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ABSTRACT Printed, organic diodes with a thin organic interfacial layer forming a Schottky barrier were fabricated and characterized.
Experiments indicated that the thickness of the barrier layer is <10 nm. The interfacial layer reduces the reverse current of the diode
by 2 orders of magnitude without significantly affecting the forward characteristics above 1 V. As a result, printed organic diodes
with a rectification ratio of 5 orders of magnitude were fabricated. The diodes enable applications where low reverse currents are
needed.
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INTRODUCTION

The development of organic electronic components
offers the possibility to manufacture flexible and
lightweight electronics using cost-effective processes.

Diodes, for example, are generally used as switches, where
fast switching between forward and reverse bias is impor-
tant. Naturally, a very low reverse current is also needed.
Certain applications, such as organic diode rectifiers and
diode display driving circuits, require sufficient rectification
ratios and therefore low reverse currents (1-3). To reach
high rectification ratios, a high Schottky barrier is needed.
For the cathode, low-work-function metals such as alumi-
num are preferable but they suffer from oxidation, which
results in a voltage offset in the diode forward characteristics
(4). Copper does not suffer from oxidation to the same
extent as aluminum but has a higher work function and
therefore diodes with copper cathodes should exhibit a lower
rectification ratio. However, we have previously reported
organic printed diodes with copper cathodes and rectifica-
tion ratios as high as four to 5 orders of magnitude (1). In
this work, we show that this result is due to a thin organic
interfacial layer on the copper cathode, which prevents hole
injection into the organic semiconductor in reverse bias
without affecting the forward bias current.

In inorganic metal-insulator-semiconductor (MIS) de-
vices where the insulating SiO2 thickness is below 7 nm, the
charge carriers tunnel through the insulating barrier (5). In
MIS Schottky diodes, this causes a reduction in the reverse
saturation current and an increase in the barrier height (6).
In organic light emitting diodes and electroluminescent
devices, a thin interfacial LiF -layer is generally used to

enhance electron injection, where a reduction of the barrier
height by an alteration in the energy band line-up and charge
carrier tunneling has been observed (7, 8). Also polymeric
thin insulating films have been used to enhance the ef-
ficiency (9). For Schottky diodes, organic interfacial layers
have been reported for inorganic and organic semiconduc-
tors (10, 11). However, in these reports, the insulating layer
is 50-200 nm thick and thus charge carriers cannot cross
the barrier by tunneling. Furthermore, such a thick a layer
will introduce an extra capacitance at the interface. Here,
we report a 5-10 nm thick organic interfacial layer in a
printed organic diode. Because of the thin interfacial layer,
the reverse current of the diode is significantly reduced
without affecting the forward characteristics above 1 V.

EXPERIMENTAL SECTION
The diodes were fabricated on metallized polyester (poly-

(ethylene terephthalate), PET) film, Melinex ST506 from Dupont
Teijin Films, using roll-to-roll compatible printing processes. A
copper, silver, or platinum cathode layer was either vacuum
evaporated or sputtered onto the PET film and patterned by
shadow masking or wet etching. The semiconductor layer,
polytriarylamine (PTAA), was printed with a laboratory-scale
gravure printing press, Labratester Automatic from Norbert
Schläfli Maschinen, and cured at 115 °C for 5 min. The anode
material, silver ink PM460A from Acheson Industries Ltd., was
also deposited with the gravure press and cured at 115 °C for
5 min. Before fabricating the diodes, the patterned metal
substrates were cleaned by rinsing with deionized water and
2-propanol. The diodes were fabricated in a dust-free environ-
ment (noncertified but close to ISO 14644-1 class 5) at room
temperature and relative humidity of 40-50%.

The DC J-V characteristics of the diodes were measured
using a Keithley 236 source-measure unit. Ten samples per each
diode structure were measured. The work-function measure-
ments were done with a Kelvin probe setup that has been
calibrated and optimized using a sputtered gold electrode (4.6
eV). The relatively low work function of the reference gold can
be attributed to contamination on the gold surface (12). The
diode thickness was estimated from capacitance measurements
that were done with HP 8752A Network Analyzer. Using the
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relative permittivity of the semiconductor (εr ) 3, ref 13.) and
the active area 4 mm2, the measured capacitance value of 71
pF translates into a thickness of 1.5 µm. XPS (X-ray photoelec-
tron spectroscopy) was used to determine the elementary
structure of the two copper surfaces. All measurements were
made in ambient laboratory conditions.

RESULTS AND DISCUSSION
In the printed structure, the silver acts as the anode and

the copper as the cathode. Figure 1a presents the molecular
structure of PTAA and Figure 1b shows the cross-sectional
diode structure. Figure 1c presents a schematical energy
band diagram of the diode. The HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) levels for PTAA lie at 5.1 and 1.8 eV, respectively
(14). The ohmic contact is formed between the printed silver
and the HOMO of PTAA, where the measured high work
function of the printed silver (5.2 V) indicates the presence
of silver oxide on the surface (15, 16), which is likely due to
the processing of the silver ink in air. The measured work
functions of the evaporated and sputtered copper were 4.8
and 5.0 eV, forming Schottky energy barriers of 0.3 and 0.1
eV, respectively. To confirm that the printed silver contact
acts as the anode, we fabricated diodes with platinum and
silver contacts. Platinum and silver both had work functions
of 5.0 eV.

The J-V characteristics for diodes with four different
cathode metals are presented in Figure 2. In forward bias,
all diodes have similar behavior and the current density at
5 V is 2 - 3 mA/cm2. Diodes with silver and platinum
cathodes have close to symmetrical J-V characteristics as
expected based on the work function measurements. How-
ever, the diodes with different copper cathodes differ sig-
nificantly in their reverse performance; at -5 V, the diodes
with evaporated copper cathodes had a current density of
2.5 µA/cm2 and the diodes with sputtered copper cathodes
20 nA/cm2. Because the Schottky barrier of the diodes with
sputtered copper cathodes is the same as with silver and
platinum, similar J-V characteristics should also be ob-
tained. However, the reverse current of the diodes with
sputtered copper cathodes at -5 V is 5 orders of magnitude
lower than that of the diodes with silver and platinum
cathodes and 2 orders of magnitude lower than that of the
diodes with evaporated copper cathodes. Thus, the rectifica-
tion ratio is improved from 1 × 103 to 1 × 105 only by
changing from one copper substrate to another.

In general, the current in an organic semiconductor can
either be contact or bulk (space-charge) limited. If the current
is bulk limited, it obeys eq 1, known as Child’s law (13, 17).
In eq 1, J is the current density, ε0 is the permittivity of
vacuum, µ is the carrier mobility, V is the applied voltage,
and L is the film thickness.

The double-logarithmic J-V characteristics for diodes with
sputtered and evaporated copper cathodes are shown in
Figure 3. For evaporated copper the current is initially ohmic
and turns to space-charge limited at around an applied
voltage of 0.2 V. Using εr ) 3 and the measured semicon-
ductor thickness of 1.5 µm, a semiconductor mobility of 1.4
× 10-3 cm2/(V s) was obtained from eq 1, which is close to
the value 2 × 10-3 cm2/(V s) reported in previous PTAA work
(18). For sputtered copper the current is injection limited up
to about 2 V, above which the current approaches space-
charge limited behavior. Thus, interfacial effects play a role
up to at least 2 V in the diodes that have sputtered copper
cathodes.

FIGURE 1. (a) Molecular structure of PTAA, (b) structure of printed
diodes, (c) schematical energy band diagram for printed silver [Ag
(p)], PTAA, evaporated copper [Cu (e)], and sputtered copper [Cu
(s)].

FIGURE 2. J-V performance of diodes with different cathodes. The
error bars at -2 and -4 V represent the standard deviation of 10
measured samples.

FIGURE 3. Log J-log V characteristics for diodes with evaporated
and sputtered copper cathodes. The dashed line represents a slope
of 1. The solid line represents a power law with a slope of two from
1 to 12 V. The J-V characteristics were measured up to 12 V.
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According to the work function measurements, the di-
odes with evaporated copper cathodes have a Schottky
barrier that is 0.2 eV higher than that of the diodes with
sputtered copper cathodes and should thus exhibit a higher
rectification ratio. However, the J-V characteristics contra-
dict this by showing that the rectification ratio is higher with
sputtered copper. Therefore, the difference in the diode J-V
characteristics with these two diodes is likely due to the
copper-semiconductor interface. Because copper cathodes
were used for both diodes, the difference in the diode
characteristics arises from the elementary structure of the
copper surface. XPS was used to determine the elementary
composition of the two copper surfaces. The evaporated
copper surface had a structure where elementary copper is
clearly visible but oxygen is also detected. In contrast, the
sputtered copper surface had only little elementary copper
and distinct peaks of oxygen and carbon, indicating that the
surface is covered with an organic layer. When both copper
surfaces were sputtered with argon (5 nm sputtering depth
in the case of SiO2), the elementary structures on the
surfaces became similar. The sputtered copper surface is
initially formed in a vacuum chamber, where organic matter
from the substrate is amply available. The XPS results
strongly suggest that a thin organic layer is formed onto the
copper surface during the sputtering process. A layer thick-
ness of 5-10 nm or less was estimated on the basis of the
argon sputtering. Bond breaking and redeposition of poly-
styrene after ion bombardment has been studied previously
by Netcheva and Bertrand (19). They note that polystyrene
can be redeposited on the surface during Ar+ ion sputtering
depending on the process parameters. Furthermore, they
note a great number of hydrocarbon fragments on the
polystyrene film after the process. They attributed this to be
a signature of hydrocarbon coming from external atmo-
sphere that is adsorbed at strongly reactive radical sites
created by ion irradiation. Our results indicate that a close
to similar process takes place on the surface of the sputtered
copper.

It can be argued that the thin organic interfacial layer on
the sputtered copper substrate acts as an extra barrier at the
Schottky interface. Previously, the effect of a thin PMMA
layer between the cathode electrode and the semiconductor
has been discussed for polymer electroluminescence devices
(9). It was speculated that the injected charge carriers
accumulate at the interface between the semiconductor and
the insulator. This model can now be further expanded on
the basis of our results and is illustrated in Figure 4 where
charge carrier movement and energy band diagrams are
presented under open circuit, forward bias, and reverse bias
for diodes without (top) and with (bottom) the organic
interfacial layer. Under open circuit (Figure 4a,d), there is
no net movement of charge carriers. Under forward bias
(above 0.2 V), the charge carriers move easily from the
anode to the cathode in diodes without the organic interfa-
cial layer (Figure 4b) and the current is close to space-charge
limited. However, in the diodes with the organic interfacial
layer (Figure 4e) at low voltages, the charge carriers ac-

cumulate at the interfacial layer and the diode is injection
limited. As the bias increases, charge carriers tunnel through
the interfacial barrier and the current approaches space-
charge limited behavior. In reverse bias, noticeable reverse
current can be observed in the diodes without the organic
interfacial layer (Figure 4c). In contrast, in the diodes with
the interfacial layer (Figure 4f) the charge carriers have to
cross a tunneling barrier of ∼5-10 nm in addition to the
energy barrier of 0.1 eV. In this case, there is no accumulated
space charge that could create a sufficient field across the
barrier to assist the tunneling process, which results in a very
low reverse current. As a result, the interfacial layer lowers
the reverse current of the diodes by 2 orders of magnitude
and significantly improves the diode rectification ratio.

Because the interfacial layer prevents charge carrier
injection from copper to PTAA, generally all insulating layers
with similar thicknesses have the same effect and can
therefore be used to maximize the rectification ratio of the
printed diodes. Optimally, the layer is formed using a cost-
effective process such as coating or printing but generally
the layer thicknesses produced by these methods are in the
order of micrometers or more. Initial experiments indicate
that a 5 nm evaporated lithium fluoride (LiF) layer (evapo-
rated at a pressure of 2 × 10-5 mbar) on top of evaporated
copper and silver cathodes reduces the reverse current of
the diode by 2 orders of magnitude resulting in the same
effect as described in figure 4. If an evaporated interfacial
layer such as LiF withstands the wet etching patterning
process, it can be used as a part of a cost-effective manu-
facturing process to fabricate diodes with a high rectification
ratio.

CONCLUSIONS
In conclusion, organic Schottky diodes with different

electrodes were fabricated. A 5-10 nm thick insulating
interfacial layer was observed at the Schottky interface,
which increases the barrier and reduces the diode reverse

FIGURE 4. Schematical energy band diagram for diodes under open
circuit, forward bias and reverse bias conditions. Illustrations of
(a-c) diodes without the interfacial layer and (d-f) diodes with the
interfaciallayer.Thearrowsrepresentchargecarrier(hole)movement.
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current by 2 orders of magnitude. However, because the
charge carriers can tunnel through the barrier, the forward
characteristics above 1 V remain unchanged. This study thus
shows the possibility of using thin organic interfacial layers
in printed organic Schottky diodes for applications that
require high rectification ratios and low reverse currents.
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