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Abstract

The ability to apply force and torque directly to micro- and nanoscale particles without contact in optical traps
has generated wide range of applications in scientific research and engineering. However, most of the particles for
such optical manipulations are comprised of a single material that is chosen from the library of naturally available
materials. Hence, the design and performance of the particles have been severely constrained by the narrow range
of the given set of physical and chemical properties. Here, we overcome these limitations by implementing the
concept of dielectric multilayer metamaterial based on the effective medium theory. It allows to obtain a designed
combination of refractive index and birefringence suitable for each specific need, by choosing different consisting
materials and changing the relative composition ratio of them. Aiming for being highly birefringent yet easily trap-
pable and chemically stable, we have designed and fabricated highly uniform NbsOj5/SiOg-multilayered and square
cuboid-shaped nanoparticles. The resulting maximum birefringence is similar to that of calcite CaCOj3 crystal
while the refractive index can be as low as that of other common dielectric probes such as silica and polystyrene.
These desired properties are successfully demonstrated by tight 3D-trapping and generation of ~16 nN-nm torque
and ~5 kHz rotation frequency at a ~100 mW single-beam optical trap in water. This extension to the library of
optically trappable materials beyond the existing ones paves the way for further improvements and opportunities
in advanced optical manipulation systems.
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1 Introduction

The development of optical trapping technique has enabled a various of micro- and nanoscale applications over the
last decades [1]. The possibility of non-contact optical manipulation and detection of linear and angular motions has
offered novel approaches for diverse fields of science and engineering, such as force and torque spectroscopy of single
biomolecules [2, 3], quantum optomechanics [4, 5], colloidal self-assembly [(], and optically driven nanomachines [7].
For such utilizations of optical trapping, dielectric materials, e.g., silica and polystyrene (PS) have been popular
choices as force transducers [3]. Particularly for the combined manipulation of force and torque, birefringent dielec-
tric probes have proven their advantages over metallic probes [8, 9], enabling direct torque detection, less heating,
reduced scattering, and confined rotational degrees of freedom [10]. Therefore, various birefringent dielectrics
have been successfully applied as optical force and torque transducers, which are uniaxial crystals such as quartz
SiOq [11, 12, 13], calcite CaCOg [14], vaterite CaCOg [15], liquid crystal RM257 [16], and rutile TiO2 [10] (Fig. 1a)

Nonetheless, all of these dielectrics have their own limitations. Silica and PS are commercially available as
highly uniform and chemically stable microspheres with wide range of diameters and surface chemistries. However,
they are not suitable for torque transducers due to their non-birefringence. Another chemically stable material,
quartz SiOg, is birefringent and allows torque transduction. However, its very low birefringence (An = 0.009)
severely limits the transferable torque to the material. Although the torque transfer efficiency can be maximized
by enlarging the size of the probe, this not only renders it unfavorable for stable trapping in single-beam optical
traps, but also reduces the achievable rotational speed and spatiotemporal resolutions due to the increased viscous
drag from the surrounding medium [10]. Calcite and vaterite CaCOg have higher birefringence (An = 0.1 — 0.16),
however, they are dissoluble in water and therefore less suitable in biological and microfluidic environments.

In contrast, rutile TiO4 is not only chemically stable in aqueous environments but also has the highest bire-
fringence (An = 0.26) among all the known naturally occurring crystalline materials. In addition, its averaged
refractive index (7 = 2.6) is much higher than other common dielectric probes (7 = 1.4 — 1.6). This combination
of both exceptional optical index and birefringence allows it to achieve both the highest level of force and torque
transfer efficiencies with only a single probe, as well as the excellent measurement precision in force, torque, posi-
tion, and angle (below 1 pN, 1 pN-nm, 1 nm, and 1 degree, respectively) on short time scales at only moderate
laser power [10].

Regardless of the superior properties of rutile TiO2 as an optical force and torque transducer, it does not
provide an omnipotent solution for the wide range of applications. Although the high refractive index of rutile
TiO, is beneficial to obtain large linear stiffness and force, it results in a large scattering that puts stringent
requirements for stable 3D trapping. To generate sufficient gradient force to counteract the scattering force, a
tightly focused trapping beam, i.e., high numerical aperture (NA) objective lens, is inevitable. Even with such
a tightly focused beam, the probe size has to be limited (<~300 nm) in order to restrain the scattering force
from exceeding the gradient force [10]. While such requirements are still pertinent to many biological and physical
applications, they would become substantial limitations for others in the aspects of optical trapping system designs.
First, the flexibility in designing the optics for trapping is substantially diminished. For example, stable 3D trapping
of such particles is challenging in compact and affordable optical trapping systems that often possess low NA optics
and hence less tightly focused beam [17, 18, 19]. Second, as the 3D trappability of the probes are highly size- and
shape-dependent, their use in large size or exotic shape, such as the gear-shaped microfluidic rotors [20, 21], would
be impractical. Therefore, the degree of freedom in probe geometry design is severely limited. Third, the high trap
stiffness is not beneficial for all cases. A low trap stiffness is intentionally utilized for certain applications, e.g.,
photonic force microscopy in which a “soft” probe is beneficial to scan a fragile sample such as cell surface [22].

Therefore, beyond the very limited sets of the naturally existing crystalline materials, it is desirable to have
a combination of optical constants at will by intentional design. For example, probe particles with low refractive
index yet still high birefringence would solve the issues mentioned above. Such tailor-made birefringent particles
with optical properties tuned for each specific application are predicted to further broaden the applicability of force
and torque transducers in optical trapping.

For a realization of this idea, the concept of metamaterials (MMs) can give a solution. The MMs are engineered
materials to confer desired properties that are not possessed by naturally occurring materials. Their abilities to
generate artificially defined refractive index [23, 24] and birefringence [25, 26] have been widely demonstrated.
Particularly, the multilayer-structure MMs [27] are straightforward to design and implement for both artificial
index and birefringence [28, 20]. The fabrication of such multilayer MMs can be achieved readily by sequentially
depositing different material layers on a substrate using standard semiconductor fabrication techniques such as
sputtering [29], evaporation [30], and atomic layer deposition (ALD) [31]. The lithography, etching, and the
sequential harvesting of nanoparticles using a sacrificial layer in fabrication allow to obtain a large number of highly



uniform lithographically-defined MM particles [21, 20, 32, 33]. Moreover, such sacrificial layer-based fabrication is
in principle free from the undesired deformation in particle geometry during cleaving them from a substrate [10].

Here, we demonstrate a realization of birefringent multilayer MM particles with designed optical constants, as
force and torque transducers in optical traps. Unlike the probe particles fabricated from natural crystals, we can
customize the resulting optical properties of the MM particles by choosing multilayer material pairs and the ratio of
the layer thicknesses, as demonstrated by means of both theoretical calculations and optical trapping experiments.
Aiming for a high birefringence, we have chosen niobium pentoxide (Nb2Oj5) and silicon dioxide (SiOs) as the
consisting multilayer materials. This combination results in a large birefringence at only moderate refractive index,
allowing stable 3D trapping with relaxed requirements in optics configuration, particle geometry, and trap stiffness.
The resulting optical constants are very close to those of calcite/vaterite CaCOs. However, unlike CaCO3 crystals,
our MM particles are chemically stable in aqueous environments. Moreover, they are highly uniform and suitable
for mass-fabrication.

2 Results and discussion

2.1 Design of birefringent multilayer MM particles

The design principle of the artificially birefringent MM probe is based on the effective medium theory (EMT) [34].
The EMT predicts that a multilayer of alternating isotropic dielectric materials exhibits an effective birefringence.
When the thickness of each layer is much smaller than the wavelength of the incident electromagnetic wave, the
effective optical permittivity of the structure can be approximated by a tensor
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where €| and e, are the permittivity components parallel and perpendicular to the interfacial surfaces of the
multilayer stack, respectively. The values of them are given by
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where €; and €5 are the permittivity values of the higher- and lower-index materials, respectively, and the material
filling ratio p = dy/(d1 4 d2) is defined as the thickness-ratio of the single higher-index material layer (d;) and the
unit multilayer (d; + ds).

To confirm the accuracy of the EMT approximation, we have compared the calculated Fresnel coefficients
of the homogeneous single-layer effective medium and the multilayer MM structure in water at our operating
wavelength (1064 nm) and target dimensions (calculated by our custom Matlab code according to Ref. [35]; Fig. S1).
The optical property of the homogeneous single-layer effective medium is calculated by the EMT (Eq. 1-3), and the
multilayer MM structure uses the nominal optical constants of each consisting layer. In these calculations, we fix the
total thickness of both structures as 300 nm, while varying the number of layer-pairs from 1 to 6 in the multilayer
geometry. As the number of layer-pairs increases, the Fresnel coefficients calculated from the multilayer geometry
approach to those from the single-layer effective medium geometry. The approximated coeflicients are highly
accurate for 5—6 layer-pairs (the largest deviation from the effective medium is less than 0.4%). This comparison
confirms that the EMT is sufficiently precise to describe our multilayer MMs, and we choose 50 nm (= 300 nm x 1/6)
as the thickness of the unit layer-pair for further investigations. Moreover, our finite element method (FEM)
calculation validates the EMT as well (Fig. S2; Methods).

We have compared diverse combinations of high- and low-index materials for the multilayer (Fig. S3). We have
focused on the oxide materials as they are commonly available in popular semiconductor thin film fabrication tech-
niques, such as evaporation, sputtering, and ALD, with the capability to form stable multilayer compositions [30].
Also, there exist well-developed surface functionalization protocols for oxide materials, which further facilitate the
utilization of multilayer materials in diverse areas including biological applications [37]. We have paired each differ-
ent high-index material (blue dots in Fig. S3) with the low-index material fixed as silicon dioxide (SiO2) (n = 1.47
[38], white dots in Fig. S3). It is notable that, depending on the used thin film deposition method and growth
parameters, the refractive index of a thin film material can vary and deviate from that of the same material in
the bulk crystalline form. For example, the refractive index of the titanium oxide (TiO3) thin film compared in



Fig. S3 is either 2.07 [39] (prepared by evaporation) or 2.31 [40] (prepared by ALD). We choose niobium pentox-
ide (Nb2Os) (n = 2.25 [38]) as the high index material because its index is comparable to that of ALD-prepared
TiOg film and higher than aluminum oxide (Al;O3) (n = 1.67 [11]) and hafnium oxide (HfO2) (n = 2.08 [12]) films.
Also, its multilayer composition with SiOs has been successfully demonstrated for optical applications and can be
reliably fabricated by us [36]. We use plasma-assisted reactive magnetron sputtering (Methods) and the refractive
index measurements on the deposited films reveal the expected values, i.e., n = 2.26 for NbyO5 and n = 1.47 for
SiO5 at 1064 nm.

The effective birefringence and the corresponding averaged refractive index of each material combination can
be predicted using the EMT (Eq. 1-3), as a function of material filling ratio p. In Fig. 1b, the calculation result is
shown for the case of NbyO5/Si02 multilayer. The refractive index component ny (= ,/€)) is a straight line (light
blue dashed line), while the refractive index component n, (= ,/€1) is a bent curve (dark blue dash-dotted curve)
whose value is always the same as or smaller than n||. The averaged index 7 is displayed as the dotted blue curve,
while the magnitude of the difference between them (An) is shown as the red curve, indicating a negative uniaxial
birefringence with n. = n; < n, = n). In order to maintain the desired orientation and provide proper rotational
control of the particle in an optical trap (Fig. 1c), the particle is designed to be square cuboid shape with high
aspect ratio (AR) (3—6) (Fig. 1d). The high AR generates sufficiently large geometrical torque [10] around the
z- and y-axis and maintain the particle orientation in the y-z and z-z plane, respectively, as shown in Fig. 1c.
Therefore, the rotary control of the particle around the z-axis can be achieved by utilizing its birefringence in
the x-y plane that originates from the multilayer structure. Although the cross section of a square cuboid is not
rotationally symmetric as like that of cylinders [11, 43, 44, 10], it minimizes the geometrical torque around the
z-axis when compared to a rectangular cuboid. Hence, the particle rotation around the z-axis can be mainly
controlled by manipulating the polarization direction of the linearly polarized input beam.

The EMT (Eq. 1-3) also offers general guidelines to design optical constants of multilayer MMs by will.
Taking the NbyO5/SiOo multilayer as an example (Fig. 1b), the effective birefringence (An) of the MM can be
selected between zero and the maximum (0.17 when p = 0.55, similar to that of calcite crystal) by choosing the
corresponding filling ratio p of the multilayer. Meanwhile, depending on the chosen filling ratio, the averaged
refractive index (72) of the MM varies between 1.47 (that of low index material, SiO2) and 2.25 (that of high index
material, NboOs). Except the case of the maximum birefringence, there exist two filling ratios with which the same
level of birefringence can be obtained. These two possible choices form a trade-off relationship between the particle
trappability and the maximal force generation. A smaller index renders the MM particle to be more easily trapped
in 3D due to the reduced scattering force, while a larger index brings enhancement in gradient force due to the
increased index contrast with the surrounding medium (i.e., water in our experiments). Therefore, depending on
the target application or the given experimental situation, one can determine the suitable material filling ratio to
obtain a desired combination of refractive index and birefringence for MM particles (e.g., “high 7 & high An” pair
or “low 7 & high An” pair).

Considering the above-mentioned guidelines based on the EMT and the feasibility of particle realization through
fabrication, we have chosen two different filling ratios (p = 0.3 and p = 0.5) to demonstrate the tunability of the
optical constants of our MM particles (for a more straightforward calculation and fabrication, we confine the
precision of p values to the first decimal). We take p = 0.5, close to p = 0.55 that maximizes birefringence as
mentioned above, to target a large birefringence (An = 0.16, while average index 7 becomes 1.82), being ~18
times larger than that of quartz crystal (An = 0.009). Then, we choose p = 0.3 as the second option, aiming for
a lower index (7 = 1.68) to further facilitate 3D trapping with a still high enough birefringence (An = 0.13, ~14
times larger than that of quartz). Notably, using the filling ratio p as the only tuning parameter, the NbyOj5/SiOq
multilayer can have a birefringence as high as that of calcite (An = 0.16, 7 = 1.56), and a refractive index as low
as that of vaterite (An = 0.1, 7 = 1.6) and many other common dielectric materials for trapping (7 = 1.4 — 1.6).
Overall, this multilayer with p = 0.3 — 0.5 can realize the combination of moderate index and high birefringence
(“low 7 & high An” system) as like calcite/vaterite CaCOgs, being complementary to rutile (which is a “high 7 &
high An” system) as discussed in the introduction. If obtaining a higher linear stiffness is of interest as like rutile,
selecting only a higher filling ratio (p = 0.5 — 0.8) is sufficient to obtain the same level of birefringence with an
increased index as high as 7 = 2.1 (Fig. 1b).

In this section, we have determined most of the design parameters for our multilayer MM particles. We choose
NbsOj5 and SiO; as the paired materials to compose the multilayer, with 50 nm as the unit-pair thickness. We focus
on two different material filling ratios (0.3 and 0.5), which result in two distinct sets of optical constants. For the
geometry of each particle, we use a square cuboid with high AR. The specific dimensions (i.e, width and height) of
the nano-cuboids are determined based on the FEM-calculated optical trapping landscapes in the following section.



2.2 Numerically calculated trapping performance of multilayer MM particles

The FEM-calculations of optical trapping landscapes offer inevitable insights into the predicted performance of
our multilayer MM particles, for both linear and angular manipulations, as a function of particle dimensions. We
determine the dimensional range of the particles for calculation as follows. First, we explore the total multilayer
thickness (i.e., width of nano-cuboids) starting from W = 250 nm (up to W = 450 nm). The thickness of the unit
layer-pair is fixed as 50 nm, and hence every particle has a large enough number of multilayer pairs (> 5), for
which the EMT results in highly precise approximation as discussed in the previous section. Second, for AR, we
study from the cube (AR = 1) to the square cuboids with different heights (AR up to 7). The resulting range of
heights (~ 0.5 — 3 pm) include the height for the 100% torque transfer efficiency [10] for each filling ratio (2.1 ym
for p = 0.3 and 1.6 um for p = 0.5; Fig. S4).

To diagnose the 3D-trappability and predict the maximal axial trapping force of MM particles in square
cuboid geometry, we have calculated the axial stiffness . for p = 0.3 and p = 0.5 (Fig. 2a,b). For each particle
dimension, r, is defined as the slope of the axial force curve at the equilibrium trapping position (zeq; Fig. S5).
The nano-cuboids with p = 0.3 are trappable for the entire calculation range of width (W = 250 — 450 nm) and
aspect ratio (AR = 1 — 7). In contrast, the nano-cuboids with p = 0.5 include the non-trappable dimensions
(appear from W = 380 nm) displayed as the black pixels in Fig. 2b, for which the axial stiffnesses are not defined
due to the dominant scattering forces and the resulting absence of z., (therefore, the corresponding dimensions
are not used for the following calculations and displayed as black pixels as well in Fig. 2d and Fig. 3b,d). Our
additional calculation with an extended width range (W up to 550 nm; Fig. S6) shows that the nano-cuboids with
p = 0.3 starts to have non-trappable dimensions only from W = 525 nm. The narrower range of 3D-trappable
dimensions for the MM particles with p = 0.5 is due to the larger scattering force from their higher effective
refractive index (7 = 1.82), compared to that of the MM particles with p = 0.3 (i = 1.68). As a trade-off of
this reduction in the trappable dimensions, the higher index of p = 0.5 particles allows a more effective linear
momentum transfer. For example, the similar s, (~1.4 pN/pum/mW) can be achieved with ~ 40% smaller volume
of a particle with p = 0.5 (W = 340 nm, AR = 3.4; magenta circle in Fig. 2b), compared to that of a particle with
p=0.3 (W =450 nm, AR = 2.5; magenta circle in Fig. 2a). It is noteworthy that, regardless of the filling ratios,
these axial stiffness maxima are achieved when a particle has height close to ~ 1.1 — 1.2 um and is also centered
around the beam focus (z.q ~ 0 nm; Fig. S5). This trend is clearly visualized by the stiffness maxima calculated
per each particle width (red squares in Fig. 2a,b), which forms almost an equal-height curve in each x, map. This
correlation is presumably due to the optimal overlap of the particle volume and the focus beam volume, in which
the largest field gradient can be experienced by the particle.

When it comes to the lateral stiffness, we calculated k, (Fig. 2c,d) at z.q, which is larger than x, when the
input beam is linearly polarized along the z-axis [10]. The &, is maximized around W =~ 300 nm (the most bright
regions in Fig. 2c¢,d) regardless of the chosen filling ratios, and the k, maxima (~ 11 pN/um/mW) also appear
at W = 300 nm (AR =~ 5) (magenta circles in Fig. 2c,d). The existence of this optimal particle width for lateral
force is considered as a result of the ideal overlapping with the focus volume along the lateral direction, similarly
as the case of axial trapping. Overall, the lateral stiffness is almost an order of magnitude larger than the axial
stiffness, due to the absence of the net lateral scattering forces [10].

The calculated maps of angular stiffness kp (Fig. 3a,b) represent the maximum torque (7, = k¢/2), which is
experienced by a particle rotated 45° with respect to the input beam linear polarization direction. The maxima
of kg calculated per each particle width (red squares in Fig. 3a,b) are distributed around H =~ 2.5 — 2.6 ym for
p=0.3and H =~ 2.0 — 2.1 ym for p = 0.5. These heights for the optimal torque transfer efficiency are ~ 0.5 pm
larger than those predicted by the ideal theory (equation 1 of Ref. [10]; H = 2.1 ym for p = 0.3 and H = 1.6 ym
for p = 0.5 as shown in Fig. S4), which is attributed to the peculiarities of nanoparticle trapping with a tightly
focused beam that are not considered in the ideal equation [10]. Overall, within the same range of dimensions
chosen for the calculation of kg maps, the particles with p = 0.5 have larger angular stiffness values (maximum
kg of 877 pN-nm/rad/mW) than those of the particles with p = 0.3 (maximum k¢ of 653 pN-nm/rad/mW). This
enhanced torque of p = 0.5 particles is a consequence of their 27% higher birefringence than that of p = 0.3
particles.

Although the angular stiffness of p = 0.5 nano-cuboids can be maximized with the particle dimensions on the
finger-shaped regions [45] (for example, the maximum kg at W = 445, AR = 4.6, as marked with the magenta
circle in Fig. 3b), their utilization is difficult in practice for the applications that require 3D trapping. First, some
fraction of the fabricated particles can be easily outside of the finger region due to the distributions in the actual
particle dimensions, and fall onto the regions of black pixels that do not support 3D trapping. Second, the non-
idealities of the actual trapping system (e.g., aberration of the focus beam) will modify the trapping landscape (e.g.,
shift of the finger regions or the threshold diameter for 3D trapping) [10], and hence even the particles fabricated



with high uniformity might have less stiffness or become non-trappable. In contrast, as a trade-off of being less
efficient in torque transfer, nano-cuboids of p = 0.3 can be trapped in 3D for every dimension shown in the map
due to their lower refractive index, including the dimension for the maximum kg (W = 445, AR = 5.6).

In Fig. 3c,d, we show the angular speed f, (= (kg/2)/(2779)) maps for the nano-cuboids, calculated using
the maps of k¢ and rotational drag coefficient vy (which is also FEM-calculated; Fig. S7). Overall, the larger
angular speeds are achieved with smaller dimensions (e.g., the maxima for both maps appear at W = 255 nm,
AR = 3.7), due to the fact that the rotation of larger particles is severely hindered by the increased rotational drag
in the surrounding medium (water). Meanwhile, the larger angular stiffnesses of the particles with p = 0.5 allow
faster angular rotation speeds (maximum f, of 61 Hz/mW) than those of the particles with p = 0.3 (maximum f,
of 45 Hz/mW). For both material filling ratios, the maximum speed for each particle width is distributed around
the equal-height line of ~ 1 pm, where the optimal balance between the angular stiffness and drag are achieved to
maximize the speed.

Based on these numerical calculation results, we have finalized the multilayer MM particle dimensions for
fabrication (Methods). For the smaller filling ratio p = 0.3, we fabricated one wafer with W = 300 nm (wafer
A) and another wafer with W = 400 nm (wafer B), because particles with these widths are expected to be stably
3D-trappable. For the larger filling ratio p = 0.5, we fabricated only one wafer with W = 300 nm (wafer C),
considering the smaller 3D trapping threshold diameter (Fig. 2b). We choose AR of 3, 4, and 5 for all three wafers
A—C to obtain particle heights H covering the sufficiently wide range of ~ 1 — 2 um. Therefore, the resulting
heights include those for achieving highly optimized torque transfer efficiency with each material filling ratio, i.e.,
H =2.0pm for p=0.3 (W =400 nm, AR =5) and H = 1.5 ym for p = 0.5 (W = 300 nm, AR = 5) (Fig. S4). We
also fabricated particles with AR = 6 (H = 1.8 um) from wafer C, to explore the torque behavior of particles longer
than the theoretically optimal height for torque transfer (H = 1.6 pm). The dimensions of the designed sample
batches are indicated by the corresponding symbols and labels in Fig. 2a,b, where the alphabet and number in
each label represent the wafer and the aspect ratio, respectively.

2.3 Linear and angular trapping behaviors of multilayer MM particles

We have fabricated ten batches of multilayer MM particles in total (Methods; Fig. S8,59,S10; Table. S1),
as designed above (A3—5, B3—5, and C3—6), and measured them in an optical torque wrench setup (Methods;
Fig. S11; Table. S2) with which both linear and angular trapping properties can be characterized [10]. The
fabrication process has been tuned to produce particles with actual dimensions as close as possible to the design
parameters and have overall deviations less than ~ 5% in the width and height (Fig. S10), while the thickness is
precisely controlled during multilayer deposition (Fig. S9).

The tight 3D-trappability of the nano-cuboids has been confirmed by measuring linear stiffness values in all
principal axes (z, y, and z) (Fig. S12). As expected for optical trapping with single-beam that is linearly polarized
along the z-axis [10], measured nano-cuboids show the highest stiffness along the y-axis (k,), and we use the lateral
trapping data from the measurements along the y-axis in the following analysis. Each 3D-trapped nano-cuboid
further reveals the angular trapping characteristics by modulating the linear polarization direction of the input beam
(Methods). The measured linear and angular stiffness values of the nano-cuboids are shown in Fig. 4a,b. The
particles within each batch behave very consistently, with small relative standard deviations (RSD=SD/meanx100)
in both measured linear and angular stiffnesses (RSD= 6% =+ 5%; mean and SD are calculated from the entire ten
particle batches). The measured linear and angular drag coefficients also show very small variations among different
particles within each batch (RSD= 5%+4%). These RSD values are comparable to those of the commercial standard
PS beads measured in our setup (RSD= 8% + 1% for stiffness and RSD= 9% =+ 2% for drag) and confirm that the
fabricated multilayer nano-cuboids are highly uniform in both optical properties and geometry.

The measured linear and angular stiffnesses show quantitative agreement with the corresponding FEM cal-
culated values scaled by 59% =+ 22%. This scaling factor is expected as no optical aberration is considered in the
FEM calculations, which can substantially distort the field gradient of the focus beam in an implementation of
trapping optics. The similar scaling factors have been observed for other probe materials (58% =+ 7% of polystyrene
beads and 42% =+ 14% of rutile TiOy cylinders) as well in the same setup [10]. Meanwhile, the measured linear and
angular drag coefficients agree with the FEM calculated drags scaled by 76% + 13% (Fig. S13), unlike the highly
exact agreement which has been observed for spherical (102% + 8%; linear drag) and cylindrical (104% =+ 17%;
both linear and angular drag) geometries in the same setup [10]. This difference is attributed to the fact that each
nano-cuboid is modeled as an ideal square cuboid with sharp edges, while in reality the fabricated particles have
rounded edges (Fig. S10) that might reduce the actual drag experienced by the particles.

Although the particles of A3—5 and C3—5 batches have the same design geometry (W = 300 nm, AR = 3—15)



and hence the similar drag coefficients as shown in Fig. S13, their measured linear and angular stiffness values are
distinguishable each other because of their different material filling ratios. As predicted by the EMT, the wafer
C (p = 0.5) has 9% and 27% larger index and birefringence than wafer A (p = 0.3), respectively. Consequently,
the particles of C3—5 batches (p = 0.5) exhibit measured linear and angular stiffnesses that are ~29% and ~40%
higher than A3—5 batches (p = 0.3), respectively. These trends match well with our theoretical predictions in
which larger index and birefringence lead to higher force and torque (Fig. 2,3), proving that the optical constants
of multilayer structures can be tuned by the filling ratio.

While increasing AR from 3 to 5 results in higher force and torque for C3—5 batches, the torque transfer
efficiency becomes saturated from the particle height that corresponds to C5 batch, as evidenced by the only slight
increase in angular stiffness from C5 to C6. This behavior is similar to the predictions by the ideal equation
(Fig. S4) and the FEM-calculation (Fig. 3b). If much higher torque than this saturated level is desired, then
enlarging the particle width W can be considered instead of further increasing AR. However, such approach is
limited in the case of wafer C (p = 0.5), because the range of width for 3D-trappability is narrower due to its
higher index (Fig. 2b). Here, tuning optical constants can provide a solution. As the lower index of p = 0.3 wafers
expands the range of 3D-trappable particle dimensions while still providing a comparably high birefringence, much
larger particles can be stably trapped and utilized to generate a large torque. For example, although B3—5 particles
have a slightly smaller birefringence than the particles of C3—5 batches, their larger trappable sizes (W = 400 nm)
eventually allow to obtain higher torque than C3—5 (W = 300 nm), as shown in Fig. 4b. Particularly, with B5
particles (W = 400 nm, AR = 5) whose height is close to the theoretical optimum for the torque transfer efficiency
of p = 0.3 multilayer (Fig. S4), ~23% larger torque can be obtained than that of the optimal-height particles from
p = 0.5 wafer with W = 300 nm (C5—6).

In addition to the stiffness and drag, another parameter describing the trapping performance of particles is
the response time t. which can be defined as the ratio of the measured drag and stiffness (i.e., the slope of the
fitted lines in Fig. 4¢,d). This trap relaxation time is inversely proportional to the laser beam power and therefore
can be further shortened by using a higher beam power (here, we assume 100 mW). We benchmark the response
times of multilayer MM particles with those from PS beads and rutile TiO2 cylinders which have been measured
in the same setup [10] (Fig. 4c,d). We have performed separate linear fitting for each dataset grouped by the
material filling ratio of either 0.3 or 0.5, as they are effectively two different materials with distinguishable optical
constants. The linear response time of p = 0.5 particles (wafer C; ¢, =~11 us) is superior than those of p = 0.3
particles (wafers A and B; ¢, =~14 ps) and PS beads (¢, =~26 ps), being nearly the same as that of rutile TiOo
particles (¢, =~11 us). The angular response time of p = 0.5 particles (t. 9 =~18 ps) is also very close to that of
rutile (t.9 =~15 ps) and enhanced by two times with respect to that of p = 0.3 particles (t.9 =~35 ps). These
distinguishable response times between the p = 0.3 and p = 0.5 particles clearly prove again that both index and
birefringence of multilayer structures can be successfully tuned by choosing different material filling ratios.

The capability of generating high torque due to both the high birefringence and the large size of 3D trappable
particles is intuitively represented by the measured torque-speed curves (Fig. 5; measured at 92 mW beam power
in water). The optical torque is shown as a function of the linear polarization rotation frequency (PRF) of the
input beam, and the particle rotation frequency is identical to the PRF while the PRF scans from zero to the
threshold PRF that results in the maximum torque. Hence, the slope of the linear part of each curve represents
the angular drag coefficient (v9 = 7,/(27f,)) of the corresponding particle. As compared above, the particles of
A3—5 and C3—5 batches have similar angular drag coefficients due to the same design geometry, which is clearly
represented by the nearly identical slopes of the linear region of the torque-sped curves in Fig. 5. However, the
higher birefringence of C3—5 batches allows to obtain both larger maximum torque and angular speed. Meanwhile,
the torque transfer efficiency becomes maximized and saturated from the height of the particle C5, and hence the
further increased height of particle C6 contributes to only smaller torque enhancement compared to those observed
from C3—4 and C4—5 particles. Although p = 0.3 particles exhibit lower birefringence than p = 0.5 particles, the
lower index of p = 0.3 structure allows to 3D-trap much larger particles (B3—5) and obtain torque even higher than
those from p = 0.5 particles (C3—6). For example, the B5 particle can generate a torque as high as 16.3 nN-nm
which is larger than the highest torque among C3—6 particles (13.5 nN-nm from the C6 particle). As a trade-off,
the larger angular drag of B3—5 particles decreases their achievable maximum angular frequency values than those
of C3—6 particles. As an example, the B3 particle exhibits the maximum torque (13.2 nN-nm) which is close to
that of C6 but slower maximum rotation frequency (2.2 kHz) than that of C6 (3.6 kHz).

We also benchmark the torque-speed performance of multilayer MM particles with that of rutile TiO5 single-
crystal particles (red circles in Fig. 5) measured in the same setup and conditions (data from Ref. [10]), in the
aspect of the torque-speed space that can be covered by each material system. The MM particles can achieve 1.7—2
times higher maximum torque (16.3 nN-nm for p = 0.3; 13.5 nN-nm for p = 0.5) than that of rutile TiOs (maximum



of 8.0 nN-nm), because the MM particles could compensate their lower birefringence by using larger particles (with
300 — 400 nm-diameter) which exceed the threshold diameter for 3D trapping of rutile TiOs particles (~260 nm;
the particle diameter ranges in 160 — 230 nm for the presented dataset). Meanwhile, the maximum angular speed
of the MM particles (3.5 kHz for p = 0.3, 5.0 kHz for p = 0.5) is slower than that of rutile TiOz (7.6 kHz) due to
the increased drag from their larger sizes.

3 Conclusion

In this work, we have demonstrated a robust approach to design and fabricate free-floating multilayer MM nanopar-
ticles, further extending the library of materials suitable for force and torque transduction. We have validated the
accuracy of the EMT approximation for predicting the optical constants of multilayer structures, by analytical
and numerical calculations. We choose the multilayer of NboO5 and SiOs as the material system for experimental
demonstration of our approach, among many potential material combinations, and achieve high birefringence with
moderate refractive index. With this material system, optical constants can be tuned in a wide range (refractive
index 7 = 1.46 — 2.26 and birefringence An = 0 — 0.17) as a function of material filling ratio. Particularly, its
maximum possible birefringence is as high as that of calcite CaCOjs crystal (An = 0.16), and its refractive index is
as low as that of vaterite CaCOg (7 = 1.6) and other common dielectric materials (7 = 1.4 — 1.6). The linear and
angular trapping properties of square cuboid-shaped nanoparticles made of this multilayer MM are anticipated by
the FEM calculations, as a function of particle dimension and material filling ratio. Our designed nano-cuboids
are fabricated by a top-down protocol, using etching into a multilayer stack made of alternating NbyO5 and SiOs
subwavelength-thickness layers (i.e., 6 or 8 layer-pairs with unit layer-pair thickness of 50 nm). The particles are di-
rectly dispersible into pure water from their substrate by dissolving the underlying sacrificial layer, and indissoluble
in water, thereby compatible with microfluidics and biological applications in contrast to several high-birefringence
crystals such as calcite and vaterite CaCO3.

The tunability of the optical constants according to the EMT have been proven experimentally by the charac-
terization of the linear and angular trapping properties of our fabricated nano-cuboids in an optical torque wrench.
As predicted, the particles with the material filling ratio p = 0.5, which exhibit a maximized birefringence in the
NbyO5/Si02 multilayer system, have been proved to possess indeed higher index and birefringence over p = 0.3
particles with the same dimensions (inferred from their higher linear and angular stiffnesses, respectively, regard-
less of their similar drags). However, the best torque could have been achieved with p = 0.3 particles as their
lower index enables 3D trapping of larger particles, with a trade-off of being slower due to larger drags. When
benchmarked with the nanocylinders made of rutile TiO single-crystal that has the highest birefringence among
the known crystalline dielectrics [10], MM nano-cuboids have twice larger best torque (~16 nN-nm at ~100 mW
in water) as their lower birefringence is able to be compensated by the possibility of using larger dimensions (and
hence with the smaller best rotation frequency (~5 kHz)). Meanwhile, the measured response times, particularly
for p = 0.5 particles (10 — 20 us at 100 mW), are similarly short as those of rutile TiOy particles and prove that
our MM nano-cuboids exhibit high linear and angular momentum transfer efficiencies that are reasonable for their
predicted optical constants. Moreover, the variations of the measured stiffness and drag are as small as the com-
mercial standard PS beads, demonstrating both highly uniform optical properties and dimensions of our fabricated
particles.

Our demonstrated approach for the realization of birefringent MM particles are expected to pave the way
for further extending optical trapping-based applications with controllable force and torque levels, as such ma-
terial system has various advantages over existing materials as follows. First, the user can fine-tune the desired
combination of index and birefringence for each specific application, overcoming the very limited options avail-
able in the naturally occurring materials only. For example, highly birefringent yet 3D-trappable large particles
(e.g., NbyO5/Si0Os multilayer with p = 0.3 as shown here) would be promising as powerful rotating microfluidic
components [20]. Moreover, the large number of potential material combinations will further broaden the achiev-
able range of optical constants, beyond that of NbyOj/SiOq-pair which is demonstrated here. Second, the high
stability in aqueous environment and the possibility of surface functionalization [33] are beneficial for biological
applications including molecular rotary motor studies [47]. Third, the optic axis perpendicular to the multilayer
substrate surface allows high flexibility in fabricable birefringent particle geometry, with practically no limit in the
obtainable particle height (which largely affects the torque transfer efficiency as demonstrated here with particles
of different aspect ratios) and sidewall shape (from straight to even non-symmetric shapes [48]). In contrast, for
the birefringent substrate with the optic axis parallel to it, rotatable particles are fabricated by vertical etching
and hence particles with large height (> 1 — 2 pm) or unconventional sidewall shape are technically difficult to
realize [19]. Fourth, the sacrificial layer-based fabrication is suitable for mass fabrication and allows highly uniform



particle geometry due to the absence of mechanical cleaving of particles, unlike the single crystal substrate-based
fabrication (e.g. quartz [12] or rutile [10]). This is advantageous for various torque-related biological [50] and
physical [1] experiments in which a large number of identical particles is desired to obtain statistically sound and
reproducible results.

Methods

Finite element method modeling of optical trapping behaviors and hydrodynamic drag

The finite element method (FEM) (COMSOL Multiphysics 5.2a) is used to calculate the optical response of mul-
tilayer MM particles. A square cuboid-shaped particle is surrounded by a uniform medium (water, n = 1.33) of
spherical shape, which is terminated by a perfectly matched layer (PML) shell. The scattering of the particle is
calculated under the background illumination of highly focused Gaussian beam (linearly polarized along the z-axis)
which is described by the diffraction integral of Richards and Wolf [51, 52]. The vacuum wavelength of 1064 nm,
numerical aperture (NA) of 1.2, and aperture filling ratio of 1.7 are used, which are the same as the configuration of
our experimental setup [10]. The optical force and torque are retrieved by integrating Maxwell stress tensor (MST)
on the surface of a virtual sphere enclosing the MM particle [53].

For modeling the inner structure of a square cuboid particle, we use the single-layer structure with effective
optical constants (predicted by the EMT) for the calculation of the optical trapping maps (Fig. 2,3) rather than
the actual multilayer structure, as the calculation time can be substantially reduced. This approach has been
validated by calculating the axial trapping force from both structures for comparison, where the resulting force
curves show only negligible differences (Fig. S2). This comparison also confirms that the EMT is a sufficiently
precise description for our subwavelength multilayer structures at the operating wavelength of 1064 nm.

The viscous drag coefficients are also calculated by FEM (computational fluid dynamics (CFD) module of
COMSOL). The surrounding medium (i.e., water) is set to flow translationally (rotationally), inducing viscous drag
force (torque) on the MM particle located at the center of the calculation domain. The solutions of Navier-Stokes
equations result in force and torque as a function of the speed of the medium flow, from which the linear (rotational)
drag coefficients are extracted.

These FEM models are validated in our previous report [10] to model rutile TiO2 cylinders and only updated
to use a square cuboid as the particle geometry instead of a cylinder.

Fabrication of multilayer MM particles

The multilayer MM particles are fabricated using a top-down fabrication process (Fig. S8), which is adapted from
our previous work [19, 10]. First, a four-inch silicon (Si) wafer is cleaned with fuming (99.5%) HNOj3 (10 min),
followed by thoroughly washing with DI and spin-drying (Fig. S8a). Next, a 100 nm-thick sacrificial chromium (Cr)
layer is deposited on the Si wafer by electron-beam evaporation (FC-2000, Temescal) with the film deposition
rate of 0.5 A/s at the chamber pressure of ~3x10~7 Torr (Fig. S8b). This slow deposition allows to obtain
a high-quality Cr-coating with small surface roughness. Then, the NbyO5/SiOo multilayer is deposited using
plasma-assisted reactive magnetron sputtering (HELIOS, Biihler) (Fig. S8c), with which the layer thicknesses are
precisely controlled with the aid of in-situ optical monitoring (Fig. S9). The whole multilayer stack is designed
to be symmetric by starting and finishing with SiO, layers. The detailed multilayer composition of the fabricated
samples are described in Table S1.

The particles of square cuboid geometry are shaped by lithography and etching with Cr hard mask. The
substrate is first machine-diced to 1 cm x 1 cm sizes, which are then cleaned with HNOj3 and DI, as like the Si
wafer preparation step. Then, the samples are further cleaned in an ultrasonic bath with acetone (5 min) and
isopropyl alcohol (IPA, 5 min), and spin-dried. A layer of ~250 nm-thick positive-tone electron-beam resist (AR-
P 6200.9, Allresist) is spin-coated (Fig. S8d) and patterned by electron-beam lithography (EBPG 5000+, Vistec)
with an exposure dose of 240 C/cm? (Fig. S8e). The particles are patterned in a hexagonal array (Fig. S10),
with a large enough gap size (1 pm) between adjacent particles for a more complete Cr lift-off with adhesive
tape and an improved wetting with Cr wet etchant in the later steps. The development of the patterned resist
layer is performed with ultrasonication, sequentially dipping the sample in pentyl acetate (2 min), 1:1 mixture of
methyl isobutyl ketone (MIBK) and IPA (1 min), and then IPA (1 min), followed by spin-drying. A hard etch
mask layer (~70 nm-thick Cr) is deposited by argon (Ar)-plasma sputtering (AC450, Alliance Concept), with
radio frequency (RF) power of 100 W, Ar supply of 20 sccm, and chamber pressure of 100 pbar (Fig. S8f).
This sputtering condition is optimized for conformal deposition of Cr, allowing the enhanced etch mask shape
which results in more vertical sidewalls after etching [10]. For lift-off, adhesive tape (Kapton) is initially used



to remove most of the top Cr layer, and then the remaining resist layer is removed by dipping the sample in
PRS-3000 (J.T.Baker) resist stripper at 80 °C for 30 min (Fig. S8g). After rinsing the sample thoroughly with
DI and spin-drying, a reactive ion etcher (RIE; Fluor Z401S, Leybold Hereaus) is used for etching the multilayer
vertically (Fig. S8h). The mixture of CHF3 (50 sccm) and Oz (3 scem) is used for this dry etching [19], in which
the chamber pressure and the RF power are 50 pbar and 200 W, respectively (resulting the multilayer etch rate
of ~50 nm/min). For ensuring the complete removal of the multilayer film within the unmasked region, ~15 s of
additional etching is done after observing the endpoint by a laser interferometer (LEM, HORIBA Scientific). In the
same RIE machine, an Ar-plasma sputter cleaning process (20 sccm Ar flow, 10 pbar chamber pressure, and 100 W
RF power) is performed for 5 min to remove the oxidized Cr layer on the surface of the hard mask and the sacrificial
layer, which is probably induced during the previous etching step. This additional step substantially enhances the
wet etching process of the remnant Cr layers in the later step, as such oxidized Cr is much less dissoluble in Cr
etchant solution.

To retrieve the particles, the samples are manually cleaved into 5 mm x 5 mm chips. Each chip is firstly
soaked in a Cr etchant solution (dark yellow; TechniEtch Cr01, MicroChemicals) for 10 min, where the top Cr
mask and the bottom sacrificial Cr layer are dissolved altogether (Fig. S8i). Then, the chip is gently immersed
into ample amount of DI water for 30 s for the initial washing of Cr etchant droplets (the color of DI water turns
into light yellow after washing) (Fig. S8j), followed by the second immersion into another beaker of ample DI
water for 1 min without any agitation, which completely removes all etchant from its surface (the DI water after
washing remains as transparent as fresh DI water) (Fig. S8k). Until this second immersion into the DI beaker,
the most MM particles are still staying on the surface. However, they become visibly released from the surface
when the chip is very slowly taken out from the second DI beaker and passing through the water-air interface while
keeping its surface facing upward, presumably due to the surface tension of water. The taken out chip and the
water droplet (which is already containing many released particles) on its surface are then transferred together into
a 2 mL-volume plastic tube containing fresh DI of 200 uL, followed by vortexing of the tube for 30 s (Fig. S8I).
The chip, whose surface is only clean Si after the vortexing, is removed from the tube and the remaining particle
solution is expected to have a concentration of ~ 2 x 10* particles per pL, estimated from the solution volume,
chip size, and the pitches of the particle array (Fig. S10). As the particles are directly dispersible into the water,
the fraction of actually collected particles is much higher than what we have observed from our another top-down
protocol without using a sacrificial layer, in which some fraction of particles are lost by contacting a sharp blade
and a pipette tip [10]. By SEM inspection of the randomly dispersed MM particles on a Si substrate, the complete
removal of both top Cr layer as a hard mask and bottom Cr layer as a sacrificial layer has been observed (Fig. S10).
This observation is further confirmed by the stable 3D optical trapping of MM particles, as such trapping would
not be possible due to the high scattering force if there remains any Cr layer on MM particle surface.

Measurements of linear and angular optical trapping properties

The optical trapping experiments are conducted in our home-built optical torque wrench setup. The setup schematic
is shown in Fig. S11 and more details can be found in Ref. [10]. For the sample chamber, we use a custom-made
flow cell assembled with two borosilicate glass coverslips (No. 1.5H, Marienfeld) separated by a single-layer Parafilm
spacer of ~100 um thickness. The flow cell channel is completely filled with the MM particle solution without any
air bubble inside, and both input and output of the channel are sealed by vacuum grease (18405, Sigma-Aldrich).
For all measurements, the MM particle solution is diluted until the concentration is low enough to have small
probability of collision with other particles during measurements.

We measured on ten different multilayer MM particle batches (A3—5, B3—5, and C3—6), and 3—7 particles
were recorded from each batch. For measurement and analysis of linear and angular trapping properties, we used
our previously developed methods [54, 10]. Notably, the frequency sweep method [10] is used in the torque-speed
curve measurements (Fig. 5).
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Figure 1: The design principles of the multilayer MM particles. (a) The optical constants of the most common
materials for optical trapping (silica, polystyrene (PS), Quartz SiOq, Vaterite CaCOgs, Calcite CaCO3z, RM257
liquid crystal, and Rutile TiOs, from left to right columns). For each material, the average refractive index (blue
left-side bar with its value at left y-axis) and optical birefringence (red right-side bar with its value at right y-axis)
are shown. (b) The EMT-predicted effective indices and birefringence of NbyOj5/SiO2 multilayer structure, as a
function of material filling ratio p. The calculated n| (light blue dashed line) and ny (dark blue dash-dotted line)
of the multilayer are shown, together with the resulting 7 (= (n) 4+ n1)/2; blue dotted line) and An (= |n) —nL|;
red line). The filling ratios of our interest and the corresponding optical constants are indicated by the black dotted
vertical lines and the corresponding symbols overlaid on the lines, respectively. Our fabricated samples have either
p = 0.3 (downward triangles; wafer A and B) or p = 0.5 (squares; wafer C), while the maximum birefringence occurs
at p = 0.55 (circles). Except the maximum, the same birefringence can be achieved at two different filling ratios.
For example, the birefringence of the multilayer with p = 0.3 can be obtained with p = 0.78 (upward triangles) as
well. (¢) A schematic of an optically trapped multilayer MM square cuboid particle made of NboO5 (green) and
SiO (blue), at the focus of the laser beam (red). The optic axis (x-axis) of the particle is normal to the multilayer
interfaces (i.e., y-z plane), exhibiting the refractive index n, which is lower than those along y- and z-axis (n).
The cross section along the z-y plane is a square of width W, and the aspect ratio AR determines height H along
the z-axis. The direction of particle rotation (an orange curved arrow) is shown, which is possible by means of the
modulation of the input beam linear polarization. (d) A scanning electron microscopy (SEM) image of fabricated
multilayer MM particles with p = 0.3, W = 400 nm, and AR = 5. The differently oriented particles allow to
observe the top (1), side (2), and bottom (3) of the particles. In particular, the side (2) shows the multilayer
structure in which NboOj5 (brighter region) and SiOq (darker region) layers can be clearly distinguished. Also, the
top (1) (on which Cr hard etch mask was located) shows rough edges due to the damage during dry etching, while
the bottom (3) (which was facing sacrificial Cr layer) has smooth edges.
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Figure 2: The numerically (FEM) calculated maps for the linear trapping stiffnesses of multilayer MM nano-
cuboids. The axial stiffness (k.) (a,b) and the lateral stiffness (k) (c,d) are shown as a function of aspect ratio
AR and width W of the nano-cuboids, for material filling ratios of p = 0.3 (a,c) and p = 0.5 (b,d). The pixel
size of each map is set as AAR = 0.1 and AW = 5 nm. The solid blue lines represent the equal heights of the
nano-cuboids with the interval of 500 nm, from 500 nm (leftmost) to 3000 nm (rightmost). As a visual guidance
for finding the particle dimensions that maximize linear stiffnesses, the particle dimensions for the local maxima
per each width W is displayed by the overlaid red squares, while the optimal particle dimension for the maximum
of each map is additionally marked by the overlaid magenta circle in panels (a—d). The dimensions of the designed
particle batches for fabrication are displayed by the cross-points (overlaid with the corresponding symbols) of the
horizontal and vertical black dash-dotted lines. The labels of the entire ten particle batches (from A3 to C6) are
shown in panels (a,b). The black pixels in the maps of p = 0.5 (b,d) indicate the particle dimensions that cannot
be trapped in 3D due to the dominant scattering forces. The minimum diameter that results in a black pixel for
each AR (i.e., the calculated 3D-trappability threshold diameter) is shown as a gray dot in panel (b).
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Figure 3: The numerically (FEM) calculated maps for the angular trapping properties of multilayer MM nano-
cuboids. The angular stiffness (k) (a,b) and the maximum angular speed (f,) (c,d) are shown as a function of
aspect ratio AR and width W of the nano-cuboids, for material filling ratios of p = 0.3 (a,c) and p = 0.5 (b,d).
The pixel size of each map is set as AAR = 0.1 and AW = 5 nm. The solid blue lines represent the equal heights
of the nano-cuboids with the interval of 500 nm, from 500 nm (leftmost) to 3000 nm (rightmost). As a visual
guidance for finding the particle dimensions that maximize angular stiffness and angular rotation frequency, the
particle dimensions for the local maxima per each width W is displayed by the overlaid red squares, while the
optimal particle dimension for the maximum of each map is additionally marked by the overlaid magenta circle
in panels (a—d). The dimensions of the designed particle batches for fabrication are displayed by the cross-points
(overlaid with the corresponding symbols; the same shape and color coding as shown in Fig. 2) of the horizontal

and vertical black dash-dotted lines. The black pixels in the maps of p = 0.5 (b,d) indicate the particle dimensions
that cannot be trapped in 3D.
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Figure 4: The OTW-measured linear and angular trapping properties of multilayer MM nano-cuboids. For the
entire ten batches of nano-cuboids (from A3 to C6), the measurement results of the linear stiffness , (a) and the
angular stiffness kg (b) are shown (empty symbols and errorbars denote the mean and the standard deviation (mean
+ S.D.) of each batch, respectively), together with the corresponding FEM-predicted values (filled symbols). The
same measured linear and angular stiffness values (k) are plotted once more with the corresponding drag coefficients
(7) (the same representation of symbols and errorbars as shown in panels (a,b)), revealing the characteristic response
times (t. = v/k) (c,d). The representative response time for each material filling ratio p has been found as the
slope of the linear fit (forced through the origin) to the corresponding data points of the particles with the same
p (magenta dash-dotted line for p = 0.3; blue dotted line for p = 0.5). For comparison, the linear fit to the data
points (which have been measured in the same setup and conditions [10]) of PS beads (black line; for linear data
only in panel (c)) and rutile TiOg particles (red dashed line; for both linear and angular data in panels (c,d)) are
overlaid. The data values shown in all panels (a—d) are summarized in Table. S2.
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Figure 5: The measured optical torque of multilayer MM nano-cuboids as a function of input beam polarization
rotation frequency (PRF). The entire ten batches (from A3 to C6) are measured in water at the laser beam power
of 92 mW. Each colored curve represents the moving-averaged torque of a single MM nano-cuboid selected from
each batch. Its fitting result to the theoretical equation [55] is overlaid as a black line and its maximum torque-
speed data point is marked by the corresponding symbol (see legend; the same shape and color coding as shown
in Fig. 2). From zero PRF to the PRF that results in the maximum torque, PRF is identical to the rotation
frequency (f) of the trapped particle to which the optical torque (7) is directly proportional, with angular drag
(79) as the proportionality constant (7 = 27, f). Additionally, the data points measured from rutile TiOy (RT)
nanocylinders [10] (red circles) are shown together for comparison. The small spikes near zero PRF and the ripples
at higher PRF are attributed to the artifacts of the measurement method [10].
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Figure S1: The magnitude of the Fresnel coefficients (|t,| and |r,|) as a function of transversal wavenumber k, /ko,
calculated for a NboO5/SiO2 multilayer (ML) and its equivalent single layer (SL) structure (whose effective optical
constants are predicted by the effective medium theory (EMT)). For a ML structure with any layer-pair number
N, in order to have a symmetric structure, we put SiOs as the first and the last layers (each of them has half-
thickness compared to that of single SiOs layer in the middle of the ML stack). In the calculations using our
custom Matlab code (according to Ref. [35]), for both model structures, we set the surrounding medium as water,
the total thickness of each structure as 300 nm, and the vacuum wavelength of the incident beam as 1064 nm. The
inset graphic shows the schematics of the SL model (at left) and the six layer-pair ML model (at right). This result
shows that, as long as the layer-pair number N is large enough, the EMT can describe the optical response of the
ML stacks with high accuracy. For example, for the ML with 5—6 layer-pairs, the largest deviation from the EMT
prediction is less than 0.4%.
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Figure S2: The finite element method (FEM) modeling results of optical force F, along the z-axis for an optically
trapped multilayer (ML; red squares connected by red lines) nano-cuboid and its equivalent single-layer (SL; blue
crosses connected by blue lines) nano-cuboid (whose effective optical constants are predicted by the EMT). The
width and height of each particle are set as 300 nm and 1200 nm, respectively (AR = 4). The ML particle is made
of a NiyO5/SiO2 ML with a filling ratio of 0.5, while the thickness of each individual layer is 25 nm (except the
first and the last SiOs layer which is 12.5 nm-thick). The magnitude of optical force calculated from the ML model
is almost the same as that from the SL model, which validates the use of the SL model in the FEM-calculations of
optical trap stiffness maps (Fig. 2,3).
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Figure S3: The possible multilayer compositions and their resulting optical constants predicted by the EMT,
using combinations of diverse high-index oxide thin films (AloOg [11]), TiO2(a) [39], TiO2(b) [10], HfO4 [12], or
NbyO5 [38]; blue dots for left y-axis) with a low-index oxide thin film (SiOs [38]; white dots for left y-axis). For
each combination, the maximum birefringence (red bar for right y-axis) and the corresponding effective refractive
index (blue bar for left y-axis) are shown. For all thin films, the index values at the wavelength of 1064 nm are
used for these calculations. Notably, the index of a thin film material can vary and different from that of the same
material in the bulk crystalline form, depending on the employed deposition method and conditions. For example,
the thin films of TiO5(a) and TiOz(b) are deposited by evaporation and ALD, respectively.
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Figure S4: The predicted torque transfer efficiency (TTE) of NbsO5/SiOy multilayer structures using the ideal
equation [10] and its comparison with those of other dielectric birefringent materials. (a) Two-dimensional map of
torque transfer efficiency, as a function of particle height h and birefringence |An|. The NbyO35/SiOo multilayer
structures with material filling ratios of p = 0.3 (green dash-dotted horizontal line for |An|, green circle for the
maximum TTE) and p = 0.5 (magenta dashed horizontal line for |An|, magenta circle for the maximum TTE)
are overlaid with other conventional birefringent materials (rutile TiOs, liquid crystal RM257, calcite CaCOs,
vaterite CaCQOg3, and quartz SiOs; blue horizontal lines for |An|, blue squares for the maximum TTE). For quartz,
the optimal height (~30 pm) for the maximum TTE is outside of the displayed range of the map. Notably, the
birefringence of NbyO5/SiO5 multilayer with p = 0.5 is almost identical to that of calcite. The pixel size of the map
is set as 25 nm and 0.0025 for particle height and birefringence, respectively. (b) Comparison of torque transfer
efficiency curves as a function of particle height, for NboO5/SiO9 multilayer structures with material filling ratios
of p = 0.3 (green dash-dotted line) and p = 0.5 (magenta dashed line). The particle heights of the fabricated
ten nano-cuboid batches are marked as the corresponding symbols (red upward triangles for A3—5, red downward
triangles for B3—5, and blue circles for C3—6). In particular, the nano-cuboid batch B5 (W = 400 nm, AR = 5)
and batch C5 (W = 300 nm, AR = 5) have particle heights which result in ~100% torque transfer efficiency for
material filling ratio p = 0.3 and p = 0.5, respectively.
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Figure S5: The equilibrium axial trapping position z., maps, for material filling ratios of (a) p = 0.3 and (b)
p = 0.5. The optimal particle dimension for the maximum axial stiffness of each map (the same as shown in
Fig. 2a,b) is additionally marked by the overlaid magenta circle in panels (a,b), showing that the axial stiffness
is maximized at zeq & 0 (zeq = 0.074 pm for p = 0.3; z¢q = 0.083 pm for p = 0.5). The solid blue lines represent
the equal heights of the nano-cuboids with the interval of 500 nm, from 500 nm (leftmost) to 3000 nm (rightmost).
The dimensions of the designed particle batches (A3—5, B3—5, and C3—6) for fabrication are displayed by the
cross-points (overlaid with the corresponding symbols; the same shape and color coding as shown in Fig. 2) of the
horizontal and vertical black dash-dotted lines. The black pixels in the map of p = 0.5 (b) indicate the particle
dimensions that cannot be trapped in 3D. The pixel size of each map is set as AAR = 0.1 and AW =5 nm.
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Figure S6: The linear trapping maps for the multilayer MM nano-cuboids with the smaller material filling ratio
p = 0.3, extended for the larger particle widths (W up to 550 nm). The maps of (a) axial stiffness x,, (b)
equilibrium axial trapping position z.q, and (c) lateral stiffness «, are shown. The optimal particle dimensions for
the maximum axial and lateral stiffnesses are displayed by the overlaid magenta circles in panels (a,c). The particle
dimension for the maximum axial stiffness (the same as shown in panel (a)) is displayed by the overlaid magenta
circle in panel (b), showing that the axial stiffness is maximized at zeq = 0 (2¢q = 0.081 pum, precisely). The solid
blue lines represent the equal heights of the nano-cuboids with the interval of 500 nm, from 500 nm (leftmost) to
3500 nm (rightmost). The dimensions of the designed particle batches (A3—5, B3—5) for fabrication are displayed
by the cross-points (overlaid with the corresponding symbols; the same shape and color coding as shown in Fig. 2)
of the horizontal and vertical black dash-dotted lines. The black pixels in the maps indicate the particle dimensions
that cannot be trapped in 3D. The pixel size of each map is set as AAR = 0.5 and AW = 25 nm.
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Figure S7: The FEM-calculated rotational hydrodynamic drag coefficient 79 map of multilayer MM nanocuboids
in water, as a function of particle aspect ratio AR and width W. Together with the FEM-calculated angular
stiffness k9 map (Fig. 3a,b), this rotational drag v map is used to calculate the maximum rotation frequency
fo (= Ko/(47y9)) map (Fig. 3c,d). The dimensions of the designed particle batches (A3—5, B3—5, and C3—6)
for fabrication are displayed by the cross-points of the horizontal and vertical black dash-dotted lines. The solid
white lines represent the equal heights of the nano-cuboids with the interval of 500 nm, from 500 nm (leftmost) to
3000 nm (rightmost). The pixel size of the map is set as AAR = 0.1 and AW =5 nm.
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Figure S8: The fabrication process of multilayer MM nano-cuboids. The legend shows the color coding for different
material layers, i.e., SiOz (green), NbyOs (light blue), Cr (gray), resist (orange), and Si (dark blue). (a) Thorough
cleaning of a Si substrate. (b) Deposition of a Cr sacrificial layer by electron beam evaporation. (c¢) Plasma-assisted
reactive magnetron sputtering deposition of a NbyO5/SiO2 multilayer stack. (d) Spin-coating of a layer of positive
electron beam resist. (e) Patterning of the resist layer with electron beam lithography. (f) Deposition of a Cr etch
mask layer by Ar plasma sputtering. (g) Lift-off to finalize the Cr etch mask through removal of the unwanted Cr
on non-patterned region by adhesive tape and the subsequent removal of the remaining resist layer by heated resist
stripper solution. (h) Etching into the multilayer structure by reactive ion etching. (i) Removal of the top Cr etch
mask layer and the bottom sacrificial Cr layer at the same time by dipping the sample into Cr wet etchant solution
(dark yellow). (j) First washing of the sample to remove the Cr etchant by dipping the sample into ample amount
of DI water (which turns into light yellow). (k) Second washing of the sample to completely remove Cr etchant by
dipping the sample into ample amount of DI water (whose color remains the same as that of fresh DI), without any
agitation. (1) Harvesting the nano-cuboid particles by submerging the sample into a DI water-filled plastic tube
and vortexing for 30 s. Then the remaining Si substrate is removed from the tube, leaving the nano-cuboid particle
solution only in the tube.
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Figure S9: The optical transmission as a function of light wavelength, for the NbyOj5/SiOs multilayer stacks
deposited on silica reference substrates by plasma-assisted reactive magnetron sputtering (HELIOS, Biihler). Three
multilayer stacks with different combinations of material filling ratio and width have been deposited and measured,
including (a) wafer A (p = 0.3, W = 300 nm), (b) wafer B (p = 0.3, W = 400 nm), and (c) wafer C (p = 0.5,
W = 300 nm). To precisely control the thickness of each layer, we use in-situ monitoring, i.e., measuring the
evolution of the optical transmission at 410 nm-wavelength through a silica reference sample during deposition.
The reference sample is pre-coated with a 58 nm-thick NboOj5 layer in the sputtering deposition chamber. Then,
the Cr-coated Si substrate is added into the same chamber via a load-lock chamber and coated with a multilayer
stack as designed (Table. S1). After the completion of the multilayer deposition, we measure the transmission
of the reference sample over a wide range of light wavelength that includes 1064 nm using a spectrophotometer
(Lambda 1050, Perkin Elmer). The measured transmission curves show excellent agreement with the theoretical
curves, resulting in the error on the thickness of each layer not exceeding ~1 nm. These measurements report the
refractive index n of each consisting material at 1064 nm (n = 1.4677 for SiO2; n = 2.2590 for NbyOp).

28



(d)

Figure S10: The scanning electron microscopy (SEM) images of the fabricated multilayer MM nano-cuboids. The
multilayer particles are patterned in a hexagonal array (with the gap size of 1 ym) as shown in the top-view images
recorded (a) after lift-off process and (b) after reactive ion etching (RIE) process. For both images, Cr etch mask
layer exists on top of the particles, and the shown particles have designed dimensions of W = 300 nm, AR = 5. The
harvested multilayer particles can be randomly dispersed on a Si substrate for further observations. We show two
nano-cuboid batches with optimal height for the maximized torque transfer efficiency, i.e., (c) batch C5 (p = 0.5,
W =300 nm, AR = 5) and (d) batch B5 (p = 0.3, W = 400 nm, AR = 5). From these high magnification images
showing the side of nano-cuboids, the multilayer structures of NboOs (brighter region) and SiOs (darker region)
are clearly visible. Notably, the particle with p = 0.5 (C5) shows indeed 1:1 ratio of two consisting materials in
panel (c), while the particle with p = 0.3 (B5) has SiOs layers thicker than NbyO3 layers.
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Figure S11: The schematic of the optical torque wrench (OTW) setup. The 1064 nm-wavelength trapping laser
beam path is displayed as red solid lines, whose width represents the beam diameter (not to scale). The list
of components are as follows: diode-pumped solid-state continuous wave TEMqy 1064 nm laser (Laser), optical
isolator (OI), beam expander (BE), infrared mirror (IRM1-5), Iris (Iris1—2), polarizing beam splitter (PBS), 50:50
non-polarizing beam splitter (NPBS1—2), Glan laser polarizer (GLP), quarter-wave plate (QWP1—2), high-speed
InGaAs photodiode (PD1—4), position-sensitive detector (PSD), acousto-optic modulator (AOM), electro-optic
modulator (EOM), objective lens (OL), condenser lens (CL). flow cell (FC). Both OL and CL are the identical
water-immersion lenses with NA of 1.2 and magnification of 60x. The color coding for the optics parts is set as
dark blue (detectors; PD, PSD), light blue (standard optics: OI, IRM, BE, OL, CL, NPBS), green (polarization
optics: GLP, QWP, PBS), and yellow (active optics; AOM, EOM).

The configuration of the OTW setup. The initial part of the beam path is for conditioning the laser beam
regarding power, polarization state, and beam diameter. The laser beam is coupled with OI to prevent possible damage to
the laser head in case of any intense backscattering events. The AOM and PD1 consist a feedback loop which stabilizes
intensity fluctuation of the laser beam. The Irisl selects only the 0" order output beam and blocks the 1% order output
beam from the AOM. The GLP increases the extinction ratio (1 : 10°) between p- and s- polarization components, before
entering into EOM for polarization modulation. The beam diameter is increased by the BE to properly fill the back
aperture of OL. The beam is tightly focused by OL to effectively trap particles within FC. The beam is then collected by
CL and relayed to the analysis units. In this beam path around FC, QWP1 is to send a linearly polarized beam (whose
direction is rotatable by EOM) to the optical trap, and QWP2 is to measure transferred angular momentum [54] in the
torque detection unit with PBS and PD3—4. In the position detection unit, the z- and y-positions of the trapped particle
are detected by PSD while the z-position is detected by PD4 with Iris2 (whose opening is optimized to properly capture
the Gouy phase shift [56]). The optical force is then deduced from the measured particle position. This separated detection
permits simultaneous optimization for both radial and axial measurements as they have conflicting requirements for iris
opening [22]. For high-precision measurements, noise from various sources needs to be blocked or suppressed. In this
setup, the laser beam path is enclosed by metallic tubes and the setup is enclosed in a box made of thick plates to prevent
turbulent air currents and acoustic noise. Further, every PD is powered by a lead battery to reduce interferences from
high-frequency electrical noise. In addition, the AOM is operated at only low RF power to avoid excess heating, to prevent
instrumental drift that appears as a large amount of low-frequency noise [50].
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Figure S12: The OTW-measured linear stiffness values of multilayer MM nano-cuboids. For the entire ten batches
of nano-cuboids (from A3 to C6), the measurement results of (a) the lateral stiffness along the z-axis (k,), (b) the
lateral stiffness along the y-axis (k,), and (c) the axial stiffness (k,) are shown (empty symbols and errorbars

denote the mean and the standard deviation (mean 4+ S.D.) of each batch, respectively; the same shape and color
coding as shown in Fig. 2).
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Figure S13: The OTW-measured linear and angular drag coefficients of multilayer MM nano-cuboids, compared
with the FEM-calculated values. For the entire ten batches of nano-cuboids (from A3 to C6), the measurement
results of (a) the linear drag (v,) and (b) the angular drag (vs) are shown (empty symbols and errorbars denote
the mean and the standard deviation (mean + S.D.) of each batch, respectively), together with the corresponding
FEM-predicted values (filled symbols). The shape and color coding of the symbols are the same as shown in Fig. 2.
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Table S1: The thickness of each consisting layer in fabrication of the NboO5/SiOo multilayer stacks for wafer A,
B, and C. The thickness of the unit layer-pair is 50 nm for all wafers and each layer thickness is determined by the
material filling ratio (p = 0.3 for wafer A and B; p = 0.5 for wafer C). In total, six and eight layer-pairs are used
for W = 300 nm (wafer A and C) and W = 400 nm (wafer B), respectively. To make symmetric particles, the first
and the last layers are always SiOs layers with the thickness that is a half of the single SiO5 layer in middle. In
common, the multilayer is deposited by plasma-assisted reactive magnetron sputtering onto the sacrificial Cr layer
(100 nm-thick) on top of Si wafer (Methods).

Wafer A Wafer B Wafer C

Layer no. Material Thickness /nm Thickness /nm Thickness /nm
1 SiO4 17.5 17.5 12.5
2 NbyOs5 15 15 25
3 Si09 35 35 25
4 NbyOs 15 15 25
5 SiOq 35 35 25
6 NbyOs5 15 15 25
7 SiOq 35 35 25
8 NbyOs5 15 15 25
9 SiOq 35 35 25
10 Nb2Os 15 15 25
11 Si04 35 35 25
12 NbyOs5 15 15 25
13 SiOq 17.5 35 12.5
14 NbyOs 15
15 SiOq 35
16 NbyOs 15
17 SiO4 17.5

Total 300 400 300
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Table S2: The FEM-calculated and OTW-measured linear and angular trapping parameters of multilayer MM
nano-cuboids. For all nano-cuboid batches (A3—C6), both experimentally (mean, standard deviation (SD)) and
numerically obtained (cal.) results for drag (v), stiffness (x), and response time (t.; assuming 100 mW of input
beam power) are shown. Also, the number of all measured particles (which are used to calculate the mean and
SD) from each batch is shown. For angular trapping, the averaged maximal torque (7,) and rotation frequency
(f») at 100 mW beam power (scaled from the actually used 92 mW for rapid interpretation) are also shown. The
experimental values are obtained by measuring N = 3 — 7 nano-cuboids per batch.

Parameter Unit A3 A4 A5 B3 B4 B5 C3 C4 C5 C6
vy (mean) pN-s/mm 39 51 66 75 94 106 4.1 48 80 8.9
vy (SD) pN-s/mm 0.3 0.2 0.1 1.0 0.4 0.3 0.2 0.5 0.8 0.5
vy (cal.) pN-s/mm 6.1 7.1 8.1 8.1 9.5 109 6.1 7.1 8.1 0.0
Ky (mean) pN/pm/mW 26 44 52 59 71 6.7 32 55 73 6.8
Ky (SD) pN/pum/mW 0.1 0.1 0.0 0.8 0.3 0.4 0.1 0.8 0.6 0.5
Ky (cal.) pN/pm/mW 9.8 10.8 109 8.8 6.5 5.2 9.3 109 11.0 10.7
tey (mean)  ps (at 100 mW) 14.7 11.7 129 12.6 13.2 15.8 13.0 8.7 11.0 13.0
tey (SD) ps (at 100 mW) 13 04 03 24 08 L1 06 15 15 1.1
tey (cal.) us (at 100 mW) 6.2 6.6 7.4 9.2 14.7 209 6.6 6.5 7.4 0.0
Y 6 3 6 4 4 5 5 5 6 7
o (mean) pN-nm-s 0.32 0.39 0.58 0.98 1.23 1.35 0.37 0.35 0.53 0.58
~o (SD) pN-nm-s 0.03 0.02 0.04 0.02 016 0.06 0.03 0.02 0.03 0.02
vo (cal.) pN-nm-s 0.50 0.63 076 121 155 18 050 0.63 0.76 0.90
K¢ (mean) pN-nm/rad/mW 133 186 213 282 317 350 203 249 283 288
kg (SD) pN-nm/rad/mW 6 7 13 6 4 6 6 6 5 5
kg (cal.) pN-nm/rad/mW 271 338 380 519 548 548 374 467 509 519
tco (mean)  us (at 100 mW) 24.3 21.2 271 349 38.9 386 18.1 13.9 18.8 19.9
teo (SD) us (at 100 mW) 24 14 26 10 52 20 15 07 L1 07
teo (cal.) us (at 100 mW) 183 187 201 232 283 338 133 135 150 173
To nN-nm (at 100 mW) 6.6 9.3 10.6 14.1 159 17.5 10.2 124 14.2 144
fo kHz (at 100 mW) 3.3 3.8 2.9 2.3 2.0 2.1 4.4 5.7 4.2 4.0
Ny 5 3 5 4 5 5 6 6 4 7
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