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Abstract: The breathing modes of single suspended gold nanoplates have been examined by
transient absorption microscopy. These vibrational modes show very high quality factors which
means that their frequencies can be accurately measured. Measurements performed before and
after removing the organic layer that coats the as synthesized nanoplates show significant increases
in frequency, which are consistent with removal of a few nm of organic material from the nanoplate
surface. Experiments were also performed after depositing polymer beads on the sample. These
measurements show a decrease in frequency in the region of the beads. This implies that adding
a localized mass to the nanoplate hybridizes the vibrational normal modes, creating a new
breathing mode which has a maximum amplitude at the bead. The nanoplate resonators have a
mass sensing detection limit of ca. 10 attograms, which is comparable to the best results that have

been achieved with plasmonic nanoparticles.
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Introduction:

Metal and semiconductor nanostructures display low frequency resonances in the THz to
GHz range that correspond to their vibrational normal modes.!** These acoustic vibrational modes
can be studied by Raman spectroscopy,>-® and also appear in ultrafast transient absorption traces.!*
The frequencies of the acoustic modes can be accurately calculated using continuum mechanics if
the size and shape of the nanostructure are known.!** The damping of the vibrations in solid and
liquid environments has also recently been investigated through both theory and experiment.’-10
One of the potential applications of acoustic mode experiments is to use the nanostructures as
ultra-small mass balances.!'"!3 In these measurements the vibrational frequencies of the
nanostucture are recorded before and after adsorption of a unknown object or amount of material,
and the difference in frequency is used to determine the mass of the object/material. Transient
absorption experiments on gold nanorods coated by Ag adlayers have demonstrated a detection
limit of 40 attograms for ensemble measurements,'! and approximately 10 attograms when single
particles are interrogated.'> However, much better detection limits have been achieved with
nanoelectromechanical devices (NEMs), which typically employ the flexural modes of
semiconductor nanobeams for mass sensing.!4->?

In principle there are several advantages of using the acoustic vibrational modes metal or
semiconductor nanostructures for mass sensing compared to NEMs devices. First, the acoustic
modes can be addressed optically,'¢ so that the measurements do not require complex fabrication
to actuate the device and read out the signal. Second, the modes that are interrogated in the optical
measurements (primarily breathing modes) have much higher frequencies than the flexural modes
of beams. This implies smaller effective masses, which can translate into a higher mass

sensitivity.?3->* The major disadvantage of using the acoustic vibrational modes of nanostructures
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for mass sensing is that they have lower quality factors compared to what has been achieved for
the flexural modes of nanobeams, or the drum modes of membranes,!#2* which limits the
sensitivity of the measurement.

The quality factors of the acoustic modes of nanostructures are determined by internal
relaxation and energy transfer to the environment.>* The environmental part is dominated by
radiation of sound waves into the surrounding medium.!%-23-2¢ This decay pathway can be blocked
by suspending the nanostructures over trenches,?’” or by placing them on substrates with low
acoustic impedances, such as lacey carbon grids.?® For gold nanowires the increase in quality
factor for suspended nanowires compared to supported nanowires is modest, indicating that these
materials suffer strong internal damping.!® 2°39 In contrast, much larger improvements in the
quality factor were observed for chemically synthesized gold nanoplates on lacey carbon grids.?®
For these samples the quality factors for the thickness vibration approach ~200. This was exploited
in Ref. [?®] to examine vibrational coupling between nanoplates. In this communication we
investigate whether the high quality factors for the nanoplates allow mass sensing measurements.
This is a complex question for these materials because the large lateral sizes of the nanoplates
(several microns) means that any adsorbed material makes a small overall contribution to the total

mass.

Experimental Methods:

The gold nanoplates were synthesized using the procedure as described in Ref. [3!]. 2 mL
of the nanoplate solution was washed two times in DI water to remove excess surfactant before
depositing onto a glass slide (#1, Electron Microscopy Services). Marked trenches were prepared

on the slide by photolithography and reactive-ion etching. This allowed for repeated measurements
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of the same nanoplate after different treatments. To deposit the nanoplates, 200 uL of the sample
was drop cast on a slide and allowed to dry. The coverslip was then mounted on a piezoelectric
stage in an inverted optical microscope for optical measurements. Only Au nanoplates which were
suspended over the markers were examined in this paper.3! To study the effect of removing the
surfactant coating (CTAB), the samples were cleaned by an oxygen plasma (Harrick Plasma
Cleaner, PDC-32G) for 20 minutes at high RF power. Polystyrene beads with 0.8 um mean
particle size (Millipore Sigma) were also used for mass loading experiments. To deposit the beads
on the nanoplates 50 uL of the sample was diluted to 10 mL in DI water and sonicated for 5 min.
100 pL of the diluted solution was spin coated onto the glass slide with Au nanoplates.

The vibrational frequencies of single suspended nanoplates were measured using transient
absorption microscopy.>?3* These experiments were performed using a laser system based on a
Coherent Chameleon Ultra-II Ti-Sapphire oscillator. The output of the laser was tuned to 720 nm,
and the beam was split into two parts using a 90:10 beam splitter. The weaker portion was used as
the pump and the stronger portion was sent to a Coherent Mira OPO to generate a 530 nm probe
beam. The pump and probe beams were combined at a dichroic mirror and focused at the sample
using a high NA oil immersion microscope objective (Olympus UPlanFLN, 100x NA = 1.30). The
reflected beams were collected by the same microscope objective and sent to an avalanche
photodiode (Hamamatsu C5331-11) for detection. Short pass filters were used to extinguish the
pump before the detector. The pump beam was modulated at 400 kHz using an acousto-optic
modulator (IntraAction Corp.), and the pump induced change in the reflected probe power was
detected with a lock-in amplifier (Stanford Research Systems, SR844). Transient absorption traces
were recorded by changing the timing between the pump and probe pulses with a mechanical delay

line (Thorlabs DDS600). The typical powers used were 300 uW for the pump and 100 uW for the
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probe before the microscope objective. White light images of the sample were recorded in both

reflection and transmission mode with a Thorlabs CMOS camera.

Results and Discussion:

Figure 1(a) shows a transient absorption trace of a suspended Au nanoplate (only the
modulated portion of the traces in presented here). A reflected light image of the nanoplate is
shown in Figure 1(b), and the Fourier transform of the transient absorption trace is presented in
Figure 1(c). In these experiments the rapid heating by the ultrafast pump laser pulse impulsively
excites vibrational modes of the nanostructure that correlate with the expansion coordinate.'* For
nanoplates the thickness vibration is excited.?!-3 Because the nanoplates in these experiments are
crystalline with (111) surfaces,! the motion for the thickness vibration is along the <111> direction

of the lattice.?> The frequency of this breathing mode vibration is therefore given by

C[{ll

Vbr = 55 (1)

where c}!! is the longitudinal speed of sound along the <111> lattice direction, and 4 is the plate

thickness.!3 3536 For a cubic crystal c}!! is given by ¢} = \/(Cn + 4(C4a — C5)/3)/p where C,
= (C11 — C12)/2.37 Using the single crystal elastic constant data for Au in Ref. [38] gives c}1! =
3420 m/s. Thus, the vp, = 41.3 £ 0.2 GHz vibrational frequency for the nanoplate in Figure 1(a)
implies that this plate has a thickness of 41.4 + 0.2 nm. Note that the nanoplates in these
experiments are very uniform. Measurements at different positions yield frequencies that are
identical within the resolution of the experiments (0.2 GHz). This can be seen in the vibrational
spectra presented in Figure 2 below. However, there are large differences in vibrational

frequencies between different nanoplates, due to polydispersity in the thickness dimension for the

sample. 28,3135
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Figurel: (a) Transient absorption trace for a suspended Au nanoplate after subtraction of the
background. (b) A scattered light image of the nanoplate and (c) the Fourier transform of the trace
in panel (a). (d) The vibrational frequencies of different Au nanoplates before (blue bars) and after
(red bars) plasma cleaning. (e) Relative percentage change in the vibrational frequencies of the
nanoplates after plasma cleaning. The lines show calculations of the expected change in frequency

for different thicknesses of the organic layer.
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The vibrational quality factors for the suspended nanoplates are typically over 100, which
is amongst the highest that have been recorded to date for metal nanostructures.?>2® This allows
accurate measurements of the vibrational frequencies and, thus, potentially changes in frequency
from mass loading effects.!336:39-40 Figure 1(d) shows the vibrational frequencies of the different
nanoplates investigated in this study before (blue bars) and after (red bars) cleaning in an oxygen
plasma to remove the organic material on the nanoplate surfaces. The nanoplates show
consistently higher vibrational frequencies after plasma cleaning. The relative change in
vibrational frequency AV/v for the different nanoplates is plotted versus frequency in Figure 1(e).
The changes in vibrational frequency reach up to 3%, with an average value of AV/y=12+0.8 %
(error equals standard deviation).

To understand the results in Figure 1 finite element simulations were performed for the
vibrational normal modes of Au nanoplates with and without a layer of organic molecules at their
surface. The simulations were performed in COMSOL Multiphysics (ver. 5.3) using the Solid
Mechanics physics module. A two-dimensional geometry was used for the simulations, which
strictly corresponds to infinitely long nanostripes rather than nanoplates. The simulations were
performed for 2 um wide nanoplates with thicknesses of 30 nm, 40 nm, 50 nm and 60 nm, and
different thickness organic layers. The organic layers were considered to cover both sides of the
nanoplates. Note that for a 2 um wide nanoplate the frequency for the breathing mode calculated
by COMSOL is virtually identical to the frequency calculated through Equation (1). The results
of the simulations are shown as the lines in Figure 1(e).

The calculations show that the relative frequency changes depend on both the thickness of
the initial organic layer, and the thickness of the nanoplate. For a given thickness organic layer,

larger values of AV/y are obtained for thinner plates (higher frequencies) because there is a larger
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relative change in mass when the coating is removed. On the other hand, for a given thickness of
nanoplate, AV/v increases approximately linearly with the thickness of organic layer for the 40 —
60 nm thick nanoplates, and super-linearly for the 30 nm plates. The majority of the experimental
Av/y values correspond to removal of 1 — 5 nm of organic material from the surfaces of the
nanoplates. This should be compared to the ~ 3 nm thickness for a CTAB bilayer.#! The
distribution of AV/y values observed in Figure 1(e) is attributed to two effects: (i) the presence of
multilayers of CTAB on the as deposited nanoplates, which will lead to larger AV/v values
compared to the value expected for a bilayer after cleaning. (ii) Incomplete removal of the organic
layer by plasma cleaning, which will reduce AV/v.

The detection limit in these experiments can be estimated from the error in AV/y. The
average error for the suspended nanoplates in Figure 1(e) is 0.15%. For a 40 GHz frequency,
which is in the middle of the data range in Figure 1(e), this value corresponds to removal of a ~0.5
nm thick layer of organic material. In terms of mass per unit area, this detection limit is roughly
an order of magnitude better than the recent measurements for Ag deposition on gold nanorods.'?
A sub-1 nm thickness detection limit was also reported in Ref. ['?], but Ag is 10x denser than the
organic material examined here. However, a better way of characterizing the performance of mass
sensing devices is the absolute mass that can be detected, which depends on the size of the
nanostructure. Modeling the nanoplates as equilateral triangles with an edge length of 5 um (which
is the approximate size in the camera images), a 0.5 nm thick organic layer corresponds to a mass
of approximately 10 attograms. This is similar to the detection limit reported in Ref. ['?].

To further explore the potential of the suspended nanoplates as mass sensors, experiments
were performed on suspended gold nanoplates with adsorbed 0.8 um diameter polystyrene beads.

Optical images of nanoplates with adsorbed beads and Fourier transforms of the transient
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absorption traces recorded at different positions on the nanoplates are presented in Figure 2. The
spectra show measurements at three different positions where there are no beads (black, red and
blue lines in Figs. 2(d) — (f)), and repeated measurements at a position where there are beads
(yellow circles in Figs. 2(a) — (¢), and green and gold lines in Figs. 2(d) — (f)). Note that as far as
we can tell from the optical images, the beads do not move or reshape during the experiments.
Each nanoplate shows a repeatable red-shift in vibrational frequency when the measurements are
performed with polystyrene beads at the focus of the pump and probe laser beams. However, the

magnitude of the shift is different for the different nanoplates.
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Figure 2: (a), (b) and (c): White light images of three different suspended Au nanoplates with
adsorbed polystyrene beads. Transient absorption experiments were performed at positions
corresponding to the beads (yellow circles) and at bead free regions. (d), (¢) and (f): Vibrational
spectra for the nanoplates showing a shift in the peak position to lower frequencies when the
polystyrene beads are at the focus of the pump and probe beams. Green and gold lines are spectra

recorded at the beads, and red, blue and black lines correspond to no beads.
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There are several important points to note about the results in Figure 2. First, the
observation of a spatially localized change in vibrational frequency due to mass loading is
somewhat surprising. The thickness vibration of the nanoplate is a normal mode, whose amplitude
should be distributed across the entire plate. Evidently adding a localized mass to the nanoplate
hybridizes the vibrational normal modes, creating a new breathing mode which has a maximum
amplitude at the particle. Second, different nanoplates show different responses to the added mass,
with a maximum value of AV/y ~ 2%. There are several possible reasons for this. For example,
the response of the nanostructure may depend on the position of the mass, as is the case for the
flexural modes of beams.!8->? It is also possible that the response depends on the contact between
the beads and the resonator. Further experiments and finite element simulations are being
conducted to investigate these effects, and to develop a protocol for determining the mass of the
adsorbed nano-objects. In NEMs devices the mass and position of adsorbed particles can be
determined by measuring the frequencies of two vibrational modes.!3-?> For the present system
position can be determined optically, however, simulations will be needed to connect the frequency
changes to mass. Note that recent studies of the vibrational modes of silicon nitride drums have
shown that optical heating from adsorbed species (single gold nanoparticles or dye molecules) can
change the vibrational frequencies of the system.*> However, we do not think that this should be
a big effect in our measurements, as the laser sources are not resonant to any transitions of the

polymers.

Summary and Conclusions:
The high quality factors that can be achieved for suspended Au nanoplates means that their

vibrational frequencies can be accurately measured in transient absorption experiments.
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Measurements performed for nanoplates before and after plasma cleaning show changes in the
vibrational frequencies that are consistent with removal of a 1 — 5 nm thick organic layer, which
means that these materials are potential candidates for mass sensing experiments. However, a
number of issues remain to be worked out. The data in Figure 2 shows that a few 0.8 um diameter
polystyrene beads can be detected in these measurements. The response is different for different
nanostructures, which means that a better understanding of how the placement of adsorbed masses
affects the response of the resonators is needed.

The current mass sensitivity for our resonators is ca. 10 attograms. This is similar to what
has been achieved with the breathing modes of plasmonic nanoparticles, but is not competitive
with NEMS devices.!4>* A straightforward way to improve the response of the nanoplate
resonators is to use structures with smaller lateral dimensions.!3 This will probably require the use
of nanoplates supported on a lacey carbon grid,”® or a similar low acoustic impedance substrates,

rather than suspended nanoplates in this study. .
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Changes in vibrational frequencies for Au nanoplates have been used for mass sensing with a

detection limit of 10 attograms.
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