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Ultrafast Spectroscopy Studies on Thickness Dependence of Acoustic
Phonon Modes in Silver Nanoprisms
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Time-resolved transient absorption technique is used to investigate the thickness dependence of
acoustic phonon modes of silver nanoprisms with two thicknesses, 7.8 £ 1.2 and 8.5 + 0.69 nm, and a simi-
lar bisector length of 31.4 ~ 31.6 nm. Coherent acoustic phonon signals are observed. A new acoustic
phonon frequency within 7.81 cm™ ~ 11.7 cm™ is found and this phonon mode is associated with the thick-
ness of the nanoprism. Another phonon frequency between 1.95 cm™ and 1.71 cm™ is also observed, and
its origin can be associated with the bisector length of the nanoprism.
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INTRODUCTION

Recently, optical responses of silver nanoprisms have
been investigated for possible applications on biosensors
and communications.'” Compared with conventional nano-
spheroids,”* the nanoprisms exhibit a large red-shift of sur-
face plasmon resonance (SPR). Due to a large tip curvature
on a nanoprism, an induced local electric field in surface
enhanced Raman scattering (SERS) can have 3500 inci-
dences of electromagnetic field.”” In addition, the lateral
surface (110) structure of a nanoprism provides much
shorter-range chemical effects in SERS than the normal
surface (111) structure.” Several researchers have reported
that the increased thickness of nanoprism results in a spec-
tra shift about ten times larger than the case in which the bi-
sector length of the nanoprism is elongated.®'°

Raman scattering is an excellent technique used to
observe a precise phonon frequency.'' However, as far as
we know, there have been no reports of the phonon fre-
quencies on nanoprisms by Raman scattering. Two totally
symmetric acoustic phonon modes, correlated with the bi-
sector length and half-edge length of silver nanoprism,
have been reported by time-resolved transient absorption
measurements.'>'* Although nanoprisms have three di-
mensions - bisector, edge length, and thickness - a phonon
mode associated with the thickness of nanoprisms has not

been observed." In this study, we are interested in a pho-
non mode related to the thickness of nanoprisms. Because
the dimension of the thickness is much smaller than the
other two dimensions, the corresponding phonon mode fre-
quencies should be higher than the other two dimensions. It
is possible to observe such higher frequencies if one scans
the time-resolved transient absorption profiles with a
smaller interval of the delay time-step. In this paper, we re-
port a new phonon mode that is correlated with the thick-
ness of the nanoprism.

EXPERIMENTAL SECTION

Synthesis and characterizations

A wet chemical method developed by Mirkin and
his colleague8 was applied to synthesize two nanoprisms
with different thicknesses. To an aqueous solution of silver
nitrite, AgNOs3, (0.1 mM, 100 mL), trosodium citrate,
Na;CsHs07, (30 mM, 6 mL), poly(vinylpyrrolidone) (PVP
M,, ~ 55,000 g/mol, 0.7 mM, 6 mL), and hydrogen perox-
ide, H,O,, (35 wt.%, 240 uL) were added in sequence and
vigorously stirred at 23 °C. Finally, a 100 mM sodium
borohydride, NaBH,, was injected into the mixture in the
amounts of 500 uL or 800 uL in order to control the synthe-
sized thickness of the nanoprisms. For about 20 ~ 40 min-
utes, silver triangle nanoprisms were synthesized with the
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indication that the yellow mixtures became blue. The con-
centration of the suspended silver triangle nanoprisms was
estimated to be about 0.31 nM in water solution after
centrifugation (9000 prm, 8 min).

The images of the synthesized nanoprisms were ob-
served by a transmission electron microscope (TEM,
Hitachi H-7100) operated at 75 kV, and the dimensional
distribution of the silver nanoprisms were determined by
dynamic light scattering (DLS, MALVERN, ZETASIZER-
300) method. All uv-vis absorption spectra of the silver
nanoprisms solutions were measured by a spectrophotome-
ter (JASCO V-570) with light path 10 mm of a cell.

Time-resolved transient absorption measurements

For the transient absorption measurements, the single
color pump-probe technique was employed with the de-
tailed experimental setup given elsewhere.'® A 100 fs visi-
ble—tunable laser provided by an optical parametric ampli-
fier (OPA 9400, Coherent, Inc.) with a repetition rate of 20
kHz was applied to the nanoprisms for single color pump-
probe measurements. Here, the OPA laser was generated by
an amplifier of a Ti:sapphire laser system (RegA 9000, Co-
herent, Inc.), in which a RegA laser was pumped and
seeded by an argon ion laser (Innova 400, Coherent, Inc.)
and an oscillator of the Ti:sapphire laser system (Mira 900,
Coherent, Inc.). A translational stage was performed to
control delay time between the pump and probe beams,
which were focused on the samples with a laser energy ra-
tio of 10 to 1. The probed beam was detected by a photo-
diode detector (2001-FC, New Focus Inc.) and acquired by
a personal computer through a lock-in amplifier (SR830,
Stanford Research Inc.). A perpendicular polarization be-
tween the two beams was employed to filter out the scat-
tered light of the pump beam which was chopped with a fre-
quency of 1 kHz. To avoid the conformation change, a low
pump power density of ~ 1.0 x 10’ W/cm? was employed in
each sample system. Here, the samples were stored in an
ice bath and a dark environment and circulated in a flow
cell in a 1 mm optical light path to reduce the photo-degra-
dation during the measurements.

RESULTS AND DISCUSSION

To obtain the phonon frequency associated with the
thickness of the nanoprism, we first characterized the di-
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mensions of the two synthesized nanoprisms by TEM im-
ages. One is a thicker nanoprism with a thickness of D = 8.5
+ 0.7 nm and a bisector length of H =31.4 £ 8.5 nm; the
other one is thinner with D =7.8 £ 1.2 nm and H =31.6 £
7.1 nm. Photo images, including the top and side views of
the synthesized nanoprisms, are shown in panels (al)-(a3)
in Fig. 1, and the bisectors distribution are presented in
panels (b1) and (b2), also in Fig. 1. The dimensional distri-
bution of the two nanoprisms is also measured by DLS, in
which, as shown in Fig. 1(c), about 20% and 10% residues
(dimension < 5 nm) exist for nanoprisms D = 8.5 nm and D
= 7.8 nm, respectively. In addition, the UV-visible absorp-
tion measurements are also performed to characterize the
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Fig. 1. (a) The quality of synthesized silver nano-
prisms is illustrated by TEM image. The nano-
prisms are deposited on a carbon film coated on
a copper grid. A top view of a single nanoprism
is exhibited, where H and L indicate the bisec-
tor length and the edge length, respectively.
Stacks of silver nanoprisms assembled in a
top-to-base manner on the carbon film are also
presented, in which D indicates the thickness.
(b) The histograms of statistical dimensions of
the bisectors length of the nanoprism D = 8.5
nm and D = 7.8 nm are about 100-200 particles.
(c) The DLS results display the size distribution
of nanoprisms for D = 8.5 nm and D = 7.8 nm.
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synthesized silver nanoprisms. A blue shift of the SPR band
from 680 nm to 621 nm is observed by increasing the thick-
ness from D = 7.8 nm to D = 8.5 nm, as shown in Fig. 2.
Since the blue shift of the in-plane dipole SPR transition
depends on three factors, namely, the edge length, the
snipped tips, and the thickness of nanoprisms,*** the shift
is due to the thickness of the nanoprisms for the case of a
similar edge length and comparable snipped tips. It is noted
that less absorption at 400 nm suggests a negligible con-
centration of residues and negligible spherical nanoparti-
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Fig. 2. The UV-visible absorption spectra of both sil-
ver nanoprisms. The solid line is for the nano-
prism D = 8.5 nm and the dashed line is for the
one where D = 7.8 nm.
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cles (NPs) in the solution.

To investigate thickness dependence of acoustic pho-
nons of nanoprisms, the single color pump-probe technique
is employed in which the nanoprism is excited upon the
SPR absorption band with excitation wavelengths at 575
nm and 640 nm for D = 8.5 nm and D = 7.8 nm, respec-
tively. By adjusting the interval of the time steps in the
pump-probe experiments, two types of coherent phonons
are observed from each of the two different thickness
nanoprisms. Panels (al) and (a2) in Figs. 3 and 4 show the
observed time-resolved profiles within a delay time of 100
psec and that of 8.5 psec, correspondingly. The scattered
points represent the observed transient absorption data and
the solid lines denote the decay components. After sub-
tracting the decay components from the observed time-re-
solved profiles, the oscillation components can be deduced
as shown in panels (bl) and (b2) in Figs. 3 and 4. The Fast
Fourier Transform (FFT) can be employed to deduce the
phonon frequencies, which are also examined by the single
value deconvolution (SVD) method'® as shown in panels
(cl) and (c2) in Figs. 3 and 4. The consistent spectra ana-
lyzed by FFT and SVD assure that low and high acoustic
phonon frequencies, v, and v,, are obtained. Two frequen-
cies 0f 1.95 £ 0.1 cm™ and 7.81 + 4.0 cm™ are obtained for
nanoprism D = 8.5 nm, and those of 1.71 £ 0.1 cm™ and
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Fig. 3. (a) The observed transient absorption profiles (circles) within 100 psec of delay time and the deduced decay compo-
nents (solid lines). (b) The deduced oscillation components (circles) and fitting curve (solid lines). (¢) The FFT (cir-
cles and lines) and SVD (dashed line) analysis spectra of the low frequency phonon mode.
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Fig. 4. (a) The observed transient absorption results (circles) within 8.5 psec of delay time and deduced decay components
(solid line). (b) The deduced oscillation component (circles) and fitting curve (solid line). (¢) FFT (circles and lines)
and SVD (dashed line) analysis spectra of the high frequency phonon mode.

11.7 £ 4.0 cm™ are for D = 7.8 nm. Their correspondence
phonon time constants Tare 17.1 psec and 4.27 psec for the
nanoprism with D = 8.5 nmand 19.5 psec and 2.85 psec for
the one with D = 7.8 nm. Here, the uncertainty of the de-
duced phonon frequency A is determined by the number of
the data points N and the step size of the delay time A¢ such
that A = 1/(c x At x N) where c is the velocity of light.
Furthermore, a phenomenological approximation is
adopted to identify the deduced frequencies of nanoprisms
because the derivation of the phonon frequencies of a nano-
prism based on the continuum elastic theory is not avail-
able. On top of that, numerical simulation of the system is
extremely demanding. With v =c¢; / 2c¢H,'? the frequency of
1.9 cm™ is obtained as H = 31.4 nm (D = 8.5 nm) and H =
31.6 nm (D = 7.8 nm), where ¢, = 3650 m/s is the longitudi-
nal sound speed in the bulk of silver. The consistency be-
tween the calculated frequency and the observed low fre-
quency indicates that the acoustic phonon frequency v, can
be associated with the bisector length. This phonon mode,
in fact, has been assigned to be a symmetric breathing
mode for the nanoprism at edge length 50-120 nm.'*"*
Moreover, a thickness-correlated phonon frequency has
been reported for polycrystalline silver film with thickness
23 nm based on the equation v = ¢, / 2¢D."'® It is practical
at this moment for us to adopt the same equation to interpret

the phonon frequency associated with the thickness of the
nanoprism. The calculated frequencies are given as 7.2
cm™ for D =8.5nmand 7.8 cm™ for D = 7.8 nm, respec-
tively. These values are found to be slightly smaller than
the observed high frequencies v, ; nevertheless, the esti-
mated phonon frequencies are within the uncertainty of the
observed onev,, 7.81 £4.0 cm!'and 11.7+4.0cm™. Thus,
we propose that the high phonon frequency mode can be
associated with the thickness of the nanoprisms. All the ob-
served and calculated phonon frequencies are summarized
and listed in Table 1. It is noted that the phenomenological
approximation ignores the correlation effect between the
dimensions of the bisector length and the thickness. In ad-
dition, the observed phonon frequencies contributed from
the negligible amount of residues and the spherical NPs
should be ignored at the applied excitation wavelengths.
The totally symmetric phonon mode associated with the
half-edge length of a nanoprism is not observed in this
work'* probably due to the very weak amplitude of the pho-
non mode.

The time-development of a coherent acoustic phonon
oscillation can be expressed by

NO) =Acos(2Tm+¢)exp(—(t/r)2), (1)



Coherent Acoustic Phonon in Silver Nanoprisms

J. Chin. Chem. Soc., Vol. 55, No. 1, 2008 27

Table 1. The observed and calculated acoustic phonon frequencies of both silver nanoprisms

D=285nm D=78nm
Observed (SVD) Phenomeno.loglcal Observed (SVD) Phenomeno.loglcal
analysis analysis
v, (em™) 1.95+£0.1 1.9 1.71 £ 0.1 1.9
v, (em™) 7.81£4.0 72 11.7+4.0 7.8

Table 2. The amplitude ratios, damping time constants, and
phases of two phonon modes of both nanoprisms

Thickness correlated mode/

Bisector correlated mode D=85nm D=7.8nm
Amplitude ratio 0.192/1 0.778/1

T (psec)/t (psec) 4.11/27.8 5.10/45.6
¢ (deg)/o (deg) 78.5°/79.1° 44.3°/42 4°

where 4, ¢, and t are the amplitude, phase, and damping
time constant, respectively. For the thickness-correlated
phonon mode, with application of 7' = 4.27 psec and T =
2.85 psec to Eq. (1) for the nanoprism D = 8.5 nm and D =
7.8 nm, ¢ are obtained as 78.5° and 44.3°, and t are 4.11
psec and 5.10 psec, respectively. By using 7= 17.1 psec
and 7'=19.5 psec for the bisector-correlated phonon mode
of the corresponding nanoprisms, ¢ are determined as 79.1°
and 42.4°, and t are 27.8 psec and 45.6 psec, respectively.
The amplitude ratio of the thickness-correlated mode to the
bisector-correlated mode is 0.192/1 (0.778/1) for the
nanoprism (D = 7.8 nm). All deduced results are listed in
Table 2 and the simulated profiles are displayed in panels
(b1) and (b2) in Figs. 3 and 4. The smaller damping time
constant for nanoprism D = 8.5 nm is due to the larger di-
mension fluctuation as shown in the DLS results (see pan-
els (c1) and (c2) in Fig. 1). Similarity in the phases of both
phonon modes observed from one nanoprism solution con-
firm that the deduced phonon frequencies v, and v, can be
originated from the same nanoprisms, while the phonon
phase can be different at various probed wavelengths.'*
The phonon phase of the thickness-correlated mode and a
mechanism of electron-phonon coupling are still under in-
vestigation.

CONCLUSIONS

New acoustic phonon frequencies within 7.81 cm™
and 11.7 cm™ are found in the femto-second time-resolved
transient absorption profiles of silver nanoprisms with

thicknesses 0f 8.5+ 0.69 nm and 7.8 £ 1.2 nm after analysis
by FFT and SVD methods. The newly observed frequen-
cies are suggested to be a thickness-correlated phonon
mode. The bisector-correlated phonon frequency of 1.95
em™ (1.71 cm™) is also observed for the nanoprism with a
bisector of 31.4 £ 8.5 nm (31.6 £ 7.1 nm). The amplitudes
ratio, phases, and damping time constants of both phonon
modes are also deduced from an analysis of the time-devel-
opment behaviors of the observed coherent acoustic pho-
non.
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