Published on 11 dhjetor 2017. Downloaded by Fail Open on 7.5.2025 3:34:36 e pasdites.

Nanoscale

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2018, 10, 1245

Received 30th August 2017,
Accepted 9th December 2017

DOI: 10.1039/c7nr06465a

Optical trapping and optical force positioning of
two-dimensional materials¥

M. G. Donato, 1 *2 E. Messina, 1 A. Foti, T. J. Smart,” P. H. Jones, ©° M. A, lati, (2
R. Saija,° P. G. Gucciardi 2 and O. M. Marago © *2

In recent years, considerable effort has been devoted to the synthesis and characterization of two-
dimensional materials. Liquid phase exfoliation (LPE) represents a simple, large-scale method to exfoliate
layered materials down to mono- and few-layer flakes. In this context, the contactless trapping, charac-
terization, and manipulation of individual nanosheets hold perspectives for increased accuracy in flake
metrology and the assembly of novel functional materials. Here, we use optical forces for high-resolution
structural characterization and precise mechanical positioning of nanosheets of hexagonal boron nitride,
molybdenum disulfide, and tungsten disulfide obtained by LPE. Weakly optically absorbing nanosheets of
boron nitride are trapped in optical tweezers. The analysis of the thermal fluctuations allows a direct
measurement of optical forces and the mean flake size in a liquid environment. Measured optical trapping
constants are compared with T-matrix light scattering calculations to show a quadratic size scaling for
small size, as expected for a bidimensional system. In contrast, strongly absorbing nanosheets of
molybdenum disulfide and tungsten disulfide are not stably trapped due to the dominance of radiation
pressure over the optical trapping force. Thus, optical forces are used to pattern a substrate by selectively
depositing nanosheets in short times (minutes) and without any preparation of the surface. This study will
be useful for improving ink-jet printing and for a better engineering of optoelectronic devices based on

rsc.li/nanoscale two-dimensional materials.

1. Introduction

Two-dimensional, layered materials® form a large family of
crystals having a multi-layer structure with strong in-plane
covalent bonds between atoms and much weaker van der
Waals interaction between layers. Graphene remains the proto-
typical structure for such materials,” but many other com-
pounds, among which are hexagonal boron nitride (hBN), the
transition metal dichalcogenides (TMDs, with the stoichio-
metry MX,, M being a transition metal and X a chalcogen
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atom) and the transition metal oxides (TMOs), are actively
studied for methods of synthesis,>” and for the
characterization®® and applications™*™® of these exciting
materials. The synthesis method-of-choice depends largely on
the best compromise between price and material quality with
regard to the particular application. Liquid phase exfoliation®
(LPE) has been already proved as a simple, large-scale method
to exfoliate graphite'® and other layered materials®® down to
mono- and few-layer flakes. The relative ease of production of
these 2D atomic crystals via this method is a result of the
asymmetry of the binding forces inside and between the
layers.

Hexagonal boron nitride has a layered structure that on
exfoliation produces nanosheets very similar to graphene, in
which each C-C pair is replaced by a B-N couple with a bond
length of 1.44 A.™ Due to these analogies, several studies'* are
in progress regarding the possibility of replacing graphene
with hBN when its stronger thermal stability is required.
Moreover, hBN is also one of the best electrically insulating
thermal conductors, so its sheets have the potential for use as
dielectric substrates for graphene and other layered materials
in optoelectronic applications. It has also been reported that it
can be used as a protective barrier for metals and as reusable
substrates of Au particles for applications such as surface-
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enhanced Raman spectroscopy (SERS).'® Moreover, hBN is
more than a simple dielectric: it is naturally hyperbolic, which
could pave the way to its application in the hot field of meta-
materials, where several interesting exotic effects have been
observed."”

Molybdenum disulfide (MoS,) and tungsten disulfide (WS,)
belong to the family of TMDs and, as such, their two dimen-
sional version consists of a three-layered structure in which
each layer of metal atoms (Mo or W) is sandwiched between
two layers of sulphur atoms.'® The physical property that
drives the research on these materials is their energy bandgap,
that is essential for the realization of thin electronic devices.
Moreover, the bandgap switches from indirect to direct when
the number of layers is reduced to one, which is particularly
appealing for photonics,'® optoelectronics'® and energy
storage' applications. A further interesting application is the
realization of van der Waals heterostructures,*® in which 2D
layers of different origin can stack on top of each other. In this
regard, crucial assistance could be provided by optical twee-
zers,>*” that have been already proved useful for the con-
trolled manipulation of micro- and nano-sized objects.*’

Optical trapping stems from the conservation of the electro-
magnetic momentum in the light-matter interaction.>” The
total force acting on a small (ie.,, much smaller than the
optical wavelength) particle may be separated into the sum of
two main contributions:*' the gradient force, which in optical
tweezers arises from the strong variation of light intensity
when a laser beam is focused by a high numerical aperture
objective, and the scattering force, proportional to the particle
extinction cross section,” which tends to push the particle
along the beam propagation direction. If the gradient force is
stronger than the radiation pressure, the particle is trapped,
namely, it is confined close to the beam focus by optical forces
alone. The balance between trapping forces and propelling
forces is connected to the structural (shape) and optical
properties of the particle. In general, the optical trapping of
nanoparticles is difficult, because the gradient force scales
(approximately) as the particle volume, and is easily over-
whelmed by thermal fluctuations.”® Several strategies have
been used to enhance the gradient force with respect to repul-
sive forces, based on increased particle polarizability**™” and
hybridization,*®?° on particle geometrical anisotropies,**>* or
even on the use of non Gaussian beams, having special polar-
ization states.’*® However, even when the trapping is
unstable, optical forces can still help in manipulation: optical
pushing of gold nanoparticles has been used for the all-optical
stamping of substrates®*™*' and to form aggregates®® that act
as sensors for the high-sensitivity detection of molecular
species directly in a liquid environment.

In this work, we show that optical tweezers can be used for
optical trapping and optical force positioning of two-dimen-
sional nanoparticles obtained by LPE. Combined force and
Raman spectroscopy of optically trapped individual hBN
nanosheets allows one to get information on the flake size
and number of layers directly in a liquid environment.
Experimental results on optical trapping are compared with
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T-matrix calculations of optical forces versus flake size, explor-
ing its size scaling. Optical pushing of MoS, and WS, nano-
particles permits us to pattern simple substrates without the
need for complex, costly or special preparation of the surface.
We study the dynamics of the deposition by Raman and photo-
luminescence spectroscopy, excited by the pushing beam,
revealing the time evolution of the flake aggregation.

2. Results and discussion
2.1. Two-dimensional materials

The layered material samples used in this work are obtained
by LPE*>* in an aqueous environment (see the Methods
section for further details). In brief, the procedure is based on
the surfactant-assisted ultrasonication of the layered materials-
water dispersions, where sodium cholate is used as the surfac-
tant to stabilize the flakes, preventing their re-aggregation. We
follow the protocols described in Smith et al.’ that ensures a
Z-potential of approximately —40 meV, which is an indicator of
very good colloidal stability. Indeed, this is also observed in
our samples that appear to be stable, with no visible re-aggre-
gation, after several months. Tuning of surface charge has
proved to be important for the increase of optical forces on
very small nanoparticles.** While tuning the Z-potential of
layered material dispersions might help in stabilizing the
optical trapping of flakes below 100 nm size, we expect a
change in Z-potential to have a negligible effect on our layered
flakes that have a larger average size.

Once sonicated, the dispersions are centrifuged to remove
the unexfoliated powder. After centrifugation, the supernatants
are extracted and used for spectroscopy, metrology and
pushing experiments. Lotya et al*® showed that there is a
precise relationship between the average flake size, as
measured from TEM analysis, and centrifugation rate. For our
centrifugation rate (1500 rpm), this corresponds to a lateral
flake size in the range 0.1-1 pm with a mean value of about
400 nm. The unexfoliated part of the mixtures is used to
prepare reference bulk samples.

The final dispersions are inspected by UV-Vis spectroscopy
(see Fig. Sla in the ESIY), giving extinction spectra which are
in agreement with literature results.>*?

2.2. Optical trapping and flake metrology of hexagonal boron
nitride

Raman spectroscopy of trapped flakes. The coupling of an
optical tweezers setup to a monochromator allows the spec-
troscopy of the trapped objects**** directly in a liquid environ-
ment. For this reason, Raman and photoluminescence twee-
zers are very appealing applications especially with regards to
the study of biological samples as they may avoid the compli-
cations connected to the immobilization on a substrate.
Moreover, spectroscopic methods are potentially extremely
useful in the study of inorganic micro- and nanoparticles such
as upconverting nanoparticles,*® single-walled carbon nano-
tubes*”*® (SWNTs), and graphene flakes.*® For example when
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aiming at sorting on the basis of their spectroscopic character-
istics, SWNTs may be dispersed in an aqueous environment
with the aid of surfactants.”® Their Raman spectra, however,
must be recorded on drop-cast samples, and re-aggregation
phenomena cannot be avoided. A similar problem must be
faced for graphene obtained by liquid-phase exfoliation.* In
this case, Raman tweezers may help in the study of the yield in
graphene monolayers of the exfoliation process,” as it is
known that the Raman spectrum of monolayer graphene has a
well-defined peak at a Raman shift of approximately A, =
2700 cm ™, the shape of which is sensitive to the number of
layers.>°

The first order Raman spectrum of highly oriented hBN
crystals is characterized by two modes at Raman shifts 4, =
51.8 cm™" and at 4, = 1366.2 cm™' due to the E,; symmetry
vibrations.>*> The low energy mode is due to the sliding
motion of adjacent planes, while the high energy mode is due
to the in-plane atomic vibrations of boron and nitrogen
atoms.”™”* In the case of flakes obtained by micromechanical
cleavage, monolayer hBN shows a blue shift of up to A =4 em™
of the high-energy Raman peak of the crystal, while bilayer
samples, on the contrary, show a A4 = 1-2 cm ™" red shift.”

In our measurements, a tightly focused (by a NA =
1.3 objective) laser beam (7 mW at the sample) with 780 nm
wavelength has been used to both trap and excite the Raman
scattering of the hBN flakes. Several flakes have been trapped,
and their Raman spectra are recorded. Each spectrum (see
Fig. 2a) has been fit with a single Lorentzian peak plus a linear
background. We obtained a distribution of the hBN peak
Raman shifts (Fig. 2b) that is compatible” with the presence,
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in solution, of mono- (blue shift of the hBN peak between
2 and 4 cm™') and bilayer flakes (approximately 2 cm™ red
shift of the hBN peak). The data have been compared with the
value registered, in the same experimental configuration, on a
bulk hBN sample, obtained by drop-casting the sediment
residue after the centrifugation of the exfoliated hBN aqueous
solution.

Photonic force microscopy and flake metrology. In optical
tweezers, optical forces on the trapped particle due to the
interaction with the laser beam are measured by studying the
Brownian motion of the particle in the confining optical
potential, which for small displacements from equilibrium
can be considered harmonic.””> Here we first discuss the
simple case of an optically trapped spherical particle and then
we generalize the calibration protocol to the non-spherical
case of the hBN flakes.

In the overdamped (inertialess) regime, the Langevin
equation for a spherical particle reduces to:*?

i —%xim L&), (1)
where k; are the trap spring constants in the directions x;, y is
the friction coefficient and £(¢) a random displacement that is
the consequence of Brownian motion.>?

From tracking of the particle position fluctuations in the
trap, we obtain the optical trap stiffnesses, k; and the conver-
sion factors, f3;, between experimental units of the tracking
signal, in volts, and physical distance, in pm (see the ESIT).
Among the various approaches,> here we use the method
of the particle position autocorrelation functions (ACFs),

C d,_.
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Fig. 1 (a) Aqueous dispersions of the 2D materials. (b) Sketch of the experimental setup. A high numerical aperture objective (NA = 1.3) is used to

obtain a diffraction limited spot. Particles are trapped in the laser focus when the optical gradient force is greater than the scattering force.
Conversely, the particles are optically pushed toward the bottom of the sample cell. If BSA is diluted in the aqueous medium, the particles stick to
the walls of the cell and surface patterning is obtained. (c)—(e) Optical microscopy images recorded at the beginning of the pushing process of WS,
with a Gaussian beam (c) and after approximately 90 seconds (d, e). In (d), the scattering of the laser light due to the formation of the WS, aggregate
is clearly observed. The dashed circles are guides to the eye indicating the location of the beam waist. (f)—(h) Optical microscopy images registered
at the beginning of the pushing process of MoS, (f) with a Laguerre-Gauss beam (I = 30), after approximately 2 minutes (g) and after approximately
18 minutes (h). The dashed circles are guides for the eye indicating the location of the high intensity doughnut beam (see also ESI Video 3+).
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Fig. 2 Spectroscopy, trapping and metrology of hBN flakes. (a) Comparison between the Raman spectra of bulk hBN (blue curve) and trapped hBN
monolayer (black curve). The blue shift A of the Raman peak of the monolayer with respect to the bulk value is also indicated. The exciting wave-
length was 4 = 780 nm. (b) Histogram of the Raman peak position of the trapped hBN flakes. The Raman peak positions 4¢ = 1364.7 cm™ and Ag =
1368.6 cm™* due to the bulk and the monolayer, respectively, are also indicated (blue bar and black dashed line). (c) Transverse signal autocorrelation
function (black points) and its fit (red curve) with a double exponential decay plus a cosinusoidal oscillation at wstage. (d) Distribution of hBN flake
size. The mean flake diameter d (dash-dot line) is approximately 460 nm. Bin size 100 nm, smallest diameter 180 nm.

which highlights the complex dynamics of non-spherical
particles in the trap.>**"**?> The ACF of position fluctuations
for a spherical particle in a harmonic potential follows an
exponential decay:**

ksT
=—¢

Cii(7) = (xi(t)x:(¢ + 7)) = Cir(0)e ™" ki

(@)
where w; = k;/y is the ACF relaxation frequency and the ampli-
tude C;(0) is obtained from energy equipartition.”> In our
experiments, the particle position is tracked via back focal
plane interferometry,” and thus the detector used to track the
particle displacements records voltage signals that are pro-
portional to particle displacements V;(¢) = fax;(t). We must
therefore calibrate the trap and the detector system in order to
find the voltage-length conversion factor f;.

Since the ACF of the tracking signal fluctuations is related
to that of the position fluctuations as:

CY(e) = 2Cu(e) = p2 2T o @)
1

then from the fit of the voltage ACFs we obtain both the trap
spring constant k; and the voltage-length conversion factor f;.
When the hydrodynamic radius, that for spherical particles
generally coincides with the physical radius, R is known, the
friction coefficient y = 6nnR, where 7 is the viscosity of the sus-
pending medium,> can be easily calculated and a full cali-
bration of optical forces is achieved by the ACF analysis.
However, when particle radius is not known, it is still possible
to calibrate the trap and to obtain the estimation of the size of
the trapped particle by applying a deterministic motion to the
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particle.>>*® Here, we apply a controlled sinusoidal oscillation

to the microscope stage:
x(t) = Astage SIN(@staget), (4)

where Agage is the oscillation amplitude and wg,g. is the oscil-
lation angular frequency. The trapped particle will thus be sub-
jected to a similarly oscillating drag force

Farag = —¥Vstage = —YWstageAstage COS((Ustaget)y (5)
and the tracking signal ACF will be:

v —w;T aV2 2 kBT —w;T aV2
Cl(1) = Ae ™ +— 08 (Wstage?) = B o ¢t COS(WstageT)-
1

(6)

Here ay is the amplitude of the oscillatory part of the track-
ing signal. In this case, the fit of the ACFs gives both the trap
spring constants k; and the calibration factors f;. Additionally,
the fit of the amplitude of the cosinusoidal oscillations pro-
vides a measure of the drag coefficients, from which it is poss-
ible to estimate the particle size (see the ESIT for details).

When the trapped particle is not spherical, simply using
the hydrodynamic radius does not give the correct description
of the particle dynamics in the trap. In fact, non-spherical par-
ticles are oriented in the trap by the optical torque®”*® and
different drag coefficients must be considered to correctly
model the Brownian dynamics along the trap axes.*>?"?%??
This is particularly important when dealing with high aspect
ratio nanoparticles such as hBN flakes. Moreover, the aniso-
tropic hydrodynamics and the possibility of particle orienta-
tional fluctuations must be considered. In this case, the ACFs

This journal is © The Royal Society of Chemistry 2018
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may show a double-exponential decay, since the tracking exponential decay plus a cosinusoidal oscillation at 5 Hz is
signal contains contributions from both translational and shown. In this case the double exponential is necessary due to
rotational motion on different timescales, which are fitted to the signal contributions from orientational fluctuations of the
obtain both force and torque constants.?>?'2%3° Here we flake. The fits of ACFs for each measurement were used to
model our trapped hBN particles as extremely thin disks obtain the decay constants, the calibration parameters and the
(of diameter d) parallel to the xz plane (where the axes are drag coefficients. Finally, the hBN flake lateral size, d, and
defined by the beam polarization, x, and the beam propa- optical trap spring constants, k; were obtained for each trapped
gation, z, directions), and so we have to consider the drag flake. The resulting distribution of hBN flake size is shown in
. 16 . . . Fig. 2d. We estimated that the mean flake diameter is approxi-
coefficient 7, = ?nd for particle displacements in the x and mitely 460 nm (dash-dot line) in good agreement with thIe)I\)/alue
z directions (displacements perpendicular to the symmetry of 400 nm as estimated from the TEM analysis of equivalent
axis of the flake), and the drag coefficient y| = 85d for displace- exfoliated samples in the literature®** (see also section 2.1).
ments in the y direction.®® Thus, in our experiments we In order to understand the optical force size-scaling for the
measure these different drag coefficients and from each hBN bidimensional system in Fig. 3(a—c), the trap spring con-
individual measurement we obtain an estimate of the trapped stants k, (red squares), k, (red circles) and k, (red diamonds)
particle lateral size, d. measured for each trapped hBN flake are shown as a function
We oscillated the microscope stage in the x, y and z direc- of their measured lateral size d. The experimental data are
tions at wgege = 27 x 5 Hz and different amplitudes, depending compared with: (i) calculations of the trap spring constants
on the strength of the optical trap. We measured the tempera- based on the dipole approximation® (dashed green lines) for a
ture of the sample chamber with a PT100 sensor to estimate flat spheroid®® (see the ESIf for details), (ii) T-matrix calcu-
the water viscosity 7. We tracked the particle fluctuations using lations®”*® (thick blue lines) for a thin (10 nm) planar cluster
back focal plane interferometry, and calculated the corres- with increasing lateral size (see Methods and ESIY). To contrast
ponding ACFs. In Fig. 2c a transverse signal autocorrelation the behaviour of the bidimensional system, we also show
function (black points) and its fit (red curve) with a double (purple lines) the results of Mie theory for spheres with the
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Fig. 3 (a—c) Optical trap force constants k, (red squares), k, (red circles) and k; (red diamonds) measured for trapped hBN flakes as a function of
their lateral size determined from the autocorrelation analysis (note the log—log scale). Optical force measurements are obtained at 830 nm with
26 mW power at the sample. Red lines are a power law fit to the small size data consistent a size scaling of d2. Purple lines are Mie theory calcu-
lations for a sphere, following a d* scaling for small size. The dashed green lines represent the force constant estimates based on a simple dipole
approximation (see the ESIt). Blue thick lines are T-matrix calculations for a planar cluster model of the hBN flake oriented in the xz plane because
of optical torque. The agreement between experiments and T-matrix theory is excellent with no free parameters. (d—f) T-matrix calculations
(830 nm, NA = 1.3) of optical force efficiencies, Q, (light blue), Q, (red), and Q; (yellow) for 0.9 ym planar clusters of hBN (d), MoS; (e), and WS (f).
Note how Q, has no zero for the case of MoS, and WS,, hence trapping is not possible because of the strong absorption of these materials in the
near-infrared.
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same optical properties of hBN. At small flake size (smaller
than the beam waist of about 300 nm), a scaling behaviour of
the spring constants is observed. In fact, by fitting the data for
small size with a power law (red lines in Fig. 3(a—c)), k; « d”, we
obtain a &~ 1.7 in the transverse (k, k,) direction and a = 2.1
for the axial (k) one with an uncertainty of about 20%. This is
consistent with the quadratic, k; « d*, behaviour expected from
dipole approximation results related to the quadratic increase
of the real part of the polarizability for a small flat spheroid
(see the ESIT). In contrast, a spherical particle (purple lines) at
small size follows the well-known volumetric behaviour.>?
However, when the flake size becomes comparable with the
beam waist, optical forces tend to constant values, due to the
saturation of the beam-particle interaction region. In this case,
k; changes its dependence with flake size, passing from an
initial flattening to a progressive reduction at increasing d. We
check this change of optical force behaviour at large flake size
by an accurate modeling of optical trapping, for our experi-
mental parameters (NA = 1.3, 830 nm, P = 26 mW), by using
light scattering theory in the T-matrix approach®®' for a
planar cluster model of the hBN flake oriented in the xz plane
by the optical torque (thick blue lines in Fig. 3(a-c)). The
agreement between experiments and T-matrix theory is excel-
lent with no free parameters. The small discrepancy between
the axial (k) experimental points with respect to T-matrix cal-
culations is related to the unavoidable aberration of the oil-
immersion objective used in the experiments that weakens the
trap along the beam propagation (z) direction.*

2.3. Optical positioning of MoS, and WS,

Optical pushing of particles becomes possible when the gradi-
ent force is not able to overcome the scattering force. MoS,
and WS, have larger extinction coefficients than hBN,*7°>%
which justifies the fact that in our experimental conditions,
and at the wavelengths used, we do not trap MoS, and WS,
flakes in three dimensions. These observations are supported
by T-matrix calculations (see Methods and ESI{) of optical
force efficiencies, Q; = c¢Fi/n,P (i = x,),z), for planar clusters
shown in Fig. 3(d-f). Optical trapping occurs when Q; vanish
with a negative derivative.>® A planar cluster of hBN (Fig. 3(d))
shows optical trapping in 3-D because the optical force
efficiencies vanish in x,y,z. In contrast, a cluster with the same
size but optical properties of MoS, (Fig. 3(e)) or WS, (Fig. 3(f))
show optical trapping only in the transverse directions (x,y),
while it never shows a vanishing value of Q, because of the
strong absorption of these materials in the near-infrared
resulting in a large increase of radiation pressure (see also
the ESIf for a comparison using simple analytical dipole
approximation results).

However, this large radiation pressure helps us with the
positioning of these particles onto flat surfaces. As shown in
Video 1,1 we observe the 2D confinement of these flakes when
the laser beam is focused near the microscope slide surface. In
particular, we observe that MoS, and WS, flakes are pushed
away from the laser focus when the beam is focused from the
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coverslip inside the sample chamber, until we reach the oppo-
site surface. Here, the flakes are pushed towards the surface
and cannot escape from the trap, since the transverse gradient
forces confine them in the laser spot. However, when the laser
is off, the particles are free to move and disperse in the
medium. At higher power, the flakes are temporarily stuck to
the surface, but the aggregate is unstable (see ESI Video 27).
Furthermore, thermal effects such as the creation of bubbles
in the host medium are observed, due to material absorption.

Positioning with proteins. Recently,*” optical aggregation of
gold (Au) nanorods has been achieved to realize SERS sensors
for proteins directly in a aqueous environment. Proteins in
solution link to the Au nanorods, forming protein-nanorods
complexes that under optical pushing are guided towards the
substrate and create macroscopic aggregates. Here, we add a
buffered Bovine Serum Albumin (BSA) aqueous solution to our
MoS, and WS, dispersion, to help adhesion of the 2D flakes to
the substrate and achieve controlled patterning of a substrate.

In Fig. 1(c-e), the formation of an aggregate of WS, + BSA
on a standard, untreated, glass microscope slide obtained by
optically pushing from aqueous solution with a Gaussian
beam is shown. The formed WS, + BSA aggregate is stably
adhered to the surface. Moreover, pattering of the substrate is
possible by shaping the pushing beam intensity profile. In
Fig. 1(f-h) and ESI Video 3% the formation of an annular
pattern on the microscope slide is obtained by pushing the
MoS, + BSA solution with a high-order (topological charge [ =
30) ring-shaped Laguerre-Gauss (LG) beam>**° generated by a
spatial light modulator (see Methods). LG beams are fre-
quently used in optical tweezers experiments, both for the
transfer of orbital angular momentum leading to controlled
rotations,*®®* and for the optical trapping of objects that are
repelled from the high intensity part of the laser beam due to
their optical properties.®® Here, use of the LG beam acts as a
proof of principle that more complex patterning beyond the
clusters formed by a simple Gaussian beam is possible with
appropriate beam shaping.

Spectroscopy and aggregate temporal evolution. Raman
spectroscopy of MoS, and WS, has been used in recent studies
as a tool to distinguish mono- and few-layer flakes from bulk
crystals.»®*71% In fact, it has been observed that the first order
Raman features due to the E,g' and A, modes at approxi-
mately 382 and 408 cm™" in MoS,,*®® and at approximately
355.5 ecm ™' and 420.5 cm™" in WS, ° approach each other in
monolayer flakes, and move to the frequencies of the bulk
when more than six layers are present in the flake. Moreover,
in the case of a Raman excitation energy near to an absorption
transition of the material, a resonant scattering process
occurs, giving rise to a spectrum with several second order
(i.e., involving two phonons) features.®*”

We have studied the aggregation process of our 2D exfo-
liated materials by following the temporal evolution of their
Raman spectra. We used an exciting wavelength (4 = 638 nm)
that gives resonant Raman scattering in both materials. Each
Raman spectrum has been recorded within ten seconds of
laser pushing (see Methods). The spectra registered on MoS,
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Fig. 4 Optical force aggregation of MoS,. Raman spectra obtained on
bulk MoS; (a) and under laser pushing of exfoliated MoS, at 638 nm (b).
In (a), a long-working distance (LWD) x50 objective (NA = 0.5) has been
used, while in (b) a X100 oil immersion objective (NA = 1.3) has been
used. (c) Time evolution of 2LA(M) peak at 4o ~ 464 cm™ shown in (b).
A clear increase of the peak signal is observed in the first 100 s of the
pushing process, followed by its stabilization and saturation, due to the
complete filling of the sampling volume of laser beam.

aggregates at increasing deposition time are shown in Fig. 4b.
Upon fitting, we found E,,' peaks at A, = 383-384 cm™, and
A,y peaks between A, = 406 cm™' and A, = 408 cm™'. These
values are consistent with those observed in few layer flakes®
obtained by mechanical exfoliation, and, as also observed in
samples obtained by LPE,” they are close to the values
(~383 and ~407 cm™') obtained on the reference sample
(Fig. 4a), which has been prepared with the residue at the
bottom of the centrifugation cell.

The temporal evolution of the aggregate has been studied
by focusing on the most prominent feature in the resonant
Raman spectrum, i.e., the peak at approximately 4, = 464 cm™"
due to an overtone of a longitudinal acoustic (LA) phonon®® at
the M point (232 cm™"). The spectrum obtained after the first
ten seconds of pushing is featureless, but after twenty seconds
(Fig. 4b) a small Raman signal is observed that is consistent
with the results obtained in few-layer MoS, at the excitation
wavelength 1 = 633 nm.® The signal amplitude gradually
increases, indicating the increase of the aggregate size. When
the formed aggregate completely fills the sampling volume of
the laser beam, the Raman signal saturates. In Fig. 4c, the
time evolution of the 2LA(M) peak at 464 cm™" clearly summar-
izes these results.

Note that we cannot discriminate a single particle increase
for consecutive Raman spectra. This is because the large range
in lateral flake size>*? (0.1-1 pm) in the dispersion is such that
a single flake Raman signal can have a large variation in inten-
sity and, in our ten seconds acquisition time, we cannot
distinguish between the intensity of a single large flake or the
signal from few small ones.

In the case of pushing with a non-resonant wavelength (4 =
785 nm), some differences between the spectra obtained on
the exfoliated material and on the bulk can be observed (see
the ESIf). All the features in the spectra of the pushed material
can be explained on the basis of the phononic spectrum of
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MoS,.%° The great enhancement of the LA(M) peak at approxi-
mately 234 cm™" with respect to the bulk could be explained
by the presence of defects at the edges of our exfoliated
flakes,®® as is observed also in liquid exfoliated graphene
flakes.”” This could explain also the low amplitude of the E,,'
and A;, peaks observed in the spectra of exfoliated materials
when compared with the corresponding values in bulk.

A similar spectroscopic study of the pushing and aggrega-
tion process in exfoliated WS, has been carried out. In Fig. 5a
and b, the Raman spectra obtained at 4 = 638 nm exciting
wavelength on bulk (Fig. 5a) and on a growing aggregate
(Fig. 5b) are shown. All the Raman features can be explained
on the basis of the phononic spectrum of the material. It is
worth noting that at resonant Raman excitation a peak at
approximately 350 cm™', due to an overtone of a LA(M)
phonon, becomes more prominent, nearly overshadowing the
E,,' peak. Upon fitting, we cannot separate the contribution of
these two peaks, that are convoluted. On the contrary, the A,
peak is easily fit, giving values 4, = 418-419 cm™", which are
consistent'® with the presence in solution of few-layer
flakes. The spectra are overlapped to a broad background that
can be associated with the low energy tail of a PL emission
centered at 630 nm due to defects present at the edges of WS,
monolayers of small size (<5 pm).>'® On the basis of these
results, the dynamics of the aggregation process has been
followed by focusing on this PL background (Fig. 5¢) and on
the Raman peak at 418 cm™'. At increasing deposition time,
an overall increase of both signals is observed, which is con-
sistent with an average increase of the aggregate size. However,
this process goes through a series of increasing-decreasing
steps, that are more evident at higher laser power. This could
be explained by supposing an annealing effect of the aggregate
structure, which is interrupted when a new flake adds to the
aggregate. Finally, it is worth noting that, because of its low
concentration, the presence of BSA in solution does not alter
the Raman spectra of the deposited materials.
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Fig. 5 Optical force aggregation of WS,. On the left, Raman spectra
obtained on bulk WS, (a) and under laser pushing of exfoliated WS, (b).
For the spectrum of the bulk, the x50 LWD objective has been used. On
the right, the time evolution of the photoluminescence background (c)
and of the A ~ 417 cm™' Raman peak (d) of WS, for two different
pushing powers (black dots, ~5 mW; red dots, ~17 mW) are shown. In
these plots, the error bars are smaller than the data marker size. Exciting
wavelength 1 = 638 nm.

Nanoscale, 2018, 10, 1245-1255 | 1251


https://doi.org/10.1039/c7nr06465a

Published on 11 dhjetor 2017. Downloaded by Fail Open on 7.5.2025 3:34:36 e pasdites.

Paper

3. Conclusions

In conclusion, in this work we demonstrate that optical forces
are powerful tools for the manipulation, positioning and
characterization of liquid exfoliated 2D nanoparticles directly
in their environment. On the one hand, optical trapping can
be used for metrology of exfoliated hBN, to determine the size
of few-layer flakes obtained in the deposition process. On the
other hand, optical pushing can be used to pattern common
substrates such as microscope slides with MoS, and WS,.
Importantly, both techniques can be combined with spectro-
scopic tools for material characterization, such as quantifying
the number of layers in the flake. This could be particularly
useful for the controlled patterning of substrates with layered
materials or to realize mixed van der Waals structures with
layered materials of different origin.

4. Methods

4.1. Liquid phase exfoliation of two-dimensional materials

The hBN, MoS, and WS, powders were purchased from Sigma
Aldrich. In all cases, the starting material showed platelet
shapes. The powders generally consist of flakes with lateral
size of 1 pm in case of hBN and approximately 2 pm and 6 pm
in WS, and MoS,, respectively. The initial size of the micro-
platelets is important to obtain a high quality final product.*?
The layered compounds are dispersed in sodium cholate/water
solution (0.045 mg mL™") at a concentration of 0.15 mg mL™"
through horn ultrasonication (Branson Sonifier 250) for
30 minutes. To reduce solvent heating and, thus, sample
degradation, the dispersions were submerged in an ice bath.
The sonication process results in dark green dispersions for
MoS, and WS, and milky white dispersions for hBN (Fig. 1a).
The dispersions are then transferred to a glass pot (40 mL)
and allowed to decant overnight. Finally, the top part (20 mL)
of the dispersions is centrifuged at about 1500 rpm (revolu-
tions per minute) for 15 minutes so as to increase the amount
of few-layered flakes.

4.2. Optical and Raman tweezers

Our optical and Raman tweezers are based on an inverted
microscope configuration. Optical trapping and metrology of
hBN flakes have been carried out using an exciting beam with
wavelength 830 nm derived from a laser diode (Thorlabs
DL8142-201). The laser beam, after the passage through an
anamorphic prism pair, is expanded by using a 1: 4 telescope.
The resulting beam overfills the back aperture of a high
numerical aperture (NA = 1.3) oil immersion objective and is
focused to a laser spot ~600 nm in diameter. The power at the
sample is approximately 26 mW. The sample chamber (volume
80 pL) is realized with a cavity well microscope slide, covered
by using a No. 1.5 coverslip and sealed. The chamber is
mounted on a nanopositioning system (Mad City Labs Nano-
LP200) with a 200 pm range of motion on each x, y and z direc-
tion, at 0.4 nm resolution. A thermoresistive sensor (PT100)
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has been mounted on the chamber to monitor its temperature.
Particle tracking and force sensing have been obtained
through back focal plane interferometry,”*”* where the inter-
ference pattern from the unscattered and scattered light by the
trapped particle is collected onto a quadrant photodiode
(QPD). For flake metrology, after trapping, a controlled sinusoi-
dal oscillation at 5 Hz is imposed on the stage for x, y and z
directions separately, and the tracking signals registered inde-
pendently. Three measurements for each direction are carried
out. Thus, the signal autocorrelation functions are calculated
and fit as outlined in the main text. In general, a single expo-
nential decay plus a cosinusoidal oscillation is used for fitting
the signal along z. For the signals along x and y, a double expo-
nential decay plus an oscillation is used. We repeated this pro-
cedure on eighteen different flakes.

Raman tweezers experiments are carried out on a different
setup. A beam from a diode laser (Thorlabs DL7140-201S) at
780 nm, passing through an anamorphic prism pair, is
enlarged by using a 1:2 telescope and delivered by means of a
notch filter (Semrock NF03-785E-25) to the back aperture of a
high numerical aperture (NA = 1.3) oil immersion objective
and used for both trapping and excitation of the Raman
response of the trapped flake. The laser power at the sample
chamber is approximately 7 mW. The sample chamber is
mounted on a piezostage (Physics Instruments, P-517.3 CL)
with 1 nm resolution. The backscattered light passes through
the notch filter, used for Rayleigh scattering removal, and is
subsequently focused by using a 50 mm focal length lens onto
a Horiba Jobin-Yvon Triax 190 spectrometer (190 mm focal
length) equipped with a 1200 lines per mm grating blazed at
650 nm. A high sensitivity CCD (Horiba Jobin-Yvon Synapse)
is used for signal detection. A beam splitter is inserted in the
optical path to reflect 50% of the scattered light toward a CCD
camera (Thorlabs USB 2.0, DCU223M), allowing for the visual
inspection of the trapped particle. To evaluate the reference
value of the E,, Raman peak in bulk hBN for comparison with
the Raman peaks from trapped flakes, a small amount of the
highly concentrated hBN solution taken at the bottom of the
centrifuge cell is put on a coverslip and spectra are registered
by focusing the laser through the coverslip itself, in the same
experimental configuration of trapping experiments. To avoid
thermal shifts of the Raman peak, a laser power of approxi-
mately 0.7 mW is used.

4.3. Optical force positioning

Optical pushing and aggregation of MoS, and WS, flakes is
performed in an experimental set-up using an inverted micro-
scope (Zeiss Axiovert 40 CFL). A high numerical aperture oil
immersion objective (NA = 1.3) focuses the incoming laser
beam at 785 nm on the inner surface of the sample cell
(Fig. 1b). A CMOS camera (Thorlabs DCC 1645C-HQ) is used to
image the sample during the aggregation process. To create a
circular pattern on the surface, we used an LG beam which
has a doughnut-shaped intensity distribution. The LG beam
with [ = 30 topological charge used in Fig. 1f-h and in Video
31 is generated by a spatial light modulator (Hamamatsu
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LCOS-SLM X10468-02). This device is used as a diffractive
optical element to modulate the phase of the incoming laser
beam. To this aim, a computer-generated holographic mask is
projected on the SLM plane.””> By means of two lenses (f =
750 mm and 300 mm), this plane is imaged onto the back
focal plane of the objective. Thus, at the focal plane of the
objective the Fourier transform of the SLM plane is
obtained.>?

4.4. Raman spectroscopy of positioned samples

Raman spectroscopy of the MoS, and WS, aggregation process
by optical pushing is carried out by means of a Horiba Jobin-
Yvon Xplora system at 638 and 785 nm. The sample chamber
has been realized with a microscope slide, a ~120 pm adhesive
spacer and a No. 1.5 coverslip. 10™* M Bovine Serum Albumin
(BSA) in phosphate buffer solution (200 mM) has been added
to the layered material solution. All the pushing measurements
have been carried out by focusing the laser spot on the inner
microscope slide surface. The flakes entering the laser beam
are pushed toward the surface and adhere to the glass surface.
During the aggregation process, single-shot Raman spectra are
sequentially collected with an acquisition time of 10 s. By
using a 1200 lines per mm grating, a single spectral window is
enough to cover the range 100-1200 cm™" at both the wave-
lengths used. Data shown in Fig. 4b, ¢ and 5b have been
obtained with 638 nm excitation wavelength and at approxi-
mately 4.7 mW laser power at the sample, corresponding to an
estimated irradiance of about 8 x 10'® W m™> (calculated con-
sidering a diffraction limited spot). Aiming at a comparison,
we used as reference the Raman spectra registered, at low laser
power (0.35 mW), on samples obtained by drying a small
amount of the unexfoliated fraction of the MoS, and WS, dis-
persions, taken at the bottom of the centrifuge tube.

4.5. T-matrix calculations

Optical forces on layered material flakes are calculated by
solving the light scattering problem in the T-matrix formal-
ism®>°" for planar clusters (see also the ESI{). The incident
fields are the tightly focused fields creating the optical twee-
zers with the same parameters of the optical trapping experi-
ments. First, we calculate the incident focal fields for the high
numerical aperture (NA = 1.3) objective lens by using the
angular spectrum representation®® in the absence of any par-
ticle. Thus, the radiation force and torque®” exerted on the
planar cluster flake within the focal region are calculated by
integrating the time-averaged Maxwell stress tensor,>* Ty, on a

large sphere of radius r surrounding the particle:*”*®

Fraa =17 ff)g Tw-1de2, (7)

Tua = =P § (T xB)4d2 (8)

where the integration is over the full solid angle. The radiation
force and torque are then expressed in terms of incident and
scattered fields that can be expanded, respectively, in vector
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spherical harmonics®® regular at the origin (Bessel multipoles)
or at infinity (Hankel multipoles). Thus, the T-matrix for the
scattering process®”®! is defined as the linear operator that
links the scattered expansion amplitudes to the incident ones.
Finally, optical force and torque components are obtained by
projecting the radiation force and torque vectors on the
different coordinate axes, e.g., Fy = Frag-X or T, = Tyaq°Z, and cal-
culating the corresponding numerical integral.>”*® For the
planar cluster model used for the case of layered materials, we
exploit the T-matrix formulation of light scattering by a cluster
of spheres®”®! (see the ESIf) where the fields scattered by the
spherical subunits composing the planar cluster are combined
by means of the addition theorem of multipole fields through
a translation matrix.>*
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