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Picosecond ultrasonic study of phonon reflection from solid-liquid interfaces
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Department of Physics, Brown University, Providence, Rhode Island 02912
(Received 12 September 1996

We have studied the reflection of longitudinal-acoustic phonons with frequencies between 100 and 300 GHz
from solid-liquid interfaces using a picosecond ultrasonic technique. Acoustic phonons were generated by
absorption of a picosecond light pulse in a metal film. After propagating through a dielectric layer, the phonons
were reflected at the solid-liquid interface. We have measured the reflection coefficient at a series of interfaces
between dielectric solids and organic liquids for temperatures from 265 to 300 K. The reflection of 205 GHz
phonons was also measured between aluminum and liquid argon and nitrogen. The experimental results were
compared with the predictions of the classical acoustic-mismatch Mm@ 63-18207)02804-X]

I. INTRODUCTION GHz. In the first version of these experiments a high-
frequency sound pulse is generated in a metal film, travels
Kapitza® was the first to discover that when heat flows through a layer of dielectri¢silicon dioxide or silicon ni-
across an interface between a solid and liquid helium a terrfride), and is then reflected at the interface to a liquid. In an
perature jump occurs at the boundary. It was proposed bglternate form for the experiment a thin metal film on a sub-
Khalatniko? that this thermal-boundary resistander Strate is set into vibration at high frequency. The increase in
Kapitza resistangecomes about because phonons incidenthe damping rate of the vibration of the metal film that oc-
on the interface may be reflected because of the differerffurs when a liquid is placed in contact with the metal film is
acoustic properties of the solid and the liquid helium. Sinceneasured. In this form of the experiment the acoustic reflec-
this early work there have been a large number of studies dion coefficient at the solid-liquid interface can be calculated
the reflection of phonons at interfaces, both at boundarie§om the additional damping of these vibrations caused by
between solids and liquid helithand at interfaces between sound transmission into the liquid.
two solids? In many of these experiments a pulse of thermal
phonons i_s sent through a crystal towards _the interface and IIl. EXPERIMENTAL TECHNIQUE
the intensity of the reflected phonon pulse is measured. The
theoretical studies of the transmission and reflection of In this type of experiment there are several factors that
phonons at interfaces start with Khalatnikov's acoustic mishave to be considered in the choice and preparation of
match modél (AMM ) in which the materials on both sides samples(i) Many materials react chemically with liquids, so
of the interface are treated as isotropic continua and the réhe solid surface in contact with the liquid during the experi-
flection coefficient at the interface is given in terms of thement has to be inert or at least to have a very slow chemical
densities and acoustic velocities of the materials. At an infeaction.(ii) Since most solids have an acoustic impedance
terface between a solid and liquid helium the reflection cothat is considerably larger than the impedance of liquids, the
efficients at high frequencie@ypically above around 100 expected magnitude of the acoustic-reflection coefficient
GH2), have often been found to be considerably smaller thaitends to be close to unity. Thus, there is an advantage to a
the predictions from the acoustic mismatch model, yet thenethod that can detect small changes in the reflection coef-
microscopic processes involved are still unclear. ficient, for example, by having an acoustic wave undergo
The reflection of low-frequency ultrasonic waves from repeated reflections at an interfaci.) The acoustic wave-
solid-liquid interfacegless than 1 GHrat temperatures near length at high frequencies becomes extremely short. In
room temperature has also been studied in many experBiO, at 100 GHz, for example, the wavelength is 600 A, and
ments. In early work by Masoat al® the reflection coeffi- in liquids the wavelength at this same frequency is consider-
cient for shear waves incident on an interface between fuseably less. Consequently, it is important to use very smooth
guartz and various polymeric liquids was measured. The fresurfaces for this type of experiment.
guency range extended up to 60 MHz. The measured value In a first set of experiments we used a sample with the
of the complex reflection coefficient was used to find thegeometry shown in Fig. 1. A 20-A-thick layer of GFa soft
high-frequency stiffness and viscosity of the liglitamb  polymer, was first deposited onto a very smooth Si substrate.
and co-workershave extended the frequency range of thisAn aluminum film of thickness in the range 100—-300 A was
technique up to a few GHz. The same method has been uséigen thermally evaporated onto the Ch a vacuum better
to determine the acoustic impedance of liquid helium fromthan 10 ® torr. Finally, a dielectric film of amorphous silicon
the measurement of the reflection of longitudinal-acoustiqiitride (a-SizN,4) or silicon dioxide @-SiO,) of thickness
waves at the crystalline quartz-helium interfaces at 1 &Hz. from 500 to 3000 A was then grown on top of the transducer
In this paper we describe a method, picosecond ultrasorfilms by using plasma-enhanced chemical-vapor deposition
ics, for the study of reflection of longitudinal-acoustic (PECVD). The thickness of the dielectric film was measured
phonons between solids and liquids at frequencies up to 308y ellipsometry. It was found that the thickness variation
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FIG. 1. Schematic diagram of the experiment. The acoustic G- 2. Ultrasonic echoes in a 2500 AsSi, film (a) in vacuum
pulse returning from the dielectric-liquid interface is decreased ir@"d(b) in contact with ethylene glycol at 300 K.
magnitude due to partial transmission into the liquid.

has propagated through the dielectric film and has then been

over a surface area of 0.5 cn? was less than 1%. The reflected back to the Al film. There is also a smoothly vary-
refractive indices of these films at 633 nm were determinednd background contribution iAR(t) that arises in the fol-
to be 1.46 for SiQ and 2.10 for S{N,. These values agree 0wing way. When the Al film is heated by the laser pulse
well with the bulk values.The SiN, and SiO, layers used the change in its temperature results in a sudden change in
in our experiments were deposited by the PECVD techniquéhe optical reflectivity(thermoreflectange As the Al film
which is known to produce high-quality, atomically smooth cools via conduction of heat into the materials on either side
films,X*'1 so that a large amount of diffuse scattering is notof it, the optical reflectivity slowly returns to its original
expected to occur at the sample surface. value. This gives the background contributionA&(t) that

The Al film was used as a transducer to generate andould be used to determine the cooling curve of the Al fifm.
detect ultrasonic waves. To generate sound a light pulse of The free surface of the dielectric film is then covered with
duration 200 fs was absorbed in the Al film. The light wasliquid, andAR(t) is measured again giving the results shown
focused through the dielectric film onto a spot of approxi-in Fig. 2(b). Because part of the acoustic pulse is transmitted
mately 20pm diameter. The light pulses used in the experi-into the liquid, the amplitude of the echo is reduced. From
ment had a wavelength of 730 nm and an energy of 0.5 nihe change in the echo size the acoustic-reflection coefficient
and were produced by a self-mode-locked Ti:sapphire femat the solid-liquid interface can be determined. It is well
tosecond laser running at a repetition rate of 76 MHz. Ab-known that polar-organic liquids absorb well on silica sur-
sorption of this pulse by the Al film causes a sudden increastaces. In our experiment SiOand SN, were used as di-
in film temperature of a few degrees K. This temperature riselectric layers to be in contact with the liquid. In order to
produces a thermal stress distribution in the transducer filnassure strong bonding between the dielectric layer and the
that launches a strain pulse into the dielectric film and anliquid we chose to study ethylene glycol as a first application
other pulse through the GRowards the silicon substrate. At to our method. The data in Fig.(l® were obtained with
the high acoustic frequencies studied here the attenuation ithylene glycol in contact with the §\ ,.
the CF, is very larget? so only a very small part of the strain Although the basic idea of this measurement is straight-
pulse entering the CFreaches the silicon and is reflected forward, one has to take care to analyze the data correctly in
back to the transducer. The strain pulse that propagates intwder to determine the acoustic-reflection coefficient. After
the dielectric is reflected at the free surface. When it returnshe introduction of the liquid layer the pump and probe
to the Al, it changes the optical propertiégal and imagi- beams have to be refocused and the area of the sample onto
nary partsn and « of the refractive indexof this film, and  which the light is focused may therefore change. In addition,
consequently there is a small chan§&(t) in the optical even if the reflection coefficient of the acoustic wave at the
reflectivity. This change is measured by means of a probsolid-liquid interface is unity, the amplitude of the echo fea-
light pulse that is time-delayed relative to the pump pulseture in AR(t) will change when the liquid is added. This is
The probe pulses has the same duration as the pump pulségcause the introduction of the liquid changes both the static
but had approximately ten times less energy and a polarizasptical reflectivity of the sample and also the magnitude of
tion rotated by 90° with respect to the pump. The magnitudeany reflectivity change resulting from a modification of the
of AR(t) was of the order of 10°, and so it was necessary optical propertiege.qg., refractive indexof one of the com-
to use modulation techniques to obtain the required signal tponent layers. To allow for this we first make a fit to the
noise ratio. thermal background component of the response and subtract

Results forAR(t) measured in this way are shown in this from the data. We then scale the two data sets so that the
trace(a) of Fig. 2. These data were obtained from a sampleamplitude of the initial ringing of the transduc@scillations
with an Al thickness of 150 A and with a 2500-A §i, near tot=0) are the same both with and without the liquid
dielectric layer. The oscillations at a frequency of 217 GHzpresent. We next compare the acoustic echbig,(t) and
immediately after time zero are the “ringing” of the Al film AR,,{t) as they appear in these scaled data. The Fourier
after it is excited by the light pulse. The feature beginning atransforms of these echoes are taken and the acoustic-
around 50 ps is the acoustic echo, i.e., the strain pulse tha¢flection coefficient (w) is calculated according to
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FIG. 3. Measurements of the chan§y&(t) in reflectivity of the FIG. 4. Magnitude of the acoustic-reflection coefficient mea-

probe pulse for a 150 A Al film on a Si substrate with a 20 A CF sured for(a) SizN,— and(b) SiO,—ethylene glycol interfaces as a

« intermediate layefa) in vacuum aff =89 K, (b) in liquid argon at  function of frequency at 300 K. The dashed lines are predictions
T=89 K, (¢) in vacuum atT=79 K, and(d) in liquid nitrogen at  from the acoustic mismatch model.

T=79 K. The additional damping itb) and(d) is caused by sound

transmission into argon and nitrogen, respectively. where r AI-CF, and r .y are the reflection coefficients for
Al-CF, and Al-liquid interfaces. If follows that the magni-
rNw)=AR(w)jq/AR(®)yqc. (1)  tude of the reflection coefficient at the Al to liquid interface

is given by the expression

The peak response frequency of the transduggis related
to the thicknessl, and the sound velocity  of the Al film _ —2(I'=Tg)dy
by wo=mva/dy . Thus, by making this type of measure- " Aviq| = €x
ment with a series of samples with different thicknesses of . . I
the Al transducer film, we can measure the reflection coeffiVN€rél o is the damping rate of the Al film in vacuum. To
cientr over a range of frequencies. optaln the Qamplng rate of each data set of the type shown in

In this experiment the dielectric layer has two functions,F19- 3 We first subtracted the thermal background from the

First, the acoustic transit time through this layer makes i aw data leaving the acoustic part of the response. We then

possible to see a time-resolved echo coming from the solidit€d the acoustic response to a function of the form
liquid interf_ace_. Second, the_liquid that_ is studied _does not cod wt)exp —Tt), )
have to be in direct contact with the particular material that is

used as a transducer. Thus, it is possible to perform experby a nonlinear least-squares-fitting routine.

ments with liquids that react chemically with the transducer,

but do not react with the material of the dielectric layer. In lll. RESULTS AND DISCUSSION

the event that chemical reaction with the transducer material
is unlikely, there is no need to use a dielectric layer. In this
case when no liquid is present the response of the Al trans- Results for|r| as a function of frequency at the interface
ducer consists of an oscillation damped by acoustic radiatiohetween SiN, and SiO, and ethylene glycol at a tempera-
through the CFE into the silicon substrate. Examples of suchture of 300 K are shown in Fig. 4. The dashed lines at
responses for a 150 A Al film are shown in tra¢asand(c) |r|=0.89 for SN, and 0.75 for SiQ were calculated from

of Fig. 3. The addition of liquid increases the damping ratethe AMM,
of the oscillations, and from this increase the acoustic-
reflection coefficient at the solid-liquid interface can be cal-

culated. Data taken on the same sample with the Al in con-

tact with liquid argon and nitrogen are shown in traes
and (d) of Fig. 3.

To analyze this type of data, let the frequency of oscilla-
tion of the Al film when the liquid is present he and let the
amplitude damping rate bE. Then it is straightforward to
show that

: )

Ual

A. Organic liquids

Zeg—Z
ZegtZ

: ®)

rl=

whereZ and Zg are the acoustic impedancgsroduct of
density and sound velocikfor the dielectric film and ethyl-
ene glycol, respectively. We used the vafife¥’ 3.19 and
2.2 gcm 2 for the densities, and 10<10° and 5.9< 10°

cm s~ ! for the sound velocities for N, and SiO,, respec-
tively. The acoustic impedance of ethylegle glycol was deter-
) ) mined from its densit =1.112 g cm °) and sound ve-
1=Tacr T Arig®XA 21 (0 —iT)daval =0, @ Jocity (vec=1.67X 18/5&%?11 s agtJ MHz) frequencies’
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required frequency range. However, even a change of this

Loy 3 magnitude would be insufficient to give the valuegmfthat
33, s §t we have measured.
A second possible explanation is that the properties of the
03¢ liquid near to the solid surface differ from those of the bulk.
=280 GHz The molecules of the liquid near the surface can form a more
ool 2)8i3Ng-EG | highly ordered layer that is stiffer than the bulk, especially

when the liquid wets the surfaét:?® Interferometric mea-

- surements have shown that silica has a low adhesion tension
1of - ' -] against organic liquid& thus it adsorbs organic liquids quite

well. This suggests that ethylene glycol may have a stiff

) surface layer on SN, and on SiQ, which could serve to
0.5} CCE I ) $3 : acoustically match the two materials, resulting in a greater
f=200 GHz transmission of phonons across the interface. This approach
b) $i0, - EG has been used in the past to try to explain the anomalously
0.0} 1 large transmission of phonons from solids into liquid
360 280 300 helium?® In the helium context this approach has not been

successful. The essential difficulty has been that anomalous
phonon transmission has been found to occur even for
FIG. 5. Magnitude of the acoustic-reflection coefficient(at phonons of frequency as low as 30 GHz. For these phonons

Si3sN,— and(b) SiO,-ethylene glycol interface versus temperature the wavelength in the liquid is-80 A e, considerably
at 280 and 200 GHz, respectively. larger than the thickness that one can reasonably assume for

an adsorbed layer of high-density helium on the surface of

the solid. The same sort of objection can be made to the
Results of measurements [of versus temperature from 265 present measurements; the wave length of sound in ethylene
to 300 K(ethylene glycol freezes at 260 lire shown in Fig.  glycol at 200 GHz is 84 A, assuming the low-frequency
5 for both SEN, and SiG, at frequencies of 280 and 200 value of the sound velocity, and the wave length would be
GHz, respectively. The results in Figs. 4 and 5 show naeven larger if there is velocity dispersion.
frequency or temperature dependence |fdrto within ex- There is an important distinction to be made between the
perimental error for both solids. type of measurement reported here and most of the studies

The theoretical value of the reflection coefficient just cal-on the interface between solids and liquid helium. The he-

culated from the AMM is based on the use of the soundium studies have primarily been carried out using pulses of
velocity in the liquid as measured at low frequency. Theincoherent phonons radiated by heated thin films or produced
observation that the measurd is smaller than the calcu- by superconducting tunnel junctiohsThe detectors that
lated value could be interpreted to suggest that the soundere used were either bolometers or tunnel junctions. Be-
velocity, and hence also the acoustic impedance, is higher &ause these detectors did not require the reflected phonons to
the very high frequencies studied in our experiment. OuP® coherent, it was possible to measure separately the
results give an average value|of over the frequency range _phonons that were reflected sp_ecular_ly and diffusely from the
studied of 0.71 and 0.58, for i, and Si0;, respectively. interface, and to see how th_e intensity of these two compo-

For the AMM to agree with these values the sound velocit))ﬂl : ; ; -
in ethylene glycol would have to be 4.58 and 3<T0° the solid. The AMM is a theory for the reflection coefficient

_1 . . . . of the specularly reflected phonons. For interfaces between
cm Sid for the S'3N4. and Si0, quta, resr[?ecltwel]}/. This solids and helium the AMM value for the magnitude of the
would amount to an increase relative to the low- requencyenergy reflection coefficient is typically greater than 0.98.

velocity by a factor of 2.7 or 1.9. Bgcause there is no Clea'i=or very smooth surfaces or for phonons of very low fre-
frequency dependence indicated in our measurements @i ency the reflection is mainly specular. It is found experi-
Irl, the change in velocity from the low-frequency value mentally that the addition of helium to the surface then
would have to be essentially complete by the time a frecauses only a very small reduction of the reflected phonon
quency of 100 GHz was reached. Brillouin scattering meaintensity. Thus, this is in agreement with the predictions of
surements can be used to give the sound velocity in a frehe AMM.26-2°For less perfect surfaces the helium has a far
quency range around a few GHz. For ethylene glycol sucharger effect. In particular, the diffusely scattered component
measurements have been made by Wang, Lin, and 36h&s. of the phonon intensity may be reduced to as little as 20% of
The velocity that they have obtained is within a few percentits original value. It is this reduction in reflection, and the
of the low-frequency velocity. Thus, if velocity dispersion is related anomalously large transmission of energy across the
the explanation of our results, it would have to occur in theinterface, which gives rise to the so-called anomalous
frequency range between a few GHz and 100 GHz. FoKapitza conductance, and which has been the subject of in-
highly viscous associated liquids like ethylene glycol, analy-tense study. In our experiment the measured acoustic echo is
sis of low-frequency ultrasonic attenuation and velocityproportional to the strain due to the returning echo integrated
measurementShas led to the conclusion that there may be aacross the surface of the transducer. Any component of the
15-60 % dispersion in the sound velocity due to structurateflected strain wave that is diffusely scattered at the free
relaxation, and this dispersion could possibly occur in thesurface of the sample will have a phase that varies rapidly

TEMPERATURE (K)
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: : : faces between ethylene glycol and Si@nd SgN, we in-
Lo} T vestigated the variation between different samples and found
it to be =15% for both interfaces.

0.5r E } } E E E E E 1 B. Liquid argon and nitrogen

T=300K Measurements of the reflection at interfaces to liquid ar-
a) Si0, - DEG gon and nitrogen were also made. In these experiments no
0.07, . ] dielectric buffer layer was used, and the acoustic-reflection

coefficient between Al and the liquid was determined from

- an analysis of the ringing of the transducer as already de-

scribed. The measurements were made at 89 and 79 K for
T i liquid ar%on and nitrogen, respectively. We used the

E E { { E { t { ) values®322.70, 1.40, and 0.81 g cn? for the densities, and

Ir

1.0}

0.5 6.6x 10°, 8.5x10%, and 9.6<10* cm s~ ! for the sound ve-
T=300K locities of Al, Ar, and N,, respectively. These values give
b) Si0, - TEG theoretical AMM reflection coefficients of 0.875 and 0.916
0.0 . ] for Ar and N,, respectively. The corresponding measured
100 200 300 values were 0.87 and 0.86, both with an estimated uncer-
FREQUENCY (GHz) tainty of 5%. Thus for these liquids the AMM is in reason-

able agreement with the experimental results. These mea-
FIG. 6. Magnitude of the acoustic reflection coefficient mea-surements were made at a single frequency of 205 GHz.

sured for(a) SiO,-diethylene glycol andb) SiO,-triethylene glycol For both Ar and N the velocity measured at the Brillouin
interfaces as a function of frequency at 300 K. The dashed lines afgequency is in good agreement with the low-frequency ul-
predictions from the acoustic mismatch model. trasonic results3

IV. SUMMARY

across this surface and so will not be detected. Thus, our !N this paper we have described a method for the study of
experiment looks only at the specularly reflected componerﬁ’honon reflection from solid-liquid interfaces at frequencies
of the strain. For helium we are unaware of any quantitative?®tween 100 and 300 GHz, and have presented the data ob-
study of the reflection coefficient for thepecularly reflected  t@inéd with this technique. The results for the phonon reflec-
component of the phonon flux. tion cqefflc_lent are compared with the predictions of the
The measured reflection coefficients between Sidd acoustic mismatch model. For the ethyle_ne glyc_ol _a_nd di-
diethylene glycolDEG), and triethylene glyco(TEG) as a and triethylene glycol the_ measured reflection is S|gn|f|cgntly
function of frequency at room temperature are shown in Fig/€SS than the AMM prediction, whereas for argon and nitro-
6. The solid lines alr|=0.76 for diethylene glycol and 0.75 gen theory and experiment are in reasonable agreement. In
for triethylene glycol are the acoustic mismatch predictionst€ near future we plan to extend these measurements to
We have used the valiésl.116 and 1.123 g ci® for the ~ covera broader frequency range. Measurements at lower fre-
densities and 1.591C° and 1.65<1CF cms ! for the lon-  duencies for ethylene glycol would be of interest t_)e_cause
gitudinal sound velocities at MHz frequencies for diethyleneClearly the AMM must give the correct answer at sufficiently

glycol and triethylene glycol, respectively. Although all three 'OW frequency. In addition, it should be possible to study

ethylene glycoldEG, DEG, TEG vary significantly in mo- interfaces to helium using this technique and to relate the
lecular weight and \'/iscosiyﬁp we have not observed a sig- results to other studies of phonon reflection in this system
nificant difference in the reflection coefficient, although it 2nd the Kapitza conductance.
gg;sato be admitted that there is considerable scatter in these ACKNOWLEDGMENTS
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