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Imaging nanostructures with coherent phonon pulses

B. C. Daly,a) N. C. R. Holme, T. Buma, C. Branciard, and T. B. Norris
Center for Ultrafast Optical Science and EECS Department, University of Michigan, Ann Arbor,
Michigan 48109-2099

D. M. Tennant, J. A. Taylor, J. E. Bower, and S. Pau
Bell Laboratories, Lucent Technologies Murray Hill, New Jersey 07974

(Received 4 February 2004; accepted 26 April 2004; published online 10 Jung 2004

We demonstrate submicron resolution imaging using picosecond acoustic phonon pulses.
High-frequency acoustic pulses are generated by impulsive thermoelastic excitation of a patterned
15-nm-thick metal film on a crystalline substrate using ultrafast optical pulses. The spatiotemporal
diffracted acoustic strain field is measured on the opposite side of the substrate, and this field is used
in a time-reversal algorithm to reconstruct the object. The image resolution is characterized using
lithographically defined 1-micron-period Al structures on Si. Straightforward technical
improvements should lead to resolution approaching 45 nm, extending the resolution of acoustic
microscopy into the nanoscale regime. @004 American Institute of Physics
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Progress in nanoscience is facilitated by advances ipositionsP, on a surfac&.’ in the far field. If the field on the
nanoscale imaging. In this letter, we describe a technique thaurfaceX’ is then time reversed, it will “backpropagate” to
enables acoustic microscopy to be performed in the submihe object plane due to the time-reversal symmetry of the
cron domain, with the potential to obtain a resolution ofwave equation. The sum of these numerically backpropa-
roughly 45 nm. State-of-the-art acousitc microscopes have gated waves yields a reconstruction of the input field at the
maximum resolution in the range of 1—10 microns, and us@bject plane, and therefore of the object itself. Thus, the
sound waves with frequencies as high as 1 Ghire pro-  object can be reconstructed by using the measured field as
pose to improve this resolution dramatically by using considthe input to the “time-reversed” diffraction integfal,
erably higher frequency>100 GH2 acoustic waves which
are generated and detected. by means of an uItrgfast optical 1 1+cogng rop) | @
pump and probe technique known as picosecond U(Py,t)=- —fJ , ( )—u
ultrasonics™™ dmc ) )Y a

In picosecond ultrasonics, an ultrafgstpically 100 fg r
laser pulse impulsively heats a thitypically 10-nm-thick ><<P0,t+ il)dg’, (1)
metal film, and the resulting thermal expansion launches a ¢
single-cycle coherent acoustic phonon pulse into the sub- , . . .
strate. This technique has become a powerful tool fofVherecis the wave velocityn, is the normal to the far-field
nanometer-scale thin-film metrology and semiconductor proSUrface, and, is the vector betweef, a pointP, in the

cess controf. We emphasize here, however, that picosecon@PI€Ct plane. We refer to this method as “time-reversal im-
ultrasonics is capable of imaging two-dimensiof@D) lat-  29INY, and have previously demonstrated its applicability to

eral nanostructures and potentially three-dimensiogg) ~ POth 2D(Ref. 9 and 3D(Ref. 10 imaging with single-cycle
nanostructures as well. To accomplish this, high-resolutiorl€ranertz electromagnetic pulses.

optical measurement of the transverse spatial variation of the

acoustic wave is required. Our solution is to allow the scat-

o1

tered(diffracted acoustic wave to propagate a sufficient dis- Scattered
tance such that this variation is broad enough to be measured ~E Fields
by a 1 micron diameter optical probe beam. Unfortunately, 5 f\\ N
the ballistic propagation length of terahertz-bandwidth . l_..-"‘ A/\
acoustic phonons is typically only a few microns, roughly ' PP
two orders of magnitude shorter than the diffraction length - )
required for our method. However, it has been shown that o !
coherent phonon pulses can propagate for several mm in \ ; Detestion
crystalline substrates such as Si or sapphire at cryogenic /'l 3 *v\/ Plane
temperatures.’ Object” | \ o
The concept underlying our imaging method is illus- Plane | 1

trated in Fig. 1. Input pulses are scattered from the object o %
planeZ, and time domain measurements of the scattered field

amplitudeu(Py,t) are made at a number of different detector

FIG. 1. lllustration of the basic time-reversal imaging concept. The scattered
fields at the detection scree are used as the input to E(.) in order to
¥Electronic mail: bcdaly@eecs.umich.edu backpropagate the waves to the input aperture ptane
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FIG. 2. (a) lllustration of the pump and probe imaging experim@hbse-up
of sample in cryostat (b) Change in reflectivity vs delay time for a single
probe spot at 2Qum off axis.

To perform time-reversal imaging with picosecond u|t|,a_FIG. 3. 1um lines. The scale bar in the top left corner of each picture
represents a length of &m. (a) Reconstructed acoustic image of the Al

Son!cl DUIseS' itis .necessary that the a.COUSt'C field d'ﬁracﬁnes (from datg. The image shown is a linear gray-scale plot. The dashed
sufficiently so that it can be measured with a focused opticalhite line indicates the line out used fah. (b) SEM image of the Al lines.
probe beam. In a recent paper, we investigated the effects olbte that the scale is different for this picture than for the oth@isRe-
diffraction on picosecond ultrasonic pulses in a crystallineconstructed image of the Al lines from the same data set that prodaged
[111] Si substraté! We found that when the acoustic source Put Without the anisotropic group velocite) Line out of the reconstruction

. . . . . amplitude vs position for the data shown(&. The distancéindicated by

is small (rad'us ~3 pm), and the propagation distance is the arrow$ between the 10%peak-to-peak valyegpoint and the 90% point
large enougli~0.5 mn), the acoustic pulses diffract into the for the edge of the line indicated in the plots700 nm.

far field. This was manifested by a change in the acoustic

pulse sGhape Cﬁused Eyllazl_cli‘ilf_frrﬁ_ctiog—inducgd e}xial phasei a’ﬂﬁitial acoustic field at the patterned Al transducer. Unfortu-
vance(Gouy phase s I . Is observation Is an excel- nately, this would be incorrect due to the elastic anisotropy
Ien@ |_nd|ca_tor of our ab|I_|ty to resc_)lve_ transverse spatial ¢ e crystalline Si wafer. Since the velocity of sound wave
varli:clo_ns Iln t_f|1|e [:rotpagat]int% acoustic f'eldh' o . propagation in crystalline solids is dependent on the propa-
A simplé illustration ot theé 1maging SChemMe IS gIVen N yatinn - direction, it is necessary to rewrite the veloaityn
F|g._ 2@. Optical pump pulse£200—-300 fs,_8_10 nm,50_ pJ Eqg. (1) with an angular dependengee., c=c(6, ¢)]. Fur-
depved from a mode-locked, 76 MHz repet|t|on_rat.e,. TI:Sap'thermore, when discussing the propagation of acoustic
ph:re laser Sre usde(iSto he(ﬁlT';.'lLM ~10 Kh_forr] an 'nd'i’iduse}l phonons in anisotropic media, it is important to distinguish
pulsg a patterne -nm-Al film on a high-purifd11} St popyeen the phase velocity and the group velocity. From

substrate. The sample is kept at a temperature below 20 K IQnis:otropic elasticity theory, we know that even in a medium

order to minimize attenuation due to phonon—phonon scaltefyi ng dispersion, the group velocity can still deviate from

ing in the Si. For a substrate with a high thermal conducti\./—the phase velocity in both magnitude and directi®&N This

ity, such as Si, the steady-state heating of the film i T :

- . s because the 3D group velocity is given by the gradient of
negligible.® We used electron-beam lithography to etch the, ¢ 2 e of constant frequency. in wav .
Al film with lines that are 1um in width. Note that since the g y & vector space:

Al lines are illustrated by the optical pump beamadius - —
~3 wm), the object to be imaged is now the source of our Co = da(k)/dk = Viw(k). @
detected waves. The optically induced thermal expansion dfor light propagating in a vacuum or for sound propagating
the Al film produces roughly single cycle strain pulses com-in an elastically isotropic materiady(k) is simply spherical,
posed of longitudinal acoustic phonons with a peak fre-and the group velocity has the same direction as the phase
guency and bandwidth of 100 GHz, and an amplitude of velocity. However, in an anisotropic crystal such as«8k)
the order of 1042 The relatively small acoustic mis- deviates significantly from a sphere, resulting in a group ve-
match(~20%) between Al and Si allows most of this strain locity whose direction disagrees with the phase velocity. This
to propagate into the Si. 100 GHz corresponds to an acoustiffect is known as “phonon focusing®To correctly recon-
wavelength in[111] Si of ~90 nm; thus, we ultimately ex- struct our object, we must use this group velocgyin place
pect this system to achieve a diffraction limited resolution ofof c in EqQ. (1).
~45 nm. The acoustic pulses propagate to a second Al trans- Figure 3a) shows the reconstructed acoustic image of
ducer on the other side of the Si substrate. There, a slighhe Al pattern along with a scanning electron microscope
change in reflectivity of the order ofX4107° induced by the (SEM) image of the sampléFig. 3b)). The wave field was
time varying positions by an optical probe begnmadius measured at 80 equidistant points along the perimeter of a
~0.5 um). The amplitude of the strain field at each position 40 um x40 um square. While the image is not perfect, the
can, therefore, be measured in the time domain simply byeproduction of the region of the Al pattern illuminated by
varying the time delay between the optical pump and probéhe pump spot is unmistakable. Figur@)3shows the recon-
pulses. Figure @) shows an example of the raw reflectivity structed image when the effects of anisotropy described
data versus time delay for one particular probe spot locatedbove are ignored. Clearly, the image is greatly distorted and
20 microns off axis in a direction perpendicular to the lines.the number of reconstructed lines is inconsistent with the
The multiple peaks are indicative of the acoustic waves arknown pump spot sizé ~3 um). Figure 3d) shows a lin-
riving from the different lines illuminated by the pump spot. eout from the reconstruction in Fig(88 which gives an es-

At this point, we could simply input the detected acous-timate of the resolution of the current experimental configu-
tic wave field into a numerical backpropagation algorithmration. For the edge of the reconstructed line indicated on the
based on Eq(1) in order to calculate a 2D profile of the plot, we find that the distance from 10% to 90% of the maxi-
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Nanoscale acoustic imaging is expected to provide a tool
for the characterization of nanomaterials and nanoelectronic
devices, and potentially for acoustic cryomicroscopy of bio-
logical samples. One advantage of this approach is that it
provides an additional image contrast mechani@iastic
propertie$ for the expanding field of nanoscale imaging. Ad-
ditionally, although our proof-of-principle experiments im-
aged an object on the substrate surface, our approach should
FIG. 4. 1um grid. The scale bar in the top left corner of each picture be able to |m§1ge structures below the surface a.s well. Such
represents a length of Am. (a) Reconstructed acoustic imagé) SEM embedded_ ObJeCtS_ are not acce§5|ble by conventhnal metrOI'
image. Note that the scale is different for the two images. ogy technlques without deStroylng the sample. Flnally, this
technique can, in principle, provide 3D images, and thus may

mum reconstructed peak-to-peak amplitude yields a resoll3€Vé @s a complementary technique to more standard
tion width of approximately 700 nm, indicating that submi- Surface-imaging nanoprobes.
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