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Abstract Density functional perturbation theory calcu-

lations have been performed to determine the dielectric

constant of Si ‘‘doped’’ polyethylene (PE). Substitution of

C atoms in PE by Si ranging from 0 to 100% has been

considered. Both the electronic and ionic contributions to

the dielectric constant increase with increasing Si content.

These increases are attributed, respectively, to enhanced r
conjugation and increased IR vibrational intensity of

modes involving Si containing bonds (owing to their

softness and polarity).

Introduction

The ever-increasing demand for improved high voltage,

high energy density capacitors continues [1]. A major

subset of high energy density capacitors utilize polymeric

materials as the dielectric, which provide several attractive

properties, including ease of processability, high break-

down field, and graceful failure [2]. The present state-of-art

in such capacitors is dominated by metalized biaxially

oriented polypropylene (BOPP) [3], a linear dielectric with

electronic polarizability but low dielectric constant (*2.2).

BOPP provides an energy density of 5 J/cm3 at breakdown,

which occurs at *720 V/lm for films *10 lm thick.

Several promising approaches to further increase the

energy density are currently being pursued, e.g., by

increasing the dielectric constant and/or the breakdown

field (as the maximum electrostatic energy that can be

stored in a capacitor is proportional to the former and the

square of the latter). These include the utilization of fer-

roelectric relaxors such as copolymers of poly(vinylidene

fluoride) [4], multilayer films of differing polymers with

increased statistical independence of defects between lay-

ers [5], and polymeric films ‘‘filled’’ with high dielectric

constant nanoparticles [6, 7].

The present paper constitutes an initial step along a

possible new direction to achieve high energy density,

namely, one that involves organosilicon compounds. As a

reference point, we note that a polymer with properties

similar to Si (fast response and a dielectric constant of *12

due to large electronic polarizability), and good dielectric

strength would provide an energy density at breakdown of

about 27 J/cm3. While such a polymer may not be directly

and immediately achievable, understanding the impact of

introducing Si into the network of a base polymer such as

polyethylene (PE) is useful.

In this paper, we consider a range of PE-based

organosilicon systems in which C atoms are progressively

replaced by Si. In ‘‘Models and methods’’ section, we

provide details concerning the atomic level models used to

study the Si-substituted PE systems, and the first principles

computational methodology used. In ‘‘Results’’ section, we

begin by presenting results concerning expected alterations

to the physical structure, Young’s modulus and band gap of

PE due to Si-substitution, before moving onto a detailed

discussion of the dielectric properties of Si-substituted PE.

Finally, our conclusions are summarized in the last section.

Models and method

The primitive (orthorhombic) unit cell of PE contains two

chains, each with two CH2 units as shown in Fig. 1 [8].
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Successive replacement of the four C atoms of this unit cell

with Si atoms resulted in systems with Si concentration of

25, 50, 75, and 100% (polysilane). Given that the primitive

PE unit cell was used as the starting point for such sub-

stitutions, all but the 50% Si situation could be constructed

in only one way. For the 50% Si situation, two types of

substitutions are possible. The first is when the two C

atoms in the same chain are substituted by Si atoms, and

the second type corresponds to the two substituted Si atoms

being in different chains. Since the former has relatively

higher total energy than the latter, we report results only for

the latter in the following.

Density functional theory (DFT), as implemented in the

Vienna ab initio simulation package (VASP) [9], was used

to optimize the structure of all organosilicon systems. The

PW91 generalized gradient approximation (GGA) [10],

projector-augumented wave (PAW) pseudopotentials [11,

12] and a cutoff energy of 400 eV for the plane wave

expansion of the wavefunctions was used. Density func-

tional perturbation theory (DFPT), also implemented in

VASP, was then used to determine the elastic and dielectric

constant tensors. Large Monkhorst–Pack k-point sampling

meshes of (2 9 4 9 8) were required in order to obtain

converged DFPT results.

Results

Basic properties of Si-substituted PE

Figure 2a summarizes our results concerning the geometry

of the modified PE system as a function of Si concentration.

The calculated PE a, b, and c lattice constants are in good

agreement with the corresponding experimental values [13].

In the Si-substituted PE systems, a and b are determined by

the interchain distance (controlled by weak van der Waals

interaction) while c depends on the intrachain C–C, Si–Si or

C–Si bond lengths along the backbone (controlled by strong

primary bonding). We thus expect c to depend the strongest

on the Si content, with this lattice parameter expected to

increase with increasing Si content owing to the larger

covalent radius of Si relative to C. Consistent with these

expectations, c rises monotonically with increasing Si

content (cf. Fig. 2a), while the relative fluctuations in a and

b are minor without any particular trend.

Fig. 1 Unit cell of PE projected normal to the c axis (left) and b axis

(right). Black and gray spheres represent carbon and hydrogen atoms,

respectively

Fig. 2 a Calculated lattice parameters, b Young’s modulus along the

c axis, and c band gap of Si-substituted PE as a function of Si content.

The corresponding experimental values for pure PE are also indicated

(color online)
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Figure 2b shows the Young’s modulus (calculated from

the elastic constant tensors) along the chain axis (i.e.,

c axis) of Si-substituted PE systems. For comparison, the

corresponding experimental [14] result for PE is also

shown. With increasing Si content, the Young’s modulus

along the chain decreases drastically (by a factor of more

than 3 on complete substitution of C by Si). This rapid

reduction in the Young’s modulus is consistent with the

intuition that Si–Si bonds are much ‘‘softer’’ than C–C

bonds.

The band gap of Si-substituted PE is presented in

Fig. 2c. The band gap of pure PE is underestimated with

respect to the corresponding experimental value [15] of

8.0 eV by 12.5%, a discrepancy typical of approximations

within DFT. It can be seen in Fig. 2c that with increasing

Si content the band gap of Si-substituted PE decreases

drastically, albeit not monotonically. This drop in band gap

with increasing Si content may be attributed to enhanced r
conjugation, a well-documented attribute of organosilicons

in general, and that of polysilanes in particular [16] (also

see below). The small Young’s modulus and band gap

values for PE with large Si content are critical factors one

may have to consider from the point of view of actual

applications using organosilicons.

Dielectric properties of Si-substituted PE

Dielectric constants along three principal axes of

Si-substituted PE systems are presented in Fig. 3. As can

be seen, for pure PE, the ionic contribution to the dielectric

constant is negligible, and the electronic contribution along

each of the three principal axes is about 2.4, in good

agreement with the experimental value of *2.2 [17]. With

increasing Si content, both the electronic and ionic con-

tributions to the dielectric constant increase.

The increase in the electronic contribution to the

dielectric constant with Si content may be understood in

terms of increased intrachain r conjugation between Si

and/or C atoms (which also results in band gap lowering).

The degree of r conjugation between Si and C follows the

order: Si–Si [ Si–C [ C–C [18]. The r conjugation con-

trols the extent of delocalization of r electrons [19] and

thus tends to enhance the electronic contribution to the

dielectric constant. Increased electronic contributions to

the dielectric constant with Si content along b and c axes

may be due to interactions between Si and H orbitals.

In order to understand the increased ionic contribution to

dielectric constant with Si content, we present the follow-

ing analysis. The ionic contribution to the dielectric con-

stants is purely controlled by the infrared (IR) active zone

center phonon modes (i.e., modes that display a time-

varying dipole moment) [20, 21]. The extent to which each

IR-active phonon mode contributes to the dielectric tensor

is determined by the IR intensity, IIR
i , of the corresponding

zone center mode (labeled by i), which is given by [22, 23]

IIR
i /

X

a

X

kb

Z�k;abXiðkbÞ
�����

�����
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In the above expression, k labels atoms, and a and b are

Cartesian coordinates. Z�k;ab and Xi(kb) represent appro-

priate components of the Born effective charge and the

phonon mode eigenvector, respectively. For IR-inactive

phonon modes, this intensity vanishes.

In order to determine the reason for the increase of the

ionic contribution to dielectric constant with Si content, we

consider PE and polysilane, the endmembers of the systems

considered here. The zone center phonon modes and fre-

quencies were computed for these two systems, and the IR

intensities determined. Results of these computations are

summarized in Fig. 4 in the form of histograms that capture

the dominant IR-active modes for both systems.

PE displays only five (weak) IR-active modes at 3010,

3007.3, 2976.9, 2969.4, and 2967.9 cm-1, all of which are

C–H stretching modes. On the other hand, polysilane dis-

plays about 15 modes with relatively strong IR intensity.

Among these, six are Si–H stretching modes (2233.8,

2220.9, 2218.3, 2209.1, 2198.2, and 2193.7 cm-1), two are

H–Si–H in-plane scissoring modes (900.5 and 860.8 cm-1),

four are H–Si–H out-of-plane wagging modes (512.1,

495.9, 476.8, and 101.5 cm-1), two are H–Si–H in-plane

rocking modes (273.6 and 310.1 cm-1), and one is twisting

mode (482.9 cm-1). The character of each mode is also

Fig. 3 Dielectric constants along the three principal axes as a

function of Si content. Shaded and unshaded areas represent the

electronic and ionic contributions, respectively
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shown schematically in Fig. 4. It can be seen that most of

the IR-active modes of polysilane have higher intensity than

those of PE thereby explaining the larger ionic contribution

to the dielectric constant in the case of polysilane. Fur-

thermore, the H–Si–H out-of-plane wagging mode at

476.8 cm-1 has a particularly large intensity. This mode

contributes directly to an oscillating dipole moment along

the chain axis, and thus leads to the large ionic contribution

along this direction.

Summary

In summary, we have attempted to understand the impact

of introducing Si atoms in a PE network on several prop-

erties relevant for high energy density applications. Both

the electronic and ionic contributions to the dielectric

constant of Si-substituted PE increases steadily with

increasing Si content, with the total dielectric constant

displaying an almost fourfold increase along the chain axis

with complete Si-substitution of all the C atoms. However,

concomitant with this increase, both the band gap and the

Young’s modulus of these systems decrease with increas-

ing Si content. The latter factors will be critical when

designing new classes of high dielectric constant organo-

silicon compounds for energy storage materials.
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