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ABSTRACT

We present an in operando near-edge x-ray absorption fine structure (NEXAFS) study on p-type [11-(benzo[b]benzo[4,5]thieno[2,3-d]thio-
phen-2-yl)dodecyl)] BTBT-based self-assembled monolayer (BTBT-SAM) films. As a 2D-model system, the BIBT-SAM offers direct insight
into the active organic semiconductor layer without interfering bulk materials. This allows for the observation of polaronic states caused by
charged species at the dielectric/organic interface. Linear NEXAFS dichroism is employed to derive the molecular orientation of the BTBT
subunit. Field-induced modifications in the unoccupied molecular orbitals are observed in the NEXAFS spectra. The spectral changes in the

on- and off-states are discussed in the context of polaron formation due to charge accumulation induced by the applied electric field.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0105893

The chemical versatility and compatibility in combination with
cost-efficient solution-based processing techniques' ~ has made organic
semiconductors promising candidates for new generation (opto-)elec-
tronic devices.” Among those devices, organic field-effect transistors
(OFETs) are particularly interesting since they can be used as basic
switches in a broad range of electronic applications” and function as
excellent test objects for studying fundamental questions about the
charge accumulation and transport mechanism in organic semiconduc-
tor materials.” ' The majority of in operando studies in the literature
that focus on the electronic structure modification inside the active layer
of working OFETs are conducted using optical spectroscopy techniques.
Their results clearly demonstrate the difference in the conventional
band bending model used for inorganic materials as they revealed new
electronic states in the bandgap, which is generated by field-induced
charge carriers."” " In contrast, x-ray-based spectroscopic techniques
offer additional experimental opportunities to explore the electronic
structure within the active organic film due to their element specificity.
While previously reported studies by Hub et al,"” Kato et al,'® and
Nagamura et al,'”” demonstrated the general applicability of different
x-ray based spectroscopic tools for in operando investigations, they did
not reveal any variation in the electronic states in the valence region that

could unambiguously be attributed to charge injection. One straightfor-
ward reason is the extremely low concentration of charges present
within the accumulation layer of an OFET structure (ie., ~one unit
charge per 1000 molecules),'” which easily perishes in the background
of absorption from bulk materials.

In conventional OFETSs, charge transport takes place in the first
few nanometers to the organic-dielectric interface.'®'"” Therefore, the
most affected regime is located right at the interface, which needs to be
addressed for optimum detection of a potentially small effect. This
implies that the device should operate at minimum film thickness, and
in consequence, the optimum device is composed of just one monolayer
in order to prevent absorption from uninfluenced bulk material. One
category of specimens that satisfies this requirement is self-assembled
monolayers (SAMs) since they form a dense and uniform single layer
film, which is stabilized by covalent bonds to a crystalline solid substrate.
The absence of bulk material makes them truly two-dimensional sys-
tems and allows direct access to the charge transporting layer. Due to
major improvements in molecular design, SAMs have gone from pure
surface modifiers to reliable organic semiconductors, and nowadays, a
variety of SAMs has been successfully used as charge transporting layers
in self-assembled monolayers field-effect transistors (SAMFETs).” >
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In this study, we have used [11-(benzo[b]benzo[4,5]thieno[2,3-
d]thiophen-2-yl)dodecyl)]-phosphonic acid (BTBT-C11-PA) as an
active layer material to reveal electronic modifications taking place
inside the organic layer induced by an external electric field using
near-edge x-ray absorption fine structure spectroscopy (NEXAFS).
NEXAFS uses soft x rays to resonantly excite core electrons into unoc-
cupied electronic states. Due to the photon energy dependent absorp-
tion, it enables elemental specific insight into the molecular electronic
structure and may address specific atoms within the organic frame-
work. Furthermore, at selected absorption resonances, the linear
absorption dichroism can be used to deduce the average molecular ori-
entation inside the analyzed sample.”* The BTBT-SAM [Fig. 1(a)] is
an excellent two-dimensional model system, which allows direct access
to the conjugated core unit and has successfully been used in low-
voltage, high mobility SAMFET devices.”” A sketch of our simple
OFET like device as well as the measurement setup is shown in Fig.
1(b). Heavily doped silicon wafers with a 5 nm native SiO, layer and a
20 nm thick atomic-layer deposition (ALD)-prepared aluminum oxide
film were used as substrates. Subsequently, the BTBT-SAM layer was
formed by immersing the substrate into a BTBT-phosphonic acid
solution (0.05mM) for 72h.”” Finally, 40 nm thick gold electrodes
were deposited by Au evaporation from a resistively heated crucible.
The Au coated contact was covered with a stainless-steel frame contact
featuringa 5 x 10 mm® window.

To determine the overall SAM morphology and to study the gate
voltage effect induced by the electrical field, C K-edge NEXAFS spectra
were recorded at the HE-SGM beamline of the Bessy II synchrotron
facility at the Helmholtz-Zentrum fiir Materialien und Energie (Berlin,
Germany). The spectra were acquired with a high surface sensitivity
using a channel-plate based partial electron yield detector as a high
pass filter. The pass energy was adjusted according to the applied vol-
tages to compensate for the kinetic energy of the secondary (Auger)
electrons. To eliminate any possible influence of carbon contamination
present in the optical elements of the beamline, all spectra were cor-
rected using the transmission function measured by the gold mesh
before the endstation. The absolute photon energy was calibrated
using Highly-Oriented Pyrolytic Graphite (HOPQG) as a reference, and
all spectra were normalized to pre- (280 eV) and post-absorption edges

(b)

CH
( | 2)11 Top electrode
OZI.D"OH BTBT-SAM
OH SiO,(5 nm) + Al,O; (20 nm)

Si-Wafer (bottom electrode)

C,-BTBT-PA
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(325eV) according to standard procedures.” In the present study,
only carbon K-edge absorption was measured as the sulfur L- or K-
edges are not accessible in the experimental setups available to us.

In Fig. 2(a), normalized C K-edge NEXAFS spectra of the BTBT-
SAM for six different incidence angles theta 0 are shown. The spectra
exhibit the NEXAFS fingerprint typical for BTBT subunits with sharp
peaks near 286 €V assigned to localized Cls—n"(C=C) transitions of
the aromatic BTBT core unit. Peaks in the region of the ionization
edge around 289eV are of hybrid nature as they arise from
Cls—0¢*(C-H), Cls—a*(C-S), and Cls—n"(C=C) transitions.”" **
The broad spectral features that are observed for photon energies
above the ionization edge>293eV are mainly attributed to
Cls—a"(C-C, C=C) transitions of the aromatic core unit and alkyl
chain.”®*” With varying incidence angle 0, we observe a strong change
in the absorption intensity for both resonant Cls—7n" and Cls—a"
transitions. At large photon incidence angles 0, the 7*-transitions are
of highest intensity while the ¢”-transitions decrease in intensity with
opposite behavior. These intensity variations are caused by the
NEXAFS linear dichroism effect and allude to the preferential arrange-
ment of the molecules inside the organic layer.”

An expansion of the 7"-region for the normal incidence spectra
(0=90°) is presented in Fig. 2(b). Aside from the intense
Cls—7"(C=C) resonances discussed at 285.7, 286.1, and 286.3 ¢V,
the spectrum exhibits a small shoulder at around 285.4 eV that we will
discussed in more detail below. For a more quantitative evaluation of
the angular dependence shown in Fig. 2(a), the average molecular tilt
angle f§ between the molecular long axis and the surface normal was
determined. We applied the fitting procedure according to Eq. (1)
introduced by Zheng et al., which considers azimuthal anisotropy of
the ordered domains inside the organic layer™’

1,(0) 2 5
Y q4p _3 0 1
Lo=o90) ' TEX (sinza > X cosh W

where 0 is the photon incidence angle, P is the degree of polarization
(P=0.91 for the HE-SGM beamline), and « is the angle included by
the direction of the final state orbital and the surface normal. For the
analysis, we used the least-square fitted intensities of the low-energetic
Cls—n"(C=C) resonances, which are not affected by the Cls

FIG. 1. (@) Chemical structure of BTBT-
C11-PA from which the BTBT-SAM was
prepared. (b) Scheme of the device setup
and measurement geometry used for in
operando studies of BTBT-SAMs. For an
electrical contact, the sample is covered
by a stainless steel top electrode with a 5
x 10 mm? window.
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FIG. 2. (a) C K-edge NEXAFS of BTBT-SAMs recorded for different incident angles
0. (b) Magnification of the m=-region with fitted absorption intensities at a photon
incidence angle of 0=90°. Peak assignments are given in the text. (c)
Dependence of the integral absorption on the 7-region at various incidence angles
0. The average molecular tilt angle 3 of the BTBT subunit is derived according to
Eq. (1).
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absorption threshold and, therefore, allow for an unambiguous evalua-
tion of the average molecular tilt angle. The least-square fit of the inte-
grated absorption intensities yields a molecular tilt angle f =90° — «
of ~7°%2° [Fig. 2(c)]. This value is consistent with the expected
(close to) upright standing confirmation reported in the literature as
derived from x-ray reflectivity measurements in combination with
molecular dynamics simulations.”” Note, that the present analysis dis-
cusses the orientation of the BTBT core unit only since peak intensities
assigned to the alkane subunit cannot be determined with sufficient
accuracy as the peaks overlap with the absorption threshold.

Next we discuss the voltage or polarization effects observed in
our NEXAFS study. Figure 3 summarizes the spectral modifications in
the C1ls NEXAFS for different gate voltages. As the BTBT-SAM is a
low-voltage p-type material, the negative voltages (—3, —5V) corre-
spond to the on-state, while the positive voltages (+3, +5V) account
for the off state.”’ Owing to the close-to perpendicular orientation of
the molecules’ substrate surface, the NEXAFS spectra were recorded at
normal photon incidence (0=90°) where the Cls—n"-transitions
exhibit the highest intensity. To prevent potential beam damage, each
NEXAFS spectrum was recorded on a fresh spot, and NEXAFS spectra
without any applied voltage were compared before and after a series of
voltage-dependent spectra. Neither line shape nor intensity modifica-
tions were discovered after recording a series of measurements for
identical conditions.

Comparing NEXAFS spectra recorded in the on- and off-states
displayed in Fig. 3(a), we found that the measured NEXAFS intensity
is significantly reduced when a negative voltage was applied to the gate
electrode, while we did not observe any spectral changes under positive
bias. This effect can be seen across the whole energy range of the spec-
tra, whereby it has the strongest effect in the n*-region [Fig. 3(b)].
Apart from the overall intensity decrease, we observe a distinct
increase in the shoulder at 285.4 eV [see Fig. 3(c) in comparison with
Fig. 2(b)]. A more detailed evaluation of the voltage dependent spectra
showed that the intensity of the underlying peak correlates with the
applied gate voltage [Fig. 3(d)]. We must not forget to mention that
the spectral modifications were no longer observed after the dielectric
breakdown (voltages larger than *6V), which is an unambiguous
indication of a field-induced effect.

In the literature, several effects are discussed, which take place
inside the organic layer and at the organic-semiconductor interface
under an applied gate voltage. One potential effect, which could influ-
ence the NEXAFS intensities, is the change in the molecular orienta-
tion caused by alignment of the molecules inside the applied electric
field. This was reported, e.g., for pentacene based OFETSs, where an
irreversible structural modification (i.e., decrease in d-spacing) was
revealed using Raman spectroscopy.”” As the observed effects in our
experiments are fully reversible and, in addition, the intensities for 7*-
and ¢"-resonances decrease simultaneously for negative voltages,
structural (orientational) modifications can be ruled out. Potential
other effects could be field-induced molecular polarizations or a chem-
ical shift corresponding to a band-bending like distortion of the elec-
tronic states.'” Molecular polarization is expected to modify the
intensities and/or shift the energy levels independent from the polarity
of the applied electric field. In contrast, a band-bending like effect at
the interface would result in an antisymmetric change with respect to
the applied gate voltage.'” Both effects were not observed in our
experiments.
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Since BTBT is an organic p-type semiconductor and spectral
modifications are observed for negative gate voltages only, the reason
behind is rather given by a discontinuous phenomenon such as charge
carrier accumulation. A variation in the gate voltage shows small but
reproducible intensity variations of the low-energy resonance detected
at 2854eV. The appearance of this resonance besides the
Cls—LUMO transitions (r*-resonances) indicates the presence of an
additional unoccupied electronic state. It is well established that in
organic semiconductors, a variety of sources, e.g., molecular disorder,
defects, chemical impurities, or environmental effects, will lead to the
formation of trap states and, therefore, localized charges at the dielec-
tric/organic interface.” In conjugated systems, such charges are stored
in the form of polarons, which can be considered as local deformations
associated with gap states in between the HOMO and LUMO levels of
the organic semiconductor [singly occupied/unoccupied molecular
orbitals (SOMO/SUMO), respectively, depicted in Fig. 3(e)].'>**
The changes in energy between neutral and charged states is described
as the polaron binding energy Ep caused by structural deformations.””
For polythiophene chains, Ep is reported around 0.2-0.3 ¢V, which is
in very good agreement with the energy difference AE between the
shoulder at 285.4eV and the first 7*-resonance at 285.7eV.'””” We,
therefore, attribute the underlying peak at 285.4eV to polaron-like

unoccupied states caused by the presence of charged species inside the
organic layer or at the dielectric/organic interface. The gradual increase
in the polaronic contribution at 285.4 eV upon negative gate voltage
[Fig. 3(d)] can be assigned to the injection of field-induced charge car-
riers stored in polaronic states, which has been observed by other spec-
troscopic techniques as well.”'>'*'**® We, therefore, interpret our
findings as the formation of a field-induced charge accumulation layer,
in which the thickness and charge density are dependent on the
strength of the applied electric field.'"**

In K-edge NEXAFS, the measured intensity is correlated with the
probability for an electronic transition, which is strongly dependent on
the direction of the electric field vector of the incident linearly polar-
ized light with respect to the final state orbital. The polaronic induced
polarization, hence, impacts the transition probability, which can be
seen as a modification, in our case a decrease in the spectral intensity.
The strongest geometrical distortions are expected for electrical states
residing inside the m-conjugated system, where the charge is local-
ized.” Furthermore, the newly formed polaronic states arise from
occupied HOMO- as well as unoccupied LUMO-states and, therefore,
result in an additional decrease in the density of unoccupied states."”

Finally, we like to address the question why previous NEXAFS
studies on BTBT-derivatives did not probe polaronic states.”””’
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Conventional electron spectroscopic studies use film thicknesses in the
range of several organic layers and, thus, do not offer direct access to
the dielectric/organic interface without interfering absorption (or sig-
nals) from the unaffected organic semiconductor bulk material. In par-
ticular, the overall low density of polarons makes it even more difficult
to detect this electronic state in multilayer samples.

In summary, we have investigated field-induced electronic state
modifications in p-type organic materials by near-edge x-ray absorp-
tion fine structure spectroscopy. To avoid interferential absorption
from the bulk, we used an ultimately thin BTBT-based self-assembled
monolayer as an active layer material in an OFET-type setup. In con-
trast to previously reported NEXAFS studies on BTBT-derivatives, we
reproducibly observed a small shoulder at energies below the first 7*-
resonance, in which we attribute to polaronic states caused by charged
species at the dielectric/organic interface. When a negative voltage was
applied to the back gate electrode, the overall intensity decreased, while
no changes were determined for positive gate voltages. The effect was
found to be most pronounced in the 7*-region. Furthermore, the
polaronic peak increased as a function of the applied gate voltage.
These results suggest that the modifications in core-excitation spectra
can be attributed to field-induced charges of polaronic nature and fall
in line with previous findings in the literature using optical
spectroscopy.
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