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1 Introduction
Recently, all-silica zeolite films have been paid much at-

tention as an advanced low-dielectric-constant (low-k) inter-
layer dielectrics with a lower k value and higher mechani-
cal strength. Zeolite-based low-k film is clearly distinguished
from conventional silica low-k films with amorphous network,
i.e., the skeletal structure of the zeolite-based film consists
of locally ordered crystalline silica [1–3]. In zeolite low-k
films, the research had been mainly subjected to the mechani-
cal strength and lower k value, while electrical properties were
hardly studied because samples were prepared without purifi-
cation of reagents. In this paper, we synthesized ultra-pure zeo-
lite using pre-purified reagents and studied the leakage current
mechanism of porous zeolite films.
2 Experimental

MEL-type zeolite as shown in Fig. 1 was prepared by hydro-
thermal synthesis of TBAOH (tetra-butyl ammonium hydrox-
ide), TEOS (tetraethyl orthosilicate) and EtOH (ethyl alco-
hol) mixture at 100◦C. TBAOH was pre-purified using ion-
exchange resin, and TEOS and EtOH in semiconductor grades
were used. The radiofrequency inductively coupled plasma
(ICP) mass analysis supported that the suspension contained
metal elements less than 10 ppb. After butanol and surfactant
as a pore-generator were added to the suspension, zeolite film
was formed by spin coating on Si wafers followed by calcina-
tion at 400◦C.

For electrical measurements, a metal-insulator-semiconduc-
tor (MIS) capacitor was fabricated by evaporating metal elec-
trodes with circular-hole mask. Current density J as a function
of applied electric field E (J-E relation) were measured at var-
ious temperatures. To avoid moisture adsorption and oxidation
of Al electrodes, the measurements were performed under dry
nitrogen atmosphere.
3 Results and Discussion

Figure 2(a) shows Fourier transform infrared spectrum (FT-
IR) for the fabricated zeolite film. A small peak was found
at around 550 cm−1, which was the evidence of the asymmetric
stretching mode in five-membered ring blocks in MEL-type ze-
olite crystal [4,5]. The other two peaks at 800 and 400 cm−1 are
characteristic vibration mode of Si-O-Si bonds [5]. Pore size
distribution analyzed from small x-ray scattering spectrum is
shown in Fig. 2(b), from which the mesopore size induced by
the surfactant was estimated to be around 1.9 nm.

The value of the dielectric constant k of fabricated zeolite
film was 2.1 after drying at 300◦C in nitrogen atmosphere. The
k value was decreased down to 1.8 after a sililation treated with
TMCTS (1, 3, 5, 7-tetramethyl-cyclotetrasiloxane) [6, 7]. The
mechanical strength was also improved by the TMCTS treat-
ment from 2.5 GPa to 5.1 GPa. The leakage current with a TM-
CTS treated sample also decreased to as low as 5×10−12 A/cm2

at 1 MV/cm as shown in Fig. 3.
The J-E relation measured at elevated temperatures for ze-

olite are plotted in Fig. 4. Current density J increased by 2–3
orders of magnitude from 100◦C to 300◦C. For zeolite sam-

ples measured at elevated temperatures, TMCTS treatment was
not performed. Therefore the measurements were carried out
above 100◦C to avoid moisture adsorption.

To understand a conduction mechanism for porous zeolite
film, ln J is plotted as a function of E1/2 as shown in Fig. 5.
Above 0.5–1 MV/cm, ln J is proportional to E1/2. When we
assume Schottky emission (SE) model, current density JS is
expressed as

JS = A∗T 2 exp
(
βS
√

E − qφS

)
/kBT , (1)

where A∗ is the Richardson constant, q is the electric charge,
kB is the Boltzman constant, and βS = q

√
q/4πε, ε = kε0

is dielectric constant of low-k film [8]. From the slope
in Fig. 5 above 1 MV/cm, the value of βS in the unit of
10−23 J/(cm/V)1/2 was estimated to be about 4. By using
k = 2.1 for present zeolite sample, theoretical value of βS ,calc
also becomes 4, while β for Pool-Frenkel (PF) model expressed
as βPF,calc = q

√
q/πε is calculated as 8. Therefore, the conduc-

tion for zeolite follows SE model rather than PF model. The
Schottky barrier height φS of the zeolite was estimated to be
about 1 eV from the slope of J/T 2 versus T−1 as shown in
Fig. 6.

Similar measurements were also carried out for amorphous-
network porous silica with non-periodic pores (disordered pore
structure film). Figure 7 shows J-E curves of the disordered
film. The value of β is also 4 above 3 MV/cm and 200◦C, in-
dicating the disordered film is controlled also by SE type con-
duction above 3 MV/cm and 200◦C. The barrier height was
estimated to be 1 eV from the linear region in Fig. 9 above
200◦C.

As described above, SE type conduction with φS ∼ 1 eV
was found for both zeolite and disordered films. This means
the conduction mechanism at higher fields is equivalent for ze-
olite and disordered films, although breakdown field for zeo-
lite film is approximately 2/3 of that for disordered film. In
other words, SE governs the conduction for both zeolite and
disordered films under higher electric field near breakdown at
high temperature. J-E curves for the disordered film mea-
sured below 200◦C were essentially unchanged. Furthermore,
field dependences of the disordered film was also weak below
2 MV/cm. In these fields and temperatures regions, the con-
duction was not attributed to SE model as well as PF model. In
the case of present zeolite films, J exhibited relatively strong
temperature and field dependences even at low temperatures
and low fields. Namely, field-assisted current leakage was re-
markable in zeolite film, indicating relatively shallow trapping
levels existed in the zeolite bandgap. By taking into account
of weak peak intensity at 550 cm−1 in FT-IR spectrum shown
in Fig. 2(a), local defects in the crystalline network of zeo-
lite may affect on the temperature dependent current leakage.
Further optimization of sample preparation process for well-
ordered framework is needed.
4 Summary

MEL-type zeolite films were successfully synthesized from
purified precursor solutions, and the uniform low-k film was
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formed on Si wafers. The leakage current of zeolite films
measured at room temperature was as low as 5×10−12 A/cm2

at 1 MV/cm. Temperature dependences of J-E relation sug-
gested that the conduction mechanism of the zeolite film at el-
evated temperatures were well explained by SE model above
1 MV/cm with a barrier height of approximately 1 eV. This
value was comparable with disordered porous silica film, indi-
cating the conduction mechanism near the breakdown field was
equivalent for pure-silica zeolite and disordered porous silica.

Zeolite is also a promising candidate for advanced low-k
materials, while its performance under elevated temperatures
should be improved by decreasing of local defects in the crys-
talline network of zeolite.
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Fig. 1 MEL type zeo-
lite structure view from
<100> direction.
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Fig. 2 Fourier transform infrared spectrum (a)
and pore size distribution determined by small
angle x-ray scattering (b) for the zeolite film.
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Fig. 3 J-E relation for zeolite
films with and without TMCTS
treatment.
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Fig. 4 J-E relation of zeolite
low-k films at elevated temper-
atures.
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Fig. 5 ln J versus
√

E according to eq. 1
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Fig. 6 Plot of ln J as a func-
tion of inverse temperature.
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Fig. 7 J-E relations of disor-
dered porous silica films mea-
sured at different temperatures.
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Fig. 8 ln J versus
√

E for dis-
ordered porous silica.
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Fig. 9 ln J versus T−1 for dis-
ordered porous silica.
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