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To achieve commercialization of organic electronics, the field must see
an improvement in both performance and material stability while
maintaining a low cost of fabrication. To achieve this, low-cost addi-
tives provide a viable solution. A variety of additives containing amine
and silane functional groups were tested to determine their impact on
the performance and air-stability of n-type semiconductor poly{[N,N’-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-
alt-5,5'-(2,2'-bithiophene)} (P(NDI20D-T2)) in organic thin film
transistors. Aniline and pyridine were found to both have a minimal
impact on P(NDI20D-T2) performance in an inert environment, but to
improve stability of electron mobility and threshold voltage in air.
Therefore, these compounds, or other compounds based on their
structure, would be ideal candidates as additives for the improvement
of n-type transistors.

Introduction

The stability of organic semiconducting materials used in
n-type electronic devices must see improvement before wide-
spread commercial adoption. While new complex materials are
being developed and incremental improvements in perfor-
mance are made, improving device performance using already
commercially viable semiconductors is another promising
strategy.”” For example, the use of additives in ink formulations,
thin film treatment or the use of encapsulation can improve the
overall performance and stability without the need of synthesizing
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a new semiconductor. These techniques can be used in tandem to
enable enhanced stability.

Numerous additives have been shown to improve organic
thin-film transistors (OTFTs) by altering film morphology or
acting as dopants.®>™® It has previously been reported that the
presence of various solvent molecules within a film can
enhance performance and stability of p-type materials.® Films
of n-type semiconductors exposed to vapours of aminosilane
molecules displayed enhanced performance,” but their stability
was not studied. Aminosilanes contain two separate functional
groups: an electron-donating amine and an electron-withdrawing
silane. Amine molecules have been used as n-type dopants,”*°
while silanes have been used as p-type dopants.! The two
functionalities could potentially have disparate effects. The silane
group would be likely to have high reactivity with water and
may enhance stability of the device by preferentially reacting
with water and preventing interaction with the semiconductor.
Isolating the effect of each functional group and developing
structure property relationships between additives and the result-
ing n-type stability will lead to the design of high performance and
stable n-type devices.

In this study we explore the use of commercially available
solvents such as aminosilanes, amines, and silane molecules
having similar size and structure. Bottom gate top contact
(BGTC) OTFTs were fabricated using commercially available
P(NDI20OD-T2) (poly{[N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)}),
then treated with various aminosilanes, amines, and silanes to
determine the impact of these compounds on device perfor-
mance (Fig. 1).

Discussion

Typical BGTC P(NDI20OD-T2) OTFTs were fabricated according
to literature.'? After fabrication, devices were characterized
under inert conditions in a N, glovebox. The control sample,
which was not exposed to any vapour, was then exposed to air
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Fig. 2 Visual schematic of methodology of characterizing P(NDI20D-T2)
OTFT air stability with solvent vapour exposure.

and characterized again (Fig. 2). The remaining devices were all
exposed to the respective solvent vapour for 30 minutes, then
characterized in the same glovebox environment immediately
after vapour exposure was completed to compare performance
before and after exposure (devices remained in the glovebox for
the duration of the experiment). Directly following testing
under inert conditions, these vapour-exposed devices were then
moved to air and characterized again, which would allow the
impact on air stability to be assessed. Immediate testing after
air exposure ensured that the effects of each additive could be
assessed directly without concern from any difference in rela-
tive volatility or preferential film adsorption, which will allow
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conditions, and subsequent changes in performance after exposure to air.
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(a) Structure of P(NDI20D-T2) and OTFT configuration. (b) Aminosilane, amine, and silane additives used in this study.

for the identification of ideal functional groups in the future
design of additives.

Fig. 3 shows the saturation electron mobility () and threshold
voltage (V) of OTFTs fabricated with P(NDI20OD-T2) and treated
with various solvent additives. For each of the following compar-
isons, the comparison is made with the initial performance of the
same device before exposure to the additive and exposure to air.
These are then compared to the untreated devices (left-hand side of
the figure) for comparison of the impact of air exposure. Typically, a
modest increase in Vy and a drop in y. is observed for P(NDI20OD-
T2) based OTFTs"? when operated in air, which was observed
for the untreated samples. The (dimethylamino)trimethylsilane
(DMATMS) and bis(dimethylamino)trimethylsilane (BDMADMS)
both increased the p. of the devices after initial exposure. However,
the tris(dimethylamino)trimethylsilane (TDMAMS) and cyclic ami-
nosilane (CAS) both led to decreased . after initial exposure. All of
the trimethylsilanes retained g, values in air that were higher than
the control, however DMATMS exhibited the smallest overall
change in g, from inert atmosphere to air. Increasing the relative
nitrogen content of the silane worsened its ability to retain the p.
in air. All vapour treatments resulted in an increased Vr under
inert conditions compared to the untreated film of approximately
5 to 10 V. After air exposure, regardless of the vapour the devices
were exposed to, the Vi of all devices were in the range of 30 to
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(a) Saturation electron mobility and (b) threshold voltage of devices before and after vapour exposure to aminosilane vapours under inert
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subsequent changes in performance after exposure to air.

35 V. While there is some evidence that aminosilanes may
improve device stability with DMATMS retaining higher mobility
in air, the small impact on Vr in air was less promising.

As the amine group is likely to be the main source of n-doping
in these devices,” it was therefore of interest to study exposure of
the devices to primary, secondary, and tertiary amines to determine
if this impacted the n-doping effect (Fig. 4). Therefore, the addition
of aniline, N-methylaniline, and N,N-dimethylaniline to the OTFTs
were all characterized. All three had little impact on p. under inert
conditions, and all three resulted in higher p. in air compared to
the control. However, only the primary amine, aniline, led to a
lower Vr than the control. Devices that had been exposed to methyl-
or dimethylaniline displayed greater V; compared to the control.
Increasing Vi was observed with increasing methylation of the
aniline. Similarly, the tertiary amine triethylamine also resulted in a
Vr nearly triple that of the control (Fig. 4). This reduced perfor-
mance by tertiary amines may explain why the performance of
aminosilanes decreased with increasing nitrogen content, as all
amines present in the molecules were tertiary amines. Pyridine
displayed the greatest overall . retention in air and also displayed
a Vp comparable to the control. Pyridine and aniline both have
lower pK, and ionization potential than alkyl amines.'* The lower
ionization potential may enable the pyridine and aniline to more
readily contribute an n-type doping effect, but the trend is not
consistent throughout all the additives suggesting there are likely
multiple factors at play such as diffusion and molecular geometry.
To confirm that the effects observed in this study were due to
interactions between the additives and the semiconductor,
rather than an impact on the film morphology, GIWAXS scatter-
ing patterns were obtained (Fig. S1, ESIt). No differences in peak
locations or evolution of new peaks were observed in the in-
plane scattering (Fig. S2, ESIT), suggesting that additive exposure
did not result in changes in the packing mode of the thin film.

The silane with no amine group, phenyltrimethoxysilane, was
used to determine the impact of the presence of the silane group in
the additives. The use of phenyltrimethoxysilane reduced the .
and increased the Vi in nitrogen, but did not impact the device
performance in air compared to the control. Silanes are known to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Electron mobility and (b) threshold voltage of devices before and after vapour exposure to amine vapours under inert conditions, and

be p-type dopants,** which is consistent with the observed decrease
in device performance under N, in this work. The effect appears
reduced in air, indicating either that there are additional interac-
tions between the phenyltrimethoxysilane, oxygen and moisture, or
simply that the air exposure has a much more pronounced effect
on the P(NDI20D-T2) device performance compared to the addi-
tion of phenyltrimethoxysilane.

The transfer curves (Fig. 5) of the conditions giving rise to the
best performance and stability expand on the previous results
from Fig. 4. Aniline (Fig. 5b) and pyridine (Fig. 5¢) both result in
an increased Vr after exposure of the device to the vapour, with
aniline exhibiting a smaller shift than pyridine. The on-current
reached in nitrogen by the films exposed to vapour in both cases
is largely unchanged, as a result of the low change in relative y. to
the raw P(NDI2OD-T2) film. Both treated films exhibit an
increased hysteresis, with aniline resulting in a hysteresis of
approximately 5 V and pyridine resulting in hysteresis of about
1 V. In air, both treated films see less shift in V; compared to an
untreated sample (Fig. 5a), which contributes to the lower on-
current observed in the untreated sample compared to the treated
samples. All films display similar hysteresis when exposed to air.

Subsequently, devices were tested after 1 week of exposure to
ambient air (Fig. S3, ESIt). Out of 40 devices for each condition, none
exhibited functionality after a week of exposure to air, indicating the
volatile additives have likely evaporated from the film as expected.
This further highlights the importance of developing non-volatile
additives for enhancement of device stability. While these devices
were not stable after an extended timeframe, these results identify
pyridine and aniline as ideal candidates for ideal moieties to include
in the design of a non-volatile additive such as a macromolecule.

Finally, to further understand the impact of aniline and
pyridine on stability of P(NDI2OD-T2) through changes the
material’s reduction and oxidation behaviour, cyclic voltammetry
was performed. The voltammogram is presented in Fig. 6, where
neat P(NDI2OD-T2) is used as the baseline. Films treated with
aniline and pyridine exhibit clear differences in redox activity
compared to the baseline. When exposed to aniline, an increase of
peak separation (AE,) for both redox couples was observed. AEj,

Mater. Adv., 2023, 4, 4707-4711 | 4709
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Fig. 5 Transfer curves of (a) undoped P(NDI2OD-T2) as a baseline, (b) aniline-doped P(NDI2OD-T2), and (c) pyridine-doped P(NDI20OD-T2) in an N,

glovebox (black, red) and air (blue). Vps = 50 V.
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Fig. 6 Cyclic voltammogram of neat P(NDI2OD-T2) (black line), and films
that have been treated with aniline (red line) or pyridine (blue line). Redox
couples (1) and (2) are indicated on the voltammogram for clarity.

and AE,,, for the baseline were both 0.23 V, while they increased
to 0.44 V and 0.38 V respectively when exposed to aniline. This
increased AE, indicates slower transfer of electrons, which may
be due to stabilization caused by the presence of aniline.
A negative shift of the half-wave potential (E,,,) for redox couple 1
and a positive shift in £y, for redox couple 2. E,;,; shifted from
—1.30 V at the baseline to —1.33 V when exposed to aniline, while
E,, shifted from —0.97 V to —0.92 V. This shift in E;, may
indicate a difference in redox reactions with oxygen and water
present in air, therefore impacting the stability of the devices.
When the films were exposed to pyridine, a loss of all redox couples
was observed. This may indicate that the pyridine is preventing the
transfer of electrons from the films to their environment. Thus, the
observed increase in stability of the OTFTs may be due to this
change in redox behaviour.

Conclusion

Small molecule nitrogen-containing additives such as aniline and
pyridine enhanced the stability of P(NDI20OD-T2)-based OTFT
devices without degradation of device performance under inert

4710 | Mater. Adv, 2023, 4, 4707-4711

conditions. It appears that increasing the substitution of the amine
typically resulted in worse device performance by increasing the Vr.
However, the use of aromatic nitrogen, such as pyridine, led to a
less significant difference compared to the primary amines such as
aniline. While previous studies indicated some aminosilane addi-
tives could enhance the performance of n-type devices, it was found
that of the subset of materials used here, only marginal increases in
U were observed. While this increased p. was retained somewhat
in air, increasing the nitrogen content of the silane resulted in the
performance in air reverting to behaviour similar to the baseline.
The most promising additives from the present study were aniline
and pyridine, and these functionalities can be used in the design of
further stability enhancing additives.

Experimental
Device fabrication

Devices were prepared with batches of 20 transistors on a single
substrate, and substrates were prepared in duplicate for a total
of 40 individual transistors for each condition. 15 mm x 20 mm
Si substrates with thermally grown SiO, dielectric (220 pm
thick) were cleaned sequentially in soapy water, water, acetone,
then methanol by sonicating in each solvent for 5 minutes. The
substrates were then treated in a Harrick PDC-32G Plasma
Cleaner for 10 minutes. After plasma cleaning, substrates were
rinsed with water and then isopropyl alcohol, dried by blowing
N, over the substrate, then placed in a solution of 1% (v/v)
octyltrichlorosilane (OTS) in toluene for 24 hours. After OTS
treatment, the substrates were dried in a vacuum oven at 70 °C
for 1 hour. Solutions of P(NDI2OD-T2) were prepared by heat-
ing and stirring a 10 mg mL ™" solution in 1,2-dichlorobenzene
on a 50 °C hotplate for 20 minutes, then filtering through a
20 pm PTFE filter. These solutions were spin-coated onto the
substrates at 4000 rpm for 60 seconds. Films were annealed at
150 °C for 1 hour in a vacuum oven. Gold contact electrodes
with chromium interlayers were deposited by physical vapour
deposition with a shadow mask for patterning. 10 nm of
chromium was deposited at a rate of 0.5 A s™*, then 50 nm of
gold was deposited at a rate of 1 A s™*. The dimensions of the
channel were L = 30 um and W = 1000 pm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Vapour exposure procedure

Following fabrication, devices were characterized under inert
conditions in a N, glovebox prior to vapour exposure. Inside the
glovebox, an open 1 dram vial was placed inside a 20 mL
scintillation vial. 20 pL of the desired solvent was pipetted into
the 1 dram vial, then the device to be exposed was also placed
inside the scintillation vial. The scintillation vial was capped
tightly, and the devices were exposed to the vapours of the
solvent for 30 minutes. The devices were then re-characterized
under inert conditions before moving the samples into air to be
subsequently characterized.

Transistor characterization

Transistors were characterized with source-drain voltage (Vps)
of 50 V, while the gate-source voltage (Vgs) was varied from 0 to
60 V and the current measured using a Keithley 2614B source
meter. Transistors were characterized in a nitrogen glovebox
before and after exposure to the additives. Finally, the transistors
were removed from the glovebox and tested again under ambient
conditions, where RH was < 10% for all experiments. Saturation
region characteristics were extracted as previously reported."

Cyclic voltammetry

Slides of approximately 1 cm x 1.5 cm were cut from ITO-coated
glass, then coated with P(NDI20OD-T2) following the spin-coating
conditions indicated in the Device Fabrication section. These
films were annealed at 150 °C under vacuum for 1 hour. Films
exposed to aniline and pyridine were immersed into each solvent
for 10 seconds then allowed to dry under ambient conditions
for 10 minutes. Voltammograms were obtained using 0.1 M
tetrabutylammonium perchlorate dissolved in acetonitrile as the
electrolyte. Platinum wires were used for the counter and
reference electrode, while the P(NDI20OD-T2)-coated ITO was
used as the working electrode. A ferrocene standard reference
was also measured, with the same solvent and electrolyte system,
and a platinum wire for the working electrode. All voltammo-
grams were normalized to the ferrocene standard.
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