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ABSTRACT: The internal quantum efficiency (IQE) of an organic photovoltaic device (OPV) is proportional to the number of free charge
carriers generated and their conductivity, per absorbed photon. However, both the IQE and the quantities which determine it, e.g., electronhole binding, charge separation, electron-hole recombination, and conductivity, can only be inferred indirectly from experiments. Using
density functional theory (DFT), we calculate the excited state formation energy, charge transfer, and zero-bias conductance in the singlet
ground state and triplet excited state across polymer/fullerene and polymer/single walled carbon nanotube (SWNT) OPV donor/acceptor
bulk heterojunctions. Specifically, we compare polythiophene (PT) and poly(3-methylthiophene-2,5-diyl) (P3MT) as donors, and C60 chains
with (6,4), (6,5), and (10,5) SWNTs as acceptors. We find the conductivity increases substantially for both the excited triplet relative to the
singlet ground state and for PT compared to P3MT, due to the increased charge transfer and the resulting improvement in donor/acceptor
level alignment. Similarly, the (6,4) SWNT, with a larger SWNT band gap and greater conductivity than fullerenes, provides the highest
conductivities of 5% and 9% of the theoretical maximum for electron and hole carriers, respectively. This work has important implications
for both the optimization of polymer/SWNT bulk heterojunctions and the design of new OPV bulk heterojunctions in silico.

1. INTRODUCTION

The internal quantum efficiency (IQE) of a type II bulk heterojunction within an organic photovoltaic (OPV) device is simply the ratio of free charge carrier generation to photon absorption at a given
photon energy. As such, the IQE depends on the ease of separating
electron and holes, and the resulting current through the OPV. The
former depends on the electron-hole binding, charge transfer from
donor to acceptor, and electron-hole recombination, while the later
depends on the conductance from donor to acceptor across the bulk
heterojunction. Note that unlike the photovoltaic efficiency, 1 the
IQE is independent of the device’s optical absorption spectra, that
is, the number of absorbed photons, as it is calculated per absorbed
photon. 2
To estimate the relative exciton binding between type II bulk heterojunctions, one may compare the first transition for the isolated
acceptor, e.g., the E11 transition of a nanotube, with the formation
energy E f (↑↑) of the triplet excited state from the singlet ground
state, i.e., their difference in total energy. A much smaller triplet
formation energy for the isolated acceptor, E f (↑↑) ≪ E11 , suggests electron-hole separation may prove difficult. This is the case
for single-walled carbon nanotubes (SWNTs), where the measured
singlet exciton binding is ∼ 0.4 eV. 3–7 On the other hand, if the
triplet formation energy in the bulk heterojunction is smaller than
that for the isolated acceptor, this is indicative of hole transfer to the
donor for type II bulk heterojunctions. In this way, the triplet formation energy can be used to compare the relative ease or difficulty
of electron hole separation and the probability of recombination in
bulk heterojunctions.
The ease of electron-hole separation in the bulk heterojunction
may also be directly probed by considering the difference in charge
transfer from donor to acceptor between the triplet excited state
and the singlet ground state. 8,9 However, although a greater charge
transfer in the triplet excited state means the electron and hole are
separated onto different molecules in the bulk heterojunction, it
does not address whether the separated electron and hole are free
charge carriers, or remain bound within the junction.
To determine whether separated electrons and holes truly behave
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as free charge carriers, the degree of scattering, and the resulting current through the OPV, one should compute the conductance
across the bulk heterojunction from the donor to the acceptor in the
excited state. In particular, one should consider the conductance at
the Fermi level of the excited electron/hole to determine the number
of free electron/hole carriers.
In this study, we carry out density functional theory (DFT) calculations of the excited state formation energy, charge transfer, and
zero-bias conductance of prototypical donor/acceptor bulk heterojunctions 10–23 in the singlet ground state and triplet excited state.
For the donor molecule we employ the prototypical photoactive
polymers: polythiophene (PT) 24 and poly(3-methylthiophene-2,5diyl) (P3MT). 25 For the acceptor molecule we compare fullerene
(C60 ) chains with semiconducting (6,4), (6,5), and (10,5) SWNTs,
whose band gaps range between 1 and 1.4 eV. 26 These systems exhibit only a minor structural relaxation in the triplet excited state
(<25 meV). This justifies our neglect of molecular vibration as a
first approximation, 27 as done in previous studies of photovoltaic
efficiencies. 28–30
We model the excited state formation energy using the total energy difference between the triplet excited state and the singlet
ground state from DFT. To obtain the charge transfer from donor to
acceptor in the bulk heterojunction we perform a simplified Bader
analysis 31 of the DFT all-electron density. Finally, we calculate the
Landauer-Bütticker conductance of electron and hole charge carriers from donor to acceptor across the bulk heterojunction based
on the DFT tight-binding Hamiltonians using a multiterminal implementation 32 of the non-equilibrium Green’s function (NEGF)
method. 33–36 In this way, we obtain the conductance from the isolated polymer, through the polymer/SWNT or polymer/C60 heterojunction, and out the SWNT or C60 chain, in the quantum coherent
regime. Our use of the NEGF method for calculating the conductance across polymer/SWNT and polymer/C60 heterojunctions is
justified by the ballistic transport, long coherence length, and high
thermal conductivity of SWNTs, 32,37–40 and the dominance of tunneling in transport processes across C60 chains. This method provides a more sophisticated description of the transport processes,
and IQE of the device, than previous studies employing the Newns-

Anderson model. 28–30
2. METHODOLOGY

All DFT calculations were performed with locally centered atomic
orbitals (LCAOs) and the projector augmented wave (PAW) implementation of the gpaw code, 41–43 within the generalized gradient approximation (PBE) 44 for the exchange correlation (xc)-functional.
We employed a double-zeta polarized (DZP) LCAO basis set for
representing the density, wave functions, and tight-binding Hamiltonian, which yields transmission functions in quantitative agreement (∆ < 50 meV) with plane-wave codes and maximally localized Wannier functions. 45 All calculations employed a room temperature Fermi filling (kB T ≈ 25 meV), with total energies extrapolated to T → 0 K, i.e., excluding the electronic entropy contribution to the free energy −S T . In this was we avoided an unrealistic smearing of the excited electron and hole in the triplet excited
state calculations. We included two thirds of the number of electrons (2⁄3Ne ) many bands within the calculations. This has been
shown to be sufficient to converge the first π → π∗ transitions of
graphene 46 and SWNT/polymer hybrid systems, 47 and the optical
spectra of polymers and oligomers 48 in the random phase approximation (RPA).
Structural optimization was performed within the Atomic Simulation Environment (ASE), 49 until a maximum force below
0.05 eV/Å was obtained. We employed more than 5 Å of vacuum to the cell boundaries orthogonal to the C60 chain, (6,4), (6,5),
(10,5) SWNTs, polythiophene (PT), poly(3-methylthiophene-2,5diyl) (P3MT), and poly(3-hexylthiophene-2,5-diyl) (P3HT), and
obtained the optimized unit cells parameters along their axes Lk =
18.811, 40.915, 11.348, 7.867, 7.846, and 7.797 Å, respectively.
Here, PT, P3MT, and P3HT are modeled using two thiophene, 3methylthiophene, and 3-hexylthiophene units, respectively, in strans configuration. To sample the Brillouin zone, we included 3
k-points along the axis of PT, P3MT, P3HT, (6,4) SWNT, and (10,5)
SWNT and 1 k-point along the axis of the (6,5) SWNT.
The C60 /polymer junctions were modeled by aligning 10
thiophene/3-methylthiophene units orthogonal to a chain of three
C60 molecules, and fully relaxing the resulting structure, shown in
Figure 1. The SWNT/polymer junctions were modeled by aligning
6 thiophene/3-methylthiophene units for the smaller (6,4) and (6,5)
SWNTs and 8 thiophene/3-methylthiophene units for the (10,5)
SWNT orthogonal to the tube which was repeated once along its
axis, and performing single-point calculations for the resulting configurations shown in Figure 1. This repetition of the thiophene/3methylthiophene units makes a single k-point sampling along the
polymer axis sufficient for describing the Brillouin zone.
By orienting the polymer and SWNT orthogonal to each other,
this configuration describes the limit of a minimal SWNT–polymer
overlap. In fact, by orienting diagonally across the SWNT axis a
ten thiophene unit oligomer, which should provide a reasonable description of PT, 48 one obtains a greater charge transfer and stronger
hybridization between the polymer and SWNT. 47
For the SWNT/polymer junctions, the intermolecular distances
were fixed between one carbon atom located at the centered C–C
single bond of the polymer and a carbon atom of the tube, which
were both aligned in the axis orthogonal to the tube and the polymer axis as shown in Figure 1. The alignment was achieved by
shifting the polymer along the tube axis. This chosen intermolecular C–C distance is 3.35 for PT and 3.39 Å for P3MT. We slightly
increased the P3MT intermolecular distance to reduce the repulsive
forces from the hydrogen atoms of the methyl group. Both minimum distances employed are consistent with the interlayer distance of multi-walled carbon nanotubes (MWNT) and graphite, 50
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of ∼ 3.4 Å.
We performed DFT calculations for each system in both the singlet ground state (↑↓) and triplet excited state (↑↑). The triplet excited state calculations were performed by fixing the total magnetic
moment µ of the system, and using separate Fermi levels for the
spin majority and minority channels, ε↑F and ε↓F , respectively. The
Fermi levels associated with electron εeF and hole εhF charge carriers are then simply ε↑F and ε↓F , respectively. For the singlet ground
state calculations, εeF is approximately the conduction band minimum (CBM) εCBM , while εhF is approximately the valence band
maximum (VBM) εVBM .
The charge densities associated with the excited electron ρe (r)
and hole ρh (r) in the triplet state are the negative and positive regions, respectively, of the all-electron charge density difference between that of the triplet excited state (↑↑) and singlet ground state
(↑↓), i.e., ∆ρ(r) = ρ↑↑ (r) − ρ↑↓ (r).
To quantify the charge transfer from donor to acceptor, we perform a simplified Bader analysis 31 of the all-electron charge density in the singlet ground state ρ↑↓ (r) and triplet excited state ρ↑↑ (r).
We begin by integrating the charge density over the plane A of
the donor
! and acceptor axes to obtain the linear charge density
λ(z) = A ρ(r, ϕ, z)rdϕdr. We then partition λ(z) at its minimum
zmin in between the polymer and C60 chain orRSWNT. The charge
z
transfer from donor to acceptor is then Q = 0 min λ(z)dz + eNeacc ,
where Neacc is the total number of electrons on the isolated acceptor
molecule.
We employ a similar partitioning to assign a Kohn-Sham (KS)
orbital ψ(r) to the donor or acceptor molecule of the bulk heterojunction. The fraction
R z !of the nth KS orbital ψn (r) on the acceptor
molecule is then 0 min A |ψn (r, ϕ, z)|2 rdϕdrdz.
The periodic DFT Hamiltonian and overlap matrices in the
LCAO basis, H and S, are employed within the NEGF formalism
to calculate the Landauer-Bütticker conductance for a multiterminal configuration. 32,34,36 To do so, one must first remove overlap elements between atomic sites separated by more than half the length
of the unit cell along the transmission direction, i.e., 1⁄2Lk , to obtain
non-periodic Hamiltonian and overlap matrices H and S .
The coupling matrix to the semi-infinite leads V for the SWNTs
is obtained by repeating the periodic
DFT Hamiltonian matrix for

H (H−H)† , and removing overlap
the isolated SWNT H2×2 = H−H
H
elements between atomic sites separated by more than Lk , yielding


the non-periodic Hamiltonian for semi-infinite lead α Hα = VH† HV .
This is reasonable for the SWNTs considered herein, for which
Lk & 20 Å. In this way we avoid performing a DFT calculation with
a repeated unit cell to obtain the Hamiltonian of the principle layer,
H, which only couples to the next principle layer through the coupling matrix V. We then align the semi-infinite lead Hamiltonian
Hα to the non-periodic DFT Hamiltonian for the bulk heterojunction using the first onsite energy of the same SWNT carbon atom
at the cell boundary. This is unnecessary for PT, P3MT, and C60
as their lead Hamiltonians are extracted directly from the bulk heterojunction Hamiltonian. In these cases two thiophene units, two
3-methylthiophene units, and a C60 molecule comprise a principle
layer, with couplings to the next nearest layer numerically zero.
The Hamiltonian matrix for the bulk heterojunction central region, HC , is then generated by augmenting the non-periodic DFT
Hamiltonian for the junction with the principle layer Hamiltonians
H and coupling matrices V of the semi-infinite SWNT leads. The
same procedure is employed to obtain the overlap matrix for the
bulk heterojunction central region, SC .
Following the multiterminal NEGF procedure described in Ref.
32, the zero-bias conductance at the Fermi level εF is G =
G0 Tr[GC Γin GC† Γout ]|ε=εF , where G0 = 2e2 /h is the quantum of conductance, GC (ε) is the Green’s function of the bulk heterojunction

Figure 1. Electron (blue) and hole (red) densities at isosurface values of ±1e/nm3 from donor (PT or P3MT) to acceptor (C60 chain, (6,4), (6,5), or (10,5)
SWNTs) from the DFT total charge density difference ρ(r) between the excited triplet (↑↑) and singlet (↑↓) ground state.

central region, and Γin/out is the coupling to the semi-infinite input
and output leads. The Green’s function of the bulk heterojunction
P


central region is GC (ε) = (ε + iη)SC − HC − α Σα (ε) −1 , where
Σα (ε) is the self-energy of lead α, and η ≈ 1 meV is the electronic broadening applied to both the central region and the semiinfinite leads. The self-energy of lead α is Σα (ε) = [(ε + iη)SCα −
†
†
− HCα
], where HCα and SCα
HCα ][(ε + iη)S α − Hα ]−1 [(ε + iη)SCα
are the couplings of lead α to the bulk heterojunction central region in the Hamiltonian and overlap matrices, HC and SC , respectively. Finally, the coupling to the semi-infinite input/output leads is
Γin/out = i(Σin/out − Σ†in/out ), where Σin/out (ε) is the self-energy of the
input/output lead. The four-terminal conductance across the bulk
heterojunction from donor to acceptor is then obtained when the
input lead is that of a semi-infinite polymer, and the output lead is
that of a semi-infinite C60 chain or SWNT.
The conductance of electron and hole charge carriers is then
obtained by simply evaluating the transmission at their associated Fermi levels εeF and εhF , respectively. However, to understand the origin of differences in conductivity between the various
donor/acceptor bulk heterojunctions considered herein, we shall
find it useful to also consider the transmission within an energy
window around the acceptor’s VBM and CBM. In this way we may
differentiate between differences in conductivity owing to an improved level alignment between donor and acceptor, an increased
overlap of their levels, or a greater number of available transmission channels.
3. RESULTS AND DISCUSSION

To quantify the differences in electronic properties amongst the
donors (PT, P3MT, and P3HT) and acceptors (C60 chain, (6,4),
(6,5), and (10,5) SWNTs), we first consider the energy gaps for the
isolated polymers and the band gaps of the isolated fullerene chain
and SWNTs. Amongst the three functionalized thiophene polymers
considered, both the calculated Kohn-Sham (KS) energy gaps and
those measured via photoluminesence 21,24,25 differ by less than 50
meV, with the largest difference from polythophene (PT) occurring
with the first methyl functionalization group (P3MT). For this reason, along with the accompanying reduction of computational effort, we shall restrict consideration from hereon to PT and P3MT
as donors.
The acceptors considered have been intentionally chosen to provide a range of electronic band gaps, as shown in Table 1, from 1 eV
for the (10,5) SWNT to 1.9 eV for the C60 chain. In each case, the
calculated KS band gaps differ from the first E11 transition measured in photoluminescence (PL) experiments 26,51 by about 25%.
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Table 1. Kohn-Sham Band Gaps EKS
gap , Photoluminescence E11 Transitions, and Triplet Excited State Formation Energy Ef (↑↑) in Electronvolts of Acceptors (C60 chain, (6,4), (6,5), and (10,5) SWNTs) Isolated
(—) and in Heterojunctions with a Donor (PT or P3MT)

species

❛❛

❛

donor

acceptor❛❛

❛
❛

C60 chain
(6,4) SWNT
(6,5) SWNT
(10,5) SWNT
a

KS
Egap

E11

—

—

—

PT

P3MT

1.46
1.08
0.92
0.74

1.9
1.420b
1.272b
0.992b

1.508
1.101
0.853
0.858

0.842
0.967
0.804
0.712

0.622
0.843
0.689
0.626

a

E f (↑↑)

Ref. 51, b Ref. 26.

This is consistent with previous results, and may be addressed
through many-body GW corrections to the self energy. 52–54 However, for our purposes, it is more relevant to note that the difference
is rather systematic amongst the carbon-based materials considered
herein.
A more reliable descriptor for differences in exciton binding between bulk heterojunctions is the triplet excited state formation energy E f (↑↑), provided in Table 1. This is obtained from the total
energy difference between a system in the triplet excited state and
the singlet ground state, i.e., E f (↑↑) = E(↑↑) − E(↑↓). Since E f (↑↑)
depends only on DFT total energies, and not on KS eigenvalues,
this quantity is in principle exact up to the approximation for the
xc-functional.
Comparing the measured E11 transition energy and the calculated triplet formation energy E f (↑↑) for the isolated C60 chain and
(6,5) SWNT, we find their difference is ∼ 0.4 eV. This is consistent
with the measured singlet exciton binding energy in SWNTs. 3–7
Although differences between the excited singlet and triplet states
may occur, this demonstrates that the triplet excited state provides a
reasonable approximation to the singlet excited state for fullerenes
and SWNTs. For the (6,4) SWNT, we obtain a somewhat smaller
energy difference (0.3 eV), while for the (10,5) SWNT it is significantly reduced to 0.1 eV. The latter is related to the reduction of
the E11 transition energy for the (10,5) SWNT, while the E f (↑↑) is
unchanged relative to the (6,5) SWNT. Altogether, this is indicative
of a strong exciton binding in the isolated C60 chain, (6,4) SWNT,
and (6,5) SWNT, with a much weaker exciton binding in the (10,5)
SWNT. This suggests charge separation for isolated SWNTs may
be easier for those with a smaller band gap.
To compare performance between different acceptors in bulk heterojunctions, it is more relevant to compare the difference between
the triplet formation energy of the acceptor in the bulk heterojunc-

tion and in isolation. For a type II bulk heterojunction, a lower
triplet formation energy in the bulk heterojunction suggests the hole
is transferred to the donor. From Table 1 we see that E f (↑↑) is reduced for all the acceptors studied when in the bulk heterojunction.
Further, the triplet formation energy is in all cases lower for the
P3MT bulk heterojunction than the PT bulk heterojunction. We
also clearly see that the C60 chain in the triplet state is significantly
more stabilized upon inclusion in the PT or P3MT bulk heterojunction compared to the SWNTs. There, E f (↑↑) is stabilized by about
0.1 eV upon inclusion in a PT bulk heterojunction, and a further 0.1
eV for the P3MT bulk heterojunction, for all three SWNTs studied.
Qualitatively, this suggests a significantly greater electron-hole separation for the C60 chain compared to the SWNTs, which should all
be rather similar, with P3MT bulk heterojunctions having a more
facile electron-hole separation than PT bulk heterojunctions.
Alternatively, we may describe the degree of electron-hole separation directly by quantifying the charge transfer in the bulk heterojunction. This is obtained by partitioning the DFT all-electron
density between the donor and acceptor species in the bulk heterojunction via a simplified Bader analysis. The charge transfer from
donor to acceptor for each bulk heterojunction in the triplet excited
state, singlet ground state, and their difference, is provided in Table 2.
Table 2. Charge Transfer in e from Donor (PT or P3MT) to Acceptor
(C60 chain, (6,4), (6,5), or (10,5) SWNTs) for the Singlet Ground State
(↑↓), the Triplet Excited State (↑↑), and their Difference (↑↑ − ↑↓)

donor
PT
P3MT
PT
P3MT
PT
P3MT
PT
P3MT

acceptor
C60 chain
C60 chain
(6,4) SWNT
(6,4) SWNT
(6,5) SWNT
(6,5) SWNT
(10,5) SWNT
(10,5) SWNT

↑↓
−0.01
−0.04
−0.05
−0.10
−0.16
−0.23
−0.10
−0.19

↑↑
−0.48
−0.61
−0.22
−0.34
−0.31
−0.50
−0.29
−0.43

↑↑ − ↑↓
−0.47
−0.57
−0.17
−0.24
−0.16
−0.27
−0.18
−0.24

From Table 2 we observe the following trends in the charge transfer: (1) it is always from donor to acceptor, (2) it is always more for
P3MT than PT bulk heterojunctions by about -0.1 e, (3) for SWNTs
it is always about −1⁄4e for P3MT bulk heterojunctions and −1⁄6e for
PT bulk heterojunctions, and (4) it is significantly greater (−1⁄2e)
for C60 chains. All four findings are consistent with our previously
mentioned expectations based on the triplet excited state formation
energy.
To determine the origin of these trends in the bulk heterojunctions’ charge transfer, it is useful to consider the spatial distribution of the difference in all electron density between triplet excited
state and singlet ground state shown in Figure 1. For each bulk
heterojunction studied, the hole density is mostly localized on the
π bonding highest occupied molecular orbital (HOMO) of PT or
P3MT, with the electron density on π anti-bonding levels of the
C60 chain or SWNT. Comparing the PT and P3MT bulk heterojunctions, we notice that the hole density clearly extends onto the
methyl groups of P3MT. We expect this spatial delocalization of
the hole density onto the methyl groups of P3MT makes hole transfer easier in P3MT than PT bulk heterojunctions. For the (6,4),
(6,5) and (10,5) SWNT bulk heterojunctions, the electron and hole
densities shown in Figure 1 are rather consistent, with the electron
density on the upper surface of the SWNT neighboring the PT or
P3MT. On the other hand, for the C60 chain, the electron density
is delocalized over the entire surface of all three fullerenes. This
suggests the greater charge transfer onto the C60 chains compared
to the SWNTs may have a geometrical origin.
However, although these results clearly demonstrate a charge
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transfer from donor to acceptor, it remains unclear whether the
excited electron and hole are truly free charge carriers, or remain
bound at the donor/acceptor interface. To address this issue, we
provide the zero-bias conductance at the energy of the excited electron εeF and hole εhF in the singlet ground state and triplet excited
state in Table 3.
Table 3. Conductance G in G0 × 10−3 from Donor (PT or P3MT) to
Acceptor (C60 chain, (6,4), (6,5), or (10,5) SWNTs) for Hole Carriers at
εhF and Electron Carriers at εeF in the Singlet Ground State (↑↓) and the
Triplet Excited State (↑↑)

donor
PT
P3MT
PT
P3MT
PT
P3MT
PT
P3MT

acceptor
C60 chain
C60 chain
(6,4) SWNT
(6,4) SWNT
(6,5) SWNT
(6,5) SWNT
(10,5) SWNT
(10,5) SWNT

hole carriers
↑↓
↑↑
0.0007 0.003
0.3
0.0007
0.05
88
0.0005 1
0.0007 0.007
0.0002 0.01
0.01
0.01
0.0003 0.04

electron carriers
↑↓
↑↑
0.003
0.02
0.09
0.6
0.02
46
0.01
16
0.02
0.005
0.0003 0.004
0.002
0.003
0.0002 0.002

Note that these conductances are across a single fullerene/polymer
or SWNT/polymer junction. This is because within the NEGF formalism, the fullerene chain, SWNT, and polymer are all modeled
as semi-infinite leads. For this reason, the conductances provided
in Table 3 may be considered to be per absorbed photon. Further,
as there is only a single PT or P3MT band for this energy range
through which current may flow, the quantum of conductance,
G0 = 2e2 /h, provides a theoretical upper bound on the conductance
across the junction.
Overall, the conductances quoted in Table 3 vary by over six orders of magnitude, from G0 ×10−7 to 0.1G0 . Particularly impressive
is the (6,4) SWNT/PT junction, with conductances of 9% and 5%
of G0 for free hole and electron carriers, respectively. While the
(6,4) SWNT junctions clearly provide the highest conductivity in
the triplet excited state, the C60 chain/P3MT junction is clearly the
most active in the singlet ground state. Comparing the conductance
for the junction in the singlet ground state and the triplet excited
state, we find the conductance is generally significantly greater
when the system is in the triplet excited state. This suggests that
the level hybridization related to the charge transfer observed in
Figure 1 facilitates tunnelling across the donor/acceptor gap. However, the opposite is true for the C60 chain/P3MT junction. We also
find the (6,5) and (10,5) SWNTs, with their smaller band gaps, have
quite low conductivities. This is consistent with recent experimental findings, which showed (6,5)SWNT/PCBM/P3HT bulk heterojunctions perform rather poorly. 22
To provide insight into the reasons behind the great variability
in the free carrier conductance provided in Table 3, and the origin of the high conductance across the (6,4) SWNT junctions in
the triplet excited state, we plot the transmission function T (ε) =
Tr[GC Γin GC† Γout ] near the VBM and CBM for the C60 /polymer and
SWNT/polymer junctions in Figures 2 and 3, respectively.
For the C60 /polymer junction, depicted schematically as an inset
in Figure 2(a), we provide the conductance through the polymers
(PT→PT and P3MT→P3MT), along the C60 chain (C60 →C60 ), and
across the junction (PT→C60 and P3MT→C60 ). The transmission
along the polymers is simply G0 for energies below the HOMO,
zero within the energy gap, and G0 above the lowest unoccupied
molecular orbital (LUMO). This amounts to a simple counting of
the number of bands below the VBM and above the CBM.
In the singlet ground state, the HOMO of PT/P3MT is pinned
to the LUMO of C60 at the Fermi level, while in the triplet excited
state, the LUMO of PT/P3MT becomes pinned to the LUMO of

Figure 2. Transmission through a polymer/C60 junction, depicted schematically as an inset, versus energy ε in eV relative to the Fermi level εF in the (a)
singlet ground state (↑↓) and (b) triplet excited state (↑↑), for PT/C60 (thin dark lines) and P3MT/C60 (thick light lines).

Figure 3. Transmission across a polymer/SWNT junction, depicted schematically as an inset, versus energy ε in eV of (a,c) the hole relative to the valence
band (VB) maximum εVBM , and (b,d) the electron relative to the conduction band (CB) minimum εCBM in the (a,b) singlet ground state (↑↓) and (c,d) triplet
excited state (↑↑), with PT (thick light lines) and P3MT (thin dark lines) as donors and a (6,4) (blue), (6,5) (green), and (10,5)SWNT (red) as acceptors. DFT
eigenenergies of the HOMO, SOMO, SUMO, and LUMO of P3MT/PT are marked by thin vertical lines. Filling in (c/d) denotes hole/electron charge carriers
above/below the Fermi level of the VB/CB in the triplet excited state.

C60 at the Fermi level of the excited electron εeF . This means any
differences in band gap between PT and P3MT do not play an important role for the polymer/fullerene bulk heterojunctions, as the
donor HOMO and LUMO are pinned to the LUMO of the acceptor
in the ground and excited state, respectively.
Conduction through the C60 chain is rather different. It instead
exhibits narrow plateaus centered on the HOMO and LUMO of the
C60 chain. As a result, conduction across the polymer/fullerene
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junction is limited to these narrow plateaus where the C60 chain is
conductive, as shown in Figure 2(a) and (b). It is this limitation
in the conductivity of C60 chains, which limits their effectiveness
within OPV bulk heterojunctions, and motivates their replacement
with SWNTs. 21
Unlike the C60 chain, the transmission through semiconducting
SWNTs exhibits broad plateaus, and is typically 2G0 below the
VBM, zero within the band gap, and 2G0 above the VBM. As was

this case for transmission through the polymers, this amounts to a
simple counting of the number of bands below and above the VBM
and CBM, respectively. As the transmission through the polymers
and SWNTs is rather trivial, up to scattering due to transmission
across the junction, it has been omitted in Figure 3. Instead, we plot
the HOMO, singly occupied molecular level (SUMO), singly unoccupied molecular level (SOMO), and LUMO energies below/above
which the transmission from PT→PT and P3MT→P3MT is G0 in
Figure 3(a–d).
For the SWNT/polymer junctions, we find the conductance is
intimately related to the alignment of the SWNT/polymer HOMO
and LUMO levels (cf. Figure 3(a–d)). In fact, the conductance at εeF
and εhF depends exponentially on the alignment of the SWNT and
polymer HOMOs and LUMOs. 55
For the (6,4) SWNT, with a KS band gap a bit smaller than PT
and P3MT, we find both the HOMO and LUMO levels of the polymer and SWNT are aligned in the triplet excited state. Although the
resulting charge transfer is rather similar to the other SWNTs studied (cf. Table 2), the improvement in level alignment places εhF and
εeF at or near the polymer HOMO and LUMO, respectively. This
results in a very high conductivity across the (6,4) SWNT/polymer
junctions in the triplet excited state (cf. Table 3). On the other hand,
the level alignment for the (10,5) SWNT is the poorest of those considered, as the CBM of the nanotube is shifted down relative to the
LUMO of the polymer as the band gap decreases.
In fact, if the transmission were measured above or below the
polymer LUMO or HOMO, respectively, the conductance across
all three polymer/SWNT junctions studied would be > 1% of G0 .
This is not the case for the C60 chain, which is only conductive
within a narrow range of the chain’s HOMO and LUMO.
Essentially, the conductance across SWNT/polymer heterojunctions can be dramatically improved by a better alignment of the
polymer’s HOMO and LUMO levels with the SWNT’s VBM and
CBM, respectively. This may be accomplished using a SWNT with
a larger band gap, e.g., a (6,4) SWNT. However, improving the level
alignment too much may lead to a reduction of the electron and hole
transfer.
4. CONCLUSIONS

We have employed four descriptors: (1) the triplet state formation
energy E f (↑↑), (2) the donor to acceptor charge transfer, (3) the
conductance of free electron carriers G(εeF ), and (4) the conductance
at free hole carriers G(εhF ), to assess the relative performance of
OPV bulk heterojunctions with PT and P3MT as acceptors, and
C60 chains, (6,4), (6,5), and (10,5) SWNTs as acceptors. We find
P3MT, with its larger band gap, and greater ability to absorb a hole,
generally exhibits a greater charge transfer and conductance than
PT. The C60 chain accepts significantly more charge (∼1⁄2e) than
the SWNTs (∼1⁄4e), which are rather consistent for all the SWNTs
considered. These results are also consistent with the calculated
formation energies for the triplet excited state.
However, the conductance across the junctions via free hole and
electron carriers differs by six orders of magnitude amongst the
bulk heterojunctions considered here. In the singlet ground state
the C60 chain/P3MT junction has the greatest conductivity of those
considered (0.03% and 0.06% of G0 ), while the (6,4) SWNT/PT
junction shows a dramatic increase in conductivity in the triplet
excited state (9% and 5%). This suggests by improving the level
alignment of the polymer and SWNT through the use of larger band
gap SWNTs, one may obtain a dramatic improvement in OPV efficiency.
Altogether, these results demonstrate the importance of considering the hybridization of donor/acceptor levels in the excited state,
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and the resulting dependence on level alignment of the conductivity.
This dramatic dependence on the level alignment observed herein
provides significant motivation for future studies including the dependence on the vibrational modes of the molecules, 27 and more
advanced quasiparticle calculations including anisotropic screening
effects 56–60 in the polymer/SWNT level alignment. Furthermore, a
reformulation of the NEGF method to describe photoinduced quantum transport is required to describe the optical absorption dependent photovoltaic efficiency of OPV devices. The techniques employed herein provide a road map for the computational design of
OPV bulk heterojunctions in silico.
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