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ABSTRACT: The electronic structure of polymers contains
signatures that correlate with their short-term and long-term
integrity when subjected to large electric stresses. A detailed
picture of the electronic structure of realistic models of polymers
has been diﬃcult to obtain, mainly due to the chemical and
morphological complexity encountered in polymers. In this
work, we have undertaken a comprehensive analysis of the
electronic structure of six model polymers displaying chemical
and morphological diversity, namely, polyethylene (PE),
polypropylene (PP), polystyrene (PS), poly(methyl methacrylate) (PMMA), polyethylene terephthalate (PET), and polybutylene terephthalate (PBT), using ﬁrst-principles density
functional theory computations and classical molecular dynamics simulations. In particular, we have studied the role of
monomer chemistry, tacticity, and large-scale morphological disorders in shaping the electronic structure of these polymers. We
ﬁnd that monomer chemistry and morphological disorder cooperate to create localized energy states and the formation of
shallow/deep trap depths near the band edges, but tacticity has little eﬀect on the band structure. Appropriate connections and
comparisons between the computed results (e.g., band gap and trap depths) and the available experimental data have also been
provided. Critical insights on physicochemical and electronic structure relationships are revealed, providing a pathway for
understanding the factors that control electrical conduction and degradation of polymers (i.e., charge transport mechanisms,
ionization processes, and carrier injections from electrodes).

■

INTRODUCTION
The use of insulating polymers is ubiquitous in electronic and
electrical applications, such as high voltage cables,1−3 ﬁlm
capacitors,4−7 and ﬁeld eﬀect transistors.8,9 This is primarily
due to their ease of processing along with their superior
electrical properties, such as high resistivity and high
breakdown strength. However, with prolonged usage, as part
of a working device, the insulating properties of these polymers
degrade due to electrical, thermal, or mechanical stresses and
eventually result in their dielectric breakdown.2,10,11
The electronic structure of polymers (either as prepared or
during operation) contains features that correlate with their
electrical performance.2,12 Naturally, the two important
attributes that dictate the intrinsic electronic structure of a
polymer are its chemical repeat unit and the structural
arrangement of its atoms. On the one hand, the large-scale
morphological disorders (due to semicrystalline or amorphous
phases) present in a polymer can alter its electronic structure
© 2018 American Chemical Society

by introducing band tail energy states, band edge position
shifts, and band gap reductions. Consequently, these
alterations will reduce the ionization energy and the band
oﬀsets at the electrode/polymer interface, overall, leading to
enhanced charge transport within the polymer and increased
charge injection at the electrode/polymer interface.2,12,13 On
the other hand, the presence of certain functional groups
within the polymer repeat unit or the occurrence of impurities
(e.g., CO) in polyethylene (PE) can provide additional
localized band states, which serve as trapping centers for the
charges/excitons and thus support additional channels for
carrier conduction. Carrier transport and recombination could
initiate bond breakage within the polymer, thereby leading to
new defects and the corresponding new defect states and,
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Figure 1. Relationship between the physicochemical and the electronic structures of six model polymers. (a) Structures of the monomers and the
crystalline and the amorphous phases of the polymers considered, with the diﬀerent tacticities (i.e., isotactic (i-), syndiotactic (s-), and atactic (a-)).
We note that the tacticity information for certain crystalline polymers is unknown and only the local backbone structure of amorphous phases is
shown. The C, H, and O atoms are denoted by gray, white, and red spheres, respectively. (b) The total electronic density of states (TDOS) and the
projected density of states (PDOS) corresponding to CH2−CH2, CH2−CH(CH3), benzene, and CO groups in the crystalline phases. The
energy levels are with respect to the average C-1s core level of the crystalline PE.

hence, additional trapping centers. Thus, a gradual cycle of
carrier transport, charge trapping, bond breaking, and
formation of new defect states is followed, until the polymer
ﬁnally suﬀers a breakdown.2,12,13 Therefore, a study of the
electronic structure and its variation under diﬀerent relevant
conditions is the ﬁrst step toward developing an understanding
of the phenomenon of electrical breakdown in polymers, or
materials in general.
Past experimental and computational eﬀorts have attempted
to associate the physicochemical structures14−23 and the
electronic properties (e.g., trap depths and band gaps) of
polymers,12,24−34 most notably, for PE.34−36 The empirical
studies primarily involve the use of thermal-luminescences
(TL), thermally stimulated current (TSC),37 thermally
stimulated depolarization current, (TSDC)38 or space charge
limited current (SCLC)12,39 measurements to estimate the trap
states induced by the chemical defects or the morphological
disorders in the polymer. However, these measurements are, at
best, only semiquantitative owing to the chemical and physical

complexity of the polymers and the inherent limitations/
assumptions of the instrumention techniques employed. While
there exist some computational work on the relatively simpler
case of PE,34 a systematic study to identify the relationship
between the physicochemical and electronic structures of
model polymers, including polypropylene (PP), polystyrene
(PS), poly(methyl methacrylate) (PMMA), polyethylene
terephthalate (PET), and polybutylene terephthalate (PBT),
is still missing. Again, the primary reason is the diﬃculty to
accurately model the large-scale complex structures of these
polymers using a ﬁrst-principles approach.
In this work, we attempt to ﬁll this gap and provide a
comprehensive picture of the electronic structure (see Figure
1) of the six chemically diverse model polymers, i.e., PE, PP,
PS, PMMA, PET, and PBT, using consistent and systematic
density functional theory (DFT) computations and classical
molecular dynamics (MD) simulations. In particular, we study
the eﬀect of monomer chemistry, tacticity, and large-scale
morphological disorders (involving 1700−2600 atoms) on the
7700
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electronic structure of these polymers. Our ﬁndings suggest
that chemical variations in the polymer repeat unit can
signiﬁcantly modulate its band edges and drastically shift the
band oﬀsets at the polymer−electrode interface, thereby,
considerably aﬀecting the electric conduction within a
polymer. Likewise, the large-scale morphological variations or
disorders were found to degrade the electronic structure,
introducing “trap” states within the band gap. Appropriate
comparisons with experimental results have been made to
quantitatively establish the trap depths in these polymers.
Furthermore, the identiﬁed trap depths can serve as useful
inputs to phenomenological or mesoscale polymer charge
transport models. The present contribution provides a pathway
to understand the features that control electrical conduction
and degradation in polymers.

however, the relaxed structures obtained from MD simulations
were directly used to estimate the band gap owing to the large
system size.
To generate the amorphous phases of the polymers, classical
MD simulations based on the OPLS-AA force ﬁeld49 were
carried out using the LAMMPS simulation package50 with a
time-step of 1 fs. The melt and quench method was adopted in
which ﬁrst, an NVT simulation at T = 600 K was performed for
1 ns, followed by an NPT simulation (P = 1 atm and T = 600
K) for 5 ns. The obtained liquid phases were then cooled from
600 to 300 K using an NPT ensemble for 1 ns. The resulting
solid phases were further equilibrated over 5 ns using a NPT
simulations (at T = 300 K). In NVT and NPT simulations,
Nose-Hoover thermostat and barostat were applied.51,52
Finally, ﬁve representative conﬁgurations were randomly
selected from the equilibrated MD trajectories (from the last
10 ps) for the electronic structure calculations. The rational
behind adopting this sampling procedure has been provided in
the SI using the example case of PE and PBT.
Electronic Structure Calculations. While the electronic
structures of all crystalline phases were computed using the
HSE06 XC functional,48 for large-scale amorphous structures,
an estimate of the electronic structure at the HSE06 level was
made in the following manner. First, a single-point PBE
calculation was performed for the given structure. The
resulting PBE-level conduction band minimum (CBM) and
Eg values were then corrected using the linear regression
models (with correlation coeﬃcient, R2 > 0.97) given in eqs 1
and 2, respectively. These models are based on the PBE- and
HSE06-levels CBM and Eg results for about 250 polymers and
molecules (consisting of C, H, O elements),53 as shown in
Figure S1 of the SI. On the other hand, due to the poor
correlation between the PBE- and the HSE06-level valence
band maximum (VBM) values, the VBM results were
HSE06
computed based on the energy diﬀerence between ECBM
HSE06
and Eg
.

■

MODEL POLYMER STRUCTURES AND
COMPUTATIONAL DETAILS
Model Polymer Structures. Both crystalline and
amorphous phases, each with three possible variations in
tacticity, i.e., isotactic (i-), syndiotactic (s-), or atactic (a-),
were modeled for the aforementioned six polymers considered
in this work. Some crystalline cases in which the polymer either
does not display a certain tacticity type or the corresponding
structural parameters are unknown were not considered. With
these cases removed, the crystalline phases (shown in Figure
1a) investigated include PE, i-PP (α phase), s-PP, i-PS, s-PS, iPMMA, PET, and PBT (α phase). In the case of amorphous
phases, however, all three tacticity variations were explored.
Each of these amorphous structures was generated via classical
MD simulations of a supercell containing 4 polymeric chains,
each consisting of 100, 50, 40, 40, 20, and 20 monomers (see
Figure 1a) for the case of PE, PP, PS, PMMA, PET, and PBT,
respectively. Further, each chain was terminated with H atoms.
We note that, while many polymers, such as PE and PP,
display semicrystalline nature, we chose to study the two
extreme situations comprising pure crystalline and pure
amorphous phases. Thus, the results provided in this study
can be interpolated for such polymers depending on their
degree of crystallinity. In addition, we note that the polymerchain lengths considered here are reasonably long to capture
numerous morphological disorders present in polymers.
Therefore, only minor deviations in the electronic structure
are expected when these systems are modeled with larger chain
lengths. For example, the diﬀerence between the band gap of
amorphous PE with 100 monomers and 200 monomers34 is
just 0.2 eV.
Computational Details. General Computational
Scheme. All DFT calculations were performed using the
Vienna Ab-Initio Simulation Package (VASP),40 with the
Perdew−Burke−Ernzerhof (PBE) exchange-correlation (XC)
functional and the projector-augmented wave method.41 A
plane-wave energy cutoﬀ Ecut of 400 eV was applied and the
Monkhorst−Pack k-point meshes42 for each system are
summarized in Table S1 of Supporting Information (SI).
vdW-DF2 functional was used for van der Waals interactions,43−45 which are deemed important for polymers.46,47
Starting from the geometries based on empirical structural
parameters, the crystalline cases were ﬁrst relaxed using DFT
(PBE functional) to obtain equilibrium structures with atomic
forces less than 0.01 eV/Å. These relaxed structures were then
used to compute the crystalline band gap values with the
hybrid XC functional (HSE06).48 For the amorphous phases,

EgHSE06 = 1.140 × EgPBE + 0.799,
HSE06
PBE
ECBM
= 1.028 × ECBM
− 0.423,

R2 = 0.97
R2 = 0.98

(1)
(2)

To compare electronic structure results across diverse
polymers, the 1s core level states of carbon atoms in model
polymers were computed using the initial state approximation
as implemented in VASP. Kohn−Sham eigenvalues were then
corrected by aligning the average 1s core level states of all
carbon atoms (excluding C atoms in the CO group), with
respect to those of the perfect bulk PE. To estimate the CBM,
VBM, and Eg for the amorphous phases, an average over the
values obtained from the ﬁve selected conﬁgurations were
performed. To further elucidate the contributions from speciﬁc
functional groups toward the electronic structure of crystalline
polymers, its projected DOS (PDOS) was computed.

■

RESULTS AND DISCUSSION
Physical Structures. Figure 1a shows the known crystal
structures of the selected polymers. The polymers PE, s-PP, sPS, and i-PMMA display orthorhombic phases, consisting of
two −[CH2−CH2]−, two −[(CH2−CH(CH3)]4−, four
−[(CH 2 −CH(C 6 H 5 )] 2 −, and four −[(CH 2 −C(CH 3 )(C2O2H3)]5− chains, respectively. On the other hand, i-PP,
i-PS, and PET and PBT exhibit monoclinic, hexagonal, and
triclinic symmetries, respectively. Again, these phases consist of
7701
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Table 1. Structural Parameters of Crystalline Phases of Diﬀerent Polymers, As Computed Using DFTa
polymer
PE
i-PP (α)
s-PP
i-PS
s-PS
i-PMMA
PET
PBT (α)

method

a (Å)

b (Å)

c (Å)

α (deg)

β (deg)

γ (deg)

ρ (g/cm3)

DFT
expt.
DFT
expt.
DFT
expt.
DFT
expt.
DFT
expt.
DFT
expt.
DFT
expt.
DFT
expt.

6.79
7.12
6.32
6.67
5.08
5.6
20.83
21.9−22.1
8.31
8.81
19.04
20.98
4.58
4.56
4.31
4.86

4.70
4.85
18.64
20.8
7.16
7.4
20.83
21.9−22.1
29.79
28.82
11.13
12.06
5.98
5.96
5.64
5.96

2.56
2.55
6.51
6.5
13.86
14.5
6.55
6.65−6.63
5.12
5.06
10.58
10.40
10.40
10.75
11.70
11.65

90
90
90
90
90
90
90
−
90
90
93.6
90
97.3
98.5
100.0
99.7

90
90
99.92
98.67
90
90
90
−
90
90
90
90
116.6
112
115.6
116

90
90
90
90
90
90
120
−
90
90
90
90
112.8
111.5
110.4
110.8

1.14
1.05
1.11
0.94
1.11
0.93
1.26
1.11−1.13
1.13
1.11
1.49
1.26
1.46
1.50
1.65
1.40

a

For comparison, the corresponding experimental values22 are also provided.

four −[CH2−CH(CH3)]3−, six −[CH2−CH(C6H5)]3−, one
−[C10H8O4]−, and one −[C12H12O4]− chains, resepectively.
We also note that i-PP, i-PS, and i-PMMA have 3/1, 3/1, and
10/1 (double) helical structures,24,25respectively, which are
known to have higher conformational stability compared to
their respective all-trans chains. The structural parameters of
these phases are summarized in Table 1, along with the
respective experimental values.22 A good agreement between
the theoretical and experimental results is evident.
The pure amorphous phases of polymers, generated using
the classical MD simulations, are also shown in Figure 1a.
Because of the isotropic nature of the amorphous structures,
only a segment of the supercell illustrating the local backbone
structure is shown. The corresponding radial distribution
functions and dihedral angle distributions are provided in
Figures S2 and S3 of the SI, which demonstrate that no longrange periodicity is present in the amorphous phases and
reasonable structures (bond length and dihedral angles) were
obtained. In addition, the obtained physical densities of
polymers are summarized in Table 2 and match well with the

past theoretical14−21 and experimental22,23 values at 300 K.
Moreover, for all polymers, the physical densities were found
to be almost independent of the tacticity of the amorphous
phase. To characterize conformational disorders of polymer
chains, the average order parameter (P2) was computed using
eq 1 of the SI.54 From the equation it can be derived that P2
ranges from 1 to 0 for the extreme cases of purely parallel and
randomly oriented (amorphous) polymer chains, respectively.
For the polymers considered, the P2 (see Table 2) was found
to range from 0.34−0.56, indicating that numerous morphological disorders are included in the generated amorphous
phases. Among all cases considered, s-PS was found to have the
highest P2 value owing to its high crystalline nature.
Electronic Structure. Figure 1b presents the computed
total electronic density of states (TDOS) for the diﬀerent
crystalline (red color) and amorphous (black color) phases of
polymers considered in this work. The calculated band gap of
crystalline (Ecry
g ) and the corrected band gap of amorphous
(Eamor
) phases are summarized in Table 3, along with the
g
reported empirical measurements.26,55−57 For Egamor, the
average value of ﬁve selected conﬁgurations considered for

Table 2. Physical Properties, i.e., Density and Order
Parameter (P2), of Amorphous Phases

Table 3. Band Gap of Crystalline (Ecry
g ) and Amorphous
(Eamor
) Phases of Polymers Considered in This Work, Given
g
in eV

density (g/cm3)
polymer
PE
PP

PS

PMMA

PET
PBT

tacticity
isaisaisa-

this work

others’ work

0.86
0.85
0.85
0.85
1.00
1.00
1.01
1.11
1.10
1.09
1.25
1.18

0.85−0.86a

expt. (300 K)
0.85h
0.85−0.86h

0.89

b

1.04−1.07h
c

d

1.01 , 1.05
1.16e, 1.23f
1.19f
1.26−1.30
−

g

1.17−1.20h
i

1.34
−

P2

polymer

0.51
0.48
0.44
0.48
0.46
0.56
0.45
0.43
0.47
0.44
0.41
0.34

PE
PP

PS

PMMA

PET
PBT

a

References 14 and 15. bReference 16. cReference 17. dReference 18.
Reference 19. fReference 20. gReference 21. hReference 22.
i
Reference 23.
e

tacticity
isaisaisa-

Ecry
g
8.28
7.86
7.54
−
4.90
5.14
−
6.30
−
−
4.17
4.07

Eamor
g

expt.

±
±
±
±
±
±
±
±
±
±
±
±

8.80a,b; 6.9c

6.30
6.41
6.34
6.30
4.75
4.85
4.74
4.77
5.00
5.00
3.36
3.43

0.03
0.07
0.08
0.10
0.08
0.04
0.09
0.10
0.14
0.25
0.13
0.16

8.40a,d; 7.0c

4.4c

5.2, 5.6e
4.0c
−

a
e
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Table 4. Additional Electron (Eet ) and Hole (Eht ) Trap
Depths (in eV) Present in Amorphous Phases, with Respect
to Their Crystalline Phasesa

each system is shown, with the standard deviation within
±0.25 eV. As expected, the theoretical Ecry
g values of PE and PP
match best with the respective experimental measurements
(8.8 and 8.4 eV) made on the highly crystalline samples.
However, due to the semicrystalline nature of the commercially
available PE, PP, and PET samples, the reported experimental
band gaps (i.e., 6.9, 7.0, and 4.0 eV, respectively) lie
somewhere between the two theoretical extremes of Ecry
g and
. PS and PMMA, on the other hand, mostly exist in the
Eamor
g
amorphous phase and the experimental values agree well with
the respective computed values of Egamor. Overall, two
important trends can be established using Figure 1b and
Table 3: (1) the band gaps of the six polymers follow the order
PE ∼ PP > PMMA > PS > PET ∼ PBT, and (2) the band gaps
of amorphous phases are consistently lower than that of the
corresponding crystalline phases. These results clearly indicate
that the monomer chemistry and the morphological disorders
drastically modulate the electronic structure of a polymer, as
discussed in detail next.
Role of Monomer Chemistry. In order to understand the
eﬀects of diﬀerent functional groups on the electronic structure
of polymers, the projected DOS (PDOS) of the relevant
groups are shown in Figure 1b as dashed lines. Based on the
PDOS of CH2−CH2 in PE and CH2−CH(CH3) in PP, it can
be seen that the valence band edge of these polymers is
determined by the sp3-hybridized σ bonding orbitals, while the
conduction band edge is controlled by the σ* antibonding
orbitals. Further, the CH3 branches in PP slightly decrease the
overlap of σ bonding orbitals, leading to lower Ecry
g values, in
contrast to that of PE. However, such eﬀects are negligible
when comparing the amorphous phases of these polymers due
to the dominant eﬀect from conformational disorder.
In the case of PS, PMMA, PET, and PBT, localized energy
states are introduced by the functional groups present in the
monomers. For example, in PS, the six sp2-hybridized carbon
atoms within the phenyl group form three π bonding and three
π* antibonding orbitals, which make the valence and the
conduction band edges, respectively (see blue dashed lines in
Figure 1b). In the case of PMMA, the PDOS analysis (green
dashed lines) reveals that the band edges are controlled by the
CO functional groups. While the nonbonding orbitals (from
O lone-pair electrons) constitute the valence band edges, the
conduction band edges are from the πCO
*
antibonding
orbitals. As a result, PS and PMMA have relatively lower
band gap than that of PE and PP. However, between PS and
PMMA, the former has a lower band gap due to delocalization
of π bonding and π* antibonding orbitals of the phenyl group.
These ﬁndings can also be extended to understand the source
of band edges in PET and PBT. The combination of benzene
with CO group results in further delocalization of the π
orbitals and thus the lowest band gap in the case of PET and
PBT. Simply put, the higher the conjugation of the π orbitals,
the lower the band gap of the polymer.
Role of Morphology/Conformation. Next, we study the
eﬀect of structural arrangement or morphology on the
electronic structure of a polymer. It is evident from Figure
1b that the conduction (valence) band edge of the amorphous
phase is consistently lower (higher) than the respective
crystalline value. These additional energy states, introduced
within the band gap, serve as the centers for electron (Eet ) and
hole (Eht ) trap depths, which are quantitatively reproduced in
Table 4. Available experimental values are also provided, which
are believed to be electron trap depths.12,37−39,58 In the case of

polymer
PE
PP

PS

PMMA

PET
PBT

tacticity
isaisaisa-

Eht
0.32
0.27
0.07
0.36
0.02
0.03
0.05
0.40
0.34
0.33
0.18
0.27

Eet

expt.

1.66
1.17
1.13
1.19
0.14
0.27
0.11
1.12
0.96
0.97
0.62
0.37

b

0.8−1.4

0.5−0.7c

0.05−0.45d

0.65−0.88e
0.2−0.4c; 0.33, 0.76f
−

a

Experimental values are believed to be electron trap depths.
Reference 12. cReference 39. dReference 58. eReference 38.
f
Reference 37.
b

amorphous PE and PP, our results indicate introduction of
shallow hole and deep electron trap depths, which is consistent
with the available experimental values.12,39 While the former is
caused by the conformational disorder in the polymer chains,
the latter is due to the low physical density (0.85 g/cm3, as
opposed to ≃1.1 g/cm3 for the crystalline phase) of the
amorphous phase that substantially increases interchain
distances and thus reduces the hybridization of the
antibonding orbitals discussed earlier.
In the case of PS, the shallow Eet of 0.11−0.26 eV can be
attributed to the low conformational freedom available due to
the presence of the phenyl groups. The computed electron trap
depth is close to the TL-based measurements of 0.08−0.45
eV.58 For PMMA, PET, and PBT, the contributions to Eht and
Eet can be traced back to the presence of additional OC
OC conformations in the amorphous phase. While OC
OC dihedral angles range from 60° to 120° in the
amorphous phase, these have a value of 0° in the crystalline
phase. Because of the higher concentration and the higher
conformational freedom associated with the OCOC
groups, deep trap depths (of about 1 eV) are introduced in
PMMA, which is close to the β relaxation of the OCO
C group measured by the TSDC at 50 °C.38 For PET and
PBT, however, shallow trap depths were obtained. This is
consistent with the results derived from SCLC spectroscopy
(0.2−0.4 eV)39 and TSC (0.33, 0.76 eV)37 measurements in
the case of PET. We further note that tacticity has a negligible
eﬀect on the band structure of the amorphous phases. This can
be explained by the isotropic physical properties (i.e., densities
and order parameters) obtained for the diﬀerent cases
considered, as shown in Table 2.
Implications. Several important trends and insights can be
made using the results shown in Figure 1 and Tables 3 and 4.
First, decreasing crystallinity (or increasing amorphous phase)
of the polymers enhances their charge transport via
introduction of trap levels near the band edges. In the case
of PE and PP, conformational disorder in the amorphous
phases was found to induce shallow trap depths, assisting hole
transport by the trapping/detrapping process. Similarly, the
electron transport was found to be substantially enhanced by
the formation of deep electron trap depths (1.1−1.7 eV) near
the conduction band owing to the low density of the
7703
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■

SUMMARY
The electronic structure of six model polymers, including PE,
PP, PS, PMMA, PET, and PBT, has been comprehensively
investigated using density functional theory and classical
molecular dynamics. The eﬀects of monomer chemistry,
tacticity, and large-scale morphological disorders (amorphous
phase) on the electronic structure of these polymers have been
established, with the results justiﬁed based on the projected
density of states of the relevant monomer functional groups.
While the monomer chemistry was found to introduce
localized energy states, the morphological disorder lead to
the formation of shallow and deep trap depths near the band
edges of the polymer. Tacticity, on the other hand, was found
to have relatively little eﬀect on the band structure. Theoretical
predictions of polymer band gaps and conformation induced
trap depths were found to be in agreement with the available
experimental measurements and can serve as vital inputs to
large-scale mesoscale/phenomenological charge transport
models. Finally, the derived correlations between the
physicochemical and the electronic structures of polymers
are critical to understand the electrical conduction mechanism
in polymers. All these contributions can help to understand the
degradation and breakdown behavior within polymers and to
provide a pathway toward rational design of breakdownresistant polymer dielectrics.

amorphous phase. Likewise, morphological disorder in the
polymer chains of PS, PMMA, PET, and PBT was found to
enhance both the hole and the electron transport. While
shallow electron and hole trap depths were obtained in PS and
PBT, suggesting increased electrical conduction due to
trapping/detrapping processes, deep electron trap depths
were found in PMMA and PET because of the orientational
freedom of the OCOC groups. This is expected to
enhance the electron transport mechanism via trap-assisted
band conduction.
Second, the trapping levels introduced due to the low
crystallinity (or the amorphous phase) of the polymer can
drastically reduce the electron injection barrier height from the
electrode to the polymeri.e., the energy diﬀerences between
the Fermi level of the metal electrode and the band edges of
the polymer. Based on our past work,34 the Fermi level of Al
electrode is estimated to be around 4 eV. Thus, qualitatively,
the electron/hole barrier heights of PS, PMMA, PET, and PBT
are likely to be lower than that of PE and PP. Particularly, these
barriers heights are expected to be lowest in the case of PET
and PBT. However, empirical measurements of the amount of
charge accumulated in these polymers have been found to
follow the trend PET < PS ∼ PP < PE.59 This inconsistency
could be because of the opposite internal ﬁeld induced from
the trapped charge near the electrode−polymer interface. The
localized energy states in the band edges of PS, PMMA, PET,
and PBT (see Figure 1b) would promote higher trapped
charge density near the interface, thereby reducing the net
electric ﬁeld within the polymer. Moreover, for polymers, such
as PMMA, PET and PBT, the polar OCO functional
group can further lower the net electric ﬁeld owing to its
alignment with the external electric ﬁeld.60 Therefore, while
the intrinsic injection barrier height maybe be small, the initial
trapped charge can have a “protective” eﬀect by deterring the
injection of additional carriers, overall resulting in a low charge
accumulation within the polymer. This is also the reason why
PET is used as a space charge suppression layer between the
metal electrode and the PE ﬁlm.3
Third, Figure 1 shows that the valence band edges of PS,
PMMA, PET, and PBT are higher than that of PE and PP,
resulting in lower ionization energies, i.e., the energy
diﬀerences between the valence band maximum and the
vacuum level, for the former four polymers. This observation
indicates that the impact ionization process is more relevant in
the case of PS, PMMA, PET, and PBT, assisting electron
multiplication via collisions between the hot electrons and the
functional groups (e.g., CO), and thus encouraging the
process of an electron avalanche.2,10,11 Furthermore, the
resulting active radicals can initiate a series of chemical
reactions, forming new defects and hence more trap states. All
these complex processes culminate in the dielectric breakdown
of the polymer.
Finally, we note that a large amount of physical and
electronic structure data has been generated as part of this
work that covers a diverse range of model polymers. The data
may be mined and utilized using machine learning techniques
to either identify additional hidden correlations or to train
force ﬁelds for MD simulations.61−63 This can help advance
the past data-driven and high-throughput computational work
that has led to important polymer discoveries.5−7,53,64−67 All
data that have emerged from the present work is made
available in our online repository https://khazana.gatech.edu.
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