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Small gap semiconducting organic charge-transfer interfaces
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We investigated transport properties of organic heterointerfaces formed by single-crystals of
two organic donor-acceptor molecules, tetramethyltetraselenafulvalene and 7,7.,8,8-
tetracyanoquinodimethane (TCNQ). Whereas the individual crystals have unmeasurably high
resistance, the interface exhibits a resistivity of few tens of megohm with a temperature dependence
characteristic of a small gap semiconductor. We analyze the transport properties based on a simple
band diagram that naturally accounts for our observations in terms of charge transfer between two
crystals. Together with the recently discovered tetrathiafulvalene—TCNQ interfaces, these results
indicate that single-crystal organic heterostructures create functional electronic systems with
properties relevant to both fundamental and applied fields. © 2010 American Institute of Physics.

[doi:10.1063/1.3449558]

The electronic properties of interfaces between different
organic molecular semiconductors are crucial for the opera-
tion of most devices in the field of plastic electronics. In
organic light-emitting diodes, for example, drastic perfor-
mance enhancement can be achieved by introducing multiple
material layers to form interfaces that separately optimize the
microscopic processes involved in the device operation, such
as carrier injection and recombination. Another example of
a functional interface is provided by the so-called bulk
heterojunction,2 which is currently investigated to improve
the efficiency of organic solar cells. In both cases, transport
across the interface is the relevant process. However, by
analogy with conventional inorganic semiconductors, it is
expected that transport parallel to the organic—organic inter-
face should also be of great interest. Indeed, inorganic het-
erostructures made of III-V or II-VI semiconductors hosting
two-dimensional electron gases have been widely studied,**
leading to impressive physics (e.g., the discovery of the
quantum Hall effect)5 and applications (e.g., high-electron-
mobility tr:alnsistors).6’7 Nevertheless, for organic semicon-
ductors, this “lateral” type of heterostructures has remained
vastly unexplored.

A recent example illustrating the occurrence of interest-
ing phenomena in organic heterostructures is provided by
charge-transfer interfaces formed by laminating single crys-
tals of organic donor-acceptor molecules, tetrathiafulvalene
(TTF) and 7.7.8,8-tetracyanoquinodimethane (TCNQ).®
Despite the fact that the individual crystals are insulating,
their interface exhibits a high electrical conductance. The
phenomenon originates from a large charge transfer from
donor to acceptor, which causes the formation of an interfa-
cial two-dimensional metallic conductor. Notably, the two-
dimensionality makes a TTF-TCNQ interface behave differ-
ently from a bulk TTF-TCNQ complex, in which TTF and
TCNQ molecules are arranged into decoupled one-
dimensional chains, causing the material to become a Peierls
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insulator at low temperature. This difference illustrates how
interfaces can lead to phenomena that do not occur in the
corresponding bulk materials.

To start broadening the scope of molecular materials
used in organic charge-transfer interfaces, in this letter we
report on the investigation of lateral transport at interfaces
consisting of TCNQ and tetramethyltetraselenafulvalene
(TMTSF) single-crystals. TMTSF is a well-known donor
molecule, which has led to the discovery of the first organic
superconductors.g’10 In the TMTSF-TCNQ interfaces, we
observe a conductance that is thermally activated with a
small (~100 meV) activation energy. From the measured
mobilities of charge carriers in the individual crystals in con-
junction with the measured resistivity values, we estimate
that the density of transferred charge is in the order of
10" c¢cm™? at room temperature, corresponding to less than
0.001 electrons per molecules, i.e., approximately three or-
ders of ma§nitude smaller than what is found in the two bulk
phases,“_1 and decreasing in a thermally activated way with
lowering temperature. We analyze these findings in terms of
a simple band diagram, and show that our observations are
consistent with a picture based on noninteracting electrons
which are thermally excited from the valence band of
TMTSF into the conduction band of TCNQ.

Figures 1(b) and 1(c) show the schematics of the device
structure used in this study together with an optical micro-
scope image of an actual device. The details of the fabrica-
tion are virtually identical to those described in Refs. 8 and
17. The interfaces are assembled on a polydimethylsiloxane
flexible substrate by laminating a TMTSF and a TCNQ
single crystal onto each other. Crystals of both molecules
were grown from vapor phase as described previously,g’17
and the surface mobilities of charge carriers were character-
ized by means of room-temperature field-effect transistor
measurements  [the hole mobility of TMTSF is
~2-4 ¢cm?/V's and the electron mobility of TCNQ is
~0.5 cm?/V s (Refs. 8 and 17)]. In what follows, we de-
scribe the results of the temperature-dependent transport
measurements, and compare them to similar measurements
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FIG. 1. (Color online) (a) Structure of the molecules used in this work: TTF
and TMTSF act as a donor and TCNQ as an acceptor. (b) Schematic repre-
sentation of a device used to study transport at charge-transfer interfaces.
The broken line represents the interfacial region where mobile charge car-
riers are present. (c) Optical microscope image of a device based on a
TMTSF-TCNQ interface, including the scheme of the measurement
configuration.

performed on TTF-TCNQ interfaces identical to those dis-
cussed in Ref. 8, to illustrate the different behavior.

Figures 2(a) and 2(b) show typical current-voltage (I-V)
curves of TMTSF-TCNQ and TTF-TCNQ interfaces in a
two-terminal and a four-terminal configuration measured at
room-temperature. The slight nonlinearity originating from
the contacts is visible in the I-V curve of a TMTSF-TCNQ
interface measured in a two-terminal configuration, and is
almost entirely suppressed in a four-terminal measurement.
Figure 2(c) shows the histogram of the four-terminal resis-
tivity values of TMTSF-TCNQ interfaces, and compares
them to the data obtained from TTF-TCNQ interfaces. For
TMTSEF-TCNQ interfaces, all the resistivity values are in the
10-100 MQ range, corresponding to resistances much
smaller than those of the individual crystals (that is tens of
gigaohms, or typically much larger). The one order of mag-
nitude spread in values is most likely originating from the
different quality of the interfaces, mainly due to the nonper-
fect control of the manual lamination process used for the
interface assembly. A spread of similar magnitude is ob-
served in TTF-TCNQ interfaces, where the resistivity ranges
between 10 and 100 k(). Since the mobilities of charge car-
riers in all the crystals used in this study (TCNQ, TTF, and
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FIG. 2. (Color online) Panel (a) and (b) show the I-V curves of TMTSF-
TCNQ and TTF-TCNQ interfaces measured at room temperature in a two-
terminal and a four-terminal configuration. (c) Histogram of the resistivity
values of TMTSF-TCNQ and TTF-TCNQ interfaces measured in a four-
terminal configuration, on more than 20 interfaces for each system. In both
cases, the spread in values is approximately one order of magnitude.

Appl. Phys. Lett. 96, 232102 (2010)

TMTSF-TCNQ

E,=0.12eV

<3
Py
Voltage (V) 2
%)
7]
[0}
04

7
(ti)o.z B 10°F i
< 01} Tena ! 1 z P
= ' . TTF-TCNQ
500 T ] 10 -
501} | :
i) B 10° ] ] ]
40 00 10 3 4 5 6 7

Voltage (V) 1000/T (K_1)

FIG. 3. (Color online) The four-terminal /-V curves of (a) TMTSF-TCNQ
and (b) TTF-TCNQ interfaces measured at different temperatures ranging
from 300 K to 200 K in 20 K steps. (c) The Arrhenius plot of the resistivity
for both systems. The resistivity of TMTSF-TCNQ is thermally activated
with activation energy E, (ranging between 70 and 120 meV; E,
=120 meV for the device shown here).

TMTSF) have comparable values (~1 cm?/V s), the large
difference in the resistivity between TMTSF-TCNQ and
TTF-TCNQ interfaces indicates that the density of charge
carrier in TMTSF-TCNQ interfaces is approximately 1000
smaller than in the TTF-TCNQ case.

Additional useful information can be extracted by mea-
suring the temperature dependence of the interface resistiv-
ity. Figures 3(a) and 3(b) compare the evolution of the four-
terminal I-V curves for TMTSF-TCNQ and TTF-TCNQ
interfaces as a function of temperature. For a given voltage,
the current in a TMTSF-TCNQ interface decreases with de-
creasing temperature from 300 K (red) to 200 K (blue),
whereas for a TTF-TCNQ interface the I-V curves are al-
most temperature independent, exhibiting a small increase in
the best samples as previously reported.8 The temperature
dependence of the resistivity for the two cases is summarized
in the Arrhenius plot of Fig. 3(c). The good linearity of the
data for a TMTSF-TCNQ interface indicates that conduction
at this interface is thermally activated [poexp(E,/kgT)].
Measurements on seven different interfaces gave a value
of activation energy E, ranging from 70 to 120 meV
(E,=120 meV for the device shown in the figure).

As a first step to analyze the behavior of TMTSF-TCNQ
interfaces, we consider a simple band diagram. The align-
ment depicted in Fig. 4(a) is the one that we expect qualita-
tively for a TMTSF-TCNQ interface based on the results of
the transport measurements. Far away from the interface, the
Fermi energy (Ep) is located in the middle of the band gap
for both TMTSF and TCNQ, because these crystals are in-
trinsic semiconductors. Close to the interface, however, the
electrostatic potential associated to the charge transferred
from TMTSF to TCNQ causes the bands to bend, and Ef is
located in the middle of the highest occupied molecular or-
bital (HOMO) of TMTSF and the lowest unoccupied mo-
lecular orbital (LUMO) of TCNQ. In this picture, the activa-
tion energy FE, observed in the transport experiments
corresponds to half the difference between the HOMO level
of TMTSF and the LUMO level of TCNQ. Indeed, the value
of E, measured—approximately 100 meV—compares well
with the energy difference of the molecular levels estimated
from electrochemical measurements.'® For comparison, Fig.
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FIG. 4. (Color online) Schematic of the simplified band diagrams of (a)
TMTSF-TCNQ and (b) TTF-TCNQ interfaces. For a TMTSF-TCNQ inter-
face, the Fermi level lies in the gap between the HOMO of TMTSF and the
LUMO of TCNQ, and charge transfer from TMTSF to TCNQ is thermally
activated. In a similar diagram for a TTF-TCNQ interface, the HOMO of
TTF is higher in energy than the LUMO of TCNQ, and charge transfer
occurs spontaneously. In all materials, the Fermi level away from the inter-
face lies in the middle of the HOMO-LUMO gap, as it should be, since the
molecular crystals are intrinsic semiconductors.

4(b) shows the band diagram in the case of a TTF-TCNQ
interface, which is expected from the observed metallic na-
ture of this interface.

To substantiate the interpretation based on the band dia-
gram shown in Fig. 4(a), we next estimate the sheet charge
density (n,) accumulated at a TMTSF-TCNQ interface. For
noninteracting particles, n, can be simply calculated by inte-
grating the product of density of states and distribution func-
tion. For narrow band organic crystals, the density of states
can be estimated as N,/w, where N, (~5X 10 cm™) is the
surface density of the molecules and w (~0.5 eV) (Refs. 19
and 20) is the bandwidth of the corresponding band. Since E,
is sufficiently larger than kg7, the carrier statistics is de-
scribed by the Boltzmann distribution, and the value of ng is
as follows:

” keT
n = f (NJw)exp(— ElkgT)dE = N,——exp(- E /kgT). (1)
w
EE\

With the measured typical value of E,=100 meV, ng is
evaluated to be in the order of 10'' ¢cm™ at room tempera-
ture. Using this value and the approximate mobility value of
~1 cm?/V s of TMTSF and TCNQ single crystals, we esti-
mate a resistivity at room temperature of around 10 M),
which compares well with the lowest resistivity value that
we measure experimentally [see Fig. 2(c)]. Finding such a
good agreement using a simple physical picture suggests that
the proposed description in terms of a band diagram cor-
rectly captures the essential aspects of charge transfer at
TMTSF-TCNQ interfaces.

The estimated charge density at a TMTSF-TCNQ inter-
face is more than three orders of magnitude lower than that
of a bulk TMTSF-TCNQ complex. ""'In the bulk complex, as
a result of the large amount of charge transferred, the density
of charge carriers is comparable to the density of molecules,
and it is known that in this case electron interactions and
strong correlations play an important role. At a TMTSF-
TCNQ interface, on the contrary, the much lower density of
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transferred charge indicates that charge carriers are spatially
well separated, and electron correlations should not be rel-
evant. We believe that this is the reason why our description
based on a simple band diagram for noninteracting particles
describes well the amount of charge transferred, and why the
measured semiconducting energy gap is in fair agreement
with the electrochemical data.

In summary, we have shown that TMTSF-TCNQ inter-
faces provide a second example of organic charge-transfer
interfaces. The electronic phase of the interface appears to be
different from that of a bulk TMTSF-TCNQ complex, pro-
viding more indications that an interface between organic
crystals is useful to create functional electronic systems.
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