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Exponential behavior of the Ohmic transport in organic films
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An exponential dependence of conductance on thickness and temperature was found in the low-voltage, Ohmic
regime of copper (CuPc) and cobalt (CoPc) phthalocyanine, sandwiched between palladium and gold electrodes
unlike ever claimed in organic materials. To assure cleanliness and integrity of the electrode-phthalocyanine
interface, the devices were prepared in situ, using organic molecular beam deposition with a floating shadow
mask. The dc transport measurements in a wide temperature and thickness range show that (i) the low-voltage
J-V curve is linear, with current increasing sharply at higher voltages, (ii) the low-voltage conductance increases
exponentially with temperature, and (iii) it decreases exponentially with film thickness. A comparison with
conventional models fails to explain all the data with a single set of parameters. On the other hand, a model
outlined here, which incorporates tunneling between localized states with thermally induced overlap, agrees with
the data and decouples the contributions to conductance from the electrode-film interface and the bulk of the film.
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I. INTRODUCTION

Metallophthalocyanines (MPc) have been studied for many
decades and many of their properties are well understood.'
They serve as a model system for the whole class of flat,
organic molecules, are usually p-type semiconductors, and
have been the subject of much research due to their unique
structural, electrical, and optical properties.> An important
challenge in the study of electrical transport in organic
molecules is to identify the charge transport mechanisms
that determine the temperature and size (length or thickness)
dependence of the current-voltage (J-V) characteristics. A
linear J-V characteristic at low voltages followed by nonlinear
V dependences at higher voltages was claimed in many
cases.’”’ Generally, the current density in the linear (“Ohmic”)
regime was expected to be given as J = nuqV /L, although
an explicit length or thickness dependence experimental
study is usually lacking. Many other studies investigate
only the high-voltage dependence, overlooking altogether the
low-voltage regime.®"'? The temperature dependence of the
current in the Ohmic regime is usually characterized using
Arrhenius plots, in which the slopes of the linear regions give
the activation energies for hopping transport.>”!3 All these
studies are generally characterized by a lack of comprehensive
experimental investigations in a wide parameter range, and a
complete theory that can simultaneously and correctly describe
the voltage, thickness, and temperature dependence of the
current.

In strong contrast, we performed a detailed study of the
low-voltage J-V characteristics in CuPc and CoPc thin films.
Interestingly, over broad thickness and temperature ranges, the
Ohmic conductance decreases exponentially with the organic
layer thickness, and increases exponentially with temperature.
This behavior can be described with a single model in
which thermal molecular fluctuations change the local energies
and the overlap between localized-states wave functions, such
that the carriers can tunnel between these states.
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II. EXPERIMENT

CuPc and CoPc powder, purified by gradient sublimation,
was used to prepare sandwich devices between palladium
and gold electrodes in an organic molecular beam deposition
(OMBD) system with a base pressure of 107! torr, on c-plane
sapphire substrates. Using a floating shadow mask positioned
50 um from the substrate, six pairs of bottom electrodes
were first deposited, covered by different thickness CuPc or
CoPc layers, and then a top common electrode completed the
devices. The lateral size of the devices was 127 um. The in situ
capability allows the growth of devices with clean interfaces.
The deposition rates for the bottom electrodes and the organic
layers were 0.2 and 0.3 A/sec respectively, while for the top
electrode, the deposition rate was 10 A /sec. A large deposition
rate for the top electrode suppresses the diffusion of metal
atoms into the organic layer by favoring the formation of larger,
less mobile metal clusters.'

The MPc thin-film structure is controlled by several factors,
including the substrate type and temperature.” The interplay
between the intermolecular and the molecule-substrate inter-
actions determines the molecular growth. If the intermolecular
interactions are stronger than the molecule-substrate interac-
tion, the molecules grow vertically, whereas in the opposite
case (as for metallic substrates), they grow parallel to the
substrate.!

To check the effect of the electrodes, several samples with
palladium and gold electrodes were fabricated. To eliminate
as much as possible any systematic errors, several “devices”
were fabricated under identical evaporation conditions on each
substrate (“sample”). More than 40 samples were fabricated
and measured. Devices made with palladium (Pd/MPc/Pd)
and gold (Au/MPc/Au) electrodes, and using both CuPc and
CoPc, have the same thickness and temperature behavior of
the conductance. Devices with palladium electrodes are more
stable, have less noise, and a longer lifetime compared to
devices with gold electrodes. This may be due to different
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FIG. 1. (Color online) (a) Logarithmic plots of current density as a function of applied voltage at 300 K for Pd/CuPc/Pd devices with
different organic layer thickness. Positive bias was applied on the bottom electrode. (b) Distribution of the low-voltage logarithmic J-V slopes
for all measurements. The continuous line is a Lorentzian fit of the data. The blue circles include the slope values corresponding to the data

shown in (a).

growth mechanisms of the two metals, with palladium favoring
the coalescence of a continuous film at small thicknesses,'*
and gold having a higher tendency to diffuse into the organic
layer.'®

The dc current-voltage curves were measured in the dark
and in a vacuum at 10™* torr using an electrometer. The
resistance of the devices is several orders of magnitude larger
than the total resistance of the wires and electrodes; therefore,
the errors introduced by the two-probe measurement are
negligible.

III. EXPERIMENTAL RESULTS

Current-voltage characteristics were measured on devices
with the organic layer thickness ranging from 21 to 597 nm.
Figure 1(a) shows, for clarity, a representative set of 300 K
data on a logarithmic scale for Pd/CuPc/Pd devices from
three different samples. The J-V curves exhibit two distinct
regions: linear at low voltage, followed by a nonlinear region
at higher voltages. At low voltages, the transport is Ohmic,
as determined from the logarithmic slopes of the J-V curves.
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Figure 1(b) shows the distribution of the logarithmic slopes
for all measurements. The Lorentzian fit of the data is
centered at 1.06, has a 0.1 width at half-maximum, and is
slightly asymmetrical toward values larger than 1. Possibly, the
slight asymmetry is due to the finite contribution from charge
carriers injected from the electrodes, favoring a higher-order
term in the conductance at higher voltages. Nevertheless,
Fig. 1(b) shows that most slopes are closely distributed around
1, proving the Ohmic behavior in the low-voltage regime.

In order to investigate the transport mechanism, the thick-
ness and temperature dependence of the current was measured.
The conductance per unit area, G/A is shown in Fig. 2(a)
as a function of the thickness at 300 K. The conductance
decreases exponentially by 5 orders of magnitude from 21
to 80 nm, while above 100 nm, the drop rate is much
smaller. To investigate any uncontrolled effects related to
sample fabrication, we prepared a fourth sample with devices
ranging in thickness between 60 and 400 nm, shown as red
circles in Fig. 2(a). Although the values of the conductance
for a fixed thickness may differ by as much as an order of
magnitude from sample to sample, the behavior is similar: at
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FIG. 2. (Color online) (a) Conductance per unit area as function of the organic layer thickness for Pd/CuPc/Pd devices. Black triangles:
devices grown on different samples; the decrease is very sharp for thicknesses up to 100 nm, but becomes much slower for thicknesses larger
than 100 nm. Red circles: devices grown on the same sample show a similar behavior. (b) Thickness dependence of conductance at different
temperatures. The straight lines are fits to the data. The drop in conductance becomes steeper at lower temperatures.
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FIG. 3. (Color online) Thickness dependence of conductance per
unit area for devices with palladium and gold electrodes and CuPc
and CoPc as the organic layer. The behavior is similar for all samples:
The decrease is very sharp for thicknesses up to 100 nm, but becomes
much slower for thicknesses larger than 100 nm.

small thicknesses, the rate of decrease is much larger than
above 100 nm. Furthermore, below 100 nm, the thickness
dependence changes with the temperature. As Fig. 2(b) shows,
the exponential drop of the conductance becomes steeper
at lower temperatures. A similar thickness dependence is
observed in Pd/CoPc/Pd and Au/CoPc/Au devices, as shown
in Fig. 3. The conductance drops exponentially below 100 nm,
while above 100 nm, the decrease is much slower.
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Figure 4 is a plot of the conductance per unit area as a
function of temperature for selected, representative devices
(for clarity), spanning the entire thickness range together with
fits to commonly accepted models. In Fig. 4(a), the data are
plotted assuming a nearest-neighbor hopping model with an
activated conductivity.!” It is clear that a single activation
energy can not be obtained for the whole temperature range. In
Fig. 4(b), the data are plotted according to the variable-range
hopping model.'® Again, the data can not be fitted with a single
straight line across the whole temperature range. Therefore,
both fits imply the existence of multiple transport regimes
as a function of temperature within these models. Perhaps,
the failure of the fit to these models is indicative of another
possible mechanism being operational.

On the other hand, the semilogarithmic plot in Fig. 4(c)
shows that the experimentally measured temperature depen-
dence of the conductance can be described with a single ex-
ponential dependence for all devices in the whole temperature
range. For thicker films, the low-voltage region can not be
resolved at lower temperatures and, therefore, the number
of data points decreases with increasing thickness. In the
thinnest devices, the conductance increases by 6 orders of
magnitude from 20 K to 320 K. This exponential dependence
spans the entire temperature range, regardless of the organic
layer thickness, and suggests a universal behavior for all
devices.
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FIG. 4. (Color online) (a) Plot of conductance per unit area vs temperature for selected data sets for a nearest-neighbor hopping model with
an activated conductivity. No single activation energy can be obtained for the whole temperature range. (b) Plot of the same data assuming a
variable-range hopping model. Data can not be fitted with a single straight line across the whole temperature range. (c) Semilogarithmic plot
of conductance per unit area vs temperature. All devices show a similar exponential dependence, suggesting a universal behavior for the whole

temperature range.
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The experimental results found here are characterized by
an Ohmic low-voltage regime, which depends exponentially
on thickness and temperature. Note that this behavior is
characteristic for wide thickness (20—100 nm) and temperature
(20-320 K) ranges, and is present in samples made with palla-
dium and gold electrodes for both CuPc and CoPc. Therefore,
it is reasonable to inquire whether a single theoretical model
can simultaneously explain all the properties mentioned above.
While some of these have been encountered occasionally in
some systems, none have been claimed together or in a broad
experimental parameter range.

The experimental results presented here are based on
experimental work over more than a two-year period, and
the consistency of the results over many samples and different
sample preparations imply that there are no substantial random
errors present. To avoid systematic errors, randomized sample
preparations and changes in the range of device parameters on
a single sample were also investigated, all giving consistent
results.

IV. THEORY AND DISCUSSION

Exponential thickness dependences of the conductance
have been claimed before in a variety of circumstances and
materials systems. An exponential dependence of the current
on the organic layer thickness was observed in self-assembled
monolayers between metallic electrodes.'®?° The thickness of
those devices is of the order of 10 A; therefore, a coherent
tunneling model may apply.?! The devices studied here have
thicknesses of at least 210 A, so a coherent tunneling model
is very improbable. An exponential increase of conductance
with temperature was found in colloidal CdSe nanorods® in
the high-voltage regime, due to Fowler-Nordheim tunneling
with a temperature-dependent energy gap. However, this
gives a quadratic® (i.e., non-Ohmic) voltage dependence
and, therefore, does not apply here either. The exponential
temperature dependence observed in monolayers of eicosanoic
acid (Cy) sandwiched between platinum electrodes’® was
explained using two models. The first model was thermionic
field emission through a triangular barrier, while the second
was tunneling through a thermally fluctuating barrier. The
thermionic field emission is not applicable here because it
gives an exponential dependence of the current on voltage.”
The second model implies that thermal fluctuations produce
fluctuations in the barrier width or height.

A universal, exponential temperature dependence of
conductivity was found by Hurd?® in low-conductivity
semiconductors. He derived a tunneling model in which the
barrier width vibrates as a result of thermally induced fluc-
tuations in the overlap of the localized-states wave functions.
This model was used to fit conductivity data for 10 different
inorganic semiconductors: In-doped CdS, Cr-doped GaAs,
ASZTC3, Ti-doped VOQ, TaSz, Ti70]3, SiOQ, FC304, V509, and
nAsszoTeqsS112Geg. The model could fit the data up to 7 orders
of magnitude in conductivity and a factor of 4 in temperature.

Here we propose a model in which the concept of tunneling
between localized states with thermally induced overlap®® is
used to explain the same behavior for the case of organic
semiconductors. We generalize Hurd’s model by deriving
an expression for the conductance of the sample, which
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includes both the temperature and thickness dependence. In
the following, we address this model as thermally assisted
sequential tunneling (TAST).

The model considers sites i = 1, 2, ..., N, where electrons
can occupy levels with energies E;. According to the conven-
tional approach, the electron can hop to a site E; that is close
enough for the overlap of wave functions to be significant,
while the difference |E; — E;| is small. This picture of
tunneling in the rigid environment allows only the thermal
fluctuations of the bath to broaden the energy of electrons. In
organic materials and at higher temperature, the situation is
different: the molecular fluctuations are significant, and they
change the overlaps and local energies. In this fluctuating
environment, the energy of the electron on site E; is time
dependent. For any given pair of sites E; and E;, the energy
difference will depend on the molecular configurations, such
that for some of those configurations the energies will become
close. Moreover, the fluctuations produce a time-dependent
alignment of groups of molecules between the two sites, such
that, at a particular time, a favorable path forms and the
carrier can tunnel between them. We expect that substantial
fluctuations will allow relatively large sets of molecules to
form an assisted tunneling path that is quite long (typically, we
assume the number of molecules in the path to be greater than,
or on the order of, 10 molecules). This is different from direct
tunneling in which the tunneling length is on the order of 1 A,
considering that the highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO) gap in these
molecules is 1.7 eV.Z7 The assisted tunneling considered here,
while longer in range, remains incoherent in the sense that the
electron does not propagate ballistically along the molecular
backbone, and its phase is lost after each jump.

To make the TAST model specific, Fig. 5(a) shows a
schematic of the molecular stacks grown on a palladium
electrode as found by our structural studies. We assume that
the carriers propagate between stacks and between molecules
as shown by arrows, jumping from one molecule to another.

The conductance is therefore proportional to the total
transmission probability through the stack, which is, in turn,
given by the product of the transmission probabilities be-
tween individual molecules. We assume that the transmission
probability from site i to site j is given by a step barrier
L~ e_(b"j, where q),'j X aij./mUij/h and aij and U,'j are the
barrier width and height, respectively, for tunneling between
sites i and j. Similarly, we assume that the transmission
probabilities from the molecules to the up/down electrodes
are those through the corresponding potential barriers ty,p ~
e~®u/p, The total conductance is thus proportional to the total
transmission probability G oc e ®vFT®») [T, e~%u, with sites
i and j belonging to the assisted path. The ®;; is assumed
linearly dependent on a fluctuating Gaussian parameter y;; (e.
g., the width of the barrier), linearly related to the distance
between the sites, which might, for instance, be fluctuating
due to a vibrational mode

@ ~ Do+ ayj, P(y)oce /T (1

Even though only large fluctuations are responsible for the
formation of long-range tunneling paths, in the following,
we model the fluctuations as Gaussian. This is a simplify-
ing assumption that allows an analytical calculation of the
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FIG. 5. (Color online) (a) Molecular stacks grown on a palladium electrode. The carriers hop from one molecule to another whenever a
favorable path forms. (b) Slopes of the linear fits from Fig. 2(b) as function of temperature. The straight line is a fit of the data. The slope

decreases when the temperature increases in agreement with Eq. (4).

conductance. A more realistic analysis, which includes only
large fluctuations, would need to be developed. Similarly, for
the molecule-electrode barriers (up and down), it is assumed
that

2
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with N & L /I the number of sites in the path, / the thermally
averaged distance between two adjacent sites, L the height
(thickness) of the entire stack, and

1 &y o’T
=—_— _ =A-BT

Lo(T) 1 4] )

a linearly decreasing function of temperature. This is in
agreement with the data [Fig. 5(b)] obtained from the slopes
of the linear fits in Fig. 2(b).

In Eq. (3), we assume that the product over different
paths will self-average to produce the number of terms that
scales with the thickness of the organic layer, as excessive
meandering would be less likely. The conductance can be
written as (G) o e ALFBLYOT " ywhere C = (af, + a3)/4.
Figure 6 shows a fit of the data with this functional dependence
for the Pd/CuPc/Pd devices. The plots for each thickness
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FIG. 6. (Color online) (a) Fit of the data for the Pd/CuPc/Pd devices using the functional dependence derived in Eq. (3). The model (solid
lines) can fit the experimental values of the conductance (dots) for all temperatures, and for thicknesses up to 100 nm. Data and corresponding fit
for each thickness have been shifted along the y axis for clarity; the data and fit values corresponding to the 21 nm device were not changed; all
the other data sets and fit values, starting with the 25 nm device, were multiplied in consecutive order by 0.1, 0.01, and so on. (b) Above 100 nm,
the model no longer fits the data. Data and corresponding fit values for the 102 nm device were not changed, while for the thicker devices, they

were shifted along the y axis as described in (a).
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have been shifted along the y axis for clarity. The data and the
corresponding fit values for the 21 nm device [Fig. 6(a)] and the
102 nm device [Fig. 6(b)] were not changed, while the rest of
the data and fit values were multiplied in consecutive order by
0.1, 0.01, and so on, starting with the 25 nm device in Fig. 6(a)
and with the 193 nm device in Fig. 6(b). This model fits the
experimental data for all temperatures and for thicknesses up
to 100 nm. Above 100 nm, the thickness dependence is no
longer exponential, which implies that some other mechanism
becomes important. The temperature dependence is controlled
by two parameters, B and C. From the fit, we obtain B =
0.00045 nm~! K~! and C = 0.046 K~!. The B parameter
is multiplied by the film thickness in the exponent, so our
model implies that, for thinner films (thickness below 50
nm), the temperature dependence is controlled mainly by the
interface, while for thicker films (thickness around 100 nm),
both the interface and the film contribute equally to the
exponential temperature dependence.

An interesting feature unexplained within this model is
the slope change of the thickness dependence in Fig. 2(a).
This may be a consequence of experimental issues, such
as the thickness dependence of various device parameters,
including the film structure, roughness, and interfacial prop-
erties. Further studies are needed in order to understand this
effect.

V. CONCLUSIONS

The low-voltage transport in metal-organic sandwich de-
vices with palladium and gold electrodes and CuPc and CoPc
as organic layers is linear, i.e., Ohmic, for a wide range of
temperatures and organic layer thicknesses. The conductance
depends exponentially on temperature and thickness. The ex-
ponential decrease of the conductance with thickness becomes
steeper at lower temperatures. For thicknesses larger than

PHYSICAL REVIEW B 83, 085414 (2011)

100 nm, the conductance decreases at a much smaller rate.
The exponential thickness dependence can not be explained
with a coherent tunneling model because the devices have
thicknesses of at least 210 A.

The conventional models (nearest-neighbor or variable-
range hopping), commonly used to describe the temperature
behavior of the conductivity, suggest the existence of multiple
transport regimes as a function of temperature. On the other
hand, the conductance of all devices can be universally
described with an exponential dependence across the whole
temperature range. A similar exponential increase of the
conductivity has been previously observed for a wide range
of low-conductivity, inorganic semiconductors, and was fitted
with a tunneling model based on the thermal variation of
localized-states wave-function overlap.?® Using the same con-
cept, a generalized model is derived here, and the conductance
of the devices is calculated. By assuming that molecular
fluctuations produce tunneling paths between localized states
with fluctuating barrier widths and heights, the exponential
dependence of conductance on thickness and temperature
was obtained. Interestingly, the temperature and thickness
dependence allow the decoupling of the contributions to the
conductance from the film and the electrode-film interface.
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