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Various types of surface acoustic waves are generated by femtosecond pulses on bulk silicon with

aluminium stripe transducers. Rayleigh and leaky longitudinal surface acoustic wave modes are

detected in the time domain for various propagation distances. The modes are identified by

measuring on various pitches and comparing the spectra with finite element calculations. The

lifetimes of the modes are determined quantitatively by spatially separating pump and probe beam,

showing a significant difference in the lifetimes of both modes. We were able to excite and

measure Rayleigh modes with frequencies of up to 90 GHz using a 100 nm period grating. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4729891]

Surface acoustic waves (SAWs) have been of great in-

terest for the last 50 years since the invention of interdigital

transducers.1 While low frequency SAWs in the ultrasonic

range have made their success path in communication and

signal processing technologies,2 higher frequency SAWs

have found applications in several areas, such as material

characterization,3,4 photonic modulation,5 phononic crys-

tals,6 optomechanics,7 and transport by phonons of other

excitations in solids.8,9 The ability to excite higher acoustic

frequencies and identify their correspondent modes is there-

fore the key to enable further advances in these and other

areas. While there are a number of techniques to create

SAWs, the highest frequencies achieved so far are by photo-

acoustic excitation using thin stripe metal transducers on

transparent and semi-transparent substrates. The waves are

excited by the thermoelastic expansion of the fingers, creat-

ing a stress in the material underneath.10,11

SAWs with frequencies of up to 50 GHz using nickel

stripes on sapphire have been recently obtained by Nelson

et al.12 Slightly lower frequencies with aluminum stripes on

silicon (Si) were generated by Sadhu et al. to investigate the

effect of changing the ratio between the period of the grating

and finger width.13 In both cases the waves were excited by

pumping a large area of the grating. In our measurements we

are locally exciting and probing the SAWs by using small

pump and probe spots, and thereby directly measuring propa-

gation distances and the decay of the excited waves up to

90 GHz frequencies. Instead of measuring surface displace-

ment, we detect the change in optical reflectivity due to the

strain created by the waves. While other methods have been

used to completely map the acoustic band structure of SAWs

such as Rayleigh-like waves (RSAW) and leaky longitudinal

SAWs (LLSAW),14 no measurements at such high frequen-

cies have been performed so far that were able to spatially

and temporally map these modes.

The samples were fabricated using standard techniques

on (001) Si wafers. The process was started by cleaning the

samples and spinning a thin layer of PMMA on top. Grating

patterns were defined by electron beam lithography and sub-

sequent development. A short reactive ion etching was used

to etch a few nanometers (�3 nm) into the material to

improve the adhesion of the aluminium (Al) fingers and to

generate an initial stress that better matches the profile of the

SAWs. Afterwards the Al was evaporated on top and the pro-

cess was finished by a lift-off to remove the photoresist as

well as the Al on top of it, leaving the fingers of the trans-

ducers on the surface. The fingers were aligned perpendicu-

larly to the [110] direction.

Samples with five different pitches were fabricated,

ranging from a period of 600 nm down to 100 nm in steps of

100 nm. There were no samples with a pitch of 500 nm.

Finger widths varied and were typically half the period

except in the case of the 600 nm period where it was a third

of the period. The fingers have a length of �80 microns and

the entire grating covers a 80 lm by 35 lm area.

The samples were excited and measured using the high-

speed asynchronous optical sampling (ASOPS) technique.15

High-speed ASOPS is a pump probe technique that uses two

Ti-Sapphire femtosecond lasers with a repetition rate of

800 MHz. The lasers have an offset in repetition rate of

5 kHz and are locked to each other. Due to the difference in

repetition rate, the pulses have a varying time delay without

the need of a mechanical delay line. This offers improved

stability and, due to the high repetition rate, an improved sig-

nal-to-noise ratio compared to conventional pump-probe

techniques that use mechanical delay stages.

The pump laser was set to a wavelength of 790 nm and

the probe laser to 820 nm. Both lasers have a pulse length of

�50 fs. They are focused onto the sample using a microscope

objective with a numerical aperture of 0.55. The probe light

polarization is parallel to the grating while the one of the

pump is perpendicular. The spot size is resolution limiteda)Electronic mail: martin.schubert@uni-konstanz.de.
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with a FWHM of less than 2 lm. The pump and probe

powers used were 70 and 5 mW, respectively. The probe

pulses are detected using a high-speed 125 MHz photo diode.

It is possible to pump and probe at different places on the

gratings by spatially displacing the pump spot.

Using the theory developed by Gusev et al.16 and

approximating the absorbed power,17 the strain in the RSAW

generated by a grating with a 200 nm period is estimated to

be about 10�4. This strain is an order of magnitude higher

than reported previously18 for structures with similar param-

eters, which is to be expected since the pump laser fluence is

also about an order of magnitude larger.

Figure 1 shows time traces of three different measure-

ments on the 600 nm period grating with varying displace-

ments of the pump spot relative to the probe spot. All traces

are shifted in time in order to display them in one graph. The

signals consist of two dominant sine waves with a Gaussian

envelope, corresponding to the two dominant frequencies as

shown in the Fourier transform (Fig. 2). The Gaussian enve-

lope is caused by the finite spot size used to excite the gra-

ting, i.e., the number of cycles corresponds to the number of

Al stripes excited. The decay of the amplitudes for larger

propagation distances is clearly observed.

Figure 2 shows the Fourier transform obtained from

measurements on four gratings with different periods. In

these spectra, pump and probe spots are overlapping. A se-

ries of peaks can be seen that shift towards higher frequen-

cies for smaller periods. The spectra for the 100 nm period

are plotted separately in Fig. 3 with a different frequency

scale. To identify the measured modes, the frequencies of

the main peaks for the five different periods are plotted over

the nominal periods of the gratings in Fig. 4. Alongside the

measurements, the results of finite element simulations are

plotted showing a good quantitative agreement to the meas-

ured frequencies. The small differences between measured

and calculated frequencies are most likely caused by fabrica-

tion imperfections of the fingers.

The finite element calculations were performed using

COMSOL Multiphysics software.19 The calculations were

based on eigenfrequency analysis assuming a periodic struc-

ture. The material constants were taken from Auld,20 and

Euler rotation was applied to the compliance matrix of Si for

propagation in the [110] direction. The height of the fingers

was kept fixed (14 nm), while the period and the width of the

geometry varied, keeping the filling factor of one half, which

means that the system does not scale uniformly for different

periods, since the height over width ratio of the finger

changes (aspect ratio).

The first mode can be identified as a RSAW with the pe-

riod of the grating corresponding to the wavelength of the

mode. The propagation speed of the mode obtained by fitting

FIG. 1. Extracted oscillations obtained from the transducers with 600 nm

period for different distances between pump and probe spot. For better com-

parability the traces are offset and shifted so that the centers of the gaussian

envelopes of the measured sine waves coincide.

FIG. 2. Spectra of the gratings with periods of 600, 400, 300, and 200 nm.

Pump and probe spot were overlapping. Relevant peaks are marked (see

text). The first peak corresponds to the RSAW and second peak to the

LLSAW. The LLSAW peak is not visible in the last spectrum due to its

small intensity.

FIG. 3. Spectrum of the grating with a period of 100 nm. Pump and probe

are overlapping. Relevant peaks are marked and explained in the text. Note

that the frequency scale differs from the other spectra presented in Fig. 2.

The large peak in the center of the spectra is caused by the Brillouin mode

and only visible when pump and probe overlap.
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the experimental data is 4521 m/s, which is below the speed

of the slowest shear bulk wave in the [110] direction of Si

(�4670 m/s) as expected for a RSAW.21 It should be noted

though that the speed increases with smaller aspect ratios

(larger period) due to the smaller influence of the grating.22

We confirmed that all of these modes are propagating by

doing measurements with a displaced pump spot, which is

exemplified in Fig. 1.

It is important to notice that due to the presence of the

fingers, the eigensolutions for the Rayleigh mode split into

two solutions—a sine-like and a cosine-like one.22 The dif-

ference in frequency between the two solutions is dependent

on the geometric and mechanical characteristics of the struc-

ture. The calculations for the measured structures show that

the two solutions get closer and closer in frequency for

smaller aspect ratios of the fingers, approaching the case of

the absence of the fingers in which they are degenerate.

At large grating periods the second dominant mode lies

close to the position of the 2nd harmonic of the RSAW. Esti-

mating the speeds of the modes shows that they are signifi-

cantly faster than the RSAW and approach the speed of

longitudinal bulk waves (�9000 m/s). We attribute these

modes to so called LLSAW that have a dominant longitudi-

nal component and are attenuated mostly because of the

emission of bulk shear waves.14,23,24 The calculated mode

patterns for the LLSAW show clear signs of this longitudinal

character of the wave (along the surface polarization).

The grating period of 100 nm shown in Fig. 3 is a special

case. The height of the stripes approaches the wavelength of

the SAW, and therefore the influence of the fingers on the

modes becomes larger, leading to a larger splitting between

degenerate solutions and also to the appearance of modes

which are strongly confined to the metal. We believe that,

for this reason, more modes could be detected on this struc-

ture. The calculations show that the mode at �52 GHz (a
mode) indicates a pseudo-SAW,25 while the mode at

�63 GHz (b mode) indicates a vibrational mode of the

stripes.26

Furthermore we can see a 2nd harmonic RSAW at

90.4 GHz for the 100 nm grating. The numerical calculations

also show for this case that a large part of the mode is con-

fined to the fingers. To further quantify the influence of the

fingers on the RSAW is beyond the scope of this article, but

it appears to allow for the mode to be more efficiently

excited/detected in the case of the 100 nm period grating

than for the other periods. Measurements indicate that the

2nd harmonic in Fig. 3 significantly decays over a length

of less than a micron. Nevertheless it can be detected at

distances where pump and probe spot are clearly separated

(�5 lm apart) due to the high sensitivity of the ASOPS sys-

tem (DR=R0 � 10�7).

Regarding the 2nd harmonic of the RSAW in the other

grating periods, we assume that it is largely suppressed due to

the filling factor of our gratings, which is one half for all the

different periods, apart as mentioned before in the case of the

600 nm grating, where the filling factor is one third. Accord-

ing to the calculations, the 2nd harmonic for the 600 nm gra-

ting lies close in frequency to the LLSAW as can be seen in

Fig. 4. In fact all the measurements in Figs. 2 and 3 show that

the first peak is larger than the second except in the case of

the 600 nm grating where this is reversed. This indicates that

the 2nd harmonic RSAW is also present for this period but

overlaps with the LLSAW.

Figure 5 shows the FFT amplitudes at various distances

between pump and probe of the two dominant modes at

15.4 GHz (RSAW) and 26.8 GHz (LLSAW) measured for a

grating with a period of 300 nm and a finger width of

150 nm. The lifetime of the RSAW is determined using the

1/e value of an exponential function fitted to the FFT ampli-

tudes divided by the speed of the RSAW �4800 m/s. It has a

lifetime of �930 ps, which is similar to values reported ear-

lier.13 The lifetime of the LLSAW is considerably shorter

with �150 ps at a speed of �8040 m/s. Both fits are shown in

the figure as well as the measured propagation distances. The

speeds are calculated by assuming that the wavelength is the

same as the period of the grating for both the RSAW and the

LLSAW. Due to the presence of the metal fingers, both

waves are dispersive as mentioned previously, and therefore

these speeds are specific to the grating with a period of

300 nm.

FIG. 4. Frequency over nominal grating period diagram of the measured

dominant modes. Measured modes are plotted next to the results of finite

element simulations for a large number of different pitches.

FIG. 5. Decay of the RSAW and LLSAW for the 300 nm period. Each point

corresponds to the amplitude of the mode measured with a certain distance

between pump and probe in the corresponding spectrum (spectra not shown).

Amplitudes are normalized to the peaks in the spectra with overlapping

pump and probe spot to better compare the different decay lengths of both

modes. Distance between pump and probe was measured by imaging the sur-

face with both spots visible. The fits are exponential decay functions.
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Similar measurements can be carried out for all the gra-

tings, but with smaller periods it becomes increasingly diffi-

cult due to the shorter propagation length of the waves and

the general quality of the gratings becoming lower due to

fabrication issues. For the fast decaying waves the propaga-

tion length approaches the spot size, which complicates

determining the lifetime of the modes.

In conclusion we have been able to excite and detect

RSAW with frequencies of up to 90 GHz in Si. Simultane-

ously, LLSAWs were detected with frequencies of up to

52 GHz. We measured propagation distances of several

microns for SAWs above 10 GHz which allows to design

experiments in which one can utilize these waves to probe

various nanostructures. By using membranes instead of bulk

Si we should be able to excite waves at even higher frequen-

cies. The frequency can also be increased by further reducing

the period of the gratings to less than 100 nm which should

allow us to generate and detect waves with frequencies

beyond 100 GHz.
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