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Abstract: The influence of annealing temperature on the chemical, structural, and electrophysical
properties of porous OSG low-k films containing terminal methyl groups was investigated. The films
were deposited via spin coating, followed by drying at 200 ◦C and annealing at temperatures ranging
from 350 ◦C to 900 ◦C. In the temperature range of 350–450 ◦C, thermal degradation of surfactants
occurs along with the formation of a silicon-oxygen framework, which is accompanied by an increase
in pore radius from 1.2 nm to 1.5 nm. At 600–700 ◦C, complete destruction of methyl groups occurs,
leading to the development of micropores. FTIR spectroscopy reveals that after annealing at 700 ◦C,
the concentration of silanol groups and water reaches its maximum. By 900 ◦C, open porosity is no
longer observed, and the film resembles dense SiO2. JV measurements show that the film annealed
at 450 ◦C exhibits minimal leakage currents, approximately 5 × 10−11 A/cm2 at 700 kV/cm. This
can be attributed to the near-complete removal of surfactant residues and non-condensed silanols,
along with non-critical thermal degradation of methyl groups. Leakage current models obtained at
various annealing temperatures suggest that the predominant charge carrier transfer mechanism is
Poole–Frenkel emission.

Keywords: leakage current; porosity; methyl modified silicate; ellipsometric porosimetry;
FTIR spectroscopy

1. Introduction

One of the primary applications of thin films with low dielectric constants (low-k) is
their integration into the interconnect structures of advanced ultra-large-scale integration
(ULSI) devices. The low-k films integrated together with low-resistivity metals (Cu, Co, Ru,
etc.) allow for compensation of the capacitance increase associated with the continuing
device shrinkage [1–6]. Extensive exploratory studies on low-k dielectrics have been con-
ducted during the last two decades, and the most important results are systematized, for
instance, in the refs. [6–12]. Materials based on organosilica glasses (OSG), which are charac-
terized by a silica-like matrix structure, have been identified as the most suitable for current
microelectronics technologies. By incorporating various organic groups into the silica ma-
trix and employing different deposition methods, it is possible to fine-tune the properties
of these materials. In these materials, some of the bridging oxygen atoms in the silica-like
matrix are substituted with terminal methyl (or other alkyl) groups, which contribute to
a low dielectric constant due to the formation of free volume (micropores) and enhance
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hydrophobicity (Figure 1). Recently, OSG materials containing organic bridges between Si
atoms and exhibiting ordered porosity, known as periodic mesoporous organosilica (PMO),
have also been extensively studied. Their structural, chemical, and electrical properties are
discussed in the review paper [13].
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Figure 1. Structure of amorphous SiO2 (a), as deposited organosilica glass (OSG) film with embedded
porogen (b), and porous OSG after porogen removal by thermal annealing (c).

It is crucial to note that hydrophobicity is a significant property, as water molecules
have a high dielectric constant (~80), and even a small amount of moisture can substantially
elevate the dielectric constant of a material. This issue is further exacerbated in porous
materials, where the high surface area can adsorb considerable amounts of moisture.
Consequently, precursors used for the deposition of organosilicon films typically contain at
least one methyl group directly bonded to silicon.

However, the reduction of dielectric constant by introducing low-polarizability groups
and a slight increase in free volume is insufficient to achieve dielectric permittivity values of
k < 3.0. It is essential to incorporate additional artificial porosity by using structure-forming
agents, such as sacrificial porogens or surfactants (Figure 1b). Thermal decomposition of
these organic compounds releases volatile hydrocarbons and results in the formation of a
porous structure, which lowers the k value of the films (Figure 1c) [14].

At present, organosilica films for industrial applications are mainly deposited using
plasma-enhanced chemical vapor deposition (PECVD) [9]. These films are highly compati-
ble with current damascene technology, where the dielectric material is patterned through
lithography and reactive ion etching. Subsequently, the resulting trenches and vias are
filled with metal (typically copper) using superfilling techniques. These techniques achieve
higher deposition rates at the bottom of the trenches and vias, especially those with high
aspect ratios [15,16].

Dielectric films fabricated using chemical solution deposition (CSD) could play a key
role in post-Cu interconnect technology, particularly after the introduction of subtractive
technology, where conductive layers (Ru, Mo, etc.) are patterned first [17]. The deposited
dielectric must fill trenches and vias in the metal layer, requiring the process to have gap-
filling capability. CSD technology meets this requirement, whereas PECVD deposition
becomes increasingly challenging. This makes the exploration of CSD-deposited films
particularly important. CSD involves sol-gel chemistry with spin coating or dip-coating.
CSD-based methods offer greater control over deposited material properties in comparison
with PECVD because the selected precursors exhibit relative stability and do not undergo
deep fragmentation during processing. The reactions primarily proceed through the
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hydrolysis of terminal alkoxy groups in organoalkoxysilane precursors (Equation (1)),
followed by condensation (Equation (2)) reactions to form the matrix skeleton [18].

≡Si–OR + H2O→≡Si–OH + R–OH (1)

≡Si–OH + HO–Si≡→ Si–O–Si + H2O (2)

Generally, the fabrication of OSG low–k films involve two steps. First, after deposition,
the film is heated at 150–200 ◦C (soft bake) to remove residual solvents and other chemicals
used in the sol–gel process. During this stage, the porogens (surfactants) begin to degrade
and are partially removed. The next crucial step is annealing at 400–430 ◦C (hard bake),
which is necessary to eliminate any remaining porogen fragments and facilitate the con-
densation of silanols (Equation (2)). The formation of siloxane bridges enhances matrix
densification and cross-linking, improving its mechanical properties. This process can be
further optimized through UV-assisted thermal curing [19].

Thermal annealing (thermal curing, often assisted with UV light [19]) is a crucial step in
the fabrication of low-k films [8,9] as it facilitates the removal of the structure-forming agents
and the formation of a cross-linked matrix structure. However, if the heat and UV treatment
process is too aggressive, it may lead to the undesirable degradation (depletion) of the –CH3
terminal groups, which are responsible for the material’s hydrophobic properties. This
is the reason why the microelectronics industry uses a curing temperature not exceeding
450 ◦C and UV light with λ > 200 nm. The methyl terminal groups are primarily localized
on the pore wall surface, imparting hydrophobicity to the film, which is essential for
preventing moisture adsorption. The modification of chemical composition during the
thermal curing (particularly, the removal of porogen or surfactant as well as degradation
of the CH3 terminal groups) can be primarily analyzed using Fourier-transform infrared
spectroscopy (FTIR), particularly by examining the valence asymmetric and symmetric
C–H vibrations of the methylene (–CH2–) group, which absorb at ~2925 and ~2895 cm−1

respectively [20–23]. A more detailed study must include more comprehensive analytical
techniques and evaluation of electrical characteristics [10,19].

Therefore, careful optimization of thermal curing and understanding the impact
of chemical composition (such as carbon residue, methyl terminal groups, and adsorbed
moisture) and structural changes (including porosity, density, and pore size) during thermal
curing on electrical properties are crucial for further optimizing low-k films. This is the
reason these challenges have been addressed in numerous studies.

Porogen and surfactant residues (sp2, sp3 carbon) formed after non-optimized ther-
mal curing have a strong impact on electrical characteristics and reliability [19,24]. The
existence of sp2 and sp3 hybridized carbon-like porogen residues is well studied using
UV spectroscopic ellipsometry. The increased amount of porogen residues enhances the
leakage current level since these graphitic-like structures are conductive. In the same study,
the self-assembled low-k material prepared without porogen and UV curing shows lower
leakage currents compared to low-k dielectrics prepared with porogen and curing [13,19,24].
The presence of porogen residues in low-k dielectrics is also reported by other authors. The
results obtained using electron-spin resonance (ESR) spectroscopy [19,24,25] show the pres-
ence of signals associated with carbon dangling bonds in low-k dielectrics. King et al. [26]
pointed out that the defect band between 2–6 eV in the bandgap of the low-k dielectric is
attributed to these carbon dangling bonds from porogen residues. Lauer et al. [27] showed
that the defect centers originating from porogen residues are able to capture and exchange
electrons. These studies indicate that porogen residue can play a dominant role in electrical
transport at low fields.

An increased thermal budget can effectively reduce the amount of porogen residues
but may also degrade a certain amount of methyl terminal groups, making the films hy-
drophilic and leading to moisture adsorption in subsequent processing steps. The adsorbed
moisture degrades the electrical properties and reliability performance of low-k films [28].
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Attempts have been made to characterize the conduction mechanism of moisturized low-k
dielectrics, but the exact mechanism remains unknown. Lloyd et al. [29] shows that capaci-
tors could have Schottky and Poole–Frenkel emission types of conductions, but Michelon
et al. suggested a non-linear ln(J)–E0.5 [30,31]. An annealing step is supposed to remove
moisture and improve the film characteristics. Li et al. [32] suggested that the removal of
physisorbed water by baking at 190 ◦C could only slightly improve dielectric reliability,
and the significant improvement can be achieved after annealing at 400 ◦C due to the
removal of chemisorbed moisture. However, recent results from Cheng et al. [31] point out
that annealing at 400 ◦C is still not sufficient. The most likely cause of uncertainties is the
formation of various adsorbed groups (ranging from physically adsorbed molecular water
to isolated hydroxyl groups) during water adsorption. Their removal and modification are
highly dependent on experimental conditions, which can introduce uncertainties when
studying their effects on electrical characteristics and reliability.

All these studies indicate that a comprehensive investigation into the impact of poro-
gen residue and accumulated moisture remains crucial. One challenge when analyzing
previously reported results is that they were obtained from films cured under various
systems and conditions. Additionally, the transition from a porogen residue-containing
state to a hydrophilic one is gradual, so it is essential to study this process using a single
film while systematically altering curing conditions. Additional challenges may arise
from simultaneous structural changes, which can also affect the properties of OSG mate-
rials. A recent example of such research is the paper by Krishtab et al. [33], which used
photoelectron spectroscopy and electron spin-resonance spectroscopy to identify that the
degradation of electrical characteristics is linked to defect states ~5 eV below the conduction
band, caused by surfactant residues in the form of oxidized sp3 carbon chains. Through
careful tuning of the curing conditions, the study was able to determine optimal curing
regimes. Furthermore, it is also important to simultaneously examine the evolution of the
film’s structure, as this type of information is still lacking.

In this work, the effects of thermal modification on porous methyl-terminated organosil-
icate films were investigated across a wide range of annealing temperatures, from 350 to
900 ◦C. The selected temperature range was chosen based on its relevance to the struc-
tural and electrical transformations of porous OSG films developed for microelectronics
applications. The processes of solvent desorption and porogen degradation are ultimately
completed within a temperature range of 350 to 400 ◦C. Furthermore, the final cross-linking
of matrix fragments is completed at 400–450 ◦C. At higher annealing temperatures, the
matrix begins to lose CH3 groups bonded to Si, and the films become nearly dense at 900 ◦C
due to pore collapse. The chemical composition transitions to nearly dense SiO2. The tem-
perature range between 350 ◦C and 900 ◦C was of particular interest for our purposes, as
the loss of CH3 groups generates Si dangling bonds, which act as potential precursors for
oxygen-deficient centers. These centers play a crucial role in the Nasyrov–Gritsenko (NG)
charge transfer mechanism.

Using a single initial OSG material as a reference, changes in chemical composi-
tion—including the removal of porogen residues, degradation of terminal methyl groups,
and accumulation of adsorbed water—were carefully analyzed using FTIR spectroscopy.
Simultaneously, structural modifications to the porous structure were examined using ellip-
sometric porosimetry (EP). The leakage current and dielectric constant of the organosilicate
films were measured using current-voltage (JV) and capacitance-voltage (CV) measurements.

An extensive evaluation of both chemical composition and porous structure across
the full range of annealing temperatures allowed us to correlate these findings with the
films’ electrical characteristics. Leakage current data were analyzed using three theoretical
models of charge transfer: Schottky emission (SE), Poole–Frenkel (PF) emission [34,35], and
the NG model of phonon-assisted tunneling between the traps [36]. Both dielectric constant
and leakage current measurements facilitated correlations with the chemical composition
and structure of the modified films.
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2. Materials and Methods
2.1. Materials

In the present study, porous low-k organosilicate glass (OSG) dielectric films were de-
posited on silicon wafers using the sol-gel method combined with centrifugation [8,37,38].
Methyltriethoxysilane (MTEOS, >99.9%, Sigma-Aldrich, St. Louis, MI, USA) and tetraethox-
ysilane (TEOS, >99.9%, ECOS, Moscow, Russia) were utilized as silicon precursors, while
hydrochloric acid (37%, Sigma-Aldrich) was used as a catalyst. TEOS was mixed with
MTEOS in a molar ratio of 40/60. The structure-forming agent employed to create the
porous structure of the films was 20 wt.% Brij® L4 (C12H25(OCH2CH2)4OH) surfactant
from Sigma-Aldrich, which has a molar mass of 362 g/mol. Standard p-type boron-doped
silicon wafers with a resistivity of 9–14 Ohm·cm, a diameter of 100 mm, and an orientation
of (100) were used as the substrate. After deposition, the films were dried (soft baked) on
a hot plate at a temperature of Ta = 200 ◦C for 10 min, followed by annealing at various
temperatures ranging from 350 to 900 ◦C for 30 min. The annealing process was conducted
in air within a controlled laboratory environment, which minimized fluctuations in humid-
ity and atmospheric pressure. An isothermal oven with a temperature control system was
used, ensuring a precision of ±5 ◦C throughout the process. The environmental humidity
was 45 ± 5%.

2.2. Analysis

Fourier-transform infrared (FTIR) spectroscopy was employed to analyze the chem-
ical composition and structure of the synthesized films. The infrared absorption spectra
were recorded using a Nicolet 6700 (Thermo, Waltham, MA, USA) FTIR spectrometer in
transmission mode with a resolution of 4 cm−1 over the extended range of 7400–400 cm−1.

After annealing, the thickness and refractive index of the samples were measured
using spectral ellipsometry (SE) with a SE850 (Sentech, Berlin, Germany) ellipsometer.
Measurements were conducted over a wavelength range of 300–800 nm at an incidence
angle of 70◦, employing the Cauchy model for a three-layer structure consisting of air, film,
and silicon. Relative (full) porosity was calculated using the Lorentz–Lorenz equation [39]:

VLL = 1−
(
np

2 − 1
)(

np2 + 2
)/
(

ns
2 − 1

ns2 + 2

)
, (3)

where np is refractive index of porous film and ns is refractive index of dense film.
The open porosity, which refers to the accessible volume for adsorbate molecules,

and the pore size distribution were measured using ellipsometric porometry (EP). For
these measurements, a custom-built setup featuring atmospheric pressure EP (RTU MIREA,
Moscow, Russia) was connected to an SE850 (Sentech) ellipsometer. The open porosity
(Vopen) was determined using a modified Lorentz–Lorenz equation [39]:

Vopen = 100%·
(

n2
e f f − 1

n2
e f f + 2

−
n2

p − 1

n2
p + 2

)
/

(
n2

ads − 1
n2

ads + 2

)
, (4)

where ne f f is the refractive index of the porous film partially or completely filled with
adsorbate molecules, np is the refractive index of the film before adsorption (empty pores),
np is the refractive index of the liquid adsorbate (1.377 for isopropyl alcohol).

The current-voltage (JV) and capacitance-voltage (CV) characteristics of thin dielectric
films were measured in metal-dielectric-semiconductor (MDS) structures using an MDC
CSM/Win Semiconductor Measurement System (Materials Development Corporation,
Andover, MA, USA) equipped with a picoammeter, which includes a built-in programmable
constant voltage source 4140B (Hewlett-Packard, Palo Alto, CA, USA) and an LCR meter
4284A (Agilent, Santa Clara, CA, USA). The voltage change during JV measurements
exhibited a stepwise (staircase) pattern, meaning that the voltage periodically increased by
a fixed value, ∆U, of the same polarity as the applied voltage, U, after a delay time, tdelay. JV
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characteristics are typically measured in silicon MDS structures in enrichment mode. In this
study, films were deposited on p-type silicon substrates. To enable the enrichment mode, a
negative voltage is applied to the top electrode. The k-values were estimated by measuring
the CV dependencies at a frequency of 100 kHz. All measurements were conducted at
several locations on the film surface of each sample. Prior to each measurement, the film
was dried at 300 ◦C for 10 min to eliminate the influence of moisture.

Instead of using metal-point electrodes, a mercury probe was employed to form the
MDS structures. Compared to sputter-formed metal electrodes, this technique prevents
the penetration of metal impurities into the pores. Consequently, the top electrode is
created using a mercury (Hg) drop that comes into contact with a low-k film (Figure 2).
The contact area of the Hg probe was 0.515 mm2. Hg probes are frequently utilized
to eliminate the need for time-consuming metallization and to protect the films under
investigation from potential damage caused by sputtering or metal vaporization. As a
result, the currents or current densities along the measured JVs may fluctuate depending
on environmental conditions. This variability can lead to low measurement accuracy due
to poor reproducibility of results. However, the use of measured structures facilitates rapid
characterization and safeguards low-k films from process-induced modifications.
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Figure 2. Wiring diagram of the metal-dielectric-semiconductor (MDS) structure realized using
mercury (Hg) probes.

To ensure high performance and reliability of microcircuits that utilize copper (Cu)
and low-frequency dielectrics, it is essential to thoroughly understand the nature of leakage
current in these dielectric films. This understanding necessitates an examination of the
charge transfer mechanisms and the identification of defects that induce leakage. Rec-
ognizing these defects is crucial for meeting the demands of modern electronic devices
and for optimizing the synthesis of low-frequency dielectrics. Therefore, the charge trans-
fer mechanisms and the characteristics of traps in low-frequency films warrant careful
investigation.

3. Results and Discussions
3.1. Chemical Composition

FTIR spectra of the samples annealed at temperatures ranging from 350–900 ◦C are pre-
sented in Figure 3. Most of the absorbance peaks have been assigned based on refs. [20,37].
In all IR spectra of the studied films, the strongest band is observed in the range of
1300–1000 cm−1, corresponding to the asymmetric stretching vibration of the Si–O–Si bond.
For annealing temperatures below 500 ◦C, this peak is located at wavenumbers below
1050 cm−1, indicating the presence of Si suboxide with a Si–O–Si bond angle smaller than
144◦. At the annealing temperature exceeds 450 ◦C, the peak shifts to higher wavenumbers,
gradually approaching those corresponding to SiO2 networks after anneal at 900 ◦C with a
Si–O–Si angle close to 144◦ (Figure 3b). This red shift is clearly correlated with a reduction
in the concentration of SiCH3 groups, as indicated by the peak at 1275 cm−1, corresponding
to the bending vibration of C–H3 bonds) [20].
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Figure 3. FTIR spectra of porous organosilicate films annealed at 350–900 ◦C for 30 min in air (a) with
detailed fragments showing Si–O–Si bonds (b), CHx bonds (c), and adsorbed water (d).

Figure 3c shows the evolution of CHx peaks located in the range 3000–2800 cm−1. The
samples annealed at 350 ◦C shows the presence of four peaks located at 2980, 2950, 2910, and
2880 cm−1. Annealing at higher temperatures leads to the reduction of intensity of the peaks
located at 2950 and 2880 cm−1, and they are not observed anymore when Ta > 450 ◦C. The
peaks located at 2980 and 2910 cm−1 show obvious reduction at Ta > 500 ◦C simultaneously
with the SiCH3 peak located at 1275 cm−1. Therefore, the last two peaks can be assigned to
Si–CH3 bonds, while the peaks located at 2950 and 2880 cm−1 are related to the presence of
carbon residues that are removed starting from Ta ≈ 450 ◦C [20,37].

Silanol groups and adsorbed water are indicated by a broad multicomponent ab-
sorption in the range of 3800–3200 cm−1 (Figure 3d). The amount of adsorbed water
remains significant in films annealed at 350 ◦C but decreases sharply after annealing at
400–500 ◦C. However, it starts to increase again at temperatures above 600 ◦C, which is
clearly linked to the reduction in the concentration of SiCH3 groups. The highest amount
of adsorbed water is observed in the sample annealed at 700 ◦C when the concentration of
SiCH3 groups is becoming less than ~20% on the initial value. The results of more precise
quantitative analysis are presented in Table 1, and they clearly demonstrate a discernible
increase in Si–OH, H–O–H concentration with rising annealing temperatures within the
range of Ta = 450–700 ◦C. At 600 ◦C, the minimum detectable amount of Si–CH3, observed
at around ~1275 cm−1, coincides with a more pronounced Si–OH and H–O–H bands.
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Table 1. Inetwork/Icage ratios and relative areas of characteristic peaks/bands of samples at different
annealing temperatures (350–900 ◦C).

Annealing
Temperature

Ta (◦C)
Inetwork/Icage

Relative Areas of Characteristic Peaks/
Bands Si–O–Si (×1000)

Si–OH, H–O–H C–H C–H3 Si–CH3 Si–OH

350 1.76 31.0 14.3 7.0 26.2 0.4
400 1.96 4.3 15.7 7.2 23.8 0.1
450 2.10 6.8 12.8 7.1 23.6 –
500 2.29 15.9 8.5 7.1 18.4 –
600 4.61 19.2 2.6 1.9 5.9 –
700 5.16 180.2 – – – –
900 7.22 1.5 – – – –

The Inetwork/Icage ratios and the relative areas of characteristic peaks/bands are pre-
sented in Table 1. Notably, there is an increase in the Inetwork/Icage ratio with rising annealing
temperatures, which is related to the removal of the CH3 terminal group and the following
increase in the degree of matrix cross-linkage, which enhances the mechanical properties of
the films.

3.2. Spectroscopic Ellipsometry (SE) and Ellipsometric Porometry (EP) Data

Table 2 presents the properties of the studied OSG low-k films, as measured by SE
and EP. The film thickness decreases from 324 nm to 170 nm after annealing, due to the
shrinkage, while the refractive index increases simultaneously. The highest refractive index,
n = 1.392, corresponds to the film annealed at 900 ◦C.

Table 2. Results of measurement completed by ellipsometry and ellipsometric porosimetry measure-
ments of porous organosilica glass films annealed at temperatures of 350–900 ◦C.

Annealing
Temperature

Ta (◦C)

Thickness
d (nm)

Shrinkage
∆d (%)

Refractive
Index

n

Average
Radius Pores
〈R〉 (nm)

Open
Porosity
Vopen (%)

Relative
(Full)

Porosity
VLL (%)

Young’s
Modulus

(GPa)

350 324 0 1.248 1.15 40.9 43.0 1.9
400 305 5.9 1.253 1.37 38.5 41.7 2.4
450 301 7.1 1.257 1.44 38.0 41.5 2.6
500 273 15.7 1.272 1.51 33.7 38.0 3.7
600 233 28.1 1.280 1.09 33.4 35.4 4.6
700 195 39.8 1.310 0.40 28.7 28.2 11.6
900 170 47.6 1.392 – ~0 10.5 –

Figure 4 illustrates the adsorption/desorption isotherms and pore radius distribution
in the films. Within the temperature range of 350–500 ◦C, the median pore size increases
from 1.15 to 1.51 nm. The isotherm obtained in the films annealed at 350 ◦C shows the
presence of micropores (slope at P/P0 < 0.05) with a small relative volume of about 5–10%.
Then, the micropore volume decreases after annealing at 400 ◦C and becomes undetectable
after 500 ◦C. Therefore, the increase in median size of pores and the small reduction in
measured porosity are related to the collapse of micropores and the short-ranged structural
rearrangement of the OSG matrix [40,41]. Further annealing at Ta = 600 ◦C shows an
opposite effect of reduction of the median pore size to 1.09 nm and appearance of the
micropores. This effect can be correlated with a reduction of CH3 groups’ concentration
and the collapse of some parts of large pores. At 600 and 700 ◦C, the bimodal nature of the
pore distribution is clearly evident, with the appearance of the left peak corresponding to
the presence of micropores. The micropores are becoming dominant in the films annealed
at 700 ◦C.
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Figure 4. Adsorption/desorption isotherms (top) and pore radius distribution (bottom) for the
organosilicate films studied, which were heat-treated at different temperatures: 350 ◦C (a), 400 ◦C (b),
450 ◦C (c), 500 ◦C (d), 600 ◦C (e), and 700 ◦C (f).

The films annealed at 900 ◦C no longer show the presence of open pores, suggesting
a complete collapse of all pores because of the sintering silica matrix [42]. According to
FTIR data, this film no longer contains CH3 groups, and the position of the Si–O–Si peak
corresponds to pure SiO2. However, the refractive index of the film is 1.392, which is lower
than the typical value measured in SiO2 films (1.46). This indicates a difference between
full and open porosity and suggests that some micropores (free volume) still remain in
the films (Figure 5). They are less than 5% in the films annealed at 350–500 ◦C and 10% in
the film annealed at 900 ◦C. The fact that they are not detectable by IPA adsorption that
the necks connecting them with air have size is smaller than the probe used in our EP
measurements (the kinetic diameter of IPA molecules is 0.47 nm [43]).
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Figure 5. Open and full porosity versus annealing temperature as measured by EP. The full porosity
was calculated using the Lorentz–Lorenz equation (Equation (3)), assuming that the refractive index
(RI) of the matrix (ns) is equal to 1.46 (RI of dense SiO2).

3.3. Electrical Properties

The leakage current in porous organosilicate glass (OSG) low-k dielectrics normally
presents a greater level of complexity in comparison to dense dielectrics. This complexity
primarily arises from their porous structure. The electrical conductivity of these materi-
als is significantly influenced by their porosity, as various conductive impurities might
accumulate on the surfaces of the pore walls, thereby impacting the observed electrical
phenomena. Consequently, meticulous fabrication of these films, aimed at preventing or



Coatings 2024, 14, 1412 10 of 19

controlling the accumulation of impurities on the pore walls, is essential for conducting an
accurate analysis of the leakage current mechanisms within the low-k matrix.

Figure 6 shows the typical dependences of current density on the electric field of the
methyl-modified silicate films under investigation. The JV plots presented in Figure 6 do
not account for the polarity of the applied electric field strength, which is represented along
the abscissa.
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Figure 6. The leakage current of different types of organosilicate glass (OSG) low-k films at annealing
temperatures 350–900 ◦C.

The leakage current in these films exhibits a remarkable increase in the region of
the lowest applied electric field (<100 kV/cm). As illustrated in Figure 6, the annealing
temperatures ranging from 350 to 500 ◦C result in relatively minor variations in the leakage
currents of organosilicate films within the electric field strength range of 0–400 kV/cm.
However, when transitioning to higher electric field strengths (400–1000 kV/cm), after a
noticeable increase in leakage current, a clear difference between the films annealed at
different temperatures becomes evident. The leakage current decreases with temperature in
the range between 350 and 450 ◦C. A very strong increase in leakage current is observed when
the temperature increases up to 700 ◦C, then slightly decreases again at 900 ◦C. (Figure 6).
Further annealing up to 700 ◦C increases the leakage current, which is reduced at 900 ◦C.

The difference in electrical characteristics is more clearly presented in Figure 7, which
shows the measured change of dielectric constant (k value) and resistivity of the films at the
electric field strength of 700 kV/cm. The resistivity of the low-k thin films was determined
using the data obtained from CV characteristic measurements.

The bottom image shows that the film, containing both matrix and porogen precursors,
is deposited at 20 ◦C. Porogen removal is nearly complete at 350 ◦C, with empty pores,
although some carbon residues remain on the pore walls. After annealing at 450–500◦C, the
pore walls become free of porogen residues. Beyond this stage, matrix Si–CH3 groups begin
to degrade starting at 500 ◦C, accompanied by increased water adsorption from the ambient
environment. Near 700 ◦C, complete degradation of Si–CH3 occurs, forming Si–OH groups
and adsorbed water on the now hydrophilic surface. By 900 ◦C, pore collapse transforms
the film into a nearly dense SiO2.

In the top figure, the behavior of the electrical characteristics is divided into three
distinct regions. As we could see from the bottom image, the first region (350–450 ◦C)
is marked by the removal of carbon-containing residues formed during the surfactant’s
decomposition. The formation of such residue that formed as a result of porogen destruction
has been extensively studied in the past. It was first detected using UV ellipsometry, and
it was concluded that the residue is sp2 carbon, formed during the thermal degradation
of the (–CH2–)n chain in the porogen or surfactant. The amount of this residue depends



Coatings 2024, 14, 1412 11 of 19

on the amount of used sacrificial porogen, and its impact on low-k leakage current was
first reported in ref. [44]. The connection between the carbon dangling bonds and trap-
assisted leakage current was demonstrated through tunneling current measurements in
both dense and porous PECVD low-k materials [26]. The increase in annealing temperature
from 350 ◦C to 450 ◦C effectively removes this residue, resulting in a notable decrease in
leakage current, which aligns with this trend. This conclusion was further supported by the
findings of Pomorski et al. [25], who demonstrated the general link between C-dangling
bond defects and low-field leakage current in various types of organosilica low-k dielectrics.
A distinct characteristic of these residues is their relatively low dielectric constant, similar to
other saturated hydrocarbons, though they may exhibit conductivity similar to amorphous
carbon. This explains the observation in Figure 8, where the k value remains relatively
unchanged in this region despite the significant reduction in leakage current. The collapse
of micropores, visible in films annealed at 350 ◦C and disappearing after further annealing
up to 500 ◦C, does not appear to have a significant impact on the electrical characteristics
in this temperature range.
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Figure 7. Effect of annealing temperature on changes in dielectric permittivity, resistivity at an electric
field strength of 700 kV/cm, and chemical composition.
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The second region, between 450 ◦C and 700 ◦C, is characterized by the near-complete
removal of CH3 groups from the low-k matrix, leading to increased hydrophilicity (Figure 3
and bottom image in Figure 7). The effect of adsorbed water is typically complex and
contradictory. This complexity arises because water adsorbed on SiO2-type materials can
exist in several different forms, depending on the strength of chemical bonds and the degree
of dissociation [45,46]. These various types of adsorbed water have a complex influence
on the reliability of integrated organosilicate glass (OSG) materials [27]. If physically
adsorbed water (α-water) is mainly removed at Ta ≤ 190 ◦C, removal of chemisorbed
water (β-water) and especially water formed from isolated hydroxyl groups (γ1 and γ2)
requires a higher temperature (>400 ◦C) [26–28]. However, in our specific case, the effect is
more straightforward and clear. As shown in Figure 7, there is a significant increase in the
dielectric constant and a reduction in electrical resistance, which is expected due to the high
dielectric constant of water molecules and their contribution to increased conductivity.

The sample annealed at 900 ◦C is nearly dense, with no open pores, making it difficult
for moisture to be adsorbed after complete outgassing at this temperature. This conclusion
is supported by FTIR data, which shows significantly less adsorbed water compared to the
sample annealed at 700 ◦C (Figure 4d). This is why the sample annealed at 900 ◦C exhibits
lower leakage current than the one annealed at 700 ◦C. However, its dielectric constant
is higher due to the denser structure. The fact that this sample still has a refractive index
lower than that of dense SiO2 (1.39 versus 1.46) suggests that while some pores did not
fully collapse, some internal pores remain but are sealed after thermal treatment.

3.4. Discussion of the Leakage Mechanism

The physical mechanism of electrical conduction in OSG low-k dielectrics has been the
focus of extensive research and discussion for many years. The most extensively studied
models are based on field-enhanced thermal excitation of electrons entering the conduction
band from the low-k interface and the trap states (SE and PF emission). Tunneling of
electrons from the metal Fermi energy or trapping sites into the low-k dielectric conduction
band is termed the Fowler–Nordheim (FN) mechanism. It has been concluded [35] that PF
emission is more likely the dominant conduction mechanism in low-k dielectrics, especially
at low fields [30,47–49]. FN tunneling conduction can occur at high field ranges [50–55]. The
effectiveness of these conduction mechanisms often depends on the presence of porogen
(surfactant) residues. These residues are primarily formed due to suboptimal UV-assisted
thermal curing and moisture trapped in internal defects caused by the integration process,
such as plasma damage, which tends to remove carbon-containing groups.

An alternative mechanism based on phonon-assisted tunneling was proposed by
Gritsenko and his colleagues for several low-k dielectrics, primarily those based on carbon-
bridged PMO (see ref. [24] and the references cited therein). From a materials science
perspective, the Gritsenko models primarily rely on the concept of the formation and active
role of oxygen-deficient centers (ODC). The ODC’s are diamagnetic and therefore invisible
to electron paramagnetic resonance (EPR) techniques, making the reliable identification of
these defects quite difficult. The role of oxygen-deficient centers (ODCs) in influencing the
electrical properties of silica-based materials has been widely studied using UV-induced
luminescence [56–59]. However, similar luminescence studies of OSG low-k dielectrics
remain limited [60,61], and the conclusions are somewhat controversial [24]. Pustovarov
et al. [60] reported the presence of oxygen-deficient centers (ODC) in ethylene-bridged
PMO films. However, they used an excitation wavelength of 10.6 eV, which significantly
exceeds the energy required to break Si–CH3 bonds (6.5–7.0 eV) [19]. As a result, ODC
precursors (Si dangling bonds, E’ centers) can be generated during the measurements. In
contrast, Rasadujjaman et al. [61] investigated the luminescence of several OSG films with
varying compositions, using an excitation wavelength near 6.0–6.2 eV. They concluded
that ODC centers do not form in OSG low-k films within the temperature range used for
interconnect technology (<500 ◦C).
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Typically, phonon-assisted tunneling and Poole–Frenkel emission are two competing
mechanisms that enhance carrier emission, with their relative contributions determined by
the type and charge state of the defect. In the case of OSG low-k dielectrics, the presence and
active role of carbon residue and adsorbed water have been more extensively studied, and
their correlation with electrical properties is well documented. A more difficult situation is
with oxygen-deficient centers, although conclusions about their formation in OSG films
were reported by Pomorski et al. [25] and in the ref. [60]. Although luminescence is the
most efficient technique, some signs can also be obtained by different techniques. In
stoichiometrically clean and dense dielectrics, FTIR and XPS data can be used to show
the formation of oxygen-deficient suboxide-like structures. However, OSG films initially
exhibit similar shifts due to the replacement of some oxygen atoms with methyl terminal
groups. Another reported doubt about the possibility of the formation of oxygen-deficient
centers is that the low thermal budget of these films does not allow for the formation of
oxygen-deficient centers. The annealing temperatures are much lower than those typically
required for matrix relaxation (≥1000 ◦C), which is essential for ODC formation [19].

3.4.1. Verification of NG Model

The current density through the dielectric materials containing electronic traps is
described by Equation (5):

j = e N2/3P, (5)

where N = a−3 is the trap concentration and a is the mean distance between the traps. P is
the probability of the trap ionization. In NG model of phonon-assisted tunneling

P =
2
√

π}WT

m∗a2
√

2kT
(
Wopt −WT

) exp
(
−

Wopt −WT

kT

)
exp
(
−2a
√

2m∗WT
}

)
sinh

(
eFa
2kT

)
, (6)

where h̄ is Planck constant, WT is thermal energy of ionization, m* is effective mass, k is
Boltzmann constant, Wopt is optical energy of ionization, and F is electric field.

Figure 8 shows JV curves obtained with studied samples (experimental data are
replotted from the data presented in Figure 6).

JV characteristics are satisfactorily described by the model of phonon-assisted tunnel-
ing between the traps (NG model). The simulation was based on the assumption of two
different trap models: the trap based on the oxygen vacancy center with thermal energy WT
= 1.6 eV (≡Si–Si≡) and the trap based on oxygen divacancy with WT = 1.2 eV (≡Si–Si–Si≡).
The agreement between modeling and experimental data was achieved in the assumption
that the traps are oxygen vacancies with optical energy of ionization 3.2 eV and oxygen
di-vacancies with optical energy 2.4 eV (Table 3).

Table 3. Results from theoretical calculations approximating the Nasyrov–Gritsenko (NG) model of
experimental data for porous organosilica glass (OSG) films annealed at temperatures ranging from
350 to 900 ◦C.

Annealing
Temperature

Ta (◦C)

Thermal Energy of
Ionization,

WT (eV)

Optical Energy of
Ionization,
Wopt (eV)

The Traps
Concentration

N (cm−3)

350 1.6 3.2 1.0 × 1020

400 1.6 3.2 8.0 × 1021

450 1.6 3.2 5.0 × 1022

500 1.6 3.2 9.0 × 1019

600 1.2 2.4 6.0 × 1019

700 1.2 2.4 3.0 × 1019

900 1.6 3.2 3.0 × 1020
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The results presented in Table 3 indicate that, according to the ODC-based model,
single oxygen vacancies can be considered traps at temperatures of 350, 400, 450, 500, and
900 ◦C, while divacancies are present at 600 and 700 ◦C. These conclusions seem unusual, as
the formation of oxygen vacancies at these temperatures is generally considered improbable.
If, for some unknown reason, oxygen vacancies and even divacancies are forming at
600 and 700 ◦C, their formation at 900 ◦C should be even more favorable. Additionally,
the calculated trap concentrations are unusual. According to the traditional view, the
presence of a suboxide-like band in FTIR spectra suggests the formation of ODCs, but
the data presented in Figure 3 show an opposite trend: increasing temperature gradually
shifts the Si–O–Si bond to its matrix position. Therefore, if ODCs were formed as defects
originating from precursors, their concentration should decrease with increasing annealing
temperature. Consequently, we can conclude that the model based on phonon-assisted
tunneling between ODC centers does not apply in this case.

3.4.2. Verification of SE and PF Models

The experimental current-voltage characteristics obtained through two models (Schottky
Emission (SE) and Poole–Frenkel (PF)) of charge transfer are illustrated in Figures 9 and 10.
Utilizing a regression method, we determined the coefficients of the equations correspond-
ing to the linear sections of the data [62]. The slope of these approximating lines allows
us to identify the predominant mechanism of charge carrier transport. To achieve this,
we calculated the values of the high-frequency (optical) dielectric permittivity of the film
based on the slope angle coefficients for the lines plotted in Schottky and Poole–Frenkel
coordinates, employing the formulas derived from Equations (7) and (8).

εi =
1

(kB·T)2 ·
q3

4·π·ε0
· 1

(KSh)
2 (7)

εi =
1

(kB·T)2 ·
q3

π·ε0
· 1

(KP−F)
2 (8)

where KSh and KP-F—the slope angle coefficients of the approximating straight lines in
Schottky and Poole–Frenkel coordinates, respectively.
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Figure 9. Linear regression approximation of the JV sections following annealing at temperatures
ranging from 350 to 900 ◦C, depicted in Schottky coordinates.
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Figure 10. Linear regression approximation of JV sections after annealing at temperatures of 350–900 ◦C
in Poole–Frenkel coordinates.

To elucidate the mechanisms underlying current flow attributed to Schottky (Figure 9)
and Poole–Frenkel (Figure 10) emissions, graphical representations were constructed. These
representations depict the relationship of (ln(I) versus

√
E) for Schottky emissions and

(ln(I/E) versus
√

E) for Poole–Frenkel emissions, utilizing experimental data as the foun-
dation for analysis.

The values of εi for organosilicate films at various annealing temperatures, as de-
termined through linear approximation in Poole–Frenkel and Schottky coordinates, are
presented in Table 4. The mechanism yields a calculated εi value closest to n2. As indicated
by the calculated εi values in Table 3, it is evident that the predominant mechanism of
charge carrier transfer is Poole–Frenkel emission in all instances.

Table 4. Values of the high-frequency (optical) component of dielectric permittivity (εi) at various
annealing temperatures, determined through linear approximation in the coordinates of Poole–
Frenkel and Schottky.

Annealing Temperature
Ta (◦C)

εi
n2

Poole–Frenkel Schottky

350 1.5841 0.2556 1.557
400 1.5441 0.2153 1.571
450 1.4096 1.6837 1.581
500 1.7293 0.0711 1.617
600 1.5311 0.0973 1.639
700 1.6689 0.1745 1.717
900 1.9316 0.5017 1.937

At annealing temperatures of 350, 400, and 900 ◦C, the calculated values of εi as
determined by the Poole–Frenkel model align most closely with the experimental data.
At an annealing temperature of Ta = 450 ◦C, it is evident that both Poole–Frenkel and
Schottky mechanisms are active. Between Ta = 500–700 ◦C, the films demonstrate complex
mechanisms, predominantly characterized by Poole–Frenkel emission, which warrants
further investigation. Nonetheless, the findings from the study of leakage current models
in OSG films subjected to various annealing temperatures lead to the conclusion that, in
the presence of high electric field strengths (>120 kV/cm), the most likely mechanism for
charge carrier transfer is Poole–Frenkel emission.
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The charge transport mechanism in low-k dielectrics has been extensively studied, with
significant results obtained from PECVD-deposited low-k films used in the microelectronics
industry [20,24–34,44,47–55,60]. Most of these studies examine the application of SE, PF,
and FN mechanisms. A common conclusion is that PF emission is likely the dominant
conduction mechanism in low-k dielectrics, particularly at low electric fields, while FN
tunneling may occur at higher field ranges. However, at low fields, the NG model, based
on phonon-assisted tunneling between traps related to oxygen-deficient centers, can also
be relevant. Despite its potential, the NG model has received limited attention, though
some publications suggest it could describe charge transport in certain low-k films [24–26].

In this study, we gradually modified our films through annealing, which led to the
progressive destruction of methyl groups, forming precursors of oxygen-deficient centers.
However, we found that the NG model could not adequately describe the changes in film
properties with annealing temperature, while the PF model provided more consistent
results. Therefore, we concluded that the PF model is more suitable for describing the
observed charge transport phenomena. Nevertheless, some overlap among the various
mechanisms may occur, and further studies using more advanced techniques are planned.

4. Conclusions

The influence of annealing temperature (Ta = 350–900 ◦C) on the chemical, structural,
and electrophysical properties of porous methyl-modified OSG films has been system-
atically investigated. The properties examined include film thickness d, open porosity
Vopen, relative porosity VLL, refractive index n, pore size (R), chemical composition, and JV.
Results obtained from ellipsometric porosimetry indicate that as the annealing temperature
increases, both the thickness and porosity of the films decrease, while the refractive index
exhibits an increase.

In the temperature range Ta = 350–450 ◦C, the thermal degradation of surfactants
occurs alongside the formation of a silicon-oxygen framework. This process is accompanied
by an increase in pore radius from 1.2 nm to 1.5 nm. Concurrently, condensation processes
result in a reduction of open porosity from 41% to 34%. During the curing process, residual
porogen, specifically sp2–hybridized carbon, is generated and deposited on the surfaces of
the pore walls. The quantity of porogen residue is observed to increase with the porosity
of the OSG low-k, attributable to the larger internal surface area and the corresponding
increase in porogen accumulation. The removal of surfactants, the collapse of micropores,
and the reduction in the number of Si–OH groups contribute to a decrease in leakage
current values, which correlates with an increase in resistivity, as illustrated in Figure 9.

In the temperature range of Ta = 600–700 ◦C, the complete degradation of terminal
methyl groups transpires, which is accompanied by the development of micropores that
become accessible to adsorbate molecules. This process is characterized by the collapse of
certain pores, as evidenced by a notable reduction in porosity and a significant decrease
in pore size, approximately by a factor of one and a half. Furthermore, Fourier-transform
infrared (FTIR) spectroscopy indicates that after annealing at Ta = 700 ◦C, the concentration
of polar silanol groups and water reaches its peak, resulting in a marked increase in
leakage currents.

At an annealing temperature of 900 ◦C, open porosity is virtually nonexistent; however,
total porosity reaches 11%, and the refractive index is lower than the typical value for
dense SiO2, which is 1.46. This temperature is sufficient to completely remove all forms
of chemisorbed water, along with the condensation of silanol groups on the pore walls.
Together with the sealing of remaining free volume in the matrix, this contributes to a
reduction in leakage current.

The results of JV measurements indicate that the methyl-modified film, which was
annealed at 450 ◦C, demonstrates minimal leakage currents. This phenomenon can be
attributed to the nearly complete elimination of surfactant residues and the thermal degra-
dation of a limited number of methyl groups.
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The results of the study on leakage current in methyl-terminated OSG films modi-
fied at various annealing temperatures show good agreement with changes in chemical
composition and structure. This allows us to conclude that the predominant mechanism
of charge carrier transfer is Poole–Frenkel emission. At Ta = 500–700 ◦C, the films display
complex mechanisms, primarily dominated by Poole–Frenkel emission, which necessitates
further investigation.

We believe that this research will contribute valuable insights into the optimization
of OSG film processing and provide guidance for the development of advanced low-k
dielectric materials for future microelectronic devices.
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