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ABSTRACT: Ultrafast optical spectroscopy was utilized to investigate charge transfer
dynamics across organic semiconductor tetracene/C60 interfaces in the presence of a LiF
barrier layer. Photoinduced absorption spectra in the 1.6−2.3 eV range reveal a strong effect
of the intermediate LiF barrier layer on dynamics of the charge transfer excitons (CTE)
creation and recombination. Increasing thickness of the LiF film from 0 to 1 nm significantly
suppresses CTE recombination while CTE generation remains practically unaltered. Further
increase of LiF thickness to 2 nm prevents creation of CTE by diffusion from tetracene but
does not affect direct CTE excitation by incident photons. Unlike thin films studied here,
direct CTE photogeneration at the interface between thick organic films accounts for a small
fraction (as compared to diffusion-induced) of total CTE population, resulting in a larger
contribution of the LiF barrier to charge separation efficiency.

■ INTRODUCTION

The prospects of low cost and large volume production of flexible
electronic and optoelectronic devices such as solar cells and
displays have fueled tremendous interest in organic semi-
conducting materials over the past few decades.1−4 Nevertheless,
their practical applications are still limited due to relatively low
electro-optical conversion efficiency of organic devices when
compared with their inorganic counterparts.3,4 The key to high
efficiency is minimization of parasitic losses of photoinduced
charge carriers before they can be collected by the attached
electrodes. Operation of organic solar cells relies on generation
and subsequent dissociation of electrically neutral electron−hole
bound states, excitons. Because exciton binding energies are
rather high (∼0.5 eV), thermally induced dissociation rates are
lower than charge recombination rates, and a large portion of
photoinduced charges is lost before reaching the electrodes.
Charge separation can be significantly enhanced at the interfaces
between twomaterials with cascaded energy structures, similar to
inorganic semiconducting p−n junctions.3−5 Such heterostruc-
tures consist of “donor” (D) and “acceptor” (A) layers, which
preferentially transport holes or electrons, respectively. Excitons
are generated in the bulk of either D or A and then diffuse toward
the interfacial region where they dissociate and create free charge
carriers that diffuse toward collection electrodes. Preceding
complete separation, closely spaced electrons in A and holes
in D form a bound state, charge transfer exciton (CTE), which
can either dissociate and generate photocurrent or recombine
(radiatively or nonradiatively) and waste the photon that
created it.6

Extensive studies have shown that the CTE dissociation/
recombination ratio is one of the major factors that determine
light harvesting or light emitting efficiency in organic devices.
Therefore, multiple remedies to exciton and CTE losses have

been developed to improve charge separation and collection
efficiencies using bulk heterojunctions,7 tandem stacking,8 and
buffer layers with cascaded energy structure.5,9 Recently,
Campbell and Crone demonstrated an almost 2-fold increase
of photocurrent in organic photodiodes where tetracene (Tc, D)
and C60 (A) films were separated by a thin (1−2 nm) LiF layer
(Figure 1b).10 This layer creates a tunneling barrier that reduces

electron and hole wave function overlap in the CTE state and
suppresses CTE recombination while simultaneously enhancing
CTE dissociation due to lower CTE binding energy.10−12 At the
same time, the barrier impedes initial exciton dissociation and
effectuates an optimal LiF film thickness where these competing
processes are balanced. Although a phenomenological model was
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Figure 1. (a) Schematic representation of the sample heterostructure
where 5 nm Tc and C60 layers are separated by 0, 1, and 2 nm thick LiF
barrier layer. (b) Schematic energy diagram of the Tc/LiF/C60
interfaces10,21 showing that the electrons and holes from the
photoexcited excitons in Tc and C60, respectively, have to penetrate
the tunneling barrier in order to produce the CTE and ensuing charge-
separated states.
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developed to provide quantitative description of the charge
separation in such structures,11,12 the key parameters related to
the dynamics of CTE formation and decay were only extracted
indirectly, and no details were provided on the microscopic
processes involved in the charge separation dynamics. However,
observation and understanding the mechanisms underpinning
femto- to picosecond CTE dynamics is essential for developing
optimized D/barrier/A interfaces to enhance the performance of
the next generation organic photovoltaic devices.
Ultrafast optical spectroscopy has emerged as a powerful tool

for probing charge generation and separation13,14 in bulk and
heterostructured organic semiconductors as well as competing
processes in exciton/CTE evolution.15,16 This technique enables
temporal discrimination of various relaxation pathways and
coupling dynamics following gentle perturbation away from
equilibrium by sub-100 fs optical pulses. In this article, we report
on the dramatic effects that LiF tunneling barriers of various
thicknesses have on the CTE dynamics at Tc/C60 interfaces.
These heterostructures can be described by existing phenom-
enological models11,12 and have also shown a potential for solar
cell applications.17 Moreover, in both Tc and C60 the basic
exciton generation and recombination processes are relatively
well understood,18−20,22 allowing us to concentrate only on
CTE-related processes. Our results indicate that a large share of
CTEs are generated almost instantaneously (within the 60 fs
pulse width) while the rest are created through exciton diffusion
to the interface within 2.5 ps. Importantly, introduction of
a LiF tunneling barrier mostly affect the diffusion-induced CTE
population, leaving the coherent/instantaneous part intact. The
LiF layer also causes significant decrease in CTE recombination
rates that explains enhanced photocurrent generation observed
in time-averaged measurements.10

■ MATERIALS AND METHODS

The Tc/LiF/C60 films for these studies were grown by thermal
evaporation in an argon glovebox mounted vacuum evaporation
system with separate sources for each material. Evaporations of
all materials were done at or below 1 Å/s, at pressures below 10−7

Torr, without breaking vacuum between layers.10 To enhance
optical response from the interfacial area, multilayered structures
were created by stacking 20 periods of 5 nmTc, 0−2 nm LiF, and
5 nm C60 units on top of each other as shown in Figure 1a. To
verify large-scale uniformity of the deposited films (especially,
LiF layers), we performed ellipsometric measurements at
multiple locations on thus-prepared samples, and all of them
showed consistent layer thicknesses. All measurements were
performed on these multilayered structured unless noted
otherwise.
Ultrafast optical measurements were performed in a standard

pump−probe transmission geometry and employed 50 fs pulses
generated at 1.5 eV by a regenerative Ti:sapphire amplifier.
Part of the amplifier output was sent to a nonlinear crystal to
produce 70 fs pump pulses at 3.0 eV (well above the Tc
absorption edge of 2.3 eV) which were then focused on the
sample with a fluence of ∼0.2−0.5 mJ/cm2. The photoinduced
absorption (PIA) was measured as transmission changes−ΔT/T
of the probe pulses generated in an optical parametric amplifier.
The pump beam intensity was modulated by the optical chopper,
and a lock-in amplifier was used to detect the PIA with better
than 5 × 10−6 sensitivity.

■ RESULTS AND DISCUSSION
Spectral and temporal variations of the ΔT/T signal from
multilayer Tc/LiF/C60 heterostructures (Figure 1) after
photoexcitation are shown in Figure 2 for different thicknesses

(dLiF = 0, 1, and 2 nm) of the LiF buffer film. The striking feature
of these results is that they do not resemble well-known
photoinduced absorption dynamics in either Tc18,19 or C60

20,22

films or crystals. For example, in thermally evaporated Tc films
one would expect to observe fast (∼10−50 ps) photobleaching
dynamics around 2.3 eV arising from the depletion of the S0

Tc

exciton ground state.18,19 This bleaching should also be
accompanied by a broad PIA peak around 1.9 eV due to S1

Tc →
SN
Tc transitions.19 Although a similarly broad PIA peak at 2.0 eV is
present in Figure 2, its decay time is significantly longer (∼1.2 ns)
than would be expected for S1

Tc state depopulation by singlet−
triplet fission and trapping (∼10 ps). Moreover, PIA at 1.9 eV
should have a lower amplitude than the bleaching at 2.3 eV due
to the higher absorption cross section of S0

Tc, which is clearly
not the case in Figure 2. On the other hand, the broad PIA
peak with a maximum at 1.8 eV and relaxation time of ∼1.3 ns is
a well-pronounced signature of the S1

C60 → S3
C60 transition in a C60

singlet manifold.20,22 However, the photobleaching occurring at
energies below 1.7 eV (Figure 2) is not intrinsic to C60 dynamics
and prevents the assignment of the observed dynamics to the C60
film alone.
The observedΔT/T dynamics in 1.6−2.4 eV range is therefore

a result of a complex interplay between the relaxation processes
occurring in the bulk of both Tc and C60 films and near the
interfaces between them. Careful comparison of the experimental
results in Figures 2−4 with estimated CTE energies and films
absorption allows us to attribute spectral features ofΔT/T signals
from Tc/LiF/C60 multilayers as follows. Figure 3 shows the
transient transmission of a bilayer structure with a 10 and 50 nm
Tc films topped with a C60 layer of equal thickness. The photo-
bleaching peak at 2.34 eV is clearly visible for 10 nm structure

Figure 2. Transient transmission spectra acquired at several delays
following photoexcitation of the Tc/LiF/C60 heterostructures that
consist of 20 Tc/C60 repetition units separated by LiF barrier layer of
different thickness dLiF = 0, 1, and 2 nm. CTE labels the location of the
photoinduced charge transfer states, and S1

C60 → S3
C60 and S0

Tc → S1
Tc

refer to electronic transitions between C60 and Tc singlet exciton states,
respectively, as shown in the energy diagram in Figure 1b.
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(Figure 3a) with energy and time scales that agree well with
saturation of the S0

Tc → S1
Tc transition previously observed in Tc

films.19 Unlike pure Tc films where relatively weak S1
Tc→ SN

Tc PIA
is observed below 2.2 eV, heterostructures exhibit broad PIA
between 1.7 and 2.3 eV, withmagnitude comparable to that of the
bleaching signal at 2.3 eV.When the thicknesses of Tc and C60 are
increased to 50 nm (Figure 3b), the bleaching peak disappears
while the broadband PIA increases inmagnitude. Therefore, these
results demonstrate that the dynamics observed in multi-
layered structure is dominated by the C60 response that hinders
Tc bleaching dynamics in the 1.9−2.4 eV range. Indeed, the
absorption depth of C60 is more than 3 times smaller than that
of Tc at a 3.0 eV pump photon energy (dabs

Tc (3 eV) = 434 nm vs
dabs
C

60(3 eV) = 144 nm),24 leading to a significantly higher exciton
population in C60 whose response obscures the photoinduced
signal from Tc. Moreover, the decay time of 1.2 ns of the PIA
in the 1.9−2.2 eV range agrees well with previously observed
relaxation of S1

C60 → S3
C60 transient absorption changes. At

probe energies around 2.3 eV, short-lived bleaching from Tc
resonances competes with long-lived PIA from C60 and pushes
ΔT/T to positive values as the thickness of C60 layer decreases.
This is aided by an onset of long-lived photobleaching in C60 at
energies above 2.45 eV.22 It is important to mention that charge-
separated states of C60 do not influence these results because their
absorption band lies at ∼1 eV.23
Similarly, the photobleaching below 1.8 eV in multilayered

structures emerges from the competition between the S1
C60→ S3

C60

PIA and stimulated emission from the photoinduced CTE
population at the Tc/C60 interfaces. The CTE binding energy
may be estimated25 from the ionization potential of Tc, IPTc,

electron affinity of C60, EAC60
, and Coulomb stabilization energy

of CTE state, EC60−
Tc+ , using the relationship ECTE = IPTc + EAC60

+
EC60−
Tc+ . Knowing the values24 of IPTc = 5.3 eV and EAC60

=−4.5 eV,
and taking the stabilization energy12 as EC60−

Tc+ = 0.1 eV, we can
estimate ECTE ∼ 0.9 eV below LUMO of C60. Stimulation from
the probe pulse drives the recombination of the CTE state back
to the neutral S0

Tc and should produce stimulated emission at
1.7 eV and below (Figure 1). This value agrees very well with
an onset of the PIA bleaching around 1.8−1.9 eV in Figure 2.
In addition, comparison of the ΔT/T variation with LiF
thickness dLiF shows that despite close resemblance of the
spectral responses in Figure 2, the time-resolved dynamics are
dramatically affected by the LiF presence only around 1.7 eV
(Figure 4). This is a clear indication of the interfacial origin of the
signal in this spectral range. Indeed, the only change in ΔT/T at
2.0 and 2.34 eV is systematic decrease in the signal amplitude
as dLiF increases from 0 to 2 nm, while the rates and relative
amplitudes of different components remain unaltered (Figure 4b).
This behavior of “bulk” signals agrees well with simple reduction of
the materials in the excitation volume and multiple reflections
added by LiF interfaces. On the contrary, ΔT/T at 1.77 eV and
especially 1.65 eV in Figure 4a exhibit not only the total amplitude
change but also a great variation in dynamics rates and relative
contributions from the various processes with increasing dLiF.
These arguments reliably identify the signal below 1.8 eV as
coming primarily from the CTE state. Interestingly, thick
(comparable to Tc film thickness) C60 layers employed in our
experiments seem to enable direct observation of CTE response
(sequentially amplified by multiple interfaces in the excitation
volume) that is usually obscured by free charge PIA in structures
where the ratio of D (Tc/Pc) to A (C60) film thicknesses exceed
10 or more.14

Representative CTE dynamics at 1.65 eV is shown in Figure 4a
as a function of LiF thickness. Three characteristic components
can be clearly distinguished in all optical responses of the
CTE state: initial fast (τrf < 100 fs) and slow (τrs = 2.5 ps) rises of
ΔT/T magnitude are followed by the slow (τd > 1 ns) decay to
equilibrium. The long relaxation times are consistent with the
expected CTE lifetimes of few nanoseconds.10,12,24 The value
of τd markedly increases when 1 nm LiF layer is added between
Tc and C60 films, in agreement with previously observed and
calculated exponential fall of the CTE recombination rate with
increasing LiF thickness.10,12 The overall decay rate of CTE
population consists of both dissociation and recombination
processes, and it appears that recombination slowdown dominates
changes in CTE dynamics, while the dissociation rate increases
only slowly with LiF thickness and does not affect the total decay
rate as much. Because of the relatively small delay range explored
here, the increase in τd could not be quantified. No further increase
of τd is observed when dLiF = 2 nm, which might be explained by
the small variations of 10’s ns signals over 500 ps delay range.
However, theΔT/T amplitude decreasesmonotonically as the LiF
layer thickness is increased. This also correlates well with expected
decrease in CTE population due to impeded exciton dissociation,
i.e., charge separation, through the tunneling barrier between D
and A.10,12

The drop in CTE population should also be reflected in lower
amplitude of the rise time dynamics which are associated with the
formation of the CTE states. Surprisingly, increase of dLiF affects
only the amplitude of the 2.5 ps rise while 100 fs dynamics
remains almost intact. CTE can be formed by (i) excitons
diffusion from the bulk and dissociation at the interface,

Figure 3. Spectrally resolved temporal evolution of the ΔT/T signal in
the structure consisting of single 10 nm (a) and 50 nm (b) C60 film
deposited on Tc layer of equal thicknesses.

Figure 4. Time-resolved ΔT/T at selected probe energies taken in
Tc/LiF/C60 heterostructures with 0 nm (black), 1 nm (red), and 2 nm
(blue) thickness of LiF barrier layer. Inset in (a) shows the dynamics in a
wider delay range. The differences in ΔT/T decay dynamics for varying
LiF thicknesses increases as CTE resonance near 1.7 eV is approached.
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(ii) electron transfer from the excitons in the interfacial region of
donor material to manifold of CTE states that rapidly relax to the
lowest energy CTE state, and (iii) direct excitation by incoming
pump photons.6,15,16 The latter two processes (which we call
direct vs diffusion-mediated CTE generation) occur on sub-
picosecond time scales which are manifested as τrf dynamics and
are beyond the resolution of our experimental setup. The τrs
component in CTE formation dynamic arises from the diffusion
of singlet excitons in Tc because the diffusion length L∂ =
(3DSτrs)

1/2 = 2.7 nm (average DS = 1.1 × 10−2 cm2/s)12,24,26

corresponds to half the Tc film thicknessthe distance that
exciton has to travel before dissociating at the interface. Exciton
diffusion in C60 is orders of magnitude slower and can be
neglected. CTE generation from triplet excitons in Tc can also
be neglected at these time scales because only small number of
triplets are generated within 2.5 ps in the S1

Tc → 2T1
Tc

fission
process with an effective rate of 10 ps−1.16,19 Moreover, in
Tc DT ≪ DS, but no slow rise (10’s ps) dynamics is observed in
Figure 4a that can be attributed to the triplet exciton diffusion
process. Fast (<100 fs) dynamics in CTE formation must
correspond to direct CTE excitation because only small fraction of
Tc excitons are generated near the interface or can diffuse there
within 100 fs, which contradicts an almost 50% contribu-
tion of the instantaneous process to the total CTE amplitude
(compare red and blue curves in Figure 4a). Therefore, the LiF
layer significantly decreases the number of CTE generated by
the dissociation of singlet excitons that diffuse to the interface from
the bulk of Tc. This agrees with an intuitive picture of the impeded
exciton dissociation through the tunneling barrier as discussed
before. Direct excitation should also be adversely affected by the
tunneling barrier because the efficiency of this process depends
on the wave function overlap between the hole in Tc and electron
in C60. However, no or very minor variations of the fast rise
amplitude are observed in our measurements (Figure 4a) up to
dLiF = 2 nm and will require further attention in our future work.

■ CONCLUSIONS
We have directly observed interfacial charge transfer dynamics in
Tc/LiF/C60 multilayered heterostructures, where charge separa-
tion processes compete with parasitic radiative and nonradiative
CTE recombination. Using ultrafast optical spectroscopy,
we have demonstrated an appearance of the CTE bleaching
at around 1.8 eV in the PIA spectra of these heterostructures. PIA
clearly shows saturation of CTE population within 2.5 ps from
photoexcitation and subsequent nanosecond recombination/
relaxation into the charge-separated state. Unlike previously
studied thick pentacene films interfaced with very thin C60 layers
where only charge-separated states of Pc were observed,14 our
results indicate that dynamics of thick C60 layers is more sensitive
to CTE signatures in transient transmission spectra. This allowed
us to demonstrate that addition of 1 nm LiF layer between Tc
and C60 layers significantly slows down CTE recombination
and improves charge separation efficiency. On the other hand,
thicker 2 nm LiF layers significantly reduce CTE density and
decrease charge separation efficiency. An existence of optimal
1 nm < dLiF < 2 nm is in good agreement with previously
observed enhancement of the photocurrent in Tc/LiF/C60
photovoltaic devices.10 Importantly, we have demonstrated
that the rates of direct and diffusion-induced CTE formation
can be separately controlled by an insertion of the barrier layer
separating D and A sides in the device. These findings might have
implications for development of more efficient organic photo-
voltaic and light-emitting devices.
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