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ABSTRACT: Organic conjugated polymers (CPs) are promising candidates for organic
photovoltaic (OPV) devices due to their unique tunable mechanical and optoelectronic
performance. Over the last decade, optoelectronic properties of narrow band gap CPs as a
blend with acceptor units are largely optimized, which leads to noticeable progress in OPV
technology. However, their power conversion e!ciency is still lower than their organic
counterparts (i.e., silicon), limiting their practical usage. In this study, we employ ab initio
molecular dynamics to explore photo-induced charge transfer (CT) of the
diketopyrrolopyrrole-based polymer as a blend with non-fullerene (i.e., ITIC) and
fullerene (i.e., PCBM) acceptor units. The results of charge carrier dynamics induced by
selected photoexcitation show that hole density redistribution in space is much faster than
electron relaxation. We track the relaxation rates of charge carriers over time, where the derivative of the di"erence between the rate
of electron and hole implies the current density at zero voltage. This can be utilized to characterize the CT performance of CPs
blended with di"erent acceptor units. Relaxation rate results indicate that CP blend with ITIC promises a better PV performance,
illustrating that the current computational approach opens the door to determine bulk heterojunctions’ electronic performance for
OPV devices and narrowing down the list of potential donor−acceptor candidates.

■ INTRODUCTION
Over the past decades, the development of semiconducting
conjugated polymers (CPs)1−6 provokes noticeable progress in
organic photovoltaics (OPVs).7−10 Generally, CPs are being
utilized as a blend with acceptor units to form the bulk
heterojunction (BHJ) for the active layer.11 Currently,
molecular engineering of CPs (i.e., donor) and acceptor
units is one of the most important research directions to tune
optoelectronic properties of OPVs, such as energy levels,
absorption, and charge transfer (CT).12−15 The rate of photo-
induced CT at the interface of CPs and acceptors is a key
parameter that characterizes the generation/recombination of
charge carriers through a non-radiative process, determining
the open-circuit voltage and attained power conversion
e!ciency (PCE). Despite tremendous e"orts, organic OPVs
are still under development because they are limited to lower
PCE as opposed to their inorganic counterparts. Due to the
endless possibilities of molecular modifications and complex-
ities of the CT mechanism, it is challenging to experimentally
explore a library of donor−acceptor (D−A) blends to reach
the optimum interface.
To date, fullerene derivatives [i.e., [6,6]-phenyl-C61-butyric

acid methyl ester (PCBM)] as electron acceptors are
frequently implemented in high-performing OPV devices.16
However, the intrinsic deficiencies of fullerene-based accept-
ors, such as di!culty to tune energy levels, weak visible light
absorption, and inherent tendency of easy aggregation, hamper
their improvement for OPV devices.17−19 Thus, non-fullerene
acceptors, with synthetic flexibility and great potential to

mitigate the aforementioned drawbacks of the fullerene
acceptors are proposed as an alternative used in BHJ.13 Non-
fullerene acceptors have recently attracted a lot of attention
from researchers in the development of BHJ organic solar cells.
It has been hypothesized that under equal conditions, a BHJ
involving non-fullerene acceptor will provide higher e!ciency
of CT. Therefore, a critical prerequisite and comparative
exploration are required to be implemented at the fundamental
electronic level for both fullerene and non-fullerene CP blends
to unravel the reason behind di"erences in the relaxation
pathways and CT rate at the interface. Hence, developing a
computational framework to characterize/rank CT rate at the
interface of di"erent D−A blends would be noticeably
advantageous for the community.
To address this, the underlying electronic ground state and

formation of photo-induced CT at the interface need to be
formulated.20 Computationally e!cient and precise density
functional theory (DFT) techniques can be implemented to
first explore the electronic structure of D−A blends.21−23

Having DFT to provide optimized electronic states at the
interface,24 ab initio excited-state dynamics simulations can be
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implemented next to probe the mechanisms behind exper-
imentally measured CT rates.25 The dynamics of charge
carriers are often taken into account based on the reduced
density matrix presented by the Redfield theory.26 Then, the
nonadiabatic couplings are performed to parametrize Redfield
equations, from an on-the-fly coupling of the electron to lattice
by the molecular dynamics (MD) trajectory developed upon
DFT.27 Recently, this methodology has been successfully
applied to investigate nonradiative relaxation dynamics of
perovskite PVs28−30 and silicon surfaces.31 Hence, in this work,
we employ this paradigm to investigate the CT at the interface
of CPs with fullerene and non-fullerene acceptor units, seeking
a materials-by-design framework to computationally narrow
down the list of candidate interfaces for BHJ of OPVs.
In this work, we employ nonadiabatic MD to investigate

photo-induced CT of the diketopyrrolopyrrole (DPP)-based
polymer32 as a blend with non-fullerene (ITIC) and fullerene
(PCBM) acceptor units. We study the non-radiative relaxation
of photoexcited electrons and holes. Nonadiabatic couplings
between electronic orbitals are computed based on nuclear
trajectories obtained from ab initio calculations. We calculate
the CT rates of charge carriers over time, where the di"erence
between the CT of electron and hole can qualitatively
represent the current density at zero voltage. The measure-
ment of current density at the interface of di"erent blends is
utilized to qualitatively characterize the PCE. Our study
illustrates the potential of the present computational method-
ology to explore the performance of D−A candidates for the
next generation of OPV devices.

■ METHODS
Theoretical methods are logically organized into three
sections: ground state DFT, nonadiabatic calculations, and
computational details.
Ground State DFT. In this study, the atomic model is

represented by the initial position of each ion, RI . The
electronic structure is then determined through the solution of
the self-consistent equation of DFT33 via Vienna Ab initio
Simulation Package (VASP).34 This approach is established
based on a fictitious one-electron Kohn−Sham (KS) equation
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where r( ) stands for electronic charge distribution, and
r( )i

KS are KS orbitals with the orbital energy εi. The solution
of the KS equations is single-electron KS orbitals that depend
on the spatial variables r( )i

KS . Here, [ ]÷÷v r r, ( ) stands for
exchange correlation potential and ZI is the charge of ion I.
The total density of electrons r( ) is calculated by a

combination of the orbitals and orbital occupation function f i.
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Here, HOMO and LUMO stand for highest occupied
molecular orbital and lowest unoccupied molecular orbital,
respectively. The electron density r( ) is refined until reaching
total energy convergence.
In the case of hybrid functionals, the HSE functional takes

advantage of the fraction of Fock exchange, a, at zero electron
separation and a length scale, 1/ω, where the short-range Fock
exchange is computed as follows
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The short-range Fock exchange is then calculated via the
spinful KS density matrix r r( , ),
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while the long-range and remaining short-range exchange are
determined from the exchange-hole formulation of Perdew−
Burke−Ernzerhof (PBE) functionals.23
The absorption spectra of the models are calculated based

on the independent orbital approximation35 and formulated as
the summation of partial contribution

= | |f( ) ( )
ij

ij i j
(6)

where f ij is the oscillator strength between states i and j
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ij

2 ij
2e

(7)

Here, Dij stands for the transition dipole moment

=D r rdij i j
KS KS

(8)

The probability of electronic transition between states i and j
corresponding to the angular frequency ω of the incident light,
indicates the oscillator strength. The transition dipole
correlates the spatial overlap between pair of electronic states
i and j and implies the matrix elements of the position
operator. The delta function in equation eq 6 is approximated
as a Lorentzian distribution to account for thermal fluctuations.
Density of states (DOS) is computed by counting the

number of energy states that are available per energy interval
and is computed as follows

=n( ) ( )
i

i
(9)

where n(ε) is the DOS, ε is an argument, εi stands for the
energy of the ith KS orbital, and ( )i is a Dirac delta
function modeled based on a finite-width Lorentzian
distribution to provide broadening due to thermal fluctuations.

Nonadiabatic Calculations. To explore CT dynamics at
the interface of the CP and acceptor unit, we utilize ab initio
MD with nonadiabatic couplings between nuclear and
electronic degrees of freedom where the couplings provide
dissipative transitions.25,36−38 The nonadiabatic couplings are
used to parameterize the Redfield theory26 for the dynamics of
the excited state. Then, dissipative electronic transitions are
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implemented to propagate the time evolution of the density
matrix

t
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where Fik stands for matrix element of the KS Hamiltonian and

term( )tdd
diss

ij provides electronic energy dissipation due to a

heat bath generated by electron−phonon interactions. The
iterative solution of eq 10 along the MD trajectory calculates
dynamic charge density distribution, rate of transitions
between electronic states with corresponding orbital energy
εi, and rate of CT at the interface. The non-equilibrium charge
distribution as a function of time and energy is calculated as
follows

=n t t( , ) ( ) ( )a b

i
ii
a b

i
( , ) ( , )

(11)

where n(a,b) (ε,t) stands for the non-equilibrium charge
distribution and (a,b) corresponds to the initial photo-
excitation from state a to b, chosen based on the value of
oscillator strength. The change in occupancy of electronic state
populations from the equilibrium distribution is characterized
by

=n t n t n( , ) ( , ) ( )a b a b( , ) ( , ) equil (12)

where nequil(ε) stands for the equilibrium charge distribution.
The Δn > 0 describes the population gain and Δn < 0 indicates
the population loss. Employing eq 12 to track the occupation
of KS orbitals over time, the changes in charge distribution, as
a function of z-coordinates, can be tracked as
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where the KS orbitals are projected onto the z-axis by
integrating over x- and y-components. The energy expectation
values of hot electrons (the same way for the holes) are given
by
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i
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The eq 15 equation can be rewritten in the dimensionless
form of energy
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t
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To calculate the rates of charge carrier relaxation to band
edges, the energy expectation value is converted into
dimensionless energy, and energy relaxation is fitted to a
single-exponential decay to solve for the rate constant30
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Next, the expectation value of hot electron and hole position
in the space can be calculated as follows
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where in the dimensionless form, we have
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Finally, the total charge of the dipole over time is

Figure 1. (A) DOS of the DPP polymer model. Red shaded regions indicate the occupied orbitals and unshaded regions represent unoccupied
orbitals. (B) DOS’s of the PCBM standalone unit, (C) ITIC standalone unit, (D) DPP:PCBM blend, and (E) DPP:ITIC blend. (F) Absorption
spectrum of the DPP polymer, acceptor units, and blends. Ground-state calculations are performed via HSE06 functionals. Green arrows indicate
band gap.
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=Z t Z t Z t( ) ( ) ( )e h (22)

The derivative of the total charge of the dipole over time
indicates the current density that flows through the interface

= =t j t
t

Z tcurrent density( ) ( ) d
d

( )
(23)

where the maximum results of the current density j(t) over
time are considered here to characterize the CT at the
interface.
Computational Details. The periodic model of CP

consists of the two monomers, which are connected upon
approximately 180° rotation relative to each other. This
orientation is chosen to make adjacent thiophene groups more
stable and preserve the linear structure of the backbone, while
the same-oriented successive monomers indicate the curvature
of the backbone within the conjugated plane.39 The chemical
structures of CP and acceptors are generated by the Materials
Studio package and pre-optimized via force field calculations.
The backbone of the CP is stretched in the y-direction. The
side chains of C6H13 and C8H17 are grafted to both sides of the
monomer. The pre-optimized structures of the acceptor units
are located next to the CP in the z-direction. Before running
dynamic calculations, all models are optimized by VASP to
reach the ground state. For dynamics, all models are heated to
a thermostat followed by MD simulations at 300 K. All
simulations are performed via gamma point calculations. It
should be noted that our nonadiabatic calculations are
computed as an average over micro canonical ensemble
where MD trajectories are sampled at several hundreds of time
steps to ensure representation of as many possible states that
the real system might experience. Indeed, we couple electronic
and nuclear degrees of freedom with adiabatic MD simulations
and calculate nonadiabatic couplings between adiabatic states
using an “on-the-fly” procedure. All ab initio MD simulations

of our atomic models are performed based on PBE functionals
using plane-wave basis sets.

■ RESULTS
The DOS and the band structures of the ground states of the
acceptor units and the CP blends are reported in Figure 1. To
predict the band gap which has significant importance in PV-
related applications, HSE06 functional is utilized to evaluate
the electronic configuration of the system. The DOS in the
vicinity of the gap of DPP is exhibited in Figure 1A, where a
band gap of 1.29 eV is predicted, in good agreement with the
reported experimental band gap of 1.3 eV,40 implying that
HSE06 functional appropriately predicts the ground state
electronic structure of the DPP. For the PCBM and ITIC
acceptor units, a band gap of 2.03 and 1.13 eV is predicted,
respectively, see Figure 1B,C. Furthermore, as shown in Figure
1D, the DPP:PCBM blend shows a band gap of 1.08 eV
indicating the addition of PCBM acceptor units to the DPP
polymer improves charge mobility ended in a lower band gap
comparing to pure DPP system. In the same manner for the
DPP:ITIC blend, Figure 1E, a band gap of 0.45 eV is
predicted, much smaller than the calculated value for
DPP:PCBM blend. This implies that ITIC has better potential
to tune/lower the band gap of the DPP polymer.
The corresponding wavelength of fundamental absorption of

semiconductors usually occurs in the visible and near IR
spectral range. We evaluate the absorption spectra, Figure 1F,
to explore the influence of the acceptor unit on the absorbance
of the DPP polymer. For the pure DPP, the maximum
absorbance (λp) appears around 979 nm, larger than the
observed experimental value of λp ≈ 800 nm.41 Despite
utilizing the HSE06 functional, a considerable divergence to
the experimental data is still observed. In our previous paper,24
we showed that for such a 1D model, one needs to employ
some numerical treatments such as k-point sampling to

Figure 2. Partial charge density distribution of the HOMO and LUMO orbitals at the ground state: (A) Orbital of HOMO for DPP:ITIC. (B)
Orbital of LUMO for DPP:ITIC. (C) Orbital of HOMO for DPP:PCBM. (D) Orbital of LUMO for DPP:PCBM. Shaded areas indicate the
electron density. Calculations are performed via HSE06 functionals.
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mitigate the discrepancy between the computational results
and experimental data. As it is shown in Figure 1F, ITIC shows
stronger absorbance compared to the PCBM unit in agreement
with experimental observations.13 Accordingly, for both
DPP:PCBM and DPP:ITIC, a red-shifted trend in the
absorption spectrum is observed, where the DPP:ITIC blend
exhibits much larger absorption which no longer remains in the
visible/near IR spectral range and shifts into the IR region.
Jiang and co-workers42 experimentally measured a broad
photo-response from 300 to 900 nm for a DPP:ITIC solar cell.
Our DFT calculations highlight the higher potential of the
ITIC to extend the absorption spectrum of the DPP polymer
into the red and near-IR range, close to solar radiation emitted
by the sun at sea level.
The calculated ground state partial charge densities of the

HOMO and LUMO KS orbitals are shown in Figure 2, where
the HSE06 functional is employed for the DFT calculations.
For the DPP:ITIC blend, Figure 2A, the partial charge density
of the HOMO orbital resides in the DPP backbone and this
delocalized conjugated state is found to be conductive.
Interestingly, the LUMO orbital of DPP:ITIC, Figure 2B,
shows up on the ITIC acceptor unit, again delocalized through
the backbone. The appearance of the HOMO on the donor
and LUMO on the acceptor unit unravels the CT potential in
the blend at the lower excitations. Indeed, HOMO and LUMO
are considered to characterize interface energetics because

these levels essentially govern charge transport and optical
excitations. In the same manner for DPP:PCBM, HOMO
orbital appears on the DPP backbone with a delocalized-
conductive behavior, see Figure 2C. Accordingly, as exhibited
in Figure 2D, the LUMO orbital resides on the PCBM
acceptor unit which depicts the CT potential of the
DPP:PCBM blend.
Figure 3 indicates three representative charge carrier

dynamics upon photoexcitation for specific initial electronic
transition for the DPP:PCBM interface with zero external
electric fields. The initial transition is an instantaneous
photoexcitation, which promotes a system to a non-
equilibrium state by creating a hole in an initially occupied
orbital and promoting an electron to an unoccupied orbital of
the model. In the present study, selected transitions are
characterized by high values of oscillator strengths, which are
more probable to occur. All three considered transitions,
Figure 3A−C, indicate that hole relaxation is faster than
electron relaxation, and at the end of relaxation, hot electron
relaxes on the PCBM acceptor unit and hot hole resides on the
backbone of the DPP model. For this blend, all initial
excitations start literally at PCBM, for both electron and hole.
Furthermore, for the initial excitation of HO − 8 → LU + 7,
Figure 3B, during the initial stage of dynamics, the electron
temporarily transfers to the DPP. At the later time of
relaxation, the electron returns back to the PCBM; however,

Figure 3. Charge carrier dynamics of the DPP:PCBM blend upon photoexcitation for three representative initial transitions which possess higher
oscillator strength; (A) HO − 3 → LU + 2, (B) HO − 8 → LU + 7, and (C) HO − 5 → LU + 5. For all initial transitions, both excited electron
and hole are located on PCBM. The left panels indicate the distribution of charge as a function of energy and time. Dashed and solid lines indicate
expectation values for energy, calculated in an energy space distribution for conduction and valence bands, respectively. Middle panels represent
charge density distribution as a function of time and position in the space. Electrons, equilibrium distribution, and holes are represented in yellow,
green, and blue, respectively. The o"set between solid and dashed lines corresponds to the electric dipole. The periodic cell is shown in the right
panels where the PCBM acceptor is located at the top and the DPP polymer at the bottom.
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such “swinging” of electron back and forth could be potentially
undesirable for practical PV applications.
Figure 4 shows three representative charge carrier dynamics

upon photoexcitation for the DPP:ITIC blend. The distribu-
tion of charge as a function of time and energy following the
initial photoexcitation from HO − 4 → LU + 2, Figure 4A,
shows that the hole relaxation is much faster than electron
relaxation. As it is demonstrated, the hole relaxes after around
0.7 ps, while the electron relaxation process starts after around
1.35 ps. The description of the charge carrier dynamics in
space and time for the blend shows that the electron relaxes on
the ITIC and holes are concentrated on the DPP backbone.
The hot charge carrier dynamics for the HO − 14 → LU + 19,

Figure 4B, transition is plotted where charge distribution
declares the electron relaxation takes place between 31 and 63
ps, while the corresponding value for hole relaxation lies
around 1 ps. After complete relaxation, the plot of charge
carrier dynamics description in the space shows the electron
concentration on ITIC and hole concentration on DPP. For
the HO − 2 → LU + 1 transition, the similar behavior is
observed where the hole relaxes after 2 ps faster than electron
relaxation. At this transition state, electrons reside on the ITIC
while holes are concentrated on the DPP backbone. For all
transitions of DPP:ITIC, initial excitations appear on both
DPP and ITIC units, implying the potential of both of them to
serve as light absorbers. All excitations show the initial

Figure 4. Charge carrier dynamics of the DPP:ITIC blend upon photoexcitation for three representative initial transitions which possess higher
oscillator strength; (A) HO − 4 → LU + 2, (B) HO − 14 → LU + 19, and (C) HO − 2 → LU + 1. For panel A, initial excitation appears on DPP
and for panels B and C initial excitation is observed on the ITIC unit. The left panels indicate the distribution of charge as a function of energy and
time. Dashed and solid lines indicate expectation values for energy, calculated in an energy space distribution for conduction and valence bands,
respectively. Middle panels represent charge density distribution as a function of time and position in the space. Electrons, equilibrium distribution,
and holes are represented in yellow, green, and blue, respectively. The o"set between solid and dashed lines corresponds to the electric dipole. The
periodic cell is shown in the right panels where the ITIC acceptor is located at the top and DPP polymer at the bottom.

Table 1. Values of Transition Energy, Wavelength, Electron and Hole Cooling Rate (ke and kh), Maximum Current Density,
and Averaged Values of Current Density at Di!erent Initial Transitions of DPP:PCBM and DPP:ITIC Interfacesa

interface initial transition transition energy (eV) wavelength λ (nm) ke (1/ps) kh (1/ps) maximum current density j(t)
DPP:PCBM HO − 3 → LU + 2 1.720 720.9 2.98 2.88 8.47

HO − 8 → LU + 7 2.937 422.2 0.12 1.89 19.08
HO − 5 → LU + 5 2.686 461.5 0.09 2.41 9.56
average values (std) 1.06 (1.66) 2.39 (0.49) 12.37 (5.83)

DPP:ITIC HO − 4 → LU + 2 1.831 677.2 0.17 3.31 12.93
HO − 14 → LU + 19 4.655 266.35 0.09 1.77 26.75
HO − 2 → LU + 1 1.410 879.2 0.14 1.49 5.96
average values (std) 0.13 (0.04) 2.19 (0.98) 15.21 (10.58)

aThe maximum instantaneous value of the current density is achieved for the DPP:ITIC interface, ∼1.4 times larger than the one for DPP:PCBM.
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electron−hole pair at ITIC, where the electron stays, while
holes transfer to DPP. In this case, the swinging of electrons
(back and forth) is less pronounced at the interface in
comparison with DPP:PCBM.
Furthermore, to facilitate a better understanding of the CT

between donor−acceptor units, we monitor the di"erence
between expectation values of the spatial position of the charge
carriers over time (i.e., electric dipole), and the results are
reported in Table 1. These calculations unravel how quickly
charge carriers are being separated. Generally, if the dipole
values do not vary over time, no CT will happen at the
interface and the blend would not be appropriate to be utilized
in a PV device. By definition, the derivative of the dipole over
time represents the current density. For the DPP:PCBM
system, for the transition HO − 3 → LU + 2, Figure 5A, the
inversed rate of the CT is observed at around 0.12 ps, which is
an average time of transfer. It can be approximately assessed as
the red line in Figure 5, the point where the dipole is making a

halfway from the initial to the final value. For all transitions,
the instant of time where half of the charge has been
transferred through its way often coincides with the maximal
derivative of the dipole (by definition reported as current
density). For this transition, a maximum current density of
8.47 is computed. For the transition HO − 8 → LU + 7, Figure
5B, the inversed rate of the CT is calculated around 0.57 ps
where the maximum current density of 19.08 is calculated.
Eventually, HO − 5 → LU + 5 transition indicate the
maximum current density of 9.56, see Figure 5A. A summary of
dipole and maximum current density values is reported in
Table 1. For the DPP:PCBM interface, those three selected
initial transitions exhibit an average current density of 12.37.
The dipole and current density of DPP:ITIC blend over

time are reported in Figure 6. As it is shown in Figure 6A, the
transition HO − 4 → LU + 2 exhibits an inversed rate of the
CT around 0.2 ps and a maximum current density of 12.93.
For this transition, both DPP and ITIC can serve as e!cient

Figure 5. Dipole electric and current density of DPP:PCBM for three representative initial transitions; (A) HO − 3 → LU + 2, (B) HO − 8 → LU
+ 7, and (C) HO − 5 → LU + 5. The o"set between the hot electron and hole expected position in the space corresponds to the electric dipole.
Derivative of the total charge of the dipole over time indicates the current density.

Figure 6. Dipole electric and current density of DPP:ITIC for three representative initial transitions; (A) HO − 4 → LU + 2, (B) HO − 14 → LU
+ 19, and (C) HO − 2 → LU + 1. The o"set between the hot electron and hole expected position in the space corresponds to the electric dipole.
Derivative of the total charge of the dipole over time indicates the current density.
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light absorbers. The transition HO − 14 → LU + 19, Figure
6B, implies an inversed rate of the CT around 0.87 ps and
maximum current density of 26.75. Finally, for the transition
HO − 2 → LU + 1, Figure 6C, inversed rate of the CT is
calculated around 0.29 ps, where maximum current density
exhibits a value of 5.65. As summarized in Table 1, an averaged
value of 15.21 is calculated for the three aforementioned
transitions of the DPP:ITIC blend. This averaged current
density value of the DPP:ITIC interface is higher than that
12.37 value of DPP:PCBM, implying the potential of the ITIC
acceptor unit to provide more e!cient CT than the PCBM
unit.

■ DISCUSSION
Engineered interfaces between organic conjugated materials
are of great importance for PV devices’ function and e!ciency
where understanding the interface properties will facilitate the
development of the next generation of OPVs. According to the
previous studies, CPs as a blend with non-fullerene acceptor
units indicate an improved PCE in BHJ solar cells compared to
fullerene-based interfaces. Here, our first-principles calculations
allow us to interpret both ground state static observables and
dynamics CT at the interface of both non-fullerene and
fullerene blends, at a fundamental electronic level. Under the
same condition, the ITIC acceptor indicates stronger
absorbance than PCBM, consequently, the combined
absorbance of the DPP:ITIC captures preferable regions of
the solar spectrum to achieve enhanced light-harvesting ability.
The band gap of DPP:ITIC is found noticeably smaller than
DPP:PCBM which is more favorable for OPVs because a
smaller band gap maximizes PCE.
For the CPs as long-chain molecules, our results indicate the

formation of delocalization HOMO orbital along with the
conjugated backbone, which can form one-dimensional bands
and facilitate the mobility of charge carriers. On the other
hand, for the electron acceptors, a delocalized LUMO orbital
on the ITIC unit similarly o"ers a preferable circumstance for
the proper charge carriers’ mobility, and interestingly, mobility
is expected to contribute in mobility. This delocalized state on
the ITIC fused-ring structure can easily form π−π stacking
with aromatic rings of the DPP’s backbone (i.e., where the
delocalized HOMO resides) which advantageously facilitates
CT.13 On the contrary, for the DPP:PCBM interface, despite
the localization of the LUMO orbital on the buckyball of the
PCBM unit, the cage-like fused-ring structure of the acceptor
unit cannot provide an optimized interface (i.e., to facilitate
CT) with DPP for the CT compared to ITIC. The organic
BHJ devices need to possess an increased interface between
the donor and acceptor for charge separation to address the
limitations due to low exciton di"usion lengths in organic
materials.11,43−46 This increased area of interface between the
donor and acceptor directly improves solar cell e!ciencies
suggesting a preferable charge separation throughout the BHJ.
For both DPP:PCBM and DPP:ITIC interfaces, non-

adiabatic couplings indicate that electrons and holes have
fast sub-picosecond carrier cooling. For all initial transitions,
expectedly, the photoexcited electrons exhibit a long decay of
hot carriers near the LUMO state. This is due to a large
nonresonant subgap above the conduction band edge, and the
transitions between electronic levels, experiencing a phonon
bottleneck mechanism.47,48 On the contrary, hole levels in the
valence band are often spaced more densely and transition
between electronic levels is quicker because there are a lot of

nuclear phonon modes in resonance with them. A similar trend
is observed by Hamada and Saeki,49 in which time-resolved
microwave conductivity measurements show a slower
relaxation for the electrons compared to the holes in non-
fullerene acceptor solar cells.
In addition, our calculations on the dynamics of charge

carriers indicate that, under the same condition, changing the
acceptor unit from PCBM to ITIC induces drastic qualitative
changes in the pattern of CT at the interface of studied organic
blends. There are three important observations from these
dynamics calculations: (a) the amount of the charge
transferred at the DPP:ITIC interface is higher than
DPP:PCBM at several probable excitations scenarios, due to
a more optimized interface to form π−π stacking. (b) CT at
the DPP:ITIC interface is more stable and the swinging of the
charge carriers is less pronounced. (c) For the DPP:ITIC
blend, the initial excitation observed on both donor and
acceptor units, alternatively, and both DPP and ITIC can serve
as light absorbers. For this blend, multiple channels of CT lead
to a generation of charge separation as a prerequisite for
e!cient PV cells.
Eventually, despite the insightful observation of the charge

carrier dynamics in this study, we want to discuss that the
geometries of our current models are idealized to overcome the
computational cost. Our challenging follow-up project will be
developing condensed three-dimensional periodic models of
organic BHJ to sample multiple CT interfaces between donor
and acceptor units and enhance the reliability of the
simulations. We believe packing multiple donor and acceptor
units in a condensed simulation cell based on the
experimentally recommended D−A weight ratio will provide
more insightful computational models to explore CT.

■ CONCLUSIONS
In this study, we utilize DFT and density matrix theory to
provide an insightful understanding of the optoelectronic
properties of fullerene versus non-fullerene acceptors which are
currently a major focus of the semiconductor’s community.
The key structure−property relationships and donor−acceptor
matching properties are investigated. We explore the patterns
of photo-induced CT of the DPP-based polymer as a blend
with non-fullerene (ITIC) and fullerene (PCBM) acceptor
units. The DPP:ITIC blend exhibits stronger near-IR
absorption compared to the DPP:PCBM system. For both
models, the partial charge density of the HOMO orbitals
appears on the CP backbone, while for LUMO, it resides on
the acceptor units, implying the potential for the donor−
acceptor CT. The delocalized partial charges on both DPP
(i.e., donor) and ITIC (i.e., acceptor unit) is preferable to from
π−π stacking and indicate a more favorable circumstance for
the CT. The non-radiative dynamics of photoexcited charge
carriers indicate that hole relaxation in energy and space is
faster than electron relaxation. Furthermore, we establish a
predictive computational framework to qualitatively character-
ize the PCE of di"erent blends based on transfer rates of
charge carriers over time, that is, di"erence between the
transfer rate of electron and hole that represent the current
density at zero voltage. CT rate calculations indicate that CP
blend with ITIC o"ers a better PV e"ect compared to the
PCBM-based blend. Our first-principles calculations indicate
that for the DPP:ITIC system, CT is faster, swinging of charge
carriers is less dominant, and both DPP and ITIC can serve as
light absorbers. Our results demonstrate the e!cacy of the
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current approach as a computational design strategy to assess
fundamental optoelectronic properties and CT capability of
the newly designed donor−acceptor organic blends before any
synthesis process, which would be advantageous for the
development of the next generation of OPVs.
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