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Abstract

Thin films of 1,6,7,12-tetrachloro-N,N’-dimethylperylene-3.4,9,10-biscarboximide (Cl;MePTCDI) prepared by
physical vapor deposition (PVD) were compared to thin films of the unchlorinated N,N'-dimethylperylene-3,4,9,10-
biscarboximide (MePTCDI) to investigate the influence of a changed molecular structure on the electrical properties of
the materials. The films were prepared on microstructured Si/SiO, substrates with interdigitated Au electrode arrays of
2 um electrode distance or on quartz glass with electrode distances in the mm range. The films were investigated by
conductance measurements, thermoelectric power, electric field effect, ultraviolet photoelectron spectroscopy (UPS) and
atomic force microscopy (AFM). The thickness-dependence of the conductance measured during film growth (in situ)
indicated a growth mode in islands (Volmer-Weber), which was confirmed by subsequent AFM. As expected,
CIyMePTCDI was characterized as an organic n-type semiconductor. Charge transport occurred by a hopping
mechanism as revealed by temperature-dependent thermopower and field-effect measurements. Effective electron
mobilities at room temperature were found around 107> cm? V ~! s7! considerably lower than the values for MePTCDI.
A rather constant concentration of mobile electrons of (1-2)x 10" ¢cm™ was determined for both materials. The
morphology of ClyMePTCDI islands indicated amorphous growth as opposed to crystals obtained for MePTCDI, as
also revealed earlier by optical spectroscopy and the role of crystallinity in the electrical conduction is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Intermolecular coupling in thin films of organic
semiconductors can be considered a key element
that determines their optical and electrical pro-
perties. This group of materials is of considerable
interest for fundamental research, as well as in
view of realized or prospective technical appli-
cations. Electrophotography as an established
technology, e.g., uses organic pigments as photo-
conductors in the charge-generation layers. Or-
ganic light emitting diodes (OLED), an emerging
technology of displays, are based on the emission
from an electrically induced excited state of
molecular materials. Organic semiconductors
could also be shown to work as ambipolar field-
effect-transistors [1] and as active components in
organic photovoltaic cells [2-4]. A high level of
control over the intermolecular interaction was
needed to achieve these properties. From the re-
sults it became clear that an increased level of
control over intermolecular coupling is also nee-
ded in the area of thin films in order to
reach attractive optical and electrical characteris-
tics [3].

Of particular interest is the variation of electrical
properties when crystalline films or single crystals
are compared with amorphous semiconducting
films in which the co-planar interactions of the
aromatic systems are blocked. As a consequence a
hindered formation of excimers was observed,
leading to a significantly increased luminescence in
the solid state when otherwise quite similar mole-
cules were compared [6]. The question arises, whe-
ther this decreased coupling of the aromatic systems
will also be reflected in a decreased mobility of
charge-carriers. In this paper thin vapor-deposited
films of two different but closely related materials—
the planar N,N'-dimethylperylene-3,4,9,10-biscarb-
oximide (MePTCDI) and the twisted 1,6,7,
12-tetrachloro-N,N’-dimethylperylene-3,4,9,10-bi-
scarboximide (Cl;MePTCDI) [7] will be investi-
gated. To confirm the role of the chlorine

substitution, some results at perylene-3,4,9,10-
tetracarboxilic acid (PTCDA) and 1,6,7,12-
tetrachloroperylene-3,4,9,10-tetracarboxilic  acid
(CLPTCDA) will also be discussed.

The molecular structures of Cl;MePTCDI and
MePTCDI revealed by geometry optimization in
molecular orbital calculations on the semiempiri-
cal level are shown in Fig. 1. For ClyMePTCDI,
two possible enantiomeric structures are shown, a
mixture of which has to be anticipated in the films
under the given experimental conditions. The
parallel arrangement of the electronic n-systems is
considerably blocked as has been concluded from
an optical characterization reported earlier [6]. For
MePTCDI a well-defined intermolecular interac-
tion was found, which led to a strong chromo-
phore coupling and a splitting of the absorption
band in the UV/vis spectra. [8] The luminescence
was widely quenched due to excimer formation
and subsequent non-radiative decay in the solid
state. In the case of ClyMePTCDI no band split-
ting in the UV/vis-absorption spectra was found
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Fig. 1. Molecular structures of the investigated molecules
MePTCDI and Cl;MePTCDI.
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and a high luminescence yield (up to ~60% of a
comparable solution) was found, which indicated a
small, non-ordered intermolecular interaction in
the solid state. This difference in the structure of the
two solids was caused by the twisted structure of
the molecule following the introduction of the four
chlorine atoms. This hindered the stacking of
molecules, which had also been observed for the
octa-chlorinated ClsMePTCDI, where a crystalline
structure was only found with intercalated ben-
zene. [9] We report here on the electrical charac-
terization of MePTCDI and Cl;MePTCDI and
discuss the influence of the chemical substitution
on the film growth, electrical conductivity, charge-
carrier mobility and charge-carrier concentration.

2. Experimental

MePTCDI was provided by Hoechst, ClyMe-
PTCDI was synthesized as described earlier [7].
Both materials were purified by a three zone-sub-
limation in a quartz tube at about 1x10~7 mbar
(Lindberg, USA). The central zone with the sam-
ple in a BN crucible boat was heated until subli-
mation of the purified material in the adjacent,
non-heated collection zones was observed. Mass
spectra of the sublimed materials showed no
detectable impurities for MePTCDI and less then
0.1% ClsMePTCDI without any other impurities
for Cl4;MePTCDI. As substrates for thermoelectric
power measurements quartz glass (Westdeutsche
Quarzschmelze) with two evaporated 80 nm thick
gold electrodes (Balzer 99.99%) was used, probing
the organic sample along a channel of 13 mm
width and 10 mm length along the substrate and
temperature gradient. For the conductance and
field-effect measurements microstructured inter-
digitated gold electrode arrays on silicon dioxide
with an electrode distance of 2 pm were used. A
highly doped silicon layer below the SiO, dielectric
layer was used as a resistive heater and also as the
gate electrode for field-effect measurements. The
small heating voltage (max. 0.5 V for 500 K) did
not significantly alter the gate voltage (0, 5, 10, 15,
20, 25 and 30 V). Details of the substrate and its
preparation were described elsewhere [10,11]. For
the electrical measurements (field-effect and ther-

moelectric power) two different high vacuum sys-
tems were used as described earlier [12,13]. Before
film preparation the chambers were evacuated for
at least 24 h at about 350 K and the crucibles with
the organic materials were kept at about 370 K.
Thin films of the organic materials were deposited
in situ by physical vapor deposition from resis-
tively heated BN crucibles and the deposited mass
was monitored by changes in the resonance fre-
quency of a calibrated quartz crystal microbalance
(QCM). The average film thickness was calculated
based on an estimated density of 1.5 gcm™3, typ-
ical for this group of materials. An equivalent of
the first 50 nm of the evaporated material was not
used for film preparation to ensure the highest
available sample purity of the studied films. The
electrical characterization was done during film
growth and subsequently, without breaking the
vacuum. The morphology of the films was studied
at ambient conditions by atomic force microscopy
(AFM), using standard Si tips in the resonant
mode of a SMENA A microscope (NT-MDT)
after finishing the electrical measurement. Ultra-
violet photoelectron spectroscopy was performed
at thin films of the materials deposited on atomi-
cally clean Au and Ag sheets (Goodfellows) by use
of a VG Escalab Mark II (for MePTCDI) or a
Kratos AXIS (for ClyMePTCDI) as installed at
the LESSA facility of the chemistry department of
the University of Arizona. The spectrometers were
calibrated and a constant electrochemical potential
of 4.0¢ eV could be assumed. The kinetic energy of
photoemitted electrons was measured assuming
electrical equilibrium between the metal substrate
and the spectrometer with the common Fermi edge
Eg,, defined as zero. The binding energy Ep was
measured relative to this level. Binding energies
relative to a free electron in vacuum at infinite
distance were calculated as Ep,, = Eg +4.09 €V to
allow comparisons between different materials on
an absolute scale and also with calculated values.
These methods were established earlier and re-
ported in detail [14].

Molecular orbital (MO) calculations on the
semiempirical level were performed on geometry-
optimized individual molecules (up to an energy
gradient of less than 10~* kcal mol~' A~!) using the
PM3 parameter set as implemented in Hyperchem
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5 (Hypercube Inc.). No compression or expansion
of the energy scale was applied when the calculated
values were compared to experimental data.

3. Results and discussion

The hindrance in aggregation of the molecules
detected in the optical analysis [8] was also re-
flected in a smaller lattice energy of the solids
leading to a decrease in the sublimation tempera-
ture from ~490 K for MePTCDI to ~400 K for
CLMePTCDI, observed at 5x10~% mbar and an
increased solubility of more than 10~ mol/L for
ClsMePTCDI in different solvents like CH,Cl, as
opposed to a solubility of less than 10~ mol/L for
MePTCDI. The twist of the molecular plane is
seen as the main reason for this weaker intermo-
lecular interaction. To which extend a possible
interaction of Cl atoms of adjacent molecules may
partly compensate the weaker interaction of the
aromatic cores cannot be decided at present.

3.1. Electrical characterization during film growth

Evaporation of Cl;MePTCDI onto quartz glass
substrates led to the growth of islands (Volmer-
Weber growth mode). This was detected in the
thickness-dependence of the conductance (Fig. 2)
and by AFM analysis (Fig. 3). Up to a deposited
amount corresponding to an average film thick-
ness of 45 nm no current was detected since only
isolated islands of the evaporated material were
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Fig. 2. In situ current measurement during evaporation of
Cl4MePTCDI on microstructured substrates (Au electrode
distance 2 um) at 318 K and an applied electric field of 500
Vem™' (@) and on quartz glass (Au electrode distance 1 cm) at
313 K and an applied electric field of 10 Vcm~' (H). Fits to the
quadratic increase (V) and to the linear increase (A) of the
current are included. Solid symbols are used where the fits are
relevant, open symbols show the hypothetical further plot of the
different fits beyond their range of relevance.

formed without sufficient contact to each other to
form a conductive pathway connecting the two Au
electrodes. This conclusion is clearly confirmed by
the AFM analysis of a film of 30 nm average
thickness (Fig. 3(a)) which shows separated lentil-
like islands of Cl;MePTCDI. Above 45 nm aver-
age film thickness the current increased following a
power law with an exponent close to two. Such a
behavior is characteristic for the percolation of
islands and hence the formation of conductive
pathways in the film [8].

Fig. 3. AFM images of two films of Cl;MePTCDI on glass substrate with different average film thickness. (a) 30 nm average film
thickness prepared at 318 K, and (b) 70 nm average film thickness prepared at 393 K. Both samples were annealed for several hours in

vacuum.
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The formation of additional pathways was fin-
ished at an average film thickness of 65 nm. Above
65 nm a linear increase of the current with the
deposited amount was found which is indicative of
a three-dimensional growth of the conductive
pathways. This finding is again in good agreement
with the direct morphological analysis by AFM,
since a widely closed film structure was detected
for a film with 70 nm average thickness (Fig. 3(b)).
A qualitatively similar behavior was found for
films of MePTCDI on these substrates. Here the
increase of the current started at about 30 nm and
the linear regime was reached at about 80 nm
average film thickness [8]. The formation of
pathways at lower average film thickness for Me-
PTCDI compared with Cl;MePTCDI as well as
the transition to the linear regime at higher aver-
age film thickness can be understood by the ana-
lysis of the morphology of the islands that are
formed for the two materials. The islands of Me-
PTCDI consist of needle-shaped particles [12]
whereas ClMePTCDI was deposited in lentil-
shaped structures of 150 nm average height and
550 nm average diameter (Fig. 3). For the same
evaporated amount of material the average length
of a needle is larger than the diameter of a round
lentil-like structure, i.e., an electrical pathway can
be established for a lower amount of evaporated
material. On the other hand more material is
needed to form an almost closed layer in the case
of needles that are stacked in random directions as
compared to lentils with the long axis parallel to
the substrate.

In spite of the differences in the molecular
structure and the decreased lattice energy in the
case of Cl4MePTCDI when compared to Me-
PTCDI, both studied materials show a growth in
islands when deposited on SiO,. This finding
indicates that the intermolecular interaction of
the molecules of Cl4MePTCDI was still higher
compared with the molecule-substrate interac-
tion. The round, flat features found for Cl;Me-
PTCDI are consistent with an amorphous
structure of the particles as concluded earlier
from the optical analysis [6]. For MePTCDI, on
the other hand, needle-shaped particles of well-
defined morphology were formed pointing to-
wards a crystalline structure, also consistent with

the strong chromophore coupling and almost
complete quenching of the luminescence reported
earlier [6,12].

During the deposition on the micro- structured
substrates with their considerably smaller elec-
trode distance (2 pm) a similar qualitative behav-
ior was observed when compared with the results
on the quartz glass slides with an electrode dis-
tance of 10 mm. However, due to the smaller
electrode gap and hence a decreased minimum
length of conductive pathways required to observe
a net charge flow, the current showed an increase
that began at a considerably lower average film
thickness. An increase due to first conductive
pathways could now be observed starting at 1-4
nm average film thickness of Cl;MePTCDI or at
4-5 nm of MePTCDI. Already at about 10-15 nm
the current increased linearly with the amount of
material, indicating that the formation of path-
ways was finished and that three-dimensional
growth started.

3.2. Position of energy levels

Photoelectron spectroscopy following excita-
tion in the far UV (He;=21.2 eV) is a suitable
method (UPS) to investigate the position of
occupied electronic levels in organic thin films
prepared under vacuum conditions without inter-
mediate contact to ambient atmosphere [14-17].
Fig. 4(a) shows a direct comparison of the spectra
obtained at thin films of Cl;MePTCDI and Me-
PTCDI showing the binding energies of the elec-
trons in the film relative to an electron in vacuum
independent from the sample (Ep,). For ClyMe-
PTCDI a shift of the emissions in the HOMO
range (low binding energies) towards higher
binding energies is observed. This finding is con-
firmed by semi-empirical molecular orbital calcu-
lations for the individual molecules, shown in Fig.
4(b). This observed trend is expected by a stabil-
ization of the electronic levels due to the electron-
withdrawing influence of the electronegative
Cl~ substituents. When the electronic structure of
MePTCDI was optimized in the molecular struc-
ture of Cl4yMePTCDI (replacement of Cl by H,
geometry optimization only of these H atoms), the
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Fig. 4. Ultraviolet photoelectron spectra (a, excitation by Hey,
21.2 eV) of Cl4MePTCDI (—) and MePTCDI (----) vapor-
deposited (~4 nm) on polycrystalline Au and semiempirical
calculated orbital energies (b, PM3 parameter set). The calcu-
lated energy values were not compressed or expanded on the
energy scale, but the scale is shifted relative to the experimental
scale as indicated in the figure.

MePTCDI HOMO was destabilized by only 0.002
eV. It was thereby shown that for the position of
molecular energy levels the electronic influence of
Cl dominates over the structural influence. The
energy scale of the calculated values FEg,. is
shifted to give alignment of the MePTCDI HOMO
position as seen on the axes to allow direct com-
parisons between the calculated orbital energies
and the experimental spectra for Cl;MePTCDI. It
should be noted that the shift of the calculated
values in comparison to the experiments is smaller
for Cl4yMePTCDI (2.15 eV) than for MePTCDI
(2.30 eV) or PTCDA (2.60 eV). Not only the
HOMUO-positions, but also deeper-lying spectral
features are predicted by the calculation. For
Cl4MePTCDI the gap towards the next-lowest
lying orbital below the HOMO was calculated to
be significantly smaller than for MePTCDI. This is

also seen in the shoulder at 7.8 eV in the experi-
mental spectrum for Cl4yMePTCDI when com-
pared with MePTCDI.

In ultraviolet photoelectron spectroscopy
(UPS) mainly emission from the top monolayer is
observed due to the low transmission for elec-
trons from deeper layers and a value for the bulk
of the material can therefore only be estimated
[14]. A distribution of binding energies arising
from structural inhomogeneity in polycrystalline
samples has also to be considered which further
adds to the complexity of the observed experi-
mental spectra [19]. For a number of studies the
ionization energy of a material relative to its
vacuum-level is relevant, therefore these values
are also presented in Table 1 by measuring the
onset of the spectra at low kinetic energy and
calculating the value of EFOMO for the position of
the HOMO maximum (characteristic for the
surface and/or the most likely structure) and
E™reh for the cutoff at low binding energy (best
estimate for the ionization energy in the bulk of
the materials, but possibly superimposed by
structural disorder). Values of PTCDA and the
calculated values for the chlorinated CLLPTCDA
were also included for comparison purposes.

The stabilization of the electronic energy levels
in ClyMePTCDI relative to MePTCDI is clearly
seen on the different scales. Dependent upon
the chosen experimental reference, however, a
difference of 0.2 eV up to 0.6 eV is obtained.
The HOMO position of CIlyMePTCDI is

Table 1

Binding energies of the highest occupied molecular orbital in
MePTCDI, Cl;MePTCDI and PTCDA relative to the energy of
an electron at infinite distance from the sample (Ep.,) and the
ionization energy relative to the sample vacuum level for the
maximum of the emission band (E") and the cutoff at low
binding energies (EM™") compared to the calculated HOMO
energy Ecalc

EE;X E;nax E}hresh Ecalc

MePTCDI 661 664 614 892

C14MC- 683 714 672 901
PTCDI

PTCDA 6.7, 7.05% 9.3

CLPTCDA 7.45° 6.9,° 9.3¢

@ According to [18].
® According to [20].
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found even lower in energy than that of PTCDA.
This is surprising in view of the calculated orbi-
tal energies E.y. which give a position for the
HOMO of CIyMePTCDI only about 0.1 eV lower
in energy than that of MePTCDI and still 0.3 eV
above PTCDA. To distinguish between errors in
the experiments or in the calculations, the calcu-
lation was therefore also performed for
CI,PTCDA and showed an even smaller influence
of the Cl atoms. Also in this case, however, recent
experiments also showed a considerably larger
shift (Table 1). A systematic difference was there-
fore obtained which points at a final-state effect in
the UPS experiments since a good correlation of
calculated values with UPS experiments was ob-
served earlier for organic semiconductors [14,21].
Chlorination obviously leads to a decreased sta-
bilization of the molecular cation formed during
photoemission, a thereby decreased kinetic energy
of the emitted photoelectrons and hence an
apparently higher binding energy. Such a de-
creased stabilization of cations in the films may be
unexpected in view of the generally high polariz-
ability of Cl atoms but appears reasonable in view
of the decreased intermolecular coupling in
Cl4MePTCDI and CLPTCDA when compared
with the unchlorinated molecules. This decreased
intermolecular coupling was also observed in
optical spectroscopy at thin films [6] and is there-
fore believed to over-compensate the higher
polarizability of CI atoms.

Positions for the lowest unoccupied molecular
orbitals (LUMO), relevant for interactions with
dopant molecules in the films since n-type con-
duction was observed, were calculated by adding
the energy of the longest wavelength intramolec-
ular optical transition as an estimate of the for-
bidden gap. The position of the LUMO for
Cl4MePTCDI was found about 0.15 eV lower
than that for MePTCDI. This estimate does not
account, however, for any exciton dissociation
energy although that has been discussed in a
number of studies now and has been determined
to be around 0.4-0.5 eV based on comparisons
with results of inverse photoelectron emission
spectroscopy [5,19]. In optical spectra of thin
films, Cl;MePTCDI showed a considerably sup-
pressed intermolecular coupling of the electronic

systems when compared with the unsubstituted
MePTCDI [6]. It therefore seems reasonable to
assume a higher exciton dissociation energy for
CI1MePTCDI due to a smaller intermolecular sta-
bilization of ions as also concluded from the above
comparison of calculated and experimental
HOMO positions. Given the only slightly lower
HOMO position of ClyMePTCDI (calc. 0.1 eV)
and the size of the exciton dissociation energy of at
least 0.4-0.5 eV [19], the relative LUMO positions
of the two materials can not be discussed in detail
but can be assumed to be rather close in energy.

3.3. Electrical properties of thin films

To probe the influence of the intermolecular
interaction on the electrical conduction following
film preparation, the specific conductivity ¢ and
the charge-carrier mobility u were determined at
room temperature. To evaluate the characteristics
of the mobility of charge-carriers in the films,
measurements of the field-effect were carried out
(Fig. 5). The current-voltage behavior was typical
for devices in which the current at higher voltages
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Fig. 5. Drain-current-voltage curves of a ClyMePTCDI film
(prepared at 303 K, average film thickness 30 nm, 2 pm elec-
trode distance) at different gate-voltages.
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Table 2

Specific conductivity o, charge-carrier mobility p and charge-carrier concentration n as well as their temperature dependence as
represented in the activation energies E5 of the specific conductivity, Ey of the hopping energy and AE of the charge-carrier con-
centration in films of Cl;MePTCDI and MePTCDI. The growth rate r during film preparation is given for comparison purposes

Film r/om min~'  ¢/Scm™! wem?V='s™! p/em™? EaleV EnleV AE/eV
(contribution  (contribution
to Ey) to E4)

Cl4MePTCDI (1) 0.088 1.38x107° 7.44x107° 1.15x 10" 0.35 0.23 (66%) 0.12 (34%)

CMePTCDI (2) 0.1 1.4x10°° - - 0.34 0.21 (62%) 0.13 (38%)

MePTCDI (1) 0.07 1.77x107* 5.60x 1074 1.97x 10" 0.20 0.11 (55%) 0.09 (45%)

MePTCDI (Ref. [13]) 0.3 1.3x107* - - 0.20 0.14 (70%) 0.06 (30%)

The parameters were obtained at 303 K for films prepared at 313 K on micro-structured electrode arrays for the films (1) and for films
(2) prepared on quartz glass with an electrode distance of 10 mm and which was measured at 312 K. MePTCDI (Ref. [13]) was

prepared under similar conditions as Cl;MePTCDI (2).

is limited by carrier injection. The linear charac-
teristics at low voltage (Ohmic range) transforms
into a power-law dependence with an exponent >1
(space—charge-limited current) at higher voltage.
When an additional electric field was applied be-
tween the Au electrodes that are in contact with
the film (source and drain electrode) and the Si
electrode (gate) beneath the insulating SiO,, the
current between source and drain /4 changed sig-
nificantly (field-effect). At positive gate voltages V5,
a field was established which led to a negative
polarization of the films in contact with the in-
sulating SiO,. Such a polarization leads to an
increase of the electron concentration or a decrease
of the defect-electron concentration in a given
material. Since an increase of conductance was
observed, electrons are characterized as the
majority charge-carriers in ClyMePTCDI as well
as in MePTCDI (not shown). Consistently, the
opposite behavior, i.e. a decrease of Iy, was ob-
served for negative V. The mobility of the elec-
trons was calculated from the linear part of a plot
of /; in dependence on V; as proposed by Horowitz
[22] by using the transconductance g,,, where Z is
the channel width, L the channel length, C; the
capacitance of the insulating layer and ¥y the ap-
plied drain-voltage:

_|o
o= o,

Z
—ZMCJ/& (1)

Vg=const.

The specific conductivity ¢ for the films was cal-
culated from the slope of the linear part in the
plot of conductance vs. average film thickness.

Using the obtained values of the mobility u and
o, the charge-carrier concentration n was calcu-
lated from

n=— (2)

where e is the elementary charge. Typical values of
g, n and u for thin films of both materials are listed
in Table 2.

It can be seen that the specific conductivity of
thin films of the planar MePTCDI is about 100
times higher compared to that of the twisted
CI3;MePTCDI due to different electronic coupling
in the solid state. > The measured values for the
mobility of MePTCDI were found in a similar
range as those reported earlier for thin films of

2 If looked at in more detail, an influence of film preparation
conditions on ¢ and y can be observed. A lower deposition rate
led to an increased ¢ mainly caused by an increase in p since n
was almost constant. A decreased number of defects and grain
boundaries in the films would explain this. Such an influence of
deposition rate and substrate temperature on the size of
molecular islands is well-known and an increased charge-carrier
mobility was reported [35-41]. For MePTCDI the specific
relevance of charge-carrier hopping across a disordered grain
boundary as opposed to transport within a crystalline needle is
obvious and leads to the large difference between the mobility in
thin films (6x10~* cm®>V~!s~! in our experiments) and in
single crystals (<1 cm? V~!'s~! for this class of materials [42])
or highly ordered liquid crystalline phases (up to 0.6
cm?V-1s~! [43])). For the amorphous Cl;MePTCDI such
strong structural differences can not be expected in grain
boundaries and the mobility in thin films should be rather close
to the bulk value so that the mobility in a MePTCDI single
crystal can be assumed to be up to 10000 times higher
compared to the disordered ClyMePTCDI.
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perylene-3,4,9,10-biscarboximide (2.9x107
cm? V~!s7! at 298 K) [23] and perylene-3,4,9,10-
tetracarboxilic acid dianhydride (1.1x1073
cm? V~'s7! at 303 K) [24]. Also the mobility for
MePTCDI is found to be about 100 times higher
compared to the ClyMePTCDI. For both materials
a constant charge-carrier concentration of about
10" cm™® was calculated which indicated that
about 1 molecule in 1000 (about 10! molecules
cm™ for both materials) carried a charge-carrier
and hence was reduced under the present experi-
mental conditions, since electrons were detected to
be the majority charge-carrier. This rather similar
concentration of charge-carriers has to be expected
in view of the similar positions of unoccupied
electronic levels calculated from the UPS results.
Such dopant reactions have been well established
for molecular semiconductors [24-27]. Dopant
molecules can be intentionally brought in contact
with growing films [25,26], reactions can occur
following film formation [27] or, as in the present
study, dopant molecules unintentionally present in
the preparation chamber serve to dope the films.
Possible candidates for these reactions would be
either fragments of the molecules from the evapo-
ration step or constituents of the vacuum system’s
residual gas. Since it has to be assumed that Me-
PTCDI and Cl;MePTCDI would form quite dif-
ferent amounts of different fragments the similarity
in n would be difficult to explain based on doping
by fragments. It is therefore concluded that
reducing gas molecules like CO (desorbing from
the resistive heating coils) or H, (low pumping rate
by turbomolecular pumps) present in the vacuum
chamber at similar concentrations for both mate-
rials (same preparation chamber, same preparation
conditions) were responsible for the observed
doping reactions. This conclusion was also drawn
earlier when a series of substituted phthalocyanines
was studied and a clear correlation was seen be-
tween the binding energy of electronic levels and
the observed conduction type [21,28].

3.4. Temperature-dependence of charge-carrier gene-
ration and mobility

In order to study the mechanism of conduction
in the two materials the temperature-dependence of

the specific conductivity, the Seebeck coefficient
and the charge-carrier mobility were measured
between room temperature and the sublimation
temperature of the films. The specific conductivity
showed Arrhenius-type characteristics. A thermal
activation energy of the specific conductivity
Epn =0.20 eV£0.01 eV was found for MePTCDI
and Eo = 0.34 eV£0.01 eV for CI;MePTCDI on
both, microstructured or macroscopic electrodes,
again in agreement with a stronger electronic cou-
pling in MePTCDI compared with ClsMePTCDI.

The temperature-dependence of the charge-
carrier mobility was measured on the micro-
structured interdigitated electrodes within a
temperature range between 303 K and about
430 K for MePTCDI. An Arrhenius-behavior was
found for lower temperatures. The linear regres-
sion gives a value of Eyy = 0.11 eV for the thermal
activation of the charge-carrier mobility. > From
these values we estimate the thermal activation of
the charge-carrier concentration by subtracting Ey
from E, (see Eq. (2)) of AE=0.09%£0.01 eV.
These values are in a good agreement with the
values obtained earlier [13] (see Table 2), where
thin films were investigated by measurements of
conductance and thermoelectric power.

To measure the activation energy of the charge-
carrier generation in Cl;MePTCDI, measurements
of the thermoelectric power were carried out for
films deposited on substrates of quartz glass with
10 mm electrode distance. Negative values of the
Seebeck coefficient S were obtained which prove
the n-type semiconductivity of the sample. When

3 For larger grains of MePTCDI, a deviation of the mobility
at higher temperature from the Arrhenius characteristics (and
other models) was found whereas smaller grains led to a typical
Arrhenius-behavior. For large grains and hence a small number
of grain boundaries the temperature dependence of x should be
dominated by changes within the crystalline needles of Me-
PTCDI. The molecules along the a-axis [44] of the crystal show
a small thermal expansion compared with the strong temper-
ature dependence in the b—c plane [8]. A similar behavior was
reported for phthalocyanines [45]. Within an a-stack, u should
be higher, so the rate limiting step would be the hopping from
stack to stack. Since the separation of the a-stacks is increased
at higher temperature, also the barrier for hopping from stack
to stack is increased. This effect over-compensates the thermal
activation expected for u by the different models and therefore
none of the models would fit u(7) at higher temperature.
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Fig. 6. Temperature dependence of the Seebeck coefficient and
the specific conductivity of the Cl;MePTCDI(2) (see Table 2)
film. Values of the activation energies (E5 and AE) calculated
from the slopes are shown in the graph.

plotted vs. 1/T, S showed an Arrhenius-type
thermal activation of the charge-carrier genera-
tion, as expected if conduction by one dominating
type of charge-carrier is assumed [29]. The tem-
perature-dependence of S and ¢ is compared in
Fig. 6 (see also Appendix A). The linear regression
of ¢ gives a value of E4 = 0.3420.01 eV and that
of S gives AE =0.13£0.04 ¢V for the activation
energy of the charge-carrier generation. The dif-
ference of these two values gives an estimate of the
activation energy of the mobility of about
Ey =0.2120.05 eV. For films of Cl;MePTCDI
deposited on microstructured interdigitated elec-
trodes an activation of the mobility (hopping en-
ergy) Ey = 0.23 eV was found in the Arrhenius
plots. Subtracting these values from the activation
energy of the specific conductivity (Ea ci,meprcp1 =
0.35 eV) led to an activation energy of the charge-
carrier generation of AE = 0.12 eV in the case of
the film CI4MePTCDI (Es = Ex + AE, see Eq.
(2)). These values show a very good agreement
(Table 2) with the value obtained from the ther-
moelectric power measurements. Consistency of
the different experimental techniques is thereby
shown, which also points at the fact that these
parameters are characteristic for the material un-
der the given preparation conditions since the
samples are of widely differing geometry.

When the data are compared with the values
reported for MePTCDI (see Table 2) the activation
energy for the charge-carrier generation is found to

differ less than the activation energy of the mobility
among the two materials. The difference in the
activation energy of the specific conductivity is
therefore predominantly caused by the difference in
the activation energy of the mobility.

4. Conclusions

Experimentally determined values of AE can be
used for the calculation of the energetic position of
the Fermi-level Er relative to the level of conduc-
tion. As an estimate for the energy of the lowest
unoccupied molecular orbitals (Epymo) the value
calculated above from UPS and UV/vis absorption
spectroscopy is used, which does not, however,
consider differences in the exciton dissociation
energy. A slightly higher dissociation energy esti-
mated for Cl4yMePTCDI and the slightly larger
frontier orbital gap of Cl;MePTCDI compensate
the lower HOMO position of this material and
quite similar LUMO levels have to be expected for
MePTCDI and Cl;MePTCDI. The similar con-
centrations of charge-carriers in the materials
originating from reactions with the same molecules
of the residual gas (about one ionized molecule in
1000) can therefore be explained. Based on the
assumption that the Fermi energy is located in the
energetical center between the highest occupied
and lowest unoccupied levels also at elevated
temperature and that conduction occurs in the
lowest unoccupied levels of the LUMO, values of
Er were calculated from the activation energy of
the charge-carrier generation by using Ep =
Erumo — AE/2. Quite similar values of Er were
obtained for MePTCDI and Cl;MePTCDI relative
to the respective LUMO but also on an absolute
scale which stands for the thermal generation of
charge-carriers with a similar activation energy as
observed in the experiments. Fig. 7 is a schematic
representation of energy levels within MePTCDI
and Cl;MePTCDI. Effects caused by the energetic
disorder found in the transport of charge-carriers
in Cl4;MePTCDI are summarized in a Gaussian
distribution of trap states (see Appendix A).

Due to the rather constant energetic conditions
of the materials, the consequences of the different
molecular structure and the resulting change in the
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Fig. 7. Energetic positions of the HOMO, LUMO and the
Fermi-level (Er) of both materials. For Er the error bar is
shown as well as the Gaussian distribution according to the
disorder formalism.

solid-state structure and film morphology of Me-
PTCDI compared with Cl4ZMePTCDI could be
studied and the influence on the electric properties
of thin films could be elucidated. The specific
conductivity of the Cl;MePTCDI with its low in-
termolecular interaction was found to be about 100
times lower compared with MePTCDI that showed
a considerably larger coupling of the aromatic
cores. This difference in conductivity was caused by
a 100 times lower mobility of the charge-carriers
for Cl;MePTCDI. In the well-ordered MePTCDI
the charge-carriers obviously move faster through
the crystals, presumably supported by the strong
and temperature-stable molecular stacks along the
a-axis [8]. Hopping from one such stack to another
is most likely limiting the mobility within the
crystalline grains of MePTCDI. The hopping sites
are distributed in a narrow range of energies and
the temperature-dependence of the mobility should
be described by the phonon-assisted hopping
model. Within films of CI;MePTCDI, however, the
limitation of the charge-carrier mobility is caused
by the lower intermolecular interactions caused by
the amorphous structure as well as by the geo-
metrical bottle-neck of conduction pathways in
grain boundaries.
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Appendix A. Temperature-dependence of p in thin
films of amorphous molecular semiconductors
(CI34MePTCDI)

In the Arrhenius plot of the conductivity of
Cl4MePTCDI a deviation from the linearity can be
observed, pointing at a temperature dependence of
Ey. Because of the small temperature range
(303 > T > 353 K), this temperature dependence
of the hopping energy could be omitted for the
above comparison purposes but deserves a more
rigorous treatment and this treatment may be also
of interest in other examples of amorphous semi-
conductors in OFET structures. For amorphous
thin films, a dependence of Ey on temperature has
been observed in a number of time-of-flight
experiments and the disorder formalism has been
proposed [30] with an energetic disorder I" assum-
ing a Gaussian distribution and an off-diagonal,
spatial disorder X to provide a good model for the
temperature dependence of u. The disorder for-
malism leads to a dependence of p on the temper-
ature as follows:

nee(-(55))
con[e((5)2)8)

where u is the mobility, y, the mobility at infinite
temperature and at zero field (ground mobility), C
an empirical constant (2.9x10™% Vcem™') and
E(= V3/L) the applied electric field in the direction
of transport.
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To adjust the disorder formalism to the need of
an electrical field vertical to the direction of
transport in measurements of the field-effect, (A.1)
is inserted into (1), which leads to

—ZC-V ex 21
. l— L iVdlg p 3 kT
‘a=cons
ry’ Va
X €Xp C (ﬁ) — ZZ f (A2)

For the calculation of I' , (A.2) is reorganized to

0ly
o

gm:‘

Va

L
Ingm =Inpy — CX2 /= —In | ——
ngn = Ing, (e )

+<c ?-3)(2}2 (A3

that allows to determine I from the linear regres-
sion of a plot of Ing,, in dependence on T72.

For the calculation of X and p, (A.2) was
reorganized to

) . (Z 21\’
n(%) - (zem) - (i)
ry\’ Va
— ) =22 |/= A4
and In(gn/V;) is plotted against /V;.
The results obtained for CLMePTCDI are
shown in Table 3 and are compared with values of

u for other perylene diimides reported from TOF-
experiments.

Table 3

The present results and the observed trends are
consistent with those reported in the literature. For
N,N’-bis(1,2-dimethylpropyl)-1,4,5,8-naphtha-
lin-tetracarboxylic acid diimide (MePrNTCDI) [31]
and N,N’-bis(2-diphenethyl)-3,4,9,10-perylene-tet-
racarboxylic acid diimide (PhEtPTCDI) [32] a
higher mobility g, a higher ground mobility y, and a
lower structural disorder X were reported than for
ClyMePTCDI (present experiments) or 1,6,7,12-
tetraphenoxy-N,N'-bis(2,6-diisopropyl-phenyl)-3,4,
9,10-perylene-tetracarboxylic acid diimide (PhQO4-
PrPhPTCDI) [33]. Based on experience with other
N-substituted PTCDI [34] it can be assumed that the
longer side chains in MePrNTCDI, PhEtPTCDI or
PhO,PrPhPTCDI led to a smaller intermolecular
interaction compared with, e.g., MePTCDI. These
materials were therefore successfully treated [31-33]
in the disorder formalism of electric conduction
and the small intermolecular interactions led to
solubility of the pigments, as was also observed
for CIyMePTCDI in the present experiments. The
planar orientation of the aromatic cores of Me-
PrNTCDI and PhEtPTCDI, however, still led to
a higher intermolecular interaction in those mate-
rials when compared to ClyMePTCDI or PhO,-
PrPhPTCDI. Former work showed that the overlap
of the aromatic core changed with the substitution
at the imid nitrogen, but that the formation of
stacks of the aromatic cores was still possible for
planar molecules [34]. PhO,PrPhPTCDI showed a
low mobility comparable to that of CIyMePTCDI,
caused by the similarity in the structure of the
molecules which both carry a substituent in the bay-
position of the aromatic core (four phenoxy-groups
in the case of PhO,PrPhPTCDI). The ground

Mobility u, ground mobility ,, energetic disorder I" and spatial disorder X of Cl,MePTCDI according to the disorder formalism for

amorphous solids and comparable molecules

Material wem? V=1s7! (T/K) I'leV polcm? V17! )
Cl4MePTCDI (1) 2.56x107° (303) 0.077 0.0077 2.29+0.70
Cl4MePTCDI (2) 7.44x107° (303) 0.088 0.0047 3.47£0.30
MePrNTCDI* 1x107* (327) 0.093 0.01 2.3
PhEtPTCDI* 4.8x107* 0.080 0.011 1
PhO,PrPhPTCDI? 1073 0.096 0.00053

#MePrNTCDI: N,N'-bis(1,2-dimethylpropyl)-1,4,5,8-naphthaline-tetracarboxylicacid-diimide, PhEtPTCDI: N,N'-bis(2-diphen-
ethyl)-3,4,9,10-perylene-tetracarboxylicacid-diimide, PhO,PrPhPTCDI: 1,6,7,12-tetraphenoxy-N,N'-bis(2,6-diisopropylphenyl)-3,4.9,

10-perylene tetracarboxylicacid-diimide.
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mobility in PhO,PrPhPTCDI, however, is about ten
times lower than that in CIMePTCDI which can be
explained by the larger substituents (phenoxy>Cl).
These substituents should lead to a larger distance
of the aromatic cores in the solid and hence to a
further decrease of the hopping probability of
charge-carriers.
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