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Abstract. Rectification ratios of 10° were observed in printed organic copper/polytriarylamine
(PTAA)/silver diodes with athin insulating barrier layer at the copper/PTAA interface. To
clarify the origin of the high rectification ratio in the diodes, the injection, transport and
structure of the diodes with two different copper cathodes were examined using impedance
spectroscopy and X-ray photoelectron spectroscopy (XPS). The impedance data confirm that
the difference in diode performance arises from the copper/PTAA interface. The XPS
measurements show that the copper surface in both diode structuresis covered by alayer of
Cu,0 topped by an organic layer. The organic layer is thicker on one of the surfaces, which
resultsin lower reverse currents and higher rectification ratiosin the printed diodes. We
suggest a model where a dipole at the dual insulating layer induces a shift in the
semiconductor energy levels explaining the difference between the diodes with different
cathodes.

1. Introduction

The foreseen advantages of organic semiconductor materials rely on the possibility to fabricate
el ectronic components and circuits using cost-effective manufacturing processes. Thisrequires

solution processable materials and fundamental research on organic el ectronic components, such as



diodes and transistors. Previously, high-throughput gravure printing processes have been
demonstrated for organic light emitting diodes and transistors [1-4]. Also, gravure printed organic
Schottky diodes have been demonstrated as RFID rectifiers and as the active components in display
driving circuitry [5, 6]. In these applications, the organic diode needs to exhibit a sufficient

rectification ratio and forward current.

Recently we showed that processing and device architecture have a significant effect on the
performance of printed organic diodes with one or more Schottky contacts [7]. The diodes exhibited
very low currents under reverse bias despite the low Schottky barrier. Furthermore, athin interfacial
barrier layer was found to prevent hole injection from the cathode electrode into the organic
semiconductor under reverse bias without having a significant effect on the forward bias current,
leading to a higher rectification ratio. It is unlikely that the observed Schottky barrier of 0.1t0 0.3 eV,
albeit combined with atunnelling barrier, could completely explain rectification ratios of 10° to 10°.
In this article we clarify the origin of the high rectification in the diodes and their improvement upon

adding an additional dielectric layer.

Theinterfacia phenomena at metal/organic interfaces have been described in detail both from
theoretical and modelling perspectives[8, 9]. One of the most important effects in determining the
electrical structure of the contact is Fermi-level pinning of the semiconductor. Here, we verify the
different behaviour of two diode structures by using impedance spectroscopy, which has been used by
several groups to study the behaviour of metal/organic interfaces and interfacia layersin organic
(light-emitting) diode structures[10-14]. X-ray photoelectron spectroscopy (XPS) is awell-known
characterization method for determining the chemical composition and depth distribution of elements
on the surface of various materials. We use XPS to find detailed information of the diode cathode
interface by examining the Cu LMM transitions and the in-depth chemical composition of the copper
electrodes. Based on these results, the previously presented model for charge carrier movement across
the barrier layer at the cathode interface is extended and the origin of the high rectification ratio in
these diodes discussed.

2. Materialsand methods

The diodes were fabricated using roll-to-roll compatible printing processes. A copper cathode layer
was deposited either by vacuum evaporation or sputtering onto a poly(ethylene terephthalate) (PET)
film and patterned by shadow masking or wet etching. The polytriarylamine (PTAA) semiconductor
layer, and anode (silver) inks were printed with alaboratory-scale gravure printing press (Labratester
Automatic from Norbert Schlafli Maschinen) and cured at 115 °C. The diodes were fabricated in a

dust-free environment (close to 1SO 14644-1 class 5) at room temperature.



The DC current density - voltage (J-V) -characterigtics of the diodes were measured using a Keithley
236 Source-Measure Unit under ambient laboratory conditions. The diode capacitances were
measured using a HP 8752A Network Analyzer at afrequency of 10 MHz and 22 mV rms. Impedance
spectroscopy was done with a Gamry 600™

amplitude of the AC biaswas 20 mV rms. The DC biaswas varied from 0.1V to 5.0 V.

Potentiostat in afrequency range of 10 Hzto 1 MHz. The

The chemical composition and thicknesses of the surface layers on the copper cathodes were analyzed
utilizing nonmonochromatized dual anode X-ray photoel ectron spectrometer (ESCA3000 XPS, VG
Microtech Inc., UK) located in an ultra-high vacuum (UHV) system with a base pressure of <1x10™*°
mbar. The UHV systemis described in detail elsewhere [15]. The XPS measurements were performed
ex situ on substrates that had been stored under ambient |aboratory conditions prior to measurement.
0° emission angle and both, Al Ka and Mg Ka radiations were utilized for excitation. For the
measurements, ~8x8 mm? pieces of PET substrates with Cu cathodes were cut from larger sheets. The
elemental concentrations on both Cu surfaces were determined from a circular detection area of ~600
pm in diameter on four different non-overlapping positions. The XPS high-resol ution spectra of C 1s,
O 1s, Cu 2p and Cu LMM peaks were analysed. The analysis procedure of the Cu LMM transition is
described elsewhere in more detail [16]. The inelastic € ectron energy-loss background thickness
analysis was performed with QUASES software package [17], using reference spectra of
experimentally obtained line shapes of metallic Cu, Cu,O and PET. The error of the inelastic electron

energy-loss background analysis method is +10% in coverage and £20% in thickness.

The surface topography of the copper cathodes was characterized by AFM using Veeco Dimension
3001 with silicon cantilevers in tapping mode. Image analysis was performed using Nanoscope

6.13R1 software. The AFM measurements were done under ambient laboratory conditions.

3. Resultsand Discussion

Thelog J- log V -characteristics of the diodes with evaporation-deposited [Cu(e)] and sputter-
deposited [Cu(s)] copper cathodes are presented in figure 1. The diodes are under forward bias when
the silver electrode is biased positively with respect to the copper e ectrode. For Cu(e) diodes the
current turned to space-charge limited at around an applied voltage of 0.2 V. For Cu(s) diodes the
current was injection limited up to about 2 V, above which the current approached space-charge
limited behaviour. Furthermore, the rectification ratio improved from 10° to 10° due to the lower
reverse current of the Cu(s) diodes. The Schottky barriers, 0.3 eV and 0.1 eV for Cu(e) and Cu(s),
respectively [7], do not explain the difference in the current levels. Therefore, we argue that an
additional interfacial effect is responsible for the observed high rectification ratio in the Cu(s) diodes.
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Figure 1. Log J- log V -performance of diodes with sputter-deposited [Cu(s)] and evaporation-
deposited [Cu(e)] copper cathodes.

Impedance spectroscopy was used to demonstrate that the difference in diode characteristicsis dueto
the metal/semi conductor interface. M easurements were done on Cu(e) and Cu(s) diodesin a
frequency range of 10 Hz to 1 MHz. Additionally, the diode capacitances were measured at 10 MHz
using the HP 8752A Network Analyzer. At MHz frequencies only the bulk capacitance of the
semiconductor was observed. It was found that the bulk capacitances were the same for both diodes.
However, the impedance data revealed differences that concurred with the J-V -characteristics. Figure
2 shows the Cole-Cole plots of the complex impedance (Z) measured in the Cu(e) (open circle) and
Cu(s) (closed circle) diodes. The frequency in the plotsincreases from right to left. For a DC bias of
5.0V there was no difference between the impedance of the diodes [figure 2(a)], but as the DC bias
was decreased a distinct difference was observed. As seen also in the J-V -data, a difference between
the diodes started to appear at voltages below ~0.5 V. In the impedance data, the difference
systematically increased for dc biases of 0.4V [figure 2(b)], 0.2 V [figure 2(c)] and 0.1 V [figure
2(d)]. The important observation from the impedance data and from the capacitance measurement is
that though the bulk capacitance of the semiconductor layer in the diode did not change, the overall
impedance of the diodes varied as a function of the applied bias voltage. Since the only difference
between the diodes is the copper/semiconductor interface, it is safe to conclude that the impedance
difference between the diodes is from the variation of the cathode interface. The fact that the
differenceis most pronounced in the low frequency region also corroborates with the fact that the

variation is an interfacial effect.
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Figure 2. Cole-Cole plots of the diode impedance with sputter-deposited [ Cu(s), closed circle] and
evaporation-deposited [ Cu(e), open circle] copper cathodes at forward bias voltages of 5.0V, 0.4V,
0.2V and 0.1 V. The frequency increases from right to left from 10 Hz to 1 MHz.

Efforts were made to fit the experimental impedance data to formulate an equivalent circuit for the
diode structures. It was possible to reasonably fit the datafor 5.0 V DC bias with one paralel RC
circuit that represented only the PTAA bulk. Whereas the real capacitance value obtained for the bulk
agreed with the capacitance val ue obtained from the high frequency measurements, it was not possible
to find a suitable equivalent circuit for the diodes at low DC bias. Thisis most likely due to the
pronounced role of the interfaces on injection and transport at low biases as well as parasitic
capacitances from measurement wires and printed conductor lines. Also, the conductivity and
dielectric constant of the semiconductor can be frequency dependent which complicates the RC fitting
using simple RC elements[11].

Previously we observed indications of an organic layer covering the surface of the Cu(s) substrate [7].
This analysis was based on the survey spectrum, C 1sand O 1s peaks of the XPS signal intensity with
binding energies from 0 to 1100 eV. Here we report the results based on a more detailed X PS study,
including analysis of the surface in-depth chemical structure and copper oxidation state. Figure 3
represents the Al Ka -excited survey spectraand Cu LMM transitions of the Cu(e) and Cu(s)
surfaces. As shown in figure 3(a), the Cu(s) surface contained a higher relative concentration of

carbon and attenuated copper signals. The results were comparabl e to earlier results and suggested



that the Cu(s) surfaceis covered by an organic layer. Carbon was a so detected on the Cu(e) surface

where the copper signals are stronger indicating carbon impurities on top of the surface.

The X-ray excited Auger peaks of copper at 568.3, 568.8 and 570.0 eV can be assigned to metallic
Cu, Cu (I1) and Cu (I) -oxidation states, respectively. The LsM M s transitions of the Cu(e) and Cu(s)
surfaces are shown in figure 3(b). The shapes of the Cu LMM transition and shake-up satellites of the
Cu 2p (not shown) indicated that the copper was mostly as Cu (1), presumably as Cu,O, since the
substrates were stored in ambient air after fabrication. Low amounts of higher Cu oxidation states
(max. ~15% of Cu) may aso exist in the interfacial layer. The sampling depth of the Cu LMM
signal through the Cu,O and organic layer isin the order of 6-7 nm. On both surfaces the metallic Cu
LMM signal was observed. Thus, if uniform layer thicknesses are assumed, the metallic Cu layer is

buried less than 7 nm deep below the other layers.
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Figure 3. (a) Survey spectra and (b) Cu L3M4sM s transitions of the evaporation-deposited [Cu(e)]
and sputter-deposited [Cu(s)] surfaces. The atomic concentrations of Cu, O, and C are indicated in the
figure. The upper values are for the shown spectra. The valuesin brackets indicate the variation range
of four different non-overlapping positions on the samples. The inset shows a schematical
presentation of the surface layers, where ORG isthe organic layer and Cu(l) is the Cu,O layer on top

of the metallic copper.

Previously we speculated that the organic layer would be PET coming from the substrate in the
sputter-deposition process [7]. However, the recent X PS results show that the C-C/C-O and C-C/C=0
ratiosin the organic layer on Cu(s) and Cu(e) are higher than on a PET reference. This may indicate



that the surfaces contain other hydrocarbon impurities besides pure PET, i.e. the C-C component
originates partly from the aromatic ring in PET, and partly from other hydrocarbons. In addition, since
al chemical compounds that contain C-C bonds induce X PS peak(s) near 285 eV in binding energy,
we cannot be affirmative that the layer is PET.

More accurate layer thicknesses on the copper surfaces were cal culated based on the analysis of the
inelastic electron energy-loss backgrounds and main peaks of the Mg Ka -excited Cu 2p and CKVV
transitions. According to the in-depth chemical analysis, the thickness of the organic layer (ORG) on
Cu(s) varied between 2.7 and 3.9 nm, and the thickness of the Cu,O layer was 2 nm, as presented in
the inset of figure 3. Using the same reference spectrafor Cu(e), the thickness of the organic layer
was 2 nm and Cu,O layer 2 nm. The exploited buried layer morphology model is simplified, and
quality of thefitting was lower with Cu(€), indicating that the actual layer thicknessis not absolutely
uniform and the layer may have pinholes or isand formation. AFM experiments showed that the

surface roughness R, of both Cu(s) and Cu(e) was 2-4 nm.

Based on the J-V -characteristics, only the Ag electrode had ohmic contact with PTAA whereas the
Cu contact created an injection barrier for both, Cu(e) and Cu(s). Since the measured work functions
of Cu, printed Ag and the HOMO of PTAA are quite similar (4.8 -5.2 €V) [7], charge carriers should
be injected from both the electrodes under proper bias conditions. If there would be pinholes or
islandsin theinterfacial layer, that would lead to leakage current due to injection from Cu in the order
similar to what was observed for injection from Ag. Since thisis not the case, and the AFM data does

not reveal the existence of islands, we conclude that the interfacial layer on top of the Cu is uniform.

We argue that the difference between the diodes is due to the observed interfacia layer on the cathode
contact. In fact, both the organic layer and the Cu,O layer arelikely to have an effect on the charge
carrier movement across the cathode/semiconductor interface. The prior hypothesis for the diode
function in reverse bias was that since the semiconductor is fully depleted and there are no charge
carriersthat could create a sufficient field across the interfacial barrier to assist tunnelling through the
barrier, the reverse current in the Cu(s) diodesis very low. [7] Based on the XPS and impedance data
the hypothesis can be extended using the dual (Cu,O + organic) insulating layer, as presented in figure
4. Since the measured Schottky barrier ®g, determined as the difference between the metal work
function @), and the HOMO of the semiconductor, isaslow as 0.1 - 0.3 €V, as presented in figure
4(a), it is probable that an additional contact effect induces a higher Schottky barrier once the copper
and the semiconductor are brought into contact [figures 4 (b-€)]. This can be understood in terms of
(de)pinning of the semiconductor Fermi-level and dipole formation between the two dielectric
materials, which have been extensively explained both for organic and inorganic semiconductor

materials and are caused either by wave functions of electronsin the metal that tail into the



semiconductor or by bond polarization [8, 9, 18-21]. In practice this means that close contact between
ametal and a semiconductor will cause the semiconductor energy levelsto pin at acertain level. An
insulator between the materials will cause a change in the pinning [19]. If there are two dielectric
materialsinstead of one, the pinning is also affected by the orientation of the dipole potentia between
the two dielectrics [20]. The origin of this dipole potential is not very clear and it has been suggested
to arise from Maxwell-Wagner instability of two dielectrics with different conductances [21].
Nevertheless, the presence and the effect of the dual-dielectric layer in our diodes are unquestionable.
In the case of the Cu(e) diodes, we know from the XPS data that thereis a dual barrier of Cu,O and an
organic layer. This causes a shift in the pinning level and, eventually, an increase in the Schottky
barrier, asillustrated in figure 4(b). An increase in the Schottky barrier means that only afew charge
carriers flow from the copper to the semiconductor under reverse bias and the reverse current islow,
which results in a rectification ratio of 10°

Furthermore, the X PS data showed that thereisadual layer of Cu,O and athicker layer of organic
material on the Cu(s) surface. Thisthicker dielectric layer enhances the effect of the dipole layer, as
has been seen before for inorganic diodes [19]. A further increase in the Schottky barrier is observed,
as depicted in figure 4(c). Due to the higher Schottky barrier, even fewer charge carriers are able to
flow from the copper to the semiconductor under reverse bias and the reverse current is further
lowered, leading to a higher rectification ratio of 10°. However, as argued in the previous work [7], in
forward biasthefield is still high enough to assist tunnelling through the barrier, asillustrated in
figure 4(d) and (e). Thisleadsto identical diode behaviour in Cu(s) and Cu(e) diodes at a sufficiently
high forward bias.
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Figure 4. Simplified model for the diode Schottky contact. E, 4 is the vacuum energy level. @y, isthe
metal work function in vacuum and @5 is the potentia (Schottky) barrier. OX represents the Cu(l)-

oxide and ORG represents the organic layer on top of the copper surface.

4, Conclusions

The effect of aninsulating barrier on the rectification ratio, injection and transport properties of
printed organic Schottky diodes was examined. Impedance spectroscopy showed the variation in
interfacial behaviour of the two different diode structures. The XPS results further showed that an
insulating layer consisting of Cu,O and organic material exists on the Cu eectrode. A 2 orders of
magnitude better rectification ratio was observed for the diodes with a thicker dielectric layer. We
discussed these resultsin light of Fermi level pinning at the copper/semiconductor interface in the
presence of athin dual dielectric layer with an intrinsic dipole potential. This explains the origin of
high rectification in diodes made from metals with almost similar work-functions and, even further,
the variation of the rectification with a change in the dielectric thickness. The proposed method is a

successful recipe for fabricating printed, organic thin-film diodes for printed electronics applications.
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