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Lateral photoresistor as a versatile device platform
for stability assessment of organic semiconductors
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We address the challenge of the reliable stability assessment
of organic semiconductors and propose a solution based on
the application of a very simple lateral photoresistor device
structure as a versatile test platform. The device, which
consists of the semiconductor films deposited on the laser-
patterned electrodes, could be exposed to different stress
factors, and the evolution of the electrical characteristics of
the active material (basically, its ability to transport charges)
can be monitored using current-voltage measurements
under steady-state or dynamic light exposure. This approach
has been successfully applied to evaluate the radiation
hardness and the UV light photostability of a model set of
conjugated polymers.
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Organic electronics is rapidly developing nowadays and
represents a highly promising technology with many
commercialized products.’? This includes organic field-effect
transistors (OFETs) and electronic circuits,>* electronic
textiles,>® organic solar cells,” organic light-emitting diodes and
the associated mainstream technology of OLED displays,?
bioelectronics,” different types of wearable sensors,'®!! and
even artificial retinas.'?-14 All these exciting applications rely on
specific organic semiconductors with tailorable optoelectronic
and physicochemical properties.!> The closer we come to the
commercial products based on organic electronics, the more
important the enhancement of the operational stability of the
corresponding devices and, hence, the intrinsic stability of the
used semiconductor materials becomes.'®!” This problem is
quite severe for organic solar cells,'®!° blue OLEDs,?° OFETs,?!
sensor platforms®? and basically all other components.

Therefore, some simple testing platform relevant to the
material operation regime in the final device has to be developed.
Herein, we address this challenge and present the lateral
photoresistor device geometry [Figure 1(a)] as a universal
solution for the stability assessment of organic semiconductors
under exposure to UV light, ionizing radiation, and potentially
many other stress factors.

We have been long pursuing the problem of the investigation
of intrinsic photostability of organic and hybrid semiconductors,
which is important for stability enhancement in organic solar
cells.?3-28 In that context, we were seeking a device architecture
that should satistfy three basic requirements: (1) the device
degradation must be directly related to the semiconductor
material degradation; (2) the device degradation must be the
least dependent on the electrode/material interface behavior; and
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(3) tested material should be exposed on the surface for direct
contact with the stress factor, such as, e.g., UV light. As an
illustration, bottom-gate top-contact OFET geometry would not
satisfy these criteria since the electrical characteristics of such a
device depend mostly on the interface between the semiconductor
and dielectric and are also strongly affected by the behavior of
the top contacts, e.g., metal ion diffusion. Vertical two-electrode
device geometry would not also be appropriate since the device
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Figure 1 (a) Layout of the lateral photoresistor device geometry and
(b) the schematic top-view representation showing the channel dimensions.
(c) 3D and 2D microscopy visualization of the channel produced in the ITO
electrode by YAG (1064 nm) laser scribing.
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degradation mostly depends on the top (and sometimes also
bottom) electrode material diffusion into the semiconductor,
whereas the tested material is not accessible, e.g., for UV light,
since even the transparent metal oxide electrodes are blocking
UV photons.

In view of these considerations, we proposed to use lateral
photoresistor device geometry for in situ or even operando
assessment of the electrical properties of the organic semiconductor
material during aging under exposure to different stress factors. It
is of notice, however, that such device geometry could be sensitive
to the extrinsic stress factors (e.g., oxygen or moisture), so all the
experiments have to be performed in the well-controlled
environment or using some appropriate encapsulation.

The device fabrication starts from the evaporation of a metal
film (usually gold) on the pre-cleaned glass substrates or using
commercial glass with the conductive indium tin oxide (ITO)
layer. Afterwards, the conductive layer of Au or ITO is patterned
by the laser scribing process to produce the desired electrode
geometry. In the simplest case, the electrodes can be rectangular-
shaped, as shown in [Figure 1(a),(b)], with the well-defined
channel length (in our case, L=50-70 um) and width
(W =2 mm). However, the interdigitated ‘finger-type’ geometry
can also be realized in order to increase the formal channel width
and the total current flowing through the channel during the
device operation. We found patterned ITO the most convenient
and reliable electrode platform for the investigation of organic
semiconductors, even though gold electrodes may be more
chemically inert with respect to organic materials. However,
some chelation-type interactions of gold with organic
semiconductors or even gold dissolution cannot be excluded.?”
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The standard ITO scribing process with the YAG laser (1064 nm)
can produce the 50-70 um wide channels as shown in Figure 1(c),
whereas the application of the UV laser (355 nm) under the
optimized scribing conditions could produce the channels
narrower than 20 um (see Online Supplementary Materials,
Figure S1). After the laser patterning, the electrodes are washed
again, dried, and then thin films of organic semiconductors are
spin-coated on top in inert atmosphere inside a nitrogen-filled
glove box to avoid material contamination and any kind of
ambient degradation.

Herein, we assessed the photostability of a series of conjugated
polymers P1-P15 with diketo pyrrolopyrrole units, which we
studied in detail using UV-VIS and PL spectroscopy previously.38
Samples P3HT and PCDTBT were used as the reference
benchmarks (Figure 2).

The electrical characteristics of the fabricated devices were
first measured by sweeping the voltage applied to the two device
terminals from —200 to 200V in the dark. Due to the high
resistance of the polymer films, the maximum dark currents
were in the range of 10—100 pA for pristine (non-aged) samples.
Such low current values challenged the investigation of the
device aging behavior since the conductivity of the materials is
expected to decay upon aging. However, the same devices
exhibited a few orders of magnitude higher currents under
exposure to the light provided by a 10 W white light-emitting
diode due to the well-known photoconductivity effect in organic
semiconductors. Therefore, we could follow the evolution of the
current—voltage (/-V) characteristics of the devices upon aging
under exposure to the hard UV light illumination (mercury
lamp, 254 nm, ~30 mW cm2). The overall scheme of the
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Figure 2 Molecular structures of the studied polymers P1-P15, P3HT, and PCDTBT.
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experiment is featured in Figure 3(a): basically, the samples
were repeatedly flipped between the UV aging (or gamma rays
aging) chamber and the measurement station, so each device
generated a set of electrical characteristics evolving with the
aging time.

It has been observed that the maximum current transported
through the channel of the devices was rapidly decaying upon an
increase in the UV light exposure time [Figure 3()]. This kind
of behavior is expectable since UV light breaks down the
conjugated bond system in the polymer backbone, which results
in deterioration of their semiconductor characteristics. In
addition to the steady-state measurements, valuable information
could be obtained from the transient photoresponse profiles to a
series of relatively long (5 s) light pulses. The magnitude of the
photoresponse signal is rapidly decaying after UV aging, which
confirms the degradation of the material characteristics. It should
also be noticed that UV light aging affects the shape of the
photoresponse signal: the rise and decay fronts become less
steep after short UV exposure (e.g., 0.5 h), which suggests the
accumulation of charge carriers in the photogenerated traps in
the device channel. However, severe degradation of the material
results in the opposite behavior, so the rise of the photoresponse
becomes steeper after 2.5h of aging. Similar behavior was
observed for all studied materials. Therefore, it seems that
additional information, e.g., characteristic time constants, could
be extracted from the obtained data after appropriate models and
analysis are introduced.

The same technique could also be applied to assess the
radiation hardness of organic semiconductors. Using devices
with two model polymers, P3HT and PCDTBT, we demonstrate
that the amplitude of their photoresponse is gradually decreasing
after exposure to different doses of ®°Co gamma rays [see
Figure 3(e),(f)]. It should be emphasized that both polymers
maintain their semiconductor properties even after exposure to
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the ultrahigh doses of 2 MGy, which makes a sharp contrast to
conventional inorganic semiconductors (e.g., silicon) that are
much more sensitive to the ionizing radiation. The obtained
results feature the potential of organic semiconductors in the
development of radiation-tolerant electronics.

Using the developed approach, we compared the UV light
hardness of the studied conjugated polymers P1-P15, P3HT and
PCDTBT. Figure 4(a) shows the evolution of the photoresponse
amplitude for the corresponding devices plotted as a function of
the aging time. By comparing the time dynamics of the
photoresponse, we can benchmark the photostability of the
tested active conjugated polymers (part b). One could notice that
devices comprised of PCDTBT thin films show very stable
operational behavior. However, the same or even better stability
has been demonstrated by conjugated polymers P13-P15, all
possessing extended TBTBT blocks composed of alternating
thiophene and benzothiadiazole units. Polymers P2, P3, and P10
demonstrated comparably good stability matching that of the
reference material P3HT. It is notable that P2 and P3 incorporate
thiophene and terthiophene X blocks in the molecular structure,
while P10 is loaded with a naphthalenediimide fragment, which
is well-known for its excellent stability. However, the lowest
stability was demonstrated by polymers P4-P6, which have
electron-deficient benzothiadiazole and benzoxadiazole X units,
as well as homopolymer P1. The obtained results suggest that for
achieving stable electrical performance of conjugated polymers
under UV light exposure, the parent diketo pyrrolopyrrole block
should be combined with the electron-rich (e.g., thiophenes in
P2-P3) or extended donor—acceptor push—pull (P13-P15)
conjugated systems. On the contrary, combining this block with
other electron-deficient units yields materials with low stability,
with the only exception being P10, which is stabilized by the
extended naphthalenediimide framework. It should be
emphasized that the revealed polymer structure—device stability
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Figure 3 (a) The schematic layout of the experiment with the loop of the sample aging and characterization sessions. (b) The evolution of the I-V
characteristics of the device based on P8 as a function of the UV aging time. (¢) The change in the dynamic photoresponse of the device based on the same
material to a series of 5 s light pulses under the constant bias of 200 V. (d) The zoomed signal rise and decay regions of the normalized photoresponse show
the effect of the aging on the corresponding time constants. (e), (f) The evolution of the dynamic photoresponse of the devices with thin films of P3HT (¢) and

PCDTBT (f) upon exposure to different doses of gamma rays.
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Figure 4 (a) The evolution of the normalized photoresponse of the devices
based on different polymer films as a function of the UV exposure time.
(b) Benchmarking conjugated polymers P1-P15 in terms of the stability of
their electrical properties under UV light exposure.

relationships are quite different from the correlations built based
on the optical UV-VIS and PL spectroscopy for the same group
of polymers.3® This finding confirms our hypothesis that a
similar evolution of optical properties of structurally distinct
organic semiconductor materials under UV light exposure can
cause dramatically different effects on their electrical properties.
Basically, this could be explained by different depths of traps for
charge carriers generated in different polymer structures under
the UV light exposure. Therefore, the proposed in this work
methodology to monitor the evolution of the electrical properties
of organic semiconductor films under UV light or radiation
exposure appears to be highly relevant to the target application
of these materials.

In conclusion, we utilized a lateral photoresistor device
architecture as a simple and highly reliable test platform for
rapid stability assessment of organic semiconductors with
respect to different stress factors. In addition to the UV light and
gamma rays used in this work, the proposed approach can be
potentially useful to study the effects of any type of ionizing
radiation, visible light, heat, ambient species, etc., on the
electrical performance of organic semiconductors. The developed
technique relies on the deterioration of the charge transport
properties of the semiconductor materials upon aging, which is
their basic functionality utilized in practically useful devices.
Therefore, we believe that the approach presented here provides
more adequate and trustworthy stability assessment of organic
semiconductor materials than the alternative approaches based
on different spectroscopy techniques.
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