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Nanoporous silicon carbide is part of the important organosilicate class of low dielectric constant alloys. We report first-principles
microscopic calculations of the properties of crystalline nanoporous SiCH systems. Properties examined include the density,
pore size, dielectric constant, and strain moduli. We examined the relationship between the various properties and the amount
of hydrogen in the material. In addition, the bonding topology is examined. The present results are compared with a variety of
experiments.

1. Introduction

Nanoporous materials are interesting for a variety of applica-
tions because of their novel thermal, mechanical, electronic,
and optical properties. For instance, nanoporous SiC-based
alloys are employed in nanoelectronics [1–3], as well as in
nanoelectromechanics [4], gas separation [5, 6], and biotech-
nology [7]. In highly integrated electronics, due in particular
to their low dielectric constant (K), nanoporous SiCmaterials
are exploited to enhance circuit scaling [2]. New low-K
dielectric materials are needed to continue the scaling of
integrated circuits. In silicon-based integrated circuits, the
delay time in the electrical response of the overall circuit
depends on the circuit’s RC time constant, which is controlled
by the dielectric between each transistor around the various
levels of metal interconnects, called the back-end-of-the-line
(BEOL) dielectric. The BEOL dielectric needs to have several
properties. A small dielectric constant is needed to limit the
RC time constant. A candidate BEOL dielectric must also be
stable to electric stress with a high breakdown voltage and
a low leakage current. In addition, a BEOL dielectric must
be compatible with modern silicon-based integrated circuits,
that is, candidate dielectrics must be thermally and mechan-
ically stable during silicon-integrated-circuit processing [1].
Characterizing the properties of nanoporous alloys is of

fundamental and applied interest. Despite the importance of
nanoporous SiC-based alloys, there is limited microscopic
understanding of their physical properties.

The most common low-K SiC materials are deposited by
spin-on glass technology or plasma enhanced chemical vapor
deposition. As porosity increases, the alloy’s dielectric con-
stant decreases but the mechanical and electrical properties
degrade [8, 9]. The properties of the material are necessarily
due to intrinsic and process-dependent factors. Experimen-
tally, King et al. have combined several characterization tech-
niques to investigate the electrical and physical properties
of nanoporous SiC [10–13]. Theoretically, less work has been
done. Recently, Calvino et al. have explored the role of pore
surface passivants on the electronic properties of porous SiC
systems [14, 15]. Models of varying pore sizes have yet to be
explored theoretically.

In this paper, microscopic models of nanoporous SiC are
constructed to aid in the understanding of the properties of
these materials. Below, several models of nanoporous SiCH
alloys are presented for hydrogen concentrations from zero to
the maximum observable value of 35 atomic %H. Properties
compared to experiment are density, pore radius, dielectric
constant, Young’s modulus, and hydrogen covalent bonding
ratios. The models include a single pore within a crystalline
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Figure 1: Two representations of a nanoporous SiC:H model. Balls
of white, grey, and dark (brown) are for hydrogen, carbon, and
silicon atoms, respectively. On the left is a ball-and-stick model with
the pore region shaded black. On the right is the same model using
space filling balls to represent the atoms.

SiC matrix and may not be expected to be a good repre-
sentation of real films which involve a distribution of pores
sizes within an amorphous SiC matrix. Nevertheless, the
present models do reproduce many properties of amorphous
nanoporous SiC suggesting these models capture important
features of these materials.

2. Models and Methods

For these calculations, pore models are constructed from
supercell structures of bulk crystalline silicon carbide poly-
types, 3C-SiC and 2H-SiC. The underlying crystalline super-
cells have lattice constants ranging ∼1.0–1.5 nm with between
128 and 360 atoms. Models for nanoporous SiC are con-
structed and include pores with various sizes. Starting with
a SiC bulk periodic supercell, we remove a sphere of atoms
and then passivate the dangling bonds with hydrogen in
order to create single-pore SiCH alloy model. The bonding
percentages can be adjusted by varying the center and radius
of the sphere of atoms to be removed. For instance, a
small sphere centered on a Si would result in one Si atom
being removed. The final model would be a hydrogenated Si
vacancy with four C-H bonds. Of course, if the small sphere
is centered on a C atom, then the model produced would
be a hydrogenated C vacancy. In both cases, four hydrogens
are added. Below we report the range of model properties
for a given hydrogen concentration. As the sphere of the
atoms removed increases, the number of hydrogens added
also increases. Once the atomic structure is determined, the
coordinates and the supercell volume are allowed to fully
relax. Figure 1 shows an example of one specific nanoporous
SiC model. Below we report model properties as a function
of the hydrogen concentration.

For our ab initio total energy calculations, we use density
functional theory (DFT) within the local density approxima-
tion (LDA) as implemented in the VASP code [16, 17]. Core
electrons are treated with the Projector Augmented Wave
method [18, 19]. A plane wave energy cutoff of 300 eV is
used for the basis functions. Since we are considering large
supercells with lattice constants greater than 1 nm, only the Γ
point is used for integrations over the Brillouin Zone. Atoms
and volumes are relaxed until total energy changes are less
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Figure 2: The density versus hydrogen concentration is reported.
The filled (red) triangles are for the present LDA results. Open
squares are for previous experimental results for nanoporous SiC:H
with %H between 25 and 30% [20]. Also included is the known
density for crystalline SiC at zero %H.

than 0.001 eV. Tests indicate that the structural properties
reported here are well converged.

3. Results

The models considered here are based on crystalline SiC.
However, actual nanoporous SiC films involve an amorphous
matrix with mixed homopolar and heteropolar bonding.
There are two reasons the crystallinemodels studied heremay
be good representations of amorphous nanoporous films.
First, the concentration of homopolar bonding is known to
be low for the range of alloys considered here [11]. Second,
for the porosity of the films considered here, the SiC matrix
is only a few layers thick in between pores, as illustrated in
Figure 1. While the initial SiC matrix is crystalline, after the
pores are created and passivated with hydrogen, the final SiC
network does not resemble a bulk SiC crystalline material.
Perhaps the SiC matrix is close to the actual amorphous
matrix. Considering a full range of truly amorphousmatrixes
is beyond the scope of the present study.

The density and hydrogen concentration of the con-
structed pore models is the primary tool used to sort out
the good quality models from the unrealistic ones. For the
experimentally relevant range, between 25 and 35 atomic%H,
the models considered for closer examination were models
with densities within 0.1 g/cm3 of the respective experimental
value. Figure 2 shows the density of our single-pore models
as a function of the atomic percentage of hydrogen in the
models. The results at zero incorporated hydrogen are for
crystalline SiC. Our LDA results (solid triangles) are com-
pared to experimentally determined densities (open squares)
for crystalline SiC and nanoporous SiCH [11]. The size of
the data points represents the uncertainty in the density
values. For crystalline SiC, our LDA density is slightly above
the experiment value because LDA underestimates the SiC
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Figure 3: For the model in Figure 1, we show the charge density along two line through the center of the model and also through the
corresponding crystalline SiC. On top, the line goes diagonally along the 111 direction whereas on the bottom the line considered goes
horizontally along the 100 direction. The insert on the right figure represents the charge density difference between the crystalline and
nanoporous SiC models.

lattice constant by ∼1%. As hydrogen is added, the density
reduces mainly because atoms are being removed. However,
the added hydrogen atoms repel each other leading to volume
expansion. For instance, one model with 30% incorporated
hydrogen experiences a 3.5% volume expansion resulting in
a 0.08 g/cm3 lower density. We find a strong, almost linear,
negative correlation between hydrogen concentration and
density.

The hydrogen concentration is also correlated to the size
of the pores in the system. Figure 2 shows porous SiC:H den-
sities ranging experimentally from ∼25 to 35 atomic % of
hydrogen. The single-pore models have been constructed to
cover the full density range from 0 to 35%. Experimentally
grown nanoporous SiC:H films have a maximum hydrogen
incorporation of 35 atomic %. Theoretically, we consider
hydrogenated pores within supercells with lateral dimensions
∼1.3 nm in length. At 30%hydrogen,we find that the spherical
pores begin to exceed the size of the supercell creating a
model of a vacuum channel instead of an isolated poremodel.
To consider single-pore models with hydrogen concentra-
tions greater than 30%, we use supercells with dimensions
∼1.5 nm.

The pore diameters can be easily estimated from our
models.The hydrogens passivating the pore surface can serve
as the pore boundary. For pore models with the experimen-
tally relevant hydrogen concentrations, between 25 and 35
atomic %, we find the pore radii range from 4.0 to 7.0 Å.
Reference [11] did not report pore sizes for their samples.
However, in a related study by some of the same authors,
pore sizes were estimated using positron annihilation lifetime
spectroscopy [10]. Similar to our findings for simple single-
pore models, the pore size is inversely proportional to the
density of the material: lower-density materials have larger
pore radii. For a nanoporous SiC:H film with a density
of 2.3 g/cm3, King et al. [10] estimate a pore radius of
∼1.5 Å, much smaller than the value found from considering
the hydrogen distances in the present single-pore models.
The disagreement may be due to the fact that positron
annihilation is caused by the interactions of positrons with
electrons. The experimental pore diameter is determined by
the electron cloud’s depletion region.
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Figure 4: Pore radii are reported versus density.The previous exper-
imental results are the open squares [10]. The solid (red) triangles
are the present results using the hydrogen atoms to estimate the size
of the pore whereas the open triangles are estimates based on the
electron densities such as those shown in Figure 3.

Positron lifetimes can be calculated starting from LDA
wave functions [21], but such a calculation is beyond the
scope of the present study. Nevertheless, the electron density
plots provide an estimate for the diameter of the evacuated
region that a positron would find itself in. Figure 3(a) reports
the electron density along the diagonal for a crystalline SiC
supercell (left) and the respective nanoporous SiC:H model
(right). There are significant low charge density regions
within bulk SiC. To get a better appreciation of the vacuum
region of the nanoporous model, the inset shows the region
where the charge density difference squared is appreciable.
The radius of this region is ∼1.1 Å. However, the electron
distribution varies depending on direction. In Figure 3(b),
the electron density along the (100) direction is plotted for the
same crystalline SiC supercell (left) and the same nanoporous
model SiC (right). Again, the inset on the right is the charge
density difference squared.The radius of the region of charge
density deviations is ∼3.6 Å.

Figure 4 shows the pore radii as function of density.
Experimental results are the open squares. Solid triangles
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Figure 5: The unit cell is schematically shown for a crystalline (a) and nanoporous (b) SiC models. The volumes shown are used in the
dielectric constant calculation.

represent the pore radii as found from hydrogen distances.
The dotted line is just to guide the eye.The radii are calculated
by determining the average distance between the hydrogens
and the center of the pore, defined by the center of the
hydrogen atoms. The open triangles are the pore radii based
on electron density differences as discussed above. It is
noteworthy that the range of radii estimates based on electron
distributions are closer to the values reported from positron
annihilation experiments. Positron annihilation lifetime cal-
culations in c-Si finds that monovacancies and much larger
tetravacancies have very similar lifetimes, suggesting that
positron annihilation analysis also can underestimate the size
of a pore [22], perhaps explaining the difference reported in
Figure 4.

Another important aspect of nanoporous SiC:H is the
variation of the dielectric constant with hydrogen concentra-
tion or density. Figure 5 illustrates a bulk SiC unit cell versus
a unit cell with a single pore. Applying classical dielectric
theory to the unit cell with a nanopore (Figure 5(b)), the total
dielectric constant (𝐾npSiC) can be written as [10, 23]

𝐾npSiC = 𝐾SiC
𝑉SiC
𝑉tot
+ 1
𝑉pore

𝑉tot
, (1)

where the dielectric constant of the solid matrix (𝐾SiC) may
differ from the bulk SiC dielectric constant because, in the
presence of a large percentage of pores, the SiC matrix is
never more than a few atomic layers between pores. To
apply the classical equation to our structural models, we
need to determine a value for the pore volume. As illustrated
in Figure 3, the pore radii based on hydrogen coordinates
alone can overestimate the actual size of the vacuum region.
In the present calculations of the dielectric constant, the
model’s pore diameters are chosen to be the hydrogen-
based values reduced by 1 Å. To get a good fit between
the nanoporous SiC experimental data [10] and the present
theory, a single empirical parameter, 𝐾SiC = 8.3, is used
which is slightly lower than the dielectric constant of bulk
SiC. This is reasonable since the SiC matrix in nanoporous
SiC involves subnanometer-thin layers of SiC surrounded
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Figure 6: The dielectric constant is reported as a function of %H in
the SiC models. The solid (red) triangles are the present theoretical
results based on classical dielectric theory and the present models.
The open triangles are previous experimental values [10].

mainly by vacuum.The theoretical dielectric constant results
are compared with experimental values in Figure 6.

Now let us consider the mechanical properties of our
models. The bulk modulus has been calculated by examining
the energy as a function of volumetric strain around the
minimum and fitting the results to an equation of state.
Figure 7 shows the theoretical bulk modulus for the single-
pore models (solid triangles) versus atomic percent of hydro-
gen. The bulk modulus appears to be well approximated by a
linear relation.The present theoretical 𝐵 value of 228GPa for
3C-SiC is close to the experimental value of 224GPa [24].The
theoretical slope is approximately: 4GPa/atomic%H. Young’s
modulus can be related to the bulk modulus via the Poisson
ratio (]). Analysis of recent ultrasonic experiments employed
a Poisson ratio of 0.25 to report experimental Young’s moduli
(𝑌) [10]. The relation between the two moduli is 𝑌 = 3𝐵(1 −
2]) which, with ] = 0.25, simplifies to 𝑌 = 1.5𝐵. The
present Young modulus verse density results are shown in
Figure 8 as solid triangles with the experimental 𝑌 values
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Figure 8: Young’s modulus results versus density are reported. The
present LDA theoretical results are the solid (red) triangles and the
open squares are the previous experimental results, where the size
of the square indicates the experimental uncertainty [10].

being open squares. The size of the open squares represents
the uncertainty [10]. The theoretical values reasonably match
the experimental results over the experimental range.

The bonding topology is an important characteristic of
nanoporous SiCH. Since the present models are derived from
bulk SiC, there are no C-C or Si-Si bonds by construction.
However, the Si-H and C-H varied depending on the pore
size and location. To explore bonding topology, consider
the three models with hydrogen concentration ∼30% and a
density is ∼2.3 g/cm3. For the three “30%H” models, C-H
bonds were more prevalent than Si-H bonds with 39 Si-H
bonds to 111 C-H bonds resulting in an overall ratio of 0.35.
The majority of network atoms are bonded to one hydrogen
atom: 79 C-H versus 21 C-H

2
bonds and 35 Si-H versus 4

Si-H
2
bonds. The predominance of monohydride bonding

found in thesemodels is consistent with the conclusions from
FTIR experiments on samples with similar densities [11].
Interestingly, the ratio (Si-H/C-H) varied from 0.23 to 0.57
between the three models considered. The model with a 0.57

(Si-H/C-H) ratio has a hydrogen concentration of 29.9 atomic
% and a somewhat low density of ∼2.2 g/cm3 as reported in
Figure 2. Experimental samples with densities greater than
2 g/cm3 are predicted to include hydrogen with mainly C-H
bonding.

4. Summary

Several single-pore models of nanoporous hydrogenated
SiC have been generated. Remarkably, these simple model
structures reproduce a large range of properties from recently
grown samples of nanoporous SiC.Models with densities and
hydrogen concentrations are found to match experiments as
illustrated in Figure 2. The model pore radii versus density
in the present model structures are compared with experi-
ments in Figure 4. The theoretical pore radii due to electron
distributions are close to the results of positron annihilation
experiments. A simple theoretical model for the dielectric
constant (𝐾) is developed using the present structural model
information. In Figure 6, the model 𝐾 results are shown to
reproduce experimental values of the nanoporous materials.
The 𝐾model results suggest the underlying SiC matrix has a
dielectric value lower than bulk SiC as expected for nanoscale
materials. In Figure 7, the bulk modulus (𝐵) is shown to
vary linearly with hydrogen concentration. Young’s modulus
for selective models closely matches experimental values
as shown in Figure 8. Finally, the C-H and Si-H bonding
statistics are reported and found to agreewith the conclusions
of a recent FTIR study. Nanoporous SiCH prefers C-H bonds
over Si-H bonds.

The present pore model construction method differs
greatly from the experimental situation. Nevertheless, the
wide range of properties reproduced by the models encour-
ages confidence in the quality of the models. The agreement
between these simple models and experiment suggests that
many physical properties of these materials are due to funda-
mental aspects of the pore to SiCmatrix ratio and perhaps less
to process-dependent features of the amorphous materials.
The present single-pore models can be the foundation for
constructing complex models. In addition, the presently
examined models can be the basis for new theoretical
research to explore novel microscopic properties, including
the role of point defects on nanoporous SiC dielectrics used
in electronic devices.
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