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Abstract

Molecular semiconductors synergize a variety of uniquely advantageous properties such as excellent absorption and emission properties, soft
and deformable mechanical properties, and mixed ionic and electrical conduction. Over the past two decades, this outstanding set of features
has put molecular semiconductors in the spotlight for a variety of optoelectronics and sensing applications. When it comes to mass-market
adaptation, however, a challenge in these soft and van der Waals-bonded materials remains their electrical as well as environmental stability
and degradation. This Prospective will summarize some of our current understanding of why organic semiconductors degrade with a strong
emphasis put on the quintessential role played by water in this process. Furthermore, it will be revisited by which mechanisms water-related
stability shortcomings might be addressed in the future and how these lessons can be translated to relevant hybrid systems such as perov-
skites and carbon nanotubes. Throughout this discussion, some parallels and key differences between organic and hybrid materials will be

highlighted, and it will be elaborated on how this affects the associated device stability.

Introduction

Organic semiconductors have been the subject of focused
research efforts for more than two decades. This has led to
impressive improvements in their materials and device perfor-
mance, giving rise to new devices with unique capabilities. In
some areas, the large-scale industrial integration and applica-
tions could even be realized.!"! For instance, organic light-
emitting diodes (OLEDs) have successfully been commercial-
ized and have revolutionized modern display and lighting
applications. In this respect, it is most notably the excellent
emission properties, tunability and record quantum yields that
have allowed molecular emitters to disrupt a multi-billion dol-
lar industry. In other areas, molecular semiconductors have not
been fully commercialized but have demonstrated clear poten-
tial. State-of-the-art organic transistors (OFETSs) have improved
impressively and by now, are able to (reliably) reach mobilities
of 2-5 ¢cm?/Vs for polymers and 5-15 cm?/V's for small molec-
ular systems.”*] These levels of performance in principle
suffices for high-end applications such as thin-film transistor
(TFT), active-matrix OLCD, and OLED displays. The appeal
of replacing existing TFT technology with molecular semicon-
ductors is their mechanical robustness, flexibility, and even
stretchability enabling fully conformable high-resolution
displays. The market need for such products is highlighted by
several display manufacturers that are currently set to launch
products showcasing this flexible display technology. In the
area of bioelectronics, organic electrochemical transistors
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(OECTs) have matured into an attractive technology enabling
sensing devices that can reliably convert ionic signals into elec-
trical signals (and vice versa). This property makes OECTs
uniquely suited for new sets of sensing applications that can
revolutionize human healthcare.™ Also, in the field of energy
conversion, molecular semiconductors have attracted substan-
tial attention. For instance, the power conversion efficiency of
organic solar cells (OPV) has increased to 14—157 due to the
availability of advanced material systems, in particular, the
development of nonfullerene acceptors.>**! In this context,
the low-deposition temperatures and ability to print active
devices over large areas have revealed a long-sought pathway
toward low-cost photovoltaics. It is for the same reasons, that
especially in the area of photovoltaics, hybrid organic—inorganic
materials have recently received a lot of attention. For instance,
research into solution-processed hybrid organic—inorganic perov-
skites has gained significant traction with power conversion effi-
ciencies of >20% demonstrated in research laboratories.!”! Also,
other easy-to-process hybrid materials, such as polymer-sorted
networks of carbon nanotubes (CNTs), have drawn attention
with impressive charge transport properties exhibiting mobilities
exceeding 100 cm?/Vs.™ Tt goes without mentioning that all
these impressive performance figures are attracting serious indus-
trial investment with the goal to ready these molecular and hybrid
material systems for a range of next-generation products.”)

One of the challenges that has, however, not been fully
addressed in all these promising materials or devices yet, is
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environmental stability and operational reliability and despite
significant progress, it is fair to say that neither OFETs and
OLEDs, nor organic or perovskite solar cells, match the impres-
sive reliability of inorganic semiconductor-based technologies.
These in many cases can exceed 5—10 years of product lifetime.
Given that the chemical structures of most state-of-the-art semi-
conductors are engineered to be chemically stable in controlled
environments, their reduced stability is often associated with
interactions between the semiconductor and external environ-
mental species creating reversible and irreversible trap states.
Such traps often originate from the presence of water, oxygen,
ozone, or ions and chemical impurities. It is the goal of this
Prospective to look at the effect of trapping and device degra-
dation in a range of optoelectronic devices. Rather than giving a
complete overview of all relevant degradation pathways, we
will only focus on the dominant role that water plays in reduc-
ing the environmental and operational stability of state-of-the
art materials. This focus is motivated by a range of recent pub-
lications, which have independently identified water as the key
degrading species in optoelectronic devices due to its strong
dipole moment, high dielectric constant, electrochemical stabil-
ity, and particularly, its omnipresence in almost all processing,
environmental and operational conditions. For instance, in
polymer diodes, water has been pinpointed to cause a reduction
in current density by several orders of magnitude!'”’; in perov-
skite solar cells, humidity has been identified as a key factor
that impairs shelf-life stability!''); in FETs, it is consensually
agreed to significantly reduce operational lifetimes!'?); and
even in electrochemical devices, its potential for causing long-
term degradation has recently been highlighted.!'*! The scope
of this Prospective, therefore, is to illuminate the specific
roles of water-generated trapping in a broad range of these
optoelectronic and sensing devices. The importance of
addressing such a water-related stability issue will be high-
lighted and a comprehensive overview will be given over the
cases, in which addressing water-related trapping has resulted in
device stability on par with many inorganic technologies. The ini-
tial focus of this analysis will be on molecular semiconductors,
such as small molecules and conjugated polymers, which will
then be used as a springboard to discuss related and structurally
similar hybrid materials such as perovskites and CNTs.

Charge transport in molecular and
hybrid materials

To fully appreciate a discussion on the stability of molecular
semiconductors, it is firstly essential to understand how charges
move in these materials. For molecular semiconductors, we can
generally distinguish two elementary classes of materials: small
molecules and conjugated polymers. In both systems, charges
are delocalized across several conjugated molecular units,
whereas the delocalization of carriers between individual
units is strongly morphology dependent."! For crystalline
small molecules such as rubrene (Fig. 1), well-defined packing
motifs result in charge carrier delocalization over many individ-
ual moieties. Thermal fluctuations in these van der
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Waals-bonded crystals, however, tend to result in transient
localization of the electronic wave function™® and, hence,
limit the obtainable charge carrier mobility to a few tens of
cm?/Vs (This should be compared to >1000 cm?/Vs for crystal-
line silicon).l'” In the absence of major defects, impurities or
grain boundaries, band-like transport and a Hall effect can be
seen in these systems.!'®) However, in many cases, it will be
difficult to process the active electronic devices from single
crystals (especially when attempting to use low-cost solution
processing for the active layer deposition). Large-area films
of small molecules will, therefore, commonly exhibit a poly-
crystalline nature with smaller crystallites separated by grain
boundaries.!'” Charge transport in such polycrystalline sys-
tems often will not be purely band-like but rather dominated
by grain boundaries inducing energetic disorder and scattering.
In the context of this discussion, even more importantly, such
grain boundaries disturb the well-ordered molecular lattice
which makes it easier for impurities such as water and oxygen
to diffuse and occupy this less crystalline space. A small num-
ber of grain boundaries can, therefore, severely disrupt the
overall charge transport process, localize charge carriers and
mask intrinsic transport properties normally seen in trap-free
single crystals.!*")

For solution-processed conjugated polymers, on the other
hand, the long conjugated backbones and the resulting need
for solubilizing side chains makes it significantly harder to
achieve the high level of ordering seen for small molecular
semiconductors. In polymers, the “messy” solution processing
results in only semicrystalline to amorphous microstructures
with defects and free volume being the norm rather than an
exception. This gives rise to energetic disorder and conse-
quently charges move by thermally activated hopping transport
rather than being transported ballistically through an extended
crystal lattice. In some cases, it has been possible to reduce
this disorder by techniques such as alignment, which has led
to the observation of a Hall effect signal or the band-like tem-
perature dependence of charge carrier mobilities./*'! In agree-
ment with independent spectroscopic studies, this observation
confirms that in many polymer systems charges are sufficiently
delocalized along individual chains but are macroscopically
heavily limited by interchain charge transfer.*>?*! Over the
past years, various attempts have been made to overcome this
limitation by engineering polymers that intrinsically exhibit
good intra- and interchain transport properties. One successful
approach has been the design of polymers that are able to min-
imize disorder by accommodating backbone torsion and defects
while simultaneously allowing charges to efficiently hop
between close contact points (Fig. 1). This has given rise to
materials such as indacenodithiophene—benzothiadiazole
(IDT-BT) that despite an amorphous polymer microstructure
exhibit charge carrier mobility values of 2-3 cm®/Vs and, sur-
prisingly, low levels of energetic disorder on the order of kgT.
The low disorder, nevertheless, also makes these latest genera-
tions of polymers highly susceptible to any disorder broadening
induced by external traps.
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Figure 1. Comparison of molecular and hybrid semiconductors such as (a) single-crystalline rubrene and its molecular packing structure; (b) the donor—
acceptor polymer IDT-BT and the simulated amorphous microstructure; (c) perovskite with the general chemical formula ABXs. The red spheres are X atoms
(usually oxygen), the blue spheres are B atoms (a smaller metal cation), and the green spheres are A atoms (a larger metal cation); (d) networks of CNTs
deposited between two electrodes. A possible conduction path is indicated in red. Image contains content reproduced from Ref. [2,15] with permission from

Macmillan Publishers Limited.

Looking beyond the scope of molecular semiconductors,
many organic—inorganic material systems share resemblance
in their charge transport processes to soft molecular semicon-
ductors. Here, we want to broaden our discussion and include
two specific organic—inorganic material systems that resemble
small molecular crystals and conducting polymers in their
charge transport behavior. These equivalent materials classes
are perovskites and CNTs. In fact, perovskites show many
resemblances to small molecular crystals such as the ability
to form single crystals, the presence of lattice vibrations of
the inorganic cages, or the observation of band-like transport
exhibited by these materials.!** Yet, a key difference is the
presence of cations and the adverse effects of ion migration;
this poses a key challenge for the design of high-field devices
such as FETs. Nevertheless, on small length scales and using
THz measurements, mobility values of up to 100 cm?®/Vs
have been predicted in perovskites demonstrating the excellent
charge transport properties these materials are capable of.*!

Networks of polymer-wrapped and -sorted CNTs, on the
other hand, can be considered very similar to polymer semicon-
ductors?®); despite the ballistic transport in individual CNTs,
charges in networks of CNTs have to hop between isolated
chains such that the macroscopic transport will be temperature
activated.”””! In terms of microstructure, there are many further
parallels in terms of free volume, the presence of grain bound-
aries and, hence, susceptibility to diffusing environmental spe-
cies. For this reason, we will use these systems to highlight key
parallels in the stability and degradation of molecular and
hybrid materials.

Charge carrier trapping in small
molecular crystals

Despite their weakly bonded van der Waals lattice, small
molecular semiconductors can exhibit surprising degrees of
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long-range crystalline order, with crystallites comfortably
extending up to the device scale. This well-defined morphology
makes small molecules an excellent model system to under-
stand fundamental processes and limitations in these soft mate-
rials. A particularly impressive example defining an upper
bound on the intrinsic capabilities of molecular crystals is the
work done by Karl and coworkers. By using ultrapurified,
highly perfect anthracene crystals and minimizing any environ-
mental exposure, the group could demonstrate time-of-flight
(TOF) mobilities reaching 50 cm®/Vs at 35K for anthra-
cene.*® These values can still be considered some of the high-
est long-range (i.e., tens of um) transport measurements
reported on molecular semiconductors and serve as an example
of the high-performance ultrapure molecular semiconductors
are capable of, when their exposure to any degrading species
is minimized. However, for applications, this level of purity
and operation in a vacuum environment is simply not feasible.
Here, we, therefore, want to focus on some of the early work
done on small molecular single crystals that can help us to,
instead, fundamentally understand and describe why molecular
semiconductors are generally less stable than many of their
inorganic counterparts. In molecular crystals, degradation of
transport properties is closely associated with the mechanisms
that are responsible for the trapping of charge carriers in local-
ized states. To severely affect the overall charge transport prop-
erties, such states must be situated in the energy gap between
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) level. Of course, ener-
getically unfavorable states can also be introduced within the
molecular orbital (these are then called scattering centers or
antitraps). Such states will, nevertheless, only affect the highest
mobility and delocalized carriers which we can ignore at this
stage. We can, therefore, safely state that the choice of energy
levels of any molecular semiconductor predetermines its
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susceptibility to a trap sitting at a predefined energy level.
However, in contrast to a static defect in a silicon crystal lattice,
trap states in molecular crystals can be transient and their origin
cannot be often fully controlled. The origin of these trap states
can either be caused by chemical and conformational defects in
the molecular structure (we will also count external grain
boundaries into this) or due to the external chemical impurities
that are present either in the crystal lattice or at the charge trans-
port interface. It should first be noted that conformational
defects are present even in the most perfect molecular single
crystal and are caused, for instance, by slight irregularities in
the weakly bonded lattice or by molecular vibrations that
give rise to an intrinsic distribution of traps. These irregularities
are intrinsic and will cause a distribution of trap states that can
be best described by a Gaussian distribution:

N E — E)?
e G

where N, is the density of trap states, o is the width of the dis-
tribution centered at a level E, with respect to the transport
level. A chemical defect, on the other hand, will create addi-
tional trap levels beyond this trap tail. A good and simple illus-
tration to describe the energies of traps formed by the chemical
impurity of a guest molecule in a host crystal can be given by
the polarization model. For the case of a guest molecule (such
as tetracene) in a host crystal (such as anthracene), a trap state in
the host molecule is created with a depth that can be approxi-
mated by the energy difference between the HOMO or
LUMO levels of the guest and host molecule [Fig. 2(a)].
Very similar to this mechanism of generating traps in host—
guest co-crystals is the trap generation by external chemical
impurities such as the adsorption of water and oxygen or the
presence of ozone and UV-radiation. For instance, Krellner
et al. have used space-charge-limited current measurements to
identify sharp hole bulk trap states that are generated in rubrene
single crystals by the exposure to singlet oxygen. These states
are situated at distinct energy levels above the valence band and
serve as an example of how environmental species in combina-
tion with irradiation can cause the creation of additional states
within the bandgap [Fig. 2(b)]. Beyond oxygen, also adsorbed
water or hydroxyl groups have been demonstrated to increase
the overall trap density of molecular single crystals and result
in a degradation of the overall charge transport properties.*%*!]
However, for single crystals, the presence of defect sites will
often be required for water to readily diffuse into the bulk.

At this point, it should be noted that the creation of gap trap
states by chemical impurities should be considered different
from the process of oxidizing a molecular semiconductor.
The latter poses an additional challenge as any chemical impu-
rity with a LUMO level in the vicinity to the molecule’s
HOMO level (the opposite is true for n-type transport) will oxi-
dize (reduce) the molecule. This, in turn, can lead to unwanted
doping and additional degradation of the charge transport prop-
erties. Many environmental species and complexes have
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LUMO (electron acceptor) levels ranging between 3.5 and 5
eV which is why p-type semiconductors will often be specifi-
cally designed to exhibit HOMO levels deeper than 5 eV.['?]
The material rubrene with a HOMO level of 5.3 eV is, there-
fore, far less susceptible to oxidation, whereas oxidation in pen-
tacene has been shown to lead to reduced stabilities due to its
lower HOMO level situated at 5.0 eV.P?! As a side remark,
this is also the prevailing reason, why stable n-type transport
is notoriously difficult to achieve for molecular semiconductors
in ambient environments.

Trapping and degradation of
conjugated polymers

The generation of traps in polymer semiconductors conceptu-
ally resembles trapping in small molecular systems. However,
in contrast to small molecules, solution-processed conjugated
polymers do not exhibit perfectly single-crystalline or polycrys-
talline microstructures. Instead, they can be considered semi-
crystalline to amorphous with extended polymer chains
connecting bulk amorphous domains through localized close
contact points forming chain aggregates or microcrystal-
lites.'*) As a result of this microstructure, polymers generally
exhibit excellent large-area uniformity, with the latest genera-
tions of donor—acceptor polymers showing some particularly
impressive performances.”') However, the “messier” micro-
structure, extended and rigid polymer backbones and the pres-
ence of solubilizing side chains also make it difficult to
deconvolute fundamental processes related to both charge
transport and degradation in these materials. For instance, it
is common for structural defects (such as backbone torsion or
kinks) or side-chain-induced disorder to result in a widening
of the density of tail states resulting in trapping.”**! This
makes it hard to distinguish traps created by structural confor-
mation with trapping caused by external species that can cause
long-term degradation. In this respect, important lessons can be
learned from the recent family of amorphous low-disorder
polymers from the family of indacenodithiophenes (IDT) or
diketopyrrolopyrroles (DPP), which have the intrinsic width
of trap states on the order of kg 7.'*! Their inherently low disor-
der makes these materials not only high performing but also
very susceptible to any widening of the trap tail caused by
external species or impurities. Therefore, understanding degra-
dation in these model systems can help us to identify some of
the key factors responsible for their degradation.

For this discussion, it is elementary to highlight that in poly-
mers, the presence of large amorphous domains results in the
occurrence of free volume within the polymer matrix. This
makes them particularly vulnerable to the diffusion of chemical
and environmental impurities such as oxygen or water. For
water-insoluble biodegradable polymers, it has, for instance,
been shown that it is the rate of water diffusion that triggers
the degradation process and decides if erosion occurs in the
bulk or at the surface.** Furthermore, even for the most crys-
talline semiconducting polymers, such as poly(2,5-bis
(3-alkylthiophen-2-yl)thieno[3,2-b]-thiophene (PBTTT),

MRS COMMUNICATIONS - VOLUME 10 - ISSUE 1 - www.mrs.org/mrc 1 101


https://doi.org/10.1557/mrc.2019.161

f‘ .
MRS ommunications
(S

Vacuum level

0.0 0.1 0.2 0.3 0.4 0.5
LUMO 10" Ru#65-2 |
Py illuminated |
3 c LUMO ol f
4 I Y \ |
X0 - 1
e 3 15| —°— Rubrene e |
o Anthracene 7 Tet § " [ R,
Qo S : L
2| aev SHacene siey o
o o 4
| OO ; |
Q 10"} Ru#71-4 1 .
S not illuminated ‘A.
g f
D | === === 10" i) . | E
w |
§ HOMO i
™ — Rubrene ;
v HOMO 107 F—+— Rubrene +'0, + O,
0.0 0.1 0.2 0.3 0.4 0.5
(@ (b) E (eV)

Figure 2. (a) Mechanism of creating chemical trap states in an anthracene crystal lattice by Tetracene molecules. (b) Density of trap states in rubrene single
crystals before and after exposure to singlet oxygen ('0,). Samples were illuminated in an oxygen atmosphere (Ru65-2) or were exposed to oxygen excited by

UV light (Ru71-4). Reproduced from Ref. [29].

diffusion of oxygen and water has been shown to occur and
affect their properties.l>>! Many current-generation conjugated
polymers are, nevertheless, designed to be chemically stable
(i.e., not biodegradable) with deep-lying HOMO levels ranging
between 5.1 and 5.9 eV. In principle, this should stabilize them
against oxidation and as a matter of fact, materials with excep-
tional air stability have commonly been reported.*®! However,
it has been shown that water and its decomposition into
hydroxyl groups, nevertheless, are a key factor that degrade
transport properties in these materials.*”) For a long time, it
was thought that water predominantly affects the n-type trans-
port, yet it could be shown that the strong dipole moment of
water, in fact, can have a drastic impact on the p-type transport
of polymers as well.*®! There might be various underlying
mechanisms and reactions which cause the generation of
charge traps by water molecules. For instance, the application
of an electric field has been shown to lead to the splitting of
water molecules, which has consequences on the operational
stability.!'**”) However, simply the high dielectric constant
and resulting dipole moment of water molecules can also trig-
ger a localization of polarons as soon as water and polaron are
brought into proximity. Since charges are predominantly delo-
calized along the polymer backbone, a small number of water
molecules can, hence, be sufficient to detrimentally disturb
charge transport (Fig. 3). The resulting disorder broadening
can significantly impact the polaron’s mobility, however,
would not necessarily trigger time-dependent degradation.
Such degradation is expected, once water molecules readily dif-
fuse within the polymer microstructure and/or electric fields
trigger water splitting. Unfortunately, the large free volume in
the microstructure of most conjugated polymers creates ideal
conditions for the diffusion of water to occur. Kamerink and
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Figure 3. lllustration of the movement of charges in a plastic semiconductor
hindered by the strong electrical dipole of water molecules in vicinity to the
backbone (top) and with the water being displaced by an additive (bottom)
resulting in unhindered movement of charges.

coworkers have recently demonstrated how the electrostatic
interaction between ensembles of H,O clusters and the back-
bone of polymers can lead to the formation of hole traps. For
a range of p-type polymers with HOMO levels ranging from
5 to 6 eV, the presence of water clusters caused a shift in the
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Figure 4. (a) Potential configuration of water molecules interacting with the polymer PPV (top) and schematic representation of the energies of the LUMO and
the center of the measured trap distribution (bottom); (b) Schematic representation of water molecules in the matrix of the polymer IDT-BT (top) and dn/dE
values (representing the density of trap states) for the polymer IDT-BT before and after water was removed through an azeotropic solvent. Reproduced from

Ref. [10,45] with permission from Macmillan Publishers Limited.

energy of the occupied states leading to 0.3—0.4 eV deep shal-
low traps.*” A recent paper by Wetzelaer et al., on the other
hand, comes to a different conclusion, and although it clearly
identifies the same traps generated by water clusters, their
onset was only found to occur for HOMO levels below 6
eV.[*!" The different conclusions between the two papers can
partially be explained by different computational methods
used; however, it highlights that a deeper understanding of
the role of water, its diffusion as well as its role during the
device fabrication and operation is urgently needed.

Degradation of organic optoelectronic
devices

So far, we have mainly touched on the general effect that envi-
ronmental species, such as water and oxygen, can have on the
generation of trap states in molecular semiconductors.
However, when used in the active layer of an optoelectronic
device, the molecular semiconductor is also exposed to addi-
tional factors such as an electric field or UV radiation. In reality,
the latter can easily be addressed by using a UV-absorbing bar-
rier layer. However, the presence of an electric field is neces-
sary for the transport of charges through the active layer of
the device but as an unwanted side effect it also supplies the
energy for additional electrochemical reactions to occur. For
this reason, an organic optoelectronic device that is stable
without an applied voltage (i.e., that exhibits good shelf-life
stability), might degrade under constant current operation.
For instance, in OLEDs, carrier injection generates positive
and negative polarons as well as excitons, which have all
been shown to cause electrochemical degradation, deep trap
states, interfacial degradation, and reduce the overall OLED

https://doi.org/10.1557/mrc.2019.1671 Published online by Cambridge University Press

lifetime.'**! Some of these factors are associated with damages
to the organic materials during the electrical processes that
drive light emission,**! while others are associated with partic-
ular device structures. Rather than illuminating these factors
one-by-one, it is also clear that OLEDs can achieve lifetimes
exceeding 10,000 h once vacuum processed and while using
an environmental barrier layer.[44] In this Prospective, we,
instead, want to focus on the stability of organic devices that
are solution processed and where the use of expensive barrier
layers might be unfeasible. For this discussion, a good starting
point is single carrier diodes made from solution-processed
semiconducting polymers. These diodes are particularly sus-
ceptible to trapping given that carrier densities in the bulk of
such undoped devices rarely exceed 10~ '°~107'° cm ™. The
presence of trap-limited currents in such diodes typically mate-
rialize in steep J-V characteristics exhibiting a slope > 2 when
plotted on a log—log scale. Although other factors such as
image force lowering and tunneling for injected-limited cur-
rents can also affect this slope, these effects can be deconvo-
luted from trapping by measuring the thickness dependence
of the current. Work on both p-type and n-type diodes has dem-
onstrated that charge transport in such single carrier devices is
often limited by traps that exhibit a Gaussian energy distribu-
tion in the bandgap. For instance, Blom and coworkers could
show that for a range of polymers, the number of electron
traps is constant at 3 x 10'7 traps per cm®, suggesting a com-
mon origin of these traps [Fig. 4(a)].l*”] They identify the
most likely cause of these traps to be related to hydrated oxygen
complexes forming trap states close to the polymers’ LUMO
levels. The trap concentration is also within the same order of
magnitude as the obtained carrier densities in these devices

MRS COMMUNICATIONS - VOLUME 10 - ISSUE 1 - www.mrs.org/mrc 1 103


https://doi.org/10.1557/mrc.2019.161

mrs fCommunications

W0

making evident the detrimental impact environmental traps can
have on charge transport.

However, not only in n-type diodes but also hole-only
diodes have been shown to be detrimentally affected by sub-
bandgap trap states. The trap levels created by hydrated oxygen
complexes as shown in Fig. 4(a) are too remote to affect trans-
port in the deep-lying HOMO levels of polymers. However, it
has been shown that the presence of water molecules or water
clusters with their strong dipole moments is enough to generate
additional trap states in the bandgap close to the HOMO level.
For instance, for low-disorder polymers such as IDT-BT, water
has been shown to generate a broad trap distribution on the
order of 10'° traps per cm® overshadowing any additional
(intrinsic) traps in the material [Fig. 4(b)]. The slow ingestion
and diffusion of water, hence, has led to a gradual decrease
in the device performance, rendering such polymer diodes
highly unstable. By using azeotrope forming solvents, it is,
nevertheless, possible to completely remove water traps recov-
ering the sharp band tails measured optically in these materials.
Interestingly, by removing water traps from the bulk,
space-charge-limited current mobilities approaching the
field-effect mobility values are possible. Such diodes, further-
more, exhibit trap-free space-charge-limited current conduction
with currents several orders of magnitude higher than before
the removal of water traps. The presence of water traps,
hence, completely overshadows the intrinsic charge transport
properties of these high-performing polymer systems, severely
reducing their overall performance.!'”

The higher carrier density present in the accumulation layer
of field-effect transistors makes these devices intrinsically more
robust to bulk trap concentrations ranging between 10'” and
10'® traps per cm®. However, OFETs heavily rely on a trap-free
charge transport interface where the accumulation layer is
formed and along which charges can move from the source
to the drain electrode. One example for the challenges involv-
ing this interface is dipolar disorder caused by the mismatch of
dielectric constants (and specifically the use of high-k dielec-
trics) between the molecular semiconductor and dielectric
which has been shown to lead to the broadening and generation
of trap states.[**) Additionally, the mismatch in mechanical
properties also makes this interface vulnerable to accelerated
diffusion of degrading species such as water which can create
additional dipolar disorder. Several research groups have inde-
pendently demonstrated that the diffusion of water molecules at
the semiconductor—dielectric interface or inside of nanometer-
sized voids in the polymer microstructure is a key factor for
reduced operational stability.[*”**! This is generally measured
as a shift in the transistor’s threshold voltage Vy,. For instance,
Bobbert et al. have shown that redox reactions involving water
and a subsequent exchange of mobile charges in the semicon-
ductor with protons in the gate dielectric is the key mechanism
responsible for the reduced operational stability of polymer
OFETs.'?) The underlying mechanism can, for instance,
explain the stretched exponential-like time dependence which
is observed for the degradations of OFETs in operando.
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Further evidence for the key role of water not only in the gen-
eration of sub-bandgap trap states but also for the reduced oper-
ational stability of molecular FETs could recently been shown
by Weitz and coworkers. Performing stress measurements in a
vacuum Cryostat, the group was able to show that stress-related
threshold voltage shifts can be entirely suppressed for temper-
atures below 275 K (Fig. 5). The authors argue that, in fact,
H;0" and OH™ stemming from the autoionization of liquid
water is the universal extrinsic trap, which is responsible for
the observed threshold voltage shifts and device degradation.
When freezing out this autoionization process at low tempera-
tures, devices with exceptional stability could be demonstrated
with extrapolated threshold shifts below 1 V even after 6 days
of continuous stressing. This is comparable to many inorganic
FET technologies such as oxide semiconductors or amorphous
silicon and unambiguously demonstrates that (i) the key role
that water plays in reducing the operational stability of
OFETs and (ii) the stability that can, in principle, be obtained
in solution-processed high-performance polymer semiconduc-
tor devices. This demonstrates that a clear need arises to
completely displace water molecules from the polymer film
and nip water-based degradation processes in the bud.

Operation in aqueous electrolytes

So far, we have discussed the role of water as a degrading spe-
cies for organic devices. Especially, for low-disorder and high-
mobility conjugated polymers, the presence of water was
unraveled to be the key species degrading the operational stabil-
ity as well as a major contributor leading to a reduction in
shelf-life stability. This, in turn, raises the critical question
how devices that operate in aqueous electrolytes, such
electrolyte-gated transistors (EGOFETs) or electrochemical
transistors (OECTs), can show highly reliable performances.
In fact, devices such as OECTs are, in principle, subject to
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the same degradation pathways as conventional OFETs and
additionally have to be electrochemically oxidized and reduced
requiring exceptional electrochemical stability over many
cycles.*?> It should be noted though that, in contrast to con-
ventional OFETs, the operational voltages of OECTs are only
on the order of a few hundreds of mV which at no point exceeds
the electrochemical window of water splitting and might help to
prevent rapid stress-related degradation as seen in many
OFETs. Yet, unsurprisingly, there have been several studies
on the stability and degradation of common OECT materials
looking at the effect of electrolytes, exposure to oxidants, and
reducing agents or biological counterions.>!** All these stud-
ies find that materials, such as poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS), exhibit high
stabilities for several days, and 100-1000 s of consecutive
cycles, however, show an eventual drop in the device perfor-
mance [Figs. 6(a) and 6(b)].°*! For instance, when operated
and switched repetitively, PEDOT:PSS OECTs have been
shown to exhibit a gradual drop in on-current over the course
of 1 h which is at a level not too dissimilar seen in OFETSs
when stressed.*%>* Increasing the overall crystallinity of
PEDOT:PSS has been demonstrated to improve these trends
but does not suppress this degradation entirely. Recently, Inal
and coworkers could show that an effect that is overlooked in
the cyclic stability of accumulation-type OECTs is the water
taken up by the film during device operation [Fig. 6(c)].l'* 1t
was demonstrated that the hydration shell of dopant anions
leads to structural and morphological changes occurring in

https://doi.org/10.1557/mrc.2019.1671 Published online by Cambridge University Press

the film upon electrochemical doping and is responsible for
lowering the overall device speed and cyclic stability. A similar
observation has been made by the group of Ginger, who argue
that the loss of connectivity in amorphous polymer regions
upon hydration is responsible for reduced charge carrier mobi-
lites.>>! This clearly shows that the adverse effect of water mol-
ecules penetrating the active semiconductor cannot be
underestimated. Interestingly, for depletion-type OECTs, this
phenomenon has not been observed so far, and it is rather
assumed that in such devices, hydration is generally beneficial
for device operation.!"*! An explanation for this might be found
in the particular microstructure of depletion-type OECT mate-
rials such as PEDOT:PSS. Here, the hydrophobic PEDOT core
is surrounded by a shell of hydrophilic PSS. The electronic
charge transport process, on the other hand, is dominated by
hopping between sub-micrometric domains of PEDOT sepa-
rated by insulating layers of PSS.*®! Therefore, the role of
PSS in spatially separating the electronic charge transport pro-
cess from ingested water clusters is one potential explanation
for the improved robustness of PEDOT:PSS OECTs over the
accumulation-type material. Additionally, the high conductivi-
ties and beneficial role of polarons stabilizing the transport
along the PEDOT backbone can also contribute to this
improved stability. Further evidence for the important role
that PSS plays in the stability of depletion-type OECTs is the
observation that aging PEDOT:PSS in water for extended
time periods leads to loss of PSS chains making the films
more hydrophobic.°”) Therefore, water can be expected to
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preferably interact with PSS chains which might be sufficient to
prevent its detrimental effect on the charge transport along the
PEDOT backbone. The removal of PSS could also explain the
slow and steady degradation of charge transport properties seen
for depletion-type OECTs when cycled over extended times
[Fig. 6(b)]. Nevertheless, it should also be pointed out that cyclic
stability requirements for OECTs are less stringent than for
OFETs which must operate for extended periods under constant
current stress at high voltages. It should also be highlighted that
charge transport processes in mixed ionic—electronic conductors,
such as PEDOT:PSS, are complex with both charges and ions
moving at different mobilities and the doping and de-doping pro-
cesses resulting in constant changes to the polymer microstruc-
ture.”™ Due to the focus of this Prospective, we have only
picked water as one cause for degradation and addressing stabil-
ity issues in OECTs will require a holistic understanding of all
these degradation process.

Given that the cyclic penetration of the active semiconduc-
tor of an OECT with hydrated ions and the presence of strong
dipoles within the polymer matrix has a negative impact on
OECT speed and performance, it is interesting to compare
OECTs to the performance of EGOFETs. An EGOFET oper-
ates very similarly to an OFET with the key difference that
the gate dielectric is replaced by an electrolyte. The two electri-
cal double layers (EDLs) that are formed at both gate electrode/
water and water/OSC interfaces then form the effective gate-
insulator layer.l>”) For this reason, EGOFETs are an excellent
tool to understand some of the intrinsic interactions taking
place at the polymer-electrolyte interface without having to
consider the complex bulk and ionic interactions that dominate
the operation of an OECT. Unfortunately, EGOFETs are noto-
riously difficult to realize since exposure to aqueous electro-
lytes can lead to swelling of the active semiconductor and,
hence, controlling the accumulation layer becomes a challenge.
Despite these challenges, there has been some success showing
that it is possible to operate transistors in the narrow electro-
chemical stability window where transfer curves do not exhibit
signs of ionic doping from the electrolyte which can be associ-
ated to clean EGOFET operation.!°”! Torsi and coworkers have
used such devices to show the ultra-accurate detection of
molecular analytes enabled by the high sensitivity of the
EDL to any disruption caused by a biomarker binding to one
of the interfaces.[*’) However, it should be noted that many
EGOFETs reported up to date exhibit a clear signal drift
when operated over several minutes or hours and, thus, have
to be considered less stable than OECTs.[**) Schmoltner et al.
have argued that this observed instability and drift can be
ascribed to the electrolysis of water at the electrolyte/semicon-
ductor interface. This is founded on the observation that drift is
minimal when the gate of the transistor is off which suggest a
main device degradation pathway that is very similar to that
of an OFET.!’! This observation highlights that even the
small voltages used in these electrolyte-gated devices cannot
entirely prevent water-related degradation when currents are
applied over an extended period. However, it is also clear
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that more research is needed to fully understand the charge
transport processes in EGOFETSs. Particularly, the role that
swelling of the active semiconductor and transient changes in
the formation of the ionic double layer play in affecting the
overall signal drift and associated device stability.

Overcoming stability challenges

From our previous discussion, it is evident that water plays a
key role in degrading the operational stability of molecular
semiconductors. To overcome water-related stability chal-
lenges for the long-term and mass-market application, there-
fore, the various water degradation pathways must be
addressed independently. From our discussion so far, a clear
observation is that charge carrier density plays an elementary
role in determining the susceptibility of an optoelectronic
device to water-related trapping. For instance, for single carrier
diodes, where charge carrier densities are low (10~'°-107'¢
cm %), water-related traps exhibit the biggest impact on the
overall device. In this case, the intrinsic device performances
are being masked and charge carrier mobility values reduced
by several orders of magnitude.'” For OFETs and
EGOFETSs where carrier densities are two orders of magnitude
higher than in a diode, water traps can be seen to mostly affect
the sub-threshold performance or the operational stability.[** In
OECTs where the electrochemical doping leads to high bulk
charge densities and, hence, more effective trap passivation,®>)
it is mostly the strong dipole and morphological changes
induced by significant amounts of water that leads to slower
device operation and eventual device degradation. This sug-
gests that the trap densities generated by water will rarely
exceed 10" traps per cm®, and as a result, these trap states
can be filled once a higher carrier density is available
(Fig. 7). For OECTs and EGOFETs which rely on the presence
of water, a challenge, therefore, remains to prevent or alterna-
tively control excessive swelling and water uptake in the next
generation of materials. One option is the study of new
depletion-type OECT materials with alternative ionomers to
PSS which might offer further improved stability in aqueous
environments and better and more efficient passivation of the
conjugated polymer backbone against the detrimental proxim-
ity of water dipoles. These lessons might also be translated to
accumulation-type OECT materials where filler materials
could be used to serve a similar purpose. For most other opto-
electronic devices, where carrier densities are lower, it is a key
challenge to exclude water from processing and prevent water
ingestion altogether. In OLEDs, this has been achieved by pro-
cessing devices in a water-free vacuum environment and using
highly sophisticated barrier layers with upper limits for water
vapor transmission rate (WVTR) in the order of 10 g/m%/
day.[®! For glass-based OLEDs displays, these barrier layers
are usually comprising epoxy-based adhesives in combination
with a getter for water (i.e., a highly hygroscopic material)
that captures water vapor. Alternatively, fillers are used
which can enhance the overall properties of such barriers allow-
ing them to meet the highly stringent encapsulation
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Figure 7. Approaches of overcoming water-induced traps in molecular semiconductors: (a) pivotal role of charge carrier density in filling water-induced trap
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in molecular OFETs by using multilayer gate dielectrics; (d) enabling stable diodes by using filler additives that displace water. Reproduced from Ref. [10,66,67]
with permission from Macmillan Publishers Limited and the American Association for the Advancement of Science.

requirements.[*”) Although these give some effective protec-
tion, it requires complex manufacturing processes which do
not fully agree with the low-cost solution-processed manufac-
turing that makes molecular semiconductors attractive in the
first place.

Therefore, different approaches are required to reduce the
susceptibility of polymer devices to bulk traps. Given that
water is almost impossible to exclude from solution-based
device manufacturing processes (it is present in the synthesized
materials, dielectrics, gets absorbed on surfaces, and even in
anhydrous solvents, it will be present at low concentrations),
new ways of mitigating its negative impacts are needed. An
example for such an approach is the work by Blom and cowork-
ers who suggested a general concept of how charge carrier trap-
ping can be suppressed by dilution of the transport and trapping
sites.[®! This idea is conceptually very similar to that one of
polymer extender fillers used in the chemical industry where
a cheaper compound is used to occupy space in the polymer
matrix and thus lower the formulation cost. An alternative
option is to use additives or functional fillers that are able to
actively replace or remove water from polymer films altogether.
This has been shown to result in a significant reduction in the
water-induced trapping as well as an improvement in the oper-
ational stability.!'®®*! Here, a challenge remains large area pro-
cessing and guaranteeing sufficient incorporation of usually
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poorly soluble additives in the polymer microstructure.!®*

The use of solvent treatments that remove water ingested during
processing through the formation of nazeotropes is another
highly effective approach.!®*"®! Nevertheless, the benefits of
this water-trap removal technique will only persevere, as long
as the back-diffusion of water is prevented by using additional
barrier layers. For the application in OFETs, Kippelen and
coworkers have shown an alternative engineering approach of
using sequential layers of both organic and inorganic gate
dielectrics that are able to compensate water-induced threshold
voltage instabilities during stressing.!®”””'! In such bilayer
devices, the second dielectric layer compensates the threshold
voltage shift induced by the water-related trapping of carri-
ers.’?) This mechanism enabled low-voltage OFETs with
threshold stabilities below 0.2 V during 7 days of stressing
which is comparable to other commercial TFT technologies
such as a-Si TFTs used in LCD displays.””! However, this
threshold voltage compensation requires careful optimization
of the various layers involved and the underlying mechanism
is still elusive. A potential explanation is the compensation of
water-induced threshold shifts through dipolar reorientation
in the second (usually high-k) dielectric, which has also been
observed for polymer dielectrics with ionic impurities.’>-”¥]
These approaches clearly show that there are workarounds to
address the detrimental effect of water traps in molecular
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Society (ACS).

semiconductors that can enable stability levels required for
mass-market adaptation.

Beyond molecular semiconductors:
water in perovskites and CNTs

The detrimental role of water on both charge transport proper-
ties and stability should not be considered an isolated problem
occurring only in molecular semiconductors. Here, we want to
give two brief examples of how other solution-processed
hybrid organic—inorganic material classes are plagued by
water-induced trapping and how the lessons learned from
molecular semiconductors might be transferable to these mate-
rials in the future. Of course, each one of these materials is com-
plex in their nature; therefore, here we can only give a brief
overview of some relevant material classes and water-related
trapping phenomena. One such an example is perovskites
where moisture-induced degradation has been shown to repre-
sent an Achilles heel significantly reducing the overall lifetime
that can be obtained in solar cells.l"''! It should be noted that
charge transport in perovskites is affected by a range of differ-
ent factors such as trapping induced by vacancies (e.g., of
iodine), the presence of ions and grain boundaries as well as
grain sizes. Furthermore, due to water acting as a solvent for
most perovskites, its role can be considered far more complex
than in molecular semiconductors that are insoluble in water.
Nevertheless, from the broad range of literature published on
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this topic, there is a clear consensus that an uncontrolled
amount of water is by far one of the most detrimental factors
restricting long-term device operation. Interestingly, recently
it has been shown that when incorporating caffeine into the
microstructure of MAPbI; and CsFAMAPDI; perovskite solar
cells, both the heat stability as well as moisture stability can sig-
nificantly be improved (Fig. 8).!”°! Interestingly, this concept is
the same as the approach of using fillers in molecular semicon-
ductors to either dilute traps or displace water molecules. For
the given case, the authors associate the improved stability to
caffeine molecules locking onto the perovskite crystal and sta-
bilizing the grain boundaries which prevents the material from
degradation triggered by heat and moisture. It should, however,
be noted that caffeine is also well known to strongly interact
with water which might contribute to the improved stability
in a similar fashion to the mechanism by which small molecular
additives interact with water in polymers.’”) Although the
underlying mechanism might indeed vary, this example, never-
theless, exhibits the overlap to molecular electronics and the
possibility of using small molecular additives in perovskites.
The use of polymer fillers in perovskites might, therefore,
offer new routes to overcoming stability shortfalls in this highly
promising materials class.

A different class of materials that are well known to be
affected by trapping from water molecules are CNTs. It should
be noted here that we can indeed count solution-processed
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semiconducting CNTs amongst the class of organic—inorganic
hybrid material; they are often sorted using a polymer wrapping
process, and it can, therefore, be assumed that a significant pro-
portion of these wrapping polymers will still be present in the
final CNT network.® It has been demonstrated by several
groups independently that such networks of CNTs are highly
effective humidity sensors where gradually increasing resistiv-
ity for increasing humidity values have been observed.™'! The
underlying mechanism for the observed humidity sensitivity
was linked to water molecules donating electrons to the
p-type CNT networks and thus reducing the overall number
of charge carriers.®! These results highlight that akin to poly-
mer semiconductors with their soft microstructure, networks of
CNTs are highly susceptible to the fast diffusion of water.
However, whereas this feature is attractive for highly sensitive
humidity detectors, in other CNT-based devices this might not
be the case. For instance, it has been demonstrated for CNT
transistors that water has an overshadowing impact on device
performance causing hysteresis and trapping.[’®®* This effect
can partially be mitigated by using a polymer coating layer
that encapsulates the network of CNTs and, furthermore,
reduces the amount of free volume that can be occupied by
water.”®) From our discussion on conjugated polymers, it
should, nevertheless, be clear that such an approach cannot
guarantee stability levels required for mass-market applica-
tions. This shows that there is indeed a clear need to transfer
some of the lessons learned from polymer FETs to CNT
transistors.

Outlook and conclusions

From our discussion, it is clear that water plays a fundamental
role in degrading both the performance and stability of a range
of molecular and hybrid semiconductor devices. We arrived at
the unambiguous conclusion that water-induced traps need to
be fundamentally addressed to unlock the intrinsic capabilities
of these materials and enable them to be used in mass-market
applications. The current route of using barrier layers in the
OLED industry, unfortunately only works efficiently once
devices are vacuum processed and encapsulated in these envi-
ronments. For solution processing, this is not an option, as the
degrading species like water are already present in the film due
to the nature of processing. We have reviewed some of the fun-
damental mechanisms by which water can create trap states or
degrade the performance of a range of semiconducting devices
ranging from diodes to electrolyte-gated transistors. A key take-
away from our analysis is the strong dependence of susceptibil-
ity to traps created by water molecules on charge carrier den-
sity. We also reviewed some mechanisms of addressing water
traps that either compensate for the detrimental effects of
water traps or alternatively dilute traps or displace and remove
water molecules altogether. Many of these approaches offer a
potential solution to improve the stability levels of molecular
and hybrid semiconductors to be comparable to competing
for inorganic materials. In this respect, a lot of lessons can be
learned from work done in the polymer industry on using
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additives and fillers. More research needs to be done to find
materials and fillers that are able to prevent long-term degrada-
tion in mass-market products. Nevertheless, current research
clearly shows that it is possible to eliminate the effects of
water trapping in promising molecular and hybrid material clas-
ses; even though insufficient stability remains a concern, it is
also clear that in the future, there are routes to address this prob-
lem. This will enable these highly promising material systems
to unfold their true potential in a broad range of optoelectronic
and sensing applications.
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