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Structural and electronic properties of pentacene/pentacenequinone thin films prepared
on various solid-state substrates by the Langmuir-Blodgett technique are reported. Amor-
phous structure of the prepared films has been proved by XRD measurements. Oxygen-
related defects have been identified in the Langmuir-Blodgett films as a consequence of the
exposure of pentacene Langmuir layer to air. Crystallization induced by thermal treatment
of the prepared amorphous thin films has been observed. Electronic properties of pentacene/
pentacenequinone Langmuir-Blodgett films have been investigated in the contact-less archi-
tecture using electrochemical techniques. The energy band diagram of the amorphous
pentacene/pentacenequinone Langmuir-Blodgett film on a metallic surface was constructed
from the obtained electrochemical data.

Keywords: Pentacene; Monolayers; Thin films; Langmuir-Blodgett technique; Electrochemis-
try; X-ray diffraction; Atomic force microscopy.

In the last decade the electronic research has been focused on a variety of
novel organic materials. Among them pentacene (PEN), a small molecular
semiconductor with carrier mobility significantly higher than expected for
standard polymer semiconductors, is of a great importance®. PEN as an ac-
tive layer is a promising material for organic field effect transistors?, organic
light-emitting diodes and phototransistors®, organic solar cells*, and hydro-
gen storage films®.
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Pentacene thin films on various substrates have been prepared by the
standard techniques either from the solid phase?®®, or from solution?®7.
Solution-processed PEN thin films prepared by thermal conversion of
13,6-N-sulfinylacetamidopentacene have shown similar features as vacuum
sublimated PEN 8. Solving problems of the instability phenomena in the
PEN-based devices is crucial for the future progress in organic and hybrid
organic/inorganic electronics. The instability of PEN thin films has been
studied from the viewpoints of molecular structural ordering and the inter-
face state modification®.

The energy bands of thin-film, bulk, and single-crystal phases of PEN
were calculated® and the relation between the crystal structure and energy
dispersion was explained. Pentacenequinone (PQ) impurities have been in-
troduced into a PEN material in a controlled manner to study the influence
of their contents on thin film properties!®. The impact of growth properties
of a PEN thin film on the device performance was discussed!!. The influ-
ence of top layer geometries on electronic properties of PEN thin films was
studied'?. Moreover, it has been shown that PEN thin film structures are
strongly influenced by the type of the substrate used?®.

The growth phenomena in organic thin film preparation are due to
orientational transitions and new scaling exponents fundamentally differ-
ent from those observed in their inorganic counterparts. It is possible that
the improvement of the understanding of various PEN thin film growth
mechanisms will further promote the progress in organic and hybrid elec-
tronics. Several interesting challenges lie ahead for pentacene-based elec-
tronics. Among them, the growth of thin films on various surfaces has
attracted significant attention. However, the crucial problems of molecular
order control and thin film crystallinity have not been solved, yet.

The Langmuir-Blodgett (LB) method based on the layer-by-layer deposi-
tion of organic molecules is frequently used for the preparation of solution
processed organic thin films as an alternative method to spin-coating, dip-
coating or drop-casting. Primarily it was developed for the preparation of
well-ordered monomolecular layers and multilayer films composed of
amphiphilic organic molecules having hydrophilic head and hydrophobic
tail. In the course of a LB film preparation an insoluble monolayer of a spe-
cific surface pressure-area state is formed at the air/water interface by a
movable barrier. Subsequently, the monolayer is transferred onto a solid
substrate. The variability of the obtained physical properties can be utilized
for the material design and interlayer structure applications. This technique
has been used for solution-processed films subsequently thermally con-
verted to PEN 8. Defect states formation in LB PEN films prepared without
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any precursor has been reported and the results have been compared with
the data obtained on evaporated films'4.

In the present study the application of the LB technique with a possibil-
ity of controlling intermolecular distance for PEN thin film deposition with
the expected flat molecular orientation is described. Moreover, a detailed
study of selected structural and electronic properties of the prepared films is
performed.

EXPERIMENTAL

Materials and Sample Preparation

Pentacene (PEN; purchased from Sigma-Aldrich) was used for LB film deposition without
further purification. The PEN solubility in the aromatic solvents such as o-dichlorobenzene®®
and 1,2,4-trichlorobenzene!® has been recently reported. The Langmuir layer was formed on
a water subphase stabilized at 17 °C using a PEN solution in a toluene-benzene mixture
(1:1) heated to 80 °C. The film deposition was carried out at the surface pressure 10 mN/m
with the dipping speed 5 mm/min.

Pentacene is soluble in organic solvents only at higher temperatures, however oxygen de-
fects (pentacenequinone, PQ) from the ambient air provide the solubility also at the room
temperature as PQ is a polar molecule. A PEN/PQ solution was spread on the subphase using
a microsyringe. As a subphase the pure water (bidistilled and deionized, 15 MQ cm) was
used. The subphase was stabilized at 17 °C; the monolayer was allowed to equilibrate and
the solvent to evaporate for 15 min, the surface pressure-area isotherm is shown in Fig. 1.
Several surface-hydrophobic substrates (gold, platinum, Corning optical glass, and silicon
wafer with SiO, layer hydrophobized by hexamethyldisilazane applied from the gas phase)
were used for preparation of Langmuir-Blodgett (LB) films. The surface pressure 10 mN/m
and the dipping speed 0.08 mm/s were used for the LB deposition of various films thick-
nesses. Sample annealing (thermal treatment) at 50, 100, 150 and 200 °C was performed in
nitrogen atmosphere for 10 min.

All the chemicals used were of analytical grade, solution for electrochemical experiment
(1 mm hydrochloric acid) was prepared in bidistilled water.

Experimental Techniques

Surface pressure-area isotherms of organic monomolecular layers on the air/water interface
(Langmuir film) are widely used for the analysis of processes at the molecular level. In the
present work, the surface pressure-area isotherms were measured by the Wilhelmy plate
method with an accuracy of £0.05 mN/m with surface pressure sensor PS4 (Nima Technol-
ogy, UK). The isotherms strongly depend on various external conditions and material prop-
erties (pH, formation of domain structure, etc.). Hence, the monolayer analysis based merely
on the obtained isotherms can lead to a misinterpretation!’ and the application of in-
dependent methods is necessary.

Dielectric properties of PEN films are often evaluated by the measurement of Maxwell’s
displacement currents'®. This technique is based on the measurement of the deviation of
the monolayer polarization due to the change in the induced electric charge. In our case,
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the dynamic processes in the monolayer associated with the change in the charge distribu-
tion caused by its mechanical compression (the induced charge on the top electrode) varies
with time, and a current flowing through the outer circuit via an electrometer is generated.
The experimental setup attached to the computer-controlled model Langmuir trough (model
611, Nima Technology, UK) is as follows. The top electrode was aligned parallel to the inter-
face (in air) without any direct (mechanical or electric) contact with a floating monolayer.
The distance between the top electrode and the water surface was adjusted to a given air-gap
(ca. 1 mm) by measuring the capacitance of the electrode system. The displacement current
was detected with a Keithley 617 electrometer (Keithley Instruments, Cleveland, Ohio, USA).
The total working area of the trough was 600 cm? and the compression rate was
50 cm?/min, which corresponds to 0.17 A2/s per one molecule. The area of the top electrode
was Ag = 20 cm?. In contrast to the surface pressure—area isotherm, the analysis in Maxwell’s
displacement current measurement is extremely sensitive also in the low-surface-pressure
area, where surface pressure methods are useless. A comparison of the surface pressure-area
and the dipole moment projection-area isotherms is shown in Fig. 1.
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Surface pressure-area (top), displacement current-area (middle), and dipole moment projec-
tion-area (bottom) isotherms of PEN/PQ monolayer
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The data for X-ray diffraction (XRD) were collected on a Bruker D8 X-ray diffractometer
by specular scans (9/20) using CuK, radiation (A = 1.54 A). The laser ellipsometry (SE400,
A = 632.8 nm, SENTECH, Germany) at the constant angle geometry (70°) was used for the
monolayer thickness analysis as well as for quality monitoring of the deposition process.
Surface topography, roughness analysis, and film thickness measurement (AFM nanometer
profilometry) was performed by atomic force microscopy (AFM; high-resolution microscope
Solver P47-PRO). To minimize the surface roughness in both the thickness and surface to-
pology experiments, ten-monolayer stacks of PEN LB films were deposited on hydro-
phobized silicon wafer. Electrochemical experiments were performed in a three-electrode
electrochemical cell equipped with an Ag|AgCl reference electrode and a Pt counter-
electrode. The working electrode consisted of a round gold sheet (of 1.5 mm in diameter)
covered with a 16 Langmuir-Blodgett layer stack of PEN. The scan rates of cyclic voltam-
metry and steady-state voltammetry were 100 and 3.33 mV/s, respectively.

Depending on the used experimental method a suitable thickness of the deposited thin
film had to be chosen. Therefore, PEN LB films containing from 10 to 400 monolayers were
studied in the present work. Seeing that we discuss properties of an organic semiconductor
with the semiconductivity exhibited by its single molecules, we do not suppose a meaning
effect of the film thickness on the electronic properties of this material.

RESULTS AND DISCUSSION

Langmuir Film Analysis

Mechanical properties of organic films are crucial for many applications;
hence, their estimation before the layer deposition is essential. The elastic
modulus (also called reciprocal compressibility) characterizes the rigidity of
the monolayer and analogously to bulk materials is defined as

IE|= —A%ﬁ (1)

where 1 stands for the surface pressure, A for the area per molecule and
T for temperature. The elastic modulus of PEN Langmuir film (shown in
Fig. 2) exhibits the maximal film strength for the areas per molecule cor-
responding with surface pressure of 10 mN/m, hence this value was chosen
for the Langmuir-Blodgett films deposition.

In the used experimental setup the observed dynamic charge processes
are caused by the lateral compression of the monolayer with the moveable
barrier. Therefore, any time-independent charge (caused by a particularly
structured water layer and some additional substances in the subphase) dis-
tributed near/at the interface has no effect. The major advantages of this
method are the high sensitivity and explicitness of the measurement evalu-
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ation. As was shown in previous studies!®®, the current flowing in the
outer circuit can be expressed as a time change of the induced charge

_0Q, _ UN dldosoO ON
ot ot
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where p is the dipole moment of molecule (y, is its projection to the nor-
mal), N is the number of molecules under the top electrode and I is the
geometrical factor depending only on the distance between the top elec-
trode and top plane of the monolayer, and on the shape and area of the up-
per electrode. The [¢os ©Ostands for the statistical mean value of cos O,
where O is the angle between the vector of dipole moment and the normal.
By integrating the displacement current with respect to time, the induced
charge Q; can be obtained. In this way we have evaluated the vertical com-
ponent of the molecular dipole moment. Thus, the dipole moment projec-
tion onto the normal p, should be calculated as
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In this way the dipole moment projection, the molecular arrangement rep-
resented by [¢os ©F] has been estimated (Fig. 1). The molecular dipole mo-
ment (maximal dipole moment projection) is 2.5 D.

To compare our measurement with theoretical predictions the molecular
dipole moments were calculated by the parameterization method 3 (PM3)20
for PEN, and for its oxygen-, hydrogen- and hydroxyl-related defects (Fig. 3).
Quantum-mechanical computations were done using a MOPAC package?.
Although all the above-mentioned defects generate a non-zero molecular
dipole moment, only the creation of a single oxygen defect, i.e. 6-penta-
cenequinone, can be associated with our experimental results.

Langmuir-Blodgett Film Analysis

The specular XRD scan of the PEN/PQ LB film prepared on crystalline
Si(200) is shown in Fig. 4. The structure of a polymer can be crystalline,
partly crystalline, or amorphous. A fully or partly crystalline polymer gives
sharp narrow diffraction peaks, while an amorphous polymer gives a broad
peak. As is seen in Fig. 4, only an amorphous phase appears in the XRD for
the PEN/PQ thin film prepared by the LB technique.

Optical properties of PEN/PQ layers recorded by laser ellipsometry are
shown in Fig. 5. Since the recently measured optical properties of PEN/PQ
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FiG. 3
Results of theoretical computations of the molecular dipole moments for pentacene (PEN) and
its various defects: dihydropentacene (6-DHP, 6,13-DHP), pentacenequinone (6-PQ, 6,13-PQ)
and pentacenehydroquione (6-PHQ, 6,13-PHQ). For each molecule, corresponding HOMO or-
bital is depicted
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have varied with the thickness and used deposition technique??, only the
directly measured optical parameters W and A were analyzed as a deviation
from the reference bare substrate to avoid the failure of the thickness simu-
lation owing to a change of optical parameters by the annealing process.
Deposition of the PEN/PQ layer is simply observable as a change of A pa-
rameter, which corresponds with the film thickness. Up to 150 °C, the film
thickness seems to be constant, and then a rapid increase is observed. The
Y parameter representing the contribution of absorbance changes only
slightly, but its evolution is consistent with the dependence of A parameter.
Hence, we can conclude that the film thickness and crystallization process
will not rise below 150 °C. The surface topography for various temperatures
is shown in Fig. 6. No surface structures after layer deposition have been
observed as specific for the evaporated polycrystalline PEN 23, Although af-
ter annealing the PEN/PQ LB film exhibits formation of granular structure,
its surface still remains smooth without any significant increase in rough-
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FiG. 6
Atomic force microscopy topography of PEN/PQ LB film: a as deposited, b annealed at 100 °C,
c annealed at 200 °C, d cross-section of PEN nanocrystal shown in inset (image size 200 x 200
nm in plane, 8.5 nm full z-scale); detailed view taken from c
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ness. For temperatures above 150 °C crystallization in some spike-like struc-
tures is achieved.

A summary of the topography and surface roughness is shown in Table I.
AFM nanometer profilometry was used for the measurement of both the
200- and 400-layer thick LB PEN/PQ films, the thicknesses 100 and 200 nm
being obtained, respectively. Hence, the monomolecular film thickness has
been approximated to 0.5 nm.

TABLE |
Topography and surface roughness of the PEN/PQ LB film

PEN/PQ LB film Topography max/average, nm RMS roughness, nm
as deposited 4.9/1.1 0.2
at 50 °C 6.5/1.0 0.3
at 10 °C 9.1/1.3 0.4
at 150 °C 4.4/1.3 0.4
at 200 °C 9.8/1.8 0.6

Energy Band Diagram Construction

The knowledge of the band structure of semiconducting materials is essen-
tial for their further applications in microelectronics. Therefore, parameters
such as ionization potential (IP), electroaffinity (EA), and energy gap (Ey)
are important for understanding the properties of the prepared PEN LB
films. The main point to be addressed now is to construct the energy band
diagram of the amorphous PEN/PQ LB film from the experimental data ob-
tained on the prepared samples.

Optical absorption of the PEN/PQ film with a thickness of 100 nm is de-
picted in Fig. 7. The obtained data have supported the presumption of the
PQ presence in the LB film. The absorption spectrum exhibits peaks for the
energies 2.94 and 3.12 eV, which is in accordance with the well-known val-
ues for PQ (2.94 and 3.11 eV)?*. The energy gap E4 determines the threshold
for the photon absorption in semiconductors; therefore the optical width
of E, can be evaluated from the absorption as an absorption edge (the inter-
section of the two slopes drawn at the maximum absorption and the back-
ground absorption in the electronic spectra, depicted in Fig. 7). We have
obtained the E, optical width of 2.55 eV.
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Electrochemical measurements can provide information about electric
properties of a thin organic film. Unlike the standard electric techniques
the electrochemical measurements performed in aqueous environment are
not influenced by the evaporated top-metal electrode. On the other hand,
one must take into account possible formation of water-related defects in
the PEN film during the experiment. The cyclic voltammogram depicted in
Fig. 8 shows a quasireversible redox process. Here, both the oxidation and
reduction are observed at +0.093 V (anodic scan) and at -0.156 V (cathodic
scan), respectively. The ionization potential is directly related to the oxida-
tion of the PEN/PQ molecules with respect to the reference electrode. It is
necessary to correct these potentials using the vacuum level reference;
for the standard hydrogen electrode (SHE) it is the energy 4.6 eV 25 on the
assumed zero vacuum-level. Then the oxidation potential onset is E',, =
0.02 V, and the IP can be evaluated as

IP=E e+44eV=442eV (4)

where the Ag|AgCI electrode potential was added to the SHE vacuum level
reference potential (0.2 V). Afterwards, the electron affinity EA can be sim-
ply estimated?® as EA = IP - E; = 1.87 eV. This allows to determine the
HOMO level in the energy diagram. We assume PQ molecule as a defect
state of PEN, i.e., we are dealing with the well-known P-type organic semi-
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Fic. 7
Optical absorption of the PEN/PQ LB film deposited onto the Corning optical glass. The ab-
sorption spectrum exhibits peaks for energies 2.94 and 3.12 eV
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conductor. Therefore, the steady state voltammetry in the negative poten-
tial must reflect the hole injection barrier on the metal/PEN interface.
Steady-state voltammetry scans were performed for temperatures from 5 up
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Potential (V)

FiGc. 8

Cyclic voltammograms of the PEN/PQ LB film at temperatures 10 (full line), 20 (dash line), 30
(dot line), 40 (dash-dot line) and 50 °C (dash-dot-dot line)
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Arrhenius plot of the current densities obtained from the steady state voltammetry scans at
various temperatures (5, 10, 20, 30, 40 and 50 °C) at the potential -1 V
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to 50 °C; the corresponding Arrhenius plot for the current densities at the
potential -1 V is depicted in Fig. 9. The contact barrier height (i.e., the hole
injection barrier) of the PEN/Au interface was estimated to be 0.23 eV.
Finally, it is possible to construct the energy band diagram (without the
bands bending on the interface) from this analysis (Fig. 10). Here, it is
necessary to note that the estimated work function of a gold electrode
(~4.7 eV) is in accordance with the experimental results obtained by the
Kelvin probe surface potential measurement of a gold surface untreated
with a ultraviolet lamp, i.e., 4.8 eV %,

Vacuum level

1l EA =1.87 eV
[ LUMO
-2 " | 467 eV 1 ’

0.23 eV Eg =255eV

4l -] HOMO

Energy (eV)
do

- v
-5 ' Fermi '
gl energy i

Gold electrode PEN/PQ LB film

Fic. 10
Sketch of energy band diagram of PEN/PQ LB film deposited on the gold surface

CONCLUSIONS

Structural and electronic properties of Langmuir films and their relation to
the PEN defects were studied. The observed value of molecular dipole mo-
ment corresponds to the formation of oxygen-related defect; this fact is
in accordance with the absorption spectrum. Prepared layers exhibit an
amorphous character proved by XRD analysis. The following thermal treat-
ment in nitrogen atmosphere induced crystallization, a granular structure
has been revealed. The crystallization process was probed by both the
atomic force microscopy (AFM) and laser ellipsometry. Above 150 °C a
spike-like PEN crystals were observed. Electronic properties of PEN/PQ LB
films have been investigated using electrochemical techniques, too. The
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energy band diagram of the amorphous PEN/PQ LB film prepared on metal-
lic surface has been constructed.
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