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ABSTRACT 

The effect of carbonyl impurities on the solid state physics of polyethylene has been 
studied through the use of density functional theory.  Impurity formation energy, local 
physical disorder, effect on polyethylene electronic structure, and enhancement of 
interchain interaction were determined. Estimates of deep traps introduced directly by 
carbonyl and shallow traps introduced indirectly by carbonyl induced local disorder 
are in agreement with experimental data and other computational studies.  

   Index Terms — Polymers, polyethylene, high field phenomena, carbonyl impurities, 
computational quantum mechanics, density functional theory. 

 
 

1   INTRODUCTION 

POLYMERS are used widely as insulation in power appara-
tus such as capacitors and cables.  As a result of the ever 
increasing design electric fields at which polymer dielectrics 
are employed, understanding of high field phenomena therein 
is increasingly important.  The present understanding of the 
physical basis of high field conduction in common insulating 
polymers, such as polyethylene (PE), is incomplete [1,2] in 
that an atomic level understanding of the role played by 
chemical impurities, disorder in the amorphous region, etc. is 
lacking.  High field conduction is generally explained in terms 
of charge transfer between traps which results from the com-
bined effect of thermal and electric fields [1, 3].  Yet a clear 
identification of the physical basis of traps is lacking, in spite 
of extensive effort [1, 2, 4].  Chemical impurities, such as 
carbonyl groups, are believed to introduce localized states in 
PE band gap which can act as traps [2].  Discussions with 
experts indicate that concentration of carbonyl in commercial 
PE can range to 0.1% as a result of oxygen impurities during 
polymerization.    The presence of carbonyl groups affects 
high field conduction [5, 6], which is usually attributed to the 
formation of deep and shallow traps. 

In an attempt to improve the fundamental understanding of 
the effect of chemical impurities on conduction properties, 
computational studies at the quantum mechanical level, 

primarily using density functional theory (DFT), have been 
undertaken.  In previous work, C-C and C-H bond lengths, the 
C-C-C and H-C-C bond angles, and the lattice constants of 
bulk orthorhombic crystalline PE have been reproduced to 
acceptable levels of accuracy using DFT [7,8]. While the DFT 
determinations of the band structure of bulk PE is in good 
agreement with experiments, the band gap is underestimated 
by about 25% relative to the experimental value of 8.8 eV [8-
12]. This type of an underestimation is typical of DFT.  
However, changes in electronic structure and band gap 
relative to the adjacent band edge are well captured by DFT 
[7, 8, 13]. Excitation energies, such as the electron affinity, 
have also been calculated using DFT, both for PE-like 
molecules of varying sizes [14] as well as bulk PE [15]. These 
computations reproduce correctly the slightly negative 
electron affinity of PE of -0.5±0.5 eV based on measurements 
[15].  The negative electron affinity has been correlated with 
the valence band edge wavefunctions being localized along 
the polymer chains and the conduction band edge 
wavefunctions being localized between chains [9, 10].  

Few DFT studies have considered the effect of chemical 
impurities in PE, especially in the context of dielectric appli-
cations.  Trap depths of chemical (e.g., carbonyl) and physical 
(e.g., conformational) impurities in PE have been determined 
within molecular (but not bulk) models of PE [16-18]. The 
DFT determined energies of neutral and -1 charged molecules, 
with and without impurities, were used to calculate trap 
depths. Estimates of trap depths were included in a dc conduc-Manuscript received on 23 September 2009, in final form 17 December 2009. 
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tion model based on electron mobilities determined from a 
multiple trapping electron transport model and macroscopic 
integration of Poisson equation and current density expressed 
in terms of electric field.  The model provided realistic 
estimates for fields from 10 to 60 kV/mm [19]. The effect of 
carbonyl groups on crystalline PE has been studied through 
computation of the energy band diagram and density of states 
(DOS) using DFT [20].  The present work includes refinement 
of the preliminary data in [20] through improved representa-
tion of the crystalline bulk PE in which impurities are studied. 

In this paper, we address the impact of carbonyl impurities 
on the electronic structure of bulk PE in an amorphous-like 
setting. Bulk PE is modeled within the constraint of the 
orthorhombic crystal structure and when this constraint is 
removed through use of a Core-Shell model which provides a 
more accurate representation of the impact of carbonyls in 
amorphous PE.  Our objective is to provide a quantum mech-
anical based description of the impurity states introduced by 
carbonyl and to discuss their relevance to high field phenome-
na.  Our DFT quantum mechanical computations demonstrate 
that states created by chemical impurities can act as deep and 
shallow traps (or hopping sites) and provide estimates of the 
trap depths.  Enhancement of interchain interaction in the 
vicinity of the carbonyl impurity is established.  The method-
ology adopted in this paper can be applied to study the effect 
of other chemical impurities on PE. 

2  COMPUTATIONAL METHODOLOGY  
The ground state configuration of a system of electrons and 

nuclei forming a molecule or solid can be determined though a 
combination of DFT (for the electronic structure) and optimi-
zation of the nuclear positions based on energy minimization  
by requiring that the atomic forces (calculated according to the 
Hellman-Feynman theorem) are small.  In the present work, 
the quantum mechanical part of the electron-electron interac-
tion is approximated using the local density approximation 
(LDA).  In SIESTA, the DFT code employed in the present 
research [21], the unit cell containing the system of interest is 
repeated periodically in space through periodic boundary con-
ditions.  Pseudopotentials of the Troullier-Martins type [22] 
are used to eliminate the core electrons, and wavefunctions are 
expanded using a double zeta plus polarization (DZP) basis 
set. Geometry optimization is based on requiring each com-
ponent of the force on each atom to be smaller than 0.05 
eV/Å. SIESTA determines the electronic eigenvalues and 
wavefunctions (i.e., eigenstates) from which various electron-
ic properties and atomic features of the system can be deter-
mined, including the electron density, density of states (DOS), 
and the projected density of states (PDOS).  The DOS is the 
number of electronic states per unit energy and unit cell, as a 
function of energy.  The PDOS is the contribution of any 
orbital, atom or group of atoms to the DOS of the system. 
While DFT involves numerous approximations, it remains the 
most successful implementation of computational quantum 
mechanics for systems involving hundreds of atoms, as it 
represents the best tradeoff between the computational time 

and accuracy [23, 24].  The limitations of DFT are reasonably 
well understood as a result of its widespread use. 

The primitive unit cell of bulk crystalline orthorhombic PE 
consists of two chains (a and b in Figure 1), with each chain 
containing two ethylene groups [8].  With the above choice of 
approximations and parameters, we have determined the 
lattice constants of bulk PE to be 0.662 nm, 0.457 nm and 
0.253 nm, the C-C and C-H bond lengths to be 0.151 nm and 
0.112 nm, and the C-C-C and the H-C-H bond angles to be 
105.13 and 113.7 degrees, all in good agreement with prior 
work [8]. The computed band gap of bulk PE was 6.39 eV, 
within 1% of other LDA estimates [8-11]. The vacuum level 
was identified according to the procedure described in [25], 
resulting in an electron affinity of -0.17 eV, in excellent 
agreement with prior DFT work [10], and within the range of 
the experimental value of -0.5±0.5 eV [15].  Based on the 
computed structure, band gap, and electron affinity, and 
taking into consideration the limitations of DFT, our 
predictions for bulk orthorhombic PE are satisfactory.  

Figure 1. Orthorhombic crystalline structure of PE. Unit cell, formed of 
chains (a) and (b) shown in XY plane, Z direction is in the paper with a lattice 
constant Lc = 0.254 nm. Figure modified from [8]. 

 

Impurities in the bulk are handled using the supercell 
approach [26], in which the impurity is placed in an enlarged 
bulk unit cell, so that the impurity does not interact 
appreciably with its periodic image. In the present work, an 
enlarged 192-atom unit cell (or supercell) consisting of eight 
PE chains, each having eight ethylene groups, was employed 
to model crystalline PE with an impurity (Figure 2). In addi-
tion to the 192-atom supercell which is constrained by the 
outer orthorhombic boundaries, a second supercell was em-
ployed in which the PE chains have considerably more free-
dom to relax.  This structure, shown in Figure 3, consists of a 
“Core” chain, to which the chemical impurity is added, sur-
rounded by six “Shell” chains.  The seven chains are in a 
supercell large enough to prevent interaction with chains in 
neighboring replicas.  Each of the seven chains consists of 40 
carbon atoms and is terminated by a methyl group (C40H82). 
PDOS analysis shows that the terminal methyl group orbitals 
do not contribute to the CBM and VBM states of short PE 
chains. Past experimental and theoretical results [2], DFT 
studies of PE [17-19], and the present DFT computations indi-
cate that a C40H82 chain provides a good approximation to the 

Lb = 0.494 nm

La = 0.741 nm 

Chain (a)

Chain (b) 
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electronic properties of an infinite PE chain.  The rationale 
behind the core-shell model is to study a chemical impurity in 
a PE chain which is sufficiently long to behave as infinite, 
while including the effect of neighboring chains in an amor-
phous like environment in which the chains have freedom to 
deform as a result of introduction of the impurity.  The 
impurity formation energy is defined as 

[ ] [ ] [ ] [ ] [ ]f
2 21E CO  = E PE+CO  - E PE  -  E O  + E H      (1)2

where E[PE+CO] is the total energy of the bulk PE including 
the carbonyl impurity, E[PE] is the total energy of bulk PE 
without impurities, while E[O2] and E[H2] are the energies of 
an oxygen molecule and a hydrogen molecule respectively in 
PE [26]. 

 

 
Figure 2. Crystalline bulk unit cell of PE in black frame which creates an 
infinite bulk through periodic repetitions.  Each chain has 8 ethylene groups in 
z direction (into the paper).  
 

 
Figure 3. Core-Shell initial structure, in XY plane (above) and ZY plane 
(below). 

3 RESULTS AND DISCUSSION  

3.1 CARBONYL IMPURITY IN PE MODELS 
3.1.1 CRYSTALLINE ENVIRONMENT 

Two hydrogen atoms of an ethylene group are replaced by 
an oxygen atom in the bulk crystal optimized unit cell.  The 
minimum energy structure of the unit cell with the impurity is 
determined through DFT and geometry optimization.  The 
resulting O=C bond is a π planar double bond, as confirmed 

by the bond length, angles, and PDOS, all of which indicate 
the formation of a carbonyl group. The CBM and VBM 
energies are within 0.7% of those of the structure without the 
impurity. The perturbation of the PE structure and band gap 
caused by the impurity is less than that in [20] as a result of 
modeling which more closely approximates a single, isolated 
defect in an infinite solid [26]. On the basis of equation (1), 
the carbonyl formation energy in the crystal bulk model is 
1.77 eV. The carbonyl impurity introduces local disorder in 
the PE structure, as the ethylene groups close to the carbonyl 
impurity have shorter carbon-carbon bond lengths than those 
further away.  In the context of amorphous PE, the crystal 
bulk model is over constrained with an artificial periodicity. In 
the crystal bulk model with carbonyl, symmetry is preserved, 
and the PE chain backbones are parallel with almost fixed 
separations. Such features are not characteristic of amorphous 
regions. In the next section we study carbonyl impurity in the 
“Core-Shell” model which was developed to study chemical 
impurity states in amorphous PE by capturing more features of 
the amorphous state.  

3.1.2 CORE-SHELL ENVIRONMENT 
  The Core chain is surrounded by the Shell chains which 

constitute the first layer of neighboring chains in a crystalline 
environment. The Shell chains provide the Core chain with a 
reasonable approximation of a surrounding amorphous envi-
ronment in that the Shell chains are free to distort around the 
impurity without the constraint of a surrounding crystalline 
environment. When an impurity is added to the Core chain, 
the minimum energy structure, as determined through DFT 
and geometry optimization, involves distortion of the Core 
and Shell chains in the vicinity of the impurity from 
crystalline periodicity. The minimum energy structure of a 
Core-Shell model with a Core chain which includes a 
carbonyl impurity is shown in Figure 4 along with the 
structure of a similar part of the crystal bulk model. The 
carbonyl formation energy in the Core-Shell model is 1.63 eV, 
slightly lower than that in the crystalline environment, as 
would be expected, as the Core-Shell system has more 
opportunity to decrease its energy through relaxation. The 
disorder caused by introduction of a carbonyl group is more 
pronounced in the Core-Shell model than the crystal bulk 
model.   

 

3.2 EFFECT ON ELECTRONIC STRUCTURE 
The DOS of the Core-Shell structure with the carbonyl 

impurity is shown in Figure 5. The DOS plots are generated 
by fitting Gaussian functions of 0.1 eV width to the energy 
eigenvalues determined using DFT. The carbonyl group intro-
duces two impurity states into the band gap, an occupied state 
above the VBM and unoccupied state below the CBM. These 
states were identified as carbonyl states through comparison 
with the DOS of PE without the impurity and the PDOS 
which determines how much each atom and orbital in the 
structure contributes to each state. The PDOS and 
wavefunction plots show that the unoccupied impurity state is 
a π anti-bonding 2p (π*

2p) orbital, and the occupied impurity 
state is a π bonding 2p (π2p) orbital. The square of the 

Shell Shell 

Shell Shell 
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Shell 
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unoccupied impurity state wavefunction, which indicates the 
spatial distribution of the electron location probability for that 
state, is shown in Figure 6. 

 
Figure 4. To the right, final Core-Shell structure including a carbonyl 
impurity in the Core chain.  To the left, an equivalent part of the crystal bulk 
structure.  Bending of the Shell chains in the vicinity of the carbonyl group is 
evident as compared to the crystal bulk model or the initial Core-Shell 
structure without impurities in Figure 3. 

 
Figure 5. DOS of Core-Shell structure showing impurity states from carbonyl 
group. The vacuum level is taken as reference energy. 

 
The DOS of the Core-Shell model with carbonyl impurity is 

similar to that of the crystal bulk model but with a slightly 
larger band gap of 6.78 eV.  The energy of carbonyl impurity 
states relative to the closest band edge in the Core-Shell 
environment is very close (within 8%) to that in a crystalline 
environment.  The similar effect of the carbonyl impurity on 
the DOS of both the over constrained crystal bulk model and 
the under constrained Core-Shell model suggests that the DOS 
of both models provides reasonably accurate data for semi-
crystalline PE. We feel that the Core-Shell model represents 
an acceptable approximation to amorphous PE which can be 
implemented with a reasonable number of atoms and periodic 
boundary conditions.  Since impurities are more likely to be 
incorporated into the amorphous regions, the following 
discussion will be based on the Core-Shell model.  

The carbonyl impurity is indirectly responsible for intro-
duction of an unoccupied state slightly below the CBM.  The 
PDOS analysis and wavefunction plots show that the orbitals 
of the carbon atoms adjacent to the carbonyl impurity are the 
main source of the shallow impurity state. The physical dis-
order which the carbonyl impurity introduces to neighboring 
ethylene groups is the main cause of this state. The PDOS of a 
carbon atom adjacent to the carbonyl impurity and a carbon 
atom further from it are shown in Figure 7.   

 

 
Figure 6.  Square of the wavefunction of the unoccupied carbonyl impurity 
state in the Core-Shell structure plotted in the XY plane at a Z plane passing 
through the carbonyl group. The plot scale and location were selected to dem-
onstrate the low amplitude peak of the wavefunction at neighboring chain.  
 

  
 

Figure 7.  PDOS of a carbon atom adjacent to carbonyl group and a carbon 
atom far from carbonyl group in the same chain. The vacuum level is taken as 
reference energy.  Distortion of the carbon atoms adjacent to the carbonyl 
group introduces a shallow impurity state, within 0.4 eV below the CBM. 

 

3.2.1 INTERCHAIN INTERACTION 
  Interchain interaction in the vicinity of a carbonyl 

impurity was identified through analysis of PDOS, 
wavefunctions, and charge density.  While the band gap 
impurity states are caused mainly by the carbonyl orbitals, 
PDOS analysis shows minor contributions from orbitals 
associated with neighboring chains. The impurity state 
wavefunctions have low amplitude peaks around 

Backbone of  
Core chain 

Backbone of 
neighboring  
chain 

Lower values 

Higher values
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neighboring chains in spite of being localized mainly around 
the carbonyl group, as shown in Figure 6.  As shown in 
Figure 8, charge density plots reveal an increase of 
interchain interaction caused by the carbonyl impurity [27].  
The charge density contour lines are extended across the 
chains only in the vicinity of the carbonyl group. The 
interchain interaction introduced by carbonyl should 
enhance interchain charge transfer and thereby affect high 
field conduction.  This effect will be a topic of future 
investigation.  

3.3 HIGH FIELD PHENOMENA 
The carbonyl impurity introduces a deep trap at ~2 eV and 

a shallow hopping state within 0.4 eV below the CBM.  The 
latter is of much greater practical significance than the 
former and probably accounts for the effect of carbonyl on 
conduction in PE [6].  We have preliminary results for other 
very common chemical impurities which introduce traps at 
about 0.9 and 1.1 eV below the CBM, which is in the range 
of the experimentally determined “effective trap depth” in 
PE.  The combination of carbonyl and other common 
impurities which act as chemical substituent in or as side 
groups to the polyethylene backbone or defects therein, and 
the states which they introduce into the band gap, may 
account for the high field conduction properties of PE.  In 
addition, the overlap between impurity state wavefunctions 
and those of adjacent polymer backbones promotes 
tunneling between such states which is also relevant to high 
field conduction [1,3]. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8.  To the left, charge density contour plot in the vicinity of the 
carbonyl impurity. To the right, charge density away from the carbonyl 
impurity.  The plot scale was chosen to demonstrate the effect of carbonyl 
impurity in increasing interchain charge density.  The plots are in the XY 
plane where the Z direction is along the chain backbone and into the paper.  

4  FUTURE WORK  
Future work, much of which is already complete and nearly 

ready for submission, includes investigating the effects of 
other chemical impurities commonly found in PE.  As noted 
above, we have preliminary results which identify chemical 
impurities which create trap states at ~0.9 and ~1.1 eV below 
the CBM, which is close to the experimentally determined 
effective trap depth for PE.    
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