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Trap states generated at grain boundaries often dominate the charge transport behavior of

polycrystalline organic field effect transistors (OFETs). While these grain boundaries can be reduced

through careful processing, unfortunately they cannot be completely suppressed. In this work, we

introduce an approach that renders the grain boundaries inactive. Diels–Alder chemistry, which selec-

tively reacts at the grain boundaries within organic semiconductor thin films, is utilized to attach a

dipole-containing molecule in a localized manner. This induced dipole alters the surface potential,

shifting the mean energy within the grain boundary and resulting in significantly enhanced device

performance. Conductance increases exceed two orders of magnitude with the increase proportional to

the amount of grain boundary reacted. In OFETs, this generated a doubling in charge carrier mobility

and a reduction in the threshold voltage. The ability to tune the performance and uniformity of

fabricated films, regardless of their initial grain size or conductance, represents a significant advance in

post-fabrication optimization.

Introduction

Electronic trap states can significantly hamper the properties of
optoelectronic devices based on small molecule organic
semiconductors.1–5 For example, charge carrier mobility values
for polycrystalline films are typically lower by one to three orders
of magnitude compared to single crystal measurements.6–9 The
need for high mobility in devices (410 cm2 V�1 s�1 for active-
matrix driven organic light-emitting diode/OLED displays) then
means the number of potential semiconductors is limited to but
a handful of materials.3,10–12 Mobility limitations of polycrystal-
line films are generally accepted as unavoidable.

Intrinsically, the trap states at grain boundaries represent one
of the major factors that govern charge transport in polycrystalline
small molecule organic semiconductors. The grain interface

contains a high degree of structural mismatch/disorder and often
the boundaries extend the entire width of the device channel.13,14

The boundary between the grains contains areas where the mean
energy is significantly lower (valleys) or higher (barriers),15–17 and
the energy difference of these traps is commonly on the order of
100 meV.14,18 The net result is several orders of magnitude larger
resistance across grain boundaries compared to the intra-grain
resistance, and overall lower conductivity in devices based on
these films.14,18 Given the challenges posed by grain boundaries,
significant effort has been dedicated to minimizing and even
suppressing them. A major focus has been on developing techni-
ques to grow single crystals over large areas.19,20 While eliminat-
ing grain boundaries may be a viable option in certain contexts, it
is crucial to explore alternative solutions that address the root
causes of this challenge.

One solution was first hinted at by He et al., who utilized
highly localized chemistry to dope step edges to eliminate trap
states:21 rather than focusing on minimizing defect density
during film growth, they used chemistry to selectively address
the flaws formed by crystallographic defects post-fabrication.
This chemistry-based approach has obvious applicability to
grain boundaries. Grain boundaries are typically highly
reactive,22 and thus, it should be possible to selectively passi-
vate these sites with molecules capable of shifting the mean
energy in the grain boundary closer to that of the crystalline
domains.6,23 Moreover, by selecting the correct chemistry, there
is the potential for these reaction to propagate,22 potentially
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allowing the passivation to move from the surface lower into
the grain boundary. If harnessed correctly, this could nullify,
or at least minimize, the impact of the detrimental transport
behavior within.24

Herein, we utilize Diels–Alder chemistry22,25,26 to facilitate
a reaction along the grain boundaries of pentacene thin films
(Fig. 1) which reduces the associated resistivity and results in
an overall improvement of the electrical properties of the film.
The reactive molecule, maleic anhydride, introduces a dipole
at the interface, which shifts the mean energy landscape within
the grain boundary to facilitate more efficient charge transport.
We show that the effect is controllable, persistent, and related
to the chemistry, while the measured improvements in
electrical properties scale with the amount of grain boundary
present in samples and the change in surface potential induced
by the reaction. The impact on the threshold voltage and
mobility of the organic field-effect transistors (OFETs) based
on these films has also been explored. Our results introduce a
powerful solution to tackle the performance bottleneck of grain
boundaries in organic devices using postprocessing.

Results and discussion

The majority of vapor-deposited organic semiconductors form
ordered films that are polycrystalline.27 Here, organic semi-
conductors are usually sublimed onto substrates at high tem-
peratures and high vacuum, with a standard nucleation/growth
process generating the films.27–29 The resulting thin film contains
numerous individual crystal domains. Along these domains, there
are domains’ edges, which will form grain boundaries. Grain
boundaries are planar defects that are ubiquitous in all polycrystal-
line materials and are interfaces formed naturally by numerous
single-crystalline grains that connect with one another. Though
detrimental to device performance, defect sites (especially grain
boundaries) can serve as loci for reaction as these locations have
less van der Waals stabilization and more exposed reactive
groups.30 There have been a handful of reports of organic semi-
conductors reacting in a spatially controlled manner.21,22,31,32

In this study, we perform localized chemical reactions which
target the grain boundaries present in vacuum-deposited pen-
tacene thin films and investigate the impact on charge trans-
port. Pentacene was chosen because of extensive precedence for

its post-deposition modification via reaction.22,33–35 Thin-film
pentacene exposed to volatile adsorbates is known to react in a
highly defined manner,25 importantly appending the grain
boundaries first before later propagating into the grain.22 The
adsorbates themselves are also highly tunable.26,36,37 In this
work, an adsorbate containing a molecular dipole was utilized
in order to shift the surface potential and mean energy of the
boundary (Fig. 1). A secondary reason for choosing pentacene is
that its grains can be controllably generated from 0.1 to 20 mm,
allowing control over the total grain boundary length for these
experiments.22,38 Beyond that, pentacene is also one of the most
widely studied organic semiconductors and exhibits mobility,
reaching 35 cm2 V�1 s�1 in single crystals and 2 cm2 V�1 s�1 in
polycrystalline films.39–41 It also shows good chemical stability,
ordered thin film structure, and a good interface with commonly
used electrode metals such as gold.42

For accessing the electrical properties, gold electrodes have
been defined in a bottom contact configuration. In this geometry,
the contacts lie below the organic semiconductor and are
unaffected by the surface chemistry, allowing these studies
to focus on the pentacene film. The thin-film pentacene was
exposed to maleic anhydride vapor following precedent detailed
elsewhere,22,26,33,34 with the Diels–Alder reaction occurring for
8–48 h at 37 1C. Our home-built system (Fig. S1, ESI†) allows
for the real-time measurement of current while the reaction is
occurring in the channel. Fig. 2 shows representative current
versus time measurements at constant voltage (plotted as con-
ductance, I/V) for the reaction of maleic anhydride and penta-
cene. The maleic anhydride (tan line) shows a notable increase
in conductance, 20 times greater than before the reaction. The
characteristics of the tan line can be described as (1) a nearly
linear increase where diffusion of the adsorbate to the sample
limits the amount of change and (2) a saturating exponential
attributed to easily accessible reaction sites being passivated.
The increase is representative of our samples; we have seen
increases as large as a factor of 939�, while the median change
is 71� for the most common sample type reported here (100 nm
thick pentacene thin films deposited onto room temperature
substrates, 33 samples).

The measured effects with maleic anhydride are heavily
correlated with the extent of reaction. Witness samples were
characterized with polarization modulation-infrared reflection–

Fig. 1 Schematic of the selective passivation of grain boundaries in a pentacene (purple) thin-film device. Reactive passivation is accomplished via the dosing
of maleic anhydride, which undergoes a Diels–Alder with the pentacene (far right) at high energy grain boundaries and defects.22 The energy diagram depicts
the shift of the mean energy in the grain boundary, which is induced by the molecular dipole appended to the adjoining faces of adjacent grains.
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absorption spectroscopy (PM-IRRAS) before and after the
maleic anhydride reaction (Fig. 2). Characteristic product peaks
at 1780 cm�1, 1260 cm�1, and 930 cm�1 all display the expected
increase in intensity for the timescales for these reactions.34

Additionally, device samples were directly examined via UV-vis
before and after reaction to estimate the extent of reaction via
the decrease in intensity of the Davydov-split S0–S1 absorption
bands at 672 nm (Fig. 2).43 The reacted spectrum utilized
significant harsher conditions (42 h at 50 1C) than the rest of
the reactions reported herein to maximize signal change, and
showed a decrease in intensity of B2.6%. This difference
corresponds to the reaction of the first 4–5 molecular layers of
pentacene.44 For the milder conditions herein, 1–3 molecular
layers of pentacene are converted, depending on the exposure
time. This coverage is sufficient to reach the maximum con-
ductance, while more extensive reaction/harsher conditions
result the gradual decrease from this maximum (Fig. S2, ESI†).

To further confirm the effects were due to a reaction, two
non-reactive controls were selected and tested. These species
have been studied extensively in the context of non-covalent
surface physisorption or absorption33 and can be utilized to
rule other modes of interactions with the surface. Succinic
anhydride (Fig. 2, red) was chosen due to its nearly identical
electronic structure to maleic anhydride, except for the double
bond necessary for the reaction, though it is notably less
volatile.45 5,5-Dimethyl-dihydrofuran-2-one (DDF, Fig. 2, blue)
has minor structural differences but is expected to have a
higher vapor pressure than that of maleic anhydride (0.30
Torr).45 Similar real-time measurements with the controls show
increased conductance occurs only with the reactive maleic
anhydride. Of the two controls, succinic anhydride did not
show any increase in conductance, instead, there was a
decrease in conductance (from 1.7 to 1.1 � 10�10 S). DDF
showed a minor increase within the first 2 h (1.8�), and over
the entirety of the measurement there is a net decrease. The

increase observed with DDF may be due to the preferred
alignment of some of the molecules in the initial state, which
later randomizes to a non-contributing orientation. These con-
trols provide further evidence that the increase in current for
maleic anhydride is due to the covalent bonding upon the
Diels–Alder reaction which gives a fixed orientation of the
molecular dipole at the surface.

We found a strong correlation between the reaction-based
conductance increase and the amount of grain boundary pre-
sent in the pentacene sample, confirming our hypothesis. Thin
films prepared on substrates at room temperature have a
significantly smaller grain size (and thus more grain boundary)
compared to those prepared on substrates with elevated tem-
peratures (Fig. 3).22,38 In this case, the average grain size
changes from 176 � 37 nm (25 1C) to 287 � 26 nm (45 1C),
while the total grain boundary length decreases from 448 �
89 mm to 250 � 10 mm (values for 5 � 5 mm images, Fig. S3,
ESI†). Unsurprisingly, the median conductance across pristine
samples with the small grains (more grain boundaries) begins
significantly worse than that of the larger grains (Fig. 3). What
is intriguing is the conductance measured after the reaction.
Post-reaction conductivity enhancement is observed in both
sample types. However, the magnitude of this increase is
significantly lower for samples with larger grains (reduced
grain boundary). This observation aligns with the hypothesis
that grain boundaries act as dominant trap state locations.
Consequently, samples with a lower inherent defect density
(larger grains) exhibit a diminished capacity for conductivity
improvement. However, it is interesting to note that both
samples converge to roughly the same conductance, that is,
when grain boundaries are ‘‘healed’’ via reaction, both the
larger grain and smaller grain samples end up at roughly the
same median value.

The improvement in conductance appears to show a depen-
dence on the thickness of the thin film. Comparing pentacene

Fig. 2 (left) Conductance of a pentacene thin film as a function of exposure time to reactive maleic anhydride (tan) or control molecules succinic
anhydride (red)/DDF (blue). Data taken at 0.2 V and a film thickness of 200 nm. (right) Associated spectroscopic samples. The top displays the infrared
spectra of pentacene (grey), pentacene exposed to maleic anhydride for 12 h (dashed tan), and pentacene exposed for 22 h (solid tan). Regions displayed
are associated with carbonyl stretches and ring deformations (1780 and 1260 cm�1 respectively). Atomic displacement vectors for the vibration at
1260 cm�1, are shown in the middle of the spectra. The blue lines highlight the portion of the molecules associated with the two measured vibrations at
1780 and 1260 cm�1. The bottom figure contains UV-vis spectra that quantify the extent of reaction after exposure to maleic anhydride for 42 h at a
higher temperature of 50 1C. Inset highlights the small (2.6%) decrease in the S0–S1 absorption band of pentacene.
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thin films that are 100 nm thick to 200 nm (Fig. 4), several
aspects stand out. First, there is a slight difference in the initial
conductance for the two thicknesses; the median conductance at
100 nm was 7.8 � 10�10 vs. 4 � 10�9 S at 200 nm for these
samples. Second, regardless of the initial properties, the thinner
films experienced a more drastic improvement. This is especially
apparent if the films are grouped by their starting conductivity
levels, that is 10�10 S are grouped together as are 10�9, 10�8, and
10�7 (tan boxes, Fig. 4), so that those starting at lower currents
become visually apparent. Third, it is remarkable that, regardless
of the starting conductivity, all films end up with a similar
current level. The median final conductance indicated in Fig. 4
are as follows: 2.7 � 10�8 S for low initial conductance 100 nm
thick films, 2.6 � 10�8 S for high conductance 100 nm thick
films, and 3.3 � 10�8 S for 200 nm thick films. This result
mirrors the trend seen with the grain sizes, confirming the
hypothesis that the reaction has the ability to ‘heal’ a device
irrespective of its starting conductance level and its thickness.
The latter point is worth dwelling on as uniformity is a signifi-
cant impediment to OFET adoption.46 This same median is seen
across multiple experiments and reached regardless of initial
thickness or grain size, suggesting the potential to reduce
variance stemming from the original pentacene deposition.

Mechanistically, we hypothesize that the dipole associated
with maleic anhydride is altering the mean energy in the grain
boundary, reducing its electrical resistance. The reaction gener-
ates a product with the geometry shown in Fig. 5(a) and a
component of the separated charge of the dipole is oriented
perpendicular to the grain boundary which will lower the energy
of pentacene’s Fermi level with respect to vacuum (Fig. 5(b)). If,
for example, grain boundaries are accurately modeled as double
Schottky barriers (or valleys),14,47 then the application of mir-
rored dipoles on both sides of the grain boundary reduces the
energy valley opening up conduction pathways. Measurements
supportive of this hypothesis can be seen in Fig. 5(c), where
Kelvin probe measurements for pentacene oriented parallel to
the surface show a change in the surface potential (or DF), with
timescales similar to that of the conductance change and reac-
tion. Specifically, at 12.5 h, the majority of the surface potential
change has already occurred (327 mV), which is in line with the
conductance changes and spectroscopy (Fig. 2 and Fig. S2, ESI†).
The change in surface potential from maleic anhydride is
persistent and the defined orientation of the dipole, which
results from the reaction, appears to be the key to this effect.
The control molecules (no preferred orientation) show negligible
changes in surface potential (�24 mV and �5 mV, for DDF and
succinic anhydride, respectively). Controls of untreated penta-
cene (99 mV and 61 mV, at 12.5 h and 18 h respectively) show
only minor shifts. Note that for these measurements, the dipole
applied following the reaction is oriented toward the probe (for
measurement purposes). In contrast, for the thin-film phase
pentacene (oriented upright), the dipole would be oriented
towards the grain boundary.

If the results for reacted devices do indeed stem from
significantly reduced valleys, there should be commensurate

Fig. 3 AFM image of pentacene grains grown on substrates at room
temperature (top) or substrates at 45 1C (bottom). The scale bar in both
images is 500 nm. Conductance before (grey) and after reaction (tan) is
indicated to the right of each image. Device data was taken at 5 V. Central
marks indicate the median, the boxes the 25th–75th percentile, and the
whiskers the 10th percentile to the 90th. Pentacene thickness is 100 nm.

Fig. 4 Conductance of pentacene devices containing 100 or 200 nm
thick channels before (light tan) and after (dark tan) reaction. To highlight
the tendency for devices to finish reactions at similar conductivity levels,
individual device measurements (circles) are grouped by starting conduc-
tivity levels, with the box indicating the range of values and the black
horizontal line indicating the average value.
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improvements in charge carrier mobility. Accordingly, OFET
devices have been fabricated and tested to study these
phenomena.48 Top-gate bottom-contacts and bottom-gate,
bottom-contacts OFETs with Cytop and SiO2 dielectrics, respec-
tively, have been fabricated on the same films by adopting the
structure depicted in Fig. 6(a). By evaluating the charge carrier
mobility in the same film, we eliminate the discrepancies
originating from sample-to-sample inhomogeneities. This

structure also provides independent access to the top and
bottom surfaces of the film, allowing us to evaluate if the
reactions at the grain boundaries are accruing throughout the
thickness of the film, or just in the top few nm. Benchmark
samples shown in Fig. 6(b) are of an unreacted pentacene thin
film (100 nm) with Cytop dielectric and a top gate.49,50 The
extracted device properties agree well with previous reports and
show an average mobility of 1.5 � 0.2 cm2 V�1 s�1 over 10
samples. Threshold voltages were typically on the order of 20 V.

Unfortunately, reacted devices could not be measured in this
configuration; reaction products were unstable in the presence
of Cytop’s solvent and were readily removed from the grain
boundaries during the Cytop deposition step (Fig. S4, ESI†).
As such, samples were compared using the bottom gate
configuration. Here, the average charge carrier mobility char-
acteristic for the pristine pentacene OFETs was extracted to be
4.4 � 1.3 � 10�4 cm2 V�1 s�1. This reduction in performance
compared to the top-gate devices is a direct consequence of
the higher trap densities present at the pentacene/SiO2 inter-
face compared to the pentacene/Cytop interface, in agreement
with results obtained on other small molecule organic
semiconductors.51 Nevertheless, this structure allows us to
compare the properties of devices before and after the treat-
ment and to assess the impact of the chemical reactions. We
found that the reacted pentacene shows an increase in mobility
(m), which is more than doubled for the reacted samples, i.e.,
9.5 � 2.3 � 10�4 cm2 V�1 s�1. Similarly, threshold voltages
(VTh), which are highly responsive to the electrostatic
landscape,16 also showed marked improvement. As such, the
reaction resulted in a threshold shift from �19.7 � 2.6 V for
pristine pentacene to�5� 1.3 V for the reacted pentacene, with
representative transfer and output data shown in Fig. 6(c) and
(d), respectively.

The OFET devices paint a promising picture, but develop-
ment is still required. Overall device performance shows sig-
nificant improvement across multiple metrics from the VTh

shifts towards zero bias, with significant increases in on-
current, and mobility. All are consistent with a decrease in trap
states and higher performance devices after reaction.48

Coupled with the large range of reactive molecules available
(high tunability),25,26,36 and the ability to react across a variety
of organic semiconductors,25,26 it is likely that there is signifi-
cant room for further device improvement.52 Two significant
questions, however, remain. The first arises from the fact that
this improvement occurred in samples that started with low
mobility values. As such it remains to be seen whether it is
possible to achieve an analogous improvement in mobility and
VTh in an optimized system that starts at a higher mobility
value. The second question stems from the overall sensitivity of
reacted surfaces to solvents/high temperatures, beyond those
mentioned in this work. Finding appropriate dielectric coatings
exhibiting inherent resilience towards interface effects that can
be implemented within our optimized top-contact configu-
ration represents the next key step in this project. Addressing
these limitations would unlock the potential of reaction-based
device modification as a versatile strategy for mitigating the

Fig. 5 (a) Energy minimized structure of the product formed during the
reaction of pentacene and maleic anhydride. The yellow vector indicates
the direction of the molecular dipole. Geometry optimization was gener-
ated via molecular mechanics using Spartan molecular modeling software.
(b) Electronic structure of pentacene indicating the work function F (left)
and change in work function (DF) after application of a molecular dipole
(right). (c) Relative change in the surface potential for pentacene samples
that have been exposed to heat (purple box), maleic anhydride (tan), DDF
(blue), and succinic anhydride (red). Error bars represent the standard
deviation over the measured samples. Note, that the positive change in
surface potential represents an increase in work function (i.e., Fig. 5(b)).
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ubiquitous challenge posed by grain boundaries in polycrystal-
line organic semiconductor devices.

Conclusions

In summary, we present a robust strategy for mitigating the
negative impact of grain boundaries on charge transport in
organic devices based on small molecule organic semiconduc-
tors. Selective and specific chemical reactions at the grain
boundaries effectively suppress their detrimental effects, leading
to a persistent and significant enhancement in device perfor-
mance. Our analysis reveals that the observed conductance
improvements originate from reduced resistance across grain
boundaries, attributed to a shift in surface potential induced by
the reaction-generated dipoles. This modification of the grain
boundary energy landscape facilitates more efficient charge
transport within the reacted films, manifested via an increase
in mobility and significant reduction in threshold voltage. While
the current demonstration focuses on low-mobility devices, the
observed benefits, together with the vast landscape of potential
reactants and responsive semiconductors, inspire cautious opti-
mism for extending this approach to more optimized systems.
There is significant reason to believe that, based on the large
range in molecular structure for potential reactants and the large
number of semiconductors demonstrated to be reactive, identi-
fying the optimal combination of reactive species and target
material will unlock industrially viable levels of performance in
these electronic materials.

Experimental
Materials

All evaporation metals (gold, chromium) are of 99.9% or greater
purity. Pentacene (purified by sublimation) was purchased from
TCI. 5,5-Dimethyl-dihydro-furan-2-one (DDF, 98%), maleic anhy-
dride, and succinic anhydride (X99%) were purchased from
Sigma-Aldrich. Commercial maleic anhydride was sublimed in
bulk. Highly oriented pyrolytic graphite (HOPG, grade 2) was
purchased from SPI. Synthetic quartz glass substrates (15 �
20 mm) coated with 20 nm SiO2 were purchased from Ossila.

Electrode preparation for conductance measurements

Quartz glass substrates were piranha cleaned, rinsed with
copious amounts of nanopure water, and sonicated in isopro-
panol. Substrates were masked (Ossila, E292) and gold electro-
des were deposited via thermal evaporation (Kurt J. Lesker
Nano38 evaporator; o1 � 10�6 Torr base pressure; 5 nm Cr,
1 Å s�1; 100 nm Au, 1 Å s�1). Pentacene (100 or 200 nm, 1 Å s�1,
o7 � 10�6 Torr base pressure) was deposited in a home-built
sublimation chamber with a source to substrate distance of 16–
17.5 cm.22

Real-time conductance measurements

After pentacene deposition, electrical connection legs (Ossila,
E242) were added and the sample was placed in the socket of a
customized metal reaction chamber with the ability to monitor
device current in real time, apply vacuum, purge with an inert

Fig. 6 OFET schematic and I–V measurements. (a) OFET structure used for the top- and bottom-gate devices. (b) Representative transfer (left) and
output characteristics (right) for OFET in a top gate configuration consisting of 100 nm of pentacene that has not been reacted (Vds = �50 V). (c) Transfer
(left) and output characteristics (right) for a typical OFET in a bottom gate configuration consisting of 200 nm of pentacene that has not been reacted
(Vds = �40 V). (d) Transfer (left) and output characteristics (right) for a representative OFET in a bottom gate configuration consisting of 200 nm of
pentacene that has been reacted with maleic anhydride for 8 h (Vds = �40 V).
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atmosphere, and load with various molecules, shown in Fig. S1
(ESI†). The reactant (maleic anhydride, B10 mg) or control was
placed in a vial at one end of the chamber, while the flange
containing the substrate and connections was placed on the
other. The chamber was sealed, evacuated and purged with
nitrogen three times, and then left under vacuum. Unless
indicated otherwise, the chamber was placed in the oven at
37 1C and current was measured in real time using a RDB 9103
Autoranging Picoammeter. Data was continuously collected for
the duration of the experiment.

IR and UV-vis analysis

Witness samples for IR spectroscopy were prepared in a man-
ner similar to the described ‘‘surface potential’’ samples, and
then reacted with maleic anhydride for the time indicated in
the caption for Fig. 2. Reactions were carried out at the same
time, in the same chamber, as the ‘‘real-time conductance’’
samples. Spectra were acquired on Bruker Optics Tensor 37 FT-
IR with a liquid nitrogen cooled MCT detector with a polariza-
tion modulation accessory (PMA 50) under nitrogen.

Samples for UV-vis are the same samples as measured for
the real-time conductance measurements, and were analyzed
pre-and post-reaction. Spectra were measured using a Shi-
madzu 2550 UV-vis spectrometer.

Initial/final conductance measurements

After pentacene deposition, initial conductance was measured
by adding electrical connection legs (Ossila, E242) placing the
device into a pre-mounted socket and measuring with a RDB
9103 Autoranging Picoammeter under air. Samples were then
reacted in a similar manner to the real-time conductance,
except that in this case multiple substrates with devices were
left within the reaction chamber. After reaction, the vessel was
opened to air and the sample was removed and retested for a
final conductance.

Larger grain pentacene preparation and measurements

Source–drain samples were prepared in a manner identical to
before, except a customized holder was used for pentacene deposi-
tion. This sample holder had a small resistive heater capable of
maintaining half of the samples at a higher temperature, while the
remainder of the samples were held at room temperature. Photos
can be seen in Fig. S5 (ESI†). Conductance measurements were
performed in an identical manner to those described above. Grain
size and boundary area measurements were performed with an
Asylum Research MFP-3D-SA AFM with a non-coated silicon AFM
probe (AC160TS-R3,Asylum Research probes) with a tip radius of
7 nm, a resonant frequency of 300 kHz, and a spring constant of
26 N m�1. Height and phase images were generated using the
tapping mode at a 0.4 Hz scan rate over the scan areas of 20 mm �
20 mm, 10 mm � 10 mm, 5 mm � 5 mm, and 2 mm � 2 mm. Images
were processed and analyzed using Igor Pro-MFP-3D software.
Grain size and boundary area analysis was performed with Gwyid-
dion 2.5 with the grains marked by segmentation. AFM was
performed on witness samples that were processed in the same
manner, at the same time, in the same vessels as the devices.

Pentacene surface potential shift

Substrates were prepared by first cleaning cut glass microscope
slides with piranha, rinsing with copious amounts of nanopure
water, and sonicating in isopropanol, before drying under
a stream of nitrogen. Metals (5 nm Cr, 1 Å s�1; 100 nm Au,
1 Å s�1; Nano38, o1 � 10�6 Torr base pressure) and pentacene
(100 nm, 1 Å s�1, o7 � 10�6 Torr) were deposited as described
above, but with no masking for the metal step. The continuous
gold substrate can be attached to ground for the measurement.
The gold substrate also orients the pentacene appropriately for
the Kelvin probe, though this requires the gold to be deposited
immediately before the pentacene. Surface potential measure-
ments were taken on a KP Technology KP020 ambient kelvin
probe under a gentle purge of nitrogen with a 2 mm gold tip. In
all instances, pentacene values were referenced to HOPG (SPI-2
GRADE, 7 � 7 � 1 mm) at each measurement. Reported values
are the change from the initial surface potential measurement
for as-deposited pentacene and are average values for the
calculated change over two samples.

Pentacene thin films were reacted in a Schlenk tube by
placing maleic anhydride (B10 mg) in a small vial at the far
end of the tube, while the sample was placed in a hollow end
glass stopper on the opposite side. The Schlenk tube was
evacuated and refilled with nitrogen three times, before sealing
the vessel under vacuum. The tubes were then placed in an
oven at 37 1C for the times indicated in the main text. After the
reaction was complete, the source end of the Schlenk tube was
cooled with dry ice or liquid nitrogen to condense any residual
maleic anhydride vapors, and then the tube was evacuated for
30 min. The reacted surfaces were measured in the same
manner as the unreacted pentacene.

OFET measurements

Highly-doped silicon (Si++) wafers capped with a 200 nm layer of
SiO2 were used as the substrates, as well as bottom gate
electrode and bottom gate dielectric, respectively, for the
bottom-gate OFETs. These substrates were cleaned via an
acetone rinse and a 10 min immersion in acetone at 85 1C;
isopropanol rinse and 10 min immersion in isopropanol at
85 1C; isopropanol rinse and dried with nitrogen gas; 10 min
UV ozone treatment; DI water rinse; and dried with nitrogen
gas. Source and drain contacts were evaporated through a
shadow mask using a Kurt J. Lesker (KJLC) Spectros deposition
system held under vacuum at B10�7 Torr. A 5 nm Ti adhesion
layer was deposited at 1 Å s�1 with electron-beam evaporation
followed by a 40 nm layer of Au using thermal evaporation at
0.5 Å s�1. Before pentacene deposition, substrates were cleaned
again in hot acetone at 85 1C then isopropanol at 85 1C, and
dried under a stream of nitrogen. Samples were then placed in
a piranha solution (H2SO4 : H2O2 3 : 1) for 10 min, followed by
copious rinsing with deionized water, drying under a stream of
nitrogen, and baking on a hot plate at 155 1C for 10 min.
Pentacene was then deposited as described above; half the
devices were then reacted with maleic anhydride, as described
under ‘‘Pentacene Surface Potential Shift’’ (8 h reaction time).
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To fabricate top-gate devices, a 9% solution of Cytop (Asahi
Glass Co.) was spin coated at 2000 RPM for 60 s with a 2 s ramp;
the 1200 nm thick Cytop dielectric layer was then cured via an
8 hour bake at 50 1C in a vacuum oven. Top gate electrodes were
thermally evaporated through a shadow mask using the same
Kurt J. Lesker (KJLC) Spectros deposition system at B10�7 Torr
(40 nm Au, 2 Å s�1). The resulting OFET devices were char-
acterized in a Lake Shore TTPX probe station in the dark, under
a nitrogen atmosphere and at room temperature using an
Agilent 4155C semiconductor parameter analyzer.
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6 T. Meier, H. Bässler and A. Köhler, Adv. Opt. Mater., 2021,
9, 2100115.

7 O. D. Jurchescu, S. Subramanian, R. J. Kline, S. D. Hudson,
J. E. Anthony, T. N. Jackson and D. J. Gundlach, Chem.
Mater., 2008, 20, 6733–6737.

8 S. Anand, K. P. Goetz, Z. A. Lamport, A. M. Zeidell and
O. D. Jurchescu, Appl. Phys. Lett., 2019, 115, 073301.

9 Y. Mei, D. Fogel, J. Chen, J. W. Ward, M. M. Payne,
J. E. Anthony and O. D. Jurchescu, Org. Electron., 2017, 50,
100–105.

10 H. Sirringhaus, Adv. Mater., 2014, 26, 1319–1335.
11 C. Liu, X. Liu, T. Minari, M. Kanehara and Y.-Y. Noh,

J. Infect. Dis., 2018, 19, 71–80.

12 Z. A. Lamport, K. J. Barth, H. Lee, E. Gann, S. Engmann,
H. Chen, M. Guthold, I. McCulloch, J. E. Anthony,
L. J. Richter, D. M. DeLongchamp and O. D. Jurchescu,
Nat. Commun., 2018, 9, 5130.

13 S. S. Lee, J. M. Mativetsky, M. A. Loth, J. E. Anthony and
Y.-L. Loo, ACS Nano, 2012, 6, 9879–9886.

14 F. Steiner, C. Poelking, D. Niedzialek, D. Andrienko and
J. Nelson, Phys. Chem. Chem. Phys., 2017, 19, 10854–10862.
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