PRL 105, 156604 (2010)

PHYSICAL REVIEW LETTERS

week ending
8 OCTOBER 2010
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Electrical transport

of a highly doped disordered

conducting polymer, viz. poly-3.4-

ethylenedioxythiophene stabilized with poly-4-styrenesulphonic acid, is investigated as a function of
bias and temperature. The transport shows universal power-law scaling with both bias and temperature.
All measurements constitute a single universal curve, and the complete J(V, T) characteristics are
described by a single equation. We relate this scaling to dissipative tunneling processes, such as

Coulomb blockade.
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The first highly conducting organic polymer, chemically
doped polyacetylene, was reported in 1977 [1]. A funda-
mental and still unresolved question is the nature of the
charge transport in conjugated polymers. Since interactions
between monomers are covalent, leading to strong orbital
overlap and delocalization over the 7-conjugated system,
conjugated polymers can be regarded as one-dimensional
semiconductors. On the other hand, disorder due to kinks,
cross-links, and impurities will disrupt the 77 system, and
transport will be governed by hopping between conjugated
parts of one polymer chain or neighboring chains, resem-
bling a three-dimensional semiconductor. To describe the
properties of standard three-dimensional conductors, the
Fermi liquid theory is widely used. Introducing disorder
in a Fermi liquid induces localization, and consequently
electrical transport occurs by hopping of charge carriers at
the Fermi level. For many doped, disordered organic poly-
mers, the conductivity was reported to follow a stretched
exponential temperature dependence: o o« exp[—(1/T)"]
[2]. The reported values for the exponent v suggest so-
called variable range hopping in one to three dimensions:
v = 1/(D + 1), where D, the number of dimensions, varies
between 1 and 3 [3]. In one-dimensional systems, however,
quantum confinement amplifies Coulomb interactions
between electrons, and the Luttinger liquid theory needs
to be applied [4]. Typical for the Luttinger liquid theory is
that the dispersion relation near the Fermi energy is ap-
proximated as both linear and continuous. This assumption
is valid when high-energy excitations can be disregarded
and when the one-dimensional lattice is semi-infinite. The
combination of a linear dispersion and Coulomb interaction
results in a power-law density of states that vanishes at
the Fermi level. Hence, tunneling into a Luttinger liquid
yields power-law relations with both temperature and volt-
age, more exactly, J « T* at low voltages (kT > eV) and
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J o« VB at low temperatures (eV > kT), with 8 = a + 1.
Furthermore, when the scaled current density J/7T'"¢ is
plotted as a function of eV /kT, a universal curve is obtained
described by [5-7]

2

%
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o eV
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where the parameter « is derived from the measurements,
Jo and 7y are two fit parameters, e is the elementary charge, k
is the Boltzmann constant, and I" is the Gamma function.
The fit parameter y~! has been related to the number of
tunnel barriers between the contacts and determines a cross-
over from Ohmic behavior to a power-law dependence.

It has recently been reported that Eq. (1) describes
the charge transport of the conjugated polymer
poly(2,5-bis-(3-tetradecylthiophen-2-yl)thieno[3,2-b] thi-
ophene) (PBTTT) in high carrier density field-effect tran-
sistors and in electrochemically doped films [8]. Density
functional theory calculations have classified PBTTT as a
quasi-one-dimensional system [9]. Supported by the fit of
Eq. (1) and the calculated electrical anisotropy, the scaling
of the electrical transport has been interpreted as a finger-
print of Luttinger liquid behavior originating from one-
dimensional transport in conjugated polymers [8,10].

To address whether one-dimensionality is a prerequisite
for the power-law scaling, we studied the charge transport
in poly-3,4-ethylenedioxythiophene stabilized with poly-
4-styrenesulphonic acid (PEDOT:PSS). This complex is a
mixture of doped PEDOT stabilized with PSS. Thin films
can be spin coated from waterborne lattices and exhibit
conductivities up to about 1000 S/cm. Scanning tunneling
and electron microscopy studies have shown that the mi-
crostructure consists of spherical grains on the order of
20-50 nm [11,12]. The individual grains have a PEDOT-
rich core and a PSS-rich shell [12]. Therefore, PEDOT:PSS
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is a three-dimensional disordered electronic system and a
model compound for highly doped conducting polymers.
Previously, the conductivity of PEDOT:PSS was reported
to follow a stretched exponential temperature dependence
[13-16]. However, contrary to the stretched exponential
temperature dependence, a few reports have also shown a
power-law dependence [14,17,18]. The bias dependence of
these measurements has not been reported. Here we
present a detailed analysis of the electrical transport as a
function of both bias and temperature.

To test the validity of Eq. (1), a crossover from Ohmic
transport to a power-law dependence has to be observed.
This implies a relatively large value of vy that can be
realized only with small electrode spacing, on the order
of 100 nm. To this end we measure the transport transversal
through PEDOT:PSS thin films fabricated in so-called
large-area molecular junctions, as shown in Fig. 1. On a
gold bottom electrode circular via holes of 1-50 um in
diameter are lithographically defined in photoresist.
PEDOT:PSS is spin coated yielding a thickness of
~90 nm and, finally, a gold top electrode is evaporated
and patterned to prevent cross talk. Stable and reproducible
junctions were obtained. The current through the junctions
scaled with the lateral dimensions with a small standard
deviation [19-21].

The current density voltage (J-V) characteristics aver-
aged over 8§ PEDOT:PSS junctions are presented as a
function of temperature in Fig. 2. The bias was varied
between 0 and 0.5 V, and the temperature was varied
between 25 and 300 K. The transport characteristics
are symmetric for negative and positive bias. At room
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FIG. 1 (color online). Device layout. Schematic representation
of the large-area molecular junctions and the chemical structure
of PEDOT:PSS.

temperature, the transport is Ohmic up to the applied bias
of 0.5 V. At lower temperatures, the current density
decreases and the transport deviates from Ohmic behavior.
To magnify the nonlinearity, measurements at higher bias
are required. However, at room temperature the junctions
break down at higher bias due to hydrolysis of remaining
water in the PEDOT:PSS layer [21]. To circumvent the
breakdown, pulse measurements were applied. At low
temperature and with a low duty cycle the transport could
be measured up to high biases of 3 V, while at higher
temperatures hydrolysis still hampered the measurements.
The current density voltage (J-V) characteristics up to 3 V
are presented as a function of temperature between 25 and
100 K in Fig. 3. At low bias the current density decreases
with decreasing temperature. At higher biases the tempera-
ture dependence disappears.

To analyze the electrical transport, the current density as
a function of temperature is plotted on a double logarith-
mic scale. The inset in Fig. 3 shows that straight lines are
obtained, indicating a power-law dependence of current
density on temperature. The slope depends on the applied
bias. Extrapolating the value of the slope to O V bias, where
kT > eV, yields J « T* with a = 1.25. With this fixed
value of @ we calculated at each temperature the scaled
current density J/T'*¢. Figure 4 shows the scaled current
density as a function of the dimensionless parameter
eV/kT. Both dc measurements at low bias and pulse
measurements at high applied bias are included. Varying
the temperature between 25 and 300 K and the bias be-
tween 0 and 3 V leads to a change in the parameter eV /kT
over 4 orders of magnitude. The corresponding scaled
current density then varies over 6 orders of magnitude.
Figure 4 nevertheless shows that even over this wide
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FIG. 2 (color online). Electrical transport at low bias. J-V
characteristics of the PEDOT:PSS junctions up to 0.5 V bias at
temperatures between 25 and 300 K. The current density is
averaged over 8 devices with a device diameter between 5 and
50 pm. The solid curves stem from the universal curve calcu-
lated by using Eq. (1).
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FIG. 3 (color online). Electrical transport at high bias. J-V
characteristics of the PEDOT:PSS junctions up to 3 V bias at
temperatures between 25 and 100 K. The current density is
averaged over 6 devices with a device diameter of 4 and
5 pwm. The solid curves stem from the same universal curve
calculated by using Eq. (1). The inset shows the J-T character-
istics on a double logarithmic scale.

parameter space a universal dependence is obtained. The
solid curve in Fig. 4 is calculated by using Eq. (1). Perfect
agreement is obtained by using the fit parameters y of
0.025 and J, of 200 A/m?. The quality of the fit is illus-
trated by recalculating the discrete J(V, T) characterist-
ics. The solid curves in Figs. 2 and 3 are computed and
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FIG. 4 (color online). Scaling of electrical transport. The
scaled current density as a function of the dimensionless pa-
rameter ¢V /kT. Both dc measurements at low bias (Fig. 2) and
pulse measurements at high applied bias (Fig. 3) are included.
The solid curve is calculated by using Eq. (1) with fit constants
y = 0.025 and J;, = 200 A/m?. The solid curves of Figs. 2 and
3 are generated from this fit.

demonstrate that with only two parameters the complete
J(V, T) curves can be described.

Figure 4 shows that for small values of eV /kT the slope
of the scaled current density is unity. This Ohmic behavior
implies that at a fixed, low bias the current density follows
a power-law dependence on temperature as J « 7% with
a = 1.25. For values of eV /kT much larger than unity, the
slope of the scaled current density becomes about 2.25.
This implies that at a fixed, low temperature the current
density follows a power-law dependence on bias as J « V#
with 8 = 2.25. The crossover from linear to superlinear
behavior is dominated by the value of the parameter . The
parameter J, is a multiplication constant.

Equation (1), which completely describes the J(V, T)
characteristics, has been shown to hold for a Luttinger
liquid. However, the reverse is not necessarily true; i.e.,
if the J(V, T) characteristics can be described by Eq. (1),
this does not automatically imply that one is dealing with a
Luttinger liquid. In fact, Eq. (1) was originally derived for
dissipative tunneling in a biased double-well quantum
system where the electron tunnels between the two wells
[6,7]. Dissipative coupling was provided by an (unspeci-
fied) external heat bath. Although Luttinger liquid behavior
is not a necessary condition for Eq. (1), this equation has
since been used as a direct proof of Luttinger liquid
behavior [5]. Given this background, we note again that
PEDOT:PSS is a disordered conducting polymer; the mi-
crostructure of thin films consists of spherical amorphous
grains [11,12]. Furthermore, the conjugation of PEDOT
chains is too short to form a semi-infinite one-dimensional
lattice needed for a Luttinger liquid. Hence, PEDOT:PSS is
effectively a three-dimensional electronic system and can
therefore not be regarded as a Luttinger liquid. Never-
theless, we observe scaling behavior.

Another physical origin related to three-dimensional
electronic systems is thus responsible for the scaling. In
general, the tunneling rate at an energy E is determined
by a convolution of the tunnel probability P(E) and the
density of states p(E). The observed scaling can thus
originate from power-law scaling of either P(E) or p(E)
[22]. Power-law scaling of p(E) arises naturally in a
Luttinger liquid because of the linear dispersion relation.
Scaling of P(E) arises in the general dissipative tunneling
models due to coupling of the system with an (unspecified)
environment [6,7]. Additional effort to specify dissipation
has resulted in the theoretical description of systems where
unconventional Coulomb blockade mechanisms yield
power-law behavior. The most prominent is so-called en-
vironmental Coulomb blockade in ultrasmall tunnel junc-
tions [23,24], while also arrays of relatively strongly
coupled quantum dots [25,26] and nonconventional tunnel-
ing between disordered conductors [27-29] produce simi-
lar results. The specific models yield power-law behavior
that can hardly be distinguished from Luttinger liquid
behavior [22,30,31].
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Weak Coulomb blockade is a viable option to explain
the scaling behavior in PEDOT:PSS [26], since thin films
consist of relatively strongly coupled PEDOT grains [32].
Coulomb blockade is, however, not immediately expected
for PBTTT because of the semicrystalline microstructure
of the films. Therefore, a general origin of the universal
scaling cannot be unambiguously determined from the
present experimental efforts.

In conclusion, we have shown that the electrical trans-
port of PEDOT:PSS junctions as a function of both tem-
perature and bias can be described over a wide parameter
space by a single equation with only two fit parameters. A
similar scaling with temperature and bias has previously
been reported for the highly doped conducting polymer
PBTTT and has been interpreted as a signature of one-
dimensional Luttinger liquid behavior. PEDOT:PSS, how-
ever, cannot be regarded as a one-dimensional electronic
system. The scaling can be due to dissipative tunneling
such as environmental Coulomb blockade, but the origin
cannot unambiguously be assigned. Scaling nevertheless
appears to be general for highly doped polymer systems
and opens new opportunities for understanding the charge
transport in these materials.

The authors thank Jan Harkema, Hylke Akkerman, Bart
van Wees, and Jean-Sebastien Caux for technical support
and discussion. We gratefully acknowledge financial sup-
port from NanoNed, a national nanotechnology program
coordinated by the Dutch Ministry of Economic Affairs,
the Zernike Institute for Advanced Materials, and
European Community Seventh Framework Program FP7/
2007-2013 Project No. 212311, ONE-P.

*Dago.de.Leeuw @philips.com

[1] H. Shirakawa, E.J. Lewis, A.G. McDiarmid, C.K.
Chiang, and A.J. Heeger, J. Chem. Soc., Chem.
Commun. 1977, 578 (1977).

[2] A.B. Kaiser, Rep. Prog. Phys. 64, 1 (2001).

[3] N. Mott and E. A. Davis, Electronic Processes in Non-
Crystalline Materials (Clarendon, Oxford, 1979).

[4] J. Voit, Rep. Prog. Phys. 58, 977 (1995).

[5] M. Bockrath, D.H. Cobden, J. Lu, A.G. Rinzler, R.E.
Smalley, L. Balents, and P.L. McEuen, Nature (London)
397, 598 (1999).

[6] H. Grabert and U. Weiss, Phys. Rev. Lett. 54, 1605
(1985).

[71 M.P.A. Fisher and A. T. Dorsey, Phys. Rev. Lett. 54, 1609
(1985).

[8] J.D. Yuen, R. Menon, N. E. Coates, E. B. Namdas, S. Cho,
S.T. Hannahs, D. Moses, and A.J. Heeger, Nature Mater.
8, 572 (2009).

[9] J.E. Northrup, Phys. Rev. B 76, 245202 (2007).

[10] J.H. Worne, J. E. Anthony, and D. Natelson, Appl. Phys.
Lett. 96, 053308 (2010).

[11]

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

(20]

(27]
(28]
[29]
(30]

(31]

(32]

156604-4

M. Kemerink, S. Timpanaro, M.M. de Kok, E.A.
Meulenkamp, and F.J. Touwslager, J. Phys. Chem. B
108, 18 820 (2004).

U. Lang, E. Miiller, N. Naujoks, and J. Dual, Adv. Funct.
Mater. 19, 1215 (2009).

A.N. Aleshin, S.J. Williams, and A.J. Heeger, Synth.
Met. 94, 173 (1998).

J.Y. Kim, J.H. Jung, D.E. Lee, and J. Loo, Synth. Met.
126, 311 (2002).

S. Ashizawa, R. Horikawa, and H. Okuzaki, Synth. Met.
153, 5 (2005).

A.M. Nardes, M. Kemerink, and R. A.J. Janssen, Phys.
Rev. B 76, 085208 (2007).

A. Aleshin, R. Kiebooms, R. Menon, and A.J. Heeger,
Synth. Met. 90, 61 (1997).

C.S. Sangeeth, M. Jaiswal, and R. Menon, J. Phys.
Condens. Matter 21, 072101 (2009).

H.B. Akkerman, P. W.M. Blom, D.M. de Leeuw, and
B. de Boer, Nature (London) 441, 69 (2006).

P.A. van Hal, E.C.P. Smits, T.C.T. Geuns, H.B.
Akkerman, B.C. de Brito, S. Perissinotto, G. Lanzani,
A.J. Kronemeijer, V. Geskin, J. Cornil, P. W. M. Blom, B.
de Boer, and D.M. de Leeuw, Nature Nanotech. 3, 749
(2008).

B.C. de Brito, E. C. P. Smits, P. A. van Hal, T. C. T. Geuns,
B. de Boer, C.J. M. Lasance, H.L. Gomez, and D. M. de
Leeuw, Adv. Mater. 20, 3750 (2008).

E.B. Sonin, Physica (Amsterdam) 18E, 331 (2003).

M. H. Devoret, D. Esteve, H. Grabert, G.-L. Ingold, H.
Pothier, and C. Urbina, Phys. Rev. Lett. 64, 1824 (1990).
S.M. Girvin, L.I. Glazman, M. Jonson, D.R. Penn, and
M. D. Stiles, Phys. Rev. Lett. 64, 3183 (1990).

Sh. Farhangfar, R.S. Poikolainen, J.P. Pekola, D.S.
Golubev, and A.D. Zaikin, Phys. Rev. B 63, 075309
(2001).

J.-F. Dayen, T.L. Wade, G. Rizza, D.S. Golubev, C.-S.
Cojocaru, D. Pribat, X. Jehl, M. Sanquer, and J.-E.
Wegrowe, Eur. Phys. J. Appl. Phys. 48, 10604 (2009).
R. Egger and A. O. Gogolin, Phys. Rev. Lett. 87, 066401
(2001).

J. Rollbiihler and H. Grabert, Phys. Rev. Lett. 87, 126804
(2001).

E.G. Mishchenko, A.V. Andreev, and L.I. Glazman,
Phys. Rev. Lett. 87, 246801 (2001).

K. A. Matveev and L. I. Glazman, Phys. Rev. Lett. 70, 990
(1993).

A. Bachtold, M. de Jonge, K. Grove-Rasmussen,
P.L. McEuen, M. Buitelaar, and C. Schonenberger,
Phys. Rev. Lett. 87, 166801 (2001).

The size of the PEDOT grains is consistent with the weak
Coulomb blockade regime at elevated temperatures. For
this regime, it is required that the grain-to-grain resistance
R < h/2e” (relatively strongly coupled islands) and that
kT < h/RC = (¢*/2C)(Ry/R) with R, = 2h/e?. Note
that Ry/R > 1 via the first requirement. We estimate
the total capacitance for a 30 nm PEDOT grain at 10 aF,
resulting in a charging energy E, = ¢?/2C = 8 meV.
Hence for moderate values of Ry/R the weak Coulomb
blockade regime is still valid at room temperature.


http://dx.doi.org/10.1039/c39770000578
http://dx.doi.org/10.1039/c39770000578
http://dx.doi.org/10.1088/0034-4885/64/1/201
http://dx.doi.org/10.1088/0034-4885/58/9/002
http://dx.doi.org/10.1038/17569
http://dx.doi.org/10.1038/17569
http://dx.doi.org/10.1103/PhysRevLett.54.1605
http://dx.doi.org/10.1103/PhysRevLett.54.1605
http://dx.doi.org/10.1103/PhysRevLett.54.1609
http://dx.doi.org/10.1103/PhysRevLett.54.1609
http://dx.doi.org/10.1038/nmat2470
http://dx.doi.org/10.1038/nmat2470
http://dx.doi.org/10.1103/PhysRevB.76.245202
http://dx.doi.org/10.1063/1.3309704
http://dx.doi.org/10.1063/1.3309704
http://dx.doi.org/10.1021/jp0464674
http://dx.doi.org/10.1021/jp0464674
http://dx.doi.org/10.1002/adfm.200801258
http://dx.doi.org/10.1002/adfm.200801258
http://dx.doi.org/10.1016/S0379-6779(97)04167-2
http://dx.doi.org/10.1016/S0379-6779(97)04167-2
http://dx.doi.org/10.1016/S0379-6779(01)00576-8
http://dx.doi.org/10.1016/S0379-6779(01)00576-8
http://dx.doi.org/10.1016/j.synthmet.2005.07.214
http://dx.doi.org/10.1016/j.synthmet.2005.07.214
http://dx.doi.org/10.1103/PhysRevB.76.085208
http://dx.doi.org/10.1103/PhysRevB.76.085208
http://dx.doi.org/10.1016/S0379-6779(97)81227-1
http://dx.doi.org/10.1088/0953-8984/21/7/072101
http://dx.doi.org/10.1088/0953-8984/21/7/072101
http://dx.doi.org/10.1038/nature04699
http://dx.doi.org/10.1038/nnano.2008.305
http://dx.doi.org/10.1038/nnano.2008.305
http://dx.doi.org/10.1002/adma.200800960
http://dx.doi.org/10.1016/S1386-9477(02)01073-1
http://dx.doi.org/10.1103/PhysRevLett.64.1824
http://dx.doi.org/10.1103/PhysRevLett.64.3183
http://dx.doi.org/10.1103/PhysRevB.63.075309
http://dx.doi.org/10.1103/PhysRevB.63.075309
http://dx.doi.org/10.1051/epjap/2009132
http://dx.doi.org/10.1103/PhysRevLett.87.066401
http://dx.doi.org/10.1103/PhysRevLett.87.066401
http://dx.doi.org/10.1103/PhysRevLett.87.126804
http://dx.doi.org/10.1103/PhysRevLett.87.126804
http://dx.doi.org/10.1103/PhysRevLett.87.246801
http://dx.doi.org/10.1103/PhysRevLett.70.990
http://dx.doi.org/10.1103/PhysRevLett.70.990
http://dx.doi.org/10.1103/PhysRevLett.87.166801

