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ABSTRACT: It has been observed that the external quantum efficiency
(EQE) of a hybrid organic/inorganic (P3HT/ZnO) solar cell can be tripled
by inserting a monolayer of fullerene (PCBA) at the donor (P3HT) and
acceptor (ZnO) interface. First-principles simulations are performed to
understand the origin of the increased EQE, offering a complementary
perspective to the experiment. The interfacial atomic and electronic
structure as well as energy alignment are examined for both the bare and
PCBA-modified interface. The presence of PCBA induces an interfacial
dipole and shifts up the lowest-unoccupied-molecular-orbital (LUMO) level
of P3HT relative to the conduction band edge of ZnO. Interfacial electron
dynamics including forward and backward charge transfer time scales are
estimated. We find that the two interfaces have similar forward electron
transfer rates but their transfer mechanisms differ. The PCBA-modified
interface exhibits a weaker adiabatic but a stronger nonadiabatic charge transfer. In contrast, the charge recombination time scale
of the modified interface is 20 times slower than that of the bare interface, thanks to reduced donor/acceptor wave function
coupling as well as increased donor/acceptor energy offset. By slowing down the charge recombination, the PCBA-modified
heterojunction offers the superior performance observed in the experiment.

■ INTRODUCTION
All-organic and hybrid (organic/inorganic) photovoltaic
heterojunctions1,2 represent cost-effective and lightweight
alternatives to the traditional silicon-based solar cells. Both
the organic and hybrid photovoltaics rely on interfacial exciton
dissociation and charge separation to produce photocurrent,
and both have their respective strength and weakness. The
defining difference between the all-organic and hybrid solar
cells is their acceptor materials: in the organic solar cells, the
acceptors are typically fullerene derivatives such as phenyl-C61-
butyric acid methyl ester (PCBM), phenyl-C61-butyric acid
(PCBA), and C60. In contrast, the acceptors in the hybrid solar
cells are inorganic semiconductors, primarily transition-metal
oxides, such as ZnO and TiO2. Compared with the fullerenes as
the acceptor, the metal oxides offer higher electron mobility,
superior environmental stability, and tunability of interfacial
band offsets, which render the hybrid heterojunctions
particularly attractive. For example, ZnO/polymer hybrid
solar cells are gaining considerable interest thanks to the
favorable film quality and electronic properties of ZnO.2−7

Furthermore, one can dramatically increase the interfacial areas
of the hybrid heterojunctions by exploring oxide nanostruc-
tures, in an effort to mimic the bulk heterojunctions. However,
despite the aforementioned advantages, the hybrid solar cells
suffer a critical drawback: they produce far lower photocurrents
as compared to all-organic counterparts.2 This drawback is so
severe that the improvement of photocurrents has been

regarded as the highest research priority for the hybrid solar
cells.
It has been recognized that enhancing interfacial charge

separation and reducing interfacial charge recombination are
the most crucial factors for boosting the photocurrents. One
promising strategy is to optimize the interfacial energy offset by
introducing an organic layer at the oxide/polymer interface. For
example, molecular interfacial modifiers (IMs) can be inserted
at the donor/acceptor interface to generate an interfacial dipole
and to produce a desirable interfacial energy offset for charge
separation.8−13 The fullerene derivatives have been widely used
as IMs because of their tunable energy levels, decent electron
mobility, and favorable compatibility to the active layer.14−21

Herein, we focus our attention on a successful experimental
demonstration of using PCBA as an IM to improve the
performance of a hybrid solar cell. Specifically, we provide a
theoretical perspective on a recent experiment21 which has
achieved a 3-fold increase of EQE by incorporating a self-
assembled monolayer of PCBA at the donor/acceptor interface.
The hybrid heterojunction consists of poly(3-hexylthiophene)
(P3HT) as the donor and n-type ZnO as the acceptor along
with the PCBA monolayer at the donor/acceptor interface. In
contrast to a large body of experimental research, relevant
theoretical effort has been scarce for the hybrid heterojunctions.
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There was a classical molecular dynamics (MD) simulation on
the interfacial atomic structure of the ZnO/P3HT hetero-
junction22 and a first-principles calculation on the interfacial
electronic structure of ZnO/P3HT.23,24 However, all of these
studies concerned only the bare interface in the absence of any
IM; no theoretical investigation has ever been afforded to
elucidate the effect of IMs on interfacial charge separation. To
this end, we perform first-principles simulations to study the
atomic and electronic structure of the ZnO/P3HT interface
with and without the PCBA monolayer. In particular, we
determine the PCBA-induced interfacial dipole as well as the
energy offset at the interface. The phonon-assisted electron
dynamics is simulated to estimate interfacial charge transfer
rates. Both forward and backward (or recombination) charge
transfers are considered. Overall, the theoretical results are in
excellent agreement with the experiment, offering insight that is
not available from the experimental investigation alone.

■ THEORETICAL FRAMEWORK AND
COMPUTATIONAL DETAILS

Ab Initio Non-Adiabatic Molecular Dynamics. Two
types of charge transfer are considered in the paper: a ground
state charge transfer and an excited state charge transfer. As the
name indicated, the former takes place in the electronic ground
state while the latter involves a photoexcited electron making
transitions between the donor and the acceptor states. For
simplicity, we refer to the excited state charge transfer as charge
transfer throughout the rest of the paper. The charge transfer is
modeled by ab initio non-adiabatic molecular dynamics
(NAMD), in which a photoexcited (PE) electron can transfer
(forward) from the P3HT LUMO to the conduction bands of
the acceptor, or (backward) from the ZnO conduction bands to
the highest occupied molecular orbital (HOMO) of P3HT.
The determination of the forward and backward electron
transfer rates is one of the main objectives of the work.
Specifically, the ab initio NAMD25−27 combined with a
modified surface-hopping formalism28,29 is used to capture
the phonon-assisted charge transfer across the donor/acceptor
interface. In this method, the wave function of the PE state
ψPE(r, t) is expanded in the basis of adiabatic Kohn−Sham
(KS) orbitals determined from the static KS-DFT calculations
at an ionic configuration {Ri(t)}

∑ψ ϕ=t c t tr r R( , ) ( ) ( , ( ))
k

k k iPE
(1)

Here, ϕk is the kth KS orbital at time t, ck(t) is the expansion
coefficient, and the sum is over all adiabatic KS orbitals at time
t. The positions of all ions at time t are labeled collectively by
{Ri(t)}. Substituting eq 1 into the time-dependent DFT
(TDDFT) equation in which HKS is the time-dependent KS
Hamiltonian,
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where εk is the energy of the adiabatic KS orbital k and djk is the
nonadiabatic coupling between the KS orbitals j and k
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which represents the electronic coupling between the KS
orbitals owing to the ionic motion. εk and djk are obtained from
a 1000 fs-long ab initio Born−Oppenheimer MD (BOMD),
performed prior to the NAMD simulations. The time-domain
TDDFT method has been extensively used to describe excited
state charge transfer,25−27,30−32 and its validity has been
examined recently.33

On the basis of the coefficient cj(t), one can determine the
electron transition rates following either Ehrenfest or surface-
hopping dynamics. In the Ehrenfest dynamics, the PE electron
can simultaneously occupy many adiabatic KS states and
the probability amplitude in a particular state j at time t is given
by |cj(t)|. In the surface-hopping dynamics, the PE electron is
assumed to stay in one adiabatic KS state at a time, but it can
hop from one state to another. The hopping probability can be
determined from cj(t),

28,29 and many surface-hopping trajecto-
ries have to be averaged to provide a statistical description of
the electron dynamics. The surface-hopping dynamics has an
important advantage over the Ehrenfest dynamicsit satisfies
the detailed balance.34 To capture the stochastic nature of the
coupled electron-ion dynamics, 100 short NAMD trajecto-
rieseach corresponding to evolving eq 3 for 200 fsare
averaged to determine the electron transfer dynamics.27

To simulate the photoexcited electron transfer, the PE
electron is initially placed in the P3HT LUMO, and the amount
of the electron transfer (ET) at time t can be characterized by
the fraction of the PE electron transfer from the LUMO to the
acceptor states

∫∑ ϕ= | |t p t tr R rET( ) ( ) ( , ( )) d
i

i V i
2

(5)

where pi(t) is the occupation probability of the ith KS orbital,
determined by Monte Carlo sampling over the surface-hopping
trajectories.28,29 The sum involves all KS orbitals, and the
integration is over the volume (V) of the acceptor. Taking the
time derivative of eq 5, one obtains two contributions:
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The first term represents the nonadiabatic (NA) electron
transfer, corresponding to the changes in the occupation of the
adiabatic states; i.e., the PE electron hops from one state to
another for charge transfer. The second term represents the
adiabatic contribution, corresponding to the changes in the
adiabatic charge densities themselves; i.e., the PE electron
remains in the same KS orbitals while these orbitals are
evolving. The contributions of the nonadiabatic ET, adiabatic
ET, and the initial ET at t = 0 add up to the total ET.

Simulation Models and Parameters. The ab initio
BOMD and static structural optimization are performed with
the plane-wave pseudopotential method as implemented in the
VASP code.35,36 In this work, the PBE functional37 is used to
determine the atomic structure, while the hybrid PBE0
functional38,39 is applied to calculate the electronic structure,
including energy levels and wave functions of the interface. This
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combination of accuracy and efficiency is motivated by the fact
that the PBE functional has been shown to yield accurate
atomic structure for both P3HT40 and ZnO,41 and the energy
levels determined by PBE0 with the atomic structure obtained
by PBE agree very well with the experimental results for the
oligothiophene/ZnO interface.24 The BOMD calculation is
carried out at the Gamma point only, and the energy cutoff of
the plane-wave basis is 400 eV. The initial atomic structure is
fully relaxed by a static calculation, and the ab initio BOMD
simulation is followed to ramp up the temperature to 300 K
with repeated velocity scalings; the system is then kept at 300 K
for 1000 fs to reach the thermal equilibrium. Finally, a
microcanonical BOMD production run is performed for 1000
fs with a time-step of 1 fs. We have examined the
autocorrelation function of the P3HT LUMO level during
the microcanonical MD run, and found that the system is well
equilibrated in 1000 fs.
The molecular structures of PCBA and P3HT as well as the

interfacial structure of ZnO/PCBA/P3HT are shown in Figure
1a and b, respectively. The optimized ZnO lattice constants, a

and c, are 3.28 and 5.31 Å, respectively, similar to the
corresponding experimental values (a = 3.25 Å and c = 5.20
Å).42 The Zn-terminated ZnO (0001) surface is selected in the
study because: (1) (0001) is one of the stable surfaces observed
in experiments42,43 and (2) the unsaturated and Zn-terminated
(0001) surfaces have excess electrons resembling the n-type
semiconductor used in the experiment.21 As shown later, the
formation of the interfacial dipole stems from the ground state
charge transfer from the ZnO surface to PCBA; thus, the n-type
surface is important to the dipole formation and the enhanced
charge separation observed in the experiment. The ZnO surface
is modeled with a six-atomic-layer slab where the dangling
bonds at the bottom oxygen layer are tied-up by hydrogen
atoms. The bottom two layers of the slab including the
saturating H atoms are fixed in the MD simulations to mimic
the bulk environment. In the direction perpendicular to the
surface, large vacuum layers are used, leading to a lattice
constant of 22 Å for ZnO/P3HT and 30 Å for ZnO/PCBA/
P3HT. The periodical boundary conditions are also used in the
two other directions, with lattice constants of 19.7 Å in the x
direction and 17.1 Å in the y direction. The length of a single

thiophene ring in P3HT is calculated as 3.92 Å, in good
agreement with the experimental value of 3.9 Å.44 Because the
energy gap of an infinite P3HT chain differs significantly from
that of a P3HT segment or oligothiophene,45 we impose a
periodical boundary condition along the chain direction to
simulate an infinite polymer chain. To this end, we include five
thiophene rings along the x direction, yielding a tensile strain of
0.5% in order to match the lattice constant of ZnO.
Fortunately, this small strain has a negligible effect on P3HT
energy levelsthe HOMO−LUMO gap changes merely 0.04
eV.

■ RESULTS AND DISCUSSION
Upon the structural relaxation, the vertical distance between the
P3HT chain and ZnO surface is 3.9 Å for the bare interface; in
the modified interface, the vertical distance between PCBA and
ZnO (P3HT) is 2.4 Å (4.0 Å), as labeled in Figure 1b. In both
interfaces, some thiophene rings are warped in the vertical
direction with averaged distortions of 0.20 and 0.15 Å,
respectively. Two Zn atoms are attracted to PCBA and have
a vertical relaxation of 0.22 Å, out of the surface plane. The
ground state charge transfer from the ZnO surface to the PCBA
layer is clearly visible in Figure 1b, owing to the excess electrons
at the ZnO surface and the high electron affinity of PCBA.
On the basis of the interfacial atomic structure obtained with

the PBE functional, we carry out electronic structure
calculations using the PBE0 functional to determine the KS
energy levels; the resultant energy alignment is shown in Figure
2. For the bare interface, the HOMO−LUMO gap for ZnO and

P3HT is 3.26 and 2.40 eV, respectively. The surface states of
ZnO are removed in determining the band gap. These values
are in good agreement with the experimental results of 3.4 eV
for ZnO42 and 2.0 eV for P3HT.46 For the modified interface,
we find that the band gap of P3HT is essentially unchanged,
while the gap of the acceptor (ZnO/PCBA) reduces to 3.03 eV
due to the ground state charge transfer from ZnO to PCBA.
Comparing the two heterojunctions, we note that the energy
difference between the P3HT LUMO and the ZnO conduction
band edge increases significantly from 0.04 to 0.89 eV (0.85 eV
increase) when the PCBA monolayer is introduced. A similar
trend is also observed in the experiment where the energy
difference between the P3HT LUMO and the Fermi energy of
ZnO increases from 1.1 to 1.5 eV (0.4 eV increase).21 The
increase of the P3HT LUMO level relative to the acceptor
ZnO/PCBA conduction band edge suggests that PCBA

Figure 1. The atomic structure of (a) PCBA and P3HT molecules and
(b) ZnO/PCBA/P3HT heterojunction. The isosurface (±0.007e/Å3)
in part b shows the differential charge density defined as ρdiff = ρtotal −
(ρZnO + ρPCBA + ρP3HT). ρtotal is the total charge density of the
heterojunction, and ρZnO, ρPCBA, and ρP3HT represent the charge
density of the individual units by themselves. The blue (yellow) color
indicates charge accumulation (depletion) when the individual units
are brought together to form the heterojunction. The ground state
charge transfer from the ZnO surface to PCBA is clearly visible.

Figure 2. The schematic energy alignment of (a) the ZnO/P3HT
interface and (b) the ZnO/PCBA/P3HT interface based on the PBE0
functional. The energy of the conduction band (CB) edge and the
valence band (VB) edge of ZnO (black) as well as the HOMO and
LUMO levels (red) of P3HT are labeled.
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increases the energetic driving force for the interfacial charge
separation. At the same time, the PCBA LUMO (−3.70 eV) is
lower than the ZnO conduction band edge. Therefore, the
heterojunction does not possess the so-called “cascading band
structure”where the LUMO of an IM straddles between the
LUMOs of the donor and the acceptoras generally assumed
for this type of modified heterojunctions.47,48

The changes in the energy offset are attributed to the
interfacial dipole developed as a consequence of the ground
state charge transfer from ZnO to PCBA. The interfacial dipole
can be computed as

∫∑ ρ= −ZD R r r r( ) d
i

i i
(7)

where Zi and Ri are the (positive) charge and position of the ith
ion, while ρ(r) is the electron density at r. The dipoles along
the z direction for the bare and modified interfaces are 3.8 and
7.4 eÅ, respectively, with an induced interfacial dipole of 3.6 eÅ.
The ∼100% increase of the interfacial dipole could significantly
change the interfacial energetic landscape. By approximating
the induced dipole as a parallel-plate capacitor, one can
estimate the potential energy drop across the capacitor as ΔE =
D/ε0S (S is the surface area of the plate). Using D = 3.6 eÅ and
S = πr2 as the cross-section area of the PCBA monolayer (r =
4.2 Å is the radius sum of PCBA and C atom), we arrive at ΔE
= 0.94 eV, close to the energy increase of 0.85 eV quoted
above. Therefore, the induced interfacial dipole can indeed give
rise to the observed large energy shift. It should also be pointed
out that the LUMO−LUMO gap between P3HT and PCBA is
0.96 eV, similar to the previously calculated LUMO−LUMO
gap of 0.82 eV in the P3HT/PCBM heterojunction (PCBM is
structurally very close to PCBA).32 This similarity suggests that
the dipole exists only between ZnO and PCBA, and thus, the
energy offset between P3HT and PCBA is unchanged. Finally,
we stress that the dipole-assisted charge separation depends on
the excess electrons at the oxide surface so that the ground state
charge transfer can take place, inducing the interfacial dipole.
We have also examined the (101 ̅0) ZnO surface, which
undergoes a surface reconstruction eliminating the dangling
bonds.41 As a result, there is no excess electron transferred to
PCBA and there is no induced dipole nor change to the energy
offset.
Next, we define spatial overlap Sij between two wave

functions ψi and ψi as
49

∫ ψ ψ= | || |S r r rd ( ) ( )ij i j
3

(8)

The overlap integrals for several pairs of wave functions are
listed in Table 1 using both PBE and PBE0 functionals. We find
the following: (1) the spatial overlaps between the P3HT
frontier orbitals and ZnO conduction bands in the bare
interface are much larger than those in the modified interface.
Thus, the presence of PCBA reduces the wave function
coupling between the donor and acceptor. (2) There is a
significant spatial overlap between ZnO and PCBA, suggesting
PCBA as an excellent interfacial modifier. (3) The overlap
determined by the two functionals agrees well in general,
indicating that the PBE functional can provide a reasonable
description of the KS orbitals. As discussed later, the charge
transfer dynamics depends crucially on the relevant wave
function overlap.
In the following, we examine how the presence of the PCBA

layer affects the ionic and electronic dynamics. In Figure 3, we

display the partial density of states (DOS) of the ZnO
conduction bands, all PCBA states, and the P3HT LUMO level,
respectively, averaged over BOMD time-steps. For the bare
interface, the P3HT LUMO level fluctuates above the ZnO
conduction band edge, but it shifts deep inside the ZnO
conduction bands in the modified heterojunction. During the
ionic dynamics, the P3HT LUMO level in the bare
heterojunction has a wider distribution than that of the
modified interface; the standard deviation of DOS is 0.16 and
0.09 eV for the bare and the modified interfaces, respectively.
The wider LUMO distribution in the bare interface can be
attributed to the greater spatial coupling between the ZnO
conduction bands and P3HT LUMO, as shown in Table 1.
Note that, in the modified interface, the DOS of the P3HT
LUMO overlaps not only with the ZnO conduction bands but

Table 1. The Orbital Overlap in the Bare and PCBA-
Modified Interfaces, as Defined in eq 8 Based on the PBE0
and PBE Functionalsa

ψi ψj Sij (PBE0) Sij (PBE)

bare interface ψLUMO ψCB 0.41 0.34
ψHOMO ψCBE 0.39 0.49

modified interface ψLUMO ψCB 0.04 0.05
ψLUMO ψunocc

PCBA 0.07 0.07
ψHOMO ψCBE 0.01 0.02
ψHOMO ψLUMO

PCBA 0.04 0.04
ψLUMO
PCBA ψCBE 0.43 0.34

aThe orbitals ψi and ψj belong to P3HT and ZnO, respectively, except
for the ones with superscript “PCBA”. The ZnO conduction band
(CB) and the unoccupied (unocc) PCBA state in ψj refer to the
corresponding state that is the closest in energy to the P3HT LUMO.
The subscript “CBE” denotes the ZnO conduction band edge.

Figure 3. The density of states (DOS) of (a) the bare interface and
(b) the PCBA-modified interface, averaged over BOMD config-
urations. The black, red, and blue curves correspond to the partial
DOS of the ZnO conduction bands, all PCBA states, and the P3HT
LUMO, respectively. The DOS of ZnO is downscaled by a factor of 3
so that it can be displayed clearly. The conduction band (CB) edge of
ZnO is labeled by a dashed line.
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also with the PCBA states, resulting in electron transfer from
the P3HT LUMO to both ZnO and PCBA.
To understand the effect of lattice vibrations on charge

transfer, we have calculated the Fourier transform (FT) of the
P3HT LUMO shown in Figure 4. For both heterojunctions, the

main FT peaks are located at the low-frequency end (less than
500 cm−1), consisting of bending and torsion modes of the
P3HT backbone. Thus, these phonon modes play an important
role in the charge transfer. The peaks of the bare interface are
much higher than those of the modified interface, indicating a
larger energy fluctuation of the P3HT LUMO level, again due
to the strong hybridization between the P3HT LUMO and
ZnO conduction bands. Similarly, we find that the phonon
modes of ZnO with frequencies less than 600 cm−1 50 are also
important to the charge transfer.
The proceeding discussion concerns the (thermodynamic)

driving force for the charge separation, but it does not provide
information on the kinetics or dynamics of the charge transfer.
To address the latter, we conduct NAMD simulations to study
electron transfer (ET) dynamics across the interface. The
interfacial ET can be characterized by time-dependent electron
transfer, as shown in Figure 5. The total amount of electron
transfer, ET(t), is fitted to the following equation:25

τ= · − − +t t tET( ) ET {1 exp[ ( )/ ]}f 0 (9)

where ET(t) is obtained from the NAMD simulation at time t.
From the fit, one can estimate the elapsed electron transfer
time (τ) and the final amount of electron transfer (ETf). Here,
t0 (the intercept of the time axis) is the elapsed time
corresponding to the pretransferred amount. The fitted τ and
ETf are 46 fs and 0.79 for the bare interface and 47 fs and 0.84
for the modified interface. Therefore, as far as the forward
charge transfer is concerned, the two heterojunctions have
similar ET rates as well as the final charge transfer amount.
Comparing to ZnO, there is much less charge transfer (0.07 e)
onto PCBA, suggesting that PCBA does not block the electron
transfer from P3HT to ZnO. Despite the reduced wave
function overlap between P3HT and ZnO, the modified
interface yields the similar ET time scale and charge amount as
compared to the bare interface. This is because in the modified
interface the P3HT LUMO lies deep inside the ZnO
conduction bands and thus the charge can be transferred to
many conduction bands simultaneously. On the contrary, the
number of conduction bands with energies close to the P3HT
LUMO level is much fewer in the bare interface.

The interfacial charge transfer can be either adiabatic or
nonadiabatic. The adiabatic ET occurs when the overlap
between the donor and acceptor states is significant; the
nonadiabatic ET takes place when the acceptor DOS is high.25

As shown in Figure 5a, for the bare interface, the adiabatic ET
dominates owing to the larger overlap between P3HT and ZnO
wave functions. On the other hand, the nonadiabatic ET is
negligible because of the low DOS at the conduction band
edge. For the modified interface shown in Figure 5b, the
nonadiabatic ET contribution is significant owing to the high
DOS of the conduction bands. The nonadiabatic ET in the
modified interface makes up for the small adiabatic ET
contribution and yields a similar total ET as the bare interface.
It was pointed out that the culprit behind the low internal

quantum efficiency (IQE) for the bare heterojunction was back-
recombination. And the high IQE of the SAM-modified devices
suggests that this problem can be mitigated by the SAM
deposition.21 To shed light onto this process, we carry out
simulations for the charge recombination, i.e., the charge
transfer from the ZnO conduction bands to the P3HT HOMO.
The time-dependent PE electron transfer is shown in Figure 6.
Averaging over three initial ZnO conduction bands, we find
that the final ET within 200 fs is approximately 2 × 10−3 and 9
× 10−5, corresponding to a recombination time scale of 0.1 and
2 ns for the bare and modified interface, respectively.
Therefore, the presence of PCBA can dramatically slow down
the charge recombination by a factor of 20. There are two
reasons for the slowed charge recombination: (1) The P3HT
LUMO is the key intermediate state through which the charge
recombination takes place. The charge transfer from the
conduction bands to this intermediate state is significantly
reduced thanks to the upshift of the LUMO relative to the
conduction bands in the modified interface (cf. Figure 2). (2)
The wave function overlap between ZnO and P3HT is much

Figure 4. The Fourier transform of the P3HT LUMO energy of the
bare (black) and the PCBA-modified (red) interfaces during the
microcanonical BOMD simulation.

Figure 5. Electron transfer (ET) fraction from the P3HT LUMO to
the ZnO conduction bands as a function of time for (a) the bare
interface and (b) the PCBA-modified interface. The black, red, and
blue curves correspond to the total, adiabatic (AD), and nonadiabatic
(NA) transfer. The green curves are the exponential fit to the total
electron transfer. In part b, the dashed curve shows the total ET to the
PCBA layer.
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smaller in the modified interface, as shown in Table 1. In the
previous study of charge transfer at the P3HT/PCBM
interface,32 we found that the time scale of the charge
recombination was ∼1 ns, which is similar to that of the
PCBA-modified interface. This suggests that the charge transfer
from PCBA (or PCBM) to P3HT is the charge recombination
bottleneck, since the charge transfer from the oxides to P3HT
is much faster. Experimentally, it was observed that both short-
circuit current and open-circuit voltage are increased as a result
of reduced recombination, in line with the simulation result.
Once the charge transfer completes, the carriers will move away
from the interface with a driving force provided by the energy
offset between the P3HT LUMO and the conduction band
edge of the acceptor. Since the energy offset is much greater in
the modified interface, so is the driving force for the charge
separation.
The simulations can provide some general insight for the

hybrid solar cells. As discussed above, the induced interfacial
dipole is the key for the enhanced charge separation. Since the
dipole exists only between ZnO and PCBA and it is irrespective
of the donor, one expects that the same mechanism should
apply to other donor materials, as observed experimentally.17

On the other hand, PCBA can lead to significant ground state
charge transfer because of its high electron affinity, inducing a
much larger interfacial dipole (3.6 eÅ) than that in smaller
organic IMs.13 Furthermore, the induced dipole is perpendic-
ular to the interface, in contrast to the intrinsic dipoles of the
smaller organic IMs, which are oriented more randomly. In
general, the fullerene derivatives possess a larger DOS than that
of the smaller IMs, and thus have more available states to
accommodate the charge transfer from the donor. Therefore,
fullerenes in general and PCBA in particular are excellent
candidates for IMs, consistent with the experimental findings.20

■ SUMMARY
To summarize, first-principles simulations are carried out to
examine the dipole-assisted charge separation in the PCBA-

modified P3HT/ZnO photovoltaic heterojunction. The atomic
structure, electronic structure, and energy alignment at the
interface have been studied for both the bare and modified
heterojunctions. The presence of PCBA induces an interfacial
dipole due to the ground state charge transfer from the ZnO
surface to the PCBA monolayer, and elevates the energy
position of the P3HT LUMO level relative to the ZnO
conduction band edge. The electron dynamics is also studied,
including both forward and backward electron transfer in order
to estimate the corresponding charge transfer time scales across
the interface. We find that the two heterojunctions have a
similar forward electron transfer time scale but different
forward transfer mechanisms. The modified interface exhibits
a weaker adiabatic but a stronger nonadiabatic electron transfer
compared to the bare interface. In contrast, the recombination
time scale of the modified interface is 20 times slower than that
of the bare interface owing to the reduced wave function
coupling and the enlarged energy offset in the modified
heterojunction. It is by slowing down the charge recombination
that the PCBA-modified heterojunction offers the superior
performance as observed experimentally.
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