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The interfacial charge-separation and photovoltaic characteristics of a molecular donor-acceptor

charge-transfer compound were examined. Measurements of laser beam-induced currents on the single

crystals allowed selective detection of hole and electron photocurrents through the metal-semiconductor
interfaces. This method also reveals the exceptionally long diffusion length of 20 wm in the crystal. The
transition from charge-transfer exciton dissociation to direct photocarrier generation is discussed on the
basis of the photon-energy-dependent diffusion length and photon-to-current conversion spectrum.

DOI: 10.1103/PhysRevLett.105.226601

The creation of excitons is the initial and most funda-
mental step in photocurrent generation in organic photo-
voltaic cells (OPCs) [1]. This feature is closely associated
with fairly strong excitonic effects in both small-molecule
and polymeric organic semiconductors [1-3]. These ef-
fects originate from the weak van der Waals intermolecular
interactions and the low-dimensional nature of the elec-
tronic states, in addition to the low dielectric constant of
the materials. As a result, OPCs are now occasionally
referred as ‘“‘excitonic solar cells” [4,5]. For example, the
operation of small-molecule-based OPCs is based on the
creation of Frenkel excitons whose electronic excitations
are confined exclusively to the individual molecular units.
This strongly localized nature leads to the ready quenching
of excitons before they can form a geminate electron-hole
pair and to the limitation of the active photon-energy range
for excitonic absorption to above about 1.7 eV [6-9]. It has
been suggested that these disadvantages are the main
challenges in terms of the further improvement of OPCs
[10-14]. In contrast, another type of optically excited state
known as the charge-transfer (CT) exciton state exists in
organic semiconductors. The CT exciton becomes the low-
est electronic excitation state in donor-acceptor combina-
tions where the oscillator strength is very high, leading to
efficient excitation [15]. The use of such donor-acceptor
CT excitons should permit the tuning of the optical gap
energy in the range between 0.5 and 2 eV, depending on the
donor-acceptor combination [16].

In this Letter, we report the fundamental charge-
dissociation processes of CT excitons for photoelectric
conversion. For this purpose, we selected single crystals
of a typical donor-acceptor CT complex of dibenzotetra-
thiafulvalene ~ (DBTTF)  with  tetracyanoquinodi-
methane (TCNQ) [Fig. 1(a)], which has an optical gap
energy of 0.7 eV and is stable under atmospheric conditions
[17,18]. We investigated the interfacial charge-separation
and diffusion characteristics of the CT excitons and
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photogenerated charge carriers in the single crystal by
using the high-spatial-resolution laser beam-induced cur-
rent (LBIC) technique. From the results of this study, we
successfully fabricated a metal-insulator—metal (MIM)-
type photovoltaic (PV) diode. We discuss the contribution
of CT excitons and directly generated photocarriers to the
PV characteristics of this device.

High-quality single crystals of DBTTF-TCNQ, with
shiny as-grown 011 crystal surfaces and a typical size of
0.8 X 0.2 X 0.2 mm?, were obtained by the physical
vapor-transport technique [19] under a N, gas flow of
20 mLmin~!. Anodes and cathodes were then fabricated
on top of the single crystal surfaces by vacuum deposition
of films of Au or an organic metal, such as the CT com-
pound of tetrathiafulvalene (TTF) with TCNQ. For high-
spatial-resolution measurements by LBIC [20,21], we used
a continuous-wave He-Ne laser (hv = 2.0 eV) or semi-
conductor lasers with various emission energies (hv = 0.9,
1.3, 1.5, 2.0, 2.4, or 3.1 eV). The laser light was chopped
and finely focused cylindrically on top of the single crystal,
and the illuminated position was scanned along the crystal
long axis, as shown schematically in Fig. 1(b). The short-
circuit photocurrent I, was then detected by a lock-in
technique as a function of the position of illumination.
We did not observe any phase delay in the LBIC response
at the frequency range from 2 to 300 Hz, so we used the
chopping frequency of 25 Hz for all the LBIC measure-
ments. The measurements were typically performed in
vacuum with a laser spot size of 2 X 30 um?, a light
intensity of 100 mWcem™2, and a scan speed of
10 gmmin~"'.

The results of typical LBIC measurements on a DBTTF-
TCNQ single crystal with a pair of Au electrodes are
shown in Fig. 1(c). These results were obtained by using
the He-Ne laser as the source of illumination. In the figure,
the origin of the abscissa is set at the metal-semiconductor
interface on the left. A photocurrent was detected both at
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FIG. 1 (color online). (a) Molecular and crystal structure of
DBTTF-TCNQ. (b) Scheme for LBIC measurement.
(c) Photocurrent profile for the DBTTF-TCNQ single crystal
with  Au electrodes and (d) with TTF-TCNQ and
DBTTF-F,TCNQ electrodes.

the left- and right-hand metal-semiconductor interfaces.
The photocurrent response with centrosymmetric features
was observed, with negative and positive signs at the left-
and right-hand interfaces, respectively. The photocurrent
curves shown in Fig. 1(c) also exhibit a very gradual decay
in the surface region of the semiconductor. The decay
length is exceptionally long, reaching around 20 pm.

In Fig. 1(d), we present the LBIC profiles for devices
with films of TTF-TCNQ and DBTTF-F,TCNQ
(F4,TCNQ = tetrafluorotetracyanoquinodimethane) as
electrodes. The sign of the photocurrent depended on the
kind of electrode material, providing clear evidence re-
garding the balance between hole and electron conduction
through the metal-semiconductor interfaces. The positive
photocurrent observed with DBTTF-F,TCNQ corresponds
to efficient hole conduction, indicating the matching be-
tween the electrode Fermi level and semiconductor valence
band. In contrast, the negative photocurrent observed with
TTE-TCNQ corresponds to efficient electron conduction,

indicating the matching between the electrode Fermi level
and semiconductor conduction band. The current ampli-
tudes were higher than those obtained with Au, implying a
higher efficiency of interfacial charge separation. These
results are fairly consistent with n- and p-type operation as
observed in DBTTF-TCNQ-based field-effect transistors
with TTF-TCNQ and DBTTF-F,TCNQ films as source or
drain electrodes, respectively [22].

On the basis of these results, we fabricated a MIM-type
single-crystalline PV diode, as shown in the inset in
Fig. 2(a). The device was fabricated with asymmetrically
configured metal electrodes consisting of a
DBTTF-F,TCNQ film as the anode and a TTF-TCNQ
film as the cathode. As a result of the respective
hole- and electron-ejecting natures of these materials,
positive photocurrents were integrated at both the
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FIG. 2 (color online). (a) Dependence of IPCE (at hy =
2.0 eV) on the electrode distance of MIM-type PV diodes, where
the filled circles are obtained from the LBIC profiles, whereas the
open circles are obtained by illumination over the whole areas of
the devices. The solid line is a simulation curve based on a one-
dimensional diffusion model. The inset shows an LBIC profile
observed for a MIM-type PV diode composed of a DBTTF-TCNQ
single crystal with TTF-TCNQ as the cathode and
DBTTF-F,TCNQ as the anode. (b) Current-voltage character-
istics measured in the dark for the MIM-type PV diode at 300 and
190 K. The inset shows the current-voltage characteristics at 300 K
in the presence (red line) and absence (black line) of illumination
(AM1.5, simulated solar illumination with air mass 1.5 filter).
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metal-semiconductor interfaces. The dependence of the
incident photon-to-current conversion efficiency (IPCE,
®) on the electrode distance is shown in Fig. 2(a). The
resulting IPCE data were roughly reproduced by the solid
line predicted by the one-dimensional diffusion model ¢
{1 —exp(—=d/L)}L/d, where L is the decay length of
20 pum. The deviation from the diffusion model should
be due to the surface nonuniformity of the single crystals
such as defects or strains formed during the crystal growth.
The agreement with the one-dimensional diffusion model
shows that efficient collection of photogenerated charge
carriers (or CT excitons) is possible over a long semi-
conducting region as a result of the long diffusion lengths.
The current-voltage characteristics of the device are shown
in Fig. 2(b). The dark current shows noticeable nonlinear
and rectifying features, in which the rectification ratio
reaches around 10? at 190 K. The open-circuit voltage
Vo Was estimated to be 0.11 V at room temperature and
0.18 Vat 210 K in the presence of illumination; this value is
comparable to the maximum V. of 0.3 V estimated from
the difference in Fermi levels between TTF-TCNQ and
DBTTF-F,TCNQ [22]. Note that the /. and fill factor are
quite low because of the lateral (or planar) device structure
with a long interelectrode distance (~ 100 wm), which
gives a small potential gradient (~ 1 kVm™"') and a high
series resistance between the electrodes.

Figure 3(a) shows the IPCE spectrum for the single-
crystalline PV diode recorded under reverse biased con-
ditions at 2 MV m™!. This bias value was chosen so as to
afford a similar strength of internal electric field to that
present in stack-type OPCs. A photocurrent response was
clearly observable in the infrared-photon-energy region
below 1 eV, and it then gradually increased with the
increasing photon energy until it reached about 1.7% at
2 eV. The onset energy (0.8 eV) almost coincided with the
edge of the CT exciton absorption (0.7 eV), which provides
clear evidence of the existence of a PV effect associated
with CT excitons. When the IPCE curve is redrawn as a
plot of (IPCE)** against hv, as shown in the inset in
Fig. 3(a), a linear dependence can be identified around the
threshold region (hv = 1.0-1.6 eV). Such a dependence
implies an Onsager-type dissociation of the CT exciton
into a free electron and a hole, in which the probability of
dissociation is determined by the efficiency of thermal
dissociation of the bound electron-hole pair [23].

It is evident that the exceptionally long decay length of
as much as 20 um that was observed in the LBIC mea-
surements has a crucial role in the observed PV character-
istics. The decay length is considerably longer than that
expected for a Frenkel exciton, the value of which has been
reported to be a few tens of nanometers [1]. This implies
that the diffusion and dissociation characteristic of CT
excitons are markedly different from those of Frenkel
excitons. To investigate the origin of the exceptionally
long decay length, we measured the LBIC profiles for a
single crystal of DBTTF-TCNQ at various incident photon
energies, and the results of this study are shown in Fig. 4.
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FIG. 3 (color online). (a) Absorption spectrum (black line) and
IPCE spectrum (red line) measured for the DBTTF-TCNQ MIM-
type PV diode under a reverse-bias condition of 2 MV m™!. The
inset shows a plot of (IPCE)%* against hv for the IPCE spectrum.
(b) The diffusion length obtained from the LBIC profiles
(see Fig. 4) as a function of the incident photon energy.

As can be seen, the decay length at 0.9 eV is much shorter
than those at higher photon energies. In sharp contrast, the
decay length reaches around 20 pm at 1.3 eV and remains
almost constant or increases slightly with increasing pho-
ton energy; this photon-energy dependence is summarized
in Fig. 3. Note that the true value of the decay length at
0.9 eV should be shorter than the spatial resolution limit for
this measurement (2 pwm). Actually, the decay length at
0.9 eV is almost the same as those observed for fullerene
single crystals (as shown in Fig. 4), whose exciton diffu-
sion length is reported to be a few tens of nanometers [1].

From these results, we conclude that the small decay
length at 0.9 eV can be ascribed to CT exciton diffusion,
whereas the long decay length above 1.3 eV probably
originates from diffusion of free electrons and holes. This
consideration is consistent with the Onsager-type photon-
energy dependence of the IPCE spectrum. Above 1.3 eV,
free electrons and holes should be directly generated by
photoexcitation in a manner similar to that in inorganic
semiconductors; the diffusion length in Si is reported to be
a few hundreds of micrometers [24—26]. These features can
be ascribed to the inherent characteristics of CT excitons,
which can be dissociated by a small excess photon energy.
If we assume that the electron (or hole) diffusion length L
is 20 um, the lifetime 7 of photocarriers is estimated to be
160 ws from the relationship L = /D7, where the diffu-
sion constant D is calculated according to Einstein’s rela-
tionship D = ukT /e by using the field-effect mobility u
(1 cm? V~1s71) [17]. The resulting long lifetime may be
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FIG. 4 (color online). LBIC profiles measured at various
incident photon energies for DBTTF-TCNQ and fullerene. The
results on fullerene were obtained for the single crystal with a size
of 0.5 0.5 X 0.5mm? grown by vacuum sublimation, where we
used a pair of gold electrodes for the LBIC measurement.

related to the average time before deep trapping or
electron-hole recombination. Also note that the decay
length for electrons and holes should be almost the same,
as shown in Fig. 1(d), implying that the recombination
mechanism may dominate in DBTTF-TCNQ single
crystals.

In summary, we have investigated the interfacial charge-
dissociation and fundamental PV characteristics of mo-
lecular donor-acceptor CT complex single crystals of
DBTTF-TCNQ with a narrow energy gap of 0.7 eV. The
positive and negative signs of the observed LBIC response
allowed us to discriminate between hole and electron
photocurrent conductions through the metal-semiconduc-
tor interfaces in the single crystals. In a further step, we
successfully fabricated a MIM-type PV diode. A photo-
current response was observed above a photon energy
of 0.8 eV, around which the diffusion and interfacial
dissociation characteristic of CT excitons were observed.
We also observed an exceptionally long diffusion length in
the LBIC photocurrent profiles; this length was as much as
20 pum at an excitation photon energy of above 1.3 eV,
which can be ascribed to direct generation of photocarriers.

This readiness to undergo CT exciton dissociation and the
long diffusion characteristics of electrons and holes should
be advantageous in efficient photodetection or infrared
photoelectric conversion in OPCs.
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