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Our observations of the reflection or backscattering of high-frequency phonons (v 
=280GHz to 1 THz) at silicon-solid interfaces disagree significantly with predictions 
from the acoustic mismatch model. Interfaces composed of materials theoretically well- 
matched, show high scattering experimentally. In contrast, interfaces theoreticatly poor- 
ly matched, show less phonon scattering than expected. Generally, this is best ex- 
pressed by the fact that the interface scattering ranges from roughly 30-60% for 
different phonon modes with little dependence on the material covering the silicon 
crystal and different techniques of interface preparations. Thus, our experiments in- 
dicate that the well-known Kapitza anomaly of the phonon scattering at solid-liquid 
helium interfaces is not a special case; the same anomaly appears to be present at all 
tested interfaces. Our experiments are compared with detailed calculations which either 
assume pure specular or pure diffusive scattering. In these calculations the influence of 
the crystal anisotropy for the phonon propagation (phonon focussing) is included. This 
comparison shows, especially for the free silicon surface, that phonons are completely 
diffuse scattered. Hence, the acoustic mismatched model relying on specular reflection 
cannot be applied to the real silicon interface. 
The frequency dependence of phonon scattering at a free silicon interface indicates the 
existence of at least two different diffusive scattering mechanisms. Within our experi- 
mental limits in these two scattering processes the phonons are elastically scattered. 

1. Introduction 

In general, the interface between two different ma- 
terials represents a heat-flux resistance. This thermal 
boundary resistance was first discussed by Kapitza 
[1] for the copper/helium interface (Kapitza resis- 
tance). 
If the two materials arc insulators, the boundary 
resistance is mainly due to the scattering of phonons 
at the interface. Little [2] calculated the thermal 
boundary resistance caused by the scattering of pho- 
nons within the frame of the continuum theory. This 
so-called acoustic mismatch theory describes the 
boundary resistance between solids measured in heat 
conduction experiments fairly well [4-8], but fails at 
interfaces between solids and helium in the tempera- 
ture range above 0.1K. In recent years, a lot of 

* Present address: Porsche AG, D-7251 Weissach, FRG 

work has been done on this so-called Kapitza ano- 
maly at the solid-helium interface [9, 10]. 
In contrast to heat conduction experiments, 
measurements with superconducting tunneling junc- 
tions as phonon generators and detectors I l l ]  have 
the advantage of frequency selectivity. Using this 
technique Trumpp and Eisenmenger [12] found that 
the transmission of quasimonochromatic acoustic 
phonons (frequency: 280GHz) through metal-insu- 
lator interfaces is about 30 % of the value predicted 
by the acoustic mismatch theory. This gives rise to a 
considerable reduction of the sensitivity in phonon 
spectroscopy experiments compared with the expec- 
tations. 
For the phonon spectroscopy with superconducting 
tunneling junctions it is an important question 
whether the discrepancy between theory and experi- 
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ment is of principal nature or caused by the special 
preparation of the interfaces. 
In the present work we studied the phonon scatter- 
ing at silicon/metal interfaces in reflection experi- 
ments with phonon pulses and compared with the 
acoustic mismatch theory. Reflection experiments 
with phonon pulses allow mode and frequency selec- 
tion. Furthermore, as a main advantage, reflection 
or backscattering experiments give the possibility of 
preparing the studied interface without influencing 
the generator and detector preparation. Therefore, 
the parameters of the interface can be varied in a 
wide range. 
The phonon scattering at the interfaces is compared 
with the scattering at a free surface. At interfaces 
between substrate and condensed gases these com- 
parative measurements can be made with one gene- 
rator/detector pair. Without having the possibility of 
evaporation in the measuring cryostate we use for 
the reflection experiments at metal-substrate inter- 
faces two independent generator/detector pairs. One 
generator/detector pair serves for reference measure- 
ment of the phonon scattering at the free substrate 
surface, whereas the other generator/detector pair 
probes the scattering at the metal/substrate interface. 
As phonon generators, we use mostly constantan 
heaters, as detectors superconducting tin tunneling 
junctions. For a more detailed frequency analysis, 
we use tin tunneling junctions as generators and tin 
or aluminium tunneling junctions as detectors. 

2. Physical Basis 

2.1. Phonon Focusing 

The silicon substrate with cubic symmetry exhibits 
elastic anisotropy, i.e. the phase velocity of a plane 
wave in the substrate depends on the direction of 
the k-vector. Figure 1 shows cross-sections of the 
corresponding slowness surfaces of plane waves in 
silicon [14]. Since the group and phase velocities in 
general are not parallel, the phonon flux from an 
incoherent phonon generator, emitting isotropically 
into the k-space is anisotropic in the v-space. This 
effect is well-known as phonon focusing [15, 16]. 
Figure 2 shows the calculated distribution of the en- 
ergy density at the substrate surface opposite to the 
generator. In this calculation equations of Every 
[17] for cubic materials have been used, yielding the 
phase and group velocities and the directions of the 
displacements for plane waves with a definite k- 
vector. The corresponding energy density distri- 
butions have been experimentally verified by Eisen- 
menger [18] and Wolfe and Northrop [19]. 

st _ _ ~  II [00l] 

{ I 

t\w/X; kx [I [~00 ] 

kz! II [001] 

Fig. 1. Cuts through the reciprocal phase velocity surfaces for 
elastic plane waves with fixed frequency in silicon, l: longitudinal, 
ft: fast, and st: slow transverse waves. In isotropic material the 
surfaces are spherical 

2.2. Phonon Reflection at Boundaries 

In calculating the reflection and transmission of 
phonons at an interface it is assumed the solids to 
be continuous and the interface to be ideally flat 
and negligibly thick. Possible contributions of elec- 
trons are not considered [-4]. So far, there exists no 
generally accepted theory accounting for the micro- 
scopic structure of the interface and the solids. 
Steinbriichel [20] has carried out interesting calcu- 
lations for modified boundary conditions but these 
do not apply to our experimental situation. 
For the scattering of a plane elastic wave at an 
interface, Snell's law and Fresnel's equations [14] 
are applied making use of the continuity of the 
particle velocity A and the boundary stress. Snell's 
law contains the conservation of k-parallel and 
specifies the directions of the k-vectors of the scat- 
tered waves. The frequencies of the scattered waves 
are the same as those of the incident wave, since 
anharmonic processes are not taken into account. 
The important reflection coefficients (i.e. the ampli- 
tudes of the scattered waves divided by the ampli- 
tudes of the incident waves) are listed in the follow- 
ing: 

Reflection Coefficient for Incident Fast Transverse 
Wave. The polarization is horizontal and the re- 
flection coefficient [143 for the experimentally domi- 
nant fast transverse mode reads as follows: 

(Z  " c~ z' t c~ 2 
r ; t  . . . .  d = 2 = c o s  + c o s  (1) 

with 

sin Oft/sin O}t = c f,] c)- t 

and the acoustic impedances: 

Zf, = p c~, (2) 

(p: mass density, cst: phase velocity, see Fig. 3): At 
the free surface we obtain the reflection coefficient 
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Fff/ree ~ 1 

because no mode conversion occurs. 

Reflection Coefficient for Incident Longitudinal Wave. 
In this case, longitudinal waves, as well as slow 
transverse waves are excited in reflection and trans- 
mission (see Fig. 4). The reflection coefficient for 
longitudinal phonons is [14]: 

B 2 A 2 
/~, . . . . . .  d I e I I III 
" =[A~I ={A-I (3) 

with 

Thus, we define the experimental reflection factors 
R~: 

Rft=F;to . . . .  d/Fdfree (5) 

and 

Rg =Fl~ . . . . .  d//~/~re e. (6) 

Several calculated experimental reflection factors 
and the material constants used are listed in Table 1. 
These data show that most metals appear to be 
acoustically well matched to a silicon substrate 

and 

A = 

- cos 0 z - cos O' l sin O~t 

sin 01 sin 0' t - cos Ost 

p c I cos 20~t p' c' l cos 0'~t p % sin 20~t 

-pC2ts in20l  -p'c'~2t, sin201 - p %  cos20~ 
Cl C t 

- cos 0 z - cos O' l sin 0~, 

- sin 0 l sin 01 - cos 0~ 

-pc tcos2Ost  p' c'lcosO'st pGtsin2Ost 
2 t2 

--pCst sin201 _p'Cs@20, l - pGtcos20~ t  
Cl C l 

sin 0's, 

cos 0;~ 

- p' C'st sin 20'st 

- p '  cs,' cos20's, 

sin O;t 

cos 0;~ 

- p '  c;, sin 2 0'st / 

- p' c;t cos 2 fist I 

and 

sin 0z/sin Ost = q/cst 

sin 0ysin O' z = c]c I 

sin 0]sin O;t = c]c;t. 

At the free surface (3) reduces to: 

r?oo=  B, 2 
l At 

co   Os, 
I S  \Cst / . . . . .  / c ~  T - -  . (4) 

\ ~t 

In our experimental arrangement, specularty reflec- 
ted phonons without mode conversion travel along 
(110) directions. In these directions slow transverse 
phonons are defocused and cannot be detected. 
Therefore, the corresponding equations are not pre- 
sented here. 
In our experiments the difference in the signal 
amplitude by phonons backscattered from the free 
and the covered surface and not the absolute value 
of the reflection coefficients have been determined. 

with an expected reduction in the backscattered 
phonon signal by appr. 99% as compared to the 
uncovered silicon surface. In contrast, condensed ga- 
ses are mismatched and the reduction ranges from 
0% to 30}/0. 

2.3. Phonon Generation and Detection 

As phonon generators we use superconducting Sn-I- 
Sn-junctions and constantan-film heaters. A heater 
emits a broad-band thermal phonon spectrum whose 
maximal energy density shifts with increasing electri- 
cal power to higher phonon frequencies [21]. 
On the other hand, a superconducting tunneling 
junction emits a nonthermal phonon spectrum [ t l ] .  
The phonons are detected with superconducting Sn- 
I-Sn- respectively M-I-M-tunneling junctions. Super- 
conducting tunneling junctions detect essentially 
only phonons with an energy exceeding the energy 
gap of the superconductor. With superconducting 
tunneling junctions as generator and detector pho- 
non spectroscopy experiments are possible [11, 22, 
23]. In contrast, a heater as generator and a tunnel- 
ing junction as detector allow only qualitative 
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Fig. 2a-d. Calculated distributions of the energy on the substrate sur[ace opposite to the point generator. The ratio of the edges of the 
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m e a s u r e m e n t s  o f  t h e  f r e q u e n c y  d e p e n d e n c e .  F o r  de -  

t a i l s  r e g a r d i n g  t h e  s u p e r c o n d u c t i n g  t u n n e l i n g  j u n c -  

t i o n s  a s  p h o n o n  g e n e r a t o r  a n d  d e t e c t o r  s e e  t h e  a r -  

t i c l e s  o f  E i s e n m e n g e r  [ 1 1 ] ,  a n d  T r u m p p  a n d  E i s e n -  

m e n g e r  [ 1 2 ] .  

T h e  p h o n o n  b a c k s c a t t e r i n g  is m e a s u r e d  b y  a c o m -  

p a r a t i v e  m e t h o d  a n d  e v a l u a t e d  i n  t e r m s  o f  t h e  ex -  

p e r i m e n t a l  r e f l e c t i o n  f a c t o r s .  B y  t h i s  t e c h n i q u e  t h e  

e v e n t u a l l y  c r i t i c a l  g e n e r a t o r  a n d  d e t e c t o r  p a r a m e t e r s  

a r e  e q u a l  a n d ,  t h e r e f o r e ,  d o  n o t  i n f l u e n c e  t h e  m e a -  

s u r e d  r e f l e c t i o n  f a c t o r s .  

3 .  E x p e r i m e n t a l  P r o c e d u r e  

F i g u r e 5  s h o w s  t h e  a r r a n g e m e n t  o f  o u r  r e f l e c t i o n  

e x p e r i m e n t s  s c h e m a t i c a l l y � 9  T h e  s u b s t r a t e  is p r e s s e d  

w i t h  t h e  s c a t t e r i n g  s u r f a c e  a g a i n s t  t h e  r i m  o f  t h e  
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~ ' ~ r =  ~ B e -Er "-~ 
eft / substrate 
/ \ \ \ \ \ \ \  \ p,cn 

Ai= {Ae -ki'~" 

\ \ \ \ \ \ \ ~ ' ~  J/////////~"z coverp,, C'ft 

A t = fcB'e-kt 'r 

Fig.& Reflection and transmission of a plane transverse wave 
(polarization perpendicular to the incident plane) at a flat in- 
terface 

Table 1. Material constants and reflection constants calculated 
according to (5) and (6). Dates of silicon: p=2 .33g /cm 3, 
c z = 9 .19 .10  s cm/s, cy~ = 5- 87- 10 s cm/s, G, = 4.89.105 cm/s, 
0=45  ~ The covering material is assumed to be isotropic 

Mat. p c z q R t Ry, Lit. 
[g/cm a] [ x 10 s [ x l0  s 

cm/s] cm/s] 

Sn 7,3 3.32 1.67 0.002 0.01 [16] 
A1 2.7 6.26 3.08 0.03 0.01 [16] 
In 7.28 2.51 1.30 0.04 0.0003 [36] 
Konst. 8.8 5.24 2.64 0.06 0.15 [16] 
Cr 7.19 6.85 3.98 0.04 0.20 [37] 
N 2 1.026 1.77 0.88 0.75 0.69 [38] 
Ne 1.51 1.06 0.81 0.87 0.60 [39 l 
Ar 1.677 1.51 0.81 0.69 0,57 [40] 
He 0.145 0.23 0.99 1.0 [41] 

] O / ] ~ A r  st 

substrate 
P,Cl,Cst 

cover 
p:c[, c'st 

Fig. 4. Reflection and transmission of a plane longitudinal wave 
at a flat interface. The particle velocities are: 

kll r} All = k~- Az exp { - i k u - 

{~ x K.} 
A ~ , -  Bs, exp{ - ik ,~ , .  r} 

kst 

kri 
A,l = ~ ( =  Bz exp{ - i k , l .  r} 

kit 
A;i = ~ B  r exp{ - i  k'rz. r} 

{~t x k,s,} 
A ; = -  - - ~  B's, exp ( - i k ;~ , - r }  

pump 

i11 
metal firm [1101 \ / 

�9 , ' -T7~x- f77~/ -7 - / - - / -P77- / '~  �9 

~ Si [ilOl =[100] 

generator detector 
Fig. 5. Experimental set-up. The crystal is pressed with the scat- 
tering surface to a vacuum chamber. Generator  and detector are 
in liquid helium 

metal film 

Fig. 6. Arrangement of the two generator/detector pairs on the 
substrate. Opposite to one pair (G2~D2) the scattering surface is 
covered with a metal film opposite to the other pair (G~Dt) the 
scattering surface is in vacuum 

vacuum chamber aperture and sealed with indium. 
The vacuum chamber is evacuated by an ion pump. 
Phonon generators and detectors are exposed to li- 
quid helium. As substrates we use pure n-conducting 
silicon monocrystals (240 0.cm, Wacker Chemie) 
with dimensions 25 mm x 25 mm x 5 mm. Specularly 
reflected phonons without mode conversion are 
propagating along q ll0t directions. 

The reflection factors are measured by comparing 
the detector signals from the free and the covered 
surface of one crystal as shown in Fig. 6. In this 
arrangment the number of eventually different pa- 
rameters, by using separate crystals for the measure- 
ment with and without covered surface as, e.g. crys- 
tal orientation, heater temperature, phonon trans- 
mission through tunneling junction/substrate - in- 
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terrace, quasiparticle lifetime, etc., is as small as pos- 
sible. 
Two independent generator/detector pairs are on the 
crystal. Opposite to one pair, the crystal surface is 
covered with the metal to be tested; opposite to the 
second pair, the crystal surface is uncovered. The 
two generators, respectively detectors, are simul- 
taneously prepared. Because of the identical geomet- 
ries, the parameters (heater resistance; energy gap; 
orientation; etc.) of the elements are largely the 
same. Only for tin-tunneling junctions different oxide- 
barriers are obtained, caused by the spacial in- 
homogeneity of the glow discharge in the evap- 
oration apparatus. Hence, the thermal tunneling cur- 
rents and the dynamic resistances differ up to 50 %. 
For the calculation of the reflection factors, we con- 
sider the individual sensitivity of the junctions by 
measuring the temperature dependence on the ther- 
mal current and the amplification factor (for details 
see [12]). We prove by control experiments that this 
method allows to measure the reflection factors R~ 
with a maximum error of about 10 %. The areas of 
the junctions are 0.15 and 0.28 mm 2. To improve the 
signal-to-noise ratio, we use in some experiments 
elements with areas of 1 and 5mm 2. But in these 
measurements the time resolution is drastically re- 
duced. 
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Fig.7. Sketch of the sputter apparatus. With partially opened 
shutter the crystal surface can be sputter-cleaned. With com- 
pletely opened shutter metal atoms are sputtered from the target 
to the substrate 

After sawing and lapping the silicon crystals are 
mechanically polished with diamond grain, and the 
diameter stepwise decreased to 0.25 l~m. Some crys- 
tals are, in addition, chemically etched (Schaefer- 
etch) or DC-sputter-polished, using a Veeco mic- 
roetch argon-ion gun (Ar-energy: 1,000V-300V; 
etch rate: 0.2-1gm/s). Chemical etching removes 
surface dislocations caused by mechanical polishing. 
The metal films are mostly prepared by thermal 
evaporation. After sputtering, the metal films are 
deposited without breaking the evaporator vacuum. 
Thus, the thickness of oxide and extraneous mo- 
lecule layers in the interface is reduced, as compared 
with mechanical and chemical polishing. 
Alternatively, the metal films are prepared by sput- 
tering. Figure 7 shows the used arrangement which 
allows sputter cleaning of the substrate surface just 
before preparing the metal film. The experiments are 
performed using pulse technique to separate signal 
contributions by their different propagation time. A 
sample temperature of 1.4 K is used. At this temper- 
ature the effective quasiparticle lifetime in the de- 
tector is in the same order of magnitude as the time 
constant of the electronic equipment and, therefore, 
the compromise of time resolution and sensitivity 
reaches a maximum. 

4. Experimental Results and Discussion 

4.1. Phonon Scattering at the Free Silicon Surface 

The typical detector signal, as shown in Fig. 8, 
exhibits four sharp pulses and a broad delayed back- 
ground. The propagation times of the first and the 
third pulses agree with the expected time for specu- 
larly reflected longitudinal and fast transverse pho- 
nons respectively. Specularly reflected slow trans- 
verse phonons are defocused and cannot be detec- 
ted. Remarkably, the propagation times of the sec- 
ond and the fourth pulses do not agree with the 
expected times for specularly reflected phonons. By 
covering selected parts of the scattering surface with 
an indium film, we are able to locate the areas from 
which the phonons of the fourth pulse are scattered 
(Fig. 9). The resulting propagation path indicates 
that the fourth pulse consists only of diffusively scat- 
tered phonons. Therefore, the simple view that a 
sharp pulse indicates specular reflection and a broad 
signal diffusive scattering, is misleading. Instead, 
phonon focusing in the silicon substrate forms nar- 
row propagation channels where diffusively scattered 
phonons also reach the detector with little variation 
of their propagation times and give rise to a sharp 
pulse. 
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free. Upper graph: surface in vacuum; lower graph: surface with 
additional helium cover. Heater power 4.5 W/ram 2, pulse duration 
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Another effect of the phonon focusing is the strong 
influence of the exact position of the generator/de- 
tector elements on the detector signal. In the experi- 
ment (see Fig. 4) the generator-detector line forms an 
angle of appr. 4 ~ with the [1001 direction. When the 
generator-detector line is exactly parallel to the 11001 
direction, one receives a detector signal, as shown in 
Fig. 10: the third pulse increases because of the 
phonon focusing so strongly that the fourth pul- 
se can no longer be separated. 
Since the fourth pulse is clearly due to diffusively 
scattered phonons, the phonons of the first and the 
third pulse can be either specularly reflected or dif- 
fusively scattered within additional propagation 
channels formed by phonon focusing. As the travel- 
ling times do not differ for both cases, other criteria 
are necessary to determine the amount of specular 
reflection. One possibility is the expected frequency 
dependence for diffuse scattering as compared to 
specular reflection. If diffusive scattering is caused 
by the roughness of the scattering surface, the con- 
tribution of the diffusively scattered phonons should 
increase with phonon frequency. 
We analyse the frequency dependence of the de- 
tector signal qualitatively by using a constantan hea- 
ter as generator and varying the heater power. Fi- 
gure 11 shows detector signals for different heater 
powers and Fig. 12 the amplitude ratios as function 
of the heater power. Pulse 2 and Pulse4 increase 
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Fig. 10. Detector signal with an angle of about 0 ~ between genera- 
tor/detector line and the ]1001-direction. Phonons scattered at the 
free silicon surface. Heater power 1.7W/mm2; pulse duration 
100 ns; bath temperature 1.28 K 

with heater power significantly stronger than Pulse 1 
and Pulse 3, Pulses 3 and 4 are caused by transverse 
phonons. Since the phonons of the fourth pulse, as 
discussed earlier, are diffusively scattered, we con- 
clude from the results of Fig. 11 and 12 that a signi- 
ficant part of the phonons, causing the first and third 
pulses, are specularly reflected. 
In order to check whether the observed frequency 
dependence may be caused by an inelastic surface 
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to the amplitude of the third pulse. Phonons scattered at the free 
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Fig. 13. Detector signal with Sn-tunneling junctions as generator 
and detector (monochromatic 280 GHz-phonons). Phonons scat- 
tered at the free silicon surface. Pulse duration 100 ns, bath tem- 
perature 1.41 K 
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tunneling junctions as generator and detector. The step at eU, 
- 4 A  and the increase at eU,=6A indicate the detector of 2A- 
phonons [11]. Phonons scattered at the free silicon surface 

decay of the phonons of the second and fourth pul- 
ses, we make experiments with superconducting tin 
tunneling junctions. In these experiments the pho- 
non frequency is fixed at 280 GHz and decayed pho- 
nons are not detected. The detector signals in these 
experiments do not show any significant difference 
to the signals measured with heaters as phonon ge- 
nerators (Fig. 13). Also the differentiated generator- 
detector characteristic (Fig. 14) verifies the energy 
2As, (see [11]) of the detected phonons. 

With superconducting tin tunneling junctions as 
generator and detector we measure phonon efficien- 
cies (ratio of the observed signal amplitude divided 
by the theoretical signal amplitude) of 1.1 ~ and 6 
for longitudinal phonons. This is in accordance with 
earlier experiments by Trumpp and Eisenmenger 
[12] in phonon transmission with generator and 
detector exposed to liquid helium. Thus, no signifi- 
cant inelastic decay by phonon scattering at the free 
silicon surface is observed. In summary from our 
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reflection experiments at the free silicon surface so 
far, the following tentative conclusions may be 
drawn: 
- Diffusively scattered phonons give rise to sharp 
pulses and to a delayed background in the detector 
signal. 
- The first and the third pulses differ in phonon 
frequency depence from the second and the fourth 
pulses. Obviously, this can be explained by the two 
scattering mechanisms differing in phonon frequency 
dependence. The most simple models are specular 
and diffusive scattering: An essential portion of 
specularly reflected phonons contributes to the first 
and third pulses. The second and the fourth pulses 
are caused by diffusively scattered phonons. 
- Inelastic decay by scattering is negligible. 
With these conclusions the experimental situation 
seems to be very satisfying. In a simple experiment 
one can study the behavior of specularly and dif- 
fusively scattered phonons by covering the free si- 
licon surface with an arbitrary material. The change 
of the first and third pulses should be in accordance 
with the acoustic mismatch theory and the change 
of diffusively scattered phonons can be tested in 
observing the second and fourth pulses and the 
background. 

4.2. Phonon Scattering at Interfaces 

A number of material parameters may be relevant 
for the phonon scattering at interfaces: 
- The acoustic impedances. 
For ideal elastic interfaces the amount of backscat- 
tering is determined solely by the acoustic imped- 
ances. These may vary in a wide range: Condensed 
gases on silicon, due to the large mismatch, should 
lead to a reduction in backscattering of only 1% to 
30 % as compared to the backscattering from the free 
surface, whereas metals, being rather well-matched, 
should reduce the backscattering as much as 70 % to 
99%. 
- The phonon - electron-interaction. 
The phonon absorption in the overlay may play a 
role for the baekscattering. Since superconductors 
show a discontinuity of the absorption at the energy 
gap [28] we have used superconductors with dif- 
ferent energy gaps and normal conducting metals. 
- The chemical reactivity. 
Aluminum reacts, for example, with the oxide cover- 
ing the silicon crystal [29]. 
- The diffusion in silicon. 
The average diffusion depth of Cu is about 8 orders 
of magnitude larger than of Sn [30]. 

I I I 
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Fig. 15. Detector signal with scattering surface in vacuum (a), 
covered with an 800 nrn thick Sn-film (b) and with Ne (c) 

- The adhesion of the metal films. 
Evaporated films of Cr and A1 show very good 
adhesion. Also the preparation of the films and of 
the interfaces influences the adhesion. 
- The formation of metal silicids. 
Cr, Ni form a silicid; A1, Sn, Pb do not [29]. 
We have chosen the substances to cover the surfaces 
under the aspect of varying these material parame- 
ters in a wide range. Finally, gases are condensed in 
two different ways on the scattering surface: 
I) By gas inlet into the vacuum chamber cooled to 
1 K and using a liquid nitrogen cold trap for purifi- 
cation. 
2) By gas inlet into the 77 K-cold vacuum chamber, 
the pressure at this temperature is below the con- 
densation threshold. Condensation at the substrate 
surface is then obtained by cooling the sample to 
liquid helium temperature. 
Method2) reduces the signal amplitude of the 
backscattered phonons significantly stronger than 
Method I), indicating that the insulator layer is den- 
ser in the preparation according to Method 2). 
The metal films should be thick compared to the 
mean fee path of the phonons in the film. Only then 
the phonons scattered at the free film surface are not 
backscattered into the substrate. This condition is 
experimentally tested by covering the metal film 
with helium. With sufficiently thick metal film the 
helium does not significantly influence the signal of 
backscattered phonons. The corresponding minimal 
thickness of the films is found to be about 600 nm 
for Sn-films and appr. 100 nm for constantan films. 
Figure 15 shows the signals for backscattered pho- 
nons from the free silicon surface, as well as from 
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Table 2. Calculated and measured values for the ratio R~. Above the measured values the preparation of the 
substrate surface (rap, cp, ip: mechanical, chemical, sputter polish) and the thickness of the metal film are 
indicated 

Material Calculated ratio R~ he~ Measured ratio R~ xp 

Sn mp mp cp ip cp, ip a 
400 nm 630 nm 1,000 nm 1,000 nm > 600 nm 

R l 0.002 0.25 0.64 0.60 0.56 0.26 
R 2 no calc. value 0.37 0.51 0.56 0.69 0.51 
Rft  0.01 0.34 0.54 0.41 0.76 0.39 
R 4 no calc. value 0.38 0.31 0.38 0.48 0.39 

A1 

In 

Constantan 

Cr 

Nz 

Ne 

Ar 

He 

mp 
200 nm 

R t 0.03 0.26 
R z no calc. value 0.56 
Rit 0.01 0.40 
R 4 no calc. value 0.42 

mp 
800 nm 

R z 0.04 0.41 
R 2 no calc. value 0.38 
R~.~ 0.0003 0.26 
R 4 no calc. value 0,25 

mp 
100 nm 

R z 0.06 0.81 
R z no calc. value 0.63 
Rft  0.15 0.74 
R 4 no calc. value 0.42 

mp 
280 nm 

R l 0.04 0.41 
R 2 no calc. value 0.81 
Rft  0.02 0.78 
R 4 no calc. value 0.42 

mp 
R~ 0.75 
R 2 no calc. value 
Rs, 0.69 ~0.45 
R 4 no calc. value 

rnp b 

R t 0.87 0.63 
R2 no calc. value 0.50 
RI~ 0.60 0.47 
R 4 no calc. value <0.37 

ip 
R l 0.69 0.43 
R 2 no calc. value 0.45 
Rlt 0.57 0.39 
R 4 no calc. value <0.25 

mp 
R t 0.99 0.67 
R 2 no calc. value 0.44 
Rf,  1.00 0.40 
R 4 no calc. value <0.20 

mp 
1,600 nm 

~0.4 

mp b 

145 nm 
0.56 
0.66 
0.65 
0.34 

ip 
0.47 
0.46 
0.47 

<0.23 

mp 
0.43 
0.49 
0.39 

< 0.27 

ip 
0.70 
0.46 
0.42 

< 0.20 

mp 
1,100 nm 

~0.43 

ip 
0.45 
0.44 
0.40 

<0.25 

Metal film sputter deposited by Ar-beam technique 
b Generator was a tin tunneling junction 
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the surface covered with Sn and with Ne. Table2 
contains the measured and calculated reflection fac- 
tors. 
We find, as a surprising experimental result, strong 
disagreement between the measured and the calcu- 
lated reflection values. Materials expected to be 
acoustically well-matched to the silicon substrate 
show experimentally high phonon backscattering. 
Materials not expected to be well-coupled to the 
silicon show comparatively high phonon trans- 
mission. 
The measured phonon backscattering of 30~o to 
60 ~o is almost independent on the covering material 
and the preparation of the interface. The variation 
comes to about a factor 2, This variation is small 
compared to the disagreement with the acoustic mis- 
match theory amounting roughly to a factor 10 to 
1,000. Moreover, the different parts of the signal do 
not exhibit the behaviour which we expected accord- 
ing to the model of specular reflection of the first 
and third pulses and diffusive scattering of the sec- 
ond and fourth pulses. 
Experimentally, we did not find any significant de- 
pendence of the reflection factors on the phonon 
frequency, i.e. by changing the heater power. 

4.3. Specular or DifJusive Scattering 

The experiments reported in the preceding chapter 
show that the scattering of phonons at "real" solid/ 
solid interfaces cannot be described by the acoustic 
mismatch model. Hence the well-known Kapitza 
anomaly at the solid/helium interface is only one 
aspect of the more general problem of deviations 
from the ideal acoustic transmission and reflection 
laws at interfaces. Because of the strong acoustic 
mismatch of a solid and helium, the failure of the 
acoustic mismatch theory is expecially evident for 
this system and was first found there. 
Since our measurements did not indicate any signifi- 
cant dependence on the preparation of the interface 
and the special material forming the interface, we 
studied in more detail the phonon scattering at the 
most simple interface, i.e. the free surface. 
As the acoustic mismatch theory predicts only 
specularly scattered phonons, it appears important 
to determine the real amount of specularly reflected 
phonons at a free silicon surface. For this purpose 
we compare the measured signal with signals calcu- 
lated by a Monte Carlo method, for the cases of 
pure specular and pure diffusive scattering respec- 
tively. 
For an elastically isotropic material and only one 
phonon polarization the calculated signals are pre- 
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Fig. 16. Calculated detector signals for specular, respectively dif- 
fusive scattering from one phonon mode and elastically isotropic 
substrate. "Noise" of the diffusive signal is caused by statistical 
error of the Monte-Carlo-Calculation 

sented in Fig. 16. As expected, specular reflection 
results in a narrow large pulse; diffusive scattering 
gives rise to a broad smeared signal. In contrast, 
diffuse scattering for the anisotropic silicon crystal 
with three phonon modes shows relatively narrow 
signals as consequence of phonon focusing. There- 
fore, the determination of the amount of specular 
and diffusive scattering requires a careful compari- 
son of the calculated signal shapes and amplitudes 
with the experimental data. 

Calculation of the Signal for Specular Reflection. 
The following assumptions are made to simplify the 
calculations: 
- Besides the reduction of the number of longitu- 
dinal phonons by mode conversion, mode converted 
phonons are not considered. 
- The particle density ratio for the different phonon 
modes emitted from the generator is given by the 
corresponding phonon density of states in the si- 
licon. This is based on the non-ideal acoustic pro- 
perties of the metal-insulator interface. 
With these assumptions the calculated pulse ampli- 
tude ratios are still sufficiently accurate. We take 
fully into account the influence of the real geometric 
locations and dimensions of generator and detector, 
the generator pulse length and the phonon focusing 
on the pulse shape. 
A calculated signal for pure specular reflection is 
shown in Fig. 17. It consists of three pulses; longitu- 
dinal, fast and slow transverse phonons. We calcu- 
late the signal for different angles between the gene- 
rator/detector line and the 1100{ direction of the 
crystal ("orientation"). Because of the phonon focus- 
ing, the amplitude ratios depend on this angle; with 
increasing angle the relative pulse amplitude of the 
fast transverse phonons decreases. 

Calculation of the Signal for Diffusive Scattering. The 
problem of this calculation is how to distribute the 
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Fig. 17. Calculated detector signal for specularly reflected pho- 
nons without mode conversion. Duration of the generator pulse: 
100 ns 
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Fig. 18. Calculated detector signal for diffusively scattered pho- 
nons. Duration of the generator pulse: 100 ns 

energy of the incident phonon on the scattered pho- 
non modes. Since we do not know the microscopic 
scattering mechanism, we assume equal distribution 
for all momentum states in elastic scattering con- 
taining all possible propagation channels formed by 
the phonon focusing. This assumption corresponds 
to the condition of quasithermal equilibrium or de- 
tailed balance without changing the phonon energy. 
The angle distribution of the scattered phonons cor- 
responds to Lambert 's cosine law. 
The calculated signal for pure diffusive scattering 
(Fig. 18) shows, indeed, a clear pulse structure in- 
dicating the existence of additional propagation 
channels caused by phonon focusing. The propaga- 
tion times of the first four pulses agree well with the 
propagation times of the pulses in the measured 
signal. Again, the calculated signal depends strongly 
on the crystal orientation: the ratio of the amplitude 
of pulse four divided by the amplitude of pulse three 
increases with the angle between generator/detector 
line and the 11001 direction. 
Surprisingly, the experimental signal, Fig. 15a, can 
be described almost completely by the calculation 
for diffusive scattering, Fig. 18, alone. The pulse 
widths agree very well and the amplitude ratio for the 
third and fourth pulses of the measurement indi- 
cates less than 4 ~  contribution by specular reflec- 
ted phonons. Owing to this good agreement between 
measurement and calculation for pure diffusive scat- 
tering, we think a further refinement in fitting the 
calculation to the measurement would first require 
the improvement of the simple diffusive scattering 
model. 
These results demonstrate, in contrast to the earlier 
discussion, that high-frequency phonon scattering at 
a "real", i.e. conventionally prepared silicon surface 
is almost completely diffuse. 
To prove this further, we performed a reflection 
experiment with completely different orientations of 
generator and detector as shown in Figs. 19-21 to- 
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Fig. 19. Measured detector signal with generator and detector 
along the I1011-direction in a distance of 7.1mm. Pulse duration 
100 ns, bath temperature 1.28 K 
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Fig. 2O. Calculated detector signal for diffusively scattered pho- 
nons. Position of generator and detector according to the experi- 
ment of Fig. 19. Duration of the generator pulse: 100 ns 

gether with the measured and the calculated signals 
for pure diffusive and pure specular scattering. 
Again, the experimental result can be described con- 
vincingly by the calculation for diffusive scattering 
alone. 
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Fig. 21. Calculated detector signal for specularly scattered pho- 
nons. Position of generator and detector according to the experi- 
ment of Fig. 19. Duration of the generator pulse: 100 ns 

In another experiment we compared the signal of 
backscattered phonons from an optically rough sur- 
face with that from an optically very smooth surface. 
There is no significant difference between the corre- 
sponding signals, demonstrating that for short wave- 
length phonons the optically smooth surface is as 
rough as an optically rough surface. 
With respect to the possible microscopic diffusive 
scattering mechanisms, so far, only limited experi- 
mental information is available. However, the ampli- 
tude ratios of the pulses and the change of these 
ratios with the phonon frequency, Fig. 12, allow a 
tentative discussion. 
The stronger frequency dependence of the second 
and fourth scattering pulses, as compared to the first 
and third pulses, raises the question with respect to 
basic differences in the scattering conditions. The 
essential difference is the importance of mode con- 
version in scattering. For phonons of the first and 
third pulse, no mode conversion occurs, the polar- 
ization of the phonons remains unchanged. In con- 
trast, the second pulse consists only of mode-con- 
verted phonons, whereas the fourth pulse implies 
mode conversion to a minor amount. 
The absolute frequency dependence of the separate 
signal contributions indicates that at least two dif- 
fusive scattering mechanisms are involved. They dif- 
fer in their dependence on the phonon frequency 
and in the probability of mode conversion. 
The possible scattering mechanisms we propose are: 
1) Diffusive elastic scattering caused by the geomet- 
ric roughness of the surface with small mode con- 
version probability and weak frequency dependence. 
2) Diffusive scattering caused by resonant scattering 
centers at the surface, The centers absorb the in- 
cident phonon and re-emit it with the same fre- 
quency (so-called two-level systems) but with high 
mode conversion probability and strong frequency 
dependence. 

The scattering by two-level systems was suggested 
by Kinder [30] to explain the Kapitza anomaly. 
Corresponding to the properties of these models, we 
expect mechanism I) to be dominant in the scatter- 
ing of pulses 1 and 3. With increasing phonon fre- 
quency, more and more phonons are scattered ac- 
cording to mechanism 2) and give rise to the mea- 
sured stronger increase of the pulses two and four. 
Checking the physical conditions for these scattering 
mechanisms, we found that by using a scanning- 
electron microscope our optically smooth surfaces 
exhibit scratches and dents of dimensions ~ 50 nm, 
in the same order of magnitude as the phonon 
wavelength. Hence, the condition for the scattering 
mechanism I) is given. Calculations of the density 
of two-level systems, necessary to cause strong re- 
sonant phonon scattering [-31, 32] show that less 
than one monolayer of two-level systems are suf- 
ficient. Also the increase of the scattering probability 
with the phonon frequency follows from these calcu- 
lations [311. 
The two-level systems are possibly caused by ex- 
traneous atoms absorbed at the surface or silicon 
atoms with special binding conditions at the disturb- 
ed surface. In these cases, we can certainly expect 
one monolayer of two-level systems at the surface 
far more than necessary to cause the observed dif- 
fusive scattering. 
Since diffuse phonon scattering at the free silicon 
surface is not covered by the elementary acoustic 
mismatch theory, one cannot expect that the trans- 
mission of phonons through interfaces between si- 
licon and other materials can be described by this 
theory. The phonon transmission through interfaces 
depends certainly on the microscopic scattering 
mechanism. But before making detailed conside- 
rations regarding the phonon transmission through 
interfaces one should first try to get more infor- 
mation on the scattering mechanisms. 
Finally, it is important to note that, in contrast to 
the disagreement of our backscattering measure- 
ments and the acoustic mismatch theory, solid-solid 
heat transfer experiments [6, 4, 5] show good agree- 
ment with the mismatch theory. The main differ- 
ences of the heat transfer experiments and our ex- 
periments are: 
- in heat transfer experiments, the phonons - trans- 
mitted through an interface - are in local thermal 
equilibrium. In our experiments, the phonons are far 
above the thermal equilibrium. 
- i n  heat transfer experiments, only the phonon 
transmission summarized over all phonon modes, 
scattering angles and phonon energies is measured. 
It is possible that the overall heat transport through 
an interface may approach the value predicted by 
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the acoustic mismatch theory, although the single 
phonon is not scattered according to the mismatch 
theory. 
Our calculations show that for the determination of 
the amount of diffusively scattered phonons it is 
necessary to consider the influence of the anisotropy 
of the substrate on the propagation time of the 
phonons, as well as on the pulse shape. It is not 
sufficient to take the anisotropy of the material into 
account only for the calculations of the propagation 
times and to calculate the pulse shape [33] solely in 
terms of an isotropic model. 

5. Conclusion 

The measured scattering of high-frequency acoustic 
phonons (v>280GHz) at solid/solid and solid/ 
vacuum interfaces cannot be described by the acous- 
tic mismatch theory. Hence, the well-known de- 
viation of the phonon scattering at solid/helium in- 
terfaces (Kapitza anomaly) from the mismatch 
theory is not a special case, as assumed till now. 
Because of the extreme acoustic mismatch of solids 
and helium the discrepancy in the theory was first 
found at the interface between these materials. On 
the other hand, two different solids in thermal con- 
tact show increased acoustic matching so that the 
deviation from the acoustic mismatch theory is not 
that obvious in heat transport experiments, integrat- 
ing over all phonon modes, phonon frequencies and 
scattering angles. 
We made sensitive reflection experiments with short 
phonon pulses, allowing separation of phonon 
frequencies, phonon modes and, to some extent, of 
scattering angles. We could clearly show that the 
phonons are not scattered according to the acoustic 
mismatch theory. 
Nevertheless, for special combinations of material 
the thermal boundary resistance measured in heat 
conduction experiments can coincide with values ex- 
pected by the acoustic mismatch theory. We found 
only a minor dependence of the measured phonon 
scattering on the materials forming the interface and 
the preparation procedure. Theoretically well-mat- 
ched metals (expected reflection factor-~1%) show 
increased reflection (measured reflection 
factor-~50 %); for mismatched condensed gases (ex- 
pected reflection factor>70%) we measured de- 
creased reflection (again _~ 50 %). Variation of the 
preparation of the substrate surface (mechanical, 
chemical and ion-polish) and of metal film (eva- 
poration and sputtering) changes the phonon reflec- 

tion about a factor 2. This change is small compared 
with the deviation from the acoustic mismatch 
theory. 
The analysis of the signal of scattered phonons is 
complicated by the anisotropy for phonon propaga- 
tion of the substrate (phonon focusing). Comparison 
of the measured signal at a free silicon surface with 
calculated signals, assuming pure specular and pure 
diffusive scattering respectively, show that only dif- 
fusive scattering is present. The upper limit for 
specularly reflected contributions is about 4 %. For 
the first time in these calculations the influence of the 
anisotropy of the substrate and the dimensions and 
locations of generator and detector to the pulse 
shape are fully taken into account. 
Within the accuracy of our measurements we did 
not find any significant phonon decay by anhar- 
monic processes at the uncovered surface. 
The signal amplitude of backscattered phonons 
changes with the phonon frequency. We suggest to 
explain this phonon frequency dependence by two 
different microscopic, diffusive scattering mecha- 
nisms: 
-Geometr ical  diffusive scattering caused by the 
roughness of the substrate surface; 
- Resonant diffusive scattering caused by two-level 
systems at the surface. 
In the frequency range of our experiment the num- 
ber of phonons, being resonantly scattered by two- 
level systems, increases with phonon frequency. 
At solid/helium interfaces prepared by cleaving at 
4K, Weber et al. [34] measured phonon scattering 
according to the acoustic mismatch theory. But con- 
tamination by gas molecules or cleavage steps cause, 
again, large deviations from the theory. Therefore, 
evaporation of metals or insulators even on ideal 
cleavage surfaces may create scattering centers caus- 
ing again strong diffuse scattering. 
A method to prepare an interface with higher specu- 
larly scattered contributions may be molecular beam 
epitaxy [35]. Improved interfaces prepared by this 
technique are important for investigating microscop- 
ic scattering mechanisms. 
A more general technique for the preparation of 
"ideal" insulator-metal interfaces is important for 
achieving higher resolution and sensitivity in pho- 
non experiments with superconducting tunneling 
junctions. 
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