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Hypersonic wavepackets were injected into polymer films of various thicknesses on a crystalline

substrate, and quantized vibrational modes were detected. The acoustic spectrum showed up to six

localized modes with frequencies determined by the boundary conditions for acoustic modes similar

to those obtained in closed organ pipes. The decay rate of the modes was found to increase linearly with

frequency in the gigahertz range. VC 2011 American Institute of Physics. [doi:10.1063/1.3605567]

Recent studies on the generation and detection of coher-

ent gigahertz (GHz) and sub-terahertz (THz) elastic waves in

nanometer films have demonstrated their potential for appli-

cations in areas such as nanotechnology, communications,

medicine, and biology.1–5 The phonon spectrum in nanome-

ter films can possess quantization of modes corresponding to

vibrations of the entire film. The lowest frequency mode of

such vibrations occurs when f0 ¼ Asd�1, where s is the ve-

locity of the sound wave, d is the film thickness, and A is a

coefficient which depends on the boundary conditions.

Phonon quantization takes place only when the film is

strongly acoustically decoupled from the surroundings. This

occurs when the materials surrounding the film have acoustic

impedances which are very different from that of the film.

Two particular situations have been studied previously:

namely, films having much higher acoustic impedance than

those of the surroundings, (corresponding either to free stand-

ing membranes or to films deposited on substrates which are

acoustically much softer than the film) and films that are sup-

ported by a material which has a much higher acoustic im-

pedance. In these types of studies, researchers often draw an

analogy with musical instruments, referring to the elastic

modes in these two cases as open- and closed-pipe organ like

modes, respectively. This is due to the similarity of the fre-

quency dependence and nature of the mechanical displace-

ments within the vibrating films to those of sound waves in

pipes. Both types of mode have been studied extensively dur-

ing the last decade using Brillouin scattering techniques.6–11

Coherent hypersonic experiments, largely designed to study

open-pipe organ modes, have been performed on ultrathin

membranes12,13 and supported films.1,14,15 So far, very little

work has been done on closed-pipe organ modes using coher-

ent hypersonic techniques. A key challenge is to generate and

detect coherent hypersonic vibrations in systems which dis-

play this type of behavior.16,17

In the present work, we performed picosecond acoustic

experiments on ultrathin polymer films that were deposited

on a crystalline silicon (Si) substrate. The acoustic mismatch

between the polymer and Si was high enough to expect the

formation of well separated closed-pipe organ like modes in

the phonon spectrum.9,10 The quantized eigenmodes in the

direction perpendicular to the film plane are expected to

have frequencies given by

fn ¼ sð2nþ 1Þ=4d; (1)

where n ¼ 0, 1, 2… is the mode number. In earlier work per-

formed on a polymer film using an optical transmission

pump-probe technique, only the lowest (fundamental) mode

(n ¼ 0) was observed.16 In the present work, we detect high-

amplitude coherent hypersonic signals and obtain up to six

closed-pipe organ like modes in a number of polymer films

with different thickness values.

Recent developments in the fabrication of complex block

co-polymer nanostructures and arrays by various technologies

including nanoimprinting18 have generated a great deal of in-

terest in the study of thin films of these materials. In this

study, thin films of a polystyrene-block-polybutadiene-block-

polystyrene block copolymer (PSPBPS, Mw ¼ 140 kDa, 30

wt. % styrene, Sigma, UK) were spin cast from solutions in

toluene on to 50 lm thick single crystal silicon wafers. The

thickness of the films was controlled by varying the concen-

tration of the solutions and the spin speed used during deposi-

tion of the films. The PSPBPS microphase separates to form

cylindrical micelles of polystyrene (PS) in a matrix of poly-

butadiene.19 The diameter of the cylindrical micelles in this

material were measured to be 35 6 2 nm using an atomic

force microscope operating in tapping mode, and the film

thickness and refractive index of the films were measured

using a self-nulling ellipsometer (k¼ 633 nm). Thin films of

PS were also deposited by spin coating solutions of the poly-

mer (dissolved in toluene) on to Si substrates.

The hypersonic experiments were performed at room

temperature using the picosecond acoustic technique.20 The

experimental scheme is shown in the inset of Fig. 1. A 100 nm

thick Al film was deposited on the surface of the Si substrate

opposite to the polymer film. The Al film was excited by 60 fs

optical pulses (wavelength 800 nm, repetition rate 5 kHz)

using a Ti-sapphire laser system with a regenerative amplifier.

The energy density of the pump beam focused to a spot with

diameter 200 lm did not exceed W � 1 m J cm�2. As a result,

a bipolar strain pulse with amplitude �10�4 and total duration

of �15 ps was injected into the Si substrate. After the strain
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pulse propagated through the Si substrate with the velocity of

longitudinal polarized (LA) sound (8.3 � 103 ms�1), it reached

the polymer film (in a time �6 ns). The strain pulse was partly

reflected from the Si/polymer interface due to acoustic mis-

match, and about 25% of the elastic energy was injected into

the polymer film. This resulted in a hypersonic wavepacket

consisting of coherent LA phonons being excited in the poly-

mer film.

The hypersonic wavepacket was detected in the polymer

film by measuring the changes of the intensity DI of the

reflected optical probe pulse. The probe beam was focussed

on the polymer film directly opposite to the excitation pump

spot in the metal film. The time delay, t, between pump and

probe optical pulses was scanned using an optical delay line

which provides a time resolution of 100 fs. Mechanisms of

probing coherent elastic waves in thin optically transparent

films by ultrashort optical pulses are described in a number

of earlier papers.21

The measurements were performed using various prob-

ing wavelengths (k ¼ 400 nm or 800 nm) and excitation

pump densities W on a number of PSPBPS and PS films with

various values of the thickness d. The films were transparent

at both wavelengths used to probe the reflectance of the sam-

ples. Figure 1(a) shows the signals DIðtÞ measured in

PSPBPS and PS films with d ¼ 105 and 95 nm, respectively.

It is seen that the complex temporal profile of DIðtÞ includes

fast and slow oscillations. The oscillations decay over times

of up to t � 1 ns in both films and it is clear that high-fre-

quency features in DIðtÞ appear immediately after the injec-

tion of the hypersonic wavepacket into the polymer film. At

longer times (t > 500 ps), the high-frequency components

disappear, and the temporal profile possesses decaying oscil-

lations with a single period.

Figure 1(b) shows the amplitude spectrum of the elastic

vibrations obtained by the fast Fourier transforms (FFT) of

the signals DIðtÞ presented in Fig. 1(a). All three spectra pos-

sess two well separated peaks with central frequencies fn that

are well described by Eq. (1) for n ¼ 0 and n ¼ 1. The sound

velocities used in Eq. (1) were s
ðPSPBPSÞ
LA ¼ 2:1� 103 ms�1

and s
ðPSÞ
LA ¼ 2:3� 103 ms�1 for PSPBPS and PS films,

respectively. The value of s
ðPSÞ
LA for the PS film is close to the

values obtained in earlier works on PS films.22–24 Hence, the

three spectra presented in Fig. 1(b) show the features that are

consistent with the presence of quantized phonon modes that

are characteristic of closed-organ pipe modes.

The spectra of films with various d values were meas-

ured in order to confirm the validity of the organ-pipe mode

assignments used for the observed hypersonic modes. The

results for PSPBPS films are shown in Fig. 2. The calculated

values of fn are shown by vertical bars labeled by the corre-

sponding values of n. The values of d and sound velocities

s
ðPSPBPSÞ
LA used in the calculations are indicated within the bor-

ders above each curve. It is seen that the measured spectral

peaks are in good agreement with the calculations. The vari-

ation of the value of s
ðPSPBPSÞ
LA ¼ ð1:7860:05Þ � 103 ms�1

does not exceed 3% for films with d > 130 nm. The increase

of s
ðPSPBPSÞ
LA up to 2.1 � 103 ms�1 with the decrease of d is in

qualitative agreement with the earlier studies in polymer

films.25 Thus, we conclude that the polymer films studied

display spectra that are consistent with the presence of

closed-pipe organ like modes. Up to four well resolved

modes are clearly detected and the spectral features of two

further modes are also present in the spectra in Fig. 2(b).

In the films with d � 170 nm [see Fig. 2(b)], there are

spectral peaks centered around fB ¼ 14 GHz, which corre-

spond to the Brillouin frequency indicated by dashed bar,26,27

fB ¼ 2sLA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e� sin2h

p
=k; (2)

where e is the dielectric permittivity for the probing wave-

length (for PSPBPS, we took e ¼ 2.4 from ellipsometry data)

and h ¼ 10� is the angle of incidence of the probe beam [see

FIG. 1. (Color online) (a) Temporal profiles of the reflectivity signals measured

in PSPBPS and PS films with thickness values of 105 nm and 95 nm, respec-

tively. The wavelength k of the probing light is indicated above the curves. The

inset shows the experimental scheme. (b) Amplitude spectra obtained from the

signals shown in (a) by fast Fourier transforms. The vertical bars indicate

the frequencies of the closed-pipe organ like modes calculated using Eq. (1).

The order of the modes, n, are indicated near the corresponding bars.

FIG. 2. (Color online) Amplitude spectra obtained from the temporal

profiles measured in PSPBPS films with various thickness by probing with k
¼ 400 nm. The solid vertical bars indicate the frequencies of the closed-pipe

organ like modes calculated using Eq. (1). The thickness of the films and

sound velocity used in calculations are given in the square frames near each

curve. The vertical dashed bar (fB) indicates the frequency of Brillouin oscil-

lations expected in the bulk material.
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the inset in Fig. 1(a)]. The observation of the signal at the

Brillouin frequency only in sufficiently thick films is consist-

ent with the fact that the spectral selectivity of the acousto-

optic detection narrows around the Brillouin frequency with

increasing film thickness.10

The experiments performed here allow us to obtain the

decay time (s) of coherent modes excited in the polymer films.

The values of s for low frequencies, f < 10 GHz, were obtained

from measured temporal curves DIðtÞ at long delays, when

only one decaying mode, related to n ¼ 0, remains in the spec-

trum. For higher frequencies, the value of s was derived from

the width of the corresponding spectral lines. The experimen-

tally observed lifetime s�1 ¼ s�1
b þ s�1

l , where sb and sl are

the decay times related to the attenuation in the bulk of the

polymer film and the leakage from the film to the substrate,

respectively. For the leakage time, we have s�1
l ¼ sð2dÞ�1

ln R�1ð Þ, where R ¼ 0.75 is the modulus of the reflection coeffi-

cient of the acoustic waves at the film/substrate interface. The

results for sb are presented in Fig. 3. It is seen that the decay

rate sb is well described by a linear frequency dependence

shown in Fig. 3 by the dashed line. The values of sb in PSPBPS

are slightly larger than in PS, which is apparently due to addi-

tional phonon scattering at the interfaces between the PS and

the PB blocks in the polymer. The measured dependence is in

agreement with the extrapolation proposed by Morath and

Maris22 between the measurements below 1 GHz accomplished

by Brillouin scattering and ultrasonic techniques and high fre-

quency measurements by picosecond laser ultrasonics in the

range 10 GHz–100 GHz. Although the observed linear depend-

ence of the acoustic attenuation on frequency below 1 GHz has

been attributed to the relaxation on structural defects,28 this

issue is still under debate. Here, the experimental confirmation

of the validity of this universal law in the frequency range 1

GHz–20 GHz is reported. The block structure of the PSPBPS

copolymer can be excluded as the main reason for the linear de-

pendence of sb on f because similar behavior is observed in PS

films (see open symbols in Fig. 3), where the polymer structure

is homogeneous.

In conclusion, we have observed coherent quantized

vibrational modes in supported polymer films. The detected

spectra of the vibrational modes consist of up to six spectral

lines, which have frequencies that are well described by the

spectrum of closed-pipe organ like modes. The observation

of more than one mode in the same film opens the possibility

for using the same film in nanomechanical circuits operated

in a wide frequency range. Polymer films on crystalline sub-

strates have potential applications as sensors for adsorbed

molecules including biosensors. The deviations of the spec-

tra from the simple equally spaced lines predicted by Eq. (1)

could also be used as a method for characterization of the

nanoscale structure of the block copolymer. This will be the

subject of future work.
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