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Plasmonic metasurfaces with the photothermal
effect have been increasingly investigated for optofluidics.
Meanwhile, along with the expanding application of circularly
polarized light, a growing number of investigations on chiral
plasmonic metasurfaces have been conducted. However, few
studies have explored the chirality and the thermal-induced
convection of such systems simultaneously. This paper aims to
theoretically investigate the dynamics of the thermally induced
fluid convection of a chiral plasmonic metasurface. The proposed
metasurface exhibits giant circular dichroism in absorption and
thus leads to a strong photothermal effect. On the basis of the
multiphysical analysis, including optics, thermodynamics, and
hydrodynamics, we propose a concept of chiral spectroscopy
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termed optofluidic circular dichroism. Our results show that different fluid velocities of thermally induced convection appear
around a chiral plasmonic metasurface under different circularly polarized excitation. The chiral fluid convection is induced by
an asymmetric heat distribution generated by absorbed photons in the plasmonic heater. This concept can be potentially used
to induce chiral fluid convection utilizing the chiral photothermal effect. Our proposed structure can potentially be used in
various optofluidics applications related to biochemistry, clinical biology, and so on.

optofluidics, chirality, fluid convection, circular dichroism, plasmonic absorber

ptofluidics studies the control of the flow of fluids

under optical excitation. A promising application of
optofluidics is miniaturized lab-on-a-chip devices for
analyzing and sorting particles and cells. Photoinduced heating
in the liquid is attractive for dynamical optofluidic control
because it is free of intricate fluid design, pumps, valves, or
electrode patterning.' > Metallic nanoparticles (NPs) support
optically excited surface plasmons, in which conduction
electrons oscillate coherently and feature light absorption
enhancement. The associated heat generation and subsequent
temperature rise in NPs have long been treated as side effects.”
Because of the innovation of using plasmonic NPs as localized
heat generators, thermoplasmonics turns this drawback into an
asset and shows great potential in various applications,
including plasmon-assisted magnetic recording,” opto-mechan-
ics,” medical therapy,” thermal-catalysis,” '* bolometry,"'~**
and spatially resolved spectroscopies.'™'® Therefore, control-
ling fluid by plasmonics is a natural means to engineer fluid
motion at micro- or nanometer scale with degrees of dexterity."
The past decade has witnessed a proliferation of studies in
the field of thermoplasmonics-assisted optofluidics.” A
resonant metallic NP can be heated to a temperature that
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can later modify its physical surrounding environment, such as
the viscosity of the surrounding fluid.'®'” Convection flow
generated by the temperature gradient will break the original
static state of the liquid around the heat source. This offers an
idea for precise optical manipulation of motion of the cells and
nanoparticles in an optofluidic channel.'®'®'® Generally, the
fluid convection can be controlled by the temperature increase,
the size of the heat source, and the confinement of the fluid
along the vertical direction.” For example, Quidant et al.
investigated the dynamics of the thermal-induced fluid
convection around a gold nanostructure,'” where the motion
of the fluid can be controlled by changing the height of the
chamber. The fluid flow can also be controlled by the intensity
and the polarization of light.”” Strong and fast fluid convection
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Figure 1. Optical response of chiral MPA. (a) Schematic of the chiral MPA consisting of Au nanoantenna arrays and a bottom Au film
separated by a SiO, layer. (b) The geometry of a unit cell in the chiral MPA. The thicknesses of the top Au chiral structure and bottom Au
layer are 55 and 100 nm, respectively; the thickness of the SiO, spacer is 150 nm. For the top resonator: L, = 100 nm, L, = 350 nm, L; = 200
nm, W; = 100 nm, W, = 50 nm, W; = 61 nm, P, = 800 nm, P, = 350 nm. Simulated optical response of RH (c) and LH (d) MPAs under RCP
(blue) and LCP (yellow) illumination. (¢) CD and (f) g-factor for RH (green) and LH (pink) MPAs. The surrounding media is air.

can be achieved by using plasmonic nanoantennas coupled to
an indium—tin-oxide substrate'® and bubble nucleation.”** In
addition, thermoplasmonics-induced convection flow can be
applied for the assembly and deposition of NPs onto a
substrate,'” transportation of resonant NPs,*’ and optical
sorting of exosomes.”*

However, optical activity is an intrinsic property of many
life-related substances, such as molecules, amino acids, DNA. It
is now possible to artificially fabricate chiral plasmonic
structures with more robust chiroptical and chiral photo-
thermal responses than natural molecular systems because of
the enhanced light—matter interaction.”*>~** Bridging
optofluidics and chiral plasmonics create opportunities to
sensing and manipulating of molecules in research fields where
both chiroptical signals and aqueous environment are
important, such as in biophysics, biochemistry, and life science.
It would be possible to achieve polarization-selective trapping,
sorting, and aggregating of chiral molecules such as proteins
and DNAs and realizing them in a nanoscale cargo. In this
paper, we theoretically study a type of chiral-optical-fluidic
effect based on the photothermal circular dichroism (CD) of
chiral plasmonic metasurfaces.”> The optofluidic circular
dichroism (OFCD) described in this paper stems from the

strong asymmetry in the fluid convection induced by the chiral
photothermal effect. Chiral metamaterial perfect absorbers
(MPAs) are used to generate prominent optical and photo-
thermal CD spectra. We observe that distinct velocity patterns
of the fluid around the chiral nanoantennas are generated, that
is, the photothermal CD (CDy) could translate to fluid
convection CD (CD,). The strong optofluidic chiral effect
suggests that the chiral MPAs are promising for manipulation
of microfluid with circularly polarized light (CPL) and can be
in general used for polarization-sensitive optofluidic applica-
tions and bioanalysis.

RESULTS AND DISCUSSION

Optical Properties of Chiral MPA. The chiral MPA
(Figure 1a,b) consists of a periodic array of Au resonator and
an Au backplane, separated by a SiO, layer. MPAs are typically
composed of plasmonic resonators and a reflector separated by
a dielectric layer.'”> The MPA not only improves the
photothermal effect but also reduces the required light fluence
to achieve a certain temperature increase.”” Full-wave electro-
magnetic simulations are carried out to investigate the optical
response of the chiral MPA. Left- and right-handed circularly
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Figure 2. Near field properties of chiral MPA. (a) Spatial electric intensity profiles were taken on the top surface of the chiral structure at
1310 nm (the first row) and 1560 nm (the second row). (b) Absorption distribution under LCP (left) and RCP (right) illumination in the
chiral MPA. The inset shows the position of the cross-section is along the red-dashed line. (c) Surface charge distributions for the two
resonant modes, i.e., quadrupole modes and dipole. The top two and bottom two were recorded at 1310 and 1560 nm, respectively. The

surrounding medium is air.

polarized (LCP and RCP) light is incident on the front side of
the MPA. Figure lc shows the simulated optical spectra of a
right-handed (RH) MPA, which behaves as a perfect light
absorber for RCP (i.e, absorptance Agcp ~ 1) but a
nonresonator for LCP incidence at the first resonant peak
near 4 = 1310 nm. Reversed results are observed for the left-
handed (LH) enantiomer, as shown in Figure 1d for the
absorption spectra with LCP and RCP incidences. The two
spectral peaks at ~1310 nm and ~1560 nm originate from two
distinct plasmonic resonance modes. The large difference in
optical absorption for LCP and RCP light leads to a giant CD
(CD,) and g-factor (g,-factor, g-factor without subscript refers
to g, -factor in this paper), which are defined as

CD, = Arcp — Agcr (1)

ALCP - ARCP

S (Acp + Arcp) /2 (2)

Here A;p and Aycp are the optical absorptance of the MPA
under the incidence of LCP and RCP light, respectively. As
shown in Figure lef, the maximum CD is 0.94, and the g-
factor of 1.78 can be achieved. The LH and RH enantiomers
present an inverted spectrum of CD and g-factor. Taking the
RH enantiomer as an example, we also investigated the phase
change near the resonance wavelength to better understand the
influencing factors of the giant CD. The maximum CD stems
from the perfect absorption of RCP and complete reflection of
LCP for the RH structure. Figure S1 plots the different phase
change under LCP and RCP incidence. The phase of the x-
and y-component reflection waves was demonstrated to
compare with the absorption spectrum. It can be clearly seen
that the absorption is almost zero under LCP incidence, and
the phase is linear without sudden change. On the contrary, the
MPA exhibits perfect absorption of RCP around 1310 nm, and
the phase also undergoes a significant change at this position.

Therefore, the phase mutation will directly affect the
absorption of CPL and thus influence the CD.

Furthermore, the effects of the period P,, the thickness of
the dielectric layer, and the thickness of the chiral resonators
on CD have been investigated, as shown in Figure S2. Because
of the advantage of giant CD in absorption and inherent
electrical connection, the MPA can be an ideal candidate for
potential applications for circularly polarized light (CPL), such
as hot electron photodetection, heat conversion, and thermal-
induced fluid convection.'®'”**?" The g-factor of natural
ingredients is usually around 1077—107° because of the small
spatial extension of molecular wave functions compared to the
wavelength of the incident light.”>** In contrast, the g-factor of
artificial plasmonic nanostructures is much higher because of
the plasmon-enhanced light—matter interactions. For example,
the g-factor value is ~107> for a DNA-bridged gold nanorod
assembly.”® A g-factor of 0.14 was demonstrated by the three-
dimensional chiral plasmonic oligomers.** In planar chiral
metamaterials or metasurfaces, the g-factor is even higher in
both theory and experiment. In the previous work, we have
proposed a zigzag-wire-shaped perfect absorber with a g-factor
value up to 1.52° In the present work, the particular
permutation of four right-angled trapezoids with different
sizes achieves a very strong mirror asymmetry, leading to a
huge absorption difference for LCP and RCP light. Thus, an
ultrahigh g-factor value can be obtained in this work.
According to eq 2, the value of the asymmetry g-factor reaches
1.78, which surpasses the values mentioned in ref 9 and is very
close to the theoretical upper limit of 2. Therefore, the giant
absorption CD in the chiral MPA can be used for CDy.”" Tt is
worth mentioning that our proposed MPA’s chirality is
significantly higher than any other chiral structures operating
at visible and NIR regions. In Table S1, we present a
comparison of the calculated g-factor and CD values with other
examples.
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Figure 3. Photothermal effect of MPA in water. (a) Simulated optical response of RH MPA under RCP (green) and LCP (purple)
illuminations. The inset shows the schematic of MPA in water. (b) Optical CD (orange) and g-factor (pink) for RH MPA. (c) Photothermal
CD spectra, CD(A). (d) Spectra of the thermal g-factor, g (1). (e—h) Photoinduced temperature increase, AT, at the wavelength A = 1355
nm. (e, f) in the horizontal cross sections (z = —20, 0, 40, and 70 nm) and (g, h) in the vertical section (y = 20 nm). (e, g) LCP incidence; (f,
h) RCP incidence. The incident light flux is I, = 10* W/cm?. The data are given at the time of £ = 8 ns.

The top Au resonator induces chiral optical effects that stem
from the cross-coupling between the electric and magnetic
response, that is, excitation of E-field excited magnetic dipoles
and H-field excited electric dipoles. The electromagnetic field
distributions at resonant wavelengths are shown to demon-
strate the underlying physical processes. The simulated E-field
distributions and enhancement are entirely different between
the LCP and RCP incident light, as shown in Figure 2a. In a
typical MIM absorber, electric and magnetic resonance will
induce antiparallel current flow on the top and bottom layers.
The magnetic field enhancement is shown in Figure S3a.
Herein, the absorption loss is mainly located in the top
resonator, as shown in Figure 2b, originating from the
enhanced fields localized at the resonators. Figure 2c
demonstrates the surface charge distributions of the chiral
MPA at two resonant wavelengths under LCP and RCP
illumination. At the wavelength of 1310 nm, the perfect
absorption originates from higher-order quadrupole resonance,
while at 1560 nm, the absorption originates from dipole
resonance. Again, the surface charge distributions show
different profiles under CPL, corresponding to the E-field

|w)

profile, as shown in Figure 2a. The response of the chiral MPA
to linearly polarized light is also studied to understand the
origin of the strong CD, as shown in Figure S3b. The electric
field vector of CPL can be decomposed into two orthogonal
linearly polarized light electric field vectors, E, and E, that
oscillate with a 90-degree phase shift between them. The
complex amplitudes for LCP and RCP light are given by

1 T T
Frer = f(l’ eXP(_?)) (3)
T
Eaer= 51 e(5) "

Two linearly polarized light with the electric field vector
along the x-axis (L,) and y-axis (L,) is used to illuminate the
chiral MPAs, as depicted in Figure S3c. Taking the RH
structure as an example, the RH enantiomer shows a strong
response under RCP light, resulting from constructive
interaction between the L, and L, modes. At the resonant
wavelength, 1310 nm, where the RCP response is close to the
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Figure 4. Spatial-temporal temperature distribution of MPA in water. (a) Geometry and (b) vertical schematic of the MPA in water. (c—g)
Spatial-temporal distribution in the MPA at t = 8 ns, 40 ns, 80 ns, 200 ns, 1000 ns with (c) along the vertical z-axis (Line 1), (d, f) along Line
2, and (e, g) along Line 3. Panels (d, e) and (f, g) show the spectra with the incidence of LCP and RCP beams.

sum of the absorption from L, and L, polarization, the CD
signal is maximized, as shown in Figure S3b. In contrast, the
absorption of the chiral MPA under LCP light is approximate
to the difference between L, and L, modes because the two
modes have a negative interference from the out-of-phase
linear mode under LCP illumination.” The discussion applies
to LH enantiomer and vice versa.

Photothermal Circular Dichroism of the Chiral MPA.
We next study the photothermal response of the MPA in the
aqueous environment. The resonant peak is shifted from
~1310 nm to ~1355 nm because of the surrounding refractive
index change from the air to water, as shown in Figure 3a,
resulting in CD approaching 0.8 and g,-factor of 1.42, as
shown in Figure 3b. We use our previously proposed formulas,
that is, CD and g-factor for the photothermal CD (g -factor),
to evaluate the asymmetry of photoinduced temperature:'

CD(r) = ATy cp(r) — ATcp(r) (5)

g = ATLCP(") - ATRCP(f)
T [ATep(r) + ATyep(r)1/2 (6)

where AT, cp(r) and ATgcp(r) are the local temperature
increase induced by LCP and RCP light, respectively. The

strong CD further leads to a strong photothermal CD effect in
the water, as shown in Figure 3c. Similarly, the thermal g-
factor presents the resemble trend of the CDy spectra, as
shown in Figure 3d. CDr is consistent with the absorption CD
spectrum, and the amplitudes of the g,-factor and the gr-factor
have similar magnitudes, indicating that the enhanced
photothermal CD originates from plasmonic resonances from
the chiral MPA. The maximum CD; value is 2.30 K at the
irradiation time t = 8 ns, and gr-factor value is about 1.38. The
incident flux of light is expressed by I, = colEoPe'/? /87, where
E, is the amplitude of the incident field, and ¢, is the speed of
light in a vacuum. It should be noted that a small incident flux,
I, = 10* W/cm? is employed in our research on the
photothermal effect in this paper. If the incident flux, I, =
10° W/cm? as used in ref 13, is introduced in our calculation,
the maximum CDr value will be 23.00 K, which is higher than
most previous reports. Thus, the chiral photothermal effect is
also mainly dependent on the illumination intensities.
However, the small light intensity is favored in microfluidic
devices for chip-based chemical and biological analyses. For
example, a highly focused nanosecond pulsed laser was used to
form plasma and cavitation bubbles in the mixed fluids, but the
shortcoming of this method is that extremely high intensity of
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7.6 X 10" W/cm? is required, leading to side effects, for
example, photodamage in the biological application.*

Figure 3e—h and Figure S4 demonstrate a local temperature
increase in the RH MPA in water and air at different positions
under the LCP and RCP light, respectively. The local
temperature increase is determined by

AT(r, ) = —‘if’:;;) o
L

where Q (7, t) is the local heat power intensity; k; and R, are
the thermal conductivity of the surrounding medium and the
Laplace radius of the particle;l r, t are the coordinate and time,
respectively. The Q (r, t) comes from the light dissipation in
the system:

Qr, 1) = ZIm(e(w))e, [E(r, )P
2 (8)

The thermal power inside the chiral nanostructure is
proportional to the square of the excitation electric field.
There is no heat generated outside the resonator since the light
absorption of water is negligible. Therefore, the heat
transferring from the metallic resonator source to the
surrounding water is governed by the heat transfer equation:'”

pc, %T(r, t) + V-(T(r, )v(r, t))| — kV*T(r, t) = 0
)

where p and ¢, are density and specific heat capacity at a
constant pressure of water, respectively. x is the thermal
conductivity of water, v(r, t) is the velocity of the fluid, V>T(r,
t) is an additional nonlinear convective term. The positions z =
0 nm and z = 55 nm correspond to the bottom and top
surfaces of the chiral structure, respectively. The positions z =
—20 nm and z = 70 nm are taken at 20 and 15 nm from the
bottom and top of the chiral resonator, respectively. It is clearly
shown that the local temperature increments are concentrated
around the top chiral resonators because of the nonradiative
decay of plasmonic resonances. Because of the high thermal
conductivity of gold, the spatial maps of the photoinduced
temperature in top metallic resonators are nearly identical and
distribute uniformly, as shown in Figure 3g, h, and Figure
S4e—h. The local temperature rise rapidly decreases when
moving away from the top resonators both in the lateral and
vertical directions.

To further investigate the photothermal effect of our
metasurface, we plot the spatial-temporal temperature
distribution along with different-marked lines, as shown in
Figure 4a,b. The spatial-temporal temperature distribution is
investigated to further understand the effects of the temper-
ature change on the velocity of the liquid in the following
discussion. We observed the spatial-temporal distribution as a
function of time with Line 1, as shown in Figure 4c. The
temperature distribution in the metal is nearly flat because of
the high thermal conductivity of gold. The heat diffuses into
the surrounding material, leading to decayed temperature. As
time increases, the enhanced diffusive spreading of the local
heat is observed. Spatial-temporal distributions of Line 2 and
Line 3 under various irradiation times are plotted in Figure
4d—g. It can be seen that the longer laser irradiation time leads
to a higher temperature increase, and the temperature under
RCP irradiation is higher than that under LCP irradiation
because of the selective absorption of the chiral MPA.

To better understand the saturation state of the system, we
further studied the photothermal conversion efficiency (PTE)
of the proposed MPA. We define the photothermal conversion
efficiency (PTE) as the ratio of the internal energy increase of
the system to the total energy incident on the system. The
internal energy increase of the system can be divided into two
parts, one is the energy increase of water and the other is the
heat absorbed by the resonator. The equation can be expressed
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as

e m AT+ cm AT,
"= IAAt (10)

where I and A refer to the incident light flux intensity and the
surface area exposed to CPL radiation absorbance. ¢, m and
AT are the specific heat capacity, mass, and the average
temperature increase, respectively, with the subscripts “w” and
“n” refer to water and chiral resonators. At is the irradiation
time. The thermal energy converted from the laser energy

absorbed by MPA can be expressed as
Q,=1An (11)

The temperature of the system can be expressed as”’

aT
(c,m, + cnmn)Z =Q,-Q.-Q, 12)
Q. is the energy transferred to the external environment
through heat conduction, which can be expressed as

Q.= B(T = T,p) (13)

where B is thermal conductivity coefficient from solution to the
external environment and T, is environment temperature. Q,
is the energy loss through thermal radiation, which can be
neglected due to the low-temperature structure.’® By solving
eqs 11—13, the time-varying temperature of the solution can
be expressed as®’

T=T,,+ IA?H + beBe

al

(14)

where b is a specific coefficient that can be obtained through

experiment. There will be ¢™B/¢ % 0 if the irradiation time is

long enough. Then the temperature will reach a saturation
state:
IAn
T= Tamb + (1 5)

Figure SS shows the spectra of the photothermal CD with
different incident flux and irradiation times. It can be seen that
when the incident flux is set to 1 X 10* W/cm? CDy gradually
increases and reaches a stable value with the extension of the
irradiation time. In a short irradiation time, a small time change
can cause a relatively significant temperature rise. The rate of
temperature rise decreases with the extension of irradiation
time. The time of saturation of the MPA is the order of 1000
ns. The increase of the laser intensity will lead to a
corresponding increase of CDy. There is a linear relationship
between photothermal CD and irradiation energy. The
calculated PTE of the RH structure is shown in Figure S6. It
presents anisotropic PTE under LCP and RCP, and for the RH
enantiomer, the maximum PTE can achieve ~42% under RCP
light.

Optofluidic Circular Dichroism. Uneven heat distribu-
tion was generated around the resonator controlled by chiral
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Figure 5. Thermal-induced chiral fluid convection of MPA. (a—d) Temperature and velocity patterns (streamlines) at ¢t = 8 ns. The insets
show the schematic of the top view of a chiral unit cell with LH structure (a) and RH structure (b); red dashed lines indicate the position of
the vertical section of (a—d). Panels (a, b) are taken from the LH structure and panels (c, d) are taken from the RH structure under the
illumination of LCP (a, c) and RCP (b, d), respectively. (e) Average temperature increase of the liquid as a function of time under LCP
(orange) and RCP (turquoise) at the resonant wavelength of 1570 nm. (f) The simulated velocity of the liquid as a function of time under
LCP (gray) and RCP (blue) at the point (0, 0, 200 nm). (g) Optofluidic CD spectrum, CD,(41); (h) Spectrum of the optofluidic g-factor,

g.(A).

surface plasmon resonance under the CPL illumination. This
temperature gradient can induce buoyance-driven natural
convection of the surrounding fluid. Chiral fluid convection
is clearly illustrated under CPL illumination, as shown in
Figure 5. We only study the fluid convection of a single
resonator because the photothermal contribution from
neighboring NPs can be neglected in the sparse resonator
distribution.®® To better observe the convection effect, the
incident flux was set to be I, = 10° W/cm? in our research on
optofluidic property in this paper. The temperature distribu-
tion in the surrounding water is governed by eq 9. The
temperature increase AT of the unit cell at ¢ = 8 ns results in a
laminar regime and Rayleigh—Benard-like fluid convection
around the chiral resonator, as shown in Figure Sa—d. As
illumination time increases, the velocity improves because of
the increased temperature, as shown in Figure S7 (20 ns case).
The fluid undergoes some reduction of mass density and thus
produces an upward convection of the fluid (Archimedes
force) because of the temperature increase that takes place
within the fluid around the structure.'” Because of fluidic
continuity, the fluid in other places will flow toward the center

of mass reduction in a toroidal shape. The profile of the fluid
velocity is described by Navier—Stokes equation:'”

0
?(” t) + (v(r, t)-V)v(r, t)

= vVv(r, t) + £, (T(r, 1)) (16)

£, (T) = pgoT(r, t)u, (17)
where v is the viscosity of water and fy, the force per unit mass
due to temperature nonuniformity. g is the gravitational
acceleration, f is the dilatation coefficient of water, §T(r, t) is
the temperature increase. u, is the upward unit vector along the
z-direction. Panels a and b of Figure 5 are taken from the LH
structure under the illumination of LCP and RCP, respectively.
These two patterns are similar in shape, but the value of
temperature and velocity under LCP illumination is much
higher than under RCP illumination. For the LH structure, the
density of the streamlines located in the upper right corner of
the chiral resonator is higher than that of the streamlines in the
left corner, indicating a stronger fluidic motion was
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Figure 6. Influence of the chamber height H on thermal-induced convection. Temperature and velocity patterns (streamlines) with the
height of the water is 300 nm (a—d) and 500 nm (e—h). Panels (a, ) and (b, f) are taken from the LH structure under the illumination of
LCP and RCP, respectively. Panels (c, g) and (d, h) are taken from the RH structure under the illumination of LCP and RCP, respectively.

accumulated in the upper right corner of the resonator. The
relatively large velocity of the surrounding fluid is mainly
concentrated near the surface of the top structure and then
gradually decreases as it moves away from the top resonator.
The convection in the xy plane (t = 8 and 20 ns) is shown in
Figures S8 and S9, respectively. They show asymmetric
streamlines in the horizontal cross-section (z = 55 nm, 200
nm). The different patterns of the streamlines between the LH
and RH structure stem from the chirality of the resonator,
which provides us with ideas for controlling fluid motion.
Similarly, the result mentioned above is also applicable to the
RH structure, as shown in Figure Sc¢,d.

Figure Se plots the evolution of the average temperature
increase of the fluid as a function of time. As time increases,
the temperature of the fluid (with RH enantiomer) gradually
rises and reaches a steady temperature ~35 K, and ~10 K at ¢
~ 2000 ns, with RCP and LCP excitation. Figure 5f plots the
evolution of the chiral velocity of the thermal-induced fluid
convection monitored at point (0, 0, 200 nm) as a function of
time. It should be noted that for a single small nanostructure,
plasmon-assisted fluid motion hardly exceeds 1 nm/s due to
the extremely low Reynolds number. We term circular
dichroism velocity, CD,, as shown in Figure Sg. The formula
of CD, is written as

CD,(4) = vy cp(r, ) — vyep(r, A) (18)

where v cp(r, 1) and vpep(r, 1) are the velocity of the fluid
induced by LCP and RCP light, respectively. The CD, has
been recorded at t = 5000 ns, and the resonant wavelength is
almost the same as the CD spectra. Correspondingly, a chiral
g-factor for thermal-induced fluid convection, g, is defined as

g = Vice = Veer
Vo (Vicp + Veep) /2 (19)

The peaks of g, are at 1355 and 1570 nm with a value of
~0.81 and ~1.30, respectively, indicating a strong asymmetry
of the thermal-induced convection. In contrast, the thermal-

induced convection of an achiral system is illustrated in Figure
S10. There is no differential absorption of CPL for an achiral
structure, thus the distribution of the convection under the
incidence of LCP is just the same as that under LCP incidence.
Moreover, the absorption decreased due to the variation of the
structure, which results in the reduction of magnitude of the
temperature rise and the fluid velocity.

The performance of the proposed MPA under oblique
incidence is also investigated, as shown in Figure S11. As
mentioned earlier, there are two absorption peaks at normal
incidence, with the first and second stem from the selective
absorption of RCP and LCP, respectively. As the incident
angle increases, the absorption of LCP slightly increases at the
first resonant peak while the absorption of RCP gradually
decreases, accompanied by a redshift of the peak position.
However, the change of the second absorption peak is
opposite. As a result, the CD value significantly degrades
with the incident angle increase. It exhibits a potential chiral
flip effect because of the varying phase difference between the
two spin states, which conversely influence waves’ constructive
and instructive interferences.”® The influence of thermal-
induced convection under oblique incidence is also studied, as
shown in Figure S11d,e. We take the result of an incident angle
of 10 degrees as an example; chiral photothermal effects and
thermal-induced convection remain when the incident angle is
10°.

Finally, we investigate the influence of the height H of the
liquid chamber on the fluid convection, as shown in Figure 6.
A top cover slide is conventionally used to confine the liquid in
the z-direction. As the H increases, more fluid around the
chiral structure is driven to move. However, the amount of
heat generated is limited because of the extremely small size of
the structure; consequently, the fluid remains almost stationary
when the height exceeds 1 ym, as shown in Figure S12. With a
larger design of the resonator size, several hundred nanometers
per second flow velocity may be expected when H is above 100
um as predicted by the literature. If the incident flux is
increased to 10° W/cm?, a velocity (exceeds 3 nm/s) that is a
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magnitude larger than the current velocity can be obtained, as
shown in Figure S13. We would like to mention that the
velocity in this paper hardly exceeds 10 nm/s because of the
low Reynolds number. We only demonstrate a proof-of-
concept of combining chirality and optofluidics. The velocity
can be increased by different schemes that are beyond the
scope of the discussion. For example, HfN has demonstrated
outstanding photothermal conversion efficiency among ZrN,
TiN, and Au nanorod because of its low scattering cross-
section, and thus, plasmon-assisted fluid motion can be
increased.”” An experimental study showed that plasmonic
nanoantennas coupled with indium—tin-oxide (ITO) substrate
could generate ym s~ fluid convection.'® Also, one can use
micrometer-sized plasmonic antennas or assemblies of NPs to
boost velocity.

CONCLUSION

In this work, we describe chiral optofluidics induced by the
chiral photothermal effect in a plasmonic absorptive metasur-
face. We can understand this concept in terms of absorption
CD, photothermal CD, optofluidic CD, and circular dichroism
velocity. In our metasurface, the dissymmetry factor, g,, was
calculated as 1.78, approaching the limit of 2 (0< g, < 2),
much higher than that in chiral biomolecules (g,~1073) and
colloidal plasmonic nanoparticle (go~107%); it is also higher
than the dissymmetry factors in other metastructures (g,~1.5).
The giant absorption CD generates strong photothermal CD
and finally leads to chiral optofluidics induced by thermal
effects. We evidence an asymmetric laminar regime and a
Rayleigh—Benard-like fluid convection. Overall, the photo-
thermal effects in the metasurface and optofluidic effect have
been extensively studied; however, few studies have explored
the chirality and the thermal-induced convection of such
systems. To this end, our idea provides insight into the physics
of the plasmonic metasurface and the photothermal effect by
showing that the hydrodynamic phenomena can be chiral. The
theoretical idea developed in this work will help the growing
range of disciplines that leverage plasmonics and control fluid
flow on the micro- or nanoscale. The chiral optofluidics can be
potentially used for integrated fluidic devices, biochemistry,
clinical biology, and those optofluidic applications sensitive to
circularly polarized light. For example, our idea can be used for
a 3D lens; by changing the Dean flow rate using CPL, both the
shape and focal length could be altered to achieve the flexibility
that cannot be achieved otherwise in solid microlens.

MATERIALS AND METHODS

Simulation is performed in this paper by addressing photothermal and
thermal-induced convection in the COMSOL Multiphysics software
using finite element modeling. The electromagnetic properties of the
structure are achieved by solving Maxwell's equation using the
electromagnetic wave, frequency domain module. The optical
absorption, electric/magnetic field distribution, charge distribution,
and so forth, can be studied. The absorptance is defined as A =1 — R,
where R is the reflectance of the structure. We set up two
orthogonally polarized planewaves with a phase difference of 90° to
simulate the CPL. The light perpendicularly impinges onto the upper
surface of the chiral MPA. The surrounding medium is chosen to be
air or water. For spatial-temporal distribution calculation, the
boundary conditions in the heat transfer equation (eq 9) are set as
T = T, = 293.15 K for both the uppermost and nethermost
boundaries. The chiral MPA is illuminated under pulsed excitation.
The physical parameters for optical and thermal calculation are listed
in Table S2. The fluid convection is modeled by using the heat

transfer and laminar flow modules to solve eqs 9, 16, 17. Open
boundaries are considered in fluid flow. The physical parameters for
fluid convection calculation are listed in Table S3.
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