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A power conversion efficiency of 3.4% with an open-circuit voltage of 1 V was recently demonstrated in a
thin film solar cell utilizing fullerene Cg, as acceptor and a new acceptor-substituted oligothiophene with an
optical gap of 1.77 eV as donor [K. Schulze et al., Adv. Mater. (Weinheim, Ger.) 18, 2872 (2006)]. This
prompted us to systematically study the energy- and electron transfer processes at the oligothiophene:fullerene
heterojunction for a homologous series of these oligothiophenes. Cyclic voltammetry and ultraviolet photo-
electron spectroscopy data show that the heterojunction is modified due to tuning of the highest occupied
molecular orbital energy for different oligothiophene chain lengths, while the lowest unoccupied molecular
orbital energy remains essentially fixed due to the presence of electron-withdrawing end groups (dicyanovinyl)
attached to the oligothiophene. Use of photoinduced absorption (PA) allows the study of the electron transfer
process at the heterojunction to Cg,. Quantum-chemical calculations performed at the density functional theory
and/or time-dependent density functional theory level and cation absorption spectra of diluted DCVnT provide
an unambiguous identification of the transitions observed in the PA spectra. Upon increasing the effective
energy gap of the donor-acceptor pair by increasing the ionization energy of the donor, photoinduced electron
transfer is eventually replaced with energy transfer, which alters the photovoltaic operation conditions. The
optimum open-circuit voltage of a solar cell is thus a trade-off between efficient charge separation at the
interface and maximized effective gap. It appears that the open-circuit voltages of 1.0—1.1 V in our solar cell

devices have reached an optimum since higher voltages result in a loss in charge separation efficiency.
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I. INTRODUCTION

Organic solar cells'? have recently been investigated in-
tensively due to their advantages such as low cost, flexibility,
and short energy payback time. For a broad application of
organic solar cells, a device power conversion efficiency
(PCE) of 10% is considered to be necessary.> At present,
PCE values around 4%-5% (Refs. 4-7) (including carefully
optimized postproduction treatment) have been reported us-
ing heterojunctions of fullerene derivatives as acceptor and
small donor molecules, e.g., copper phthalocyanine (CuPc),
or polymers such as polythiophene derivatives, e.g., poly(3-
hexylthiophene-2,5,diyl) (P3HT).® P3HT:PCBM bulk hetero-
junction solar cells achieve an internal quantum efficiency
close to unity; nevertheless, these cells still suffer from low
voltage (V,,=0.6V) limiting the PCE.!® Thus, a major issue
in developing efficient devices is to clarify the origin of the
open-circuit voltage and its optimization.!!

The electronic properties of polythiophenes such as
P3HT'? have proven particularly advantageous to achieve
highly efficient solar cells. Recently, Scharber et al. charac-
terized more than two dozen polymers acting as donor ma-
terial in polymer:fullerene bulk heterojunction solar cells.!?
The open-circuit voltage of these photovoltaic cells linearly
correlates with the oxidation potential measured with cyclic
voltammetry [i.e., the respective highest occupied molecular
orbital (HOMO) level energy]. Furthermore, Scharber ef al.
used their data to predict the donor energy levels that are
required at the donor:fullerene heterojunction to reach PCE
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values as high as 10% by assuming optimized values of the
fill factor (FF) and the external quantum efficiency. Their
major observation is that the donor lowest unoccupied mo-
lecular orbital (LUMO) level should be offset by 0.3 eV with
respect to the LUMO of the acceptor material,'® while the
band gap of the donor should be lower than 1.74 eV. Accord-
ingly, with Cg fullerene as acceptor, a donor material with a
LUMO energy between —3.5 and —3.7 eV is required. In
order to (i) achieve an energetically fixed LUMO level and,
at the same time, (ii) be able to modify the HOMO level
energy, we have attached strong acceptor groups at the ends
of the thiophene oligomers. With such acceptors, the LUMO
wave function is expected to localize on the acceptor group
rather than the oligomer backbone. This was demonstrated,
e.g., for tricyanovinyl (TCV)-capped oligothiophenes,'*!3
where the LUMO energy is solely determined (i.e., fixed) by
the strong TCV acceptor group and becomes independent of
backbone modifications (such as chain length variations).

However, TCV acceptor groups stabilize the LUMO level
considerably below the targeted value of —3.5 to —3.7 eV.
Therefore, we have chosen to work with the dicyanovinyl
(DCYV) acceptor that is expected to stabilize the LUMO level
to a lesser extent than TCV. Utilizing dicyanovinyl end-
capped oligothiophenes (shown in Fig. 1) and varying the
length of the oligothiophene core, we have tuned the relative
position of LUMO and HOMO levels at the interface to Cg.
Recently, we have demonstrated efficient organic solar cells
incorporating an quinquethiophene derivative.'®

In this work, we present a comparative study on a ho-
mologous series of oligothiophene derivatives, where the
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FIG. 1. Chemical structure of DCV3T (k=1), DCV4T (m=0),
DCVS5T (k=2), and DCV6T (m=1). Bond lengths (numbers) and
dihedral angles are given in Table IV.

HOMO levels are systematically altered with the length of
the molecule, while the LUMO level is almost energetically
fixed. We discuss the energy levels within the DCVaT series
as measured by cyclic voltammetry (CV) and ultraviolet
photoelectron spectroscopy (UPS), followed by an investiga-
tion of the electron and energy transfer processes at the in-
terface of DCVnT to fullerene by means of photoinduced
absorption (PA). To allow a comprehensive interpretation of
the PA spectra, both triplet-triplet and cation transitions were
calculated using time-dependent density functional theory
(TD-DFT). Additionally, the cation absorption spectra were
recorded for dilute solutions of DCVnT. Finally, we compare
the solar cell characteristics within the DCVnT series and
determine the trade-off between high open-circuit voltage
and efficient charge separation, which can lead to an opti-
mized power conversion efficiency.

II. METHODOLOGY
A. Experiment

A commercial spectrophotometer (Shimadzu UV-2101/
3101) is used for absorption measurements. Luminescence
spectra were recorded using a FluoroMAX (Spex) with sepa-
rated monochromators for excitation and luminescence light.
Luminescence and absorption spectra of oligothiophenes in
solution were taken in CH,Cl, at room temperature.

A mechanically chopped argon ion laser (514 nm) pro-
vides the pump excitation (300 mW c¢cm™2) in PA. The probe
beam provided by a tungsten-halogen white-light source was
recorded in transmission geometry with either a Si or an
InGaAs photodiode after passing a monochromator and de-
tected with a lock-in amplifier. For low temperature measure-
ments down to 10 K, the samples were kept in helium vapor
in a continuous flow cryostat. As oxygen acts as a strong
quencher of the Cg triplet state,'” the samples are encapsu-
lated using a cover glass glued on top. A cavity is milled into
the cover glass to provide a spacing and thus avoid interfer-
ence effects between the two glasses. Neat and blend layer of
DCVnT and DCVnT:Cgyy were both prepared on one sub-
strate and measured successively to achieve comparable PA
intensity.

DCVnT was synthesized according to the route recently
developed.'®!31° DCV3T was sublimated once and Cg, twice
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by thermal vacuum gradient sublimation prior to use.
DCVA4T, DCV5T:Cy (due to the marginal amount of mate-
rial available), and DCV6T (decomposition at high tempera-
tures) were not sublimated; a partial cleaning is achieved by
heating the material in the evaporation chamber slightly be-
low its sublimation temperature for a reasonably extended
time; purification is indicated by an increased pressure (de-
gassing of impurities, approximately 10~ mbar) which re-
duces again (approximately 30 min). The organic films are
vapor deposited onto glass substrates in an ultrahigh vacuum
(1077 mbar) system with deposition rates of about 0.1 A s7".
The thickness is determined using a quartz crystal monitor.

Solar cells were prepared on semitransparent indium tin
oxide (ITO) coated glass substrates (Thin Film Devices Inc.,
sheet resistance <30 {)/sq) and have an average size of
6—8 mm?2. Substrates were cleaned using detergent, acetone,
and ethanol. The materials were cleaned at least twice by
thermal vacuum gradient sublimation, except DCVnT (de-
scribed above) and the dopant from Novaled AG (Dresden,
Germany), used as provided.

B. Quantum chemical calculations

The photophysical properties were computed for model
compounds in which the butylchains were truncated
(R=H). We performed geometry optimizations for the
ground state S, and the excited state 7 of the neutral mol-
ecules as well as the radical-cation ground state D; these
were followed by calculations of harmonic vibrational fre-
quencies and normal modes in order to verify that a true
minimum was reached. The S, state was described at the
restricted density functional theory (DFT) level and the T;
and D, states at the unrestricted level. The geometries of the
excited singlet S, states were obtained from TD-DFT20-22
calculations. In all cases, the B3LYP exchange correlation
functional?? and the split valence SV(P) basis set>* as imple-
mented in the TURBOMOLE package>~27 were used; no sym-
metry constraints were imposed.

The vertical excitation energies were calculated using un-
restricted TD-DFT, with the molecules in the fully relaxed
geometry associated with Sy, S, T, or the radical ground
state D,. For the case of T;— T, absorption, the initial state
adopted the orbital occupation associated with 7.

III. RESULTS AND DISCUSSION

A. Energy levels of the DCVrT:Cgy, donor-acceptor
heterojunction

We first discuss the evolution of HOMO and LUMO lev-
els in DCVnT with increasing chain length. We note that, in
this paper, we loosely use expressions such as HOMO and
LUMO level energies to mean ionization potentials and elec-
tron affinities. To access both quantities, CV measurements
were carried out.!® The first oxidation (Egn®") and the first
reduction (EN) potentials of DCVnT extracted from the
CV measurements are shown in Table I, together with the
ionization potentials (IPs) determined from UPS measure-
ments. The onset voltage of the current peaks is determined
by linearly extrapolating the slope of the respective peaks
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TABLE 1. Onset of first oxidation (E9"**") and first reduction (E%®) potentials determined from cyclic
voltammetry vs Fc/Fc* in CH,Cl, and tetrabutylammonium hexafluorophosphate (BusNPF4, 0.1M),
100 mV s~ (Ref. 18); HOMO-LUMO levels, calculated as Ep1=—qEqy req—Erer (q elementary charge, fer-
rocene: E,;=-4.8 eV); ionization potential (IP) from UPS; peak oxidation potential ng (Ref. 18) and cor-

responding HOMO level Ey; as suggested in Ref. 28.

Eq Em Ey E, P E, Ey
V) V) (eV) (eV) (eV) V) (eV)
DCV3T 0.86 -1.26 -5.66 -3.54 6.12 0.98 -5.97+0.18
DCVA4T 0.69 ~1.34 -5.49 -3.45 0.76 -5.66+0.16
DCV5T 0.50 -1.40 -5.30 -3.40 5.6" 0.59 -543+0.14
DCV6T 0.43 -1.36 -5.24 -3.44 0.49 -5.22+0.12
Ceo -0.98¢ -3.82 6.24

#Reference 19.
PReference 16.

‘PhMe/MeCN+BuyNPF, (0.1M) (Ref. 29) vs Fc/Fc*.

dReference 30.

to the voltage axis. The corresponding HOMO (Ej) and
LUMO (E;) energies, shown in Table I, are calculated
using the standard expression EH,Lz—qEﬁffetﬁEref, with
E .s=—4.8 eV the ionization energy of ferrocene and g the
elementary charge.

However, it has been shown by D’Andrade et al.?® that a
better correspondence between HOMO values determined by
UPS and CV can be achieved using the empirical formula
Ey=—(1.4%0.1) X gE? —(4.6+0.08) eV to determine the
HOMO energy from CV measurements. Here, E°, is deter-
mined by averaging the voltages corresponding to the peak
currents of (i) oxidation of the neutral species and (ii) reduc-
tion of the oxidized species.

Along the DCVnT series, we observe only small fluctua-
tions in LUMO energies indicating that the LUMO level is
more or less independent of chain length. At the same time,
the DCVrT HOMO level is significantly destabilized with
every additional thiophene ring (by =0.15 eV for the mol-
ecules considered here).

In addition, we calculated the energies of the HOMO and
LUMO levels (at the ground-state geometry) and the (gas-
phase) adiabatic ionization potentials (IP,;) and adiabatic
electron affinities EA,y for compounds DCV3T through
DCV6T (Table II). The calculated values confirm a destabi-
lization of the HOMO taking place more rapidly than the
destabilization of the LUMO as the number of thienyl units
increases.

We now turn to a discussion of the mutual arrangement of
the DCVnT and C¢y HOMO and LUMO levels. We will pay
particular attention to three important quantities that charac-
terize the DCVnT:Cg, donor (D)/acceptor (A) heterojunc-
tion: (i) the LUMO level energy difference AE, =E? —E%, (ii)
the HOMO level energy difference AE,=EL—E%, and (iii)

the resulting effective gap AEDA:E‘E—EQI between the
HOMO level of donor and the LUMO level of the acceptor.
First, we focus on the experimentally well-defined
DCV3T:Cy interface, and second, we consider the evolu-
tion of the relative position of the energy levels along the
DCVnT series with respect to the interface to Cg.

The HOMO position of a Cg film is reported at —6.2 eV
using UPS." The energy (transport) gap of Cg,, determined
by inverse photoelectron spectroscopy, is reported as
2.3+0.1 eV.3! This value is in accordance with the differ-
ence between oxidation and reduction potentials determined
by CV.3 The corresponding Cg, LUMO energy is —3.9 eV.

The electron affinity of DCV3T is found to be 0.26 eV
lower than in Cq, when comparing the photovoltage of flat
heterojunction solar cells using either DCV3T or Cg, as ac-
ceptor material.'” This value is well reproduced by compar-
ing the reduction potentials (see Table I) of DCV3T and C
(AE;=0.28 eV). Thus, the LUMO of DCV3T is evaluated to
be —3.62 eV.

The difference between the ionization potentials of
DCV3T and Cg, both measured with UPS, is with 0.1 eV
rather small (see Table I). The HOMO energy Ej
=-5.97%0.18 eV of DCV3T derived according to the em-
pirical formula suggested by D’Andrade et al?® from the
oxidation potential ng agrees within the error margins with
the UPS value (-6.1eV).!” However, the HOMO energy
(Ey=-5.66 eV) obtained from the onset of the oxidation po-
tential markedly differs from both the UPS value and the
value E;;=—5.97 eV derived from E?. From AE,=0.23 eV
(resulting from the difference E;=—5.97 eV of DCV3T and
—6.2 eV of Cg) and the energy gap of Cg, (2.3 €V), we can
estimate the effective interfacial gap AEp, as 2.07 eV.

Having characterized the heterojunction DCV3T:Cg,
based on UPS data, we are able to describe the evolution of
DCVnT:Cq level offsets along the homologous series of

TABLE II. Calculated adiabatic ionization potentials and elec-
tron affinities as well as HOMO and LUMO energies (in eV).

HOMO LUMO 1P,y EAy
DCV3T -6.21 -3.70 7.25 -2.68
DCV4T -5.94 -3.56 6.87 -2.65
DCV5T -5.72 -3.46 6.59 -2.61
DCV6T -5.58 -3.37 6.37 -2.60
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TABLE III. Vertical absorption and fluorescence transition energies (in eV) obtained for DCVnT in thin film and solution (CH,Cl,) at
room temperature in comparison to the corresponding TD-DFT calculated values.

Thin film Solution TD-DFT
n 3 4 5 6 3 4 5 6 3 4 5 6
So— 5 2.33 2.31 2.21 2.13 2.60 2.58 2.47 2.39 2.38 2.21 2.06 1.97
S1—S 1.78 1.74 1.65 1.60 2.03 1.88 1.79 1.68 2.18 2.00 1.87 1.77

DCVnT on the basis of the oxidation and reduction poten-
tials. In the following, we use the HOMO energy levels (Ey)
determined from the peak oxidation potentials (E° ). Addi-
tionally, it is assumed that the interfacial dipole and the in-
fluence of DCVnT on the energy levels of Cg are indepen-
dent of the particular oligothiophene.

The LUMO level difference essentially remains constant
AE;=0.28 (n=3), 0.36 (n=4), 0.42 (n=5), and 0.38 eV (n
=6). In strong contrast, the offset between the HOMO levels
increases from AE,=0.23 (n=3), 0.54 (n=4), and 0.77 (n
=5) t0 0.98 eV (n=6). Consequently, the effective interfa-
cial energy gap between the DCVnT HOMO and C¢, LUMO
reduces with increasing chain length from AE;,=2.07 (n
=3), 1.76 (n=4), and 1.53 (n=5) to 1.32 eV (n=6).

We note, however, that these values (AEy and AEp,)
should be used with care. We have already mentioned the
discrepancy between UPS and CV data for DCV3T. For
DCVS5T, the ionization potential derived from UPS is 5.6 eV,
while the HOMO level determined by the onset oxidation
potential (—5.30 eV) as well as the HOMO level determined
by the empirical relation suggested by D’Andrade et al
(—=5.43=0.14 eV) are considerably higher. As a rule, we find
that CV consistently underestimates the ionization potential
as compared to UPS. As a consequence, the interfacial gap
AEp, is underestimated as well. A possible explanation is
that the oxidized state of DCVnT is stabilized in the CV
measurement when using polar solvents such as dichlo-
romethane as a result of the strong quadrupolar moment of
DCVnT induced by electron withdrawing DCV groups at
both ends.

Nevertheless, the experimental results clearly prove that
the HOMO level steadily increases within the homologous
DCVnT series and, consequently, that the interfacial gap of
DCVnT:Cg, decreases. Thus, as discussed earlier by Halls et
al.,* we can expect that the larger offset of the HOMO lev-
els between DCVnT and Cg leads to an increased driving
force for dissociation of excitons into carrier pairs at the
donor-acceptor interface.

B. Singlet-singlet transitions of DCVnT

The vertical S;— S, (S;—S,) transition energies (shown
in Table III) were estimated from the experimental spectra
[Fig. 2(a)] by averaging the transition energies with the ab-
sorbance A(E) or the fluorescence intensity I(E),
respectively,3*

f E X A(E)dE J E X I(E)dE
v Be=—F—— ()

Eabs _
f I(E)dE

vert

fA(E)dE

The absorption (emission) energies obtained for the
DCVnT molecules are markedly smaller than for unsubsti-
tuted or regioregular alkyl-substituted oligothiophenes [e.g.,
2.6 (2.0) eV for DCV3T vs. 3.6 (2.6) eV in 3T dissolved in
CH,CI1,].3%% With S,— S, being well characterized as a
HOMO — LUMO transition, the reduction in transition en-
ergy can be attributed mainly to the stabilization of the
LUMO upon DCV substitution. Both the Sy,—S; and S,
— S, transition energies exhibit a pronounced size depen-
dence, which appears to be inversely linear with n for mol-
ecules with n>3 and are strongly influenced by the environ-
ment [Fig. 2(b)].

For unsubstituted oligothiophenes (nT), the vertical tran-
sition energy in both absorption and fluorescence scales in-
versely with the number of double bonds N (N=2n for nT)
until n>8 (beyond which the energies start to saturate).>* In
contrast, the chain-length dependence of the lowest singlet-
singlet transition in DCVnT clearly does not follow a 1/N
evolution (with N=2n+2 for Sy— S, and N=2n+1 for S,
— 8y, vide infra). The deviation from 1/N dependence is
caused in part by the strongly accepting terminal groups. The
effect of the dicyanovinyl groups is largest in the smallest
molecule DCV3T and expected to level off as the molecules
become longer since their electronic structure is then increas-
ingly determined by the thiophene backbone.

The TD-DFT Sy— S, (S, —S,) transition energies (Table
II) are lower than their oligothiophene counterparts.>* The
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energy (eV) inverse number of double bonds

FIG. 2. (a) Absorbance [—log;(I/1,), where [ is the transmitted
light and I, is the incident light] and emission spectra of DCVnT
thin films and (b) the vertical absorption and fluorescence transition
energies (in eV) in thin films (circles) and in CH,Cl, (stars) in
comparison to TD-DFT calculated vertical transition energies
(squares). Number of thienyl units n corresponds to N=2n+2 (N
=2n+1) double bonds in the S, (S,) geometry.
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calculated energy difference of approximately 0.2 eV be-
tween the absorption and fluorescence transition energies is
directly related to the narrowing of the HOMO-LUMO gap
upon S; adopting a quinoidal structure (vide supra). The
0.2 eV TD-DFT energy difference appears to underestimate
the experimental values, which range between 0.4 and
0.6 eV. Note that a precise comparison is only possible when
the experimental values are extrapolated to vacuum condi-
tions and to 7=0 K; however, these corrections are expected
to be small. Furthermore, as expected for TD-DFT calcula-
tions in general, the steepness of the 1/N evolution is some-
what overestimated [Fig. 2(b)] due to the inherent overesti-
mation of long-range interactions within the method.?
Interestingly, the departure of DCV3T from the 1/N depen-
dence is almost imperceptible among the TD-DFT predicted
energies.

C. Photoinduced absorption

In PA experiments, the change in transmission AT of the
probe beam is proportional to the number of molecules that
are excited by the pump beam. The recombination dynamics
of the modulated excitation is separately discussed below. At
low frequencies, i.e., close to steady state condition (w7
< 1), the PA amplitude is proportional to the product of in-
cident number of photons per time (pump beam), generation
efficiency, and lifetime (7) of the excited state species. Thus,
such PA measurements reveal the absorption spectra specific
of species that are long lived (typically microseconds to mil-
liseconds) in accordance with the applied modulation fre-
quency f=w/2m, which is typically in the range of a few
hundred hertz.

The §, lifetime of DCVnT in a neat layer is in the nano-
second range and even drastically decreases in blends of
DCVnT:Cg, as evidenced by a completely quenched PL of
DCVnT. Thus, excited-state absorption of the DCVnT sin-
glet state can be ruled out in standard PA spectroscopy based
on mechanically chopped excitation with a kilohertz modu-
lation frequency.

Among the potential long-lived species, transitions into
the excited states of the radical anion (D, — D)) are expected
to occur in the same energy range as for the radical-cation
(D§—D}) (Ref. 37) or triplet-triplet transitions. However,
when considering the assignment of donor-type and
acceptor-type molecules from the relative position of the en-
ergy levels at the DCVnT:Cg, heterojunction, as discussed
in detail above, a substantial contribution of negatively
charged DCVnT is not expected. Since Cgqy is a stronger
acceptor, the formation of DCVnT anions is unlikely.

As shown for mesityl-substituted nTs,*® optical transitions
due to dications are also located in the energy range investi-
gated. However, the formation of the dication requires a mix-
ing ratio in which the acceptor concentration largely exceeds
the amount of donor molecules. The DCVnT: Cg, blends are
much less rich in Cg, than required for a double oxidation.
Therefore, the observation of dications is unlikely.

From numerous experimental studies on oligomers, such
as oligophenylenes, oligophenylenevinylenes, oligoth-
iophenes (nTs),3*4? and various end-capped nTs,34142 it is
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known that the main radical-cation transition Dj— D stabi-
lizes in energy as the size of the molecules increases. The
same observation has been made for 7, — T, in nTs.** The
steepness with which the associated transition energies
change with molecular size depends on the nature of the
transition.

To provide an unambiguous assignment of the features
observed in the PA spectra, quantum-chemical calculations
were performed to assess the 7y — T, and D{— D] transi-
tions. The ordering of the main transitions of the triplet and
cation species as a function of the number of thiophene units
is crucial for the correct assignment.

1. Geometries

The distribution of the DFT-calculated bond lengths indi-
cate a slightly quinoidal structure. As shown by a consider-
able reduction in bond-length alternation [DCV4T: 0.029 A,
(Me),4T: 0.049 A (Ref. 38)] the DCVaT molecules adopt a
more quinoidal neutral ground state than their unsubstituted
counterparts. In all molecules, the deviation from planarity
never exceeds 10° (Table IV). These inter-ring twists are
considerably smaller than the dihedral angles found in un-
substituted nTs (20°-25.6°).*

Upon evolution from the neutral ground state S, into the
excited states S; or T, or the cation ground state D, the
double bonds expand and single bonds contract to such an
extent that their character reverses with respect to the neutral
ground state (Table IV). Thus, the number of double bonds
decreases from N=2n+2 to N=2n+1. Since the bonds link-
ing the thiophene rings adopt double bond character, the
thiophene backbone is planarized, i.e., the torsion between
the thienyl units is strongly reduced, with the reduction in
inter-ring torsion being stronger in 7 than in D, [DCV6T:
Beent(S0)=9.6°, Oeent(T1)=0.2°, S.eni(Dy)=0.4°] as well as in
S| [eent(S1)=0.4°]. The reversal in the bond-length pattern
is consistent with a transition from small to strong quinoidal
character.

2. Triplet and cation transitions

When monitoring the energy range below Sy—S;, the
triplet-triplet absorption 7} —T,, and the radical cation Dj
— D7 absorption might be superimposed in the observed
photoinduced transmission change. The PA signal collects all
transitions between states of the same multiplicity, be they
triplets or doublets on radical ions.

Before discussing the measured PA spectra, we survey
which transitions can potentially arise (and their ordering) on
the basis of the calculated absorption spectra. Since PA spec-
troscopy averages on a microsecond to millisecond time
scale and thus allows for structural relaxation, the absorption
spectra need to be determined in the fully relaxed geometries
of either the ground state of the radical cation or the neutral
T, state. The calculated transition energies and oscillator
strengths associated with these absorption processes are col-
lected in Table V.

Among the calculated triplet states, we find one dominant
transition 7;,—T, (DCV3T: 1.77 eV, DCV4T: 1.59 eV,
DCVS5T: 1.43 eV, and DCV6T: 1.30 eV) (Fig. 3). The T,
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TABLE IV. Selected bond lengths, number N of double bonds, and dihedral angles & between thiophene rings (see Fig. 1) in different
relaxed geometries (R=H). &, refers to the dihedral angle enclosed by the two inner (or inner and adjacent) rings, while Sy, denotes the
twist between the outermost and its neighboring ring; .. and ., coincide in DCV3T. Deviating & values for a structurally equivalent

angle are given in parentheses.

DCV3T DCVAT DCV5T DCV6T

So T, D So T, D So T, D} So T, D}

d (A) 1 1.411 1.368 1385 1411 1373 1389 1413 1373 1390 1414 1379 1393

2 1.390 1.438 1416 1390 1434 1412 1380 1431 1411 1388 1422  1.408

3 1.443 1.390 1418 1444 1387 1416 1444 1396 1419 1444 1409 1.424

4 1.395 1.428 1.441 1395 1418 1405 1396 1413 1401 1396 1404  1.399

5 1.404 1377 1.391 1404 1385 1396 1404 1380 1399 1403 1397 1401

6 1.398 1.425 1.411 1398 1416 1406 1398 1412 1403 1398 1404 1401

7 1.428 1.409 1430 1427 1414 1432 1426 1417 1433 1426 1422 1433

8 1.377 1.395 1378 1377 1390 1376 1378 1387 1374 1378 1382 1374

9 1.432 1.427 1432 1432 1429 1432 1434 1431 1434 1432 1431 1433
Serm (deg) 0.7 (6.6)  0.1(04) 03(0.5) 8.6 0.1 0.3 1.0 0.7 1.1 25 0.5 1.3
Soent (deg) 9.6 0.2 0.1 4.7 0.5 0.7 9.6 0.2 0.4
N 8 7 7 10 9 9 12 11 11 14 13 13

energy (at the fully relaxed geometry) is calculated to be at
1.29 (DCV3T), 1.29 (DCVA4T), 1.27 (DCVST), and 1.26 eV
(DCV6T) above S,;. When considering the sequence of cal-
culated singlet and triplet states (Table V), it is clear that
both T, and T, are located below S,. The reverse order of T,
and S, has been found in unsubstituted nTs.*?

The radical-cation exhibits two prominent transitions be-
low Sy—S;. The lowest transition, Dy— D, is located ap-
proximately 0.5-0.7 eV below T,—T, (Fig. 3). The next
higher significant transition, Dy— D5, is much stronger than

Dy— D, and located approximately 0.3 eV above the triplet
transition. Thus, the calculations indicate that, in the energy
range of interest and for all molecules, the triplet-triplet tran-
sition appears between two radical-cation transitions. This
ordering has been experimentally observed in nTs**** and
other oligomeric compounds (see, e.g., Ref. 39).

The calculated Dy— D,, transition energies are confirmed
by the experimental absorption spectra of the radical cations
(see Fig. 4). DCVnT, diluted in CH,Cl, (107°M), was oxi-
dized by adding well defined equivalents of an oxidant (thi-

TABLE V. Energies and oscillator strengths of the lowest Sy—S,,, T —T,, of the neutral, and Dy— D,
transition of the DCVnT radical-cations calculated in their fully relaxed geometry.

DCV3T DCV4T DCVsT DCVeT
E E E E
(V) f (V) f (eV) f (eV) f
So 2.38 1.635 2.20 1.993 2.17 1.810 1.97 2.436
2.83 0.003 2.56 0.000 2.40 0.004 2.23 0.001
3.42 0.102 3.12 0.002 2.84 0.014 2.70 0.003
3.72 0.177 3.28 0.347 2.90 0.694 2.73 0.805
T, 0.77 0.001 0.63 0.011 0.55 0.026 0.49 0.046
1.76 0.023 1.44 0.000 1.21 0.016 1.04 0.016
1.77 1.435 1.59 2.177 1.43 2.579 1.30 2.781
2.21 0.001 1.91 0.000 1.70 0.031 1.56 0.038
2.25 0.398 2.07 0.000 1.84 0.004 1.62 0.155
Dy 1.11 0.193 1.00 0.332 0.94 0.502 0.83 0.706
1.79 0.000 1.57 0.000 1.45 0.001 1.27 0.000
2.03 1.552 1.84 1.827 1.72 1.917 1.60 1.910
2.07 0.012 1.95 0.000 1.82 0.001 1.63 0.001
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FIG. 3. Calculated T;—T, (neutral molecule) and Dy— D,
(radical-cation) absorption spectra.

anthrenium pentachloroantimonate) using a microliter injec-
tion. Thianthrenium SbCls; shows a weak absorption at
2.25 eV.¥ The vertical transition energies were obtained
from the absorption spectra using Eq. (1).

The radical-cation of DCV3T is not stable; the weak fea-
ture in the corresponding absorption spectrum at 1.34 eV is
attributed to Dy— D;. For DCVA4T to DCV6T, the ground-
state absorption is bleached with increasing oxidation, while
two infrared features build at 1.01 and 1.71 eV (DCV4T),
0.98 and 1.70 eV (DCV5T), and 0.88 and 1.63 eV (DCV6T).
They can be assigned to the calculated Dy— D; and D,
— Dj5 transitions. When the molar ratio of the oxidant ex-
ceeds 1, the DCV6T radical cation oxidizes further and a
dication peak appears at 1.18 eV. Overall, the transition en-
ergies found in the experimental radical-cation spectra cor-
roborate the positions of the Dy— D;/D; TD-DFT transi-
tions.

Thus, the calculated transition energies (see Table V) in
combination with the experimental radical cation spectra
(Fig. 4) allow us to identify the triplet-triplet transition as
well as the cation contributions to the PA spectra, that we
now discuss.

3. Photoinduced absorption spectra of neat films of DCVnT

The experimentally observed PA transitions (Fig. 5) in
neat films exhibit contributions at 1.51 eV (DCV3T),
1.38 eV (DCV4T), 1.21eV (DCV5T), and 1.12eV
(DCV6T). The film thickness is 22 nm for DCV3T, 15 nm
DCVA4T, 20 nm DCVS5T, and 10 nm DCV6T. As we sepa-
rately discuss below, the lifetime of the excited state species
is approximately 50 us for all DCVaT. Since the excited-
state absorption of the DCVnT singlet state is connected to a
nanosecond lifetime and photoinduced charge separation in a
neat film is unlikely, we attribute these features to the T
— T, triplet-triplet transitions. This assignment is confirmed
by the TD-DFT calculations (see Fig. 6).
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FIG. 4. Absorption spectra of chemically oxidized DCVnT in
CH,Cl, (1073M) by adding equivalents of thianthrenium pentachlo-
roantimonate (0, 0.5, 1.0, 1.5, and 2.0). The arrows indicate the
increase of cation (D*) and the decrease of neutral molecule absorp-
tion with increasing oxidation. (d) For DCV6T the cation (DY) is
oxidized further, if the molar ratio of the oxidant exceed 1 and the
absorption of dications (D>*) appear.

4. Photoinduced absorption spectra of DCVnT : Cg blends

In blends with Cg, the total amount of DCVnT was kept
constant compared to the neat layer while we dope DCVnT
by fullerene Cg in a molecular 1:1 ratio. The DCVnT triplet
exciton contribution to the PA spectra is still present and,
remarkably, even increases in DCV3T:Cgy,, DCVAT:Cy,
and DCVS5T:Cq, with respect to the neat layers.

The frequency dependence of the triplet transition is simi-
lar to the single layer and result in the same lifetime, vide
infra. Thus, the increased PA amplitude at low modulation
frequencies (w7<<1) in the blend layer in Fig. 5 corresponds
to an increased generation efficiency of the triplet state com-
pared to the single layer.

The emerging cation transitions which occur as a result of
exciton dissociation at the donor-acceptor heterojunction are

085311-7



SCHUEPPEL et al.

-AT/IT (107

-AT/IT (1079

o
v 48 R ) QP RRSERSRE ()
b LU L AL BLELELEL BLRLELEL L L
43 @ . ——DCV6TC,,
1 J N\ ~ - DCV6T

-AT/T (107

08 10 12 14 16
energy (eV)

1.8 2.0

FIG. 5. Photoinduced absorption spectra of (a) DCV3T and
DCV3T:Cgp, (b) DCVAT and DCVAT:Cgp (c) DCVST and
DCVS5T:Cgp, and (d) DCV6T and DCV6T: Cgy. Open circles: ab-
solute value |& of the spectral difference between neat (—AT,/T,,)
and blend (-=AT,/T,) layer PA [see Eq. (2)]. Spectra are measured
at low temperatures (7=10 K) and low modulation frequencies (f
=225 Hz). Dy, D3, and T, indicate the identified cation and triplet
transitions; transitions in brackets indicate the expected spectral
position.

monitored by the relative difference of blend (-AT,/T},) vs
neat (-AT,/T,) layer PA,

&= (AT, T, - AT,/T,)/(AT,T,). 2)

In the DCV3T:Cq, blend, we find the PA spectrum to be
essentially similar to that of the neat layer (£~ const) with an
increased contribution of the DCVA3T triplet transition (&
=1.73 at 1.51 eV). Tiny contributions of the blend PA spec-
trum [Fig. 5(a)] in the infrared region at 0.84 and 1.04 eV
might be assigned to cation contributions (calculated value:
1.11 eV, see Table V), although the relative difference & of
blend and neat layer is almost constant and, therefore, the
fraction of generated cations is negligible.

The same situation is observed in blend layers of DCV4T
and Cg, with the triplet transition at 1.38 eV increasing (&
=2.61). A significant contribution at 0.90 eV occurs [see in-
set of Fig. 5(b)] that we attribute to the cation transition of
DCVA4T, calculated at 1.00 eV.

When comparing the PA of DCVS5T:Cg4, blend and
DCVST neat layers, significant differences are observable at
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0.83 and 1.54 eV, as well as a slightly increased triplet con-
tribution at 1.21 eV (£=0.77). We assign the PA transitions
at 0.83 and 1.54 eV induced by the admixture of Cg, to the
cation transitions Dy— D, (calculated value: 0.94 eV) and
Dy— D5 (1.72 eV) of DCVS5T.

Blending DCV6T and Cg, reveals more pronounced dif-
ferences in the PA spectra with cation transitions arising at
0.75 and 1.39 eV. The triplet contribution at 1.10 eV is still
present, but decreases (¢§=-0.10).

Thus, we can assign the features experimentally observed
at 1.51 eV (DCV3T), 1.38 eV (DCV4T), 1.21 eV (DCVS5T),
and 1.12 eV (DCV6T) to triplet-triplet transitions (see Fig.
6). Additional features at 0.90 eV (DCV4T), 0.83 and
1.54 eV (DCV5T), and 0.75 and 1.39 eV (DCV6T) corre-
spond to cation transitions.

With exciton dissociation and charge carrier separation, a
Cgpo anion contribution to the spectra is expected in addition
to the DCVnT cation. In solution, Cg, transition energies are
reported at 1.15 eV and weaker at 1.30 eV,**° as well as
less significant contributions in the visible range.** In thin
films of oligothiophene:fullerene blends, a tiny contribution
of Cg anions is observed at 1.17 eV.>! This transition energy
is in the same range as the much more intense triplet contri-
butions in DCV5T and DCV6T; thus, we have no access to
the fullerene anion in our spectra.

On the basis of these assignments, we observe that the
transition energies do not strictly follow a 1/N relationship
(Fig. 6), which is consistent with the theoretical results.’> As
argued earlier in the case of Sp— S, (S;—S,) transitions, we
attribute the marked deviation in the case of DCV3T to the
strong influence of the C-(CN), groups in this molecule.

5. Recombination dynamics

In the following, we discuss the recombination dynamics
of the DCVnT triplet excitons as well as the DCV6OT cation.
We consider both cases of purely monomolecular (MR) and
purely bimolecular (BR) recombination,

d d
Lo6-— and S =G() - B, 3)
d[ TMR dt

respectively, where the excited state species density n(z) is
generated by the pump light G(¢)=g[cos(wr)+1]. Here, we
use g=7l,, where 7 is the generation efficiency of the ex-
cited state and /,, is the pump intensity. The modulation fre-
quency f is represented by w=2mf.

The PA amplitude is proportional to the oscillating excited
state population density>® n,. For MR, the amplitude is given
by54

___8™R (4)
Y1+ 0? MR
For BR, Eq. (3) is solved using a symmetric square light
wave approximation.* Thus, the PA amplitude is propor-
tional to
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FIG. 6. Energies of the main transitions in the triplet manifold of the neutral molecule and doublet manifold in the radical cation as a
function of the molecular size, extracted from (a) photoinduced absorption of thin films, (b) absorption spectra in thianthrenium SbCls, and

(c) TD-DFT calculations.

«a tanh «

(5)

ng=8TBR
* a+tanh o’

where a=m/(w7gg). The bimolecular lifetime>* 7y is de-
fined as ny=grgg under steady-state conditions and depends
on the pump intensity, mgg=1/vgB. We note that another
approach is given by a series expansion® of n(r).

In Fig. 7, the frequency dependence of the PA amplitude
[-AT/T](w) is given for neat and blend layers of DCVnT
and DCVnT:Cy, at the respective triplet transition energies
(see Table VI). For DCV6T: Cg, the recombination dynam-
ics of both DCVG6T cation transitions are shown, too. For
DCVST and DCVA4T, the cation transition is superimposed
by the triplet transition background (see Fig. 5) and thus
analyzing the lifetime of the cation might be misleading.

The lifetime of the respective DCVnT triplet and cation is
obtained by a fit according to Eq. (4) for monomolecular
recombination (7yg) and to Eq. (5) for bimolecular recom-
bination (7gg). The values are summarized in Table VI. The
lifetime 7gR is in the same order of magnitude as 7y, albeit
slightly larger. Moreover, the fit quality of [-AT/T](w) is
slightly superior when assuming the bimolecular model.
Nevertheless, we get independent of the assumed recombi-
nation model a similar [-AT/T](w) dependence and, thus,
similar neat and blend layer triplet lifetimes. It is, therefore,
not necessary to actually distinguish between monomolecu-
lar and bimolecular recombinations, which would require an
analysis of [-AT/T](w) at different pump intensities.

For neat layers of DCVnT, the triplet lifetime ranges
around 50 us; this was confirmed for DCV3T by transient
absorption.”® The lifetime of the probed excited state is or-
ders of magnitude higher than the lifetime of the singlet ex-
citation (nanosecond range) and provides, thus, the justifica-
tion to interpret the peak in the neat layer PA spectra as

153 2.5
3 2.0
1.0 £ 1.5
5 ] 10
o 5
= 0.5 N =
= 1 L =
< . r =
i -0.5 <
10° 10° 10° 10° 10*
3 e
E DCV6T
2.0 CVET £ o6
3 E £ 0.5
° 154 = £04 o
2 ] Ease 3 2
x ] F-2o5s E x
= . - Fo03 k
[ - C E =
g B r F ?
1.0 4 E E
i L M D07>D3 :02
1 : * D0—>Dl \ :

10°

10°
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10°

modulation frequency (Hz)

FIG. 7. Modulation frequency dependence of triplet-triplet ab-
sorption at 1.51 eV (DCV3T), 1.38eV (DCVA4T), 1.21eV
(DCV5T), and 1.12 eV (DCV6T). Rectangles: neat layer of
DCVnT. Triangles: DCVnT:Cg, blend layer. Fit according to Eq.
(4) for monomolecular recombination (MR) and Eq. (5) for purely
bimolecular recombination (BR). DCV6T cation absorption at
0.78 eV (stars) and 1.38 eV (circles) for DCV6T:Cgy, blend. T
=10 K, pump intensities correspond to Fig. 5.
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TABLE VI. Left part: lifetime 7 of DCVnT triplet and DCV6T cation in neat and blend layers according
to a fit of the frequency dependence of the PA amplitude in Fig. 7 to Eq. (4) for monomolecular recombi-
nation (MR) and to Eq. (5) for bimolecular recombination (BR). The respective transition energies corre-
spond to the maxima of the PA spectra in Fig. 5. Right part: calculated ratio of lifetime 7 and ratio of
amplitude G= I, between DCVnT:Cg blend (b) and DCVnT neat (n) layer with respect to MR and BR

recombinations.

Energy T™MR TBR
Sample (GV) (/1‘5) (/1'5) Tb/ Tn gb/gn
DCV3T 1.51 48.0 71.7 MR 1.51 2.07
DCV3T:Cg, 1.51 72.6 112 BR 1.56 2.02
DCV4T 1.38 27.1 38.0 MR 1.51 2.29
DCVAT: Cg 1.38 40.9 60.2 BR 1.58 2.21
DCVS5ST 1.21 67.1 76.0 MR 1.05 1.70
DCVST: Cg 1.21 70.7 83.0 BR 1.09 1.64
DCVe6T 1.12 53.9 53.0 MR 1.18 0.80
DCV6T:Cg, 1.12 63.5 67.2 BR 1.27 0.74
DCV6T:Cg, 1.38 102 142
DCV6T:Cg, 0.78 131 190

absorption of the 7, triplet state. In blend layers of
DCVnT:Cqy, we find basically the same lifetime of the
DCVnT triplet. As indicated in Table VI, the ratio of blend
and neat layer triplet lifetimes 7,/ 7,, ranges between 1.5 and
1.0 for all DCVnT. Considering this lifetime ratio, the dif-
ference between monomolecular and bimolecular recombina-
tions is negligible. We want to stress that the small difference
between the triplet lifetime of neat and blend layers is not
sufficient to explain the different amplitudes in the steady-
state PA spectra (see Fig. 5), where £+ 1 ranges between 3.6
and 0.9. In particular, for DCV6T, the steady state PA ampli-
tude of the triplet transition (1.21 eV) is decreased in the
blend layer (AT,/T,)/(AT,/T,)=£&+1=0.9, while the triplet
lifetime is slightly increased, 7,/ 7,~1.2.

Thus, the ratio of the generation efficiency g,/ g, has to be
considered as the more important quantity to explain the ra-
tio of PA amplitudes (Table VI). We note that the ratio g,/ g,
reflects the generation efficiency since the pump intensity as
well as absorbance of the neat and blend layers were kept
equal. The absorption of fullerene Cg, at 514 nm is negli-
gible, and the material amount of DCVaT was equal between
blend and neat layers. Due to a molecular ratio of close to
1:1 in the blend layer, the exciton density is decreased by a
factor of 2, which might in general influence the bimolecular
recombination. Although, the difference between monomo-
lecular and bimolecular recombination in g,/ g, is negligible.

We find a noticeable consistency between the ratio of trip-
let generation efficiency g,/g, and the ratio of the blend and
neat layer transition amplitudes in the steady-state PA spectra
indicated by £+ 1. In particular, for DCV6T, the decrease of
the generation efficiency g,/g, exceeds the increase of the
lifetime 7,/ 7,, and thus, the ratio of the steady-state triplet
exciton density that is reflected by the PA amplitude ratio
(é+1) at low frequencies (w7<<1) is decreased. Apart from
DCV3T, we find a systematic decrease of the generation

from DCV4T to DCV6T. The deviant behavior of DCV3T is
an additional indication of the different mechanisms that lead
to the indirect triplet population, as we will discuss below.

In summary, we find a similar lifetime for neat and blend
layer triplet excitons, and thus, the DCVnT triplet state is
unquenched for all DCVnT:Cgy. In contrast, the generation
efficiency of the triplet excitons depends on the oligoth-
iophene chain length and systematically decreases from
DCVAT to DCV6T, while DCV3T deviates from this corre-
lation.

D. Electron versus energy transfer

The exciton dissociation ability of the DCVnT:Cy, inter-
face, and, therefore its ability to trigger charge carrier sepa-
ration increases from DCV3T to DCV6T due to an enlarged
offset of the HOMO levels between DCVnT and Cgy. On the
basis of this correlation between the efficiency of charge car-
rier generation and the size of the donor molecule, we now
discuss the competition between DCVnT triplet vs charge
carrier formation.

The PL of DCVnT is rapidly quenched in the blend. In
DCV3T:Cq, blends, only a few charge carriers below our
detection limit might be generated, while the triplet genera-
tion is strongly enhanced. This increase is attributed to an
indirect population of the lowest triplet state via the follow-
ing pathway:*® (i) singlet-singlet energy transfer from
DCV3T to Cg, (whose fast rate was demonstrated by sensi-
tized emission of Cgp), (ii) highly efficient intersystem cross-
ing (ISC) on Cg, and (iii) subsequent triplet energy transfer
back to DCV3T. The same sequence of energy-transfer pro-
cesses (i)—(iii) is found in mixtures of oligothienylenevi-
nylenes (nTVs) with a fullerene derivative (MP-Cqg;) in a
nonpolar solvent (toluene),”’ resulting in an indirectly popu-
lated triplet state of nTV.
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However, for DCVnT with n=4, sensitized emission of
Cyo is not observed, indicating that singlet-singlet transfer
between donor and acceptor species does not occur. The ap-
pearance of cation transitions in the PA spectrum is evidence
for the generation of charge carriers in DCVnT:Cgy, (n=4)
blends. Consequently, we attribute the PL quenching to
electron-hole separation at the DCVnT:Cg, (n=4) donor-
acceptor interface.

Simultaneously, an increased triplet population was ob-
served for DCV4T (£=2.61) and DCVST (£=0.77). In
DCV6T:Cqyy (£=-0.10), the triplet population is smaller
compared to the pristine DCV6T layer, but present. In the
absence of sensitized Cg, emission, the observed triplet
population cannot be explained by indirect population of T
of DCVnT (n=4) from the lowest triplet state of Cg,.
Rather, the triplet generation is mediated by relaxation of an
interface donor-acceptor charge transfer state DCVnT*:Cy;
this is reminiscent of the mechanism described by Ford ef al.
for polyfluorene:PFB blends:® (i) after exciting the donor D,
charge carriers are separated at the interface, forming a
'D*A~ singlet charge-transfer state at the interface; (i) effi-
cient conversion of the singlet into the triplet species of
D*A~ via ISC (due to small exchange interaction); and (iii)
relaxation of DA~ into the lower-lying donor 7). The tem-
perature dependence of the DCVST PA spectrum between
1.1 and 1.6 eV reveals a total PA amplitude that decreases
with increasing temperature, while the ratio of cation
(1.5 eV) to triplet (1.24 eV) transitions increases.”” This in-
dicates a thermally activated dissociation into free electron
and holes, presumably within step (i) or (ii).

Indirect triplet population was also observed by Veldmans
et al. when comparing blends of MDMO-PPV with a cyano-
containing acceptor polymer (PCNEPV)® or with bodipy
dyes®! to pristine MDMO-PPV. The enhancement in triplet
population was explained by these authors as due to a recom-
bination of free charge carriers generated after exciton disso-
ciation. Thus, the observation of triplet state is recognized as
a loss mechanism for high open-circuit voltage polymer pho-
tovoltaic devices.

In our systems, the indirect population of the triplet state
(indicated by &) decreases with increasing number of thienyl
units from DCVA4T to DCV6T. At the same time, the ampli-
tude of the cation transition within the PA spectrum (see Fig.
5) increases along the series DCVnT:Cyy (n=4) with re-
spect to the amplitude of the triplet transition of the neat
layer. This points toward an increasing cation population,
considering that the ratio of calculated oscillator strengths
(see Table V) between the cation transition (Dy— D;) and
the triplet transition (7,—T,) remains roughly constant
(0.13, 0.15, and 0.19 for DCV4T, DCVS5T, and DCV6T).

The observed increase in cation population (o<#77) with
molecular size has to be attributed to a chain-length depen-
dence of either the generation efficiency 7 or the lifetime 7
of the cation. We note that an unambiguous assignment of
either 7 or 7 is not possible here since the signals of the
cations are strongly superimposed in DCV4T and DCVS5T by
the respective triplet transition. Nevertheless, the role of #
and 7 can be discussed within two scenarios.

In the first scenario, we assume a constant generation ef-
ficiency #. Thus, the lifetime 7 of the cation needs to in-
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crease from DCV4T to DCV6T to explain the increasing
cation population. An increasing lifetime could originate
from a decreasing recombination efficiency of the cation into
the triplet state. This consideration is, therefore, in agreement
with the decreasing indirect triplet population indicated by
&n).

In the second scenario, we assume a constant lifetime 7
while 7 needs to increase. Since the PL of DCVnT:Cy, (n
=4) is completely quenched, the efficiency of the quenching
process is near unity and therefore roughly constant within
the series. Consequently, in the simple picture of a charge-
separated state populated directly from the quenched singlet
excitons and monitored in the PA spectra, an increasing gen-
eration efficiency of the cation is not achieved. However, if
we assume an intermediate state (D*A~) between DCVnT
and Cg that either recombines into a triplet state or dissoci-
ates into free charge carriers observable in PA with rate con-
stants depending on the chain length, this scenario becomes
possible.

The dissociation probability of the geminate pair was con-
sidered by Arkhipov et al.%? in the case of an extended poly-
mer in the presence of an array of acceptor molecules. Con-
sidering small-sized molecules, such a discussion needs to be
extended to be able to establish a relationship between dis-
sociation rate and donor chain length.

In summary, we observe an increasing charge carrier gen-
eration associated with a decreased indirect triplet state
population for molecules DCV4T to DCV6T. This observa-
tion is consistent with the expectation from the relative po-
sitions of the energy levels at the DCVnT:Cg interface, as
discussed in the previous section.

E. Solar cell application

In the following, we discuss the impact of the charge car-
rier vs triplet state generation in the DCVnT (n=4) series on
the photovoltaic performance. In doing so, we recognize the
trade-off between efficient charge carrier separation and a
high open-circuit voltage of the solar cell.

The open circuit voltage V,,. of polymer:PCBM solar cells
was found to follow the empirical relation eV, .=AEp,
—0.3 eV,!2 where e is the elementary charge. Thus, a direct
consequence of the reduced interfacial gap AEp, is a re-
duced V. with increasing chain length.

To connect the performance of our DCVnT:Cg
heterojunctions to the V,.(AEp,) relationship, we
prepared three comparable solar cells having the
following layer sequence: ITO/Au (1 nm)/HTL/donor
(10 nm)/Cg (40 nm)/4,7-diphenyl-1,10-phenanthroline
(BPhen) (6 nm)/Al (100 nm), where the donor is
either DCVA4T (cell A), DCVS5T (cell B), or DCV6T (cell C).
HTL denotes a p-type hole transport layer sequence consist-
ing of p-doped 4,4',4"-tris(2-naphthylphenylamino)-
triphenylamine (TNATA) (30 nm)/p-doped ~ N,N’-
di(naphthalen-1-yl)-N, N'-diphenyl-benzidine (a-NPD)
(10 nm)/intrinsic @-NPD (5 nm). As dopant, we use the pro-
prietary acceptor dopant NDP2 purchased from Novaled AG
(Dresden, Germany) with doping ratios of 2.5 mol % for
TNATA and 20 mol % for «-NPD. The p-type doping of
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TABLE VII. Solar cells with layer structure ITO/Au (1)/
pTNATA (30)/pNPD (10)/NPD (5)/donor (10)/Cg, (40)/Bphen
(6)/Al1 (100): open circuit voltage V,,., short circuit current j,., and
fill factor at nominally 130 mW/cm? simulated sunlight. For effi-
ciency calculation, a spectral mismatch factor of approximately 0.7
needs to be taken into account. Values in parentheses refer to layer
thicknesses.

Voe  FF Jse
Cell  Donor material (V) (%) (mA/cm?)  j_y v/jg
A DCV4T 1.13  27.6 5.9 1.32
B DCVST 1.00 50.6 11.4 1.10
C DCV6T 093 46.0 7.7 1.15

the transport layer increases the conductivity and improves
the contact behavior;®*®* the doping effect using NDP2
is comparable to tetrafluorotetracyanoquinodimethane
(F,-TCNQ).'¢ However, the Novaled dopant is used because
of its higher sublimation temperature and is therefore much
easier to handle in high vacuum. The general advantages of
the doping approach have been discussed earlier.®3-%7 A de-
tailed discussion on the influence of the doped HTL on the
performance of this type of solar cells incorporating DCVS5T
have been given in Ref. 16. BPhen acts as an exciton
blocker, while deposition of aluminum on top of BPhen in-
troduces defect states enabling electron transport between
Cgo and aluminum, as suggested for the closely related ma-
terial bathocuproine.%® Table VII summarizes the specific pa-
rameters of these cells.

As discussed in Sec. III A, the interfacial energy gap
AEp, between the DCVnT (donor) HOMO and the fullerene
(acceptor) LUMO reduces with the number of thienyl units 7
from AE,,=1.76 (n=4) and 1.53 (n=5) to 1.32 eV (n=6).
The difference between n=4 and n=5 [S(AEp,)=0.23 eV]
as well as between n=5 and n=6 [8(AE,,)=0.21 eV] is
determined by the offset of the corresponding HOMO levels
(see Table I). The decrease in interfacial gap is in accordance
with the drop in open-circuit voltage V,,. (see Table VII):
8V,.)=0.13 V from n=4 to n=5 and §V,.)=0.09 V be-
tween n=5 and n=6. As a best fit, we find the linear relation
eV,.=0.46 X AE,,—0.32 eV. The prefactor of 0.5 is related
to the uncertainty induced by fitting just three samples, while
Scharber et al. used 26 (scattering) values; however, we re-
cover the same trend as these authors.

The FF and, in particular, the saturation factor j_; v/j.
(SF) provide a measure for the efficiency of charge carrier
separation at the DCVnT:Cg, interface; a small SF (ideally
1) corresponds to an efficient separation at zero bias voltage.
For DCVAT (cell A), the SF (1.32) is far away from the ideal
case (1.0); thus, the dissociation of charge carriers is field
dependent. For cells B and C, we find reasonably well opti-
mized solar cells as indicated by SF as well as FF. Since the
DCVnT samples in the solar cells were used as provided,
i.e., not purified by vacuum gradient sublimation (due to
marginal amount of material), the small differences are pre-
sumably caused by different material purity grades which has
a strong influence on the device performance.®’

The current-voltage characteristics (see Fig. 8) of cell B
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FIG. 8. IV characteristics of solar cells described in Table VII
with donor material: (A) DCV4T, (B) DCV5T, and (C) DCV6T.
Ilumination was 130 mW/cm? simulated sunlight, a spectral mis-
match of approximately 0.7 has to be considered.

(DCVST) show a slight S-shape behavior, which is strongly
increased for cell A (DCV4T). The high voltage required to
drive a forward current results from a hole-injection barrier
between NPD and DCVnT. The probability to overcome
such a barrier is described by Staudigel et al.”® Assuming a
certain width of density of states (DOS), i.e., a Gaussian-
broadened HOMO level, the thermally assisted hopping over
the barrier is determined by the overlap of the DOS associ-
ated with the adjacent layers; these DOSs are connected by a
Boltzmann term incorporating the barrier height. Therefore,
a step of 0.23 eV [exp(-0.23¢V/kT)~10"*] in the HOMO
level between DCVST (cell B) and DCVAT (cell A) strongly
influences the transfer probability between the HTL and the
DCVnT donor.

Turning back to our earlier question on higher open-
circuit voltages in organic solar cells, we conclude that we
have demonstrated a solar cell (cell B, DCV5T) with a volt-
age close to maximum for this type of thiophene:fullerene
based flat heterojunction solar cells. Inducing a higher inter-
facial gap AEp, via reducing the number of thienyl units
should lead to a higher open-circuit voltage according to
Scharber et al. In DCV4T:Cgy, we find a reduced dissocia-
tion of electrons and holes and simultaneously an increased
population of the triplet state. In DCV3T:Cg4y, we actually
replace the dissociation into electron and holes at the inter-
face with an energy transfer across the interface causing the
absorbed energy to be stored in triplet states.!®->

A mode of operation similar to our DCV5T: Cg, solar cell,
i.e., efficient charge separation accompanied by small losses
due to triplet formation, has been also observed using poly-
mer donor:acceptor blends.5

IV. CONCLUSION

We systematically studied the energy and electron transfer
processes at a donor: Cg, heterojunction along a homologous
series of oligothiophene derivatives serving as donors. We
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demonstrated with the help of CV and UPS measurements
that by attaching dicyanovinyl terminal groups, the elec-
tronic properties of the oligothiophenes were tailored to
maintain an almost constant LUMO energy offset of
0.3-0.5 eV to the acceptor Cg,, while at the same time being
able to steadily tune their ionization potential by the back-
bone size. The consequences of the altered arrangement of
the energy levels at the DCVnT:Cg, heterojunction were
probed with photoinduced absorption. The energy of the an-
ticipated transitions, i.e., triplet-triplet and cation transitions,
were well predicted by TD-DFT calculations and confirmed
by cation absorption spectroscopy.

With the gradual increase in effective energy gap of the
donor-acceptor pair observed when going from DCV6T
through DCV3T, the photoinduced electron transfer becomes
replaced with energy transfer. We also observed indications
that different mechanisms lead to donor triplet formation.
While for DCVnT (n=4) the population of the donor triplet
state presumably occurs via ISC of a charge transfer state at
the interface, the DCV3T T, state was formed after subse-
quent energy transfer from DCV3T S, across the singlet and
triplet manifold of the acceptor.>

These effects alter the operation conditions of photovol-
taic devices based on these heterojunctions. In the case of
DCVST, triplet formation constitutes only a small loss factor.
In contrast, at the DCV3T:Cy, interface, triplet state popu-
lation largely exceeds charge carrier formation; thus, in such
a solar cell, additional mechanisms are required to dissociate
the lowest triplet state.”®

PHYSICAL REVIEW B 77, 085311 (2008)

In order to optimize the solar cell device performance, a
high open-circuit voltage as well as a reasonable charge
separation efficiency is required. Within our series of olig-
othiophenes, we find a reasonable compromise between
open-circuit voltage, short-circuit current, and saturation fac-
tor by using DCV5T:Cg, solar cells. Increasing the open-
circuit voltage by using DCV4T leads to a decreased charge
separation that was indicated by the saturation factor as well
as by the photoinduced absorption spectra. The decreased
charge carrier signature as well as the increased indirect trip-
let generation for DCVA4T point toward a fundamental pro-
cess of triplet recombination, which might be of general in-
terest in the design of high open circuit voltage devices.”
Using DCV6T decreases the open-circuit voltage of the de-
vice while an increase of the short circuit current or an fur-
ther decrease of the saturation factor is not obtained.
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