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Electron donor conjugated polymers blended with electron acceptor fullerene derivatives is one of the promising
technologies for organic photovoltaics. However, with the energy conversion efficiency of only 9% in a single
bulk heterojunction device structure, these solar cells are not yet competitive with conventional inorganic
semiconductor technology. Some of the limitations are large optical band gaps and small electron affinities
of polymers preventing the absorption of infrared radiation and leading to energy losses during charge separation
at the donor-acceptor interface, respectively. In this work, we compute from first principles the quasiparticle
and optical spectra of several different thiophene-, ethyne-, and vinylene-based copolymers using the GW

method and the GW plus Bethe-Salpeter equation approach. One of the polymers is identified which has a
preferential alignment of the energy levels at the interface with fullerene molecule compared to the reference
case of polythiophene.
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I. INTRODUCTION

Bulk heterojunction (BHJ) blends of conjugated polymers
and fullerene derivatives are among the highest-efficiency
organic photovoltaic (OPV) cells [1]. Energy conversion
efficiencies in the range of 4.4% to 6.1% have been reported
for single BHJ blends composed of electron donor poly(3-
hexylthiophene) (P3HT) polymers and electron acceptor [6,6]-
phenyl-C61 butyric acid methyl ester (PCBM) molecules [2–6].
P3HT and PCBM are derivatives of polythiophene (PT) poly-
mers and buckminsterfullerene (C60) molecules functionalized
for aqueous solubility to enable solution processing. Further
theoretical studies have shown that the energy conversion
efficiency can be increased by replacing P3HT with another
polymer which has a smaller optical band gap and a larger
electron affinity compared to P3HT [7–9]. These conditions
ensure minimal energy losses in the absorption of solar radia-
tion and in the charge separation at the interface with PCBM
molecules, respectively. There has been considerable activity
in the synthesis of conjugated polymers with low optical band
gaps, as well as in replacing the electron acceptor, for instance
with [6,6]-phenyl-C71 butyric acid methyl ester (PC71BM)
molecules. The best energy conversion efficiencies for a single
BHJ device have been 6.77% using PBDTTT:PCBM [10],
7.4% using PTB7:PC71BM [11], 8.37% using PTB7:PCBM
[12], 7.4% using PDTG-TPD:PC71BM [13], 9.21% using
PTB7:PC71BM [14], and 7.9% using PDTP-DFBT:PC71BM
[15]. It should also be noted that the energetics of the interface
is only one of the factors affecting the energy conversion
efficiency, others being the mobility of the charge carriers
and the morphology of the BHJ film [16–18].

This paper conducts a computational search for a conju-
gated polymer with the optical band gap and the electron
affinity tuned for maximum performance in BHJ solar cells
with PCBM molecules serving as electron acceptor. In Sec. II,

*Present address: Research and Technology Center, Robert Bosch
LLC, Cambridge, Massachusetts 02142.

†Present address: Google Inc.

the quasiparticle and optical spectra of several different
thiophene-, ethyne-, and vinylene-based copolymers placed
in a vacuum environment are calculated from first principles
using the GW approximation to the electron self-energy
and solving the Bethe-Salpeter equation (BSE) to include
electron-hole interaction in the optical response. In Sec. III, the
effects of the side chain substitution, the interface dipole layer,
the hybridization of electronic orbitals of adjacent PCBM
molecules, and the polarization of the BHJ blend are taken
into account. In Sec. IV, the energetics of the interface between
the polymers and PCBM molecules is analyzed and one of the
polymers is identified which has lower energy losses compared
to PT during both optical absorption and charge separation
processes.

II. ISOLATED POLYMERS

Several copolymers made of two thiophene units and
different combinations of ethyne, vinylene, or vinylene deriva-
tives were investigated in this work. Quasiparticle band
structures and optical absorption spectra of these polymers
placed in a vacuum environment were calculated using
ab initio electronic-structure methods based on density func-
tional theory (DFT) for the ground state and many-body
Green’s function theory for excited state properties. Similar
calculations were performed for the C60 molecule. The
computational methodology is described below in details.
Six polymers were selected which show a strong optical
absorption in the near-infrared and red parts of the spectrum
(0.8–2 eV). This range of values for the optical band gap gives
minimal energy losses in the absorption of solar radiation [19].
Chemical names and abbreviations of the selected polymers
along with C60 molecule are listed in the first two columns of
Table I. The corresponding ball-and-stick models are shown
in Fig. 1.

Our computational methodology consists of the follow-
ing three steps: (i) The equilibrium atomic positions and
the electronic ground state are obtained from DFT using
the generalized gradient approximation (GGA) by Perdew-
Burke-Ernzerhof (PBE) for the exchange-correlation potential
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TABLE I. Results of the DFT, G0W0, and BSE calculations for isolated thiophene-based polymers, isolated C60 and PCBM molecules,
and isolated polythiophene:C60 interface. Ev , Ec, and Eg represent the valence band maximum (VBM) or the highest occupied molecular
orbital (HOMO), the conduction band minimum (CBM), or the lowest unoccupied molecular orbital (LUMO), and the quasiparticle band gap,
respectively. The Ev and Ec values are relative to the vacuum level. Eo and Eb represent the optical excitation energy and the binding energy
of the lowest bright exciton, respectively. The G0W0 and BSE columns summarize the data shown in Figs. 2 and 3, respectively. All energies
are in eV.

DFT G0W0 BSE

Abbreviations and chemical names Ev Ec Eg Ev Ec Eg Eo Eb

PT polythiophene −4.26 −3.21 1.05 −5.35 −2.25 3.10 1.48 1.62
PMeT poly(methyl thiophene) −3.94 −2.87 1.07 −4.98 −1.97 3.01 1.48 1.53
P3HT poly(3-hexylthiophene) −3.79 −2.80 0.99
PDTE poly(dithiophene ethyne) −4.44 −3.36 1.08 −5.52 −2.39 3.13 1.79 1.34
PDTV poly(dithiophene vinylene) −4.19 −3.36 0.83 −5.14 −2.52 2.62 1.23 1.39
P3HDTV poly(3-hexyldithiophene vinylene) −3.81 −3.12 0.69
PDTDCNV poly(dithiophene dicyanovinylene) −5.26 −4.63 0.63 −6.04 −3.86 2.18 1.00 1.18
PDTDFV poly(dithiophene difluorovinylene) −4.43 −3.46 0.97 −5.48 −2.54 2.94 1.45 1.49
PDTDCV poly(dithiophene dichlorovinylene) −4.53 −3.52 1.01 −5.58 −2.64 2.94 1.46 1.47
C60 buckminsterfullerene −5.84 −4.19 1.65 −7.31 −2.75 4.56 3.50 1.06
PCBM [6,6]-phenyl-C61 butyric acid methyl ester −5.43 −3.96 1.47
PT:C60 polythiophene:buckminsterfullerene −4.49 −4.06 0.43
PDTV:C60 poly(dithiophene vinylene):buckminsterfullerene −4.37 −4.08 0.29

[20,21], the Troullier-Martins norm-conserving pseudopoten-
tials [22] in the Kleinman-Bylander nonlocal separable form
[23], and the plane-wave basis set. (ii) The quasiparticle band
structure is calculated using the GW approximation to the elec-
tron self-energy within the generalized plasmon pole (GPP)
model [24,25]. The electronic Green’s function G and the
dynamically screened Coulomb interaction W are constructed
from the DFT Kohn-Sham orbitals and eigenvalues which is
commonly referred as the G0W0 method. (iii) The macroscopic
absorption spectrum is obtained by solving the Bethe-Salpeter
equation using the Tamm-Dancoff approximation (decoupling
resonant and antiresonant transitions) and ignoring dynamical
properties of the screened Coulomb interaction [26,27]. The
polarization of light is directed along the polymer backbone.
Step (i) is performed using the PARATEC code [28], steps (ii)
and (iii) using the BERKELEYGW package [29]. Additional
computational details are given in the next paragraph.

The supercell method [30] was used throughout the calcu-
lations. The bare Coulomb potential used in G0W0 and BSE

FIG. 1. (Color online) Ball-and-stick models of thiophene-based
polymers and C60 molecule. Chemical names and abbreviations are
listed in the first two columns of Table I. White, gray, blue, cyan,
green, and yellow spheres represent hydrogen, carbon, nitrogen,
fluorine, chlorine, and sulfur atoms, respectively.

calculations was truncated at the faces of the supercell in the
nonperiodic directions (along the lattice vectors a1 and a2 for
polymers or a1, a2, and a3 for the C60 molecule) to avoid
spurious interactions between periodic replicas of the system
[31]. To retain the Coulomb interaction within the system, the
size of the supercell in the nonperiodic directions was set to
twice the size of the box confining the isosurface that encloses
99% of the electron density [32]. The DFT Kohn-Sham
eigenvalues were referred to the vacuum level obtained by
averaging the electrostatic (ionic plus Hartree) potential at the
faces of the supercell in the nonperiodic directions. The kinetic
energy cutoff for the plane-wave expansion of the Kohn-Sham
orbitals and the bare Coulomb potential was set to 51–82 Ry
(depending on the elements in the polymer), while 6 Ry was
used for the dielectric function and the screened Coulomb
potential. Atomic positions were relaxed to equilibrium using
thresholds of 10−4 Ry/bohr and 10−5 Ry/bohr3 on forces and
stresses, respectively.

In the DFT and G0W0 calculations, the Brillouin zone (BZ)
was sampled using a shifted Monkhorst-Pack [33] coarse grid
of size 1×1×16 for PT, while 1×1×12 coarse grid was used
for other polymers (because of their larger unit cells compared
to PT) and the � point for the C60 molecule. In the BSE
calculations, 1×1×64 and 1×1×48 shifted fine grids and the
� point were used, respectively. To accelerate the convergence
of G0W0 and BSE calculations with the number of k points, the
Coulomb potential was averaged inside the Voronoi cell around
the � point [29]. In the G0W0 calculations, the static irreducible
polarizability in the random phase approximation (RPA) and
the electron self-energy were computed by summing over
1592–2578 unoccupied orbitals with eigenvalues up to 6 Ry
above the vacuum level for different polymers, while 5370
unoccupied orbitals up to 3 Ry above the vacuum level were
used for the C60 molecule. To accelerate the convergence
of the self-energy with the number of unoccupied orbitals,
the static remainder correction was applied [34]. Using the
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FIG. 2. (Color online) Quasiparticle band structures of isolated thiophene-based polymers and quasiparticle energy levels of isolated C60

molecule calculated using the G0W0 method within the generalized plasmon pole (GPP) model. Chemical names and abbreviations are listed
in the first two columns of Table I. The band gaps are shaded in yellow. The zero reference for the energy scale is the vacuum level.

aforementioned numbers of unoccupied orbitals without the
static remainder correction gives convergence errors in the
self-energy of about 0.2 eV for polymers and 0.5 eV for
the C60 molecule. In the BSE calculations, the electron-hole
interaction kernel was computed on the coarse k grid between
the occupied and unoccupied orbitals within the range of
4 eV from the valence and conduction band edges and then
interpolated to the fine k grid. The 4-eV energy range includes
8 occupied and 8 unoccupied orbitals for polymers or 31
occupied and 54 unoccupied orbitals for the C60 molecule.

The results of our calculations are summarized in Table I
and in Figs. 2 and 3. DFT Kohn-Sham eigenvalues of the
valence band maximum (VBM) and the conduction band
minimum (CBM) of the polymers or the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) of the C60 molecule are listed in Table I
in the columns labeled Ev and Ec, respectively, under the
“DFT” heading. DFT Kohn-Sham band gaps Eg = Ec − Ev

are also shown in Table I. Quasiparticle band structures of the
polymers and quasiparticle energy levels of the C60 molecule
are shown in Fig. 2. The corresponding Ev , Ec, and Eg values
are listed in Table I under the “G0W0” heading. Examining
Fig. 2 one finds that the VBM and CBM occur at the �

point for PT but at the X point for other polymers. These
polymers have more structural groups in the unit cell than
PT, hence, the band structure is folded at different points in
reciprocal space. Macroscopic absorption spectra (χ2) of the
polymers and the C60 molecule are shown in Fig. 3. These are
defined by χ2 = Aωε2 for polymers and χ2 = V ωε2 for the
C60 molecule where ε2 is the imaginary part of the macroscopic
dielectric function, ω is the photon energy, A and V are the

cross-sectional area and the volume of the supercell. One can
compare various contributions to χ2 looking at different curves
in Fig. 3. Short-dashed blue curves show the joint density
of quasiparticle states, long-dashed green curves include the
optical transition matrix elements (within the RPA), and solid
red curves add the excitonic effects. Optical excitation energies
(Eo) corresponding to the peaks of the solid red curves in Fig. 3
and the exciton binding energies (Eb = Eg − Eo) are listed
in Table I under the “BSE” heading. Note that for the C60

molecule, the lowest peak of the short-dashed blue curve at
4.56 eV has no matching peak in the long-dashed green curve.
The HOMO–LUMO optical transition in the C60 molecule
is therefore prohibited by symmetry, in agreement with the
previous findings [35]. This implies that the lowest peak of
the solid red curve at Eo = 3.50 eV originates from optical
transitions at higher energies than the HOMO–LUMO gap of
Eg = 4.56 eV.

All these calculations were performed without taking into
account lattice relaxation around charge carriers (polaronic
effects). Previous theoretical studies suggest that the polaronic
distortion in PT raises Ev by no more than 0.04 eV and
lowers Ec by no more than 0.04 eV [36]. These corrections are
small and will be neglected in our work, although they could
increase due to disorder reducing the effective conjugation
length of the PT polymer. Previous experimental studies show
that the polaronic distortion in PT lowers Eo by 0.2 eV (the
Stokes shift) [37]. According to the Franck-Condon principle,
this correction only applies to the photoluminescence process
and not to the optical absorption process [37]. Since the
photoluminescence process is not relevant for photovoltaic
applications, the polaronic correction to Eo will be ignored for
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FIG. 3. (Color online) Optical absorption spectra of isolated thiophene-based polymers and isolated C60 molecule calculated by solving the
Bethe-Salpeter equation (BSE) within the Tamm-Dancoff approximation (decoupling resonant and antiresonant transitions). Chemical names
and abbreviations are listed in the first two columns of Table I. Solid red, long-dashed green, and short-dashed blue curves show macroscopic
absorption spectra (χ2) computed with and without electron-hole interaction and the joint density of quasiparticle states (jdos), respectively.

the purpose of our study. Similar corrections are expected in
other polymers. The effects of polaronic corrections will be
further discussed in Sec. IV.

It is instructive to compare the numbers summarized in
Table I with the results of other theoretical and experimental
studies from the literature. Previous self-consistent GW and
BSE calculations for the isolated PT polymer produced
somewhat different results: Eg = 3.59 eV, Eo = 1.74 eV, and
Eb = 1.85 eV [38]. It is known that different self-consistent

GW schemes generally yield larger band gaps as compared to
the G0W0 method employed in this work [39–44]. To validate
our calculations, we performed eigenvalue self-consistent
GW calculation for isolated PT polymer, and we obtained
Ev = −5.75 eV, Ec = −2.18 eV, and Eg = 3.57 eV, in good
agreement with the literature value of Eg = 3.59 eV [38].
Recent G0W0 calculation for the isolated C60 molecule gave
Ev = −7.28 eV, Ec = −2.84 eV, and Eg = 4.44 eV [45],
which is close to our numbers from Table I. Similarly to the

TABLE II. Photoelectron spectroscopy (PES), optical absorption (OA), and spectroscopic ellipsometry (SE) measurements on P3HT
polymer, C60 and PCBM molecules in solid and gas phases from the literature. The meanings of Ev , Ec, Eg , Eo, and Eb are the same as in
Table I. All energies are in eV.

Abbreviations and chemical names Phase Technique Ev Ec Eg Eo Eb

P3HT poly(3-hexylthiophene) Solid PES + OAa 2.60 1.85 0.75
P3HT poly(3-hexylthiophene) Solid PESb −4.65 −2.13 2.52
C60 buckminsterfullerene Gas PESc −7.59 −2.69 4.90
C60 buckminsterfullerene Solid SEd 2.30
PCBM [6,6]-phenyl-C61 butyric acid methyl ester Gas PESe −7.17
PCBM [6,6]-phenyl-C61 butyric acid methyl ester Solid PESf −5.80 −3.80 2.00
PCBM [6,6]-phenyl-C61 butyric acid methyl ester Solid PESg −5.96 −3.90 2.06

aFrom Ref. [46].
bFrom Ref. [47].
cFrom Refs. [48,49].
dFrom Ref. [50].
eFrom Ref. [51].
fFrom Ref. [47].
gFrom Ref. [51].
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case of PT, self-consistent GW calculation for the isolated C60

molecule resulted in a slightly larger band gap: Ev = −7.41
eV, Ec = −2.50 eV, and Eg = 4.91 eV [45]. These numbers
agree well with the results of photoelectron spectroscopy
(PES) measurements on the C60 molecule in gas phase listed
in Table II. More comparison with experiment will be done
in Sec. III where the effects of environment are taken into
account.

III. ENVIRONMENTAL EFFECTS

Aqueous solubility of polymers is achieved through replac-
ing the hydrogen atoms on polymer backbones with alkyl or
alkoxy functional groups, known as side chain substitution.
Similarly, various functional groups can be covalently bonded
to the C60 molecule. When these materials are blended
together, electrostatic dipole layers are formed at numerous
interfaces between the polymers and C60 molecules due to
spontaneous charge transfer. Furthermore, the electronic or-
bitals of adjacent C60 molecules in the nanocrystalline domains
strongly overlap or hybridize. Hybridization between the
electronic orbitals of adjacent polymer backbones, although
significant in crystalline unsubstituted polymers, is expected
to be weak in the case of side chain substitution [52]. Finally,
the Coulomb interaction between charge carriers is screened
by polarization of the surrounding polymers and molecules.
In this section, we explore the question as to what extent the
electronic and optical properties of thiophene-based polymers
and C60 molecule are altered by the side chain substitution, the
interface dipole layer, the hybridization of electronic orbitals,
and the polarization of the BHJ blend.

To study the effects of side chain substitution, we picked
PT and PDTV polymers substituted with methyl and hexyl
side groups in regioregular head-to-tail positions (PMeT,
P3HT, and P3HDTV) and 1,2-methanofullerene C60 molecule
substituted with phenyl and butyric acid methyl ester side
groups (PCBM). Chemical names and abbreviations of these
substances are listed in the first two columns of Table I, and
their ball-and-stick models are shown in Fig. 4. We performed
DFT/G0W0/BSE calculations for methyl-substituted PT poly-
mer (PMeT), while only DFT calculations were carried out
for hexyl-substituted PT and PDTV polymers (P3HT and
P3HDTV) and substituted 1,2-methanofullerene C60 molecule
(PCBM) due to the high computational cost of G0W0 and
BSE steps for these systems. The computational details are the
same as outlined in Sec. II. The results of our calculations are
summarized in Table I. Comparing the G0W0 band edges for
PT and PMeT in Table I suggests that methyl substitution shifts
the VBM and CBM upwards by 0.37 and 0.28 eV, respectively.
It is interesting to note that DFT gives similar values for the
shifts in VBM and CBM, namely, 0.32 and 0.34 eV. These
shifts in energy levels are induced by electron donation from
side groups to the polymer backbone [51]. We conclude that
this process is reliably described at the DFT level. Within
the DFT, hexyl substitution is found to increase the shifts in
energy levels compared to methyl substitution, to 0.47 eV for
the VBM and 0.41 eV for the CBM. In the case of PDTV,
the energy levels are shifted by 0.38 eV for the VBM and
0.24 eV for the CBM, suggesting that the energy shifts are not
very sensitive to changing the polymer backbone. Similarly,

FIG. 4. (Color online) Ball-and-stick models of PT and PDTV
polymers substituted with methyl and hexyl side groups in re-
gioregular head-to-tail positions (PMeT, P3HT, and P3HDTV), 1,2-
methanofullerene C60 molecule substituted with phenyl and butyric
acid methyl ester side groups (PCBM), PT:C60 and PDTV:C60

interfaces. Chemical names and abbreviations are listed in the first two
columns of Table II. White, gray, red, and yellow spheres represent
hydrogen, carbon, oxygen, and sulfur atoms, respectively.

DFT predicts that the HOMO and LUMO levels of PCBM
are shifted upward from the ones of C60 by 0.41 and 0.23 eV,
respectively. This prediction is in good agreement with the
0.42-eV shift of the HOMO level obtained from photoelectron
spectroscopy data for C60 and PCBM in gas phase shown in
Table II.

Changes to the band edges induced by the formation of
the dipole layer were investigated by modeling the interfaces
between PT and PDTV polymers and C60 molecule within
the DFT. Atomic positions were relaxed to equilibrium using
the local density approximation (LDA) [53] for the exchange-
correlation potential. Ball-and-stick models of the interfaces
are shown in Fig. 4. The shortest distance between the atoms
in PT and C60 was found to be 3.25 Å. Table I shows
the band edges of the interfaces computed using the PBE
exchange-correlation functional [20,21]. Analysis of the DFT
Kohn-Sham orbitals showed that the VBM and CBM of the
PT:C60 interface originate from the VBM of PT and the LUMO
of C60, respectively. The former is shifted downward by 0.23
eV and the latter is shifted upward by 0.13 eV as can be
seen by comparing the DFT band edges of PT, C60, and
PT:C60 in Table I. In case of PDTV, we get similar values for
the energy shifts, respectively 0.18 and 0.11 eV, suggesting
that the dipole layer is insensitive to the polymer backbone.
The total-energy barrier at the PT:C60 interface sums up to
0.36 eV. This value is consistent with the dipole barrier
of 0.5–0.6 eV at the P3HT:PCBM interface determined by
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photoemission spectroscopy measurements [47]. This suggests
that the interface dipole is satisfactory described within DFT.

Hybridization between the electronic orbitals of adjacent
C60 molecules broadens the HOMO and LUMO levels into
energy bands. The widths of the HOMO and LUMO bands
in solid C60 are 0.9 and 0.7 eV, respectively, according to
G0W0 calculations [54]. This implies that Ev and Ec of
the isolated C60 molecule are corrected approximately by
0.9/2 and −0.7/2 eV, respectively. Hybridization between
the electronic orbitals of adjacent polymers is neglected as
discussed above.

The polarization of the polymer-molecule blend was mod-
eled as a homogeneous dielectric medium with a spherical
cavity surrounding a polymer or a molecule. Such medium is
described by the static dielectric matrix [55]

εGG′(q) = δGG′

[
1 + 1

(ε − 1)−1 + λ2|q + G|2
]
, (1)

where q is a wave vector in the first Brillouin zone, G and
G′ are reciprocal lattice vectors, ε is the long-wavelength
static dielectric constant of the medium, λ is the mean distance
between polymers and molecules, and local fields (G �= G′)
are neglected. Ellipsometry measurements on P3HT films
[56] yielded ε = 1.70 and on C60 films [50] ε = 3.61. X-ray
diffraction (XRD) and transition electron microscopy (TEM)
diffraction patterns of the crystalline phase of P3HT showed d

spacings of 1.61 and 0.38 nm normal and parallel to the sample
surface, respectively [16]. Nuclear magnetic resonance (NMR)
spectroscopy of nanocrystalline PCBM domains showed the
shortest center-to-center distance of 0.98 nm [57]. From these
values we deduced λ = 0.83 nm for P3HT and λ = 0.98 nm
for PCBM assuming a close-packed arrangement of P3HT
polymers and PCBM molecules.

G0W0 and BSE calculations were carried out for thiophene-
based polymers and C60 molecule embedded in the dielectric
medium described by Eq. (1) taking the values of ε and λ for
P3HT and PCBM, respectively. Contributions to the electron
self-energy from the dielectric medium were computed in
the static Coulomb-hole-plus-screened-exchange (COHSEX)
approximation (the static limit of GW ) and added to the
quasiparticle energies of isolated polymers and isolated C60

molecule from Sec. II. The direct term of the BSE Hamiltonian
was obtained by summing the statically screened Coulomb
interaction in isolated polymers and the isolated C60 molecule
from Sec. II with the one computed from Eq. (1). The

results of these calculations are summarized in Table III.
For the C60 molecule, we find that Eo = 3.43 eV is larger
than Eg = 3.15 eV, meaning that the lowest exciton becomes
resonant. Therefore, Eo and Eb are omitted in the last row of
Table III. Comparing the values in Tables I and III, we conclude
that polarization of the environment reduces both quasiparticle
band gaps Eg and exciton binding energies Eb while optical
excitation energies Eo remain largely unaffected, a trend that
is similar to what has been seen in other nanomaterials such
as carbon nanotubes.

Let us compare the results for PT and C60 from Table III
with the available experimental data for P3HT, C60, and PCBM
films summarized in Table II. First, the side chain corrections
determined earlier within DFT are applied to Ev and Ec values
from Table III. Second, the hybridization corrections extracted
from G0W0 calculations are applied to Ev and Ec of C60. This
gives the corrected band edges

Ed
v = −4.93 + 0.47 = −4.46 eV,

Ed
c = −2.72 + 0.41 = −2.31 eV,

Ea
v = −6.61 + 0.41 + 0.9/2 = −5.75 eV,

Ea
c = −3.46 + 0.23 − 0.7/2 = −3.58 eV,

(2)

where d and a superscripts stand for electron donor (PT)
and electron acceptor (C60), respectively. These values are
within 0.2 eV of experimental numbers listed in Table II.
Quasiparticle band gaps Eg = Ec − Ev and optical excitation
energies Eo shown in Table III deviate from experimental
values in Table II by 0.4 eV for PT and by 0.2 eV for C60. The
larger discrepancy for PT compared to C60 may indicate that
the spherical cavity model given by Eq. (1) is less accurate for
polymers than for molecules.

IV. INTERFACE ENERGETICS

Using the results of Sec. III, we proceed with computing
the band offsets at the interface between thiophene-based
polymers and the C60 molecule. For PT and PDTV, we apply
the side chain corrections and the interface dipole corrections
determined within DFT in Sec. III. An average of PT and
PDTV corrections is used for the remaining polymers. This
introduces errors in Ed

v and Ea
c of about 0.04 and 0.02 eV,

respectively, according to the values of the corrections listed
in Sec. III. Furthermore, we assume that the side chain
substitution and the interface dipole layer do not affect Eo.
The corrected band edges for PT and C60 are computed by

TABLE III. Results of the G0W0 + COHSEX and BSE calculations for thiophene-based polymers and the C60 molecule in a dielectric
medium. Parameters ε and λ entering Eq. (1) are listed for different types of dielectric media. The meanings of Ev , Ec, Eg , Eo, and Eb are the
same as in Table I. All energies are in eV, λ is in nm.

Abbreviations and chemical names Medium ε λ Ev Ec Eg Eo Eb

PT polythiophene P3HT 1.70 0.83 −4.93 −2.72 2.21 1.39 0.82
PDTE poly(dithiophene ethyne) P3HT 1.70 0.83 −5.12 −2.85 2.27 1.59 0.68
PDTV poly(dithiophene vinylene) P3HT 1.70 0.83 −4.76 −2.96 1.80 1.11 0.69
PDTDCNV poly(dithiophene dicyanovinylene) P3HT 1.70 0.83 −5.69 −4.26 1.43 0.84 0.59
PDTDFV poly(dithiophene difluorovinylene) P3HT 1.70 0.83 −5.08 −2.99 2.09 1.33 0.76
PDTDCV poly(dithiophene dichlorovinylene) P3HT 1.70 0.83 −5.18 −3.09 2.08 1.34 0.74
C60 buckminsterfullerene PCBM 3.61 0.98 −6.61 −3.46 3.15
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TABLE IV. Results of the G0W0 + COHSEX and BSE calcu-
lations for the interface between thiophene-based polymers and C60

molecule. Eo is the optical excitation energy from Table III. �Ef

is the splitting of the quasi-Fermi levels at the interface given by
Eq. (4). All energies are in eV.

Abbreviations and chemical names Eo �Ef

PT polythiophene 1.39 1.24
PDTE poly(dithiophene ethyne) 1.59 1.44
PDTV poly(dithiophene vinylene) 1.11 1.09
PDTDCNV poly(dithiophene dicyanovinylene) 0.84 2.00
PDTDFV poly(dithiophene difluorovinylene) 1.33 1.40
PDTDCV poly(dithiophene dichlorovinylene) 1.34 1.49

adding the interface dipole corrections to Eq. (2):

Ed
v = −4.93 + 0.47 − 0.23 = −4.69 eV,

Ed
c = −2.72 + 0.41 − 0.23 = −2.54 eV,

Ea
v = −6.61 + 0.41 + 0.9/2 + 0.13 = −5.62 eV,

Ea
c = −3.46 + 0.23 − 0.7/2 + 0.13 = −3.45 eV.

(3)

The splitting of the quasi-Fermi levels at the PT:C60 interface
is given by

�Ef = Ea
c − Ed

v = 1.24 eV. (4)

This is the formation energy of a separated electron-hole pair
with an electron on the C60 molecule and a hole on the PT
polymer. This is to be compared with Eo = 1.39 eV from the
first line of Table III which represents the formation energy of
an electron-hole pair on the PT polymer. The resulting values
of Eo and �Ef for PT and other polymers are summarized in
Table IV.

The optimal value of Eo which minimizes energy losses
in the absorption of solar radiation is 1.31 eV [19]. Charge
separation at the interface with the C60 molecule occurs if
�Ef < Eo, with Eo − �Ef being the energy loss during
charge separation and �Ef setting the maximum achievable
open circuit voltage. In principle, polaronic corrections need
to be applied to the charge separation condition but not to the
optical absorption condition. The polaronic distortion lowers
�Ef by 0.04 eV according to the numbers given in Sec. II
(because it raises Ed

v by 0.04 eV and the Ea
c is unaffected).

According to the Franck-Condon principle energy diagram,
the photogenerated exciton loses roughly half the Stokes shift
(0.1 eV) to the lattice before it diffuses to the interface
where it breaks up. This implies that the energy loss at the
interface (which is the absorption energy minus half the Stokes
shift minus �Ef ) is lowered by 0.06 eV, and the maximum
achievable open circuit voltage �Ef is lowered by 0.04 eV by
the polaronic effect in the polymer. These corrections are much
smaller than 0.2–0.4 eV differences between the calculated
and measured energy levels, and therefore can be neglected
in the present analysis. We thus conclude that the optimal
performance is achieved when Eo = �Ef = 1.31 eV.

Looking at the numbers in Table IV, we find that using
PDTE moves Eo further away from the optimal value as
compared to PT. On the other hand, switching to PDTV
brings both Eo and �Ef to nearly optimal values, especially
considering that the G0W0 method underestimates both Eo

and �Ef (gives lower Ea
c and higher Ed

v ) as compared
to self-consistent GW schemes (see discussion in Sec. II).
Moving to PDTDCNV slightly lowers Eo but substantially
raises �Ef due to the strong electron acceptor character of
the cyanovinylene unit. This prevents the charge separation
from occurring at the interface. Substituting cyano groups
with halogens (fluorine in PDTDFV or chlorine in PDTDCV)
restores Eo of PT and brings �Ef to the values slightly larger
than Eo. Overall, we conclude that replacing PT with PDTV
minimizes energy losses during both optical absorption and
charge separation processes. We limit our analysis to this
qualitative assessment and do not attempt to estimate the
energy conversion efficiency of PDTV-based BHJ solar cells.
The latter will be affected by many factors in addition to the
interface energetics as noted in Sec. I.

V. SUMMARY

In summary, we computed the quasiparticle and optical
spectra of several different thiophene-, ethyne-, and vinylene-
based copolymers and fullerene derivatives using the GW

method and the GW plus Bethe-Salpeter equation approach
based on the many-body Green’s function theory. The effects
of side chain substitution, formation of the interface dipole
layer, hybridization of electronic orbitals, and polarization of
the bulk heterojunction blend are taken into account in an ap-
proximate way. The quasiparticle and optical spectra corrected
for these environmental effects show a quantitative agreement
with the available experimental data. One of the polymers
studied in this work, poly(dithiophene vinylene), is predicted
to reduce the losses in photovoltaic energy conversion as
compared to polythiophene-based bulk heterojunction solar
cells. Other polymers studied here are predicted to perform
worse than polythiophene.
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