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Thermal conductivity and sound velocities of hydrogen-silsesquioxane low-dielectrics
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Thermal conductivities of hydrogen-silsesquioxane thin flms—Dow Corning “flowable oxide” and nanopo-
rous “extra-lowk” spin-on dielectrics—are measured in the temperature range 80—400 K usingethe 3
method. Film thickness and atomic densities are characterized by the combination of Rutherford-backscattering
spectrometry and variable-angle spectroscopic ellipsometry. Measurements of the longitudinal speeds of sound
by picosecond ultrasonics and interferometry enable comparisons with the model of the minimum thermal
conductivity of homogeneous materials. This model fails to capture the strong temperature dependence of the
conductivity. Data for nanoporous silsesquioxane and, 3if@ compared to the predictions of effective me-
dium theories of heterogeneous materials. Differential-effective-medium theory predicts a scaling of thermal
conductivity A with atomic densityn, A«n®? in good agreement with experiment. The comparisons with
effective-medium theories suggest that a greater control of pore microstructure may enable significant improve-
ments in the thermal and mechanical properties of porous dielectrics.
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[. INTRODUCTION ductivity of amorphous materials, we have investigated the
thermal conductivity of hydrogen-silsesquioxan&lSQ
At temperature¥ >100 K, the thermal conductivitié®f  films in the temperature range 80<400 K. HSQ films
most amorphous dielectrics with homogeneous microstrucare under intense investigation by the microelectronics in-
tures are well described by the minimum thermal conductiv-dustry as so-called “spin-on low-dielectrics;” dielectrics
ity, a model originally proposed by Einstéiand extended with relative dielectric constark<4.0 decrease propagation
by others'®#to include heat transport by a broader spectrumdelay, signal cross talk, and power dissipation relative to the
of vibrational modes. More rigorous theoriésuccessfully  traditional dielectric Si@.***? (Power dissipation is reduced
predict the thermal conductivity of disordered materialsduring switching because the use of Iéwdielectrics in-
when the atomic bonding and microstructure are well underereases the ac impedance of the interconnetw k is,
stood; a calculation of the minimum thermal conductivity therefore, a highly desirable property for intermetal dielec-
Amin, however, requires knowledge of only the atomic den-trics but, in general, lovk dielectrics also have reduced ther-
sity and speeds of sourfdRecently, we tested the applicabil- mal conductivity and elastic constants, raising potential
ity of A, for understanding the thermal conductivity of a problems for thermal management and processing.
wide variety of amorphous carbbrihin films and found The effects of porosity on the room-temperature thermal
good agreement between the data and the predictions of tlenductivity of xerogel, a nanoporous form afSiO,, were
model. Atomic bonding and hydrogen content—and thererecently studied by Hu and co-workérsThey proposed
fore, the atomic density and sound velocity—vary dramati-phenomenological two-phase mixture models that usefully
cally with deposition method and these changes in microdescribe the dependence of the conductivity on porosity. We
structure cause the thermal conductivityof a-C:H to span  review the xerogel data below together with our data for
a wide range, 02 A<25 W m 1K™ 1. HSQ and previous studies of silica aerodéland porous
By contrast, if the microstructure of a material is manipu-Vycor. 1>
lated by introducing porosity rather than by changes in the
local atomic structure, we cannot expect that a Debye model Il. EXPERIMENTAL DETAILS
based on the average atomic densgityand macroscopic
sound velocityv will adequately describe the spectrum of  Two forms of HSQ films on Si substrates were supplied
heat-carrying vibrational modes; therefore, the model of thdy Dow-Corning: “Flowable oxide(FOx), and “extra low-
minimum thermal conductivity may fail to adequately cap-k” (XLK). The nominal composition of HSQ is HSj@.
ture the magnitude and temperature dependence of the thdfOx is a relatively dense form of HSQ@£1.4 g cm °)
mal conductivity. Instead, we must consider effective-with k=2.9. FOx films are prepared by spin-coating HSQ
medium theories'® for heterogeneous materials to gain resin in a carrier solvent, followed by melting and flowing,
insight on the thermal and mechanical properties. Fortuand, finally, by curing the film at 300—450 °C in,dmbient.
nately, the extremely short coherence lengths of the domiThe theoretical density of fully dense HSQ is thought to be
nant heat-carrying vibrational moddanakes the application comparable to the density @-SiO,, p=2.2 g cm 3; the
of effective-medium theories to the conductivity of amor- lower density of FOx films is not fully understood but may
phous materials appropriate even when the length scale @frise from the open volume at the center of cagelike molecu-
the porosity is only a few nanometers. lar structures/18
To explore these effects of porosity on the thermal con- XLK is a nanoporous form of HSQ with density
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~0.9 g cm  and dielectric constark~2.0. Pores are in- 60 — T T T T
tentionally introduced in the HSQ matrix through a three- .
step process: gellation in the presence of a high-boiling-point 40 Y

solvent at ambient conditions; removal of the solvent without

collapsing the resin structure; and formation of a strong net-

work during curing'® Gellation occurs when the film is ex- &~ 20
posed to an ammonia-and-moisture environment for 30—120
s, which causes SiH bonds to react with thgOHto form
SiOH; SiOH bonds then combine to form a SiOSi Gek?

The distribution of pore sizé5?°of XLK films is thought be

data

AR (10"

|

be strongly peaked at~3 nm. -20 model -

We measure the thermal conductivity of FOx and XLK - ]
thin films using the & method??~2* A narrow, thin-film 40 N T
metal line is used simultaneously as the heater and thermom- 0.0 0.4 0.8 1.2
eter in the experiment; an ac current at frequedsadyeats the time delay (ns)

line and sample at frequencyw? and the resulting oscilla-
tions in temperature and resistance give a small voltage Si%{

nal at 3w. For a film that is thermally thinithe thermal L
penetration depth in the film is large compared to its thick-

pheing ?hnd Wrg)ofe tthe{?altr(]:_onf(;lluctl\_llty Ils Sn;g” Colznpared toby the heating of the Pd film by the pump pulse. The modulation in
at ot the substrate, the thin Tiim SIMply adds a frequencyy, reflectivity with a period of~0.2 ns is modeled by interfer-

independent tempgratgre oscillation to the thermal reSPONSce from a broadened acoustic pulse traveling in the XLK sample,
of the substrate. Sindeis small compared to the width of see Egs(1) and (2). The acoustic pulse reflects from the XLK/Si

the metal line and the thermal penetration depth in the subierface at=0.32 ns and the surface &t 0.64 ns.
strate is large compared t@, heat flow is essentially one-

dimensional in the thin film and radial in the substrate. We, . : : :
. o . intensity of a time-delayed optical probe pulse. In our experi-
apply a small correctidii® for finite film thickness by re- yec opuca’ p P P

; . ; ments, the pump and probe pulses are generated by a mode-
placm_g the_ true width of the heater/thermometer linby an locked Ti:sapphire laser operatingXat=790 nm. The speed
effective widthw¢=w+ 0.88&.

of sound is calculated by the timethat separates acoustic

We_dpposit the heater/ thermomet.er metal ﬁlms by SPUEL - nes from the AIIFOx and FOx/Si interfaces and the thick-
deposition and define the pattern using photolithography. Wﬂessh of the FOX film, v, = 2h/ 7

use Al lines withw~10 um for FOx samples. XLK films
are damaged by our standard chemical etching process f(érc
Al; therefore, for XLK, we use Cu lines wittv=~30 um. A
5 nm layer of SiQ deposited by rf sputtering is used to
improve the adhesion between XLK and Cu. Samples wer
made from five different FOx fiimgFOx-A, -B, -C and
FOx-14, -15, and from two XLK films (XLK-6, cured at

FIG. 1. Time-resolved changes in the reflectivitir of sample

K-6 at wavelengthhA~790 nm as a function of the time after
excitation by a 0.5-ps pump pulse. The surface of the sample is
coated with=10 nm of Pd. The large jump iAR att=0 is caused

Unfortunately, picosecond ultrasonics gave poorly defined
hoes from the XLK/Si interface because of the large
acoustic reflectivity of the AI/XLK interface and possibly
because of significant acoustic attenuation in the XLK layer.
Qve, therefore, applied picosecond interferometry to deter-
mine v,. In picosecond interferomet?y;?® the propagation

of an acoustic pulse in a transparent sample is observed b
450°C; and XLK-15, cured at 425°C). New data for two yo interferencep pattern of Iighfscattered I?rom the acousticy

addition_al thir_1—fi|m material_s are also i_ncluded below _for pulse, see Fig. 1. In our geomefﬂ/we coat the sample film
comparisons(i) ana-SiO, thin film deposited on a ceramic \ish 4 thin, ~10 nm, semitransparent Pd film that absorbs

AIN substrate by rf sputtering of a silica target; aid @ 6 nymp pulse and launches an acoustic wave into the
sample of methyl-siloxane spin-on glass supplied by AIIied—Samp|e_

Signal (now Honeywell, Accuglass formulation 314. Because the thickness of our XLK samples is comparable

Film thicknessh and index of refraction are extracted , one_half of the optical wavelength, the interferometry data
from optical modeling of spectroscopic variable-angle ellip-jnciyge multiple reflections of the acoustic pulse from the

sometry data. Rutherford-backscattering spectrom@&®BS) g hstrate and surface and, as a consequence, analysis of the

gives the atomic areal densitiesand we combine ellipsom- _reflectivity data is not straightforward. We write the optical
etry and RBS results to calculate the average atomic densifgqeciivity of the sampl® in terms of the Fresnel reflection

of Si-and O atomsn= (o5t og)/h. , coefficient?® of the static sample, and the Fresnel reflec-
We obtain the longintudinal speeds of sound in FOX and;,, coefficient of the acoustic PUISEL g
oun

XLK thin films fr(%r? 2%icosecond ultrasonitsand picosec-
ond interferometry, ~““respectively. In picosecond ultrason-
ics, an opaque metal filrpn, typic)glly g\l, deposited on the R=Ro+AR=[ro+ Isound”~ol*+ 2R ol sound - (1)
sample surface, partially absorbs a sub-picosecond opticellhe time evolution of
pump pulse and generates an acoustic pulse that propagates

away from the surface. The acoustic pulse reflects from in- ]
terfaces in the sample and returns to the surface of metal film , _éf (Z)ex 14mnz dz @)
where the arrival time is detected by changes in the reflected sound™\" | 77 ’

soungiS calculated usirg+?°
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o

SiO; FIG. 2. (@ Thermal conductiv-
1L ,.--""'“’ et ity of FOx and XLK HSQ thin
. films. Data for bulk SiQ, Ref. 22,
~ .+ sputtered and a thin film of SiQ deposited
oL by rf sputtering are included for
e L 1 1 . comparison. The three FOx
. <L FOX"’.\. o! :B (b) samples were supplied by Dow-
4 L ' . c Corning in 1998 and are labeled
by the lettersA, B, andC; data for
. samples FOXA and FOXB
-A 55314 nearly overlap.(b) Thermal con-
ductivity of two FOx samples
(FOx-14 and FOx-1bsupplied in
.t 1997. Data for a methyl-siloxane
. spin-on glasgopen circles, Accu-
. .t i glass formulation 314and sample
. FOx-A are included for compari-
son.

o
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wheren is the index of refractionz the distance normal to for room temperature. The data are consistent with previous

the film surface) the laser wavelengthy(z) the strain in  reports of the thermal conductivity of HS®,the biaxial

the acoustic pul$é that propagates with velocity, andAa  modulus of FOX2 the Young’s modulus of XLK?® andc,,

complex coefficient that we adjust to fit the ddf@he peri-  for methyl-siloxane’?

odicity of AR is only weakly dependent on the shape of the With increasing porosity, we find an increasingly poor

strain pulsen(z) but the positions of maxima and minima match between the data and the model of the minimum ther-

depend on the shape and the relative phases of the complexal conductivity, see Fig. 3. The minimum thermal

coefficientsr, and rgo,ne We, therefore, treat the complex conductivity A i, is derived from Einstein’s theory of heat

constantA as an adjustable parameter. transport and the Debye model of lattice vibrations by di-
We assume that the acoustic reflection coefficient of theviding the material into regions of si2g2 that oscillate with

XLK/Si interface is=~1 and that the acoustic pulse reflects frequencyw=2mv/\. The lifetime of the oscillators is

from the sample surface with a change of sign. The interfer= 7/

ometry signal is then antisymmetric about the time of the

acoustic reflection from the XLK/Si interface and symmetric T\ 3 3 T\2re,/T x3eX

about the time of the acoustic reflection from surface. An Amin:( ) an%Z Ui(__) f ——zdx. ()

. . . . 6 i=1 @, (e l)

example of this model calculation is included with the data

in Fig. 1. This simple model does not include the acoustic offhe sum is taken over the two transverse and one

optical effects of the thin Pd layé?,acoustic attenuatiof, |ongitudinal sound modes of velocity, with a cutoff

or the displacement of interfaces during the reflections of th¢requency for each polarizatior(exprelssed in K of

; 9,30
acoustic pulsé ®,= v, (h/kg) (62n) Y3
Because porosity decreases the average atomic demnsity
Il RESULTS AND DISCUSSION and sound velocity—and therefore also decreases the cut-

off frequency ®;,—the Debye model underlying Ed23)

Figure 2 shows the results of our thermal conductivitygreatly underestimates the true upper bound of the spectrum
measurements on eight samples of spin-on dielectii@ata  of lattice vibrations of a porous solid; e.g., for XLK),
for samples FOx-14 and FOx-15 were reported previdtisly ~80 K and®,~135 K are a factor of=6 smaller than the
in a conference proceedings and are reproduced here faorresponding cutoff frequencies for SiOFurthermore,
completeness.The temperature dependence of the data isince the temperature dependenceAgf,, derives from the
nearly identical for all samples; i.e., the conductivity of HSQ quantum-mechanical heat capacity of the vibrational modes,
is suppressed relative to Si®y a constant factor, which is when ®;<150 K, A, has negligible temperature depen-
independent of the temperature in the temperature range ofence forT>80 K, see Fig. 3.
our experiments, 88T<400 K. While the FOx samples The nearly identical temperature dependence of the ther-
show substantial variability, the data for four out of the five mal conductivities of Sig, FOx, and XLK suggests that the
samples are within-10% of 0.37 W m*K ! at 300 K, a  spectrum of heat-carrying vibrational modes is nearly the
factor of ~3.5 smaller than Si© Data for XLK are a factor same in all three material§WWe have previously shown that
of ~8 smaller than SiQ Table | lists the physical properties this is also true for porous Wcdr) We can then explore the
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TABLE I. Numerical values for the physical properties of the samples in this study. Film thickness and
optical index of refraction at a wavelength of 790 nm are measured by spectroscopic, variable-angle ellip-
sometry. With knowledge of the film thickness, we measure the longitudinal sound velpbigypicosecond
ultrasonics and picosecond interferometry; the atomic density of Si atgniyy Rutherford-backscattering
spectrometry; and the thermal conductivityby the 3» method. Thermal conductivity data are listed for
near room temperature 298 K.

Sample Thickness Optical index v Ng; A
(nm) at 790 nm (nm psh (1072 cm™3) (W m iK1
Bulk SiO, 1.454 5.97 2.20 1.35
Sputtered SiQ 212 1.49 5.65 2.00 1.00
FOx-A 285 1.41 2.35 1.69 0.40
FOxB 470 1.42 2.30 1.70 0.40
FOx-C 775 1.39 1.85 1.54 0.33
FOx-14 215 141 2.65 1.79 0.34
FOx-15 375 1.41 2.00 1.68 0.24
XLK-6 498 1.22 1.55 1.02 0.170
XLK-15 508 1.26 1.65 1.04 0.155
SOG-314 270 1.46 3.20 2.01 0.38
applicability of effective medium theories for heterogeneous : I : :
materials, treating the porous solid as a composite material Si0,0
of a matrix punctuated by voids. Landatias provided an 1L 9
excellent review of the long and interesting history of /
effective-medium theories; following Ref. 9, in Fig. 4 we i vycor & i
compare our conductivity data to three theoretical ap- —_ ////-
. ‘.‘ ,‘/\ FOx
proaches, all of which were known more than 60 years ago. ¥ 7, P
These theories are rigorous in the limit of small concentra- e - //‘/ / .
tions and also in the limit of large concentrations when the = s ', XLK
contrast between matrix and second phase is sth@ur 30.1 = // / °y -
system, a two-phase composite of voids of zero-thermal con- 2 /o /e |
é L7 //xerogell .
' § // i !
i = A !
. '.4-"' 1] i N4 ! ]
SO, —— S / C-aerogel |
1+ f{/ - — £ / |
—~ 01} .
« - / 4 I
el aerogel
e o~ i l i
= . : |
"'E ...,..- // Eo—)f:'?‘,_o:_._.__ A | I || |
3 ST 0.2 1 10
g 7 Kh atomic density (10% cm™®)
s} -/ . B
g == = RO . FIG. 4. Summary of the room-temperature thermal conductivity
_a;, - . XLK-6 of hydrogen-silsesquioxane filntsolid circles labeled by FOx and
= o XLK') and various forms of SiOplotted as a function of the atomic
0.1 . ' 7] density of Si and O atoms. Data for the lattice conductivity of
. carbon aerogelffilled triangles, Ref. 3Bare included for compari-
son. Data for SiQ are from the literature: Si©(open circles, Ref.
| . 22); porous Wycor (diamonds, Refs. 15 and X6xerogel (open
50 100 500 squares, Ref. J3and the lattice conductivity of silica aerogeben

triangles, Ref. 1)1 The three dashed lines are effective-medium
theories for a composite of a matrix material with ,

FIG. 3. Comparison of data for HSQ and $i@illed circles to =1 W m *K™! and voids. From upper left to lower right, these
calculations of the minimum thermal conductivity using E8) theories are the Clausius-Mossotti approximation, the differential
(dashed lines for each material. Since the transverse speed ofeffective medium theory, and the coherent potential approximation,
soundv, for the HSQ samples is unknown, we sgt 0.6, . see Eqs(4)—(6).

temperature (K)
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ductivity in a thermally conductive matrix, cannot be treated 10 . T . .
exactly; we examine these theories with the intent of learning SiO,
which, if any, provides a useful, approximate description of . - . ,/(d) .
the thermal conductivity of porous dielectrics. | T T T T T T < fyVYeor
The Clausius-MossottiCM) approximation is also the g' -7 e
basis of the Maxwell-Garnett theory of optical constaaisd £ i -~ XLK ¢ ‘/ «* FOx
equivalent to the upper bound for an isotropic composite > /// ’
derived by Hashifl. The conductivity of a periodic cellular % 1 A | 1
solid®—i.e., a porous solid with an ordered arrangement of ° N |
identical pores—is also known to be comparable to this up- ; - A 2 | 1
per bound. For a matrix of thermal conductivity,, and = A ||
densityn,,, the Clausius-Mossotti equation for the effective & & 4™ aeroge I
thermal conductivityA of the porous material of average i A I i
densityn reduces to o1 . | o
n 0.2 1 10
Acw Z(n_) atomic density (10 cm®)
m

A - ' “ FIG. 5. Summary of the longitudinal sound velocity of
3—|— hydrogen-silsesquioxane filmsolid circles labeled by FOx and
XLK) and various forms of Si©plotted as a function of the atomic

The differential-effective-mediundDEM) theory is also density of Si and O atoms. Data for Si@re from the literature:
known as the asymmetric or unsymmetric Brugge?ian SOz (open circles, Ref. 28 porous Vycor(diamonds, Ref. 41 and
theory. By introducing an infinitesimal volume fraction of Siica aerogeopen triangles, Ref. 40The three dashed lines are
spherical voids, applying the CM approximation to find theeffective-medium theories for a composite of a matrix material

. L . : (bulk modulus K=32 GPa, shear modulu§=24 GPa) and
change in conductivity and integrating the result voids. From upper left to lower right, these theories are the upper

A 3/2 bound derived in Ref. 42; the differential-effective-medium theory,
pEM [ N )

Am

(5)  Ref. 10; and the coherent potential approximation, Ref. 39.

Nm

The coherent potentidCP) approximation is also known Km=32 GPa to model the matrix properties, see FigFor
as the symmetric Bruggeman thedfyan approach derived Purea-Sio,, G=31 GPaan&=37 GPalIn this case, the
independently by Landaud This equation is symmetric in coupled-effective-medium equatiéri$**for G andK sepa-
the two components and predicts a percolation threshold at'&t€ and are similar to the equations for conductivity
density f/n,,)=1/3

n
Acp 1] [ n Gewm Nm
A2 3(nm) 1} (6) G. —2 (n) (7
Clearly, the DEM theory, Eq(5), provides the best de- fim
scription of the dependence of the data on density, see Fig. 4. G 2
We have set the conductivity of the matrix\, DEM :(l> , (®)
=1 W m 'K to fit data for porous Wcor becausg, for Gnm Nm
Wecor is well known, but almost perfect agreement with data
for low-k films could easily be achieved by adjusting the %_ (1 1 ©)
conductivity of the matrixA ,, to fit the data for FOx, XLK, Gn Nm '

and xerogel; thenA ,,=0.70 W m 1K1, DEM theory has

also proven valuable in other situations when the contrast in We calculate the longitudinal sound velocity from;|2

the properties of the two phases is large; e.g., the acoustie 8G/3 wherep is the mass density, and compare the results

properties of sedimentary rotkand the microwave conduc- to the data plotted in Fig. 5. None of these approaches ad-

tivity of metal/dielectric mixture$® equately describes the sound velocity data. The experimental
While our primary concern is the thermal conductivity of values appear to scale as a power tgwn*# (as previously

porous dielectrics, we also consider the usefulness ofioted by Fricke and co-worker8® but the exponent

effective-medium theories for understanding the elastic conis much larger than predicted by the DEM thearyn®?,

stants. Sound velocity data are summarized in Fig. 5see Eq(8).

Effective-medium theories for the elastic constants are sig-

nificantly more complex than theories for conductivity or V. CONCLUSIONS

susceptibility but some simplificatioh®® results whenk, '

=4G,,/3, whereK,, is the bulk modulus of the matrix and For applications of lonk HSQ films in microelectronics,

G,, the shear modulus. We have chosep=24 GPa and the thermal conductivity\ and the elastic constants should
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