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Mechanical Deformation Effects on Flexible Thin Film
Transistors: A Comparison Between
6,13-Bis(Triisopropylsilylethynyl)Pentacene and N,N′-Bis-(2-
Ethylhexyl)-1,7-Dicyanoperylene-3,4:9,10-bis(Dicarboximide)
Derivatives

A. Mascia,* M. Concas, E. Podda, G. Casula, S. Lai, and P. Cosseddu*

In this work, the investigation of the surface strain-induced electrical changes
in two commonly employed solution-processable organic semiconductors,
i.e., 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-Pentacene) and
N,N′-bis-(2-ethylhexyl)−1,7-dicyanoperylene-3,4:9,10-bis(dicarboximide)
(N1400), is reported. A detailed electromechanical characterization of two sets
of flexible organic field-effect transistors is performed, clearly demonstrating
that both systems are affected by mechanical deformation in terms of
electrical performance. However, the N1400 system shows a much more
stable and reproducible response, even after continuous mechanical stress.
XRD and AFM analysis demonstrate that such difference is mainly related to
the changes induced on the two thin film morphology by the applied
deformations.

1. Introduction

Organic conjugated molecules have gained considerable atten-
tion in the past decades, allowing for the fabrication of low-cost
and light weighted devices on flexible plastic substrates, and usu-
ally with cost-efficient technologies, opening an entirely newmar-
ket segment.[1–5] Organic field-effect transistors (OFETs) are rec-
ognized as key tools/building blocks for the implementation of
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electronic logic circuits[6,7] and have been
intensively studied and employed for
many applications, such as displays,
smart tags, and sensors.[8–12] Aside from
the cost efficiency of the fabrication pro-
cedures, flexibility represents one of the
main advantages of this new technol-
ogy. In fact, the possibility of adapting
the fabricated devices on different kinds
of deformable, flexible, and stretchable
substrates, is a peculiar characteristic of
such organic materials that pave the way
for various application scenarios. How-
ever, for the fabrication of flexible elec-
tronic systems, it is mandatory that all de-
vices must be able to withstand mechan-
ical deformations without experiencing a

degradation/variation of their electronic properties. Therefore,
the effect of mechanical deformation on the device’s character-
istics is a highly discussed topic. For these reasons, several stud-
ies have been performed over the past years in order to better
understand the electromechanical behavior of flexible electronic
devices.[13–17]

As a matter of fact, it has been found that the performances
of organic semiconductor-based devices are generally severely af-
fected by mechanical deformation,[18–22] however, the effect of
mechanical deformation on the electrical behavior of organic
semiconductor-based devices can be dominated by many differ-
ent details. The intrinsic properties of the employed semiconduc-
tor, the morphological properties of the deposited films, and also
the overall structure and geometry of the fabricated devices. In
particular, the surface strain induced on the active layer usually
gives rise to deformation in the morphology of the deposited ac-
tive layer. As hopping transport in such systems is strongly re-
lated to the morphological features, this effect is generally trans-
lated into a pronounced variation in hopping transport and mo-
bility, leading to influence the output current of the devices. Such
dependence strongly varies for different organic semiconductor
small molecules. In general when long polymeric molecules are
used, which generally give rise to very small crystal domains in
the active layer,[22,23] this effect is less pronounced. When sys-
tems based on larger crystallites are employed, generally based
on small molecules, the effect is much more evident. However,
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Figure 1. Schematic representation of the a) OFET with the employed materials and b) of the experimental set up employed for the electromechanical
characterization.

it was also demonstrated that even by using the same small
molecules, and properly tuning the initial morphological prop-
erties (i.e., average grain dimensions), it is possible to modulate
the response of such devices to deformation, a clear indication
that the morphology plays a fundaments role in this process.
More than this, it was also found that sensitivity to surface

strain is typically reproducible and recoverable over a certain
range of mechanical deformation,[23] this feature was exploited
in the fabrication of OFET-based mechanical sensors.[24–26] How-
ever, in most cases, when deformations exceed 1–1.5% of surface
strain, depending on the employed device structure, and semi-
conductor molecule, an irreversible behavior regime is reached,
meaning that these devices cannot be employed in applications
that foreseen deformations larger than such critical value.
On the other hand, there are also many applications where

such mechanical sensitivity is undesirable because the devices
have to be unaffected by applied stimuli and therefore operate
normally even during mechanical deformation. For all these rea-
sons, the study of the mechanical properties of organic semicon-
ductors is of crucial importance to satisfy the different require-
ments of these applications.
In this paper, the effect of mechanical deformation in the per-

formances of OFETs based on two different small molecules,
namely 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS pen-
tacene, from now on TIPS-PEN) and N,N′-bis-(2-ethylhexyl)−1,7-
dicyanoperylene-3,4:9,10-bis(dicarboximide) derivative (N1400),
is discussed.
In fact, TIPS-PEN is a widely employed semiconductor, gen-

erally chosen because it can be very easily processed from solu-
tion by using drop-casting process. N1400 represents one of the
few solution-processable n-type organic molecules with demon-
strated high stability in air. This point makes such molecular sys-
tem very interesting for the development of low-cost, long last-
ing flexible electronic systems, even if such molecule is gener-
ally characterized by a smaller mobility. In this study, a thorough
electromechanical characterization is presented, showing the ef-
fect of mechanical deformation on the most representative elec-
trical parameters, such as charge carrier mobility and threshold
voltage. Moreover, we have also performed fatigue tests on both
systems that gave rise to a very interesting different behavior. The
results will be discussed on the basis of morphological and struc-

tural characteristics derived by atomic force microscopy (AFM)
and X-ray diffraction (XRD).

2. Experimental Section

All the measured devices were fabricated using a bottom
gate bottom contact structure reported in Figure 1a. Starting
from a flexible polyethylene terephthalate (PET, thickness
d = 175 μm) a gold gate electrode was realized by means of
thermal evaporation through a shadow mask. After that, a
1.5 μm thick Parylene C (Specialty Coating Systems) film,
which will act as the gate dielectric, was deposited by Chemical
Vapor Deposition (CVD). A gold source and drain electrodes
were fabricated by thermal evaporation and patterned by a
standard photolithographic process, using an interdigitated
structure (W/L = 1200). As organic semiconductors (OSCs)
the 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-PEN)
and the N,N′-bis-(2-ethylhexyl)−1,7-dicyanoperylene-3,4:9,10-
bis(dicarboximide) derivative (N1400) were employed. In
particular, for preparing the TIPS-PEN based devices a 0.5
wt.% solution using toluene was employed, while a 1 wt.%
solution in 1,2 dichlorobenzene was used for the N1400-based
transistors. All the devices were fabricated in ambient condi-
tions. TIPS-PEN was deposited by drop casting the solution
directly on the interdigitated structure, keeping the substrate at
a constant temperature of 80 °C during the deposition, while
N1400 was deposited by spin coating (60 ss at 1500 rpm). For
both an annealing step (30 min at 80 °C) was carried out after
the deposition.
Both electrical and electromechanical characterization were

carried out at room temperature in ambient conditions using an
Agilent HP 4155 Semiconductor Parameter Analyzer, provided
with gold tips for contacting the electrodes. For electromechani-
cal characterization, the connection of the device was realized by
gluing a thin copper wire, with an average diameter ≈150 μm,
onto the transistor terminals by using a silver paste. It is impor-
tant to underline that, in order to be sure that this part of the
device does not influence the electrical behavior of the devices
during deformation, wires have been glued in an area that is not
going to be deformed during the electromechanical tests.
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Figure 2. Output and Transfer characteristics obtained from a,b) TIPS-PEN, and c,d) N1400 based OFETs.

Figure 1b reports the experimental setup employed for the
electro-mechanical characterization. The device was placed be-
tween two armatures, one of these two is fixed, whereas the sec-
ond can be finely moved by means of an adjusting screw. The
bending radius has been accurately estimated in order to obtain
the corresponding surface strain value. Taking into account that,
for uniaxial deformations and device thickness negligible with re-
spect to the substrate thickness, the surface strain 𝜖 is defined as
𝜀 = d

2R
, where d is the substrate thickness and R is the bending

radius. For all the characterized set of devices, the surface strain
varied from 0.1% up to 4.5%.

3. Results and Discussion

3.1. OFETs Electrical Characterization

The typical output (a,c) and transfer (b,d) characteristic curves of
the fabricated devices are reported in Figure 2. For all devices,
both mobility and threshold voltage were derived from the trans-
fer characteristics in the saturation regime; average values and
1-𝜎 tolerance bands for these parameters are reported in Table 1.
Since the hysteresis was negligible for all devices, mobility and
threshold voltage have the same value both in forward and back-
ward gate voltage sweep.

Table 1. Comparison of the most meaningful electrical parameters for the
two sets of OFETs, where N represents the number of devices that under-
went a full electromechanical characterization.

OSC Mobility [cm2 Vs−1] VT [V]

TIPS-PEN (N = 5) 7·10−2 ± 6·10−2 38 ± 20

N1400
(N = 5)

3·10−3 ± 1·10−3 3.4 ± 1.3

3.2. OFETs Electromechanical Characterization

The electromechanical testing procedure was performed as fol-
lows. At first, the device was characterized in flat conditions, af-
terward it was bent at a certain radius and the transfer curves
were recorded during the mechanical deformation. At the end
of this measurement, the device was placed back to the flat con-
dition and its transfer curve was measured one more time. In
this way, i) mechanical deformation-induced changes in figure
of merit such as output current, mobility, and threshold voltage,
and ii) reversibility of devices’ electrical behavior after deforma-
tion were evaluated. The relative current and mobility variations
are measured with respect to the transfer curve measured right
before the considered deformation. Moreover, for each bending
radius the measurement was repeated at least three time (always
passing from the flat state), tomake a statistical analysis. For both
N1400 and TIPS-PEN, a set of five samples have been character-
ized, in order to evaluate the average behavior of different transis-
tors. Representative examples of the behavior of TIPS-PEN and
N1400-based devices is reported in terms of transfer characteris-
tics curves in Figure 3. It is possible to notice that bending, in-
ducing a surface strain on the device active layer, leads to a vis-
ible reduction of the transistor output current in both kinds of
devices.
As previously introduced, similar behavior was al-

ready observed on different organic semiconductor-based
transistors,[19,21,23] and more recently we have reported a detailed
analysis of the influence of mechanical deformation on TIPS-
PEN based devices,[27,28] which is taken as a benchmark for this
work. The average results are presented in Figure 4, where the
evolution of the most meaningful electrical parameters versus
the applied surface strain is reported, i.e., relative output current
variation, relative mobility variation, and threshold voltage
variation. Sensitivity in terms of current variation is reported
as ΔID/ID0 = (Ibent-I0)/I0, being Ibent and I0 the current values
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Figure 3. Transfer characteristics recorded before and during mechanical deformation at different bending radii on a) TIPS-PEN- and b) N1400- based
OFETs.

recorded in the bent and flat state, respectively. Similarly, sen-
sitivity calculated in terms of mobility is Δμ/μ0 = (μbent-μ0)/μ0,
being μbent and μ0 mobility values in the bent and flat state
respectively. As regards threshold voltage sensitivity, an absolute
variation ΔVth = Vthbent−Vth0 is considered. In the latter, Vthbent
and Vth0 are threshold voltage values calculated in the bent and
flat state, respectively.
It can be clearly observed that applying a surface strain induces

a very reproducible effect in all the fabricated devices, as can be

observed from the limited error bars reported in the graph. In all
cases, a reduction of the output current was observed in both the
investigated systems.
At this point several observations can be drawn. First of all, cur-

rent reduction can be related to a corresponding mobility reduc-
tion observed in all the characterized devices. It can be also ob-
served that in the two systems, the applied surface strain induces
a small, but visible, variation (increase in its absolute value) of
the transistor’s threshold voltage. Both reported effects, concur

Figure 4. Relative variation of the output current and mobility and variation of the threshold voltage in a–c) TIPS-PEN and d–f) N1400 OFETs.
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Figure 5. Fatigue tests performed on a) TIPS-PEN and b) N1400 based devices, by applying a deformation of 0.8% several times. It can be clearly noticed
that TIPS-PEN based devices show a much more pronounced degradation upon cycling tests, even if performed under the defined critical strain value.
On the contrary, N1400 devices show a much more pronounced stability.

in the overall decrease of the transistors output current during
mechanical deformation.
Notably, when strain is kept below 1.5%, the device’s behav-

ior is fully reversible, and the device output current recovers to
its initial state as soon as the deformation is removed. On the
contrary, when deformations inducing strain values larger than
1.5% are applied, the device behavior is no longer reversible,
indicating that the device structure is irreversibly damaged. In
previous works, such effect has been reported to be dependent
on cracks formation in the source and drain electrodes.[20] For
such reasons, the following electrical characterization has been
performed within the reversibility range and were aimed at eval-
uating the effects caused by fatigue on both types of devices. The
fatigue tests consisted of bending cycles that were performed by
measuring output current values first in flat conditions and sub-
sequently by applying a surface strain of 0.8% for a certain num-
ber of times. After each bending cycle, a new transfer curve was
measured in flat conditions and compared to the previous one.
As can be clearly observed from the plots reported in Figure 5,

the two systems gave rise to a very different response to fatigue.
Even if these experiments were performedwithin the reversibility
range, TIPS-PEN based transistors are severely affected by such
fatigue tests. It can be clearly observed that after 200 cycles the de-

vice’s output current is reduced by almost 50%. This is correlated
to a reduction of carrier mobility and an increase in the threshold
voltage, which is permanent.
On the contrary, N1400 devices are characterized by a much

better response, as the average current and mobility reduction
after a prolongated cycling test is ≈10%.

3.3. XRD and AFM Analysis

In order to shed some light on the observed phenomenon, a
structural and morphological investigation of the deformed thin
films was carried out. XRD analyses were carried out on thin
films of both N1400 and TIPS-PEN devices and are summarized
in Figure 6a,b, respectively. The XRD pattern of the PET-based
polymeric substrate in the angular range 3–35 °(2𝜃) strongly re-
flects its nature featuring four broad peaks at 2𝜃 = 13.8°, 15.6°,
23.8°, and 26.8°, respectively, with the latter being the most in-
tense.
The presence of the crystalline organic semiconductor in

N1400-based devices is reflected on the XRD patterns with an
additional broad peak (Figure 6a) that corresponds to the (001)
diffraction of the triclinic phase elucidated by means of ab-
initio X-ray methods.[29] The XRD patterns collected on the same

Figure 6. X-ray diffraction analyses on a) N1400 and b) TIPS-PEN devices before (black dots) and after 100 bending cycles at R = 1.6 cm (blue squares)
and after additional 100 bending cycles at R = 0.8 cm (red triangles).
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Figure 7. AFM images relative to TIPS-PEN film a) before bending and b) after bending, where cracks are clearly visible, and N1400 c) before bending
and d) after bending where there is no evident crack in the structure.

device after 100 bending cycles at R = 1.6 cm and after addi-
tional 100 bending cycles at R = 0.8 cm (Figure 6a) showed neg-
ligible variations suggesting the preservation of its crystal struc-
ture. Similarly, the XRD analyses performed on TIPS-PEN de-
vices (Figure 6b) before and after the bending cycles showed three
sharp peaks at 2𝜃 = 5.3°, 10.6°, and 16.0° in agreement with what
was reported in the literature.[30,31] Peak profiles and intensities
are barely affected by the bending cycles of thin films and clearly
indicate that such deformations do not induce an irreversible
change in the crystal structure of the deposited thin films.
To achieve a deeper understanding of the morphological fea-

tures, AFM imagingwas carried out, revealing a significant differ-
ence in the two deposited films, as shown in Figure 7. TIPS-PEN
films, as previously reported in the literature,[27] are characterized
by very large crystallites, whereas N1400 thin films are character-
ized by a much more pronounced polycrystalline structure, with
crystallite dimensions generally ranging ≈200 nm.
When a severe deformation is applied to the two films, the

effect on the morphology is significantly different. When a sur-
face strain close to 1% is applied, cracks start to be formed in the
TIPS-PEN crystallites, becoming much more pronounced for re-
peated deformations. This effect is clearly visible in Figure 7b, re-
porting the morphology of a TIPS-PEN thin film after 200 cycles
of deformations at 0.8% of strain. We assume that such perma-
nent degradation of the active layer morphology is responsible
for the permanent changes in the electrical behavior observed in
the reported samples. These findings seem to be in good agree-
ment with what was already reported by Cramer et al.[27] On the
contrary, N1400 thin film seems to give rise to a much more ro-

bust and elastic structure. In fact, no significant changes in the
polycrystalline film can be observed. This effect can be clearly
explained by considering the high concentration of grain bound-
aries present in the polycrystalline film, which are capable to ac-
commodate such surface strain, giving the overall film a more
elastic behavior, which was not observed in the TIPS-PEN films.
Therefore, it is possible to conclude that such irreversible mor-
phological damages in the latter system, even if they do not bring
to a complete failure of the device, yet lead to a permanent de-
crease of their performances, which was not observed in the
N1400 based OFETs, which are thus characterized by a much
more robust morphology.

4. Conclusion

In this paper, the effect of mechanical deformation on two com-
monly employed organic semiconductor-based transistors was
investigated. The obtained results demonstrate that device perfor-
mances are affected by mechanical deformation due to a reduc-
tion of the carrier mobility and threshold voltage shift induced
by the applied surface strain. This behavior was found to be lin-
ear and reproducible for deformations below 1%, indicating that
such devices can potentially be employed for the fabrication of
flexible strain sensors.
However, under continuous and cyclic deformation, even at

low strain levels, the two systems give rise to markedly different
mechanical behavior; particularly, TIPS-PEN-based OFETs show
irreversible changes, whereas N1400-based devices maintain
highly reproducible performance, making the latter a promising
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candidate for long-lasting, flexible mechanical sensors and elec-
tronic circuits.
The correlation between structural, morphological, and elec-

tromechanical characterizations demonstrated that a continuous
mechanical deformation does not alter the polycrystalline struc-
ture in either system. However, in TIPS-PEN-based devices, the
deformation affects the morphology of the thin films, which
likely contributes to the reduced reproducibility of their electri-
cal behaviours. In contrast, the chemical structure of the N1400
offers greater stability under deformation, leading to more con-
sistent performance.

5. Experimental Section
Device Fabrication: All the devices were fabricated on a polyethylene

terephthalate (PET, thickness d = 175 μm, Goodfellow) substrate that was
carefully cleaned by sonication in acetone, isopropanol, and deionized wa-
ter. At first, a gold gate electrode was realized by means of thermal evap-
oration through a shadow mask. After that, as a gate dielectric layer, a
1.5 μm thick Parylene C (Specialty Coating Systems) film was deposited
by chemical vapor deposition (CVD). Gold source and drain electrodes
were patterned by a standard photolithographic process, using an interdig-
itated structure (W/L = 1200). 6,13-bis(triisopropylsilylethynyl)pentacene
(TIPS-PEN, Sigma–Andrich, Merck KGaA, Germany) and N,N′-bis-
(2-ethylhexyl)−1,7-dicyanoperylene-3,4:9,10-bis(dicarboximide) derivative
(ActivInk N140, Polyera Corporation, Flex Terra Corp, United States) were
employed as organic semiconductors (OSCs). In particular, 0.5 wt.% solu-
tion using toluene (Sigma–Aldrich, Merck KGaA, Germany) was employed
for preparing the TIPS-PEN based devices, while a 1 wt.% solution in
1,2 dichlorobenzene (Sigma–Aldrich, Merck KGaA, Germany) was used
for the N1400-based transistors. Organic semiconductor deposition was
performed in ambient conditions for all the fabricated devices. TIPS-PEN
was deposited by drop casting the solution directly on the interdigitated
structure, keeping the substrate at a constant temperature of 80 °C dur-
ing the deposition, while N1400 was deposited by spin coating (60 s s at
1500 rpm). For both an annealing step (30 min at 80 °C) was carried out
after the deposition.

AFM Characterization: AFM measurements were obtained by means
of a SPM SOLVER PRO by NT-MDT in semi-contact mode using NT-MDT
NSG01 tips.

XRD Characterization: XRD measurements were carried out at room
temperature on a Bruker D8 Advance diffractometer using Cu K𝛼 radia-
tion (40 kV, 40 mA) and a LYNXEYE XE-T detector operating in 1D high-
resolution mode. Samples were placed on a UMC motorized stage, and
the correct sample height was determined by means of a Z-scan. A Motor-
ized Air Scatter Screen (MASS) was kept at a distance of 1 mm from the
sample surface during data collection. XRD data were collected between 3
and 35° (2𝜃) using Soller slits (2.5°) on both primary and secondary sides,
a 0.01 mm divergence slit, and a step size of 0.02°.
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