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Multilayered coatings are routinely used in optical devices to achieve their functions. In this study, a specialized multilayered
coating is proposed which composed of alternating layers of SiO; and TiO; to create spectral gaps for varied incidents of
high-power laser. The multilayered coating helps to achieve low-thermally induced fluctuations and effective optical force,
which essentially ensures the performance of the optical force sensor. A theoretical framework for the analysis of the optical
force in the multilayered coating is developed based on the Maxwell tensor of classical electrodynamics and the boundary
conditions at the periodic interfaces. It is compatible with different numbers of layers. And the design, fabrication and
measurement of the coating are demonstrated. The simulation and experiment results show that the multilayered coating can
be employed to generate accurate optical force, which is consistent with the design. The study provides a new methodology
for the control of optical forces and has a critical importance in the application of optical force on a macroscopic scale.

NOMENCLATURE

A, = the absorption rate of the object's surface (1)

C,, = the specific heat capacity (J/(kg'K))

a = the linear elastic coefficient (Pa)

c;, = the longitudinal wave velocity (m/s)

¢ = the speed of light in a vacuum (m/s)

E = the electric field in time domain(V/m)

B = the magnetic flux density in time domain (T)

D = the electric displacement field in time domain (C/m?)

H = the magnetic field in time domain (A/m)
M = the magnetization of material (A/m)

P = the polarization density of material (C/m?)
&y = the vacuum permittivity (F/m)

Uo = the vacuum permeability (H/m)

py = the free charge density (A/m?)

J; = the free current density (A/m?)

f = the force density (N/m?)

T = the stress tensor (Pa)

G = the momentum density (N-s/m?)

w = the very high optical frequency (s')

A = the light wavelength (nm)

E, = the electric field complex vector (V/m)
H,, = the magnetic field complex vector (A/m)
S = the Poynting Vector (W/m?)

X = the electric susceptibility (1)
xm = the magnetic susceptibility (1)
€Y* = the Levi-Civita tensor (1)

1. Introduction

The optical force effect is a phenomenon where a force is exerted
on matter due to the exchange of momentum during the interaction
between light and matter. This effect can provide precise and small
forces ranging from piconewtons to millinewtons'?, which has led to
significant and meaningful applications in the microscopic domain,
such as in optical cooling and optical tweezers>, where the size of the
objects is less than the millimeter scale. In recent years, with the
advancement of high-power laser technology, the study of the optical
force effect has extended from the microscopic to the macroscopic
scale, greatly expanding the research scope and potential applications.
The optical force effect has advantages such as high sensitivity, rapid
response, non-damaging, and traceability. It is expected to become a
crucial breakthrough for the next generation of ultra-high precision
optical sensing, measurement, and manufacturing technologies’.

However, the phenomenon induced by the optical force on
macroscopic objects, which primarily drives their motion, has
extremely small magnitudes and susceptibility to be interfered with
thermal effects. This makes the optical force difficult to be measured
and applied through traditional techniques, necessitating the use of



The 9th International Conference on Nanomanufacturing (NANOMAN 2024)

specialized structures or devices with specialized coating®'°,

Under a single laser pulse with an energy density of 1 J/cm?, the
motion driven by optical force on macroscopic elastic objects is only
at the picometer scale, which exceeds the resolution of current
sensors'!'. Additionally, thermal effects caused by laser absorption can
induce thermoelastic effects, where the amplitude of thermoelastic
motion is often much greater than that driven by optical force. Only
when the absorption rate A,, of the object's surface is less than
2K (1 +Kp,)" 1, the amplitude of thermoelastic motion will be
smaller than that driven by optical force, where k,, = C,/(ac.c). For
optical glass substrates, a reflectivity of over 99.999% is required to
meet the above conditions, which approaches the physical limit for
reflective coatings, requiring the suppression of Brownian thermal
motion in materials to achieve this'2.

Currently, ultra-high reflectivity coatings are primarily categorized
into two types, metallic coatings and dielectric coatings. Metallic
coatings, such as those made from gold or silver, have been widely used
due to their high reflectivity in the visible and infrared regions. In 2017,
a special gold coating reflector was used in the optical force
measurement. This coating achieves an effective reflectivity over 99%
in the experiment, which demonstrates the feasibility of metallic
coatings for optical force research'. Dielectric coatings, typically
composed of alternating layers of materials with different refractive
indices, can achieve extremely low absorption and high reflectivity in
designed waveband'>'%. Dielectric coatings are most commonly used
in the macroscopic optical force research. For example, Gu et al.
designed and fabricated ultra-high reflectivity dielectric coatings,
achieving a precise optical force of 132 nN with laser power of 20 W',
However, the specialized coatings as well as their theoretical
framework for the optical force have not been reported so far. This
study will fill the gap and address the unique challenges posed by
optical force, showing importance to the macroscopic optical force
research and applications.

2. Optical Force Calculation

The design and analysis of the specialized coating are based on the
precise calculation of the optical fore. The maxwell stress tensor
method is employed, and the time-averaging calculation makes it more
practical.

2.1 Maxwell Stress Tensor Method

Maxwell's equations are the fundamental equations of
electromagnetic theory, explaining the behavior of electromagnetic
fields. Maxwell's equations consist of four equations: Gauss's law,
which describes the generation of electric fields by charges; Gauss's
law for magnetism, which asserts the nonexistence of magnetic
monopoles; the Maxwell-Ampéere law, which describes how electric
currents and time-varying electric fields generate magnetic fields; and
Faraday's law of induction, describing how time-varying magnetic

fields generate electric fields, as shown in Eq.(1) to Eq.(4).

V-D=pf 1)
V-B=0 )
VX E=—0B/at 3)

VxH=09D/ot +J; “4)

The equations discussed above are valid in any type of medium. The
medium can influence the electromagnetic field through three effects:
electric polarization, magnetization, and electrical conduction. The
electromagnetic properties of a medium can be described by the
following three constitutive relations: H = B/uy —M, D = P + & E.
In free space (Js = 0, pf = 0), then B = yyM, D = & E, leading to
the homogeneous Maxwell equation. The Maxwell stress tensor and
momentum are represented as follows,
T = (goE% + ugH*)1/2 — &,EE — yoHH (3)
G =posoE X H 6)
Based on the momentum continuity equation f=—V-T —
0G/0t and the corresponding vector calculus laws, combined with
Equations (1)-(4), the expression for the force density in the context of
electrodynamics can be derived.
f=¢y(V-E)E+ po(V-HH+ py0P/0t x H+ J¢ X ugH
+&0E X pugdM/ot. (7)
In Table 1, the subscripts M, A, e, eb, and eh represent the quantities
in the electrodynamics formulations of Minkowski, Abraham,
Einstein-Laub, Amperian, and Chu, respectively. For plane waves, and
for a source-free environment, the expression for force density can be
simplified into,
f = pu,0P/ot Xx H+ J; X uyH. ®)
Table 1 Different Formulations of Electrodynamics
fy  -E*Ve/2-H?Vu/2+pE+]xB
'Ty (DE+ B-H)/2-DE-BH
Gy DxB
fa -E?Ve/2-H?Vu/2+pE+]XB+0(Gy-Gy) /0t
T, (D'E + B-H-DE-ED-BH-HB)/2
G, (ExH)/c?
f. [p+(PV)]E+(uoM-V)H+(J+0P/0t) X H-
T, (goE%+uyH?)1/2-DE-BH
G, (ExH)/c?
fo, -(V-P)E+0P/dtxB+(VXM)xB+pE+]JxB

Ten (£0E?+B?/11y)1/2-6,EE-BB/p

Geb €o (EXB)
£ [p-(V"P)JE-(VtoM)H+(J+0P/90) X j1oH-

T, (g0E2+ugH?)1/2-£)EE-u HH

G, (ExH)/c?

Substituting the electromagnetic stress tensor and momentum

density into the momentum continuity equation yields various optical
force calculation formulas, as shown in Table 1. All the formulas in
Table 1 can be used to calculate optical force, but the appropriate one
should be selected based on the specific circumstances. Among them,
fen is particularly effective for calculating optical force at the interface
between media, making it the most suitable for the continuous
alternating characteristics of multilayered dielectric coatings.

2.2 The Time-Averaging Calculation

Due to the high optical frequency w (w = 2mc/A, on the order of
10" s, the instantancous values of the optical force cannot be
observed experimentally. Instead, only the average value over a time
interval can be measured. It is assumed that the observation time is
much longer than the photon oscillation period (T =2m/w ).
Representing the electric and magnetic fields using complex vector
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form,
E(z,t) = [Eo(2)e™ ™" + Ej(2)e™t]/2, 9)
H(z,t) = [Hy(2)e ™t + Hy(2)e't]/2, (10)
where Ey(z) = XEge~*?, Hy(z) = yHye *?, E = E,(z)e~ ',
H = H,(z)e™'t. Then Eq. (8) can be rewritten in complex vector
form,
f=p(E+E)/2+{[(P+P)-VI(E+E")
+[(M+ M) -V|(H+ H)
+U+J) X po(H + H")
+(P+P") X puo(H + H")
— Uoo(M + M*) x (E + E")}/4. (1)
Substituting Eq. (9) and (10) into the Poynting Vector, which is defined
as,
S=ExH. (12)
By applying the distributive property of vector operations, we obtain
an expression consisting of four terms, two of which include factor
e?i@t and e~2@t respectively. Averaging these two terms over the
observation interval t (-T' Kt K T', T' > T),

T!
1)t f e 2wtdt = (T/T") sinQRwT") /4. (13)
-1’

—2iwt 2iwt

Due to T/T' « 1, the integrals containing e and e“*“*could
be neglected. Thus, the time-averaged value of the Poynting vector is

given by,

1 (" 1
(S) = f Sdt = ERe(EO X HS) (14)
—-T!

2T’
Therefore, the time-dependent terms in Eq. (11) can be neglected, then,
using the Cartesian tensor operations, we further derive Eq. (11)

(f) = Re[eo)(EEiaiEj* + XmHiaiHj* + oo woe* (x5

— Xm)EjHi1/2, (15)
Substituting it into the Eq. (7),
(£)x = Xpogowolm[(xr — xm)E x H']/2, (16)

which represents the time-averaged expression of the optical force
along the propagation direction, indicating the magnitude of optical
force exerted on a unit volume of the medium. Here, y; = P/&oE and
xm = M/H. For Minkowski and Abraham formulation, the time-
averaging expression can be written as,

(f),, = —ZVeRe[E - E*]/4 — YVuRe[H - H"] /4, 17)
where the gradient operator needs to be applied to the material
parameters € and . This equation yields values only at point where
material is discontinuous. Consequently, the computed values from
further calculation cannot represent the true values, but rather indicate
the presence of a discontinuous force at these interfaces.

3. Results and Discussion

Based on the calculation, a specialized coating was designed and
fabricated for the optical force device. The optical force exerting on the
designed multilayered dielectric coating is discussed when irradiated
by a plane wave in an ambient air environment. A two-dimensional
plane wave irradiation model of the coating is established using the
finite element method. Considering the differences between actual
experimental parameters and simulation parameters, as well as
computational limitations, the numerical calculation model of the
electromagnetic field is proportionally scaled down. The diameter of

the actual optical force sensor with the coating is 20 mm, and the laser
beam radius is 5 mm. In the finite element simulation, the region is
scaled down to a diameter of 10 um, and the beam diameter is reduced
to 2.5 pm.

The specialized multilayered coating is composed of alternating
layers of SiO, and TiO, to achieve high reflectivity both at 1064 nm
and 632.8 nm. The 1064 nm corresponds to the excitation high power
laser, and the 632.8 nm corresponds to the measurement laser. The
substrate material is optical glass. The picture and measurement of the
coating are shown in the Fig. 1.

it

Fig. 1 The SiO,/TiO, multilayered coated
Si0,/TiO, multilayered coating; right: Scanning electron microscope
measurement of the multilayered coating)

The coating is fabricated by the ion-assisted evaporation method.

ptical sensors (left:

The coating has a multilayer Bragg reflective structure, with SiO, and
TiO, as the materials. The refractive indices of these materials at a
wavelength of 1064 nm are 1.4496 and 2.47958. The SiO, and TiO,
layers are alternately deposited. The first layer is SiO, at a thickness
0f 366.99 nm, the second layer TiO, is 107.30 nm, and the third layer
SiO, is 183.49 nm. Subsequent layers are alternately deposited using
the materials and thicknesses of the second and third layers, resulting
in a total coating thickness of 4460.88 nm. After the coating process,
the device needs to be left in a dry cabinet for 48 hours to release
residual stress from the coating. The measured reflectivity of the
coating is 99.99% at 1064 nm and 86.07% at 632.8 nm.
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Fig. 2 Two-dimensional electric field and magnetic field distribution
within and around the multilayered coatings.

By applying the calculation formula of optical force discussed in
Section 2, the distribution of the optical force over the two-dimensional
simulation region is numerically computed, with results shown in Fig.2
and Fig. 3. The direction of the red arrow represents the direction of the
optical force. It indicates that the beam propagating along the z-axis
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exerts force along the propagation direction on the coating. The
simulation results show that the peak optical force is 1.28x 10° N/m?.
Integrating the peak optical force over the two-dimensional surface
area and dividing by the beam width yields the average optical force
within the irradiated region of 7.39x10~ N/m’® .Compared to the
designed value, the final value is consistent, which is verified in the

experiment'”,
pm E, (N/m?) x 10

+5

x 103
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Fig. 3 Distribution of the optical force within the SiO, / TiO,
multilayered coating

Simulations on the optical force at the coating interfaces is also
conducted by combining the Minkowski and Abraham formulations,
as shown in Fig. 3. The two first terms in fy; and f, in Table 1 give
the density of force acting on the regions of spatial inhomogeneity. This
demonstrates the good compatibility of the coating.

4. Conclusion

This study provides a detailed derivation and analysis of the optical
force calculation models for a specialized coatings using the Maxwell
stress tensor. Based on the finite element method, an electromagnetic
field model for multilayered coating is established, and the optical
force exerted on the coating is accurately calculated. Based on the
simulation and experiment results, the specialized coating can be
employed to meet the following four requirements:

. The designed optical force over 100 nN is foremost achieved
in devices with a centimeter scale and milligram-level mass.

. The high reflectivity over 99.9% is achieved to suppress
thermal effects.

. The distribution of the optical force facilitates the
macroscopic device research which can be treated as surface
force.

. Non-contact ultra-precise laser interferometry measurement
is guaranteed by dual-band high reflection.

These four requirements can be also treated as coating standards in
the related macroscopic optical force research and applications. They
essentially ensure the performance of the macroscopic optical force
device.
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