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Organic semiconductors are a family of pi-conjugated compounds used in
many applications, such as displays, bioelectronics, and thermoelectrics.
However, their susceptibility to processing-induced contamination is not well
understood. Here, it is shown that many organic electronic devices reported
so far may have been unintentionally contaminated, thus affecting their
performance, water uptake, and thin film properties. Nuclear magnetic
resonance spectroscopy is used to detect and quantify contaminants
originating from the glovebox atmosphere and common laboratory
consumables used during device fabrication. Importantly, this in-depth
understanding of the sources of contamination allows the establishment of
clean fabrication protocols, and the fabrication of organic field effect
transistors (OFETs) with improved performance and stability. This study
highlights the role of unintentional contaminants in organic electronic
devices, and demonstrates that certain stringent processing conditions need
to be met to avoid scientific misinterpretation, ensure device reproducibility,
and facilitate performance stability. The experimental procedures and

conditions used herein are typical of those used by many groups in the field of

solution-processed organic semiconductors. Therefore, the insights gained
into the effects of contamination are likely to be broadly applicable to studies,
not just of OFETs, but also of other devices based on these materials.

1. Introduction

Organic (opto)electronics is a field of
research that has enabled the creation
of semiconductor devices made from
a variety of pi-conjugated compounds,
such as conjugated polymers and small
molecules. Owing to their mechanical
softness and stretchability, low fabri-
cation cost, and their ability to con-
duct both electrons and ions, organic
electronic devices have been used in
a broad range of applications, from
large-area flexible displays and elec-
tronics, to bioelectronics, photovoltaics,
and thermoelectrics. Organic electronic
devices can be solution-processed and
printed, and are often marketed as
easy to fabricate and defect-tolerant,
in contrast to their inorganic counter-
parts. While for inorganic semiconduc-
tors the severe impact of impurities
and process-related contamination on de-
vice operation is well appreciated,'*
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contamination is generally not well understood in the case of or-
ganic semiconductors. Consequently, it is often overlooked in the
field, even though its detrimental effects on energy levels,®! or
the performance of devices,[®1% as well as poor electrical stabil-
ity linked to fabrication- and storage-induced contamination!'!
are well-established.

Itis surprising, therefore, that the origins of contamination, or
ways to overcome it, have received so little attention. In the field
of biology it is well known, for example, that the same disposable
plasticware used to fabricate organic electronics can contaminate
biological experiments by leaching contaminants that can affect
the growth of cell cultures,['?] induce protein aggregation,!'3-17]
and disrupt biological and biochemical assays.["®2"] Some of the
leachables have plasticizing properties,?!l just like solid-state
molecular additives used for stabilization,?>2*] which suggests
that they can affect a polymer’s free volume.!?] Part of the issue
is that there are few experimental techniques available to mon-
itor organic contaminants at levels relevant to device operation.
As a result, the presence of contaminants during processing and
their incorporation into the thin films is rarely monitored. Ex-
amples of analytical techniques that are suitable for monitoring
contamination in organic thin film processing are mass spec-
trometry and nuclear magnetic resonance (NMR) spectroscopy.
The former technique has been used to detect contaminants in
solutions,"®2% while the latter has been used to detect contami-
nants in thin organic films.[2627]

Here we use NMR spectroscopy to detect and quantify contam-
inants in solutions and thin films. We trace their origin to the
glovebox atmosphere and laboratory consumables used during
film processing, including disposable needles, plastic pipettes,
and plastic syringes. An in-depth understanding of the sources
of contamination during organic electronic device fabrication
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has allowed us to establish clean fabrication protocols and make
contamination-free samples with improved performance and sta-
bility. We demonstrate how re-introducing small amounts of the
identified contaminants as additives, in a controlled manner, can
affect the thin-film processing behavior and the electrical prop-
erties of organic electronic devices. Our study highlights the role
of unintentional contaminants in organic electronic devices and
demonstrates that certain stringent processing conditions need
to be met to avoid scientific misinterpretation, ensure device re-
producibility, and facilitate performance stability. It is important
to emphasize that the processing infrastructure and procedures
in our nitrogen glovebox, including the laboratory consumables
used in the preparation and spin coating of solutions, are typical
for experimental conditions used in a wide range of studies in the
field of solution-processed organic semiconductors. We, there-
fore, believe that our findings are relevant to the interpretation of
results from a wide range of literature and ongoing studies.

2. Results and Discussion

Our study was originally motivated by certain irrepro-
ducible behavior in the substrate wetting of solutions and
the electrical characteristics of organic field-effect transistors
(OFETs) fabricated in our inert atmosphere glovebox system
with conjugated polymers, such as indacenodithiophene-
co-benzothiadiazole (C,,-IDTBT), a high-mobility polymer
widely studied for OFET applications.’®31 We also ob-
served contamination-induced effects in several other ma-
terials, such as poly(2,5-bis(3-alkylthiophen2-yl)thieno(3,2-
b)thiophene) (PBTTT),®2]  poly[[2,5-bis(2-octadecyl)—2,3,5,6-
tetrahydro-3,6-diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-(2-
octylnonyl)—2,1,3-benzotriazole (DPPBTZz),**] poly{[N,N’-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)—2,6-
diyl]-alt-5,5"-(2,2"-bithiophene)} (N2200 or P(NDI20D-T2)),*
dinaphtho[2,3-b:2’,3'f]thieno[3,2-b]thiophene (Cg-DNTT),!3:36]
and bis(triisopropylsilylethynyl)pentacene (TIPS pentacene).>’]
As discussed in detail below, the irreproducibility observed in
our IDTBT films could not be explained in terms of any of the
controlled process parameters, or the analytical information
available on the polymers, such as molecular weight or chemical
purity. We suspected processing-induced contamination to be
the cause, and decided to undertake a broad and systematic
investigation to identify the different sources of contamination
and their effects not only on wetting, but also on other thin film
processing characteristics, as well as on device performance and
stability. Our study revealed that the contaminants can either
originate from chemicals present in inert atmosphere gloveboxes
used commonly for the fabrication of organic electronic devices,
or leach from laboratory consumables (disposable syringes,
needles, or pipettes) used during thin film processing.

Figure 1a provides an overview of the various contaminants
and contamination pathways from different sources identified
in our study, such as the glovebox atmosphere, pipette tips,
and syringe needles. Figure 1b illustrates the methodology used
in this work to characterize contamination by extracting ma-
terials into deuterated chloroform (CDCl,), followed by analy-
sis using solution-state NMR. Solution-state NMR allows us to
identify the chemical structure of contaminants and quantify
their concentration. Fundamentally, NMR is not a particularly
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A Contamination pathways in organic electronics
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B Contamination characterization via NMR
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Figure 1. Contamination pathways in organic electronic device fabrication. A) Significant contamination originates from chemicals present in device fab-

rication gloveboxes, as well as from laboratory consumables commonly used
observed from each pathway are shown. B) Contaminants can be identified

sensitive analytical technique. Even with high magnetic fields of
~10 Tesla, the Zeeman splitting between nuclear spin levels is
only 1% of the thermal energy kT. As a result, the difference
in population between spin-up and spin-down states (i.e., the
subset of spins that contribute to the NMR signal) is on the or-
der of parts per million. One way to overcome such insensitiv-
ity is to redissolve our thin films and measure samples in solu-
tion, thereby trading the microstructural information present in
solid-state NMR for considerably higher sensitivity. This sensi-
tivity enhancement arises primarily from the extremely narrow
linewidths small molecules display in solution, itself resulting
from motional averaging caused by molecular tumbling. Recent
improvements in the sensitivity of solution-state NMR spectrom-
eters, such as the development of cryoprobes, have enabled the
routine detection of nanomole quantities of materials.*®! Such
sensitivity is sufficient to detect signals from impurities down
to parts-per-thousand (ppt) levels in typical spin coated organic
semiconductor thin films.[?7]

To characterize the glovebox atmosphere contamination, we
used two different NMR experiments, aiming to distinguish be-
tween volatile contaminants that exist in the glovebox atmo-
sphere, and nonvolatile ones that condense onto surfaces. To de-
tect volatile contaminants, we analyzed a sample of CDCl; bub-
bled with 100 mL of N, from the glovebox (depicted as “bubbled
gas”). For nonvolatile contaminants condensed onto surfaces, we
deposited CDCI, onto a clean 4 cm X 4 cm glass substrate thathad
been stored inside the glovebox, then drew the solvent back up
and measured its NMR spectrum (labeled “substrate wash”). To
detect leachables from laboratory consumables, we washed them
with CDCl, (“disposables wash”). Finally, to detect contaminants
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during film processing (syringes, needles, or pipettes). Major contaminants
and quantified via solution-state NMR analysis.

in fabricated solutions or thin films, we either mixed 3 uL of solu-
tion in 1 mL of CDCl, (“solution analysis”), or redissolved 4 cm X
4 cm films with CDCI, (“redissolved films”). The Methods section
contains the exact protocols for each one of these NMR methods
(Figure S1, Supporting Information). We also recorded a video
of the film redissolving process, which is available in the Supple-
mentary Information.

We first focus on the effect of glovebox contamination. In re-
search studies, OFETs are commonly spin coated using halo-
genated high-boiling point solvents, such as 1,2-dichlorobenzene
(DCB).3% Therefore, we might expect that the main contaminant
likely to be found inside a glovebox is residual solvent, generated
during spin coating or other solvent-based processes. Residual
solvent molecules have been reported to have temporary, stabiliz-
ing effects on OFET devices, acting to neutralize moisture-based
traps through the formation of solvent-water azeotropes.[?*]
The same solvent-induced stability has been observed when the
devices are annealed in a solvent-rich atmosphere,[*!] an effect
known as “solvent vapor annealing”.[*~*4] Certain solvents can
increase the degree of crystallinity of even weakly crystalline poly-
mers, such as IDTBT, thus improving their bias stress stability.[*’]
We can use NMR to directly probe the presence of residual sol-
vent in thin films by redissolving them in CDCI, after any pro-
cessing steps (e.g., annealing).

Figure 2a shows '"H NMR spectra of redissolved 4 cm X 4 cm
thin films of as-cast (blue curve) and 100°C/1 h annealed (or-
ange curve) IDTBT prepared at the outset of our study, before
significant steps were taken to reduce glovebox contamination.
The green curve (bottom) shows spectra of neat IDTBT for com-
parison; the peaks at 8.11, 7.95, and 7.40 ppm are the IDTBT

(3 0f14) © 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. Detection of contamination induced by a saturated solvent filter and its effect on device operation. A) "H NMR spectra of redissolved 4 cm x
4 c¢m thin films of as-cast (blue curve) and annealed (orange curves) IDTBT, collected in a contaminated glovebox. The neat IDTBT powder (green curve)
is shown for comparison. B) "H NMR spectra of deuterated chloroform after washing a clean, plasma-treated glass substrate, collected just before
solvent filter replacement (red) and 1 week after solvent filter replacement (blue). The three main peaks observed are assigned to alkyltrimethoxysilane
self-assembled monolayer (SAM) precursors stored in the glovebox (see structure in (C), inset). C) Detail of (B) scaled by 50x, showing a range of other
contaminants present in the atmosphere. Expected locations of the most commonly used solvent in the glovebox, DCB, is indicated with arrows. Some
impurities present in this spectrum originate from the CDCl; itself, which had been stored in the glovebox; see the difference spectrum in Figure S2b,
Supporting Information. D) IDTBT OFET transfer curves (Vp = —50 V) for devices prepared shortly before and shortly after the solvent filter replacement.

The NMR and OFET data were taken at different times, ~12 months apart.

backbone protons, while the peaks below 2.5 ppm correspond to
the side chains. The residual protonated solvent peak is visible at
7.26 ppm, along with two 3C satellite peaks, while water appears
as a singlet peak at 1.56 ppm. All other peaks visible in the spectra
of the redissolved IDTBT films are due to contaminants.

Some of these contaminants are present in the solvent used
for the NMR measurements (CDCl, reference, black curve).
Figure S2b, Supporting Information, shows the accumulated
contamination in the CDCl, solvent bottle, with the “3 months”
(red) curve being the same dataset as the CDCI, reference (black)
curve in Figure 2a. It can be seen from Figure S2b, Supporting
Information that the contaminants contained in the solvent were
not visible in earlier measurements from the same solvent bottle,
and were therefore introduced during storage or sample process-
ing. In addition, a number of peaks visible in redissolved IDTBT
films are not present in the neat IDTBT powder or the CDCl,
used to redissolve the films, and therefore must have been in-
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troduced during film processing. Notably, we observe little to no
signals from most of the solvents that were used in the glove-
box during this period. Only a weak signal from acetonitrile (sin-
glet, 2.10 ppm, used in doping studies of polymer semiconduc-
tors) is visible, while n-butyl acetate (triplet, 4.06 ppm, singlet,
2.04 ppm, used to spin coat FET dielectrics), or aromatic solvents
such as DCB (doublet of doublets, 7.21 ppm, and 7.45 ppm, used
in spin coating) are conspicuously absent. Annealing does not
appear to be effective in removing these contaminants. Instead,
the annealed sample actually shows slightly higher contamina-
tion. As we will discuss in further detail below, this observation
suggests that the solvent content in thin films rapidly equilibrates
with the solvent atmosphere in the glovebox.

To remove solvent vapor or other volatile materials produced
during solution processing, most glovebox systems are equipped
with an activated carbon-based solvent filter that can typically ab-
sorb ~500 grams of solvent vapor,[“! provided that the carbon

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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material is replaced before it becomes saturated. Since there are
no volatile organic compound (VOC) sensors that are selective to
the commonly used halogenated solvents, there is usually no way
to determine when solvent filters become saturated with solvent
vapor, or how their filtering efficiency changes as they gradually
get filled. As we will demonstrate, the gradual filling of the sol-
vent filter can be monitored by testing the glovebox atmosphere
with NMR. The glovebox used for this study was a four-glove
MBraun Labmaster 130 glovebox with an activated carbon sol-
vent filter. This is a standard glovebox configuration that is widely
used for thin film processing of a wide range of organic and other
functional materials. The O,/H, O levels always stood at < 1 ppm
during the experiments. Despite the application-specific process
and equipment used, the general findings of this manuscript can
be adapted to other gloveboxes and processes.

Figure 2b shows 'H NMR spectra of CDCl, after washing a
clean, plasma-treated glass substrate (“substrate wash”) inside
the glovebox. The plasma treatment was performed outside the
glovebox. We also performed measurements of the glovebox at-
mosphere (Figure S2a, Supporting Information) by bubbling
100 mL of glovebox gas through CDCl,; (“bubbled gas”), how-
ever, this method proved less sensitive for most contaminants ob-
served in our system (Figure 3a). As shown in Figure 2b, before
the activated carbon replacement, we were able to detect a range
of gas-phase contaminants in our glovebox, although one species
was present in considerably higher levels. The dominant species
showed only three main 'H signals: a singlet at 3.65 ppm, typi-
cal of O—CH, groups, as well broader features at 1.25 ppm (CH,)
and 0.85 ppm (CH,) typical of alkyl chains. Together, these sig-
nals are consistent with a trimethoxyalkylsilane such as octade-
cyltrimethoxysilane (OTMS), one of the self-assembled mono-
layer (SAM) precursors that were used and stored in the glovebox
during this period. This species is also the dominant contami-
nant observed in redissolved IDTBT films as well (see inset in
Figure 2a, inset intensity is divided by 100). However, the integra-
tion area of the 1.25 ppm peak is ~10 times that of the 3.65 ppm
peak, while the expected area ratio from the structure of OTMS
is ~3.5. This suggests a secondary aliphatic contaminant is also
present. No aliphatic solvents were in regular use during this pe-
riod, however our NMR analysis reveals that the glovebox vac-
uum pump oil is a simple aliphatic hydrocarbon and matches
well with the 1.25 ppm contamination peak (Figure S26, Sup-
porting Information). We, therefore, suspect that oil mist con-
tamination during antechamber cycling contributes significantly
to glovebox atmosphere contamination. Additionally, our NMR
data suggests that contaminants from the glovebox atmosphere
can find their way into the vacuum pump oil and then be released
back into the glovebox, along with the oil mist (Figure S27, Sup-
porting Information). As in the film data, we observe essentially
no signal from the most commonly used solvents in the glove-
box, such as DCB (arrows indicate expected peak positions in
Figure 2c).

After the solvent filter was replaced, essentially all contami-
nation was eliminated within one week. The absence of appre-
ciable residual solvent signals in Figure 2b,c, together with the
presence of strong aliphatic signals consistent with SAM precur-
sors and oil mist, leads us to speculate that as the solvent filter
begins to saturate, the filtering efficiency for long chain alkanes
decreases more quickly than the filtering efficiency for other sol-
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vent molecules. This difference in adsorption efficiency likely de-
rives from z—z interactions between solvents and activated car-
bon: a recent experimental study found that the gas phase adsorp-
tion capacity of activated carbon was two orders of magnitude
higher for toluene as compared to hexane, an effect attributed
to 7—r interactions.|*”] Furthermore, in toluene-hexane mixtures,
the adsorption capacity of hexane dropped further due to compe-
tition for adsorption sites. Together these findings suggest that
aliphatic compounds, even relatively nonvolatile, long chain ma-
terials such as SAM precursors and pump oils, are likely to be
the primary contaminants in typical research gloveboxes when
the solvent filter is not exchanged regularly.

This accumulation of atmospheric contamination due to de-
clining carbon filtering efficiency can affect the performance
of fabricated devices. In particular, it is known from literature
that solvents and solid-state additives can improve OFET perfor-
mance and stability.[2*4*414] Similarly, silane-based SAM pre-
cursors are highly reactive towards water and can function as
p-type dopants!*]; these features could both plausibly lead to
stabilization effects in OFETs. We compared OFETs with pris-
tine IDTBT films, i.e., with no intentional addition of solid-
state additives, and a Cytop-M dielectric fabricated before and
after the activated carbon replacement, to determine the effect
of a contaminated glovebox atmosphere on device performance.
This study was conducted at a time when contamination was
still an issue in our glovebox, i.e., before the implementation of
a contamination-free protocol discussed below. The NMR data
shown in Figure 2 are representative for the glovebox conditions
under which the FETs were fabricated (although the NMR data
were obtained at a different time). We also compared pristine
OFETs with OFETs that contained 5% w/w benzodifurandione-
based oligo(p-phenylenevinylene) (BDOPV or IBDF) and 2%
w/w 2,5-difluoro-7,7,8,8-tetracyanoquinodimethane (F2-TCNQ)
as solid-state molecular additives. F2-TCNQ has been shown
previously to enhance the device performance and opera-
tional and environmental stability of IDTBT OFETs in a sim-
ilar manner as 7,7’,8,8-Tetracyanoquinodimethane (TCNQ)
and 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-
TCNQ),!?*] while BDOPV is an additive that normally offers no
stabilizing benefits.

Pristine OFETs that were fabricated when the solvent trap was
near the end of its life, and annealed at 100°C for 1 hour after
spin coating, exhibited relatively good device performance with a
sharp turn-on and moderately high ON current (Figure 2d). This
was somewhat unexpected as we had previously found such pris-
tine and annealed IDTBT OFETS to exhibit poor performance and
stability.?* This suggests that with the solvent trap near the end
of its life, performance-enhancing contaminants from the glove-
box atmosphere can become unintentionally incorporated into
the film. Indeed, after the solvent filter was replaced, pristine de-
vices exhibited a dramatic decrease in device performance and
sluggish turn-on characteristics consistent with our earlier study
that had been performed with a well-maintained solvent trap.

The glovebox atmosphere also needs to be considered when in-
terpreting the effectiveness of intentionally incorporated molecu-
lar additives for improving device performance. When fabricated
in a contaminated atmosphere, the incorporation of BDOPV
slightly enhances device performance. However, this is an erro-
neous conclusion: when devices are fabricated in a clean glovebox

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. Detection of 1,2-dichlorobenzene (DCB) residual solvent contamination in glovebox atmosphere and thin films. A) "H NMR spectra of CDCl,
after washing a clean, plasma-treated 4 cm X 4 cm glass substrate (blue curve), or bubbling with 100 mL glovebox gas (red curve). Both NMR samples
were fabricated at the same time, shortly after another user had finished spin coating films from DCB. B) "H NMR spectra of redissolved 4 cm x 4 cm
IDTBT films collected in a DCB-rich atmosphere shortly after spin coating (pink curve), in a N, purged glovebox after 1 hour of annealing at 100°C

(purple curve), or storage at room temperature (green curve).

atmosphere, it becomes clear that BDOPYV is in fact not an ef-
fective molecular additive (Figure 2d). In contrast, F2-TCNQ is
a genuinely effective molecular additive that is able to stabilize
devices even in a clean atmosphere, and yield an optimum ON-
current. We conclude that it is crucial to maintain a clean glove-
box atmosphere when studying the stabilization effects of solid-
state additives, to decouple the effects of intentional and uninten-
tional additives, and avoid experimental artefacts. For this reason,
we recommend that reported device data should always be ac-
companied by detailed fabrication protocols, including at a mini-
mum a discussion of the type of solvent trap used in the glovebox,
its replacement/regeneration schedule, and details about purg-
ing conditions before/during sample preparation.

Based upon the results shown in Figure 2, we upgraded our
sample fabrication glovebox with a regenerable molecular-sieve-
based solvent trap, and implemented rigorous protocols on sol-
vent use and purging to ensure a clean glovebox atmosphere (see
Supporting Information, Experimental Methods Section). Un-
der these conditions, residual solvent from spin coating then be-
comes indeed the dominant contaminant introduced from the
glovebox atmosphere. Figure 3a shows two NMR measurements
of the glovebox atmosphere, using the substrate washing and
bubbled gas methods, which were fabricated at the same time,
shortly after another user had finished spin coating films from
DCB. The substrate washing test is able to detect DCB, demon-
strating that NMR can be used to test the cleanliness of the glove-
box atmosphere and that residual solvents adsorb readily on sur-
faces in the glovebox. Surprisingly, the bubbled gas test did not
detect the DCB, suggesting that for high boiling point solvents
such as DCB, aerosols formed during spin coating, rather than
direct vapor phase mass transport, may be the dominant contam-
ination pathway.

Figure 3b shows 'H NMR spectra of redissolved 4 cm X 4 cm
thin films of IDTBT prepared in a DCB-rich atmosphere shortly
after spin coating (pink curve), and films prepared in a N, purged
glovebox and then annealed for 1 hour at 100°C (purple curve), or
storage at room temperature (green curve). The as-cast film pre-
pared in a solvent-rich atmosphere contains significantly more
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residual DCB compared to both the as-cast and the annealed
films prepared in a purged glovebox. The DCB signals in the lat-
ter two films are similar in intensity to that of the CDCl, refer-
ence spectrum, so these DCB signals are most likely dominated
by solvent adsorbed onto the pipettes or NMR tubes during sam-
ple preparation. It is therefore not possible to quantify the exact
DCB concentration in these samples. Nonetheless, it is clear that
the solvent content in the glovebox atmosphere has a much larger
effect on the film’s residual solvent content than the annealing
conditions.

Together, these results suggest that relatively nonvolatile sol-
vents such as DCB can lead to contamination by adsorbing onto
surfaces such as substrates or pipettes. This solvent contamina-
tion, both on surfaces and within thin films, should be largely in
equilibrium with the solvent vapor in the glovebox atmosphere.
In this sense, purging the glovebox reduces most contamination
both in films and on surfaces. Annealing is presumably only re-
quired to remove the small fraction of kinetically trapped solvent
thatis notin equilibrium with the atmosphere, and would only be
expected to be beneficial when the glovebox atmosphere is com-
pletely solvent-free.

Having established the critical role of impurities on device per-
formance, we set out to identify other possible routes of contam-
ination in our devices. In biology, disposable plastic labware, in-
cluding micropipette tips widely used for preparing solutions and
spin coating films, have been reported to leach a wide variety of
compounds into aqueous and organic solutions, which can affect
the growth of cell cultures,'?! induce protein aggregation,!!3-16]
and disrupt biological and biochemical assays.['®2% Oleamide,
a lubricant and plasticizing agent commonly used in polypropy-
lene manufacturing, is the most common leachable reported, al-
though a wide range of compounds have been identified by mass
spectroscopy and NMR.["820) As shown in Figure S3, Support-
ing Information, our 2D NMR analysis of deuterated chloroform
exposed to pipettes is consistent with oleamide being the main
leachable, although we also identified an additional leachable: a
monoglyceride (likely 1-glycerol monostearate), that was present
at about % the concentration of oleamide (Figure S4, Supporting
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Figure 4. Quantification of oleamide contamination from plastic pipettes and effect on OFET performance. A) "TH NMR spectra of an IDTBT solution
after accumulated contamination from plastic pipette tips. Spectra show the unsaturated protons of oleamide at 5.35 ppm (see structure in (B), inset);
intensities are normalized to the IDTBT aromatic signal. B) Molar ratio of oleamide to IDTBT monomers in each solution, as determined from the ratio
of the integration areas. C) OFET transfer characteristics for devices processed from the solutions shown in (A). D) Quartz crystal microbalance (QCM)
measurement of IDTBT film mass increase upon exposure to DI water. Samples were coated with a 100 nm thick Cytop layer to prevent the dissolution

of oleamide.

Information). While the amount of contamination from pipettes
is relatively small, we observed strong contamination from plastic
syringes used in our lab that was consistent with a different un-
saturated alkyl amide, along with several additional unidentified
species. As shown in Figure S5, Supporting Information, the pro-
ton spectra of deuterated chloroform exposed to plastic pipettes
and plastic syringes look similar, with only minor differences be-
tween the observed functional groups, indicating that the main
contaminant leaching from plastic syringes is similar to oleamide
but that there are also additional contaminants present.
Although plastic syringes can easily be avoided, micropipettes
are vital tools required for repeatable fabrication of organic elec-
tronic films to dispense precise amounts of solution as part of
a reproducible fabrication process, as well as to minimize waste
of small quantities of research organic semiconductor materials.
As we have seen above, additives can strongly affect OFET de-
vice performance even at the percent level, therefore even a di-
lute amount of contamination leaching from pipettes could have
a significant impact on device performance. Furthermore, a sin-
gle spin coating solution is often reused for many experiments,
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and therefore may be exposed to dozens of pipette tips before it is
finished. To quantify the effect of accumulated oleamide contam-
ination, we spin coated IDTBT from a freshly prepared solution,
and from the same solution after washing with 10 and 20 pipette
tips. Each pipette tip was only washed once in the solution. Two
sets of films were prepared for each condition—one was used to
prepare an OFET, while the other was redissolved and analyzed
by NMR. We also collected a sample of each solution before spin
coating for NMR analysis. This study was done in a contaminant-
free glovebox atmosphere, according to the process described in
the Experimental Methods section.

Figure 4a shows 'H NMR spectra of each IDTBT solution,
showing the oleamide unsaturated proton signal, along with ref-
erence spectra of clean CDCl; (black line), and CDCl; washed
with 15 pipette tips (gray dotted line). While the reference sam-
ple was made by washing pipette tips in CDCl;, the 10 and
20 pipette tips samples were made by washing pipettes in the
IDTBT solution, and mixing 5 pL of that solution with 600 L of
CDCl,. All IDTBT solution spectra are normalized to the IDTBT
aromatic peaks. The clean spin coating solution (“0 tips”) does
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not show statistically significant oleamide contamination; only
the solutions exposed to pipette tips show visible contamination.
Figure 4b shows the molar ratio of oleamide to IDTBT monomers
in each IDTBT solution obtained by integrating the IDTBT and
oleamide signals. The corresponding ratios for redissolved films
are shown in Figure S7c, Supporting Information. We observe
somewhat higher contamination in films relative to solutions,
perhaps due to aerosolization during spin coating, and conden-
sation onto the pipettes and/or NMR tubes that were used for
film redissolution. Precise quantification is difficult due to the
low amount of oleamide contamination present—even in the 20
pipette tip solution, we observe only ~2.5 mol% relative to IDTBT,
equivalent to &5 ppt oleamide by mass.

Despite the small magnitude of contamination observed in
NMR, we still observe a clear, systematic effect of oleamide leach-
able on OFET device performance. Figure 4c shows transfer
curves for IDTBT OFETs prepared from the solutions measured
in Figure 4a. We observe a progressive reduction in ON current
and more gradual turn-on characteristics with increasing expo-
sure to pipettes, suggesting that oleamide contamination leads to
trap formation in IDTBT films. This also leads to a less ideal gate
voltage dependence of the mobility (Figure S7e, Supporting In-
formation) and a reduced OFF-state bias stress operational stabil-
ity (Figure S8, Supporting Information). We plot transfer curves
from several devices from each sample in Figure 4c to highlight
that device-to-device variation within each processing condition
is small.

It is worth noting that, in contrast to Figure 2d, pristine an-
nealed devices fabricated in a clean glovebox now perform well.
Additionally, in films coated from oleamide-free solutions, we ob-
serve lower performance in nonannealed devices as compared
to annealed devices. This behavior is qualitatively different from
past reports.!?*l We speculate that at least some of the device non-
idealities in pristine annealed devices, seen in Figure 2d and our
earlier reports, which were fabricated before we had identified
leachates as a concern, may originate from oleamide impurities
introduced by pipettes and/or syringes. However, some of these
performance differences originate from contamination that is
intrinsic to the polymer powder. We observe performance vari-
ations in cleanly fabricated OFETs made with different IDTBT
batches (Figure S9, Supporting Information). We also observe
differences in contamination/impurity levels in neat powders of
different IDTBT batches (Figure S10, Supporting Information),
including the same monoglyceride identified from our pipette
leachate spectra. The concentration of this impurity is on the
order of 1 mol% in several batches, i.e., the same range where
oleamide impurities cause significant changes in device perfor-
mance. Batches showing these impurities generally show lower
device performance in pristine devices (see Table S1, Supporting
Information), therefore we suspect that these impurities degrade
device performance.

Both oleamide and 1-glycerol monostearate (or similar pri-
mary alkyl amides and monoglycerides) should function as sur-
factants due to their polar head groups and long-chain nonpo-
lar tail. In thin films, we might expect these molecules to aggre-
gate into inverse micelles, forming an emulsion containing hy-
drophilic voids that are able to attract and hold water more read-
ily than the pristine polymer. To explore this possibility, we used
a quartz crystal microbalance (QCM) to precisely measure the
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mass change of clean and 20-tip contaminated IDTBT films upon
exposure to water. Oleamide is slightly water soluble, as con-
firmed by Fourier-transform infrared (FTIR) measurements of
contaminated films after exposure to water (Figure S11, Support-
ing Information). We therefore coated the QCM samples with a
thin (100 nm) layer of Cytop to prevent large water-soluble con-
taminants (such as oleamide) from leaving the underlying IDTBT
film, while allowing water molecules to slowly diffuse through.
We note that this structure (substrate/polymer/Cytop) matches
that of a top-gate OFET device.

Figure 4d shows the results of this QCM measurement. In
the film without pipette tip contamination, we observe no wa-
ter uptake to within the estimated uncertainty of the measure-
ment. However, in the film contaminated with 20 pipette tips,
we see a 12.8% increase in film mass after exposure to deionized
(DI) water. This increase in water uptake in contaminated films
could conceivably explain the reduction in device performance
for contaminated films, consistent with previous evidence that
water leads to trap formation in FETs.2**1 Our QCM data there-
fore suggest an indirect degradation mechanism, whereby the
presence of these emulsifying impurities, introduced both dur-
ing device processing but also potentially during polymer syn-
thesis, leads to water uptake, which consequently degrades device
performance and bias stress stability.

The effects of pipette contamination are not confined to
IDTBT, but are also observed in other organic semiconduc-
tors. Figure 5a—d shows transfer characteristics for DPPBTz, a
polycrystalline donor-acceptor polymer, C;-DNTT, a p-type small
molecule semiconductor, N2200, a high mobility n-type polymer,
and C,,-PBTTT, a highly crystalline p-type polymer. In the first
three materials (Figure 5a—c) we observe degraded performance
upon contamination, similar to IDTBT (Figure 4c). However, in
PBTTT we observe relatively little change in mobility, but rather
a very large threshold voltage shift (Figure 5d), along with a large
increase in OFF-state bias stress instability (Figure Se; bias stress
data for other polymers are shown in Figures S8 and S14, Sup-
porting Information). We speculate that this OFF-state bias stress
instability may also derive from water uptake: protons generated
by dissociated water may be able to either directly protonate the
organic semiconductor, or accept an electron from band edge
states filled during positive gating.!*>5% This effect could, there-
fore, vary significantly between polymers, depending on the pH
of the film, the presence of proton acceptor sites, and the energy
level of the band edge.

In addition, we also studied the effect of pipette contamination
on sequential doping solutions, commonly used to prepare con-
ducting films for thermoelectric applications. Figure 5f shows the
conductivity of PBTTT films coated from a contaminant-free so-
lution, then sequentially doped with an acetonitrile ion-exchange
doping solution®! (100 mM BMP-TFSI / 1 mM FeCl,) that was
progressively contaminated with plastic pipettes. We observe a
clear reduction in achievable conductivity with increased contam-
ination levels. Therefore, contaminants must also be affecting
the redox potential of the dopant solution, indicating that they
are redox active within the electrochemical window relevant to
organic semiconductor devices. The overall effect of emulsify-
ing, hydrophilic impurities such as oleamide or monoglycerides,
therefore, is likely to be incredibly complex, consistent with the
range of effects seen in the transfer curves in Figure 5.
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Figure 5. The effect of oleamide leaching from plastic pipette tips on the performance of polymer and small molecule OFETs. The figure shows transfer
curves in saturation from A) DPPBTz, B) Cg-DNTT, C) N2200, and D) Cy4-PBTTT OFETs. Continuous lines denote clean FETs; dotted lines denote
contaminated FETs (via pipette washing). E) ON-state and OFF-state bias stress stability of PBTTT OFETs. The vertical line separates the stress and

recovery regimes. F) Conductivity of ion-exchange doped PBTTT films.

Other plastic labware can also have a detrimental effect on the
performance of polymer OFETs. We observed that filtering a solu-
tion of the n-type polymer N2200 using a disposable syringe filter
and plastic syringe results in n-type OFETs with larger positive V.
shifts (Figure S15, Supporting Information). Although filtering
may alter solution properties in other ways, for example by fil-
tering out high molecular weight or aggregate species, it appears
likely that contamination induced by the syringe and/or filter is
an important factor contributing to the observed device degra-
dation. Interestingly, plastic contaminant-free N2200 OFETs did
not require post-fabrication annealing steps commonly used to
improve performancel>?! (Figure S16, Supporting Information).

This is not the only effect that plastic leachables can have. High
levels of contamination can directly affect the morphology of
IDTBT films, with the phase-separated contaminants migrating
to the surface of the film (Figure S17, Supporting Information).
Pipette contamination was also found to affect the wetting and
crystallization behavior of thin films of molecular semiconduc-
tors, such as TIPS-pentacene. Pristine solutions of 5 g L~! TIPS-
pentacene in DCB were found to dewet easily during typical spin
coating conditions with speeds of 1000 rpm. Intentionally con-
taminating the solution by washing plastic syringes changed its
surface tension, enabled wetting, and facilitated the growth of the
typically observed spherulite crystal structures (Figure S18, Sup-
porting Information). Oleamide contamination also affected the
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wetting properties of solution-sheared C4-DNTT, with the con-
taminated solution dewetting and the clean solution wetting the
substrate (Figure S19, Supporting Information). Finally, contami-
nation affects the solubility of solid-state additives. Contaminated
solid-state additive solutions aggregated at room temperature,
whereas clean solutions did not (Figure S20, Supporting Infor-
mation).

We now turn our focus on the effect of contamination on the
wetting behavior of polymer films during spin coating, which
was the original motivation of this study. When the glovebox
atmosphere was still contaminated, we observed evidence that
older batches of IDTBT reproducibly yielded uniform, contin-
uous films during spin coating, while more recent polymer
batches tended to dewet under nominally identical spin coating
conditions. All IDTBT batches had C, side chains and were syn-
thesized by the same chemist, and the difference in wetting prop-
erties could not be attributed to differences in synthetic proce-
dures or molecular weight (Table S1, Supporting Information).
We suspected that some source of contamination had entered the
older batches. There is direct evidence from NMR of the different
polymer batches (Figure S10, Supporting Information) for such
contamination, however, it has been difficult to trace the source
of this contamination as the older batches had been stored in the
glovebox and used for several years. However, after eliminating
the contamination sources in the glovebox atmosphere and the
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Figure 6. The effect of PDMS on the wetting behavior of IDTBT films, and on device characteristics of IDTBT Cytop-M OFETs. A) "H NMR of wetting and
dewetting solutions. B) 'H NMR of redissolved IDTBT films, showing that syringe needles introduce significant PDMS contamination, matching that
seen in wetting solutions. Structure of PDMS is shown in inset. C) Photo of films coated from clean and PDMS-contaminated solutions. Clean IDTBT
films consistently dewet from glass and Si substrates, but the introduction of PDMS by dipping one or five needles in the IDTBT solution prior to spin
coating leads to good wetting behavior. D) Transfer curves and E) the extracted mobility curves in saturation (Vp = —60 V) for three IDTBT OFETs with
varying amounts of PDMS contamination. Continuous lines denote the drain current; dotted lines denote the gate leakage current.

oleamide contamination, we observed that there were still exper-
imental runs when, under nominally identical solution prepara-
tion and spin coating conditions, solutions of the more recent
IDTBT batches were able to wet the substrate and yield perfectly
uniform films. We observed that the wetting properties were de-
pendent solely on the polymer solution: solutions that would wet,
or dewet, would do so consistently when processed on different
days. This suggested another source of processing-induced con-
tamination as yet unidentified.

In order to identify this contamination source, we collected
NMR spectra of the wetting and dewetting IDTBT solutions, as
shown in Figure 6a. The spectra are mostly identical (Figure S21,
Supporting Information), except the spectrum of the wetting so-
lution contains a contaminant characterized by a singlet peak at
0.07 ppm, characteristic of Si—-CH; groups.**! The source of this
contaminant was traced to disposable steel needles used to de-
cant solvents through septum caps. Figure 6b shows a 'TH NMR
spectrum of CDCl, into which a needle was dipped, revealing
the same singlet signal at 0.07 ppm. No other contamination sig-
nals were observed, indicating that all protons in this contami-
nant are equivalent, and that only a single species leaches from
these needles. From this, we can readily identify the contaminant
as polydimethylsiloxane (PDMS), a hydrophobic polymer widely
used to lubricate medical-purpose syringes and needles (a pro-
cess known as “siliconization”).[** Recent studies have shown
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that PDMS can leach into pharmaceutical products,!'>1¢>%] result-
ing in what is termed as “Silicone-Oil-Based Subvisible Particles”
(SbVPs).5¢ In biological research, these leaching PDMS parti-
cles have been shown to induce protein aggregation,!'*7] and
elicit immunogenic responses.l’’l PDMS is hydrophobic,*8 and
has plasticizing properties.l*! It could thus conceivably change
the wetting, mechanical, and thermal properties of the organic
semiconductor,[®® as well as its free volume.[>] Additionally,
when plasticizers are incorporated into an amorphous phase,
they can lower its glass transition temperature,[®1-%3] with the lat-
ter being linked to the photophysical and charge transport prop-
erties of organic semiconductors.[®4]

Briefly dipping a needle into an IDTBT solution, and swirling
it around for 6-7 s, was enough to contaminate the solution and
change its wetting behavior. Figure 6b shows NMR spectra of re-
dissolved IDTBT films coated from a clean solution and a solu-
tion thathad a needle briefly dipped into it (1 needle / 200 uL solu-
tion). We observe significant PDMS contamination in the needle-
dipped film: integrating PDMS and IDTBT signals indicates the
film is 11 + 2 mol% PDMS, equivalent to 0.63% by mass. The
change in wetting properties is readily apparent in photos of the
films shown in Figure 6¢. We also recorded a video of the spin
coating process with clean and contaminated solutions, which
is available in the Supplementary Information. It is worth not-
ing that contamination from plastic pipettes can also modify the
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Figure 7. PeakForce QNM topographical scans of 1x1 um (A,C) and 300300 nm (B,D) IDTBT films. Clean IDTBT films are depicted in (A,B), and
IDTBT films with the PDMS contaminant are depicted in (C,D). The corresponding elastic modulus scans are depicted in (E,F,G,H). The elastic modulus
distribution histogram evaluated for the entire area of 1x1 um clean IDTBT film in (A) is shown in (I). The histogram for the area boxed in red over the
PDMS particle is shown in (J), and the histogram for the area boxed in green outside the PDMS particle is shown in (K). The cross-sectional topography
and elastic modulus profile along the white dotted lines in (C) and (G) are shown in (L).

wetting behavior of IDTBT films, although the quantities re-
quired are larger (i.e., 20 pipettes / 200 pL solution).

In addition to improving wetting behavior, PDMS contamina-
tion also improved the performance of IDTBT Cytop-M OFETs,
as evidenced by the steeper subthreshold slope of the transfer
curves (Figure 6d), as well as an improved and largely gate-voltage
independent mobility (Figure 6e). In essence, the “1 needle”
sample of Figure 6d was similar to the “0 tips, annealed” sam-
ple of Figure 4c. The beneficial effect of the contamination on
OFET performance may be due to the improved film uniformity
(Figure 6c¢), and/or due to a similar mechanism as demonstrated
previously for small molecule additives intentionally introduced
into the films to improve the environmental and electrical stress
stability of the devices [see discussion below, Ref. [24]]. However,
excessive contamination (5 needles / 200 uL) resulted in reduced
mobility, as well as poor wetting by the Cytop-M dielectric (visi-
ble in Figure 6¢). More diluted Cytop solutions (Cytop to solvent
ratio 1:5 v/v) did not dewet from the edges, but still exhibited
radial dewetting streaks (Figure S22, Supporting Information).
The effect of PDMS contamination on the OFF-state bias stress
stability was limited to a slight increase in the threshold volt-
age (Figure S23, Supporting Information). The molecular weight
and/or termination of the PDMS used appears to be important
to observe these beneficial effects. Our NMR data suggest that
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the needles are coated with —Si—(CH};), terminated PDMS, with a
molecular weight of #360 kDa. Intentionally adding lower molec-
ular weight PDMS, such as standard Sylgard 184 base (=50 kDa),
to the solution did not have the same beneficial effect on the wet-
ting properties. This implies some degree of miscibility between
the PDMS and IDTBT is beneficial.

To better visualize the nanoscale interaction between IDTBT
and PDMS, we turned to PeakForce Quantitative Nanomechan-
ics (QNM), an atomic force microscope technique that can spa-
tially map the nanomechanical properties of thin films.[®%] The
evaluated elastic moduli should be considered as apparent elastic
moduli, due to variation in actual contact area between the end
of the tip and surface topography. Nevertheless, the contrast in
elastic modulus between different surface areas is clear. We com-
pare clean IDTBT films and films that were made with PDMS-
contaminated IDTBT solution (3 needles / 70 pL of solution).
Films were prepared in a glovebox that was free of contamination.
The topographic and elastic modulus maps of IDTBT thin films,
with and without PDMS particles, are shown in Figure 7. The
films of clean IDTBT are uniform and relatively smooth, as can be
concluded from Figure 7a,b showing two different scan areas, at
different resolutions. In the PDMS-contaminated films we detect
large, presumably PDMS-rich particles that are clearly observable
in the topographic images measured at 5 um x 5 um (Figure S24,
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Table 1. Summary table of contaminants, their origin, effect on devices, and mitigation.

Contaminant Source

Effect on devices

Mitigation

Volatile and reactive materials Material off-gassing;

(e.g., SAM precursors) sample processing (e.g., SAM

fabrication);

leaking vials/caps

Residual solvent Spin coating, solution preparation,
leaking vials/caps

Oleamide, monoglycerides Plastic syringes, plastic

micropipettes

Irreproducibility; depends on
the impurity

Depends on the solvent

Degraded device performance,

Do not store or use volatile chemicals in the
glovebox. If infeasible, purge during/after use.
Install regenerable solvent trap

Purge between different solvents.
Purge before and during annealing.
Install regenerable solvent trap.

Replace with glass syringes/pipettes

bias stress instability,

increased water uptake

PDMS Disposable siliconized needles Enhanced wetting and electrical Replace with silicone oil-free stainless steel needles
properties
Oil mist Vacuum pump Untested Install foreline trap or oil free vacuum pump.

Purge glovebox before use.
Turn off vacuum pump at night.

Supporting Information) and at 1 pm X 1 um (Figure 7c). The ar-
eas in between these particles show a more uniform height dis-
tribution, similar to the clean IDTBT film. Note that contact an-
gle measurements are unable to distinguish between clean and
PDMS-contaminated IDTBT films (Figure S25, Supporting In-
formation).

Nanomechanical mapping gives us additional information
to more clearly understand the composition of the PDMS-
contaminated films. From the apparent elastic modulus map in
Figure 7g, we can clearly identify the observed particles as PDMS,
owing to their much softer mechanical response and the sig-
nificant decrease in apparent elastic modulus. This observation
is further verified in the apparent elastic modulus histograms
evaluated for the entire area of the clean IDTBT film shown in
Figure 7i, the region only containing the PDMS particle (red
box of Figure 7g) shown in Figure 7j, and the region outside
the PDMS particle (green box of Figure 7g) shown in Figure 7k.
The region between the particles, which must be the IDTBT-rich
phase, displays a modulus that is intermediate between that of
the particle and the clean film. This reduction in the modulus
of the IDTBT film in between the PDMS particles implies sig-
nificant solubility of PDMS within the IDTBT. A cross-sectional
profile of the topography and elastic modulus measured across
one PDMS particle along the dotted white lines of Figure 7¢,g is
shown in Figure 71

While the values of the apparent elastic modulus obtained
from the QNM measurements cannot be interpreted directly in
terms of literature values of pure PDMS (Figure S24, Support-
ing Information), due to possible substrate effects and high can-
tilever stiffness not optimal for such soft materials, the topo-
graphical map of Figure 7d and the modulus map of Figure
7h provide evidence for significant miscibility between IDTBT
and PDMS. Nanoscale variations in modulus are observed in the
IDTBT-rich phase of the PDMS-contaminated films (Figure 7h),
in contrast with the quite homogenous modulus observed in the
clean film (Figure 7f). The nanoscale miscibility of these two
polymers, not apparent from topographic imaging alone, ratio-
nalizes the strong effect of the PDMS on wetting behavior and
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device performance (Figure 6), and demonstrates the utility of
nanomechanical measurements.

3. Conclusion

In this study, we investigated the effects of processing-induced
contamination on the fabrication and performance of organic
electronic devices. Table 1 summarizes the different contami-
nants, their origin, their effect on devices, and mitigation. We
demonstrated that even small amounts of contaminants can af-
fect the thin-film processing behavior and the electrical proper-
ties of devices. These effects were observed in different polymer
and small molecule semiconductors. We showed that NMR can
be used to detect and quantify contaminants in solutions and thin
films, and be used to monitor contamination levels in a glovebox
system.

The contaminants were found to originate from both the glove-
box atmosphere, as well as laboratory consumables commonly
used during film processing (disposable needles, plastic pipettes,
and plastic syringes). Accumulated contamination leaching from
plastic pipettes leads to degraded device performance and in-
creases the water uptake of polymer films. This water can then
lead to a range of effects, including trap formation and reduced
mobility, threshold voltage shifts, degraded bias stress stabil-
ity, and reduced doped film conductivity. Contamination from
plastics also affects the morphology and wetting properties of
polymer films, the solubility of solid-state additives, as well as
the crystallization of small molecule films. Polydimethylsiloxane
(PDMS) contamination from siliconized steel needles can en-
hance the wetting and electrical properties of polymer OFETs.

We also demonstrated that fabricating in a solvent-saturated
glovebox atmosphere results in altered device performance, due
to residual solventleft in the film, and that this needs to be consid-
ered when interpreting the effectiveness of intentionally incorpo-
rated molecular additives. The glovebox atmosphere was shown
to have a much larger effect on the film’s residual solvent content
than the annealing conditions. We found it important to adopt
rigorous glovebox maintenance and fabrication protocols and to
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ensure a clean glovebox processing atmosphere with minimum
contamination levels, to ensure reproducibility of film processing
conditions and to correctly interpret differences in device perfor-
mance due to intentional variations in materials composition or
device structure.

An in-depth understanding of the sources of contamination
during organic electronic device fabrication has allowed us to es-
tablish clean fabrication protocols, and make contamination-free
samples with improved performance and stability. We recom-
mend that researchers in the field report details of the glovebox
solvent trap and purging protocols, and phase out the use of plas-
tic labware, such as micropipettes and syringes. It is important
to re-emphasize that the experimental infrastructure and proce-
dures used in our study are similar to those used by many groups
in the field for preparing solution-processed organic semicon-
ductor thin films. This suggests that our findings will be help-
ful to the community, both in re-interpreting some poorly un-
derstood literature results, and in establishing clean fabrication
protocols for future studies. Furthermore, although our study is
focused on OFETS, we believe that the insights gained into the
effects of contamination will also be applicable to other device ap-
plications that incorporate solution-processed organic semicon-
ductors, such as solar cells and light-emitting diodes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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