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ABSTRACT: Solar cells based on blends of P3HT/PCMB constitute one of the most efficient
polymer photovoltaic cells. One of the main factors that determine the efficiency of the solar cells
is the open-circuit voltage, Voc. In this work, we provide an analysis of the parameters affecting
the Voc in a P3HT/PCBM complex. Electronic transitions, excited states, and electron transfer
parameters are evaluated under the classical Marcus formalism via the time-dependent and
unrestricted CAM-B3LYP/6-31G* methods. The charge-recombination driving force is found to
mainly affect the charge-recombination rate constant and, in turn, Voc. Even though other
parameters also determine the value of Voc like density of states, dimensions of the cell, and
microstructure of the donor/acceptor interface, the current work highlights the understanding
attained by modeling charge-transfer parameters. The analysis reported here encourage further
quantum-chemical investigations in organic photovoltaics with the aim of estimating and

improving Voc, such that more efficient organic solar cells may be predicted.

I. INTRODUCTION

A dye-sensitized solar cell (DSSC) is a photovoltaic cell with potential commercial applications
that could compete with existing photovoltaic devices.!> DSSCs are usually 10-pum-thick, optically
transparent films of titanium dioxide particles of a few nm in size, coated with a monolayer of a
charge transfer (CT) dye to sensitize the films for light harvesting; as well they exhibit large current
densities (in some cases greater than 12 mA cm™) and exceptional stability.>* Fullerenes and
derivatives have emerged as promising materials in the field of organic photovoltaics; the reason
of that can be attributed to the fact that they are a low-cost alternative for silicon-based solar cells

and they are associated to profitable manufacturing and negligible toxicity.>”’



A representative system for fullerene-based organic solar cells may be the complex formed by
the mixture of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM); several interesting studies for this complex can be found in the scientific literature.®!4
Blends like P3HT/PCBM are categorized into bulk heterojunctions; therefore, the donor and
acceptor fragments are not covalently bonded.!?

The most critical feature of fullerene solar cells is their low power conversion efficiency (PCE);
being the main factors affecting the PCE the open-circuit voltage (Voc), the short-circuit current
density (Jsc), and the fill factor. Hence, some theoretical and experimental studies are driven to
propose novel bulk heterojunctions with increased PCE.”!¢!8 Other efforts are focused on the
enhancement of the PCE value and toward the comprehension of molecular parameters that
primarily influence the photophysical processes involved in organic solar cells. For example, the
PCE depends upon the rate constant of photoinduced CT reactions, ke, occurring in the
P3HT/PCBM complex. In this regard, based on theoretical investigations, the k. may be controlled
by a few CT parameters such that these may have a direct impact on the PCE value.!” This
approach represents an opportunity for the research in organic photovoltaics since the PCE can be
explored by means of quantum-chemistry methodology, which is a useful tool for the evaluation
of CT parameters. 62022

In this work, the factors affecting k. in a P3HT/PCBM complex are analyzed from a
comprehensive and insightful standpoint based on time-dependent and unrestricted density
functional theory results (TDDFT and UDFT respectively); which are thought to highlight the
potential research strategies to improve Voc and, in turn, the PCE. Accordingly, the quantum-
chemical modeling of CT processes at the molecular level may be challenging.?® For instance, the

structural variability of the donor/acceptor interface may lead to uncertainties in the evaluation of



electronic couplings and driving forces; on the other hand, precise estimations of the
localization/delocalization dynamics of a photogenerated electron-hole pair is required since the
ke largely depends on them.?* Nevertheless, these and other issues are studied in the current
manuscript and we consider that our results may be a guideline for future developments of organic

photovoltaics characterized by enhanced PCE.

II. COMPUTATIONAL DETAILS

In organic solar cells, Voc can be expressed in terms of charge recombination as follows,

QVoc = Eee — ksT log (£5) (1)
where kT is the thermal energy, f'is the volume fraction of the solar cell that is mixed, Ny is the
density of states in the device (it is usually around 10*' cm™ for organic semiconductors), L is the
thickness of the solar cell, and Jsc stands for the short-circuit density current. In addition, each CT
state recombines with an average lifetime 7z, = 1/k., where k. is the (average) charge-
recombination rate constant. Donor and acceptor materials are selected such that their electron
affinities are in the 0.1-0.3 eV energy range, thus ensuring a favorable driving force for the exciton
splitting process. Such electron affinities also determine the value of gVoc within the same energy
range. As a result, the energy of a CT state can be related to Voc as it does in equation 1, instead

of an optical gap between moieties.?

The following expression provides ke, as formulated under the classical Marcus theory,

2 (AGgr+1)2
ker = \/hZ;CBT|Vij| exp (_ f;k;T ) @)

here A is the total reorganization energy, AG. and Vj; are the Gibbs energy and the electronic

coupling, and 7 is the reduced Planck constant. The parameter A is usually divided into two



contributions: internal (Ain) and external (Aex;) reorganization energies. All these parameters were
calculated with the quantum-chemistry code Gaussian09?’ for a stable structure of the
P3HT/PCBM complex, which was extracted from previous works.!?%2° The value of A was also
acquired from those references. Then, the geometry was reoptimized at the dispersion-corrected?°
PBE?!22/6-311G* level of theory resulting in no relevant variations. Range-separated functionals
are expected to better describe excited state properties and intermolecular CT transitions.>>*
Therefore, the CAM-B3LYP/6-31G* method® was used in all instances; yet the hexyl chain in
P3HT was replaced by methyl groups to save computational resources. The hexyl group can cause
torsional disorder in the P3HT fragment so that it is important in simulations;*® indeed, the
complex analyzed here was optimized by considering the hexyl groups, yet they were replaced by
methyl units for the calculation of CT parameters because they do not contribute to the electronic
excitations under study. Additionally, the 8-unit oligomer of P3HT resulted to be appropriate for
the purposes of the current work; as previously discussed.?®

The 30 lowest-energy Franck—Condon excitations were computed via the TDDFT framework in
the gas phase. Conversely, since we found several issues to include solvent effects into the TDDFT
results, the UDFT formalism was used to properly incorporate changes in solvent polarization in
Franck—Condon CT states via the conductor-like polarizable continuum model (CPCM);*”*® with
benzonitrile as the solvent. The CT states were modeled by interchanging one alpha-spin HOMO
localized in P3HT with one alpha-spin LUMO located in PCBM such that a self-consistent field
is searched (see Figure 1); in other words, constraining the self-consistent field process to a
solution for the ionic radical pair PSHT™/PCBM™. To this end, we first perform a DFT calculation
to obtain a ground-state relaxed wavefunction; then, we use the Gaussian09 standard keyword

Guess=(Read,Alter) to obtain a Franck—Condon CT state by the next process: (i) Guess=Read



recovers the ground-state wavefunction, (ii) Guess=Alter specifies orbitals to be alternated from
the ground-state wavefunction, and (iii) we perform a UDFT calculation keeping the modified
wavefunction to reach a quadratically convergent self-consistent field solution for a CT state. This
procedure was previously applied by us in a fullerene-based donor-acceptor complex.** The
resulting energy obtained through this strategy corresponds to E. in equation 1 and its negative

value is AG., in equation 2, that is the change in Gibbs energy for charge recombination.

HOMO-3

Figure 1. Ground-state electronic structure of the PSHT/PCBM complex in the gas phase.

Finally, Ae.; was calculated from UDFT results as the difference between the energy of the CT
state in non-equilibrium solvation and that one in equilibrium solvation. In this regard, the
vanishing dipole polarization effect may be evaluated by setting a calculation in which the zero-
frequency and the optical dielectric constants are equal, & = eop = 2.34, an average value of the
square refractive index of the PSHT/PCBM complex,***! thus the resulting energy corresponds to
the energy of the CT state in non-equilibrium solvation. On the other hand, the energy of the CT

state in equilibrium solvation is derived from a standard CPCM calculation. The electronic



coupling was evaluated via TDDFT calculations in the gas phase; the generalized Mulliken-Hush

(GMH) method was used.*? The coupling is obtained with two charge-localized states:

UijAEj 3)
,/(ui—#j)2+4#i2j

where y;; 1s the transition dipole moment, AEj; corresponds to the energy difference between states,

Vij =

and y; and g are the permanent dipole moments of the ground and the excited state involved in the

electronic transition.

III. RESULTS AND DISCUSSION

This section is aimed at the description of the electronic excitations under study, which are used
in the determination of CT parameters and the Voc of the P3HT/PCBM complex. The factors
affecting the accuracy of the calculations are also analyzed; as well as the performance of the
implemented methodology. The impact of the current manuscript in the investigation of the
efficiency of organic photovoltaics is discussed as well.

In Figure 1, the electronic structure of the P3HT/PCBM complex is schematized, and the
description of electronic transitions is provided in Table 1. A CT state is formed after dissociation
of the lowest-energy exciton entirely formed at the P3HT fragment, P3HT*/PCBM, which is
characterized by an excitation energy of 2.907 eV and 71% of a HOMO-to-LUMO+3 transition
(O.S. =1.35). This is a local excitation of P3HT. The CT state can be originated from a HOMO-
to-LUMO transition since the HOMO is fully placed at the P3HT fragment, and the LUMO is fully
localized at the PCBM moiety. Table 1 illustrates that the first electronic transition corresponds to
a CT transition (P3HT"/PCBM™) with an excitation energy of 2.397 eV, thus resulting in a

favorable driving force for the charge separation reaction: P3HT*/PCBM — P3HT"/PCBM™.



Table 1. The lowest-energy electronic transitions in the P3HT/PCBM complex. Excitation
energies Ex in eV, main HOMO (H) to LUMO (L) orbital contributions, oscillator strength

O.S., and transition dipole moment u;; in debye. Results correspond to TDDFT in the gas

phase
Ex Transition 0.S. Wi
2.397 H—-L (90%) 0.000 0.012
2.436 H-2-L (88%) 0.002  0.097

2.469 H-2—L+1 (70%) 0.000  0.003

H-3—L  (15%)

2.525 H—-L+1 (52%) 0.002  0.088

H3-L  (38%)

2.531 H-3—-L (40%) 0.002  0.069
H—-L+1  (40%)

H-2—-L+1  (9%)

2.907* H—-L+3  (71%)  1.347 18.90

H-1-L+5  (8%)




The TDDFT energy for the resulting CT state in the gas phase is 2.397 eV above the ground
state. Solvent effects are therefore included in this CT state via UDFT calculations. As can be seen
in Table 2, the difference in relative energy of the lowest-lying CT state in gas-phase calculated
with TDDFT and UDFT differs by only 0.07 eV. Table 2 also collects the variation of excited state
properties. Based on UDFT results, we found that the stabilization by solvent effects, AGson, 18
0.934 eV for the CT state under study (not given in Table 2). Besides, there is a gradual increase
in the dipole moment from the gas phase to the equilibrium solvation, as expected. The Mulliken
charge in P3HT for this CT state is greater than +0.8 ¢, and naturally the charge in PCBM is lower
than -0.8 e7; indeed, the value of <S?>, the spin contamination, near to 1.0 confirms the calculation
of an open-shell singlet CT state (i.e. P3BHT/PCBM™). Consequently, UDFT turns out to be a

useful tool in the simulation of CT states in organic photovoltaics.

Table 2. Excited state properties for the lowest-energy charge transfer state in the
P3HT/PCBM complex as calculated via UDFT. The energy relative to the gas-phase ground
state (GS) AE is given in eV, dipole moment x in debye, and the total charge Q distributed
through either the P3HT or PCBM fragment in e The spin contamination is reported as

<S2>

Phase AE I Qesur  Qpcem  <S%>

GS Gas 0.000 2.9 -0.05 +0.05 -
TDDFT Gas  2.397 143 +085 -0.85 -
UDFT Gas 2327 158 +0.88 -0.88 1.08
NonEqSolv 1.823 204  +0.89 -0.89 1.08

EqSolv? 1.393 288  +0.90 -0.90 1.09

2EqSolv: Equilibrium solvation.



The variables affecting V;; for the charge recombination reaction can be collected from Tables
1-2 and equation 3 resulting in V;; = 2.45 meV. A previous estimation resulted in V;; = 13.60 meV
for the same reaction, which is an averaged value obtained from the evaluation of V;; for different
orientations of the P3HT/PCBM complex.!” However, the latter V; was assessed by means of a
planar configuration of the P3HT moiety. It can be showed that the inclusion of dispersion
corrections into the DFT methodology during the geometry optimization leads to a U-shaped
configuration of the P3HT fragment, as shown in Figure 1.2%%° Based on this argument, we select
the value of 2.45 meV for the following discussion. Moreover, Table 2 provides the UDFT energies
of the CT state in (non)equilibrium solvation resulting in Aexr = 0.430 eV. According to equation
2, variations of tens regarding Aex; change k., at least in one order of magnitude; therefore, this
predicament is taken into consideration in the discussion presented below. The TDDFT energy of
2.397 eV of the CT state is stabilized due to AGyoy Which results in 1.462 eV. This value is £ in
equation 1 and, in turn, AG.- = -1.462 eV because negligible contributions of the entropy term are
assumed. The CT parameters are reported in Table 3 along with the charge-recombination rate
constant, k., = 1.62x107 s1; this latter is in agreement with the experimental range and it is also at
least one order of magnitude slower than the rate calculated by Troisi et al. (they reported 4.86x108
s'and 1.93x10° s)."?

Table 3. Charge-transfer parameters involved in the charge recombination in the

P3HT/PCBM complex. Energy terms in eV, and the rate constant in s!

Parameter Value Parameter Value

Aine 0245  Ea 1.462
Aext 0.430 AGer -1.462

A 0.675 ker 1.62x107
Vi 0.002
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The validity of the determination of k., is discussed as follows. The classical Marcus formulation
is a useful tool in the evaluation of k...*’ It is derived from the Fermi’s golden rule at the short-time
and high-temperature limits. It predicted the inverted region, where the rate constant becomes
slower as the driving force increases in a more exothermic reaction. The dominant mechanism
under this formalism is an activated process thus omitting quantum effects. The validity of such
an approach should be proved for intramolecular CT, and it may lead to inconsistencies in the
inverted region since it does not include nuclear tunneling due to overlap between nuclear wave
functions. Indeed, Figure 2 shows that the intermolecular CT under study is in the inverted region;
although the calculated rate is near the cusp of the plot (wherein [AG.| = A) so that an activated
mechanism is possibly still dominant. Accordingly, the assessment of k.- may be considered valid
because our results fit the experimental range and these are not in the far inverted regime, |AGc|
>> ), where quantum effects are dominant, and the Marcus expression does fail.***> The impact
of these calculations in the open-circuit voltage along with the associated accuracy is discussed

onward.

11
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Figure 2. The lowest-energy charge transfer state, E.; (black filled-in circles), and the charge-
recombination rate constant, k.- (white filled-in circles), as a function of the open-circuit voltage,

Voc, of the P3HT/PCBM complex.

Table 4 collects all the data used in the calculation of Voc. Several parameters are constants like
the thermal energy ka7 and the elementary charge g. Others come from experiments such as the
density of states Ny. The typical thickness of the DSSC is taken as 10 pm and we assume a pure
mixture of P3HT/PCBM such that /= 1.0; in fact, varying f from 0.1 to 1.0 has no significant effect
in equation 1 (its logarithmic contribution is minor as compared to the other large numbers). The
average lifetime 7., is extracted from the previous calculation of k... Experimental measurements
carried out in a DSSC made of P3HT/PCBM resulted in a density current of 3.0 mA cm™, therefore
we use this outcome to assess a possible value of Voc and compare it with the experimental result
of 0.87 V.* As shown in Table 4, our evaluation results in Voc = 1.233 V, thus reflecting an
overestimation of the experimental value by 0.36 V. The source of error mainly comes from E
(1.10 eV as determined experimentally).!! However, beyond accurate calculations, a more

comprehensive analysis may be done by observing the variation of E.; and k. as a function of Voc
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as it is depicted in Figure 2, which was made by assuming no variations in the other CT parameters.
As a matter of fact, no significant fluctuations due to E. can be expected for A since the
arrangement of both nuclei and solvent mainly depends on the charge distribution of the CT state,
P3HT"/PCBM™.*’ Furthermore, the methodology used here for the evaluation of AGsn via
benzonitrile and, in turn, Aexr Was previously implemented by us in the triphenylamine(TPA)-Ceso
complex, wherein three CT states (TPA™-Ceo™") derived from HOMO-to-LUMO+X transitions (X
=0, 1, and 2) were described resulting in AGyon = 1.6 €V in all instances.’® Following this order
of ideas, another work published by us reveals the stabilization of CT states due to the solvent,
wherein AGyon resulted in an energy range from 1.0 to 1.8 eV for five TPA-M@Cso endohedral
metallofullerenes complexes (M = Sc3N, SczCH, ScsNC, Sc402, and Sc403); although we found
that structures containing the clusters ScsN, Sc3CH, and Sc4O3 facilitate the photoinduced charge
separation reaction, TPA-[M@Cso]* — TPA™-[M@Cso]™, those complexes incorporating the
ScsNC and Sc4O: clusters hamper such a reaction due to an unfavorable stabilization of the
corresponding CT state. Our findings were supported by comparison with experimental redox
potentials of TPA and M@Cso.*® Those previous UDFT results also suggests that geometry-
relaxed CT excited states are energetically similar to the corresponding Franck-Condon; at least
for fullerene-based donor-acceptor complexes. On the other hand, equation 3 shows that V;; does
change with E.; even though it should be noticed that the value of V;; mainly depends on u since
Vi = (Ec)(107) = 2x107%; where 10~ comes from the division between y;; and the square root as the
divisor in equation 3. Accordingly, it is noticed that an energy of 1.1 eV for E.;, the experimental
value, leads to an increase of two orders of magnitude in the charge-recombination rate constant,
ker=9.09x10° s7!; this causes that Voc = 0.80 V, a more precise result. In addition, it can be verified

from equation 1 that Jsc has no significant impact in Voc. That is, being E.; = 1.462 eV (the
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calculated value), Voc changes only 0.03 V when Jsc varies from 10 to 120 A m™. The same result
is obtained in the case that £, = 1.10 eV (the experimental value) is considered. In fact, this
outcome highlights the importance of properly modeling E.; in organic solar cells and k. since

Voc is more sensitive to these parameters than is it to Jsc.

Table 4. Parameters involved in the calculation of the open-circuit voltage of the

P3HT/PCBM complex
Parameter ~ Value Unit
Eet 1.462 eV
ksT 0.026 eV
q 1.60x10"° C
f 1.00
No 1.00x107  m3
L 1.00x10° m
ker 1.62x107 m’!
Jsc 30.0 Cs'm?
Voc 1.233 v

Overall, Figure 2 illustrates that faster charge recombination brings about a reduction of Voc.
Improved Voc is indeed possible by slower charge recombination; it can be reached by accessible
higher-energy CT states since the term exp[-(AG.+A)/4AkgT] in equation 2 decreases because of
E.. Besides, Scharber et al. had already provided an empirical expression for the estimation of the
Voc by means of energy terms of the complex: gVoc = Eg - 0.3 eV with E; standing for the donor-
acceptor energy gap.*’ Even though it is a very useful tool in the design of more efficient organic
solar cells, the empirical value of 0.3 eV is an intriguing task to solve. In this regard, based on our

results, equation 1 is reduced to gVoc = E¢ - 0.23 eV; a similar expression as that one derived by
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Scharber et al. In view of that, we conclude that the empirical value of 0.3 eV should be associated
to the term of equation 1 that depends on k. (the second term).

Finally, not only does E. play a key role in the assessment of k.- but also the structural variation
of the P3HT/PCBM complex, as well as the accuracy of Aex,”*>! which change k., by several orders
of magnitude.? Under this order of ideas, the analysis extracted from Figure 2 is an attempt to
compensate the issues related to the accurate estimation of the CT parameters significantly
affecting k.-, consequently the observation of trends should deliver better insights into the Voc of
organic photovoltaics than the calculation of absolute values. Additionally, the UDFT
methodology implemented in this work provides consistent results because E.; can be computed
within an error of 0.3 eV, thus representing an advantage since energy gaps, Eg, calculated via
DFT turn out to be imprecise in many cases.’?> Therefore, the analysis of the computed E thru
UDFT for a set of organic solar cells should provide potential complexes able to increase the

efficiency of these devices.

IV. CONCLUSIONS

In conclusion, the open-circuit voltage (Voc) is a determining factor to increase the power
conversion efficiency in organic photovoltaics. The Voc depends on a variety of parameters as
discussed in this work; although some of them are more relevant like the photoinduced charge-
transfer occurring at the donor/acceptor interface. In this regard, the energy of charge-transfer
states, E., 1s crucial since it determines the charge-recombination rate constant, k.; these
parameters directly affect the Voc. We develop guidelines to evaluate the Voc from E. mainly
based on time-dependent and unrestricted density-functional-theory calculations, which represents

an alternative strategy to the estimation of the Voc derived from energy gaps. The converged
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overestimations of E.; and Voc by 0.36 V as compared to the experimental values suggest that our
analysis may be extended towards the investigation of more efficient organic solar cells; wherein
the determination of tendencies related to the variation of E.; as a function of the Voc may be more
insightful. Motivated by the results reported in this manuscript, our research group is currently

devising donor/acceptor complexes concerning E., and k.- to increase the Voc.
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