PHYSICAL REVIEW B, VOLUME 63, 125421

Phonon scattering and internal friction in dielectric and metallic films at low temperatures

P. D. Vu} Xiao Liu,? and R. O. Pofi*
1Soka University of America, Aliso Viejo, California 92656
2SFA, Inc., Largo, Maryland 20774
SLASSP, Cornell University, Clark Hall, Ithaca, New York 14853-2501
(Received 28 February 2000; revised manuscript received 13 September 2000; published 13 March 2001

We have measured the heat conduction between 0.05 and 1.0 K of high-purity silicon wafers carrying on
their polished faces thin dielectric films efbeam amorphous Si, molecular beam epitafhéBE) Si, e-beam
polycrystalline Cak, and MBE Cak, and polycrystalline thin metallic films abeam Al, sputtered alloy Al
5056,e-beam Ti, and-beam Cu. Using a Monte Carlo simulation to analyze the conduction measurements, we
have determined the phonon mean free path within the films, and found all of them to be much shorter even
than in typical bulk amorphous solids, with no exceptions. We have also measured the internal friction of these
films below 10 K, and found their internal friction at low temperatures to be strikingly close to that of
amorphous solids, both in magnitude and temperature independence, with the exception of the MBE Si and
alloy Al 5056, whose internal friction is even much smaller than that of amorphous solids. Using the tunneling
model the internal friction results indicate the phonon scattering in these thin films ought to be much smaller
than is actually observed. Thus we conclude that heat conduction measurements do not support the picture that
the lattice vibrations of these films are glasslike, as had been surmised earlier for thin metallic films, on the
basis of low-temperature internal friction measurements glBhgs. Rev. B59, 11 767(1999]. At the least,
the films must contain additional scattering centers which lead to the very small phonon mean free path. Most
remarkably, the MBE Si shows the same strong scattering of thermal phonons as do other films, while having
the negligible internal friction expected for a perfect film. The disorder causing the strong scattering of the
thermal phonons in this film is completely unknown.
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[. INTRODUCTION the elastic wave, and the phonon thermal conductivity
through resonant scattering of the thermal phonons. This
The structure and perfection of thin films on substrates arguantitative connection between internal friction and thermal
still poorly understood. The purpose of the present investiconductivity was proven in many cases for bulk amorphous
gation is to show that thermal phonons with wavelengths or$0lids, and also for disordered crystals, and constitutes a ma-
the order of 100 nm can be used as very sensitive probes $" Proof of the validity of the TM, as reviewed in Refs. 4

their disorder. It will be shown that strong phonon scatteringand S. . _ .
occurs in a large number of films, including silicon films e recently described a technique by which we can mea-

produced on silicon substrates by molecular beam epitax%ur.e thermal phonon scattering in thin films on S“bs“%‘t?&
(MBE). The nature of this disorder is not understood sing this technique, we verified the quantitative connection

It was recently shown that the internal friction of crystal- between internal friction and thermal conductivity success-

. ; fully for amorphous silica film&and for crystalline silicon
line metal films below 10 K resembles that of amorphouslayers which were disordered by ion implantation to the

solids both in magnitude and temperature independence, ﬂb%int of amorphizatiod.We will use this technique here for
so-called internal friction plateaua possible explanation of ' comparison with internal friction on a variety of dielectric
this was that crystalline metal films have the same density 0And metallic films. If the lattice vibration of the films are
tunneling states as amorphous solids. In disordered crystalfdeed glasslike, the phonon scattering should be determined

such states are called glasslike excitatibAgcording to the by the same tunneling strength as determined from the inter-
tunneling model(TM),® both the low-temperature thermal n3] friction.

ConductiVity belOW 1K and the internal friCtion plateau be' In addition to the phonon Scattering in the metal films
low 10 K are determined by the same quantity, the tunnelingtudied previously in internal frictiohwe will also present

strengthC measurements of both internal friction and phonon scattering
in amorphous Si4-Si) films, in dielectric crystalline CgF
Eyz films, and in a crystalline Si film produced by MBE, which is
C= F, 1) expected to contain fewer defects than any of the other films.
t

_ Il. EXPERIMENTAL MATTERS
where P is the uniform spectral density of the tunneling

states,y is their coupling energy to phonong,is the mass A. Thin films
density, and, is the transverse sound velociy determines The thin films for heat conduction measurements were
the internal friction plateau through relaxational scattering ofdeposited either on Czochralski-grow(1,11)-oriented sili-
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TABLE |. Preparation parameters of the thin films used for the heat conduction measurements in this
work. The Cu film has a thif100 A) adhesive layer of Ti between it and the silicon substrate. The alloy Al
5056 film contains, by weight, 5.2% Mg, 0.1% Mn, and 0.1% Cr. The films were deposited onto either one
or both of the wide polished substrate fa¢ese Ref. § as indicated in the last colunifione” or “both” ).

Deposition Base Substrate Substrate Deposition Film
technique pressure temperature orientation rate thickness
(Torr) °C (Als) ()
a-Si e-beam 1077 room (100 15 0.5, one
MBE Si MBE UHV 600 (100 3 0.4, one
Cah e-beam 1x10°© room (111 10 0.1, both
MBE MBE UHV 750 (111 0.14-0.28 0.4, one
Cahk
Al e-beam 41077 room (100 15 0.2, one
0.4, one
0.6, one
Al 5056 sputter Ar: X102 room (100 12 0.5, one
Ti e-beam 6<10°7 room (112 3 0.1, both
Cu e-beam 2106 room (112 6 0.1, both

con substrate surfaces, or on float-zone-refin€t)0)- presents the root-mean-squdrens) roughness of the free
oriented ones. For internal friction measurements, the thisurfaces of the films studied as determined by atomic force
films were deposited onto double-paddle oscillators, whichmicroscopy(AFM). Table Il also presents the dominant ther-
were float-zone refined an€l00) oriented. All substrates mal phonon wavelengthtd K based on the Debye speed of
were of high purity, and were double side polished. Filmsound of the materials listed. The wavelength of the thermal
thickness was determined by calibrated vibrations of ghonons is the relevant length. As can be seen, the rms
6-MHz planoconvex quartz crystal. When possible, this wagoughness is small compared to the length scale of the ther-
double checked with a step surface profiler. Details on thenal phonons, and so the free surfaces of the films should
films for heat conduction measurements are contained ihave little effect on the overall scattering of thermal phonons
Table I. and thus on the overall conclusions of this work. In Sec.
In order to eliminate surface contaminations the thermalll C, we will show experimental evidence that phonon scat-
conduction samples were, when appropriate, either puering at the surfaces and interfaces is indeed negligible rela-
through an RCA cledhor cleaned in a hot sulfuric acid tive to that in the films, by studying the films’ thickness
solution® For the internal friction measurements, all films dependence.
were deposited directly onto double-paddle oscillators after

cleaning of_ the substrate by diIuted_HF solution_, except_for TABLE II. Comparison of the free surface rms roughness as
the MBE Si film. Because of the stringent cleaning requiré-yetermined by AFM measurements with the dominant thermal pho-

ments prior to the MBE deposition in the UHV chamber, non wavelength 4o at 1 K, based on the Debye speed of sougd
which were not suitable for double-paddle oscillators, thesor the thin-film samples studied.

MBE Si film was deposited onto a wafer from which an

oscillator was subsequently fabricated. The fabrication pro- Film vp 2 N dom rms
cess involves heating the wafer to 850 °C for 20 min. Thus thickness at1 K roughness
the MBE Si film for the internal friction measurement was (wm) (105 cm/9 A) A)
considered as annealed. All the other annealing processes
were done in the metal-oxide-semiconductsOS) area of ~ a-Si 0.5 4.62 510 5
the Cornell Nanofabrication Facility and were preceded by aMBE Si 04 5.93 650 <2
stringent RCA cleaning, as described in Ref. 10, in order tdcak 0.1 4.10 450 25
avoid any contamination of the silicon which is known to MBE 0.4 4.10 450 7
occur during annealing under regular clean laboratory condi€ak,
tions. This annealing process will be referred to in the fol-Al 0.2 3.42 370 40
lowing as “MOS cleaned and annealed.” 0.4 3.42 370 20
Since we are interested in the thermal phonon mean free 0.6 3.42 370 40
path in the film from the heat conduction measurement, we\| 5056 05 3.42 370 40
would like to minimize phonon scattering at the film- T 0.1 3.48 380 10
substrate interface and at the free surface of the film. As thg,, 0.1 278 300 10

film-substrate interface is expected to be much smoother
than the free surface of the film, we first consider the fre€Taken from Ref. 11 or estimated using Eq. 6 witHisted in Table
surface roughness of the films studied in this work. Table Il 1.
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scribed in Ref. 6, denoted dgmc) in the following. We

1072 ¢ . . mention briefly that additional scattering mechanisms such
: // as scattering from free surface roughness can be included in

1078 £ PN I the simulations, should that become necessary. For those
F 300um Si pd who wish to determinésmcy from heat conduction mea-

j0-4 [ ubstrete e g . surements beis 1 K without having to resort to performing

their own simulations, we provide information in the Appen-

dix, using the results of our MC simulations on a film-
substrate sample with dimensions typically used in our work.
We can also predict the phonon mean free path from in-

ternal friction measurements, denotedl asry , if we as-

sume that the film has the low-energy excitations that are

r common in amorphous solidend no other scattering cen-

1078 ot S — ters within the TM model. In the present work, the low-
107 10° temperature internal friction of thin films is measured with
temperature (K) double-paddle oscillators vibrating in their antisymmetric

FIG. 1. Measured thermal conductivity times thickness vs tem-mOde at~5.5 kHz, which have exceptionally small back-

perature. High-purity Si substratgarge faces polished and thin ground damplng as dpspnbed preV|0uJ§I3]/:r’ Th'.n f'lm_sl in-
faces sandblasted; see the Appehdhickness, 30Qum: solid tri-  crease the internal friction of the paddle oscillatQ¥,qqe-
angles; calculated electronic thermal conductivity of a Cu fisge ~ From this, the internal friction of the filmQg., is deter-
text) thickness, 0.2zm: solid line. At 50 mK, only about 5% of the mined by*
heat is carried in the filniby electron¥ at higher temperatures, the

percentage drops as 2.

1073

1078

1077

thermal conductivity x thickness (W/K)

— Gsut;sub _ _
inln11:—3G. T (Qpa]adle_ Quub)- 2
B. Methods film Lilm

In contrast to the conventional thermal conductivity mea-heret andG are thicknesses and shear moduli of substrate

surements on bulk metals, our thermal method, as applied @"d film, respectively, an@qjp is the internal friction of the
metal films, has the advantage of solely determining the phd2@re paddigincluding the mounting '055¢f£‘£ilm is assumed
non heat transport in the form of a phonon mean free path if® b€ equal to that of the bulk material® The specific
the film. In our investigation the metal films act primarily as model used to obtaifyjnv) from the internal f”Ct'%‘ of a
phonon scatterers rather than as heat conductors, becausefitp is the TM, originally pgoposed by Andersat al,™ and
their relatively small thickness compared to that of the subindependently bly8 Phillips! expanded for elastic measure-
strate. At low temperatures, most of the heat in normal metMents by Jekle™ The TM connects the thermal Ehonon
als is carried by electrons. This thermal conductivity can benean free pathl, with the internal friction platea®, -, as
calculated using the Wiedemann-Franz-Lorenz |m- follows. From Ref. 5, the exprESSion for the thermal conduc-
viewed in Ref. 12 and an appropriate electrical resistivity. tivity A is

Because heat transport is parallel to the film-substrate inter-

face, the amount of heat carried by the film or substrate 1 2665 7,

depends on their relative thermal resistance, which is the A_§CUUDI_ 67h% 2Q; L T ©)
inverse of thermal conductivity multiplied by length and di- ot
vided by cross-sectional area. Since the film and substrat@here, in the gas-kinetic pictur€,, is the low-temperature
have the same length and width and differ only in thicknessspecific heat per unit volume;p is the Debye speed of
a comparison of the products of thermal conductivity andsound,kg is Boltzmann’s constant; is Planck’s constant,
thickness is enough to determine which carries most of thendT is the temperature. Note that

heat, which is shown in Fig. 1 using a Qudn-thick Cu film

as an example. The low-temperature thermal conductivity of
the Cu film was determined with the Wiedemann-Franz-

Lorenz law using a room-temperature electrical resistivity of . . . o o
16x10°6 O cmgand a residurz)al resistivity ratio of 2, mga- whereC is defined in Eq(1). Substituting forC, within the

sured in our laboratory on similar filnmts: Figure 1 demon- Debye model of the phonon spectrdifEq. (3) becomes

strates that the substrate phonons are the dominant heat car-
riers, primarily because the thickness of the substrate is so |=(1.59¢ 10" s K]) —-T~1, )
much greater than that of the film. The same is true for the le
other metal films studied in this work, even more so when .
they become superconducting in the temperature range ifooum
vestigated here.

Thermal phonon mean free paths were determined, using
a Monte Carlo(MC) simulation, from heat conductioftdC) where[s K] are units of second and Kelvin. These equations
measurements between 0.05 and 1.0 K by the technique dprovide the means to predi6tithin the TM) what | )

Qpi=5C (4
0 2

ng the empirical relatith?®

Utzo.g)D s (6)
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L 05um FIG. 3. Internal friction of are-beama-Si film, before and after
a—Si, annealed annealing, compared to that of budkSiO, (solid curve. The bulk
o4 a-Si0, data, measured at 4.5 kHz, are taken from J. E. Van Cleve
M'B’E"I;_Si (published in Ref. # The double-headed vertical arrow indicates
the range of the temperature-independent internal friction plateau,
measured on a wide range of bulk amorphous solids, as reviewed in
background Ref. 5
10—8 ol Ll ol et .
10t 10° 10t 102 . . _ .
temperature (K) almost an order of magnitude reduction @y, while the

Qi+ of the annealed MBE film is too small to be deter-
FIG. 2. The internal friction of a bare silicon double-paddle mined. Annealing at 700 °C fdl h leads to almost complete
oscillator (solid curve “backgroundy and of such oscillators car-  crystallization of a 0.52m-thick e-beama-Si film.2* The
rying e-beama-Si and MBE Si films. Note the negligible effect of jnternal friction confirmed that 90% of the low-energy ex-

the MBE film. The annealing of the-beama-Si film was done at  gjtations had been removed. Below 1.0 K, however, the in-
700°C for 1 h under the MOS-cleaned-and-annealed cond$®® o 4| friction increased, indicative of a contamination in

the tex). The MBE Si film was annealed at 850 °C for 20 nfgee c-Sil0 although the most stringent MOS-cleaned-and-

ex. annealed process, as described in Sec. Il A, was strictly fol-
] ) o " lowed. Most probably, an impurity was trapped on the sub-
should be if the internal friction plateau of the filQq i , strate surface during mounting in thebeam evaporator
is known. To repeat, Eq. 5 assumes that the internal frictiogyhich is located outside the MOS area. This impurity,
plateau is due to the presence of glassy states in the film, aqpapped underneath theSi film, survived the MOS clean-
that no defects other than the glasslike excitations scatter thgg, "and led to the contamination during the annealing. In
thermal phonons. The validity of these assumptions will becontrast, there is no such problem for the MBE Si film, and
tested for the films investigated here by compariifgc) hence no contamination is observed.
With lgimcrmy - Table Il summarizeRg i, v¢, lfimervy (T), given by
Eq. (5), for the films presented here and below. This enables
Ill. RESULTS AND DISCUSSION us to compare the internal friction and the phonon mean free
path directly within the TM.
Figure 4 shows ey in the MBE Si ande-beama-Si
Since we are searching for tunneling states in thin filmsfilms, both in as-deposited and annealed states obtained from
we start withe-beama-Si, a highly disordered film known to the heat conduction measurements. The dotted line repre-
have such staté$,and compare it with a crystalline silicon sentsl fim(tmy Of the e-beama-Si based on the internal fric-
film produced by MBE which is expected to be a simpletion measuremer(isee Table Ill. For e-beama-Si, lfjmnc)
extension of the silicon lattice. Figure 2 shows the internais significantly smaller thaty,vy , which assumes that the
friction of a bare double paddle oscillator, called “back- scattering occurs by tunneling states alone. Evidently,
ground,” and of the same kind of oscillator carrying the Igmcy cannot be used to test for the existence of glassy
films. As expected, the MBE film has negligible internal fric- excitations ine-beama-Si film. In addition to the tunneling
tion, while thee-beama-Si films, both as-deposited and an- states, other scattering centers must be present. The situation
nealed, lead to a considerable increase of the internal friomay be similar toe-beama-SiO, films in which the addi-
tion. The MBE Si was measured only in the annealed state agonal thermal phonon scattering was explained by cracks or
explained in Sec. Il A. voids® It is well known thata-Si films produced bye-beam
From the change of the internal friction of the paddleevaporation contain similar defed$.?°> After annealing,
carrying the films, the internal friction of the film@,f]r}1 ,can  only a small increase dfymc) above 0.3 K, and even a
be determined using E¢R), and is compared to that of bulk decrease below that temperature can be seen in Fig. 4. This
a-Si0, in Fig. 3. The annealing of the-beam film causes change ofljm1cy Uupon annealing is interpreted as resulting

A. Silicon films
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TABLE lll. The internal friction plateaLlemm, the transverse '
speed of soundv;, and the thermal phonon mean free path annealed MBE c—Si
| T) predicted by Eq(5), whereT is measured in K.
fimermy (T) P y Eq(5) 1000 - : S |
Qo “fim vy Lfitn¢rivy (T) ) Lo A
(10° cm/s) (um) 3 . taam for

5 \ ". e—beam a-Si
a-Si 1.3x10°* 4.16° 50.9T £ N
annealech-Si 2.4x107° 5.33° 353 N \
MBE Si negligible 5.3% ¢ g N
Cak, 6.0x 105 3.69° 97.8m 5 N b . annealed

—4 d b N AN ~ e—beam
Al 1.0x10 3.04 48.3IT g)) \ \0\ N . a-Si
Al 5056 1.0<10°5 ¢ 3.04 483.4T & 100 | &\GL—\:\? o)A
Ti 2.0x10 4 ¢ 3.13° 24.9T g i N N o
Ccu 5.3¢10 4 ¢ 2.50° 7.5 g ! N -
N

=] ~ N

[} N
ZTaken from Ref. 14. g \BE C_Si/ =N %
Bulk crystalline values taken from Ref. 20. a S\
‘There is noleﬁ,m value for the MBE Si film because the internal o I \.\E\m
friction of this film was not detectablésee Fig. 2, and hence \
Iim(tmy iS expected to be very long. Z:ls’iea“/ o
9Taken from Ref. 1. 10 ! .
€Taken from Ref. 22. 0.1 1
from a combination of a decreased scattering by the tenfold temperature (K)

Eme:lrller nuTber of ttunneléjng sta_tsls, an L:wcreasgd scatttter.lng FIG. a. Phonon mean free Pdﬂﬁm(m) of a_s_,-deposit_ed ar_,d an-
y thé contaminants, and possibly a _C ange in sca ('_:'”ngealed silicon films. As-depositegtbeama-Si: solid circles; an-
from the defects of unknown nature which had been noticego51eq (700°C, 1)he-beama-Si: open circles; as-deposited MBE
already in the film prior to annealing. Obviously, these re-g;: gglid squares; annealed MBE Si (500,°C h followed by
sults cannot be used to extract any knowledge about the argo°c, 1.5 i open squares. The dotted linel igncriy (T), the TM
nealing of these unknown defects. They do, however, proprediction based on the internal friction plateau of the as-deposited
vide further evidence for the presence of the contaminants-beama-Si. Dashed lines are guides for the eye.
introduced into crystalline silicon during annealing under all
but the most stringent conditions, thus further emphasizingrequencies in excess of 300 GHz. However, phonons in
the need for their identification and contf8l. this frequency range carry heat predominantly above 3 K,
Very surprisingly, Fig. 4 shows that the phonon scattering@"d no evidence exists for phonon scattering by oxygen at
in MBE Si film both before and after annealing is very large'ower frequenciegcorresponding td'<1 K). _
as well. Since the contamination that plagued édaeam In an attempt to detect any ewdenqe for structural (_:ilsor-
a-Si films is not an issue here, secondary ion mass spectrog-er in this MBE film, an x-ray-dlffrac_tlor(XRD) a’?a'ys_'s
copy (SIMS) was performed by Reedy at the National Re-VaS performed by Sardela and Cahill at the University of
newable Energy Laboratory in order to identify other pos-Nn0is (Champaign-UrbanaHigh-resolution open-detector
sible chemical impurities. The following chemical ele- scans around the 04) peak showeq no c_ilfference between
o 0% e 3 nit 3 measurements conducted on the film side and on the sub-
ments were detected: boror, 107 cm % nitrogen, strate side of the MBE Si film-substrate sample. Full width at
X 1018 cm carbon, ~3x 10 cm~% and hydrogen/~2 it maximum values were found to be almost identical on
x10'® cm™®. These concentrations were similar in the MBE poth sides, and no diffuse scattering or any disorder feature
film and the silicon substrate. Only the oxygen contents dif-g the film side was seen. In addition, a triple-axis reciprocal
fered between substrate~6x10'" cm™®) and film (~5  space map around the (804 peak on the film side also
X 10" cm™3). For all these detected impurities, an annealcould not detect any diffuse distribution nor asymmetry of
(500°C 1 h followed by 700°C, 1.5)caused no measur- the Si peak. These observations speak against the existence
able change of their concentrations. Since no evidence dff grains with different orientations which might cause the
such scattering was observed on bare silicon samples frofhonon scattering.
the same batch as used in these experinfetfts,only pos- The nearT ! temperature dependence may be suggestive
sible impurity scatterer is the oxygen. But the tenfold in-of scattering by sessile dislocations, as reported, for example,
crease of oxygen in the MBE film should not lead to a no-py Wasserbeh in plastically deformed bulk copper, nio-
ticeable decrease of the experimental mean free path pium, and tantalurd® If we assume that the coupling be-
[defined in the Appendix, EJA1)], and thus to a decrease tween dislocations and phonons is similar, the dislocation
of lum(ncy given the relatively small thickness of the film, density in the MBE film would have to range betweert®10
unless the oxygen in the film somehow acts as a much strormd 132 cm™2, which seems rather high for MBE silicon. At
ger scattering center. Phonon scattering in oxygen-dopeghis point, no search for dislocations in this MBE film has
silicon has been found to depend on heat treatffiéhat  been undertaken.
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that of bulka-SiO, (solid curve. The bulka-SiO, data, measured

at 4.5 kHz, is taken from Ref. 4. The double-headed vertical arrow

indicates the range of the temperature-independent internal friction

plateau, measured on a wide range of bulk amorphous solids as

reviewed in Ref. 5.
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which was prepared by MBE technique at 750 °C substrate
temperature (K) temperature to improve its structure. However, the internal
] o . friction of the MBE Cak film cannot be measured because
EIG. 5. T_he internal friction of a bare silicon double-paddle ¢ the difficulty of preparing such a film on silicon paddle
oscillator (solid curve “background) and of such a paddle carry-  oqijiators and meeting the requirements of special cleaning
ing thee-beam Cak film on the polished silicon surface. and fabrication at the same time. Thgyc) of the MBE
) . : Cak, film, though larger than that of thebeam one, is still
MOS-cleaning-and-annealing of the MBE film, as de-gmaller than that predicted by the TM for tedream Cak
scribed above, leads to an increaséfifnc) shown in Fig.  fiim  Furthermore, it is smaller than that of @SiO, film
4, although it remains below the mean free path predicteqyapared by wet-thermal oxidation, in which the structure is
even fore-beama-Si, except at the lowest temperature. Thusyy, ,cn improved in comparison wittbeama-Si0,, and the
noticeable disorder, other than the tunneling states, remaihpchonOn scattering is determined solely by the glassy excita-
in the MBE Si film even after annealing, although the inter-j s Thelfimgc) Of the thermala-Sio, film agrees per-
nal friction of the annealed MBE Si film shown in Fig. 2 give fectly with that of the TM’s prediction, just as one would
no evidence of any low-energy excitations. Thus the Onlyexpect for bulka-SiO,, as shown in Fig. Tsee Ref. 6 for
_firm conclusi_on we can draw at this point is that the defeCtsdetails). The I fimcc) Of the MBE Caf; film lies between
in the MBE film are not glasslike. those of the thermah-SiO, film and a macroscopically as
well as microscopically disorderegtbeama-SiO, film, in
B. CaF, Films which the thermal phonon scattering is not dominated by the
tunneling states, also shown in Fig. 7. We suggest that this
MBE CaF, film, although probably more highly ordered than
ane-beam one, contains disorder because the pseudomorphic

Iﬁ;:gp;g“ggftgﬁ]s I?hlgtw ateomp;_r;]tiléf f'i?r:]e?fal;,fngttﬁ?ﬁét IS epitaxial growth is known to break down at a film thickness
prising o y exceeding 10 nm>* leading to structural relaxation. Inter-

e-be_am Cak increases the damping of th_e double-pa_ddlenal stresses are also expected to result from differential ther-
oscillator by more than one order of magnitude; see Fig. 5

. I S ; mal contraction as the sample is cooled from the deposition
The internal friction of the film itself, as compared with that temperature. There is, however, no convincing evidence of

of 3'SI'OZ s}hotvr\]/n n F'g'fG’ |sdnfarl)1|temperﬁture 'n(ﬁgpert‘dg.nalasslike excitations in this Cafilm. As in thee-beama-Si
?n dctose .t(;] tre1 range (i_un (;ra ?morﬁ (;)us S0 It;dSS'u '®Him, some unknown scattering process masks the effect of
0 date (wi € exception of certain hydrogena ' the glasslike excitations, if they exist at all.

films, as discussed in Ref. L4Thus the large internal fric-
tion observed previously in polycrystalline metal fiffrep-
parently also occurs in some crystalline dielectric films. As-
suming that its cause is glasslike excitations, we can again Figure 8 showd jmc) for three e-beam Al films, 0.2,
predict anl g,y for the Cak; film, shown as the dotted line 0.4, and 0.6um thick. The absence of any significant depen-

in Fig. 7. The measureby,c) for an identical Caf film, dence on the film thickness validates the assumption used in
also shown in Fig. 7, is more than two orders of magnitudeour analysis that the scattering occurs predominantly within
smaller than predicted by the TM. We also measured théhe films and not at the interfaces, an assumption which so
phonon mean free path of another crystalline £difm far had been based only on the smoothness observed on the

As just shown, crystalline films produced by crystallizing
ana-Si film or by MBE deposition show little or no evidence

C. Metal Films
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FIG. 7. Phonon mean free pathmuc) of two different Cak FIG. 8. Phonon mean free palth,nc) of e-beam Al films that
films. MBE Cak: solid circles;e-beam CaF: solid squares. The are 0.2um (open triangles 0.4 um (open squargsand 0.6um
dotted lines are the TM predictions based on internal friction mea{open diamondsthick. The dotted line is the TM prediction based
surements foe-beam Cak and for thermala-SiO,, respectively.  on internal friction(see Table IlJ. Dashed lines are guides for the
Data for the thermalopen squargsande-beam(solid star$ a-SiO, eye.
films are taken from Ref. 6. For thermalSiO,, good agreement is
shown betweetmc) andlgmrvy . which had also been found in - formed bulk Al and the phonon thermal conductivity of the
ion-implanted siliconRef. 7 as mentioned in Sec. |. Dashed lines e.peam Al film show the difference between the heat trans-
are guides for the eye. port by electrons and phonons, and by the phonons alone,

separated here experimentally for the first time, to our
free surfaces as listed in Table Il. The dotted line is theknowledge. Below 0.1 K, the phonon thermal conductivity of
prediction forlgy,rvy based on the internal friction of the thee-beam Al film is very close to that of the deformed bulk
e-beam Al film reported earliér(also see Table Il As for ~ sample. This suggests that the defects which scatter the
the two previous examples, the observed phonon scatteringhonons in the film are very similar to those in the heavily
far exceeds the scattering expected on the basis of the TMdeformed bulk sample. The same conclusion was reached

In Ref. 1, it was shown that the low-temperature internalpreviously in internal friction measurements, as stated above.
friction of an Al film on a Si substrate was very similar to The defects causing the internal friction were tentatively
that of heavily deformed bulk Al. It was therefore interestingidentified as dislocations or dislocation kink#. is tempting
to compare the phonon mean free path in the film with thato suggest that the thermal phonons in the films are scattered
observed in deformed bulk Al. For that purpose, a 99.999%y the same defects. Since we see in Fig. 8 that,c) and
pure polycrystalline Al rod2.5 mm in diameter and 25.7 gy of thee-beam Al films are not connected by the TM,
mm long was first annealed at 560°C and subsequentlywve can conclude that the same holds for the deformed bulk
stretched by 5%. Its thermal conductivity, measured by the\l because of the similarity in the internal friction and pho-
standard steady-state technique, is shown in Fig. 9 alongon mean free path between the thin films and the bulk
with that of bulka-SiO,. The steep rise of the thermal con- samples. Thus the non-glass-like phonon scattering phenom-
ductivity of the bulk Al above 0.1 K is caused by the onset ofena observed in this work are not limited to thin films alone.
heat transport by normal-state electrons. However, belovn addition, the defects or the mechanisms causing the reso-
this temperature, heat is expected to be carried predomnant scattering of thermal phonons in heat conduction and
nantly by the lattice, and a temperature dependence similahose leading to the relaxational process in internal friction
to that of the bulk glassa-SiO,) is observed. Although the may not even be related, as shown by the following obser-
magnitude is three times smaller, it still falls within the vation.
glassy range in thermal conductivity; see Fig. 1 in Ref. 31. The alloy Al 5056 in bulk form has an exceptionally small
The phonon thermal conductivity of the Oudn e-beam Al low-temperature internal friction, even as a sputtered film
film, as calculated frongmc) in Fig. 8, is also shown in  (Table IIl), which was explained by dislocation pinning.
Fig. 9. Above 0.1 K, the thermal conductivity of the de- Igmc) in this film, however, is still close to that of all other
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FIG. 9. The thermal conductivity of 5% deformed bulk Al. The
thermal conductivity of a bulla-SiO,, taken from Ref. 32, along FIG. 10. Phonon mean free paths and comparisGpgc, for
with the phonon thermal conductivity of the Qu@n-thick e-beam  a 0.4um-thick e-beam Al film: (open squargsfor a 0.5um-thick
Al film converted from their phonon mean free path shown in Fig.sputtered alloy Al 5056 film(solid circleg; for a 0.1um-thick
8, is shown for comparison. e-beam Ti film(solid triangle$; and for a 0.1xm-thick e-beam Cu
film (solid squares The thermal conductivity for the 5% deformed
metal films; see Fig. 10. It follows that pinning of disloca- bulk Al is converted to its mean free path: open circles. The labeled
tions has no influence on the thermal phonon scattering. Weotted lines are TM predictions &,y based on internal friction
conclude that the mechanisms causing the internal frictiomeasurementésee Table Ill. The solid curve is the phonon mean
and the thermal phonon scattering are not understood. ~ free path in bulka-SiO, taken from Ref. 32. Dashed lines are
A comparison betweetyynicy andlgmeryy is shown in  guides for the eye.
Fig. 10 for four metal films: Al, alloy Al 5056, Ti, and Cu,
with the phonon mean free path afSiO, for comparison.
The apparent lack of correlation betweéfmc) and Measurements of the thermal phonon mean free path on
lfim(rmy €nables us to generalize from the Al films to otherfilms of amorphous and MBE Si, of polycrystalline and
metallic films: if glasslike lattice vibrations exist in them, MBE Cak, of pure metallic Al, Cu, and Ti, and of the me-
their effect is masked by the unknown defects. tallic alloy Al 5056 below 1.0 K have revealed, in all cases,
As observed in internal frictioh) smc) is unaffected by — similar strong phonon scattering. Scattering by surface and
superconductivity T, is 0.4 K for Ti, 0.92 K for alloy Al interface roughness can be excluded, since nearly the same
5056,° and 1.2 K for A. It is concluded that phonon scat- I, c) has been observed in Al films of different thick-
tering by electrons is unimportant. Klemens derived an exnesses. In searching for the origin of this phonon scattering,
pression for the phonon-electron scattering coefficnh  we have also measured the low-temperature internal friction
terms of the electron-phonon scattering coefficierif Us-  of the Si and Caffilms (that of the metal films had been
ing the value forE measured by Berman and MacDoridld measured previously; see Ref. dnd also the thermal con-
for pure copper(also see Ref. 36 we calculatelg, (of  ductivity of a bulk Al rod after a 5% plastic elongation. In all
phonons being scattered by electrpasl K to be~15 um. cases/ fimc) was found to be much smaller thégm vy
This phonon-scattering rai@ue to electronsis more than based on the internal friction and assuming that the lattice
an order of magnitude less than the phonon-scattering ratgbrations are glasslike. The discrepancy is particularly strik-
observed in Fig. 10 for the Cu film. Note that the calculationing for a MBE Si film in which no internal friction was
of 15um should not be taken too seriously, as itsobserved, yetmmc) was similar to that found in all other
assumption¥ of the adiabatic principle of a phonon Debye films. In this case, the phonon scattering is particularly puz-
spectrum and of a free-electron gas may not be adequate zling since the film is expected to be structurally more per-
these temperatures for a thin polycrystalline Cu film with afect. In all other films, larger scale defects like grain bound-
residual resistivity ratio of 3.Nevertheless, this estimate aries, voids, cracks, or dislocations may be the cause for the
agrees with our observation that electron-phonon interactiophonon scattering. In the deformed bulk Al, the phonon
is not significant in our experiment. mean free path was found to be equal to that in thin Al films.

IV. CONCLUSIONS
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silicon sample

FIG. 11. Schematic of one-
dimensional heat conduction ex-
periment; the sample is cleaved
from a high-purity commercial
silicon wafer(orientation(111) or
| thin films on (100)) with both large faces pol-

wide faces ished; the thin faces are sand-
;I blasted as described in Ref. 6.

Also shown is a ballistic path of a
thermal phonon from the silicon
substrate through a thin film, as

7_z_|
7_L|

f Dase 0 modeled in the MC simulations.
/ clamp film X
| |/ substrate / \
dilution fridge stage gJ

Since in the bulk sample, individual dislocations or aggre- APPENDIX
gates thereof are likely phonon scatterers, they may also be
the cause for the scattering in the films. However, dislocatioqn

motion, presumably tunneling, which has been invoked tqyoqciiheq earliet.Although the experimental schematic re-
explain the internal friction of deformed Al and of Al films  ¢oples that of a thermal conductivity measureniese Fig.
(see Refs. 1 and 38s an unlikely cause for the thermal 19 it should be emphasized that our experiment leads di-
phonon scattering since the sarignc) in Al was also  rectly to a thermal phonon mean free path, rather than to a
found in the alloy Al 5056, in which dislocation motion ap- thermal conductivity\ , from which the mean free patthas

pears to be suppressed, resulting in a greatly reduced intern@l be calculated using the gas-kinetic expression
friction. In conclusion, both internal friction and phonon

scattering have been shown to be sensitive probes for thin A:%cuﬁ, (A1)

film disorder, including that in MBE Si. The nature of such

disorder, and the mechanisms by which it affects the elastigshich requires a knowledge of the specific h€at of the
and thermal properties, are completely unknown. No eviheat carrying excitations or phonons traveling with an aver-
dence for the existence of glasslike lattice vibrations has

The technique used in this investigation for the measure-
ent of the thermal phonon mean free path in thin films was

been detected. 10° T
10¢ L *
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age velocity; In amorphous solids, for example, thi,

cannot be measurédlt can only be calculated from
through the use of the Debye model.

The analysis of the heat conduction measurements on the
silicon substrate carrying the film requires a Monte Carlo
simulation which, though straightforward, is nonetheless

time consuming. By strictly adhering to the specifics as liste
below (including sample and clamp geometrgne can ex-
tract the phonon mean free path in a filg,, (called! e,

in this papey, from |, (the experimentally measured pho-
non mean free path of the film-substrate sampiéthout

PHYSICAL REVIEW B63 125421

to anlyc in Fig. 12 to find the correspondifg,, /x; multi-
plying by x then yields the desired valuk;,,, that directly
corresponds to the measurkgl;.

In order to use Fig. 12 as above, the film-substrate sample
must be mounted as shown in Fig. 11. Furthermore, the four
thin sides of the high-purity silicon substrate must be com-
letely roughenedby sandblasting, for examplevhile the

wo wide faces must be smootfrom Syton polishing, for
example, as explained in Ref. 6. Any film of thickness
must cover both wide faces entirely and uniformly. The
height of the sample above the top of the base clamp should
be 44.5 mm, the width of the sample 7 mm, and the thickness

having to repeat any MC simulations, as will be shown ingf the substrate 0.279 mm. The height of the heater, cold

this appendix.

thermometer, and hot thermometer clamp above the top of

Figure 12 is a plot of the results of MC simulations on athe base clamp should be 41, 4, and 25 mm, respectively.
film-substrate sample with dimensions typically used in thisThe two interfaces between the heater clamp and the sample

investigation. For any particular simulatiol,,, /X is an in-
put parameter wherr is the film thickness. The output pa-

(areas of contattshould each be of dimensions 0.279
X 2 mnt, while the four interfaces between the thermometer

rameter islyc, a simulated phonon mean free path of theclamps and the sample should each be 0:27% mnt. The

film-substrate sample. To determihg,, one setd,, equal

effects of varying these details were discussed in Ref. 6.

*Email: pohl@ccmr.cornell.edu
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