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This paper reports the room temperature cross-plane thermal conductivity of pure silica zeolite
�PSZ� MEL and MFI thin films. PSZ MEL thin films were prepared by spin coating a suspension of
MEL nanoparticles in 1-butanol solution onto silicon substrates followed by calcination and
vapor-phase silylation with trimethylchlorosilane. The mass fraction of nanoparticles within the
suspension varied from 16% to 55%. This was achieved by varying the crystallization time of the
suspension. The thin films consisted of crystalline MEL nanoparticles embedded in a nonuniform
and highly porous silica matrix. They featured porosity, relative crystallinity, and MEL nanoparticles
size ranging from 40% to 59%, 23% to 47% and 55 nm to 80 nm, respectively. PSZ MFI thin films
were made by in situ crystallization, were b-oriented, fully crystalline, and had a 33% porosity.
Thermal conductivity of these PSZ thin films was measured at room temperature using the 3�
method. The cross-plane thermal conductivity of the MEL thin films remained nearly unchanged
around 1.02�0.10 W m−1 K−1 despite increases in �i� relative crystallinity, �ii� MEL nanoparticle
size, and �iii� yield caused by longer nanoparticle crystallization time. Indeed, the effects of these
parameters on the thermal conductivity were compensated by the simultaneous increase in porosity.
PSZ MFI thin films were found to have similar thermal conductivity as MEL thin films even though
they had smaller porosity. Finally, the average thermal conductivity of the PSZ films was three to
five times larger than that reported for amorphous sol-gel mesoporous silica thin films with similar
porosity and dielectric constant. © 2010 American Institute of Physics. �doi:10.1063/1.3462500�

I. INTRODUCTION

Low-dielectric constant �low-k� materials are essential to
the improvement of device density and performance of very
large scale integrated �VLSI� circuits.1–4 The objective is to
synthesize dielectric materials with dielectric constants lower
than 2.0 to reduce �i� the RC time delay constant, �ii� cross-
talk noise, and �iii� power consumption.5 Pure silica zeolites
�PSZs� are crystalline microporous silica materials featuring
organized networks of subnanometer micropores. They were
found to have a dielectric constant as low as 1.5 thanks to the
large microporosity defined as the volume fraction occupied
by those micropores.6 Thus, they have potential as low-k
dielectric materials.

PSZs differ by their crystalline structure, microporosity
and their framework density defined as the number of tetra-
hedrally coordinated atoms per 1000 Å3. For example, the
MFI �Socony Mobile-five� porous structure has 0.55 nm
wide sinusoidal channels along the a-axis and 0.53 nm wide
straight channels along the b-axis.6 The MEL �Socony
Mobile-eleven� structure has 0.54 nm wide straight channels
along both the a- and b-axes.6 The framework density of
PSZ MEL and MFI is 17.4 and 18.4, respectively.6 The di-
electric constant can thus be tuned by controlling the PSZ
structure and/or film final porosity. Note that amorphous sol-
gel mesoporous silica thin films are also being considered as

their dielectric constant can be tuned by varying the porosity.
Unfortunately, porosity increases are often associated with
decreases in thermal conductivity which may result in ther-
mal management challenges.

Zeolites are also considered for a wide range of other
applications such as chemical separation, sensing, catalysis,
or cooling.7–10 For example, zeolites can be used for the
development of sorption-based heat exchangers for heat re-
covery and cooling applications.11–15 For all these applica-
tions, knowledge of the thermal conductivity of these mate-
rials is critical for design and thermal management purposes.

Several studies have focused on the thermal conductivity
of powdered zeolites.16–18 However, few have focused on
zeolite thin films.19,20 Greenstein et al.19 and Hudiono et al.20

performed measurements of the specific heat and thermal
conductivity of MFI zeolite films from 150 to 450 K for
various silicon to aluminum ratios. The MFI films investi-
gated were synthesized by secondary growth through a
seeded hydrothermal process. The authors reported a cross-
plane thermal conductivity at room temperature of �i�
1.0 W m−1 K−1 for 20 �m thick and c-oriented PSZ MFI
films deposited on silicon substrates19 and �ii�
1.35 W m−1 K−1 for 10 �m thick and �h0l�-oriented PSZ
MFI films on alumina substrates.20 Differences in experi-
mental measurements may be explained by the difference in
film orientation as c-oriented films have both sets of channels
in the in-plane direction responsible for larger thermal resis-
tance in the cross-plane direction. Finally, Greenstein et al.19
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performed lattice dynamical modeling to simulate the spe-
cific heat and thermal conductivity of PSZ MFI. Hudiono et
al.20 extended both the experimental and numerical studies to
�h0l�-oriented MFI thin films with different atomic compo-
sitions by varying the silicon to aluminum ratios from 25 to
infinity. In both cases, fitting of the phonon relaxation time
associated with different phonon scattering mechanisms re-
sulted in good match between numerical results and experi-
mental data over the range of temperature and composition
considered. Aluminum incorporation and the presence of
nanopores were found to be the main factors responsible for
decreases in thermal conductivity.19,20

The present study focused on experimental measure-
ments of the room temperature cross-plane thermal conduc-
tivity of �i� PSZ MEL films prepared by spin coating of MEL
nanoparticle suspensions and �ii� of several PSZ MFI films
for comparison purposes. These films featured different crys-
tallinity, porosity, and architecture. The results were com-
pared with those previously reported for sol-gel templated
mesoporous silica thin films.21 Numerical simulations were
not performed in the present study. One can expect results
for PSZ MFI films to be similar to those obtained by Hudi-
ono et al.20 because of the similar nature and orientation of
the films. However, the very complex structure of the MEL
thin films, made of MEL nanoparticles embedded into a dis-
ordered silica matrix, makes realistic simulations very diffi-
cult if not impossible.

II. METHOD AND EXPERIMENTS

A. Sample film preparation

Synthesis of PSZ MFI and MEL thin films investigated
in this study were previously described in detail.1,6 The MFI
films were prepared by in situ crystallization and were
b-oriented. The synthesis of the MEL nanoparticles suspen-
sion which was spun onto the silicon substrates was a two-
stage process.6 The first stage consisted of a two days heating
and stirring of a tetraethyl-orthosilicate based solution. The
second stage corresponded to the growth of the MEL nano-
particles from the same solution in a convection oven at
114 °C. As the duration of the second stage of the synthesis
increased, bigger and more numerous zeolite nanoparticles
were produced. Finally, MEL zeolite thin films were ob-
tained by spin coating the solution. The MEL and MFI films
were made hydrophobic by vapor-phase silylation with
trimethylchlorosilane.6 Four different sets of MEL films cor-
responding to four different second stage synthesis times �15,
18, 21, and 24 h� were studied. The resulting PSZ MEL thin
films were characterized by �i� their porosity, �ii� their rela-
tive crystallinity, and �iii� the nanocrystal yield. The relative
crystallinity was defined as the ratio of the film’s micropore
volume to the micropore volume of a fully crystalline PSZ
MEL microcrystal.6 The nanocrystal yield was defined as the
MEL nanocrystals mass fraction present in the suspension
before spin coating.6

B. Film characterization

Characteristics of the PSZ MFI and MEL thin films have
been reported in detail by Wang et al.1 and Li et al.,6 respec-

tively. MFI porosity, pore volume and surface area were pre-
viously reported by Flanigen et al.22 and Tang et al.23 On the
other hand, the relative crystallinity of PSZ MEL thin films,
their pore volume and specific BET surface area as a func-
tion of second stage synthesis time were reported by Li et
al.6 Here, the values of these parameters for the films inves-
tigated were interpolated from those reported in previous
studies. In the present work, MEL film thickness and poros-
ity were measured by ellipsometry �UVISEL from Horiba
Jobin Yvon�. Porosity results from ellipsometry matched well
with previous N2 adsorption measurements performed on
similar powder samples. Finally, PSZ MEL nanoparticle size
was estimated using phase analysis light scattering �PALS�
�ZetaPALS from Brookhaven Instruments Corp.�.

Figure 1�a� shows a SEM image of one of the PSZ MFI
films investigated consisting of well-intergrown PSZ MFI
crystals. Note that all PSZ MFI films were manually polished
using an EcoMet polisher from Buehler to remove loose
crystals at the surface of the films before thermal conductiv-
ity measurements. In addition, Fig. 1�b� shows a typical
SEM image of the MEL films investigated consisting of PSZ
MEL nanoparticles embedded in a nonuniform, disordered,
and porous silica matrix.24 The rms roughness of MEL films
synthesized using the same process as that investigated was
previously reported to be less than 5 nm.6 The rms roughness
of the PSZ MFI thin films, obtained after surface polishing,
was not measured. However, comparison of SEM images
suggests that it was lower than that of MEL thin films. Fi-
nally, unlike MFI films, MEL films featured also a mesopo-
rosity corresponding to the volume fraction occupied by me-
sopores, 2.3 to 2.6 nm in diameter, located between the
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FIG. 1. �Color online� SEM images of �a� in situ PSZ MFI and �b� spin-on
MEL �24 h� thin films. Loose crystals at the MFI thin film surface were
polished away for thermal conductivity measurements. Insets show �a� the
MFI framework viewed down the b-axis and �b� the MEL framework
viewed down the a-axis �Ref. 31�.
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disordered silica matrix and the MEL nanoparticles.25 The
mesoporosity accounted for 91% to 94% of the MEL films
total porosity.6

C. Thermal conductivity measurements

The cross-plane thermal conductivity of the PSZ MEL
and MFI thin films was measured at room temperature using
the 3� method.26 Principles, experimental apparatus and pro-
cedure as well as their validation have already been de-
scribed elsewhere.21 In brief, a conductive metallic wire,
serving as both a thermometer and a line heat source, was
patterned on top of the PSZ films. An ac current driven
through the metallic wire generated temperature oscillations
within the sample by Joule heating. Fluctuations in electrical
resistance of the wire due to temperature variations were
used to measure the amplitude of the film temperature oscil-
lations. The thermal conductivity of the thin film was thus
retrieved by analyzing the third harmonic voltage drop
across the metallic wire.26

In this study, a metallic wire consisting of a 100 nm
thick aluminum �Al� layer on top of a 10 nm thick chromium
�Cr� layer �Cr�10 nm�/Al�100 nm�� was patterned on each
sample surface and fabricated by photolithography, e-beam
evaporation, and finally liftoff. The length and width of the
metal wire were 1 mm and 30 �m, respectively. Note that
the photolithographic process to pattern the metallic wire
involves some strongly basic chemicals which can damage
the zeolite thin films. Thus, a silicon nitride layer, less than
500 nm thick, was deposited on the zeolite films as a protec-
tive cap layer using plasma enhanced chemical vapor depo-
sition �PECVD� before patterning the metallic heater. All
samples were dried for more than 12 h at 150 °C before both
nitride film PECVD deposition and thermal conductivity
measurements to ensure no water was present in the pores.

The thermal conductivity of at least three PSZ MEL thin film
samples synthesized with the same second stage synthesis
time was measured. Based on a previous study,21 the uncer-
tainty on the thermal conductivity measurements associated
with the 3� method was estimated to be �15%. The latter
accounts for potential errors due to both the sample film
preparation and the various steps involved in the 3� method,
i.e., sample dehydration, variation in PECVD nitride film
thickness and inhomogeneity, pattern resolution during pho-
tolithography, metal deposition, thickness and width during
evaporation and lift-off, and finally bias errors in the 3�
electrical measurements.

III. RESULTS AND DISCUSSION

Table I summarizes the characteristics and the thermal
conductivity measurements of all investigated PSZ MEL and
MFI thin films. Four different second stage synthesis times
for PSZ MEL samples were considered, namely 15, 18, 21,
and 24 h. The film porosity ranged from 40% to 59%.6,34 An
absolute error of �2% on porosity was obtained from re-
peated nitrogen adsorption/desorption experiments on similar
powder samples. The nanocrystal yield was found to vary
from 16 to 55%�1% and the nanocrystalline particle diam-
eter from 55 to 80 nm�1 nm. Errors on those parameters
correspond to the PALS measurement standard deviation and
the variations observed on repeated weight measurements of
the same samples, respectively. Finally, the corresponding
relative crystallinity ranged from 23% to 47% with �2%
uncertainty. Note that the uncertainty for each of these pa-
rameters is absolute and that the relative difference between
the 15, 18, 21, and 24 h samples should be independent of
this uncertainty. The PSZ MEL films showed increasing �i�
crystalline nanoparticle size and yield, �ii� porosity, and �iii�
relative crystallinity as the second stage synthesis time in-

TABLE I. Measured thermal conductivity and physical characteristics of the synthesized PSZ MEL and MFI thin films.

Sample
No. Structure

Second
stage

duration �h�

MEL particle
size

�� 1 nm�
Yield

�� 1%�
Porosity
�� 2%�

Total
pore vol.
�cm2 g−1�

Micropore
vol.

�cm3 g−1�

BET surface
area

�m2 g−1�

Micropore
area

�m2 g−1�
Thickness

�nm�

Relative
crystallinity

�� 2%�

Thermal
conductivity
�W m−1 K−1�

1 MFI ¯ ¯ ¯ 33a 0.19b 0.19b 457b 457b 320 100 0.93�0.05
2 MFI ¯ ¯ ¯ 33a 0.19b 0.19b 457b 457b 350 100 1.03�0.04
3 MFI ¯ ¯ ¯ 33a 0.19b 0.19b 457b 457b 310 100 1.12�0.02
4 MFI ¯ ¯ ¯ 33a 0.19b 0.19b 457b 457b 310 100 0.99�0.01
5 MEL 15 55 16 40 0.60c 0.033c 691c 86c 350 23c 1.05�0.10
6 MEL 15 55 16 40 0.60c 0.033c 691c 86c 330 23c 0.80�0.03
7 MEL 15 55 16 40 0.60c 0.033c 691c 86c 370 23c 1.09�0.07
8 MEL 18 60 20 45 0.70c 0.048c 750c 119c 310 33c 1.02�0.06
9 MEL 18 60 20 45 0.70c 0.048c 750c 119c 300 33c 0.87�0.06

10 MEL 18 60 20 45 0.70c 0.048c 750c 119c 300 33c 1.17�0.03
11 MEL 21 70 38 58 0.80c 0.060c 852c 143c 280 44c 1.01�0.07
12 MEL 21 70 38 58 0.80c 0.060c 852c 143c 280 44c 1.07�0.05
13 MEL 21 70 38 58 0.80c 0.060c 852c 143c 270 44c 1.01�0.07
14 MEL 21 70 38 58 0.80c 0.060c 852c 143c 270 44c 1.06�0.00
15 MEL 24 80 55 59 0.83c 0.068c 889c 149c 330 47c 0.99�0.02
16 MEL 24 80 55 59 0.83c 0.068c 889c 149c 390 47c 0.95�0.02
17 MEL 24 80 55 59 0.83c 0.068c 889c 149c 310 47c 0.91�0.02

aFrom Flanigen et al. Ref. 22.
bFrom Tang et al. Ref. 23.
cInterpolated from Li et al. Ref. 6.
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creased. Figure 2 shows the linear relationship between rela-
tive crystallinity and porosity of the PSZ MEL thin films
investigated.31

A. Effect of film thickness

All PSZ films synthesized in this study had thickness
ranging from 270 to 390 nm �see Table I�. The apparent
thermal conductivity of thin films may depend on film thick-
ness through the effect of the contact thermal resistance be-
tween the film and the substrate.27 This dependence was not
investigated in the present study. However, predictions could
be made using �i� the model developed by Lee and Cahill
�see Eq. �3� in Ref. 27� along with �ii� thermal contact resis-
tance values previously reported for similar thin films.21,27,28

For films thicker than 200 nm, thermal conductivity in-
creased with film thickness at a rate less than 1.2%/100 nm.
Therefore, for the range of thickness explored, its effect on
the measured thermal conductivity can be assumed to be
identical for all films. In other words, differences in thermal
conductivity may be attributed only to changes in the nature
of the PSZ films.

B. Effect of second stage synthesis time

Figure 3 shows the thermal conductivity of the PSZ
MEL and MFI thin films as a function of porosity. Standard
deviations observed for each samples as well as results of
similar measurements reported in the literature for �i� PSZ
MFI thin films19,20 and for �ii� sol-gel templated mesoporous
thin films21 are also displayed. It indicates that despite im-
portant variations in porosity, the four different sets of PSZ
MEL samples corresponding to different second stage syn-
thesis times, exhibited similar thermal conductivity with an
average value of 1.02�0.03 W m−1 K−1. Thermal conduc-
tivity of porous thin films is known to decrease dramatically
with increasing porosity21,29 and to increase with
crystallinity.30 Here, increases in relative crystallinity, crys-
talline nanoparticles’ size, and yield, compensated for the
effect of the simultaneous increase in porosity �Fig. 2� so that

the thermal conductivity of the films remained nearly un-
changed with second stage synthesis time. In addition, larger
standard deviation was observed in the measurements for
MEL samples obtained for second stage synthesis times of
15 and 18 h. This can be attributed to the fact that these
samples corresponded to early stages of crystallization of the
MEL nanoparticle suspension.6

C. Comparison between PSZ MEL and PSZ MFI films

The average thermal conductivity of the four PSZ MFI
thin films investigated measured at room temperature was
also found to be 1.02�0.08 W m−1 K−1. This is consistent
with the value of 1.35 W m−1 K−1 reported by Hudiono et
al.20 for 10 �m thick and �h0l�-oriented PSZ MFI films. The
larger thermal conductivity can be attributed to �i� differ-
ences in film synthesis and to �ii� the larger film thickness.

Moreover, thermal conductivity of the PSZ MEL thin
films was similar to that of the PSZ MFI thin films. Yet,
compared with MEL films, MFI films were oriented, 100%
crystalline and had lower porosity and larger crystal size.
Thus, one would expect PSZ MFI films to have a larger
thermal conductivity than PSZ MEL films. This apparent
contradiction might first be explained by uncertainties in po-
rosity measurements. However, porosity of MFI thin films
can be assessed from �i� optical measurements or �ii� the
combination of effective density and adsorption
measurements.22 For instance, Flanigen et al.22 and Tang et
al.23 reported a total specific pore volume of 0.19 cm3 g−1

along with an effective density of 1.76 g−1 cm3 for MFI.
This agrees with MFI’s theoretical density value calculated
from framework density31 and yields a porosity of 33% as
porosity �=density�specific total pore volume�. This poros-
ity is also in agreement with results from the Maxwell Gar-
nett model32 applied to MFI with refractive index reported to
be 1.39 �Ref. 22� and a solid matrix with refractive index of
quartz equal to 1.543 at 627.8 nm.33 Finally, MEL thin film
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porosity measurements were also in good agreement with
previous nitrogen adsorption measurements on powder
samples.6,34

The fact that thermal conductivity of in situ MFI thin
films was the same as that of spin on MEL thin films can be
attributed to their much larger microporosity. Despite having
a lower total porosity, MFI thin films have microporosity
three to six times larger than MEL thin films �see Table I�
resulting in a large pore surface area and small interpore
distances. PSZ thermal conductivity is thus limited by pho-
non scattering on micropores. This becomes more important
as �i� the pore surface area increases and as �ii� the phonon
mean free path becomes comparable to the interpore
distance.35–38 This was already established by Hudiono et
al.20 who showed that the thermal conductivity of MFI was
dominated by boundary like scattering at the pore interfaces.

D. Comparison with sol-gel templated mesoporous
SiO2 films

Figure 3 also shows that the average thermal conductiv-
ity of the PSZ MEL and MFI thin films was three to five
times larger than that of sol-gel templated mesoporous silica
thin films of similar porosity.21 This can be attributed to the
crystalline nature of the PSZ films. Note that the effect of
pore size on thermal conductivity observed on PSZ thin films
was not observed on sol-gel mesoporous silica thin films21

because the latter �i� had an amorphous matrix as well as �ii�
larger pores and interpore distance.

Thermal conductivity of MFI was found to be dominated
by phonon scattering by the pores.20 Moreover, the effective
distance traveled by phonons between two consecutive scat-
tering events was estimated to be around 4.8 nm �Ref. 20�
which is approximately the length scale of the MFI pore
network. On the other hand, interpore distances in sol-gel
amorphous silica materials was �3–12 nm �Ref. 21� and
remained much larger than the coherent length ��0.6 nm
�Ref. 39�� of the nonpropagating vibrational modes respon-
sible for the heat conduction in the material.21,40 Thermal
conductivity of amorphous silica is thus less sensitive to pore
size than that of MFI crystals.

E. Comparison of thermal and dielectric properties

The dielectric constants of PSZ MFI and MEL thin films
investigated in this study were previously reported by Wang
et al.1 and Li et al.,6 respectively. The dielectric constant of
spin-on MEL thin films decreased from 2.4 to 1.9 as the
second stage synthesis time increased from 15 to 24 h.6 It
was lower than that of in situ MFI thin films which was
reported to equal 2.7.1 The present study establishes that the
dielectric constant of MEL thin films can be reduced without
significantly decreasing the film’s thermal conductivity. Fur-
thermore, dielectric constant as low as 1.5 was reported for
PSZ MEL thin films with porosity of 64%.34 This dielectric
constant is as low as that of sol-gel templated mesoporous
silica thin films of similar porosity.41–43 However, the latter
have much lower thermal conductivity.21 Note that PSZ and
sol-gel templated mesoporous silica materials are often con-
sidered for similar applications. PSZ films appear to be better

candidates for applications where thermal management is
critical such as in low-k dielectrics for VLSI circuits. Meso-
porous silica films should be preferred for thermal insulation,
for example.

IV. CONCLUSION

This paper presented experimental measurements of the
cross-plane thermal conductivity of PSZ MEL and MFI thin
films at room temperature. PSZ MEL thin films were ob-
tained by spin coating of MEL nanoparticle suspensions.
PSZ MFI thin films were synthesized by in situ crystalliza-
tion and were b-oriented. For MEL thin films, no significant
changes in thermal conductivity were observed as the crys-
tallization time used to grow the MEL nanoparticles in-
creased. Indeed, the effect of increasing porosity on the ther-
mal conductivity was compensated by the effects of the
simultaneous increases in relative crystallinity, crystalline
nanoparticle size, and yield. In spite of being less porous and
fully crystalline, MFI thin films had the same thermal con-
ductivity as spin-on MEL thin films. This was attributed to
the large surface area of the micropores and small interpore
distance in the MFI films. Finally, PSZ MEL thin films fea-
ture dielectric constants as low as that of sol-gel templated
mesoporous silica thin films of identical porosity but their
thermal conductivity was found to be five times larger.
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