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Abstract
The effects of catalyst HF concentration on the dielectric and electrical properties of SiOF films are discussed. 
From the current density-voltage and capacitance-voltage curves, we observed that the film catalyzed with the 
special concentration of HF (the ratio of HF/H2O = 1/5) shows good moisture resistance, low leakage cur-
rent (10-11 A/cm2 at 1 MV/cm) and high breakdown field (6 MV/cm), which can be explained by the results of 
Fourier transform infrared spectra. The dielectric constant value is also very low and reaches about 1.75 after 
annealing at the temperature of 450 °C. Therefore, the concentration of HF catalyst is an important factor in 
the sol-gel process.
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I. Introduction
In ultra large scale integrated circuits, interlayer di-

electrics with a dielectric constant (k) of 2.1 or less are 
required for 32 nm technology nodes [1]. The ultra-
low k films should meet strict requirements in terms of 
their dielectric constant loss, moisture resistance, ther-
mal stability and mechanical properties [2,3]. One such 
candidate is fluorine doped silica oxide, which consists 
of Si-F groups as well as Si-O groups [4,5]. However, 
the deposition of the film and the injection of fluorine 
ions are usually performed by plasma-enhanced chem-
ical vapour deposition method, which is complicated. 
On the other hand, due to the ease of processing and the 
controllable k value, the sol-gel derived nanoporous sil-
ica oxide films have attracted considerable attention [6]. 
However, the decrease of k in this kind of films comes 
at the price of lower mechanical properties and mois-
ture resistance.

In our work, we successfully combined the two kinds 
of materials mentioned above, and, for the first time in-
troduced the fluorine ion into the sol-gel method by us-
ing hydrofluoric acid (HF) as a catalyst. This method 

was used to prepare the ultra-low k films and in this pa-
per, we discuss the effects of the HF catalyst concentra-
tion on the electrical properties of the film in detail.

II. Experimental
The spin-coating solutions were prepared by mix-

ing tetraethyl orthosilicate (TEOS), deionized water 
(DI), ethanol (EtOH) and hydrofluoric acid (HF). Among 
them, the molar ratio of TEOS/ DI/ EtOH is 1/ 15/ 3. 
The ratios of HF/H2O are 1/3, 1/5, 1/10, and we name the 
corresponding films as samples HFA, HFB and HFC, re-
spectively. After spin-coating for 30 s at 4000 rpm, the 
Si (100) wafers were subjected to a series of soft baking 
steps on a hot plate, including 1 min at 150 °C and 2 min-
utes at 250 °C, and then dipped in trimethylchlorosilane 
(TMCS) for surface modification. The nanoporous thin 
films were produced by annealing the wafers in a tube 
furnace at 450 °C for 2 hours under N2 atmosphere.

The electrical properties of the films were charac-
terized by capacitance-voltage (C-V) and current den-
sity-voltage (J-V) measurements using the HP4248A 
capacitance meter and the HP4145B semiconductor pa-
rameter analyzer with the voltage ramping from 0–100 
V. The composition and the bonding configuration of 
the films were studied by Fourier transform infrared 
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(FTIR) spectroscopy (Nicolet NEXUS 670) and Small 
Angle X-Ray Scattering (SAXS, Rigaku D/max 2550 
V) with CuKα radiation (40 kV, 100mA).

III. Results and discussion
The thickness of the films is 150 nm. Figure 1 shows 

the J-V characteristics of the films with various HF 
concentrations. At the electric field strength of 1 MV/
cm, the leakage current density of sample HFA, HFB 
and HFC are 1.9×10-7 A/cm2, 1.62×10-11 A/cm2 and  

3.22×10-11 A/cm2, respectively. The leakage current den-
sity of HFB is the lowest among the three synthesised 
samples. In the sample HFB, fluorine ions adequate-
ly substituted the weak bonds such as Si-H and Si-OH. 
Furthermore, the elimination of the interface dangling 
bonds and the inner unsaturated bonds also contributed 
to the improvement of the leakage current [7]. 

In semiconductor devices, the dielectric layer on the 
silicon substrate will be subjected to very large electric 
fields. Therefore, the dielectric strength plays an impor-
tant role on the reliability of the devices [8,9]. The di-
electric strength is defined as the ratio of the breakdown 
voltage and the dielectric thickness. As can be seen in 
Fig. 1, when the HF concentration in the solution was 
changed, the break-down voltage of samples changed as 
well and reached about 6 MV/cm2 for the sample HFB. 
The break-down voltage is related to the film properties 
which are determined by the deposition conditions and 
the chemical environment. It is believed that the reduc-
tion of the dangling and unsaturated bonds contribute to 
the improvement of break-down voltage improvement, 
which also results in the decrease of the k value of thin 
films [10].

Figure 2 presents the k value of the thin film as a 
function of post the annealing temperature. The dielec-
tric constant of the film is dependent on the number of 
electric dipoles (polarizable unit) per unit volume and 
the ability of the polarizable unit to orient itself fast 
enough to keep up with the oscillations of the applied 
electric field [11]. Compared to the conventional sol-
gel deposited film, all of the samples exhibited lower 
k values in the same condition, especially for the sam-
ple HFB. This indicates that the HF catalyzed SiOF film 
has greater porosity. As the annealing temperature in-
creased, the k value of all samples demonstrated a de-
creasing trend. This reveals that our samples consist 
of some adsorbed water and un-reactive organic com-
pounds regardless of catalyst type and catalyst concen-
tration. However, the sample HFB showed the small-
est decrease. Therefore, we conclude that the optimal 
concentration of the HF catalyst can adjust the reaction 
course of hydrolysis and condensation of TEOS and re-
sult in the preferable fine network structure and less de-
fects in the films.

Figure 1. J-V characteristics of the samples HFA, HFB,
and HFC

Figure 2. The dielectric constants of different samples as a 
function of annealing temperature

Tetrahedron   Contorted Tetrahedron
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Figure 3. Three different structures of the bonds in the SiOF thin film
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The decrease of the k value is also ascribed to the re-
laxation of the microstructure. From the results of Lee’s 
research [5], the relaxation of the microstructure leads 
directly the decrease of the film density, because of the 
increase of the Si-O-Si angle. As we know, the pure SiO2 
has a normal tetrahedron structure. When introducing 

F- ions into the film, the former structure of the SiO2 
is destroyed. As shown in Fig. 3, there are three new 
structures in the SiOF thin film: the natural Si-O tetrahe-
dron, the destroyed F-O tetrahedron, and the bridge ox-
ide, which lead to the relaxation of the network structure 
leaving more space and more pores in the films.

Figure 4. FTIR spectra in the range of 900-1500 cm-1 of the samples: a) HFA, b) HFB, c) HFC

Figure 5. FTIR spectra in the range of 2500-4000 cm-1 of the samples: a) HFA, b) HFB, c) HFC

c)
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In order to clarify the reaction course, we investigat-
ed the chemical bond states of all the samples through 
FTIR, as shown in Figs. 4 and 5, which show two dif-
ferent regions of the FTIR absorption spectra for sam-
ples HFA, HFB and HFC.

As shown in Fig. 4, the peak ranging from 900 cm-1 
to 980 cm-1 corresponds to the Si-F bonds. When com-
pared to the normal HCl catalysed films, the presence 
of the Si-F bond in the film ensures the improvement 
of the thermal stability. This is because the decompo-
sition temperature of Si-F bond can be as high as 700 
°C [12]. Using different concentrations of the HF cat-
alyst shifts the peaks in the samples HFA and HFC. 
Such behaviour might be explained by the presence 
of the Si-F2 bonds. A SiF2 bond contains two F atoms, 
which, due to their high electronegativity, react easi-
ly with the Si-OH bond. The presence of the SiF2 bond 

enhances the polarity of the film, and induces the in-
crease of the k value of the thin films. So the concen-
tration of the HF catalyst in our experiment is very 
important, as it controls the speed of hydrolysis and 
condensation. In the HFB sample, there are more SiF 
bonds than SiF2 ones, which leads to the better hydro-
phobic properties.

There is also some variation related to the SiOF 
backbone structure. The vibration of the Si-O-Si skel-
eton of the SiOF film is observed as a dominant single 
peak located between 1054 cm-1 and 1070 cm-1, which 
is ascribed to the network structure. In samples HFA 
and HFC, this peak moves to a higher wavenumber. 
Since there is a shoulder peak near the SiOF peak in 
these two samples, such movement may be influenced 
by the other peak belonging to the Si-O-Si skeleton, 
which is localized at 1135 cm-1 and ascribed to the 
cage structure. The ratio of network and cage structure 
is related to the shrinkage, which is the major factor 
influencing the porosity. We observed that the higher 
porosity is caused by a higher network/cage ratio. This 
is also the reason why the k values of the samples HFA 
and HFC decrease obviously with the increase of the 
annealing temperature.

The higher SiF2/SiF ratio directly leads to the high-
er intensity of the Si-OH peak around 3100–3600 cm-1 
[13], as shown in Fig. 5, which depicts the FTIR ab-
sorption spectra in the range of 2400–4000 cm-1. There 
is a broad absorption band related to H-O-H stretch-
ing bonds between 3000 and 3800 cm-1, indicating 
the quantity of the absorbed water in the pores of thin 
films. In the sample HFA, the concentration of HF cat-
alyst is so large that it accelerates the reaction obvi-
ously. The gelation time is so short that the TEOS has 
no time to hydrolyse and condense to form large net-
work structure, but instead forms lot of SiO2 grains in 
this film. Random pores and hanging bonds appear in 
the film, leading to the decreased water resistance and 
the higher k value. On the other hand, in the sample 
HFC, the TEOS has enough time to hydrolyze to form 
the network structure. However, there are also two dis-
advantages. One is too long reaction time (in the usual 
conditions, it needs about fifteen days to finish the ge-
lation) and the other is the residual water, which stays 
in the network structure of the film. Water can increase 
the k value of film because of its polar molecules. Fur-
thermore, when annealing the film, the residual water 
will evaporate, leaving many connected pores, which 
worsen the mechanical properties and increase the hy-
drophilic property of the film. 

Only the sample HFB, which was catalyzed with 
the optimal concentration, provides the improved elec-
trical and hydrophobic properties, such as the lower 
leakage current density, reduced dielectric constant, 
inconspicuous trend of k value variation with anneal-
ing temperature and lower amounts of adsorbed water. 

Figure 6. SAXS pattern of the sample HFB

Figure 7. Schematic representation of ordered porous
structure 
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The improvements in the above stated properties re-
sult from the chemical bond states and the microscop-
ic network structure of the sample HFB, which can be 
detected by the SAXS spectra.

Figure 6 shows the SAXS spectrum of the sample 
HFB. There are two high intensity peaks between 2q = 
1–2°, which is the characteristic peak of the micropo-
rous SiO2, confirming the well-ordered structure and 
good uniformity of the thin film. A strong and narrow 
peak (100) and a weak peak (200) corresponding to the 
hexagonal microstructure [14] were clearly observed 
in Fig. 6. From the basic theory of the SAXS technolo-
gy, we know that l =2d·sinq, where l is the wavelength 
of the incident ray, q is the incidence angle, d is the 
space of the lattice. In the normal conditions, the inci-
dence angle is larger, so the d value is the distance be-
tween the atoms, just like d1, as shown in Fig. 7. How-
ever, when the incidence angle is decreased to a very 
low value, the obtained d2 is the space between the na-
nometer-sized pores [15]. Therefore, the SAXS tech-
nology can be used to determine the pore structure of 
the film with uniform nanopores.

IV. Conclusions
The nanoporous SiOF films were prepared by sol-

gel method. The dielectric and electrical properties 
of the film were investigated. A higher HF/H2O so-
lution ratio led to an increased Si-F2 bond concentra-
tion in the deposited films, and the absorption peak 
corresponding to Si-OH stretching vibration also in-
creased. In addition, lower HF/H2O solution ratio also 
led to the similar results. Only the sample HFB with 
catalyst ratio of 1/5 shows better water resistance and 
has a low leakage current (10-11 A/cm2) at 1 MV/cm 
and a breakdown field of 6 MV/cm. Its dielectric con-
stant is also very low and reaches about 1.75 after an-
nealing at the temperature of 450 °C. So the concen-
tration of the HF catalyst is an important factor in the 
sol-gel process.
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