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Abstract

Grazing Incident Wide Angle X-ray Scattering (GIWAXS) studies on organic field-effect
transistors (OFETs) fabricated with an aliphatic functionalized a,a'-quinquethiophene
(i.e. 5,5"""-dihexyl-2,2":5"2"":5" 2""":5""" 2""""-quinquethiophene, DH5T) thin film, were
carried out. The structure-property relationships of the semiconductor material

were investigated. A detailed, spatially resolved microstructural characterization of
the active layer was carried out with the aim of understanding the role of the film’s
microstructure on electrical performance. For this purpose, a custom-made setup
designed for in-operando tests of OFETs was used, allowing a correlation under
measured conditions of the complex microstructure with the thin film electrical
behavior, under operating conditions. The GIWAXS measurements revealed a
significant anisotropy of the DH5T thin films, under source-drain applied voltages
(V). Particularly notable variations were observed for both in-plane and out-of-plane
directions. Upon applying the V.4, the microstructure remained relatively stable in
the out-of-plane (001) direction, suggesting that this orientation is less affected by
the applied voltages. However, in the in-plane (020) direction, an increase of the m-n
stacking of the DH5T molecules was found, indicating a stronger response of the
microstructure to the applied voltage. Notably, a higher tensile strain, exceeding 1%,
was observed at a V4 of =10V, suggesting that the application of voltage induces
significant structural reorganization in the thin film, which may have implications for
optimizing the performance of OFETs in practical applications.

Keywords Oligothiophenes, Ultrathin OFETs, a,a'-quinquethiophene (DH5T),
Operando test, Synchrotron beam, GIWAXS

1 Introduction

The intrinsic characteristics of organic single-crystal semiconductors make them excep-
tionally suited for a wide range of optoelectronic applications, including photovoltaics,
and transistor applications, where they play a pivotal role in performance of electronic
devices [1]. Their nearly flawless spatial arrangement and high crystallinity contribute
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to minimal defects, which in turn enhances electron mobility. These features posi-
tion organic semiconductors as ideal candidates for high-performance transistors [2].
Recently these materials have emerged as promising candidates for wearable electronics,
where flexibility and tunable electronic properties play a crucial role [3]. Small-mole-
cule organic semiconductors exhibit pronounced m—mn stacking features, which can be
tuned by varying film preparation and applied stress [4]. Efficient electronic conjugation
ensures high mobility of charge carriers between source and drain electrodes, thus facili-
tating rapid switching speeds in transistors [5].

Conjugated oligothiophenes and their derivatives have emerged as promising candi-
dates for applications in organic electronics [6, 7]. It is noteworthy that their chemical
stability ensures the long-term reliability in diverse operating conditions, making them
suitable for the development of organic transistors [8]. The synthetic versatility of con-
jugated oligothiophenes allows for the precise control over their molecular structure,
side-functionalities, molecular weight and, in turn, electronic properties. Moreover,
the presence of aliphatic substituents in the main chin or as ending groups, enhances
their solubility in common organic solvents [9]. This tunability is essential for tailor-
ing transistors to meet specific application requirements [7], providing the versatility
needed to attain desired electrical characteristics and endowing them for an extensive
array of electronic devices, ranging from low-power sensors to high-speed processors,
and various flexible electronic devices [10, 11]. Furthermore, a deep understanding of
the lifespan and stability of organic semiconductors is necessary for ensuring sustained
functionality and tuneable performances in electronic devices [12]. Among others, oli-
gothiophenes with thiophene units in the 2—6 range have been extensively investigated
for organic field-effect transistor (OFET) applications [13]. Specifically, 5,5"""'-dihexyl-
2,2":5,2"":5",2""":5""",2""""-quinquethiophene (DH5T), a symmetrical alkyl-substituted
quinquethiophene, stands out as a model compound of organic semiconductors [14].

Detailed characterization of OFET behaviour, including parameters such as con-
ductivity, field-effect mobility, voltage sensitivity, and the applicable operating range,
is essential for defining their practical use in devices [15]. Additionally, understanding
the microstructure-property relationships in OFETs is also critical for optimizing their
performances in optoelectronic applications [16]. Furthermore, the limited availability
of high-quality, single organic crystals of appropriate sizes to match the channel dimen-
sions of OFETs presents a challenge, requiring specific conditions for testing [17]. To
address this, several methods are employed to study these materials, including in-oper-
ando impedance measurements [18] and interface-state distributions analysis in metal-
insulating-semiconductor capacitors [19] as well as in-operando spectrometry [20].
Poly(3-hexylthiophene-2,5-diyl), (P3HT) a popular low band gap polymer, has been sub-
ject of extensive study using these techniques.

Among different, synchrotron characterization methods at the shallow incident angle
such as grazing incidence wide-angle X-ray scattering (GIWAXS) or grazing incidence
X-ray diffraction/scattering (GIXD/GIXS) have been established as effective tools for
exploring these fundamental aspects in organic thin films and organic devices [21, 22].
Despite significant progress has been made in correlating the structure and device func-
tionality of conjugated organic systems, a comprehensive understanding remains elusive.
For instance, GIXD analysis of P3HT films revealed moderate structural changes in the

out-of-plane (h00) series under linear current conditions up to 20 V, while a dramatic
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reduction in the structural order was observed in the non-linear current regime at higher
voltages [23, 24]. Phase transitions in thin oligothiophene films have been explored
through combined electrical measurements and in situ X-ray diffraction [25]. In another
study, the correlations between ordering, phase transitions, and charge transport were
investigated in thin a,o-dihexyl-quarterthiophene films using combined structural and
electrical in-situ investigations [26]. These studies underscore the need for an improved
understanding of the relationship between microstructure and electronic properties to
enhance the performance of organic electronic devices.

The impact of nanoscale structural changes on the material performances has been
demonstrated in real-sized in-operando OFETs based on P3HT films, where spatially
resolved structural changes were observed during operation [27, 28]. In addition to
GIXD, other in-situ and in operando techniques have been applied to study these mate-
rials, such as X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectros-
copy (XPS), providing insights into the local chemical environment and electronic states
during device operation [29, 30]. In-situ Raman spectroscopy has also been used to
monitor molecular vibrations and charge transport dynamics under applied bias, shed-
ding light on how the molecular packing and interactions evolve under different elec-
trical stress [31]. Furthermore, in operando electron microscopy techniques, including
scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
allow for real-time imaging of device morphology changes at the nanoscale during oper-
ation [32, 33]. Recently, we developed a new setup for in-operando probing of OFETs,
which enables the observation of microstructural changes in real-time, revealing local-
scale modifications within working organic transistors [34]. These advanced in-situ and
in operando methods offer crucial insights into the dynamics of organic materials under
real operating conditions and are essential for advancing the design and optimization of
next-generation organic electronic devices.

In this paper spatially resolved GIWAXS studies combined with electrical mea-
surements are presented. In operando studies have been carried out on DH5T oligo-
thiophene thin films deposited on single channel OFETs. This approach provides a
simultaneous structural and electrical characterization at the nanoscale of the local
parameters that influence the microstructure and, in turn, the electrical performance of
thin semiconducting films.

2 Experimental part

2.1 Sample preparation

The OFET testbeds (gold on silicon field-effect transistor substrates) with 20 devices
on a single chip were purchased from Ossila Limited, Sheffield, United Kingdom. A
Keithley 2612A dual-channel source meter was used to source and measure current
at applied Vg, voltage in the range+10 V and fixed Vg of—10 V. The 5,5"""'-dihexyl-
2,2":5',2"":5",2""":5""" 2" -quinquethiophene (DH5T) oligothiophene [14] thin layer was
thermally evaporated in a vacuum deposition chamber under high vacuum at 10~® mbar
with the evaporation rate of 0.2 A/s at the 60 °C [35]. The substrate temperature was con-
trolled by thermocouple integrated in the system and thin film thickness of 89 nm was
determination using X-ray reflectivity. A solution of DH5T in toluene with the concen-
tration of 0.3 mg mL™ was used for both ex-situ and in situ studies. The solution was
stirred for half an hour at the temperature of around 50 °C. Silicon wafers with thermally
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grown 300 nm silicon dioxide were cut into plates of two different sizes: 10 x 10 mm? and
18 x 18 mm?. Smaller substrates were used for ex-situ studies. Electric gold electrodes
(around 80 nm thick) with a chromium adhesion layer of about 5 nm were thermally
evaporated onto 18x18 mm? substrates. Gold electrodes were evaporated with the
channel length of 1 mm using a shadow mask.

2.2 Synchrotron experiments

In-operando GIWAXS structural characterization of the DH5T oligothiophene thin
films-based transistor was performed at Nanofocus Endstation of P03 beamline at
PETRA III Synchrotron, DESY (Hamburg, Germany) [36]. The experiment was per-
formed with monochromatic X-ray beam with photonic energy of 16.98 keV. X-ray beam
was focused down to 300 nm? by Kirkpatrick—Baez mirrors from JTEC. The measure-
ments were performed in grazing geometry under shallow X-ray striking beam with
controlled penetration depth. Scattered signal was recorded by CCD type Photonic
Science area detector with pixel size of 62 x 62 um? and dimension of 2940 x 2940 pix-
els? installed on distance 317 mm from a sample position. Two-dimensional scattering
patterns were integrated into 1-dimensinal profiles with the use of software packages of
DPDAK [37] and self-developed MATLAB routine.

3 Results and discussion

A deep understanding of charge transport processes in organic semiconductors is of
fundamental importance and examining the local structure under operating conditions
shields light on their real time behaviour. In weakly scattering organic thin films, struc-
tural information is typically averaged across the entire film. Considering the OFET
device architecture, the channel length is usually several orders of magnitude smaller
than the width, typically ranging from a few microns to a few tens of microns. Therefore,
sub-micron resolution is required to accurately characterize the microstructure across
the conductive channels. To achieve this, nanobeam GIWAXS studies are combined
with a multimeter to source and measure current and voltage on the oligothiophene thin
film. This combined approach provides fundamental insight into the molecular-level
structural features, the arrangement of organic chains, and the correlation with the elec-
trical response of the conductive system.

Figure 1A illustrates the miniature setup used for in-operando GIWAXS character-
ization and local scale probing of DH5T-based OFET devices. The setup allows precise
positioning of any transistors in the testbed. Source and drain electrodes are connected
to Keithley digital multimeter via two adjustable gold electrodes. This configuration

Fig. 1 A OFETs probing setup and B schematic sketch of DH5T in-operando characterizations
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enabled to record the real-time current—voltage characteristics as schematically shown
in Fig. 1B, during the in-operando characterization of the device.

The GIWAXS technique was used to observe changes in the microstructure of DH5T
oligothiophene under externally applied voltages. By combining a synchrotron beam
with an energy of 16.98 keV and large-area detector, the measures cover regions up to
3 A7l in reciprocal space in both directions in-plane and out-of-plane (i.e. parallel and
perpendicular to the device surface). Due to the grazing incidence geometry with shal-
low incident angle, the beam footprint of 450 um in direction along the striking beam
covers entire transistor channel (Fig. 1B). In the perpendicular direction, the beam size
is 300 nm providing high spatial resolution during lateral scans. All diffraction patterns
were collected for 20 s per image, striking a balance between obtaining an intense signal
and minimizing radiation damage. Spatially resolved scans through entire OFET channel
were measured at initial stage, under voltage conditions and when voltage was released.
GIWAXS measurements were performed at P03 Nanofocus Endstation, PETRA III
(DESY, Hamburg).

Experimental scattering pattern recorded at the initial stage of the in-operando experi-
ment is shown in Fig. 2A. The pattern presented is recorded at the geometrical middle of
OFET conductive channel at the incident angle of 0.045° degree.

The GIWAXS pattern shown in Fig. 2A corresponds to a monoclinic cell, where the
molecules are found to be inclined with respect to a fully upright position along the m—mn
stacking direction [14]. The multilayer structure exhibited a surface morphology, which
clearly reveals molecular monolayer terraces with an average thickness of 89 nm. For
further analysis we have chosen two (001) and (020) peaks associated with long molecu-
lar axes and the m—m stacking. For both directions we compared the initial line profiles
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Fig.2 AThe GIWAXS pattern of DH5T thin film; B the in-plane line profiles before (blue) and after (red) the working
cycle; C the out-of-plane line profiles before (blue) and after (red) the working cycle



Grigorian et al. Discover Nano (2025) 20:138 Page 6 of 10

(blue) with the profiles (red) after the working cycle with-2 V,-5V and - 10 V applied
voltages (see Fig. 2B). The in-plane line profiles revealed substantial changes of the n—mn
stacking with expansion of the (020) interplanar distances and broadening of the Full
width at half maximum (FWHM). At this point, it should be mentioned that the mea-
surement of X-ray damage did not reveal any structural worsening due to X-ray irra-
diation. At the same time, the out-of-plane peak is stable after device operation without
changes of the interplanar distances and marginal broadening of the peak (Fig. 2C).

Further on, we analysed the m—m stacking behaviour with local resolution along the
conducting channel. Starting and finishing at lateral positions on the gold electrodes we
scanned within the steps size of 300 nm including whole conductive channel of 15 um
(see Fig. 3). When-10 V voltage was applied, an average tensile strain of 1.3% was
found. Spatially resolved measurements revealed a local variation of the tensile strain
across the whole conductive channel shown in Fig. 3 as a function of the applied volt-
ages. Interestingly, a local strain variation is observed along the channel, being present
with up to 0.2% tensile strain even in the initial state before the device application (Fig. 3,
blue curve). At the low voltages of - 2 V, this variation is still visible, however it's vanish-
ing upon increasing of the applied voltage. The accuracy of the measurements is in the
order of 107%, indicating that the observed effect is real and represents residual strains,
even at the initial stage. This highlights the advantage of using a nanobeam, as it enables
the resolution of such small effects.

A more comprehensive understanding of the working device behaviour can be gleaned
through an analysis of the average lattice strain observed at each voltage step, incorporat-
ing data from the electrodes and the channel with high-resolution precision. It is notable
that the deviation of the d-spacing, as directly measured in the experiment, surpasses
the values depicted solely for the channels in Fig. 3. These fluctuations are elucidated in
Fig. 4, accompanied by corresponding error bars. Despite the apparent elevation of the
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Fig. 3 Lattice strain for in-plane profiles along the measured channel in a pristine state (blue curve) and under the
applied voltages of —2,—5 and — 10 Vg, (red, green and magenta curves; respectively)
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Fig. 4 Left: Schematic representation of the initial DH5T arrangement and under a Vg and Vs, voltages of =10 V;
Right: Lattice strain provoked by externally applied Vsp, voltage for in-plane (red) and out-of-plane (blue) directions
before the voltage was applied, under—2,—5 and— 10V and after the voltage was released

lattice strain values, it is imperative to emphasize the precision achieved, measured in
Angstrom units, which necessitates the utilization of nanoscale X-ray beams.

The sketch in Fig. 4, left schematically illustrated an initial arrangement of DH5T mol-
ecules and under the highest applied V¢, voltage of — 10 V for in-plane and out-of-plane
directions. In Fig. 4, right both lattice directions are compared here (in-plane and out-
of-plane) for the operating device at the different Vg, voltages and fixed Vg of—10 V.
Initially the system is unstrained with the position “Before” for both directions. Further
on a clear tendency is observed: the higher level of the applied Vg, voltage coincides well
with the expansion of in-plane n—mn stacking. The lattice behaviour at the given Vg, value
can be directly correlated with of current—voltage characteristics of the OFET (magenta
filled circles).

In general, a higher stability in the out-of-plane direction with minor changes was
found at all the applied voltages and after the device operation. From another point of
view, the m—m stacking in the in-plane direction is proved to be more sensitive to applied
voltages with a monotonous increase of the tensile strain and the maximal strain of 1.3%
at—10 V. These changes are partially irreversible after a device cycle with remaining ten-
sile strain of about 1% for m—m stacking. It should be noted here that the reduction of
the applied voltages favours better performance of the OFET devices considering that
significant progress has been made in lowering the operation power consumption of the
OFETs [38].

Devices based on organic semiconductors thin films have been widely studied to
investigate the role of molecular packing, grain boundaries, defects and morphology on
the charge transport phenomena [39]. For instance, the structural evolution of penta-
cene thin films was studied during device operation, highlighting the correlation under
measured conditions of molecular reorientation with strain upon bias stress [40]. In
our case, the partial irreversibility of the in-plane m—m stacking strain—evidenced by a
residual tensile strain of approximately 1% after the voltage was released—suggests that
structural fatigue may occur in the active layer during device operation. Such residual
strain, while not directly quantified in terms of electrical performance in this study, may
contribute to long-term device instability, including threshold voltage drift, hysteresis,
or reduced mobility. This is consistent with previous reports that associate accumulated
mechanical deformation in organic semiconductors with the formation of charge traps
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and mobility degradation. While our current data do not directly measure hysteresis or
performance decay, these results underline the importance of minimizing mechanical
strain—through materials design or voltage scaling—to enhance device lifetime. Whitin
the limits of the present study, i.e. the choice of a single molecule, the voltage range, or
spatial resolution constraints, these measurements allow us to observe the structural fea-
tures with a resolution up to a few hundred nm. A particular advantage of the proposed
approach is direct probing of the local scale structural changes and correlating with the
working device performances. This approach is fundamental as a detailed simultaneous
structural and electrical characterization of thin films at the molecular level can also be

performed on the molecules with different backbone or end-cap substitutions.

4 Conclusions

The in-operando approach presented in this work enables detailed microstructural
characterization of the o,o'-dihexyl-quinquethiophene based OFETs, providing a cor-
relation between the local structure of the conjugated oligomer and the device perfor-
mance. A strong directional anisotropy in both in-plane and out-of-plane directions of
the working OFET was observed. The out-of-plane direction remained nearly stable dur-
ing the device operation by varying applied voltages. In contrast, the m—m stacking in
the in-plane direction expanded under the applied voltages. The higher tensile strain of
about 1.3% was observed upon applying - 10 V. Afterwards, releasing the applied volt-
age, partially reversible microstructural changes were observed. These findings are sig-
nificant, as the detailed microstructural and simultaneous electrical characterization
of thin films at the molecular level can be applied to different molecular backbone or
end-substitutions. A comprehensive study of the microstructural parameters that influ-
ence the stability of organic semiconductor materials, along with a detailed analysis of
their relationship to electrical performance, is critical for advancing the understanding
of material behaviour. This integrated approach allows researchers to identify the key
drivers of functionality and performance. By establishing these key links, it becomes
possible to develop a systematic and strategic framework for designing advanced organic
semiconductor materials with improved performance. Such progress is poised to drive
significant breakthroughs in technologies like flexible electronics, photovoltaics, and
next-generation transistors, accelerating innovation in the field of organic electronics.
In summary, in-operando characterization demonstrated an important role in revealing
the structure-property relationships of semiconducting oligomer thin films, enabling the
direct observation of changes during device operation. These findings have important
implications for the future design and optimization of organic field-effect transistors.
By enabling real-time, spatially resolved observation of microstructural changes under
operational conditions, our operando methodology provides a powerful diagnostic tool
for identifying structural features that influence charge transport and device stability.
This capability can inform the selection of molecular architectures and processing con-
ditions that minimize strain-induced degradation, enhance charge mobility, and reduce
operating voltages. Ultimately, such insights are critical for guiding the development of
more reliable, efficient, and scalable organic electronic devices for applications in flexible

electronics, sensors, and low-power circuits.
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