the number
of sections is set by the condition of obtaining the same areas of
all sections, within an error of 0.5–1%, and the possibility of
covering the entire investigated surface. Moreover, the size of
the area should be consistent with the necessary limits of the
probe particle localization (lateral resolution), which was
specified as 50–70 nm.

The result of such a layout is a set of areas, mainly in the form
of right-angled triangles. The dimensions of the areas are
approximately 75 nm in the legs and 106 nm in the
hypotenuse. The average area size is 0.0281 μm2. There are

338 such sites in total, which with a 92% probability covers
the entire studied surface (Figure 2).

POSITIONING THE PROBE PARTICLE ON
THE SURFACE

As an object of study, we use textured flexible glass surfaces, up to
100 µm thick [1, 17].With such thicknesses, the number of internal
defects in the plate is small, and the plate can be treated as optically
homogeneous [30]. As the probe particles, we use the synthesized
carbon nanoparticles [18–20] of the size 2a � 50–70 nm (a is the
particle radius) suspended in the immersion liquid (water). To
perform the surface characterization with the necessary lateral
resolution, the probe particle positions should be agreed with the
discrete surface representation: one to three benchmark positions
within each discrete area of Figure 2 (Figure 3). The spacing

FIGURE 1 | A surface region with a correlation length of 150 nm in the
distribution of inhomogeneities on an area of 1 × 1 μm2.

FIGURE 2 | Representation of the surface of Figure 1 by the set of
discrete areas.

FIGURE 3 | Red points show the possible probe particle positions on
the discrete areas selected during the surface discrete sampling (cf.
Figure 1).
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between the probe-particle positions is dictated by the particle size
and coarsely equals to it; the exact locations of the particle are not
principal and are determined by the abilities of the lateral-
manipulation techniques employed. The only requirement is
that the “network” of the lateral locations be sufficient for the
consecutive profile retrieval with the assigned resolution, i.e.
50–70 nm.

The next problem is to keep the particle at a desirable location
with the desirable accuracy. Let the medium permittivity be ε, and
a particle with radius a is situated inside the light-wave field. We
can accept the condition that a is much less than the wavelength,
a << λ, under which the particle experiences the action of the
gradient force [23]

F � 4π
ε
Re(α)∇we (3)

where we is the local electric energy density we � ε
16π|E|2, E is the

electric field amplitude and α is the particle polarizability,

Reα � εa3Re
εp − ε

εp + 2ε
� εa3q. (4)

Here εp is the particle permittivity, and q �
Re[(εp − ε)/(εp + 2ε)] is the dimensionless multiplier with the
numerical value of the order of unity.

In our special case, the medium (immersion liquid) is water
with the refractive index n � 1.33 and permittivity ε � n2 � 1.77
whereas the particle permittivity for the He-Ne laser wavelength
[18–20, 31] and the parameter q value are

εp � (1.95 + 0.79i)2 � 3.18 + 3.08i, q � 0.35. (5)

The positive value of q means that, despite the absorptive
character, such particles are trapped in the intensity maxima, and
the optical-tweezer effect can be realized, e.g., by the focused
Gaussian laser beam with the radially symmetric complex
amplitude distribution [22].

E(r, z) �
���
8Φ
cn

√
1
b
exp( − r2

2b2
) exp[ik r2

2R
− i arctan( z

zR
)] (6)

where Φ is the total beam energy flow (power), c is the vacuum
light velocity, k � 2πn/λ is the radiation wavenumber in the
medium, r is the polar radius in the transverse plane, z is the
longitudinal distance from the waist plane,

R ≡ R(z) � z2R + z2

z
, b2 ≡ b2(z) � z2R + z2

kzR
, (7)

zR � kb20 is the Rayleigh length and b0 is the waist radius.
According to (Eq. 6), the energy distribution is described by

we(r) � nΦ
2πc

1
b2
exp( − r2

b2
),

so that the energy-density gradient has a radial direction and
equals to

zwe

zr
� −nΦ

πc

r

b4
exp( − r2

b2
). (8)

Therefore, near the axis r � 0, the transverse gradient force
(Eq. 3) can be approximated as

F(r) � −4nqΦ
c

a3r

b2
exp( − r2

b2
) ≈ − 4nq

Φ
c

a3r

b2
. (9)

Normally, this force “prevents” the particle from any off-axial
displacement and keeps it at the point r � 0. However, thermal
fluctuations may impart the particle certain energy sufficient for
its deviation from the beam axis, which would result in
indeterminacy of the trapped particle’s position. Now our
problem is to evaluate the conditions for which such
indeterminacy will not destroy the necessary quality of the
particle localization. For example, we assume that the particle’s
occasional displacement r should not exceed a: this corresponds
to the position indeterminacy ±a, which agrees with the overall
transverse resolution limited by the particle size 2a. At this
displacement, the potential energy of the particle in the force
field (Eq. 9) equals to

U � 4n
Φ
c

a3

b4
a2

2
� 2n

Φ
c
(a
b
)4

a. (10)

Since this energy can be supplied by thermal fluctuations, we
should compare U with the mean thermal energy kBT where kB is
the Boltzmann constant and T is the absolute temperature [32].
Then, the light power sufficient for the particle to be efficiently
localized at the axis, immediately follows from equating (Eq. 10)
to kBT, which gives

Φ � c

2nq
kBT(ba)

4
1
a
. (11)

Under the conditions accepted in the paper, the required
transverse spatial resolution is limited by the particle size
(50–70 nm), so it is possible to take the particle radius a �
25 nm. The size of the focused beam is determined by the
focusing conditions. We use the micro-objective with the
input pupil and the focal distance, correspondingly,

D � 23.8 mm, f � 14.6 mm; (12)

the corresponding input beam width of the Gaussian envelope is
accepted bi � 0.5D/

�
2

√ � 8.4 mm. This means that the focused
beam waist radius [33],

b0 � f

kbi
(13)

for the data of (Eq. 12) and He-Ne laser radiation with λ �
633 nm, is b0 � 132 nm, and, due to Eq. 7, its dependence on the
longitudinal displacement from the waist cross section z � 0 can
be expressed as

b2(z) � b20⎛⎝1 + z2(kb20)2⎞⎠ � b20[1 + ( z

230 nm
)2], (14)

For simplicity, we estimate the expression (Eq. 11) for the
waist conditions where b � b0. Then, as c � 3·108 m/s and at the
room temperature kBT � 4.11·10−21 J [32], from (11) it follows
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Φ � 1
2nq

3 · 108 · 4.11 · 10–21(132
25

)4109

25
J/s � 1

nq
1.92 · 10−2W

(15)

According to (Eq. 5), the “material” factor 1/nq � 2.15, which
means that the trapping-beam power ∼10 mW enables that the
particle with high probability will be kept at the beam axis, and
the Brownian motion will hardly be able to displace it essentially.

But one can easily increase the beam power 2, 3 or even 10 times,
which practically warrants the reliable lateral localization of the
particle at a desirable place, even in view of multiple simplifying
assumptions made during the above calculation. In particular,
Eqs. 11, 15 show that any reasonable variation of the particle size
a (±20%) will not essentially change the conditions for its
trapping and the necessary beam parameters (power, width)
can easily be adjusted. Similarly, if the longitudinal position of

FIGURE 4 | (A)Optical arrangement for the particle guiding and luminescence detection: 1, inspected plate; 2, immersion liquid layer; 3, probe particle (rests on the
plate surface being the bottom of the immersion layer); 4, microscopic objective; 5, collector; 6, spectral filter; 7, luminescence detector. (B) Illustration of the particle
excitation by the violet-light exciting beam.

FIGURE 5 |Dependence of the exciting beam intensity on the distance from the waist of the focused exciting beam. Inset: magnified region of the dependence near
the distance 100 nm.
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the particle deviates from the focused-beam waist (which is
inevitable in view of the inhomogeneous surface relief) by
±(0.2–0.3)zR, the focused beam radius (14) will grow up to
∼1.1b0, which is not critical, and the particle is still reliably kept
by the tweezer beam of properly adapted power. Moreover, it is
reasonable to make the longitudinal position of the focused beam
waist controllable: when the particle is fixed at a certain lateral
location, the waist is adjusted beneath the surface (cf. Figure 4B) so
that the energy gradient is directed towards the sample and
“presses” the particle to it. This action, in combination with the
gravitational and adhesion forces, guarantees the particle’s contact
with the surface, so that its vertical coordinate characterizes the
local surface height. In contrast, when the particle is to be moved,
the waist cross section is “lifted” a bit above the surface thus
enabling the particle to “float”.

To sum up the reasoning of this Section, we can conclude that
the standard gradient-force optical-tweezer technique enables the
efficient and controllable localization of a single fluorescent
particle for probing the surface landscape.

MEASUREMENTOF THEPROBEPARTICLE
VERTICAL POSITION

In the above Section, it was demonstrated how the probe particle
can be trapped and positioned at arbitrary point of the sample

surface with the help of the optical-tweezer beam focused by the
micro-objective. Then, to measure the particle’s vertical
coordinate, it is illuminated by the exciting light (λ � 405 nm)
formed with the help of the similar micro-objective with
approximately the same parameters (Eq. 12). This micro-
objective forms the focused beam waist at a fixed distance
below the base surface plane equaling approximately 100 nm
(Figure 4). In this geometry, the waist cross section is, in fact,
imaginary but this does not affect the light field acting on the
particle (the radiation reflected and scattered by the surface
propagates off-surface and practically is not “felt” by the
particle “attached” to the sample). Importantly, the vertical
gradient of the exciting field intensity supplies additional
longitudinal force which, together with the optical-tweezer
force (see the previous Section), prevents the particle’s off-
surface displacement. Contrary to the tweezer beam, the
exciting beam waist position is not variable but strictly fixed
and forms the reference level for the surface profile measurements.
The exciting beam induces the particle’s fluorescence; the emitted
light is collected and transmitted to the luminescence detector.
The whole measuring module including the micro-objective as
well as the luminescence collection optics is mounted on the
movable stage (Figure 4) which enables 3D positioning with
necessary lateral and vertical resolution.

The exciting beam size at the waist be0 is determined by
Eq. 13 with k replaced by the exciting radiation wavenumber

FIGURE 6 | Diagram illustrating the luminescence intensity of the carbon nanoparticle in different points of the surface region shown in Figure 1. Inset: magnified
area 0.2×0.2 μm2, relative luminescence response is indicated near each point.
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ke corresponding to λ � 405 nm (the input beam size is still
determined by the input pupil size, i.e. bi � 8.4 mm as for the
tweezer beam); accordingly, be0 � 84 nm. With the distance
from the waist plane, the beam size grows according to Eqs.
7, 14,

b2e(z) � b2e0⎛⎝1 + z2(keb20)2⎞⎠ � b2e0[1 + ( z

146 nm
)2]

where keb20 � 146 nm is the Rayleigh length of the focused exciting
beam so that 2keb20 is the depth of its focus [33]. The exciting
beam intensity I (z) changes accordingly,

I(z) � I0[1 + ( z

146 nm
)2]−1

(16)

(see Figure 5). Figure 5 shows that variations of z (vertical
position of the particle → local height of the surface) in the
range 5–10 nm induce remarkable (nearly 3–5%) changes in the
exciting intensity and, therefore, in the luminescence emittance,
which is sufficient for the reliable surface diagnostics with the
required accuracy. Actually, the curve of Figure 5 serves as the
calibration curve for determination of the local surface height
deviation from the base surface plane and, therefore, is the crucial
instrument for the solution of the main problem of the study:
surface relief detection with 50-nm lateral and 5-nm vertical
resolution.

SURFACE PROFILE RECONSTRUCTION

The results of the measured intensity of luminescence at different
points of the surface area of Figures 1–3 are presented in
Figure 6. The relative values of the luminescence response are
indicated by the 3D stem diagram. The difference between the
luminescence responses in different points is immediately

FIGURE 7 | Diagram illustrating the results of the surface inhomogeneity reconstruction. Inset shows numerical values of heights in nanometers for the points of the
selected area 0.2 × 0.2 μm2 (cf. Figure 6) with respect to the base surface plane.

FIGURE 8 | Reconstructed three-dimensional landscape of the surface.
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interpreted as the difference in the surface height (Figure 7). As
was noted above, the difference in the luminescence of 3–5% is
sufficient for diagnostics of 5–10 nm surface inhomogeneities.
This means that the inverse problem of the surface relief
reconstruction is solved; the modeling results confirm this
conclusion.

To recalculate the height and build a map of the surface
inhomogeneities, we use the following algorithm. We select a
point for which the luminescence intensity is minimal (Imin),
and this value serves the reference point for the height. Based
on the difference in the intensity values with respect to Imin

and by using the calibration curve (inset of Figure 5), we
determine corresponding heights. As a result, we obtain a set
of height values, which, using the interpolation
approximations described in Section 2, allows us to
reconstruct the surface profile. Additionally, the actual
distribution of the height irregularities enables to extract
the regular inhomogeneity, for example, the surface
inclination with respect to the baseline, the so-called
nominal profile [18, 19]. According to [34], the nominal
profile is approximated by the function

H(x) � h0 + gx (17)

where x is the scanning direction. Having the measured values hj
in N points xj, the coefficients of the function (Eq. 17) can be
determined as [34].

g � (N∑N
j�1xjhj −∑N

j�1xj∑N
j�1hj)(N∑N

j�1x
2
j − (j)2) ,

h0 � 1
N

⎛⎝∑N
j�1
hj − g∑N

j�1
xj
⎞⎠.

Plausibility of the described approach is confirmed by the
numerical simulation of the surface relief reconstruction, which
shows, for the RMS surface roughness (Eq. 1), the accuracy of
the order Rq � 10 nm ± 6.9%. The modeling results enable to
obtain the 3D map of the surface under consideration
(Figure 8), and comparison with the input surface data of
Figure 1 show that the mean relative deviation amounts
to 7.74%.

CONCLUSION

In this work, a new approach to the surface roughness
diagnostics is described, applicable to surfaces with the
RMS roughness Rq ≤ 10 nm. The high roughness sensitivity
and surface-inhomogeneity detection accuracy are available
due to the use of carbon nanoparticles characterized by
luminescence in the yellow-green spectrum region; the
particles can be trapped and located, by means of an optical
tweezer, at any point of the surface with the lateral resolution
of 50–70 nm. Such a particle serves as a sensitive diagnostic
probe; it can be excited by the 405 nm light, and the
luminescence response depends on the particle distance
from the fixed waist plane of the exciting beam. As a result,

a set of discrete points at different transverse positions is
formed with known surface heights. Consequently, the
standard means of 2D interpolation enable to reconstruct a
three-dimensional landscape of the studied surface with the
vertical accuracy of 3–5 nm and the lateral resolution
50–70 nm.

Another peculiar advantage of using the single fluorescent
nanoparticle as a movable probe is that in this situation it is
possible to construct a spatial model of the studied surface, i.e.
obtain its three-dimensional landscape. This fundamental
difference distinguishes the proposed approach from the
existing techniques described earlier [10–16] where only
the data on the rough surface inhomogeneity is available.

The useful features of the presented approach are directly
associated with the employment of the high-precision optical
tweezer, which is one of the numerous examples of structured
light fields that constitute a set of new, extremely suitable
instruments for nano-scale diagnostics and technologies [21,
35–37]. In the optical tweezer discussed above, the light’s
spatial structure plays a decisive role; however, the complex
polarization and spectral structures of probing light fields offer
additional promising possibilities in the roughness
diagnostics. In particular, the complicated and potentially
error-sensitive procedure of the probe particle manipulation
may be omitted, if a number of identical particles can be placed
upon the rough surface with the density sufficient for the
necessary lateral resolution (this situation can be illustrated by
Figure 3 if the red points are considered as the real probe
particles). Then the main task remains to enable the selective
excitation of luminescence from a single deliberately chosen
particle. This can be achieved by using the principles of
stimulated emission depletion (STED) microscopy [38, 39]:
then, instead of the “driving” tweezer beam of Figure 4, a
“depleting” beam with the ring-like spatial structure should be
applied. Accordingly, during the surface illumination by the
coaxial exciting (e.g., of the Gaussian spatial shape) and
depleting (e.g., Laguerre-Gaussian, [22, 37, 38]) beams, the
conditions can be obtained when only within a small area of
the radius ∼10–20 nm, the luminescence is not suppressed. In
other words, only one particle is emitting, and analysis of its
signal enables to determine the exact vertical position of this
particle, i.e. the exact local height of the surface.

The main problem in realization of this idea is to find the
nanoparticle species admitting efficient luminescence excitation
by the exciting beam and equally efficient luminescence
suppression by the depleting one. This problem can be solved,
e.g., if one uses plasmonic (high-conductivity) particles of a
certain size or morphology, covered by a dielectric layer with
built-in fluorophore clusters, provided that the particle’s
geometry matches its excitation characteristics [40–42]. In
such particles, the radiation with a wavelength of the
fluorophore excitation will excite the luminescence, while the
radiation with a wavelength of the plasmon resonance will
quench it.

On the other hand, the use of anisotropic nanoparticles
opens possibilities for the polarization-dependent control of
the particle luminescence. For example, if the particle is

Frontiers in Physics | www.frontiersin.org January 2022 | Volume 9 | Article 7878218

Angelsky et al. Fluorescence Diagnostics of 3D Surface

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


formed by the high-conductivity nanorod core and the
fluorophore shell of the type discussed in the above
paragraph, the external light, polarized along the nanorod
axis (longitudinally) will excite the fluorescence, whereas
when the light is polarized orthogonally (in the transverse
plane), the transverse plasmon resonance will be excited,
which leads to the luminescence quenching [40]. When
such particles are used as the probe particles, their uniform
orientation can be achieved due to their anisotropic
polarizability and intrinsic dipole moments [43–47], e.g., by
means of a static electric field oriented vertically in the
geometry corresponding to the arrangement of Figure 4.

Then, the “polarization-dependent” principle of the
“single-beam” STED microscopy can be realized. In
particular, in a strongly-focused Laguerre-Gaussian beam,
the field is no longer paraxial but contains both the transverse
(x, y) and longitudinal (z) components [21, 48]. Just near the
axis, the electric field is non-zero and polarized
longitudinally; this geometry serves to the particle
excitation. But with any minor deviation from the beam
axis, the longitudinal field decays whereas the transverse
components grow essentially [48], which efficiently
suppresses the luminescence signal from off-axial particles.
Again, the “pure” signal of a single chosen particle can be
observed, which gives the information on the local surface
height. The detailed analysis and practical realization of these
possibilities require further investigations as well as meets
certain technological problems, which will be considered in
the future.
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