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Abstract—The SiCOH low-k dielectric film was grown on Si substrate using plasma-enhanced chemical
vapor deposition method. Atomic structure and optical properties of the film were studied with the use of
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) absorption spectroscopy,
Raman spectroscopy, and ellipsometry. Analysis of XPS data showed that the low-k dielectric film consists
of Si–O4 bonds (83%) and Si–SiO3 bonds (17%). In FTIR spectra some red-shift of Si–O–Si valence
(stretching) vibration mode frequency was observed in the low-k dielectric film compared with the frequency
of this mode in thermally grown SiO2 film. The peaks related to absorbance by C–H bonds were observed in
FTIR spectrum. According to Raman spectroscopy data, the film contained local Si–Si bonds and also C‒C
bonds in the s–p3 and s–p2 hybridized forms. Scanning laser ellipsometry data show that the film is quite
homogeneous, homogeneity of thickness is ~2.5%, and homogeneity of refractive index is ~2%. According
to the analysis of spectral ellipsometry data, the film is porous (porosity is about 24%) and contains clusters
of amorphous carbon (~7%).
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INTRODUCTION
Low dielectric constant (low-k) materials have

been introduced into ultra-large-scale integration
(ULSI) technology together with low resistivity Cu
interconnections starting from the end of 1990s to
reduce signal propagation delay in interconnects (RC-
delay), crosstalk noise, and power consumption [1, 2].
They replaced traditional SiO2 dielectric and Al con-
ductors that were used in early generations of ULSI
devices. Different low-k materials from organic poly-
mers to metal-organic framework were evaluated
during the past 20 years [3]. Each low-k material has
certain advantages and disadvantages, but carbon-
doped oxides (also termed as SiCOH and organosilica
glasses) deposited by plasma-enhanced chemical
vapor deposition (PECVD) were selected as the most
suitable candidates, at least for technology nodes
≥7 nm. The most important reason for this selection is
that they have properties relatively similar to tradi-

tional SiO2 and also can be deposited by using the
same equipment as for SiO2 deposition. Therefore,
integrated circuit (IC) manufacturers do not need to
adapt principally new equipment (as in the case of
chemical solution deposition) and it reduces the cost
of implementation.

In this work, PECVD SiCOH low-k dielectric
developed for sub 45 nm technology nodes is studied.
The goal of this work is to study the atomic structure
and optical properties of these films, correlate them
with chemical composition.

EXPERIMENTAL PART
SiCOH low-k dielectrics were PECVD deposited

by using diethoxymethylsilane (DEMS) as a network
matrix precursor and alpha-terpinene (ATRP) as a
precursor of a sacrificial porogen [4–6]. Both mole-
cules (matrix and porogen precursors) were simulta-
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Fig. 1. Structure of the used precursors; (a) diethoxymeth-
ylsilane (DEMS), (b) alpha-terpinene (ATRP).
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neously introduced into the plasma reactor and trans-
formed into species that eventually led to the forma-
tion of a “hybrid” film composed of an organosilicate-
based matrix enclosing organic inclusions. Then,
during a post-deposition treatment such as ultraviolet
(UV) assisted thermal curing, the organic phase, con-
sisting of the porogen molecule fragments, was
removed. A broadband UV source with wavelength
>200 nm was used for the curing. After complete cur-
ing at T ≈ 400°C, the film became porous and had
ultra-low-k properties. Figure 1 shows the structure of
precursors used for the deposition of the studied low-k
film.

For studying the atomic structure of the deposited
low-k film the X-ray photoelectron spectroscopy
(XPS) was used. The X-ray photoelectron spectra
were measured using SPECS spectrometer with a
PHOIBOS-150-MCD-9 analyzer and FOCUS-500
monochromator (AlKα radiation, hν = 1486.74 eV,
200 W). The binding energy (BE) scale was pre-cali-
brated using the positions of the peaks of Au 4f7/2
(BE = 84.0 eV) and Cu 2p3/2 (BE = 932.67 eV) core
levels. The peaks BE was calibrated by the C1s peak
position (284.8 eV), corresponding to the surface
hydrocarbon-like deposits [7]. The survey spectrum
and the narrow spectra were registered at the analyzer
pass energy 20 eV. Atomic ratios of the elements were
calculated from the integral photoelectron peak inten-
sities, which were corrected by corresponding sensitiv-
ity factors based on Scofield photoionization cross-
sections [8]. The analysis of the data obtained by XPS
was carried out by the software of XPS Peak 4.1 [9].
The sample’s surface was etched with Ar+ ions with the
energy of 1.25 keV at the current density of 8–
10 μA cm–2 for 10 min using an IQE 11/35 ion gun.
The depth profiling rate under these conditions was
estimated as 0.5 nm/min.

The chemical composition of low-k film was stud-
ied by using vibrational spectroscopy methods. The
presence of nonpolar chemical bonds in the films was
detected from analysis of the Raman spectroscopy
data. Raman spectra were recorded at room tempera-
ture in the backscattering geometry using Ar+ laser for
excitation, wavelength is 514.5 nm. The Raman spec-
OP
trometer T64000 (Horiba Jobin Yvon) was used. Inci-
dent light was linearly polarized; the polarization of
scattered light was not analyzed. The silicon charge-
coupled device (CCD) matrix, cooled with liquid
nitrogen, was used as a photodetector. The spectral
resolution was not worse than 2 cm–1. An attachment
based on an Olympus microscope was used for micro-
scopic analysis of the Raman spectra. The power of
the laser beam at the sample was about 1 mW. To avoid
local heating of the films by laser beam, the sample
was placed slightly further than the focus and the spot
size was 20 μm. The polar chemical bonds were stud-
ied using Fourier transform infrared (FTIR) absorp-
tion spectroscopy. FT-801 spectrometer (SIMEX ana-
lytical equipment) having 4 cm–1 spectral resolution
was used.

The porosity of the film was studied by using ellip-
sometric porosimetry. The experimental tool, mea-
surement, and calculations procedure was described in
detail in our recent publication [10]. For this, the opti-
cal properties of the low-k film in visible, near IR and
UV regions were studied using laser scanning (He–Ne
laser, hν = 1.96 eV) and spectral ellipsometry. For laser
scanning ellipsometry studies the Microscan-3M
(Institute of Semiconductor Physics SB RAS, Russia)
setup was used [11], angle of incidence of the laser
beam was 60°. An ELLIPS-1891-SAG (Institute of
Semiconductor Physics SB RAS, Russia) spectral
ellipsometer was used for ellipsometric analysis of the
thin films on nontransparent silicon substrates [12].
The spectral dependences of ellipsometric angles
Ψ(hν) and Δ(hν) were measured in the range 1–5 eV.
The spectral resolution of the device was about
0.01 eV, the angle of light incidence was 70°. A four-
zone measurement technique was used and averaging
was performed over all four zones.

RESULTS AND DISCUSSION
Figure 2 shows Si2p photoelectron spectra of the

low-k dielectric film, spectra of thermally grown SiO2
and low-k dielectric film after Ar+ bombardment are
also presented for comparison. The impact of argon
ions was local both in area (several square microns)
and in depth; the ions change the structure of the film
at a depth of 2 nm.

In this work, upon deconvolution of the Si2p level
peak, we assume, as in most works [13, 14], that the
number of possible components corresponding to the
oxidation states of silicon: 0, 1+, 2+, 3+, 4+ does not
exceed 5. One can see that stoichiometric thermally
grown SiO2 consists only of Si–O4 bonds (Si4+ level on
Fig. 2). Si2p level deconvolution shows that the low-k
dielectric film consists of Si–O4 bonds and Si–SiO3
bonds (Si3+ level in Fig. 2). Bombardment of low-k
dielectric results in decreasing of Si4+ fragment con-
centration and creation of Si2+ fragments (Si–Si2O2
bonds).
TICS AND SPECTROSCOPY  Vol. 129  No. 5  2021
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Fig. 2. XPS Si2p spectra and the deconvolution of thermally grown SiO2, and low-k dielectric film before and after the Ar+ ion
bombardment.
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Fig. 3. FTIR absorption spectra of the low-k dielectric film and thermally grown SiO2 film for comparison.
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Figure 3 shows the FTIR absorption spectra of
low-k dielectric film and thermally grown SiO2 film
for comparison. The Si substrates without films were
used as reference samples during FTIR measurements
in both cases. One can see that the spectrum of low-k
dielectric film is dominated by the main lines at about
1045 and ~800 cm–1 which are ascribed to the Si–O–
Si valence (stretching) and bending modes in the SiOx

films [15, 16], consequently. Position of Si–O–Si
valence mode in SiO2 film obtained by thermal oxida-
OPTICS AND SPECTROSCOPY  Vol. 129  No. 5  2021
tion of silicon (red dashed line) is shifted to higher fre-
quencies (for convenience, this spectrum is divided
by 5). As expected, it suggests that low-k film contains
a higher concentration of silicon suboxide (x < 2) in
comparison with thermal oxide [17]. According to data
of Pai et al. [16] and Gambaryan at al. [18] that the
position of this peak (in inverse centimeters) in SiOx
films almost linearly depends on the stoichiometric
parameter x, approximately as:

(1)ν − − = +(Si O Si stretching mode) 925 75 .x
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Fig. 4. Raman spectra of the low-k dielectric film and Si substrate. (a) All range; (b) range of Si–Si bonds vibrations; (c) range
of C–C bonds vibrations.
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The position of Si–O–Si valence mode peak in
low-k dielectric film (solid black curve, Fig. 3) is
1045 cm–1. So, according to equation (1), the stoi-
chiometric parameter x in low-k dielectric film can be
equal to 1.6. Of course, it should be noted that the
presence of pores and carbon can also influence the
vibration frequency of Si–O–Si valence mode. FTIR
spectra also show pronounced peaks associated with
the presence of C–H bonds ~1275 cm–1 (rocking
mode) from Si–CH3 groups originated from DEMS
precursors [17]. These groups provide the films hydro-
phobicity important for dielectric properties. Several
C–H related vibrations have contribution to absorp-
tion in the region 2800–3000 cm–1. They can mainly
be attributed to the following vibrations: antisymmet-
ric (2968 cm–1) and symmetric (2906 cm–1) stretching
vibrations of C–H3 and also to antisymmetric
(2916 cm–1) and symmetric (2880 cm–1) of C–H2
stretching vibrations [17].

Figure 4a displays the Raman spectrum of low-k
dielectric film together with a reference spectrum
measured from a virgin Si (001) substrate. Unfortu-
nately, the analysis of the Raman spectrum is compli-
cated by the fact that it contains an intense back-
ground from photoluminescence (PL). One can see
also some peculiarities at ~950 cm–1 related to 2-pho-
non scattering by transverse optical (TO) phonon in Si
substrate.
OP
Therefore, Figs. 4b, 4c show the spectra without
the PL background (the line was subtracted from the
initial spectrum). In Fig. 4b, the spectrum of Si sub-
strate was also subtracted from the spectrum of the
film. In Fig. 4b, one can see the broad bands at 350–
500 and 100–250 cm–1 associated with the TO and
transverse acoustic (TA) phonons, respectively, of
amorphous Si [19]. Of course, the density of vibra-
tional states of local silicon-silicon bonds in SiOx films
differ from the density of vibrational states in amor-
phous silicon, but there are qualitative coincidences—
there are two regions of maximum density of states in
the “optical” and “acoustic” ranges. It can be con-
cluded that there are local Si–Si bonds in the studied
low-k SiOx films like in SiNx films [20].

In Fig. 4c, one can see two broad bands, which can
be associated with C–C vibrations—D and G peaks
[21]. The observation of these peaks indicates the
presence of both s–p3 and s–p2 hybridized C–C bonds
[21]. It should also be noted that manifestation of PL
with a maximum in the yellow-red range indicates the
presence of amorphous carbon clusters [22, 23]. The
existence of carbon clusters was observed earlier in
films deposited from metal-organic precursors [23].
The presence of carbon in low-k dielectric films was
also confirmed earlier by Marsik with co-authors from
analysis of absorbance [24] and by Afanas’ev with co-
authors from the analysis of the results of spectroscopy
TICS AND SPECTROSCOPY  Vol. 129  No. 5  2021
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Fig. 5. Ellipsometric scanning of thin low-k film surface.
Results of solution of the reverse ellipsometric problem:
(a) thickness of the film, d; (b) refractive index of the film, n.
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of electron paramagnetic resonance on dangling car-
bon bonds [25]. It should be noted that the observed
broad band may also be due to the signal from disor-
dered fullerenes. It is known that the frequency of the
most intense Ag(2) mode from fullerenes is 1465 cm–1

[26]. Disordering can widen this band. Disordered
fullerenes can also produce red photoluminescence.

To analyze the uniformity of the deposited low-k
film thickness, scanning laser ellipsometry studies
were applied; for this purpose the central 80 × 80 mm2

region of the silicon wafer (300 mm in diameter) with
the film was mapped with 1 mm (x) and 2 mm (y)
steps. The laser beam was focalized into 10 μm light
spot with the high-quality non-polarizing micro-
objective. The ellipsometer was designed with com-
puter-operated scanning stage that allows measuring
optical parameters distribution over sample surface up
to 150 × 150 mm2.

The measured spectra were used further to solve
the inverse problem of ellipsometry and fit the calcu-
lated spectral dependences of ellipsometric angles Ψ
and Δ to the experimental ones in accordance with the
basic equation of ellipsometry:

(2)

where Rp, Rs are the complex light reflection coeffi-
cients for the waves polarized in the incidence plane
and perpendicular to it, depending on the optical con-
stants and film thickness (one-film on substrate
model was applied).

Figures 5a, 5b show 2D scans of thickness, d and
refractive index (n) for the low-k dielectric film on Si
substrate, correspondingly. As the data in Fig. 5 show,
the values of the film thickness are in the range: 218–
223 nm with an average value of ~220.5 nm, the
refractive index: 1.355–1.380 (average volume
~1.367). So, Figs. 5a, 5b show a high homogeneity in
thickness (~2.5%) and refractive index (~2%) of the
low-k dielectric films.

The spectral dependences of the polarization
angles in the whole spectral range for m points of the
spectrum were fitted by minimizing the error function:

(3)

where Ψexp, Δexp and Ψcalc, Δcalc—experimental and cal-
culated values of ellipsometric angles Ψ and Δ, respec-
tively.

For ellipsometric calculations, an optical model of
a single-layer reflecting system was also used. It was
assumed that low-k dielectric film was isotropic and
did not have gradients of optical characteristics and
thicknesses. The calculations showed slight absorption
of light in low-k films in the whole scanning spectral
region (α(E) ≠ 0). Taking this fact into account, the

ΔΨ = p

s

tan e ,i R

R

=
σ = Ψ − Ψ + Δ − Δ

2 2 2
exp  calc  exp  calc 

1

1 [( ) ( ) ],
m

im
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thickness of the films and n(E) spectral dependences
were calculated basing on the Cauchy polynomial
functions [27, 28]:

(4)

where a, b, c, d, e, f are coefficients that were fitted to
minimize the parameter σ in Eq. (3).

For calculations, the optical characteristics of sili-
con are taken from [29]. A four-zone measurement
technique was used followed by averaging over all
zones.

Thickness in each scanning point of the thin low-k
film was calculated independently by solving of
numerical-inversion problem of ellipsometry [28] for
a simple optical model: Si—low-k dielectric—air.

( ) ( )= + + = + +2 4 2 4, ,kn E a bE cE E d eE fE
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Fig. 6. Dependences of real, n (left side) and imaginary, k (right side) parts of complex refractive index (N = n – ki) on photon
energy for films: 1 (red), thin low-k (solid lines—experiment, dashed lines—result of model calculation according to Bruggemann
model, see text). 2 (green), thermal SiO2, and 3 (black), amorphous carbon [27].
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To estimate the fraction of amorphous carbon clus-
ters, presumably causing absorption in the film, we
used the Bruggemann effective medium model [27]:

(5)

where qi is part of the ith component of the mixture, εi,
εeff are dielectric constants of the ith component and
the effective medium. The appropriate components
were chosen: silicon dioxide, amorphous carbon clus-
ters, and voids [28]. The optical constant for amor-
phous carbon was taken from [30], also our clusters are
not pure amorphous graphite, but there are no data on
the optical constant of nano-inclusions with both s–p3

and s–p2 hybridized C–C bonds.
The dispersion dependences n(E), k(E) are normal

and can be described by Cauchy polynomial functions
(see Eq. (3)) with the coefficients: a = 1.347; b =
4.651 × 10–3; c = –1.012 × 10–4; d = 0.001; e = 1.071 ×
10–3; f = 0.09 × 10–4. The thickness of the film was
assumed to be 221.1 nm (see Fig. 5).

We assume that the main contribution to the
absorption of the low-k dielectric is made by impuri-
ties of amorphous carbon formed during the decom-
position of precursor substances. To estimate the pos-
sible carbon content, we performed an analysis using

 − = + 
 eff

eff

ε ε 0,
ε 2ε

i
i

ii

q

OP
the Bruggemann effective medium model. It was
assumed that the low-k dielectric layer includes: core
material (presumably SiO2), voids, and amorphous
carbon. As a model material, we have chosen amor-
phous carbon with a high hydrogen content, which is
most consistent with the chemical composition of the
supposed impurities [30].

The best fit in the calculations according to the
Bruggeman model was at the ratio of the components:
SiO2 ~69%, voids ~24%, amorphous carbon ~7% (see
Fig. 6). n(E), k(E) dependences calculated with this
estimate are shown in Fig. 6 by dash lines. The dis-
crepancy in the dependences n(E), k(E), observed in
the short-wavelength range (E > 3 eV), is possibly
associated with the formation of large light-scattering
carbon clusters and, thus, the inconsistency of the
Bruggeman model.

So, the studied film is porous (which leads to a
decrease in the dielectric constant), but contain Si–Si
bonds, and also some amorphous carbon clusters
(which leads to an increase in the dielectric constant).
Absorption in the visible and near-UV spectral ranges
is also possibly due to the presence of amorphous car-
bon clusters.
TICS AND SPECTROSCOPY  Vol. 129  No. 5  2021
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CONCLUSIONS
According to the analysis of spectral ellipsometry

data in the frame of Bruggemann’s effective medium
theory, the investigated low-k dielectric is porous
(porosity is about 24%), and contains amorphous car-
bon clusters (about 7%). Photoelectron, FTIR and
Raman spectroscopies also indicate the presence of
Si–Si bonds in the film. Irradiation by argon ion beam
is accompanied by an increase of Si–Si bonds.
According to Raman scattering data, the low-k dielec-
tric contains amorphous carbon clusters, because C–
C bonds are presented in the s–p3 and s–p2 hybridized
forms. The presence of carbon clusters apparently
leads to the absorption of light in the visible and near-
UV ranges.
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