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Severa] techniques are reviewed with which thermal conductivity and phonon scattering can be 
measured in films of thicknesses ranging from angstroms to millimeters. Recent experimental 
results are compared critically with previous measurements. It is shown that phonons are very 
sensitive probes of the structural perfection of the films. 

I. INTRODUCTION 

Depending on the way thin films have been deposited onto a 
substrate, they will contain various degrces of disorder. This 
disorder will influence the thermal conductivity of the films, 
and thus the heat removal from them. Conversely, measurc­
ments ofthe thermal conductivity can lead to a better under­
standing of the disorder in such films. In this paper, we will 
review several measuring techniques which have been re­
cently developed and used at Cornell to study films of a wide 
range of thicknesses. One is an ac technique which can be 
used to measure the thermal conductivity and specific heat 
of films 10 flm and thicker. The second technique is a dc 
technique developed to measure the heat transport across 
interfaces, but it is also sensitive to the thermal conductivity 
of thin films, and is particularly useful for films thinner than 
1 fim. Both techniques can also be used to test the quality of 
the bonding to the substrate with a high spatial resolution. 
The third technique takes advantage of the phenomenon 
that the elastic waves or phonons which carry the heat in a 
substrate are sensitive to the properties of the surface, and 
can thus be used to probe adsorbed atoms or thin films with 
average thicknesses of a few angstroms and up. 

In addition to probing different film thicknesses with 
these techniques, we can also change the length scale on 
which we are probing the films; this is done by varying the 
temperature of the measurement, and therefore the wave­
lengths of the phonons involved in the heat flow. 

The widely recognized need for thermal data on thin films 
is demonstrated by the large number of publications on var­
ious methods to measure their thermal diffusivity, thermal 
conductivity, and specific heat, although these experimental 
data are still scant. This brief review cannot do justice to all 
these efforts. Instead we will restrict ourselves to occasional 
comparisons with results obtained by other researchers, and 
refer the interested reader to some recent publications in the 
field. 1-4 

It 3-00 TECHNIQUE FOR FILMS TENS OF I-lm THICK 

This ac technique was developed5 mainly because of its 
insensitivitv to radiative heat losses and has been used to 
measure the thermal conductivity of bulk glasses below 
room temperature, and in some cases up to as high as 750 K.6 

A thin, evaporated metal strip with four pads to measure 
current and voltage, see Fig. 1, is used as a heater and also as 
a thermometer, because of the temperature-dependent elec­
trical resistance of the metal strip. An ac current with (angu-

lar) frequency ()) win cause a temperature wave of frequency 
20) to diffuse into the substrate. This wave has cylindrical 
symmetry, and is exponentially damped in the radial direc­
tion, see the insert in Fig. 2. Its wavelength, or more precisely 
its penetration depth I q J I, is given by 

Iq-II = (D/2(u)Ji2, (1) 

where D is the thermal diffusivity, D = A/Cp where A is the 
thermal conductivity, and Cp the specific heat per volume. 
The temperature amplitude AT of the heater is inversely pro­
portional to the thermal conductivity of the substrate and to 
the logarithm of the reciprocal angular frequency OJ - I. By 
measuring AT as a function of ()), A can be directly deter­
mined without having to determine Cp . The 3(tJ technique 
probes the sample to a depth of the order of Iq II, which 
varies typically between 10-3 and 10 5 m, depending on ()) 
(and D). It has been used to measure the thermal conductiv­
ity of a variety of solids, and has thus been tested. 

By increasing the frequency OJ, the technique can be adapt­
ed to measuring the thermal conductivity ofthe near-surface 
region, or of films on substrates. If the heater/thermometer 
is evaporated onto a dielectric film ofthickness d, situated on 
some substrate (see inset of Fig. 2), the temperature wave 
will be confined to the film if Iq-11 < d. If, however, 
Iq-II >d, the film can be neglected, and the temperature 
wave can be considered as diffusing entirely in the substrate. 
The temperature amplitude ATas a function of the frequen­
cy of the temperature oscillation (which is 2())/2rr) is shown 
in Fig. 2 for an amorphous silicon film adhering to an alumi-

2 mm 
LL-____ _ 

FIG. I. Evaporated metal pattern produced on the face of a sample used for 
the 3{,) technique. The four pads are the connections for current leads I +, 

I - and voltage leads, V ~, V -. The narrow metal line that serves as the 
heater and thermometer for the measurement oflhe thermal conductivity is 
at the center oflhe face of the sample. The patterns made by photolithogra­
phy; linewidth is 5 pm; length typically I mm. 
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FIG. 2. Data analysis for the 3w technque. Example of the amplitude of 
temperature oscillation of the heater/thermometer for a 25-ILm-thick film 
of hydrogenated a-Si on an aluminum substrate, as a function of the fre­
quency of the temperature oscillation (2w/21T). For 2w>21TlO' rads " 
the penetration depth is less than d, the thickness of the a-Si:H film (25 
11m). From the slope of the dotted line, the thermal conductivity can be 
determined. For 2w < 21710" rad so, the penetration depth exceeds d, and 
the slope of the dotted line is determined by the thermal conductivity of the 
substrate. Inset: Use ofthe 3{u method for measurements offilms with thick­
nesses d as small as - 10 pm. The exponentially damped curve shows a 
snapshot temperature profile at the instant when the temperature at the 
heater is at a maximum. The penetration depth i q- 'I del1ned in the text is 
about two-thirds the distance between heater and the intersection of this 
temperature profile and the t:. T = 0 line (dashed). By choosing the ac heat­
er current angular frequency w large enough, the penetration depth can be 
made <d, in which case the thermal conductivity of the film is measured. 

num substrate. For small frequencies, the small slope of the 
straight line obtained when ATis plotted versus the natural 
logarithm of this frequency is the result of the large thermal 
conductivity of the aluminum (obviously, the frequency 
range is inadequate to measure A in this case). As the fre­
quency increases beyond _103 Hz, AT decreases rapidly, 
and approaches a straight line in Fig, 2, from which the ther­
mal conductivity of the a-Si can be determined. By repeating 
this measurement at different temperatures, A (T) can be 
determined. It should be emphasized that the success of this 
technique depends on good bonding between film and sub­
strate. Consequently, these measurements can also reveal 
flaws in the bonding with a spatial resolution given by the 
length of the metal film heater/thermometer, which is of the 
order of 1 mm (see Fig. 1). This potential application of this 
measuring technique has not yet been pursued. 

Examples of experimental results obtained with this tech­
nique are shown in Fig. 3. The a-Ge and a-Si films had been 
produced by sputtering and were kindly supplied by Dr. S. 
Moss (now at the University of Houston, then at Energy 
Conversion Devices, ECD) and Dr. J. Lannin (Penn State). 
The hydrogenated a-Si films (20 mol % hydrogen) were 
produced by chemical vapor deposition on aluminum sub­
strates at 250°C by Dr. J. Mort (Xerox Webster Labs). The 
thermal conductivities of the films in Fig. 3 have been com­
pared to a theoretical prediction based on a model first used 
by Einstein? as refined by Slack.8 It is based on the assump­
tion that neighboring atoms or groups of atoms vibrate with 
random phases (the opposite, i.e., nonrandom phases will 
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FIG. 3. Thermal conductivity of - 50-11m-thick films of a-Si, a-Ge, and a­
Si:H (20%) between 30 and 300 K as measured with the 3tu technique. The 
solid curves arc the minimum thermal conductivities for a-Ge and a-Si, 
respectively, based on Slack's proposal (Ref. 8). 

lead to elastic waves). It has recently been shown5 that in 
bulk amorphous solids the measured thermal conductivity 
above 50-100 K, and up to the softening point, is well de­
scribed through this model, Le" through a random walk of 
the elastic energy (i.e., heat) from one localized (Einstein) 
oscillator to the next. In terms ofthe model of the minimum 
thermal conductivity considered by Slack,8 we found that 
the data for glasses were best described by a phonon mean 
free path equal to one-half the phonon wavelength (while 
Slack proposed a mean free path twice as long). Our mea­
surements on a-Ge and a-Si films agree wen with the numeri­
cal calculation based on this model and indicate that these 
films behave like bulk amorphous material. Interestingly, 
however, in hydrogenated silicon films, the thermal conduc­
tivity is distinctly larger than in pure a-Si. This observation 
shows that the thermal conductivity of these amorphous 
films is not independent of doping or perhaps of preparation, 
in contrast to bulk glasses. The cause is not understood. 

A comparison with earlier results for a-Ge is shown in Fig. 
4: Nath and Chopra? measured the thermal conductivity 
between 100 and 500 K of films of Ge, 0.2-0.8 pm thick, 
produced by thermal evaporation onto mica sheets, and 
found it to be independent of thickness. Yet, for a-Ge, they 
found thermal conductivities one order of magnitude larger 
than our values, and approaching those for polycrystalline 
films at 500 K. Goldsmid and Paul lO measured a film 1.12 
pm thick, produced by thermal evaporation onto sapphire, 
and found an intermediate value for the thermal conductiv­
ity, see Fig. 4. Using the 3w technique, another tetrahedrally 
coordinated glass CdGeAs2 , which is available in bulk form, 
has recently been measured, 11 see Fig. 4, Its thermal conduc­
tivity agrees closely with our results on a-Ge films, as expect­
ed on the basis of Slack's model because of the similarity in 
structure and the speed of sound in these solids. This agree­
ment can be taken as evidence that our experimental results 
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FIG. 4. Comparison of the thermal conductivities of films of a-Ge from 
different studies. NC: Nath and Chopra, Ref. 9, 0.7 f1.m thick; GP: Golds­
mid and Paul, Ref. 10, 1.2 f1.1Tl thick. 3m: This investigation, same data and 
same theoretical prediction as in Fig. 3; Cd Gc As2 : amorphous bulk materi­
al (Ref. 11). Also shown is the thermal conductivity of single-crystal Ge 
[GS: C. J. Glassbrenner and G. A. Slack, Phys. Rev. A 134, 1058 (1964) J, 
and ofa polyerystalline Ge film, 0.9 f1.m thick (NC:Ref. 9). 

on the a-Ge film are indeed those of bulk, amorphous germa­
nium. 

Using two slightly different techniques, Goldsmid and co­
workers measured at room temperature two films of a-Si of 
1.2-.um thickness evaporated onto crystalline A120 3 (Ref, 
12) and Si. 13 They reported 2.6 X 10-2 and 4.2 X 10-2 

W cm -I K \ respectively, while our data extrapolate to 
10-2 W cm- I K- 1 at 300 K-

It is difficult to determine the cause of these discrepancies. 
Can amorphous films of micrometer thickness have much 
larger thermal conductivities than the same material in bulk 
form? This question will be addressed in the following sec­
tion. 

III. THERMAL CONDUCTIVITY OF THIN FILMS IN THE 
lLm RANGE 

F or films < lO.um thick the frequencies w needed to satis­
fy Eq. (1) quickly become cumbersome because of the re­
quired lock-in techniques, and thus the 3w technique be­
comes less suitable. The technique through which the 
thermal conductivity of films even thinner than 100 A can be 
measured was originally developed!4 to measure the thermal 
boundary resistance that produces a temperature drop at the 
interface between two solids across which heat is flowing. 
Figure 5 shows the experimental geometry. IS Two closely 
spaced (-2 f,tm) narrow metal strips are vapor deposited 
onto a dielectric substrate. The interface that is studied is 
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FIG. 5. Experimental geometry for measuring thermal boundary resistance 
and also the thermal resistance of films in the f1.m thickness range. The 
heater/thermometer lines are typically 2.5 mm long. The substrate is typi­
cally a plate I X 1 XO.025 em'. The interface studied is that between the left 
metal strip and substrate. To measure the thermal conductivity of thin di­
electric films, they would be deposited on the substrate before depositing the 
metal films (Ref. 14). 

between one metal strip and the substrate underneath it. 
Through that strip, a relatively large sensing current I is used 
to measure the resistance R and thus the temperature of that 
strip; Q = J2 R causes that temperature to be larger than the 
temperature of the underlying substrate. The temperature of 
the second thermometer strip is determined by measuring its 
resistance using a much smaner sensing current i, to avoid 
self-heating. The difference between the temperature of the 
second thermometer and the temperature of the substrate 
underneath the first thermometer is calculated by integrat­
ing the time-independent heat diffusion equation for the ge­
ometry of Fig. 5; this temperature difference is a small cor­
rection because of the smallness of the separation of the 
thermometers, and because of the large thermal conductiv­
ity of the AI20, substrate. 

The thermal boundary resistance between the Joule heat­
ed thermometer and the und .... rlying substrate is given by the 
ratio of the temperature difference .6. Tbetween the strip and 
the substrate, and the power per unit area Q / A flowing 
across the interface: 

AT 
Rbd =-.--. 

QIA 
(2) 

The thermal resistance between a film of rhodium (doped 
with iron to increase its sensitivity as a resistance thermom­
eter at low temperature) and a polished sapphire crystal sub­
strate is shown in Fig. 6 (see the symbols X ) . Below - 20 K, 
the data agree well with the theoretical prediction (see the 
solid line) based on the assumption that the mismatch in the 
acoustic impedances of the solids will limit the fraction of the 
elastic waves (and therefore the heat) that will be transmit­
ted across the interfaces, the rest being reflected. This model 
is called the acoustic mismatch model (AMM) and was first 
proposed by Khalatnikov l6 and independently by Mazo!7 to 
explain the thermal boundary resistance between liquid heli­
um and solids (the Kapitza resistance). It should also be 
mentioned, however, that the theoretical prediction of Rbd 

for the data shown in Fig. 6 will change by < 10% if one 
assumes that all incident phonons are diffusely scattered at 
the interface. This assumption is the basis of the diffuse mis­
match model (DMM).!5 Above -50 K, however, the ex­
perimental thermal boundary resistance exceeds the theo­
retical one by nearly one order of magnitude for either 
model. It has been concluded that this discrepancy could 
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FIG. 6. Effective thermal boundary resistances for Rh:Fel AI20, interfaces 
with intcrlayers of a-SiO" with a damaged layer at the interface resulting 
from a diamond polish (<», and for an argon ion-bombarded AI! AI20, 
interface (0). The solid curve represents diffuse mismatch theory for an 
undamaged Rh:Fel A120, interface without a glassy interlayer, but is prac­
tically identical for the case of acoustic mismatch, and even for an AI! A120, 
interface (Ref. 15). 

neither be blamed on details of the calculation, nor on the 
experimental method. 14.15 The most likely reason has been 
proposed to be that the excess thennal resistance was caused 
by phonon scattering in a thin disordered layer in the sub­
strate close to the interface. This was confirmed by the obser­
vation that the same metal film on an A120 3 surface rough­
ened with 2ooo-A diamond polish resulted in an increased 
Rod (see Fig. 6). An even larger R bd , predominantly above 
30 K, was observed when an Al film was deposited while 
argon-ion bombarding the sapphire surface before and dur­
ing the first 10 A of deposition, shown as the open circles. 

In order to quantify the disorder produced scattering 
somewhat better, thin a-Si02 1ayers were deposited (by plas­
ma enhanced chemical vapor deposition) on the polished 
sapphire surface before depositing (by magnetron sputter­
ing) the Rh:Fe films. (Note that this arrangement resembles 
one developed by Goldsmid and co-workers 12,13 to measure 
1.2-pm-thick a-Ge and a-Si films mentioned earlier.) The 
resistance of this assemblage, called an effective boundary 
resistance, is also shown in Fig. 6. In Fig. 7 we compare the 
thennal conductivities of the a-Si02 layer, derived from 
these measurements, with the thermal conductivity of bulk 
a-Si02,5.18 and find it to be much smaller, see Fig. 7. The two 
solid curves in Fig. 7 were computed with the assumption 
that the phonons in the 1150-A-thick film are being scat­
tered by an additional, wavelength-independent scattering 
mechanism. Such scattering can conceivably occur at the 
two surfaces of the film; however, the phonon mean free path 
(mfp) required to fit the low-temperature data is five times 
shorter than the film thickness. This suggests the existence of 
macroscopic flaws within the film, which leads to the wave­
length-independent scattering. However, above ~ 100 K, 
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FIG. 7. Effective thermal conductivity of thin glass mms after Ref. 14. The 
dashed curve represents the thermal conductivity data for bulk a-SiOo (Vi­
treosil) by Raychaudhuri and Pohl. Ref. 18, and the upper solid curve 
represents the data of Cahill and Pohl (Ref. 5). The curves called Casimir 
limited glasses were computed with a Debye thermal conductivity integral 
by assuming a phonon wavelength independent scattering mean free path 
(mfp) of the magnitude indicated, in addition to the mean free path needed 
to describe the conductivity of the bulk glass. 

the thermal conductivity of the film is still smaller than can 
be explained by such a scattering mechanism. We mentioned 
in the preceding section that in glasses above ~ 50 K the heat 
is carried by a random walk of the elastic energy between 
neighboring localized (Einstein) oscillators. In such a situa­
tion, the thermal conductivity can only be lowered if the 
glass is porous so that the pathway for the diffusion is in­
creased. Thus we conclude that the a-Si02 films used in these 
experiments, in particular, the thick ones, are somehow po­
rous. No independent microscopic studies of our a-Si02 

films have been performed, although it is well known that 
thick a-SiOz films can have such flaws. 19 For the purpose of 
the present discussion, it suffices to say that the thermal con­
ductivity measurements of these films point to significant 
macroscopic flaws, which lead to greatly reduced heat carry­
ing capabilities. No evidence for an enhancement of the con­
ductivity is observed, contrasting to the evidence presented 
for micrometer-sized films of a-Ge and a-Si in the previous 
section. 

This technique should also be very sensitive to the quality 
of the bond between film and substrate. It has been observed 
that the thermal boundary resistance between gold and sap­
phire is three times larger than expected for either diffuse or 
acoustic mismatch. 14 Since gold adheres only weakly to sap­
phire (it can easily be wiped off), it has been suggested that 
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this enhanced resistance is an indication for imperfect bond­
ing between these two solids. 

IV. PHONON SCATTERING IN FILMS WITH 
THICKNESSES IN THE NANOMETER RANGE 

We have seen in the preceding section that some macro­
scopic disorder can lead to a significant reduction of the ther­
mal conductivity of thin films relative to that observed in 
bulk materiat In this section we will study the phonon scat­
tering in these films not through measurements of their ther­
mal conductivity, but by observing the probability of diffuse 
scattering of phonons from within the substrate impinging 
onto the surface supporting the film. First, we measure the 
thermal conductivity of high-purity samples of single-crys­
tal material with polished surfaces in the temperature regime 
in which bulk scattering of the phonons is negligible, and the 
phonons fly ballistically between collisions with the sample 
surfaces. In this radiative, or Casimir limit/o.2l the thermal 
conductivity will increase as the probability f for diffuse scat­
tering events at the surfaces decreases. (Strictly speaking, 
one should not talk about thermal conductivity in this case; 
thermal conductance is more appropriate, since the heat 
flow is determined not only by the geometry of the sample, 
but also by the spacing and size of the heater and the ther­
mometers used to perform the measurements, in addition to 
f We will ignore this terminology here,z2 although our anal­
ysis takes these effects into account.) 

The natural way to study this diffuse scattering would be 

Adorn in Si (X) 
6500 650 

~'-'r-

SllicOIl 
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. __ Rough 
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FIG, 8. Thennal conductivity of a Syton polished, clean silicon single crystal 
(upper curve 0) with heat flow along the (Ill) direction,S X 5 X 50 mm" 
and of the same sample after in situ deposition of neon films of average 
thickness as indicated (Ref. 27), The lowest curve is the thermal conductiv­
ity of a clean sample after surface roughening through sandblasting. 
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through reflection of heat pulses or monochromatic phonon 
beams. In fact, such studies are underwav in severallabora­
tories.23

-
26 The advantage of using th;rmal conductivity 

measurements is that the phonons are scattered repeatedly 
at the surface as they fly along the crystal, and this multiple 
scattering enha?ces the sensitivity, 

Experimental thermal conductivity results are shown in 
Fig. 8. 27 The lowest, solid curve is the thermal conductivity 
between 0, 1 and 100 K of a highly perfect silicon crystal with 
roughened (sandblasted) surfaces. The wavelengths of the 
elastic waves carrying the bulk of the heat at a given tem­
perature are shown in the upper abscissa. Note that at 1 K, 
the frequency of these dominant phonons is 90 GHz. This 
frequency varies linearly with the temperature. The frequen­
cies used in these experiments are therefore relatively small 
in comparison to the oscillations excited around room tem­
perature, where most of the experiments were done which 
we have discussed so far. Above the thermal conductivity 
maximum, near 10 K, the phonons are scattered predomi­
nantly in the bulk. Below 10 K, the thermal phonons travel 
virtually uninhibited between collisions with the walls, 
which are always diffuse (f = 1) because the surfaces are 
rough, In this case, the phonon mean free path 1 is given by 
the sample diameter, and the thermal conductivity A 

(3) 

varies as the third power of the temperature, since the specif­
ic heat Cp varies as T"" (v is an average speed of sound,) If the 
crystal surfaces are polished (with Syton as the final step) 
and subsequently cleaned, the thermal conductivity below a 
few K is greatly enhanced (upper solid curve in Fig. 8), 
giving evidence for a significant reduction in/, the probabili­
ty for diffuse scattering. If onto such polished crystal faces, 
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FIG. 9, Experimental inverse phonon meall free path [- I [s~c Eq. (3) J for 
different coverages of Ne on Si held at I K during the deposition from the 
gas phase, Even submonolayer coverage (average thickness 1 leads to a no­
ticeable enhancement of the diffuse scattering, The scattering then increases 
continuously with increasing coverage until it rcaches the thick layer limit. 
Above this coverage, the scattering hecomes independent of the film thick­
ness, The transition from specular reflection to diffuse scattering as the 
temperature increases is clearly visible for all coverages (Ref. 27), 
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FIG. 10. Thermal conductivity measurement of a substrate crystal with the 
positions of the clamps for heater, thermometers, and heat sink (base) 
indicated by crosshatching; Q indicates the heat flow. In our experiments, 
the substrate is a (111) Si crystal with Syton polished and cleaned surfaces, 
5 X 5 X 50 mm'. The dashed lines show some paths of the phonons as simu. 
lated in the Monte Car 10 calculation (Ref. 22). Specular reflection does not 
lead to a thermal resistance. 

thin films of neon are condensed in situ, at low temperature 
and under high vacuum (with the average film thickness 
determined with a silicon paddle oscillator27

) the thermal 
conductivity is reduced as shown in Fig. 8. The thickest 
films, 200 A and thicker (up to 1 pm, the so-called thick 
layer limit), produce a thermal conductivity with almost the 
same temperature dependence as produced by boundary 
scattering for a rough sample ( cc T:\ Casimir20 ). The wave­
length-independent phonon mean free path, however, is two 
to three times larger than in the Casimir case. Films with 
average film thickness smaller than the thick layer limit do 
not scatter the long-wavelength phonons carrying the heat 
below ~ 1 K, but do scatter the short-wavelength ones. The 
transition between weak scattering and strong scattering 
shifts to lower temperatures with increasing film thickness, 
and seems to occur when the phonon wavelength in the film 
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• 

0.40 • 
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exceeds its thickness. Under those conditions, the phonons 
apparently are less likely to be scattered. This transition 
between weak and strong scattering is shown even more 
clearly in Fig. 9 in which the reciprocal phonon mean free 
path [-I as defined in Eq. (3), and which is proportional to a 
scattering rate, is plotted for the data shown in Fig. 8. 

In order to quantify the scattering by the neon films, we 
have determined j; the probability of diffuse scattering for 
the coated samples, and subtracted from that the residual 
probability for the clean, polished silicon sample. The proba­
bility /was determined using a Monte Carlo calculation for a 
geometry representing the thermal conductivity sample, see 
Fig. 10. This method was developed by one of us (H.E.F.), 
and is described in detail in Ref. 22. Quanta of heat (phon­
bns) are injected into the sample at the heater and are fol­
lowed by the computer as they bounce along the sample on 
their way towards the heat sink at the base. The number of 
particles hitting the crosshatched areas marking the position 
of the thermometers can be translated into a phonon flux, 
and thus a temperature. By performing simulations with dif­
ferentf, we can simulate the experimentally observed tem­
perature drops between the two thermometers and can make 
quantitative comparisons between simulation and experi­
ment. With this procedure, the probability / for diffuse scat­
tering by the neon films has been determined, see Fig. 11. It 
increases with increasing film thickness, up to a limiting val­
ue/max -0.3. Only the very thickest films show evidence for 
even larger scattering probability. The explanation proposed 
is that the phonons must enter the films in order to be scat­
tered, and once they have entered they are inevitably scat­
tered either within the neon film, or at its free surface. Thus! 
is determined solely by the probability of the phonons enter­
ing the films. This latter probability has been calculated us-

.)2000 A 

.200 A 
... 70 A 
*35 A 

0.30 
• ••••• + . ' 

-----------~-~-~---
AMM •• ~. 

* 15 A 
+ 10 A 
x5 A 

FIG. 11. Probability f for diffuse scattering re­
suiting from neon films of different average 
thickness. The data are the same as those shown 
in Figs. 8 and 9. At film thicknesses> 2000 A,f 
is independent ofthe film thickness (the "thick 
layer limit") up to the maximum thickness 
measured: - 1 11m, The dashed line labeled 
AMM makes the assumptions that the phonon 
transmission probability into the film is deter­
mined by the acoustic mismatch between neon 
and silicon, and that an phollons thus entering 
the films will be diffusely scattered. 
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ing the acoustic mismatch model introduced above, and us­
ing the elastic constants of dense, poiycrystalline, bulk solid 
neon for the thick films,28 which are probably continuous. 
The calculation shows that only 30% of the incident phon­
ons can enter the thick film and be scattered, leading to 
/ = 0.3 as shown with the dashed line marked AMM, in 
Mreement with the experiment (Fig. 11). 

As a further test of this picture, the same measurements 
were performed with hydrogen and deuterium condensed on 
the polisj:J.ed clean silicon surface. Qualitatively identical re­
sults were obtained, except that these films scattered phon­
ons less than neon. The diffuse scattering probability/ deter­
mined for the thickest films are compared in Fig. 12 with the 
acoustic mismatch modeL Although the agreement is not 
perfect, the trend is certainly as predicted by this model. 

The silicon-frozen gas interface can hardly be viewed as 
ideal; the clean Si surface carries defects and residual impuri­
ties, and the gas atoms must be expected to be deposited 
randomly during the quenched condensation process. 
Therefore, one might expect that the phonons will be scat­
tered diffusely at the interface. In this case,fmight approach 
unity for all three gases. Clearly, the experiments disagree 
with this model, and we conclude that diffuse scattering at 
the interface is very smalL Rather, the transmission is deter­
mined by acoustic mismatch, and the scattering must occur 
within the films. That scattering is amazingly strong. how­
ever. Consider the 200-A Ne film in Fig. 11. Apparently all 
phonons which enter the film are scattered as they travel 
back and forth, a distance of a few hundred angstroms. Such 
strong scattering requires either macroscopic defects, like 
voids or cracks. It could, however, also result from a rough 
outer surface of the film. Nothing is known about the struc­
ture of such condensed gas films, and thus these phonon 
experiments give the first evidence about their disorder. 

Adorn in Si (A) 
6500 650 

..... 0.1 

0.01 

T (K) 

FIG. 12. Diffuse scattering for films of neon, deuterium, and hydrogen con­
densed at low temperatures on polished Si surfaces in the thick layer limit. 
Data taken from Ref. 27. The neon data are the same as those shown in Fig. 
11 (e). 
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FIG. 13. Diffuse scattering probability resulting from gold films of average 
thickness as indicated. The line labeled AMM is explained in the text. The 
measurements are from Ref. 27. 

Similar results have been obtained for evaporated gold 
films on silicon. 27 Figure 13 shows / (T) obtained from a 
Monte Carlo simulation calculation for average thicknesses 
varying from 2 to 300 A. Scanning electron microscope pic­
tures showed the 30- and 6o-A-thick films to consist of dis­
continuous islands with average diameters of 200 and 400 A, 
respectively. The even thinner films were almost certainly 
also discontinuous, although they could not be studied with 
the microscope because of inadequate contrast as a result of 
the low coverage of gold. The 3oo-A film was continuous, 
though cracked like dry mud fiats. It has been suggested27 

that the islands act as scattering centers and cause Rayleigh 
scattering for long wavelengths, and geometric scattering for 
short ones (compared to the island diameter). In the thick 
films, the phonons are scattered either by the cracks, or by a 
roughness (waviness) of the outer surface of the evaporated 
films. The fact that the experimental/stays below the/cal­
culated from the acoustic mismatch (AMM) may indicate 
that the disorder is less than in the condensed gas films, but it 
may also result from incomplete wetting of the silicon by the 
gold. The latter case would be particularly interesting, since 
we expect that phonons would be particularly sensitive 
probes of con'tacts on the atomic scale. 

v. CONCLUSIONS 

Measurements of thermal conductivity and of phonon 
scattering provide sensitive probes for the study of disorder 
in thin solid films. Different techniques can be used to cover 
average film thicknesses from angstroms to tens of,um (or 
thicker). Considerable microscopic disorder appears to exist 
in many ofthe films investigated, but details of the scattering 
mechanisms are still poorly understood. It is safe to say, 
however, that the thermal conductivities of thin amorphous 
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and crystalline films can differ significantly from those mea­
sured for the bulk materials. 
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