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Ambipolar Charge Carrier Transport

in Organic Semiconductor Blends
Markus Bronner, Andreas Opitz, and Wolfgang Briitting

17.1
Introduction

Organic semiconductors have attracted considerable interest due to their grow-
ing potential as active materials in electronic and optoelectronic devices. A
long-standing paradigm, however, has been their unipolar transport of electri-
cal charges. This means that, apart from very few exceptions, until recently or-
ganic semiconductors have shown electrical conduction for one carrier species
only, with positive carriers being preferentially transported in most materials.
Nevertheless, both electron and hole transport were observed many years be-
fore in organic single crystals with photo generated charge carriers [1].
Thereby almost equal electron and hole mobilities with a temperature depend-
ence indicative for band transport were obtained. This indicates that there is a
priori no intrinsic asymmetry between the transport of electrons and holes in
the bulk of high-purity organic semiconductors.

In organic field-effect transistors (OFETs) the transport of carriers is limited
in addition to the intrinsic material properties by the injection from the elec-
trodes and by traps at the organic/insulator interface. Thus for many years,
OFETs were reported to show either p- or n-type behaviour (see, e.g., Ref. [2]
for an overview of materials). Ambipolar transport in OFETs was observed for
the first time by Meijer et al. using mixtures of a soluble poly(phenylene-
vinylene) derivative (MDMO-PPV) and a fullerene derivative (PCBM) [3],
which are known from bulk-heterojunction solar cells [4]. The phenomenon of
ambipolar transport itself was reported already in the 1970s in the context
of hydrogenated amorphous silicon thin film transistors [5]. Meanwhile ambi-
polar OFETs, where two different materials for electron and hole transport
are used, have been realised with a variety of material combinations, including
polymer/fullerene blends [3], mixtures of soluble oligomers [6] as well as
evaporated molecular hetero-layer structures and mixed layers [7—11]. How-
ever, even in neat films of a single organic semiconductor ambipolar transport
can be observed provided that the barrier for electron injection is reduced by
choosing low-work function metals as source/drain electrodes. It has been
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demonstrated, e.g., that electron transport can be obtained in pentacene when
Ca is used as electrode material [12, 13]. Another possibility to get electron
transport in traditionally p-conducting materials is to suppress electron trap-
ping at the interface to the gate-dielectric by surface functionalisation or suit-
able polymeric dielectrics. A detailed report on polymeric dielectrics is given
in Chapter 24 by Benson et al. For example, if silicon oxide is used as the insu-
lator, the surface usually contains hydroxyl groups acting as electron traps. It
has been shown that terminating these OH-groups by silanisation [14] or inter-
face doping by calcium [15] are suitable tools to achieve ambipolar transport
in a large variety of materials. Recently, also low-band gap materials have
been suggested as further candidates for ambipolar OFETs [16, 17]. Due to
their small energy gap (sometimes below 1 eV) and suitable molecular energy
levels (ionisation energy and electron affinity) the injection of both carrier spe-
cies is easily obtained with a single metal for source and drain electrodes.

In this work we have chosen the combination of hole-conducting copper-
phthalocyanine (CuPc) and the n-conducting fullerene Cg), which are both
known from organic photovoltaic cells either as heterolayer structures or bulk-
heterojunctions [18—21]. They can be considered as model systems for ambi-
polar transport where the asymmetry of the electron and hole mobilities is ad-
justable by the concentration of both materials in the mixture.

Figure 17.1 shows a sketch of the ambipolar operation of an FET and the re-
spective charge carrier distribution. The unipolar regime with |V,| <|V; = V|
is dominated by the transport of only one charge carrier species — either elec-
trons or holes, depending on the material and the electrodes. In the ambipolar
regime both electrons and holes are injected into the semiconductor. This oc-
curs in the regime where in the transfer characteristics (constant drain voltage)
the unipolar FET is normally in the OFF state. Furthermore, for the opposite
sign of V, and V; — V; even reversed unipolar transport can be observed in
this case. The charge carrier distribution shows the decrease of charge carrier
concentration inside the channel [22] and indicates the location where elec-
trons and holes recombine. The position of this recombination zone depends
on the applied voltages and can be shifted inside the channel as observed in
ambipolar light-emitting FETs [23—-25].

17.2
Materials, Device Preparation and Experimental Methods

Copper-phthalocyanine (CuPc, purchased from Aldrich as sublimation grade)
and buckminster fullerene (Cg, purchased from Hoechst as super gold grade)
were used as hole and electron conducting materials, respectively. The struc-
tural formulae are given in Figure 17.2a. The materials were deposited by
thermal evaporation from low-temperature effusion cells in a vacuum of better
than 1 x 107 mbar to form neat and mixed layers with a thickness of about
25 nm on prestructured substrates to realise a bottom-gate and bottom-contact
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Figure 17.1 Sketch for the unipolar and ambipolar
operation regimes of an organic field-effect transistor.

Vp denotes the drain voltage, Vg and V7 are gate and
threshold voltage, respectively. (see colour plates p. LXXX)

geometry (see Figure 17.2d). The deposition rates were between 0.35 A/s for

neat films and 1.4 A/s for layers with 1:3 stoichiometry. The given mixing ra-
tios in this chapter are volume percentages, as the evaporation process was
controlled via two independent deposition monitors using quartz microbal-

ances. They are always given in the form Cgqy:CuPc. Additionally, different

substrate temperatures (300 K and 375 K) were used during evaporation of the
materials.

Organic field-effect transistors were fabricated on highly conductive Si wa-
fers (1-5 mQ cm) with a 200 nm or 320 nm thick thermally grown oxide,
which acts as the gate insulator. Photolithographically patterned Au (100 nm,

using 1 nm Ti as adhesion layer) source and drain electrodes were made by

electron-beam evaporation and by a lift-off process. These structures were
cleaned in an ultrasonic bath with solvents (acetone, isopropyl) and ultra-pure

water. The substrates were dried with pure nitrogen, treated with an O,-plasma
for 60 s at 200 W and 0.6 mbar, and heated in a fore-vacuum at 400 K for

2 hours. On some of the samples additionally a treatment of the silicon oxide
surface by octadecyltrichlorosilane (OTS) was made before they were heated

[26]. This OTS treatment was carried out at room temperature, in a solution of

OTS in n-heptane (0.86 mM), in an exsiccator. Subsequently the samples were
cleaned of residual OTS in chloroform in an ultrasonic bath.
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Figure 17.2 (a) Chemical structures of the used materials:
fullerene (Cgo) and copper-phthalocyanine (CuPc). Top view
(b) and cross section (d) of the ring-type transistor in
bottom-gate and bottom-contact geometry. Top view

(c) and cross section (d) of the ring-type inverter. The
silicon substrate acts as the gate electrode for transistors

and inverters. (see colour plates p. LXXXI)

Transistors with a ring-type geometry (see Figure 17.2b) were used, whose
source electrodes form a closed ring around the drain electrodes. This prevents
parasitic currents from outside of the active transistor channel without the ne-
cessity of structuring the organic semiconductor [28]. The channel length and
width were 5 pm and 2500 pm, respectively. Ambipolar inverters were made
from two transistors stacked into each other (see Figure 17.2c) and have an ad-
ditional ring channel around the first one. Thus both transistors share the
common silicon substrate gate electrode as input of the inverter and the drain
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electrode as output (see Figure 17.2e). Length and width of the outer channel
were 10 um and 2500 um, respectively, and of the inner channel 8 pm and
2000 pum, respectively. Consequently, the ratio of length to width was the same
for both channels. Each substrate (20 mm x 20 mm) contained 24 individual
transistors and 12 inverter structures to allow for a comparison of several de-
vices. Complementary inverters were fabricated by evaporating neat CuPc and
Cy each on one half of a prestructured substrate. For this purpose two evapo-
ration steps were necessary with different shadow masks. In this case two
separated transistors, one p-type and one n-type, from different areas on the

substrate were connected together to form an inverter.

Without air-exposure the devices were transferred into a vacuum-chamber
providing a pressure of less than 5 x 10 mbar for characterisation. The out-
put and transfer characteristics of the transistors were measured using two in-
dependent source-meter units (Keithley 236). In order to measure inverter
transfer curves an additional source-meter unit (Keithley 2400) was imple-

mented.

The charge-carrier mobilities ¢ and the threshold voltages V' were extrac-
ted from the slope of the transfer characteristics in the saturation region

|Vp| > Vs — V7| using the standard relationship:

w
[ D,sat = E

Here W is the channel width, L is the channel length, C,, is the gate-
oxide capacitance per unit area, ¥ is the gate voltage, and additionally V}, is
the drain voltage. Mobility 4 and threshold voltage V7, were determined from
the linear regression of the measured data plotted as /Iy, Vs. V. The in-
verter characteristics include the transfer curve Vg, vs. Vyy as well as the cur-

rent dissipation [, vs. V.

X-ray diffraction (XRD) patterns were obtained in #—20 geometry using
a Siemens D-500 diffractometer (Cu K, radiation with a wavelength of
0.1542 nm) for analysing the crystallinity of the films. The morphology inves-
tigations were performed using a Thermo Microscopes Auto Probe scanning

force microscope (SFM) operated in non-contact (tapping) mode.

For photoelectron spectroscopy organic layers (neat films and mixtures) with
a nominal thickness of 25 nm were deposited on 100 nm thick gold films
which were thermally evaporated onto oxidised Si wafers. The electronic
properties of the films were characterised using X-ray and ultraviolet photo-
electron spectroscopy (XPS, UPS) by employing monochromated Al K, radia-
tion (hv = 1486.7 eV) for measurement of the core levels as well as ultravio-
let radiation [He I (Av =21.2eV) and He Il (Av =40.8 eV)] for an analysis
of the occupied states near the Fermi level. For a measurement of the secon-
dary electron cut-off to determine the sample work function exactly, an addi-

tional bias (—2 V and —5 V) was applied to the sample.

',U'COX(VG_VT)Z (D
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17.3
Unipolar Field-Effect Transistors

Output and transfer characteristics of neat Cqy and CuPc FETs are shown in
Figure 17.3. The output characteristics show the typical unipolar transistor be-
haviour with linear increase at low drain voltage and saturation at higher V.
The transfer characteristics display an off-regime followed by an increase of
drain current with increasing absolute value of the gate voltage exceeding the
switch-on voltage.

The analysis of the shown transfer characteristics yielded saturation mobili-
ties for these preparation conditions (O, plasma treatment, 375 K during
evaporation) of 7 x 1072 cm?/ Vs for the Cy, FET and 6 x 10 cm?/Vs for the
CuPc FET. The threshold voltages were + 63 V and — 31 V, respectively.

The measured /—V characteristics show considerable hysteresis between in-
creasing and decreasing voltage sweeps, which can be attributed to dynamic
processes in the charging of the semiconductor-dielectric interface [29], origi-
nating e.g. from polaron—bipolaron reactions [30] or trap recharging [31]. For
further details on this topic refer to Chapter 16 by Paasch et al. The largest
hysteresis is present in the output characteristics of the C¢y FET. The hysteresis
in all other measurements, including the ambipolar FETs, and in particular for
the transfer characteristics which were used for the analysis, are significantly

smaller.
C CuPc
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Figure 17.3 Output and transfer characteristics of unipolar
field-effect transistors with neat Cg (a, ¢) and neat CuPc

(b, d) films. The substrates were treated with O,-plasma and
the films evaporated at 375 K substrate temperature. The
direction of the hysteresis is indicated by arrows. (Figure
adopted from Ref. [27].) (see colour plates p. LXXXII)
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The curvature in the output characteristics of CuPc at the origin of the /-V
diagram suggests a considerable injection barrier of the contact [32], whereas
the linear increase in the Cy, FET indicates a significantly smaller one. As we
will show later on (see Section 17.8), this can be related to the electronic struc-
ture of the Au/CuPc and the Au/Cg interface, respectively [33—38]. However,
it should be noted that other possibilities such as an influence of the adhesion
layer [39], or from traps in the semiconductor [40] or from a field-dependent
charge carrier mobility [41] have been put forward to account for nonlineari-
ties in the /—V characteristics.

174
Ambipolar Field-Effect Transistors

Ambipolar FETs with mixing ratios of 1:3, 1:1 and 3:1 between Cg, and
CuPc have been investigated. All of them showed ambipolar transport with the
same qualitative features as the 1:1 mixture displayed in Figure 17.4. Here a
strong increase of the current on saturation of the output characteristic (Figure
17.4a, b) is measured for both the n- and the p-channel regime. This is a clear
signature of ambipolar behaviour. Electrons are injected at higher drain volt-

n-channel p-channel
(a) (b)
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T 120 - £50V £ s il -50v
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Figure 17.4 Output and transfer characteristics of ambipolar
field-effect transistors for a mixing ratio between Cg and
CuPc of 1: 1 measured in the n-channel regime (a, c) as well
as the p-channel regime (b, d). The substrate was O,-plasma
treated and the film evaporated at 375 K substrate temperature.
The direction of the hysteresis is indicated by arrows.

(Figure adopted from Ref. [27].) (see colour plates p. LXXXII)
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ages into the hole-conducting channel, and vice versa. Consequently, the trans-
fer characteristics (Figure 17.4c, d) do not show any off regime as the ambipo-
lar increase takes place in the regime where the FET with the neat materials is
switched off.

The magnitude of the drain currents in both regimes differs significantly for
this mixing ratio. The p-channel (negative V) shows a current which is three
orders of magnitude lower than the current in the n-channel (positive V). In
both measurements the curvature in the output characteristics at the origin of
the /—V diagram suggests injection barriers with non-linear contact resistances.
Here this contact resistance is also visible in the electron channel and even
more pronounced in the hole channel because the conductivity of both chan-
nels is reduced due to mutual dilution of the conducting material by the other
species.

17.5
Charge Carrier Mobility and Threshold Voltage

For the analysis of the mobility and the threshold voltage the saturation regime
is used here. An analytical model based on the Shockley equation by
Schmechel et al. [13] assumes that the electron and hole mobilities as deter-
mined from the linear or saturation regime are also valid in the ambipolar re-
gime. As previously shown for the system under consideration, the mobilities
determined from the saturation and ambipolar regime are in excellent agree-
ment [27].

Figure 17.5 shows the mobility and the threshold voltage determined from
the saturation regime as a function of concentration in the blend for different
preparation conditions. We note that these data have been obtained by averaging
over several identically prepared samples. The substrate temperature during
evaporation of the blends was 25 °C and 100 °C for the O-plasma treated sili-
con oxide surface. The surface chemistry was modified additionally for the
100 °C substrate temperature by silanisation of SiO, with OTS.

In all cases, an exponential decrease of both electron and hole mobility is
observed upon dilution of the corresponding conducting material with the
other species. Remarkably, all blends with different mixing ratios show charge
carrier transport for both charge carrier types. This means that there is always a
percolation path for both electrons and holes. However, the hopping distance
between molecules of the same type is increased upon mixing with the other
species thus leading to a decreasing wave-function overlap. This is well-
established for molecularly doped polymers [42], where a homogenous dilu-
tion of conducting molecules in an inert matrix is present. This scenario might
even hold for nano-phase separated granular films, for which we have indica-
tions from SFM data (see below). In this case the mobility limiting step would
be the hopping between grains where the average distance should also increase
upon dilution.
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As compared with film growth at room temperature, an increased mobility is

found for the higher substrate temperature and a further increase is realised by
lowering the surface energy with OTS. This increase of mobility was reported
for unipolar OFETs [43] and is also valid for these blends. Interestingly, for all
treatments balanced mobilities are found at about 25% Cy, content.

At this point it is noteworthy to compare our results on the variation of

charge carrier mobilities with composition of the blends to other ambipolar
mixed systems. There are on the one hand polymer-fullerene blends used for
photovoltaic applications (in particular MDMO-PPV :PCBM) [44, 45] and on
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the other hand blends of molecular materials implemented again in photo-
voltaic devices (mostly phthalocyanine: Cg) [46] and ambipolar light-emitting
transistors [47]. In both types of blend systems one observes as a common
feature a strong (in many cases exponential) decrease of the mobility of one
carrier type with increasing dilution by the other component. (A remarkable
exception from this rule is the hole mobility in polymer-fullerene blends in
which the addition of fullerene molecules even improves uy,. In this case a
stretching of the polymer chains occurs, leading to improved interchain hop-
ping [45].)

It is remarkable, however, that despite a roughness which is larger than the
film thickness in some of our films (see below), all of them show n-channel as
well as p-channel transport. Obviously, there still exists a percolation path for
conduction in both materials independent of phase separation and order forma-
tion. We also note that the bulk morphology does not necessarily provide pre-
cise information for organic field-effect transistors since in these devices the
active channel is restricted to the first few molecular layers at the interface to
the gate dielectric [48—50].

The threshold voltage shows a dependence on the mixing ratio for the hole
channel, but not for the electron channel. By contrast, the threshold voltage for
the electron channel changes with the preparation conditions, especially with
the OTS passivation of the silicon oxide. The reason is that the O-plasma
treated oxide surface contains OH-groups which are acting as electron traps
and increase the threshold voltage for electrons [14]. By surface treatment
with OTS these traps are at least partially passivated and the threshold volt-
age decreases. The change of threshold voltage for the hole transport with
the concentration is related to the organic/organic interface in the CuPc/Cg
blend [27] and can be explained by a hole accumulation at the CuPc side
of the C4/CuPc interface [36]. Because there is no charge transfer from CuPc
to Cg in the ground state this shift should be related to a redistribution of
charges within the CuPc molecules in the presence of Cg4, as demonstrated by
calculations [51]. As expected, this charge displacement is independent of the
preparation conditions. The threshold voltage shift is related to an interface
charge [32] at the organic/organic interface in the proximity of the insulator

by:

_exXNy

AV,
! COX

2

By modelling the molecular packing [27] a charge accumulation of about
0.012 charges per molecule is estimated. The calculated charge transfer in an
ideal complex of one Cg4, and one CuPc molecule was calculated to be 0.06
charge per molecule [51], 5 times higher than determined here.
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17.6
Film Morphology and Structure

In order to get more insight into the concentration dependent electron and hole
mobility, structure and morphology of neat and mixed films (evaporated at
375 K) were investigated by X-ray diffraction and scanning force microscopy.
XRD measurements (Figure 17.6) show a strong (200) peak corresponding to
the a-phase for the neat CuPc film and a weak (200) peak for the film with a
1:3 mixture, whereas for all other mixtures including neat Cg, films no diffrac-
tion peaks are detectable, indicating a structure without coherent diffraction,
e.g. amorphous or very small crystallites. These observations are in full
agreement with measurements reported on CuPc: C4, mixtures for photovoltaic
applications by Rand et al. [46]. The authors observed a disappearance of the
CuPc diffraction peak for a fullerene content of more than about 15% and as-
serted no peak corresponding to Cg, although, as in our case, the electron mo-
bility in neat Cg, films was about two orders of magnitude higher than the hole
mobility in CuPc. Other groups have obtained crystalline Cg, films, however,
only at elevated substrate temperatures of about 440 K during evaporation

[52].

Figure 17.7 shows the surface morphologies for different mixing ratios as
investigated by non-contact SFM for small areas. Neat CuPc films have a nee-
dle-like structure, corresponding to the a-phase structure observed in XRD.
This film shows a low root mean square roughness (RMS) of only 2.2 nm.
Also the Laue oscillations beside the diffraction peak for the neat CuPc film
(see Figure 17.6) are an indication of a well defined film thickness. For neat
Ceo films a rough and granular structure is observed. Compared with the CuPc

film, the roughness of the films is increasing with increasing Cg, content.

o-CuPc
~ (200)

Figure 17.6 X-ray diffrac-

tion patterns for neat CuPc

and Cg films as well as for

three mixed films grown at

CuPc 375 K. The arrows indicate

the weak (200) peak in the
1:3 sample with a mixing ratio
14 of 1:3 and the second order
341 diffraction peak of the neat

CuPc sample. (see colour
Ce  plates p. LXXXIV)

Ig(intensity) [a.u.]

260 [deq]
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Max. height: 59 nm Max. height: 11 nm
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Max.
height

0 nm
Max. height: 33 nm Max. height: 38 nm Max. height: 8 nm
RMS roughness: 5.2 nm RMS roughness: 6.5 nm RMS roughness: 1.2 nm

Figure 17.7 Scanning force microscopy images taken in
non-contact mode for neat C4yand CuPc films as well as

for three mixed films grown at 375 K. The total image size

is 2 x 2 um® The max. height is given as the difference
between the lowest value (dark blue) and the highest value
(white) in each of the images. (see colour plates p. LXXXIV)

We note that we have also investigated films deposited without substrate
heating by XRD and SFM (not shown here). These films are much smoother
(RMS roughness of only 2.3 nm in all cases) and do not have such large grains.
In particular, the neat CuPc film does not show a needle-like morphology in
agreement with work by Schultes et al. [54]. However, in contrast, to this work
there is no indication of an o to  conversion for our CuPc film grown at ele-
vated temperature. For both preparation conditions the XRD data indicate the
presence of the a-phase.

The film roughness has also been studied by XPS measurements of neat
films and blends deposited on Au covered Si wafers (for details see next sec-
tion). In this technique the intensity ratio 7, /I, of the Audf and the Cls
core level peaks can be used as a measure of the homogeneity in the film
thickness. As shown in Figure 17.8 the Au substrate signal is zero for a closed
and flat CuPc film and increases with increasing Cgy content indicating film
roughening. Here it is important to remember that measurements using SFM
are a very local probe whereas XPS measurements sample a much larger area.
Nevertheless both techniques show a similar trend for the roughness of the
blended films.
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Furthermore phase separation of C4y and CuPc is described at elevated tem-
peratures [55] which affects the molecular arrangement, but can not be de-
tected by the techniques used here. Altogether, film morphology and structure
of blends of flat CuPc and spherical Cgy molecules are still not very well un-
derstood and need further investigation. This will become particularly impor-
tant in photovoltaic cells, where this material combination is a potentially pro-
mising candidate for so-called bulk-heterojunction cells [21, 56].

17.7
Electronic Structure

For analysing the electronic structure the neat and mixed organic films were
deposited on gold films that were pretreated in an oxygen plasma prior to the
deposition of the organic materials. This treatment was chosen instead of in
situ preparation of the gold layer under high-vacuum conditions to realise the
same electrode properties as in OFETs. It should be noted that transporting the
gold films through ambient air after the oxygen plasma treatment leads to the
formation of a conductive hydrocarbon layer [57]. The work function of gold
covered by this hydrocarbon layer is determined by photoelectron spectros-
copy (PES) to be 4.2 eV, whereas a clean gold substrate (after removal of the
adsorbed species by Ar* ion bombardment) exhibits a work function of 5.4 eV.

Figure 17.9 shows the important results of the XPS and UPS measurements.
The CuPc Cls spectrum contains the C—C bond (Eg =284.2 eV, indicated
by small ticks) and the chemically shifted C—N (£ = 285.6 eV) bond, as well
as their m—n* satellites. For Cg, only one pronounced feature is visible at
E5=284.7 eV. Both spectra are in agreement with published results on pristine
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materials [33, 58]. The composition of the blends and the CuPc and Cg, related
Cls peak positions are determined by fitting the spectra of the mixed films
with Gauss—Lorentz-functions using the shape of the neat Cy, and CuPc core
levels. As shown in Figure 17.9a the energetic positions of the Cls features are
slightly shifting upon addition of Cg4,. The N1s spectra (not shown) were also
analysed for the peak position and found to behave in a similar manner.

The electronic structure of the occupied states near the Fermi level (meas-
ured using He II radiation) is shown in Figure 17.9b. The maxima of the
HOMO levels of the neat materials are indicated by small ticks. Whereas the
CuPc HOMO level is clearly separated for all mixed films, the HOMO level of
Cy is only visible in films with a concentration of 77% and 100%. For smaller
amounts of Cg, in the films the HOMO level is present only as a shoulder in
the occupied molecular orbitals of CuPc. Again, the spectra can be described
as a linear superposition of neat material spectra if a shift of the energetic posi-

tion is included.

The work function of the films was determined from the secondary electron
cut-off in the He I spectra with applied bias (see Figure 17.9c). As for the core
and the HOMO levels an energy shift of the secondary electron cut-off with

the film composition is present.

The graph in Figure 17.10 shows a comparison of the obtained vacuum lev-
els of the organic films and the substrate (Ex¢ and Ese ), of the HOMO lev-

Org
els (Epomo

the Cl1s and N1s core levels (EC® and EQ:

(defined as the HOMO edge near the Fermi level), as well as of

o) depending on the mixing ratio.

The ionisation energy of the neat films is 6.2 eV for Cg4, and 5.0 eV for CuPc
in agreement with the literature [36] and the difference of the work function

amounts to about ~0.5 eV.
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Figure 17.9 XPS and UPS measurements
of neat and different mixed films of Cg
and CuPc: (a) Cls spectra (excitation:
monochromated Al K ), (b) HOMO lev-
els (excitation: He II) and (c) secondary
electron cut-off (excitation: He I and

| I B |
7
Kinetic energy [eV]
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Binding energy [eV]

Viias = —2 V). The numbers on the right
side of the diagram (a) give the Cg
concentration as determined from the
measurements shown in part (a). (Figure
adopted from Ref. [53].) (see colour
plates p. LXXXV)



https://doi.org/10.1002/9783527627387.ch17

Organic Electronics : Structural and Electronic Properties of OFETs, C. Woell (Ed.), (2009)

17.7 Electronic Structure

CuPc concentration [%] CuPc concentration [%]
100 75 50 25 0 100 75 50 25 0
[ I IR BT |
—to—05—
< I . g i —o—oo—00—o—14
2, Vac - g
Cis
@ -2 - % 286 T T T T T T T T T
5 | @ memem— c
c o= rg @
& LUMO 2
= 0 e e = — — — -g | 1 1 1 1 1 1 1 |
e N
L g
@ et 398 -
E°9 st
2 = H)I\E-/'A——.’_j -
I
400 Bt
LS I L SRR | | L L L L
0 25 50 75 100 0 25 50 75 100
C,, concentration [%] C,, concentration [%]
Figure 17.10 Position of the vacuum corresponding measured values. The con-

level, the high energy edge of the HOMO  stant dotted line is the vacuum energy of
level, and the Cl1s and N1s core levels as the gold substrate (covered by a conduc-
a function of the Cgy/CuPc mixing ratio. tive hydrocarbon layer). The LUMO

The @ and the ® symbols are represent- levels of the neat materials are marked
ing the measured values for C4gand CuPc  with the * symbols. The dashed lines
related levels, respectively, and the A are extrapolated LUMO levels for the
symbols the measured work functions. blends. (Figure adopted from Ref. [53].)
The solid lines are linear fits of the (see colour plates p. LXXXVI)

It is remarkable that the secondary electron cut-offs used to determine the
work function of all mixtures were sharp and did not show a double step that
would reflect two different local surface potentials [59], although the films
have a nanogranular morphology as determined by atomic force microscopy
[27]. Thus, the blends show a common vacuum level which shifts linearly with
the concentration between the work functions of the neat materials given by
D p.=3.8€¢V and @ =4.3¢eV. The linear change of the work function in
our studies suggests that CuPc/Cgy mixtures are electronically non-interacting

(unless they are optically excited).

Taking all the results together, there is no evidence for a ground state charge
transfer in blends of CuPc and Cgy,. The core level spectra can be described
solely with the scaled features of the neat materials. Also the occupied molecu-
lar orbitals do not show additional structures unknown from the neat materials
[36, 51]. The analysis of the difference between the occupied levels (core and
HOMO levels) and the vacuum level shows for all compositions a constant io-
nisation energy. This is manifested in identical shifts of the core levels, the
HOMO levels and the vacuum level with the concentration of the blends. Thus
the molecular levels are simply following the change of the common vacuum

energy.
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Figure 17.10 allows some important conclusions for charge carrier injection
in organic semiconductor blends to be drawn. For this purpose one also needs
information on the lowest unoccupied molecular orbitals (LUMO) of the films.
Unfortunately, up till now there are no direct measurements of the LUMO
level for blends but only for the neat materials [37, 38]. However, one can take
these data obtained from inverse photoemission and extrapolate them towards
blends using the same shift of the LUMO levels that was observed for all other
levels. In other words, we assume that the energy gaps of both materials of
2.3 eV [37, 38] stay constant in the mixture. This seems to be a reasonable hy-
pothesis, as there is no indication for charge transfer between both materials in
the ground state that would lead to new features in the electronic structure.
Postulating that this model is correct, one can derive the injection barriers for
both electrons and holes from the shown energy level diagram. The obtained
values are given in Figure 17.11a. First, one notices that the injection barrier
for holes into CuPc, i.e. the difference between the HOMO of CuPc and the
Fermi level of Au (which is the reference level at binding energy zero) is lar-
ger than the respective injection barrier for electrons into Cg. This is in excel-
lent agreement with the output characteristics discussed before (see Figure
17.3). Furthermore, both injection barriers are predicted to decrease from neat
materials towards blends. This feature will be investigated separately in the
next section when we analyse contact resistances in OFETs.

Before going to this, we would like to point out another interesting conclu-
sion from the energy level diagram of these ambipolar blends which is related
to photovoltaic cells based on CuPc and C4, as a donor—acceptor system.
Upon photoexcitation, excitons generated in either of the two materials (within
the reach of the respective exciton diffusion lengths) will be dissociated at the
organic—organic interface leading to electrons in the LUMO of Cg4, and holes
in the HOMO of CuPc. This charge separation leads to a gradient of the
chemical potential at the interface that drives the photocurrent through the cell
[60]. Thus the magnitude of the HOMO-LUMO offset between both mate-
rials will be related to the driving force, for which the open-circuit voltage
can serve as an easily accessible experimental quantity. The obtained elec-
tronic structure therefore allows the conclusion that the HOMO-LUMO offset
in blends is significantly smaller than at the heterojunction between neat layers
of CuPc and Cg [53]. Preliminary measurements have indeed shown that the
open-circuit voltage in a bulk-hetero junction organic photovoltaic cell (1:1
mixture) is about 0.2 V smaller than in a cell comprising a planar interface be-
tween CuPc and Cg, [61, 67].

17.8
Charge Carrier Injection

Information on charge carrier injection was obtained from analysing contact
resistances in OFETs. In contrast to Section 17.5, we now use transfer curves
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in the linear range. Following a procedure suggested by Horowitz [62] the
drain voltage in the Shockley equation is replaced by the drain voltage cor-
rected by the contact resistance (V, =V, — I, - R.). As a result the drain cur-
rent is given by

_ WIL) Coy-tt- (Vs =Vi) Vi
’ 1+(W/L)-Cos-p1- (Vs = V1)

3

Using the channel conductance g, =09I,/dV, and the transconductance
g, =0l,/dV, the mobility x and the contact resistance R were calculated

from
&4 Lv,
\/ V. =V.)= 4
H ( G T) (—gm we,, C))
and
1 L
-—- )

g W-uCo - (Vo=17) .

In this calculation the dependence of x and R. on V; is neglected for the
derivatives. To minimise the error of this simplification the mobilities and the
contact resistances are plotted in Figure 17.11b for ¥, =10 V at a constant
Vi, —V;|=33 V (using O-plasma treatment and 100 °C substrate temperature).
Once again, one observes decreasing mobilities with decreasing concentration
of the transport material, as in the saturation regime shown in Figure 17.5 and
the contact resistance increases upon dilution. This behaviour is in contrast to
the injection barrier shown in Figure 17.11a, which decreases with decreasing
amount of the respective transport material, and can be taken as a clear indica-
tion that an additional mechanism has to be taken into account in the injection
process.

First, there is a pure geometrical effect, meaning that the effective contact
area will decrease if less molecules of one type are present in the mixture.
However, this would only lead to a linear change of both mobility and contact
resistance with the mixing ratio that can not account for the observed variation
over several orders of magnitude. Thus as a second possibility, we consider the
case that the injection process is influenced by the same increase of the inter-
molecular hopping distance as discussed before for the mobility. Therefore, we
plot in Figure 17.11c the contact resistance vs. mobility for all presented mix-
ing ratios and for different charge carrier densities (related to different values
of [V, =V;]). A reciprocal relation R.~ u~' is observed indicating that in the
presented system the mobility limits the injection of charge carriers. This be-
haviour can be explained by diffusion limited injection [32] following the
equation

, @,
. _ 6
Jinj ~ H eXp[ kT} (6)
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This mechanism was already identified in organic photoconductors [63]
varying the mobility by mixing semiconducting and insulating molecules and
in unipolar OFETs [64] varying the mobility by the charge carrier concentra-
tion. Thus our investigations show that mixing of organic semiconductors has
important consequences for both charge carrier injection and transport which
will be relevant in various kinds of devices, including not only OFETs, but
also OPV cells and OLEDs. (Actually, it was already demonstrated in OLEDs
that grading interfaces can enhance device efficiency by reducing energy bar-
riers at organic/organic interfaces and probably also enhancing recombination

rates by slowing down carriers [65].)

17.9
Ambipolar and Complementary Inverter

As already mentioned, there was the suggestion of using ambipolar FETs to
realise complementary-like organic integrated circuits [3, 10, 17, 66]. Here
we investigate ambipolar inverters consisting of mixed-layer ambipolar FETs
and compare their characteristics to a complementary inverter made of discrete

p- and n-channel transistors from neat materials.

Ambipolar inverters or complementary-like inverters are based on two am-
bipolar transistors (Figure 17.12a). These inverters are working with a positive
and a negative driving voltage whereby the sign of the driving voltage deter-
mines which of the two transistors works as n- and p-transistor (Figure
17.12b). Complementary inverters in contrast to this are based on unipolar
n- and p-transistors with a defined power supply, as shown in either Figure
17.12b or Figure 17.12c. However, to realise such a circuit patterning of the
organic semiconductor or locally different surface functionalisation are re-
quired to achieve spatially separated p- and n-conducting regions, which is not
necessary in the case of ambipolar inverters. In order to evaluate the perform-
ance of these different concepts we have fabricated both ambipolar and com-
plementary inverters and compared their output characteristics both by ex-

perimental studies und simulations.

(a) (b)
'_T VDD I._T' VDD l_j+VDD
Vin :j_bo,ow Vin Vour Vin :]_;OUT
p ! !

Figure 17.12 (a) Electrical circuit for an ambipolar inverter.
(b) The two operation regimes (positive and negative supply
voltage) for ambipolar and complementary inverters.
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Figure 17.13a, b show the characteristics of ambipolar inverters using layers
with mixing ratios of 3:1 and 1:3. The upper part presents the transfer charac-
teristics of the inverters (output voltage vs. input voltage) and the lower part
the corresponding current supplied by V,, =290 V, which directly gives the
dissipated current in the circuit.

A characteristic feature of ambipolar inverters is their operation in the first
as well as in the third quadrant of the output-vs.-input diagram, depending on
the sign of the supply voltage only. Ideally an inverter should have a sharp
transition from the low to the high state at half of the driving voltage and the
dissipated current should be negligibly small except for a narrow range around
the transition voltage. Both inverters, based on two ambipolar transistors, show
this transition at about half of the supply voltage (V},/2 =145 V) and reach
high gain (about 13 for the 1:3 mixture and about 18 for the 3:1 mixture),
which is defined as the steepness of the characteristics at the transitions be-
tween the high and the low states. However, they do not reach zero in the low
state and the driving voltage in the high state. Also the voltages at the high and
the low state are not constant.

The noise margin is an indicator of the tolerance of cascaded inverter stages.
To demonstrate this, Figure 17.13 also contains the inverter characteristics
mirrored at the bisecting line, which can be considered as the output of a fol-
lowing inverter. The noise margin is then defined as the largest possible square
between these two curves. In this case the noise margin amounts to about 14 V
for the 1:3 mixture and about 19 V for the 3:1 mixture.

(a) C,CuPc (b) C,:CuPe (c) complementary
31 1:3 inverter
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Figure 17.13 Characteristics of ambipolar (top) and current dissipation (bottom) are
inverters with mixing ratios of 3:1 (a) and shown. The substrates were O,-plasma

1:3 (b) and a complementary inverter treated and the films evaporated at 375 K
(c) consisting of a neat C¢yand a neat substrate temperature. The grey lines are
CuPc transistor. The driving voltage is shown to explain the noise margin (see
Vbp = 190 V. Transfer characteristics text). (Figure adopted from Ref. [27].)

(see colour plates p. LXXXVIII)
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Significant differences between the two ambipolar inverters are observed in
the dissipated current. Whereas for the inverter with a 1:3 mixing ratio the
power dissipation is symmetric around +45 V, the device with a 3:1 mixture
shows an asymmetry of about three orders of magnitude. Moreover, the dissi-
pated current is as high as 10~ A, which is one-and-a-half orders of magnitude
larger than in the previous case. Thus, it is remarkable that a huge asymmetry
in electron and hole mobilities of more than three orders of magnitude, as ob-
served for the 3:1 mixture (see Figure 17.5), has drastic consequences for the
power dissipation of the inverter, although it does not lead to a significant
asymmetry in the transition voltage.

For comparison we have also fabricated a complementary inverter by con-
necting a p-channel transistor (neat CuPc) and an n-channel transistor (neat
Ceo) together, its characteristics being shown in Figure 17.13c. In order to
make it operate in the first quadrant it is necessary to connect the p-channel
transistor to +/V}, and the n-channel transistor to ground and vice versa, the n-
channel transistor to —V,, and the p-channel transistor to ground in order
make it operate in the third quadrant, as seen in Figure 17.12. These inverters
also show slightly asymmetric transitions with respect to =V}, /2 due to the
unbalanced electron and hole mobilities in neat CuPc and Cg, but they reach
the ground potential in the low state and the supply voltage in the high state.
The gain is about 38 and the noise margin is about 29 V for a positive supply
voltage, respectively, 34 V and 32 V for a negative supply voltage. So these
values are about twice as high as those of the ambipolar inverters. A character-
istic difference of the ambipolar inverter type is the current dissipation being
high only in the vicinity of the transition. This is because at any time one of the
two transistors is being switched off in each of the logic states whereas an am-
bipolar transistor always shows a non-negligible current.

For a better understanding of inverter characteristics we performed numeri-
cal simulations based on the analytical model of Schmechel et al. [13] for both
ambipolar and complementary inverters. The output voltage as well as the cur-
rent dissipation was calculated to demonstrate the differences between ambipo-
lar and complementary inverters and the influence of device parameters like
mobility and threshold voltage.

Figure 17.14 shows simulated transfer characteristics of ambipolar and com-
plementary inverters. In the left picture balanced mobilities (4. = up) and
symmetric threshold voltages (V;, = —V;, =30 V) were used for the simula-
tion. The picture in the middle shows the characteristics for symmetric thresh-
old voltages (V;, = —V;, =30V) but different mobilities (g, =100 z,) .
Whereas, in the right picture balanced mobilities (u.= u,) and different
threshold voltages (V;, =+30V, V;, =—-10 V) were used. In all cases, as ob-
served before in the measurements, the output voltage of the complementary
inverter reaches the driving and the ground voltage in the high and the low
state, respectively, whereas the output voltage of the ambipolar inverter does
not [10]. Thus the noise margin of the ambipolar inverters are lower than for
the complementary inverters. Nevertheless the gain for both types of inverters
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is comparably high. As expected, the current dissipation in the complementary
inverter has a maximum at the transition between the logic levels, whereas the
ambipolar inverter has its minimum at this point.

A closer look at the simulations in Figure 17.14a, which are based on sym-
metric mobilities and threshold voltages, shows that the transition between the
logic states is at half of the driving voltage for both the ambipolar and the
complementary inverter. An asymmetry in carrier mobilities (Figure 17.14b)
and/or in threshold voltages (Figure 17.14c) leads to a shift of the transition
voltage in both cases. Nevertheless, the transition voltages of the measured in-
verters (Figure 17.14a, c) are still more or less symmetric although the mobili-
ties are largely different. The reason is that in both cases the shift of the transi-
tion voltage due to the higher mobility in the n-channel is compensated by a
lower threshold voltage in the p-channel. One can further see that different
mobilities have no influence on the gain, whereas different, especially lower,
threshold voltages decrease both the gain and the noise margin. Experimen-
tally, we have a decrease of the threshold voltage in the p-channel by diluting
CuPc with Cy, (Figure 17.5) and accordingly the gain in the measured ambipo-
lar inverters is lower than in the complementary inverter. Finally, it is evident
that the current dissipation of an ambipolar inverter is increasing drastically in
the case of asymmetric mobilities. Altogether, complementary inverters are
clearly superior to their ambipolar counterparts, but in both cases equal mobili-
ties and symmetric threshold voltages are required to achieve optimal inverter

characteristics.
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Figure 17.14 Simulations of ambipolar and complementary
inverter transfer characteristics and current dissipation with
(a) symmetric mobility and threshold voltage for p- and
n-channel in comparison with (b) asymmetric mobilities
and (c) asymmetric threshold voltages. (see colour plates

p. LXXXVIII)
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17.10
Summary

Mixtures of hole conducting CuPc and electron conducting Cqy show ambi-
polar transport for all investigated mixing ratios. However, the mobilities of
electrons and holes are strongly dependent on the composition indicating that
percolation is a critical issue. Unlike in polymer/fullerene blends, there is no
evidence for strong structural interactions, rather, the materials simply dilute
each other. This is manifested also by the electronic structure of the blends,
which does not show any significant evidence for charge transfer in the ground

state.

Due to the higher electron mobility in neat Cgq, (as compared with the hole
mobility in neat CuPc), an excess of CuPc (75%) is required to achieve bal-
anced mobilities. But even with equal electron and hole mobilities an ambipo-
lar inverter is inferior to a complementary one with discrete p- and n-channel
transistors. Thus realising true complementary logic circuits will require devis-
ing efficient patterning methods, e.g. by locally different functionalisation of
the gate insulator. In this context we note that it has recently been shown that
neat films and single crystals of CuPc can exhibit both electron and hole trans-
port as well as ambipolar transport, if the surface of the gate dielectric is pas-
sivated in order not to trap electrons and if contacts with suitable work func-

tion are used [68, 69].

Furthermore, our investigations of the electronic structure allow the conclu-
sion that the HOMO—-LUMO offset is significantly smaller in blends as com-
pared with planar interfaces between both materials. Together with the lower-
ing of the charge carrier mobility this reduction of the “built-in field” could
have important consequences for photovoltaic cells based on these molecular
materials. Bulk heterojunction devices with homogeneously mixed donor/
acceptor layers will not necessarily be the optimal film morphology. The chal-
lenge will be to grow suitable blend morphologies with interdigitated do-
nor/acceptor phases that simultaneously have large interfacial area and high
exciton diffusion and charge carrier drift length for efficient charge carrier

generation and extraction.
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