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Improving Charge Transport and Environmental Stability of
Carbohydrate-Bearing Semiconducting Polymers in Organic

Field-Effect Transistors

Madison Mooney, Lauren Pandolfi, Yunfei Wang, Chenhui Zhu, Garima Garg,
Ulrike Kraft, Xiaodan Gu, and Simon Rondeau-Gagné*

Semiconducting polymers offer synthetic tunability, good mechanical
properties, and biocompatibility, enabling the development of soft technologies
previously inaccessible. Side-chain engineering is a versatile approach

for optimizing these semiconducting materials, but minor modifications

can significantly impact material properties and device performance.
Carbohydrate side chains have been previously introduced to improve

the solubility of semiconducting polymers in greener solvents. Despite this
achievement, these materials exhibit suboptimal performance and stability
in field-effect transistors. In this work, structure—property relationships

are explored to enhance the device performance of carbohydrate-bearing
semiconducting polymers. Toward this objective, a series of isoindigo-based
polymers with carbohydrate side chains of varied carbon-spacer lengths

is developed. Material and device characterizations reveal the effects of side
chain composition on solid-state packing and device performance. With this
new design, charge mobility is improved by up to three orders of magnitude
compared to the previous studies. Processing—property relationships are
also established by modulating annealing conditions and evaluating device
stability upon air exposure. Notably, incidental oxygen-doping effects lead to
increased charge mobility after 10 days of exposure to ambient air, correlated
with decreased contact resistance. Bias stress stability is also evaluated.
This work highlights the importance of understanding structure—property
relationships toward the optimization of device performance.

1. Introduction

Research in organic semiconductors plays a crucial role in the
development of next-generation electronics as emerging devices

often require enhanced versatility
and tunability to interact in original
ways with the human body and the
environment.'*] The development of
electronic devices with applications in
personalized healthcare, energy produc-
tion, and smart packaging rely not only
on high-performance materials, but also
the enabling of innovative properties
such as stretchability, improved mechan-
ical endurance, and biocompatibility.l*”]
Semiconducting polymers (SPs) have
a strong potential for use in next-
generation electronics due to their
solution processability and synthetic
tunability.®9 Previous advancements
in this field have unveiled SPs with
self-healing properties, high charge
transport, and intrinsic stretchability
for a wide variety of applications.[1®13]
Properties such as solvent resistance,
thermochromism or solvatochromism
have further diversified the applicabil-
ity of SPs in sensors and diagnostic
technologies.'*18] Despite these many
exciting developments, commercializa-
tion of next-generation organic elec-
tronics remains a challenge. Industrial
scale-up, batch-to-batch variation and stability in environmental
conditions are all key challenges that often need to be addressed
for the commercialization of organic electronic devices.!'>] In-
vestigating structure-processing-property relationships is, thus,
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necessary to bridge the gap to commercialization of high-
performance SPs and expand the use of these emerging devices
in various fields.

A deeper understanding of the relationship between mate-
rial structure, processing, and device properties is critical for
the development of next-generation organic electronics. Manip-
ulation of structure-property relationships has led to the design
and preparation of high-performance SPs with charge mobil-
ities in organic field-effect transistors (OFETs) often surpass-
ing 10 cm? V=1 §71.I2L22] In z-conjugated SPs, chemical design
strategies such as side chain engineering or backbone modifi-
cation have been shown to have significant and predictable im-
pacts on device performance properties.!?>2°] However, process-
ing conditions, i.e., the experimental conditions used to pro-
cess the active materials in the functional devices, can also sub-
stantially influence charge transport properties by directly im-
pacting thin film morphology and interlayer compatibility./26:%"]
Therefore, as highlighted often in the literature, it is imper-
ative to consider not only structure—property relationships in
the design of a new semiconducting materials, but also the
impact of synthetic design on processing parameters.!?’] For
example, Di et al. used a solvent-assisted reannealing post-
treatment to improve molecular packing of several SPs, result-
ing in a threefold improvement of charge mobility in OFETs.[%
Chaudhary and colleagues also showed that, by simply mod-
ifying solvent selection and using an off-centered spin coat-
ing technique, a 50-fold increase in charge mobility in OFETs
could be achieved for poly(3-hexylthiophene) (P3HT), which
was attributed to the generation of highly ordered crystalline
nanowires.!?”! These approaches, among many others, demon-
strate that the investigation of structure-processing-property re-
lationships is crucial to the development of high-performance
materials.

Previously, we synthesized a series of isoindigo-based SPs with
carbohydrate side chains to improve processability in ecofriendly
solvents.[3% By varying the ratio of carbohydrate-bearing block in
a statistical random copolymer (from 20 to 80 mol%), we were
able to tune the solubility of the polymers and achieve process-
ability in a n-butanol/o-anisole solvent mixture, a greener al-
ternative to typically-used halogenated solvents. The materials
were directly investigated in OFETS to evaluate the greener pro-
cessing conditions and their impact on device characteristics.
We found that the performance of the carbohydrate-containing
polymers was comparable to that of a reference polymer bear-
ing only branched alkyl side chains. Furthermore, device per-
formance was maintained in devices processed from the green
solvent blend. In a later study, we found that, by increasing the
ratio of carbohydrate-bearing block (80 and 100 mol%) and us-
ing a more rigid donor monomer, triggered solvent-resistance
could be achieved through intermolecular hydrogen bonding of
the carbohydrate side chains.[3') OFETs fabricated from these
polymers using o-anisole showed no loss of performance, and
good film quality was observed after solvent-resistance had been
triggered or after subsequent submersion in a variety of sol-
vents. Overall, while these polymers possess exciting proper-
ties for the green processing of semiconducting polymers and
triggered solvent-resistance for additive manufacturing of or-
ganic electronics, they demonstrated relatively low charge mo-
bilities in OFETs (around 10 cm? V=1 s71), presenting a crit-
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ical barrier to their expansion and application in functional
devices.

In this work, we address that challenge by exploring the
structure-processing-property relationships of a new series of
carbohydrate-bearing SPs. Additionally, investigation of the en-
vironmental stability of these polymers in OFETs was under-
taken to evaluate this critical property for broad application and
future commercialization of related technologies. Adapting pre-
viously reported synthetic procedures, we report the synthesis
and characterization of a series of isoindigo-based SPs that ex-
hibit significantly improved electronic properties by varying sev-
eral key structural and processing parameters. In particular,
the length of the galactose-terminated side chain was modified
to investigate the impact on solid-state properties and charge
transport.[?*32 The monomers were also copolymerized with a
bithiophene donor unit.*3! Upon structural characterization of
the new polymer series, charge transport properties were inves-
tigated in OFETs. A meticulous structural characterization of
the new polymer series was performed using atomic force mi-
croscopy (AFM) and grazing incidence wide-angle X-ray scat-
tering (GIWAXS) to evaluate the solid-state properties of the
new materials. These findings were then closely correlated to
device performance, probed through the fabrication of OFETs.
Important structure—property relationships and trends were es-
tablished through this comparison and processing-property rela-
tionships were also explored through variation in device anneal-
ing and determination of device stability upon exposure to air and
bias stress. Oxygen-doping effects observed after prolonged expo-
sure to air were also investigated using contact resistance mea-
surements. Using eco-friendly materials such as carbohydrates
and bio-inspired isoindigo, this new series of polymers demon-
strates significantly improved device performance and both en-
vironmental and bias stress stability, all critical to commercial-
ization of the next generation of organic electronics. This work
serves as a model for the investigation of structure-processing-
property relationships and the importance of these relationships
to the optimization of electronic properties in SPs.

2. Results and Discussion

The synthetic route to the isoindigo-bithiophene statistical ran-
dom copolymers, Pil-n-Ac and Pil-n-OH, is depicted in Scheme 1,
with n referring to the number of carbons in the carbohydrate-
containing side-chain spacer unit. A detailed experimental
procedure for the synthesis of polymers Pil-n-Ac and Pil-n-OH
is described in Supporting Information. Briefly, bromine-
terminated alcohols with alkyl spacer chain lengths n =4, 6, 8,
10, 12 carbons were reacted with f-D-galactose pentaacetate in
the presence of boron trifluoride diethyl etherate. The crude side
chains were then reacted directly with 6,6’-dibromoisoindigo
to afford monomers la-e in good yields (31-44%). Although
synthetic procedures to access these polymers were previously
reported, 33! the synthetic approach was revisited to improve
the synthetic tunability (critical for expanding this approach
to other saccharide units), to reduce side-product formation,
and achieve overall higher yields. Notably, previous synthetic
approaches often led to O-alkylation and other side-product
formation that reduced synthetic yields and complicated purifi-
cation. To address this synthetic challenge, the alkylation of the
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Scheme 1. Synthetic pathway for the preparation of semiconducting polymers Pil-n-Ac and Pil-n-OH.

isoindigo core with prefunctionalized side chains bearing galac-
tose units was performed, which allowed for increased yields by
preventing potential O-alkylation and for simpler purification
via column chromatography on silica gel. Upon obtention of
the different carbohydrate-containing monomers, statistical ran-
dom copolymerization was performed via Stille cross-coupling
polycondensation with monomers la-e (20 mol%), (E)-6,6"-
dibromo-1,1’-bis(2-decyltetradecyl)-[3,3'-biindolinylidene]-2,2’-
dione (80 mol %) and 5,5’-bis(trimethylstannyl)-2,2’-bithiophene
to afford acetyl-protected random copolymers Pil-n-Ac. Polymers
Pil-n-OH were attained by removing the acetyl protecting groups
according to previously reported basic conditions.*!

Structural characterization of la-e was carried out by 'H
NMR, 13C NMR and mass spectrometry (see Supporting Infor-
mation). Because the polymer series was generated through a
random copolymerization method, the experimental ratios of the
galactose-bearing monomer within the polymers were confirmed
by 'H NMR at 120 °Cin 1,1,2,2-tetrachloroethane-d,, as shown in
Figure S1 (Supporting Information). A comparison of a chemical
shift associated with the anomeric position of the carbohydrate
unit (§ = 4.2 ppm) and the chemical shift associated with the
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isoindigo lactam ring (6 = 3.8 ppm) confirms that all polymers
are composed of approximately 20% galactose-bearing isoindigo
units. Furthermore, acetyl-deprotection to obtain Pil-n-OH was
confirmed by Fourier-transform infrared (FTIR) spectroscopy. As
shown in Figure 1 and Figure S2 (Supporting Information), de-
protection of the alcohol moieties is confirmed by loss of a C=0
stretching peak at 1750 cm™! associated with the acetyl protect-
ing groups and the appearance of a broad O—H stretching band
at 3370 cm™!. Upon structural confirmation, the Pil-n-Ac and Pil-
n-OH polymer series were further characterized by various meth-
ods, and the results are summarized in Table 1.
High-temperature size-exclusion chromatography was used to
determine the molecular weight and polydispersity of the poly-
mers. While most polymers were found to have similar molecu-
lar weights (around 20 kDa), Pil-4-Ac is slightly lower at 14 kDa.
This is attributed to a decrease in solubility of both the monomer
and resulting polymer arising from the short spacer chain be-
tween the isoindigo core and bulky carbohydrate end-group. Op-
tical bandgap and 4,,, of all polymers were determined using
UV-Vis spectroscopy (Figure S3, Supporting Information). As
shown in Table 1, the bandgaps are comparable for all polymers,
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Figure 1. Characterization of the new polymers before and after acetyl deprotection. Fourier-transform infrared (FTIR) spectra of galactose-bearing
polymers showing a) carbonyl and b) alcohol stretching peaks. Normalized UV-vis spectra of ) the Pil-n-Ac polymer series and d) the Pil-n-OH polymer
series showing vibrational peaks 0-0 and 0-1.

indicating that the length of the side-chain spacer unit and po-
larity of the carbohydrate end-group do not significantly impact
the electronic properties of the resulting polymers. The thermal
stability of the polymers was also assessed by thermogravimet-
ric analysis (TGA). As shown in Table 1 and Figure S5 (Support-

ing Information), thermal decomposition was measured for each
polymer at 5% mass loss. All polymers had sufficiently high ther-

mal stability at T; > 350 °C.

The optical properties of the Pil-n-Ac and Pil-n-OH polymers
were further characterized by thin-film UV-Vis spectroscopy. As

Table 1. Structural and optoelectronic characterization of the new isoindigo-based polymers. Measured molecular weights, polydispersity, optical prop-
erties, energy levels and thermal stability.

M, [kDa]? M,, [kDa]J?) pb y——li E, °Ft [ev]9) T4 [°Cl®
Pil-4-Ac 14.1 18.0 1.3 696 1.58 374
Pil-4-OH 683 1.59 375
Pil-6-Ac 21.9 35.8 1.6 700 1.56 377
Pil-6-OH 686 1.60 378
Pil-8-Ac 24.1 39.7 1.6 698 1.59 385
Pil-8-OH 685 1.61 381
Pil-10-Ac 22.0 38.1 1.7 700 1.57 386
Pil-10-OH 686 1.61 387
Pil-12-Ac 26.0 45.5 18 703 1.57 385
Pil-12-OH 684 1.59 386

* Number- average molecular weight and weight-average molecular weight estlmated by high temperature SEC in 1,2,4-trichlorobenzene at 180 °C usm
9 Calculated by the following equation: gap = 1240/ 4, of polymer film;

standard;
TGA at 5% mass loss.

Adv. Electron. Mater. 2024, 2400537

)Dlsper5|ty defined as M,,/M,;;

)Absorptlon maxima in thin film;
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polystyrene as
“ Estimated from
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Figure 2. OFET characteristics of the new isoindigo-based polymers. a) Average hole mobilities of polymers Pil-n-Ac and Pil-n-OH with b) transfer curves
of Pil-6-Ac and Pil-6-OH showing hysteresis behavior. Trends in c) RMS roughness measured by AFM, and d) d-spacing and e) z—z stacking measured

from GIWAXS.

shown in Figure 1 and Figure S3 (Supporting Information), a
broad absorption band attributed to donor-acceptor charge trans-
fer in the polymer backbone can be observed centered at approxi-
mately 4 = 680 nm. Comparison of the two vibrational peaks (0-0
and 0-1) of the absorption band gives insight to the solid-state ag-
gregation behavior of the polymers.** As expected, the length of
the side chain spacer has little impact on 4, (associated with
the effective conjugation length), but was found to impact solid-
state aggregation. As noted in Figure 1c, aggregation increases
with increasing side chain spacer length. The shorter chains and
relatively bulky galactose end-groups can disrupt polymer chain
interdigitation and aggregation compared to the longer chains,
which allow for greater flexibility and closer packing of the poly-
mer backbones. Additionally, a decrease in aggregation is ob-
served in the Pil-n-OH series compared to the Pil-n-Ac series.
This has been previously observed in conjugated polymers with
hydrogen bonding side chains and indicates that the formation of
intermolecular hydrogen bonding reduces aggregate formation
by disrupting the stacking of polymer chains.[*’!

Following material characterizations, these polymers were
evaluated in OFETs. The full experimental procedure for the fab-
rication of the devices can be found in the Supporting Infor-
mation. Briefly, devices with bottom-gate top contact configura-
tion were prepared by spin-coating solutions of 5 mg mL™ in
1,1,2,2-tetrachloroethane onto octyltrimethoxysilane (OTS) func-

Adv. Electron. Mater. 2024, 2400537 2400537 (5 of 11)

tionalized Si/SiO,.[**] Physical vapor deposition was then used
to deposit gold electrodes of various channel lengths and widths.
Figures S6-S9 (Supporting Information) show the measured out-
put and transfer curves of the Pil-n-Ac and Pil-n-OH polymer se-
ries, with key results summarized in Table S1 (Supporting In-
formation). Linear fitting of I¢!/? versus V4 from the transfer
curves in the saturation regime was used to extract charge carrier
mobility (u,,,) using the following equation:

2
IDS(sat) = (WC/ZL) /'{sat(vG - Vth) (1)

where I is drain current, Wand L are channel width and length,
C is the dielectric constant of SiO,, V; is gate voltage and V, is
threshold voltage.

As shown in Figure 2a and Table S1 (Supporting Information),
the field-effect mobilities measured for all polymers were similar,
with the majority falling within the range of 102 cm? V-1 s7L.
While these results are not among the highest reported perfor-
mances, comparable values have previously been published for
similarly side chain engineered isoindigo-based polymers.[37:3]
Importantly, all devices showed dramatically improved charge
mobilities compared to our previous work. Previously, we syn-
thesized isoindigo-based polymers bearing galactose side chains
with two key structural differences: 1) a nine-carbon length
side chain spacer between the isoindigo core and carbohydrate
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end-group was used and 2) the isoindigo monomers were copoly-
merized with a thiophene donor.*”) When tested in OFETs, the
highest average mobility of these polymers was found to be
2.3 X 10~ cm? V-1 s71, significantly lower than the highest per-
formance recorded in this work, 0.115 cm? V=1 s~ (Table S1, Sup-
porting Information). By using a more electron rich and planar
donor, bithiophene, and even-numbered carbon spacer chains,
the charge transport properties of carbohydrate-containing SPs
in OFETs were improved by up to three orders of magnitude.
It is important to note that odd-even effects in semiconduct-
ing polymer design and organic electronics are well-documented
in the literature. Numerous examples have shown that even-
numbered chain lengths typically lead to better side chain in-
terdigitation and favorable chain packing, promoting enhanced
crystallinity and charge hopping.323%* Therefore, our findings
align with this established structural relationship, effectively ex-
ploiting the odd-even effects to enhance materials performance
in device.[2432]

By using a more electron rich and planar donor, bithiophene,
and even-numbered carbon spacer chains, the charge transport
properties of carbohydrate-containing SPs in OFETs were im-
proved by up to three orders of magnitude. It is important
to note that odd-even effects in semiconducting polymer de-
sign and organic electronics are well-documented in the lit-
erature. Numerous examples have shown that even-numbered
chain lengths typically lead to better side-chain interdigita-
tion and favorable chain packing, promoting enhanced crys-
tallinity and charge hopping. Therefore, our findings align
with this established structural relationship, effectively exploit-
ing the odd-even effects to enhance materials performance in
device.[**32] Within each of the new polymer series, Pil-6-Ac
and Pil-6-OH demonstrated the highest mobilities, with av-
erage values of 0.115 cm? V7! s7! and 0.023 cm? V7! g7,
respectively. The lowest charge mobility values measured
from each series were for Pil-4-Ac (0.045 cm? V-! s71)
and Pil-10-OH (0.008 cm? V! s7). As shown in Figure 2a, the
protected Pil-n-Ac polymers exhibit higher mobilities than the
deprotected Pil-n-OH series by an average of fivefold. This is
consistent with previous findings from our group and can be
in part attributed to the charge-trapping sites generated by the
exposure of the polar alcohol groups on the carbohydrate units
of the Pil-n-OH series.[3*2*3] This charge trapping can also be
observed through the increased hysteresis behavior in the trans-
fer curves of the Pil-n-OH series compared to the Pil-n-Ac poly-
mers (Figure 2b and Figures S7 and S9, Supporting Information).
The Pil-n-Ac series also showed higher on/off current ratios and
lower threshold voltages compared to the Pil-n-OH series.

To gain insight on thin-film morphologies and their impact
on device characteristics, solid-state characterizations were per-
formed with AFM and GIWAXS, with the results summarized
in Table S2 (Supporting Information). AFM was used to investi-
gate the surface microstructures and determine the root-mean-
square (RMS) roughness of the polymer films. Height and phase
images are shown in Figures S10 and S11 (Supporting Informa-
tion). As shown in Figure 2¢, the Pil-n-Ac series form smoother
films than the Pil-n-OH polymers, with an average root-mean
square (RMS) roughness of 0.87 nm for the Pil-n-Ac series com-
pared to a much greater average value of 3.18 nm for the Pil-n-OH
series. The increased roughness of the Pil-n-OH polymers can
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be attributed to a decrease in solubility resulting from hydrogen
bonding between the carbohydrate side chains. The RMS rough-
ness of the Pil-n-Ac series compared to that of the Pil-n-OH poly-
mers is inversely related to the observed charge carrier mobilities,
indicating that the smoother films yielded better-performing de-
vices. Among the Pil-n-OH series, Pil-6-OH possesses the low-
est RMS roughness, 1.38 nm, again correlating with the higher
charge carrier mobility observed compared to the rest of the se-
ries. Among all devices, Pil-10-OH and Pil-12-OH show the high-
est RMS roughness (4.91 and 3.87 nm respectively) and lowest
charge mobilities (0.008 and 0.009 cm? V! s71, respectively), fur-
ther correlating film roughness with device performance. Since
the RMS roughness was similar for all Pil-n-Ac polymers, rang-
ing from 0.78 to 1.00 nm, surface morphology likely did not play
a significant role in influencing device performance.

GIWAXS was used to further investigate the molecular pack-
ing of these polymers. 2D scattering patterns and 1D sector-
averaged profiles are shown in Figures S12-S14 (Supporting In-
formation).The d-spacing of the side chains (measured from the
(100) peak) and z—= stacking of the polymer backbones (mea-
sured from the (010) peak) were determined and summarized
in Table S2 (Supporting Information). As shown in Figure 2d
and d-spacing for the Pil-n-OH series was found to be closer
than that of the Pil-n-Ac series, with average distances of 21.52
and 21.93 A for each series respectively. This is consistent with
our previous works and indicates that the hydrogen bonding be-
tween the exposed alcohol groups of the carbohydrate units leads
to closer packing of the side chains.[*!] Interestingly, side chain
length does not appear to have significant impact on d-spacing in
the Pil-n-OH series. Conversely, when the alcohol units are not
exposed in the Pil-n-Ac series, spacer chain length bears a more
substantial impact on d-spacing, with increasing chain length
more closely correlated to greater spacing between side chains
due to the bulky carbohydrate end-groups and an absence of hy-
drogen bonding to draw them together (Figure 2d). When com-
pared to our previous work, the odd-even effect can be seen by
the closer packing of these polymer side chains. In our previous
work using an odd numbered spacer chain (n = 9), we observed a
d-spacing of 24.17 A. This distance is significantly larger than any
of the polymers in this work, whose largest d-spacing distances
ranged from 21.37 to 22.28 A3 Furthermore, no higher-order
reflections were observed for the previous works, while both (200)
and (300) reflections were observed for nearly all of the Pil-n-Ac
series and several of the Pil-n-OH series (Figures S12 and S13,
Supporting Information), indicating that the changes in polymer
backbone structure and side chain spacer in this new series of
materials significantly improve long-range order in solid-state.
Notably, these polymers all showed z—z stacking in only the in-
plane direction (Figures S12-S14, Supporting Information), sig-
nifying that the polymer chains pack in an edge-on orientation
relative to the substrate, which has been reported to be more fa-
vorable compared to face-on orientation for device performance
in OFETs.[*]

To probe the effects of annealing on device performance, Pil-
6-Ac was chosen to fabricate OFETs annealed at several differ-
ent temperatures. The output and transfer characteristics are
shown in Figures S15 and S16 (Supporting Information), with
the results summarized in Table S3 (Supporting Information).
Thin films were annealed at 150 and 200 °C for 30 min each to
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Figure 3. Characteristics of Pil-6-Ac under varied annealing conditions. a) Average hole mobilities, b) d-spacing, and c) z—= stacking of Pil-6-Ac after
annealing at various temperatures. 1D sector-averaged profiles of Pil-6-Ac annealed at various temperatures in d) out-of-plane and e) in-plane directions.
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determine whether variation in annealing temperature plays a
significant role in the improvement of device performance. An
unannealed device was also tested to determine how annealing
impacts the performance and morphology of the polymer. Inter-
estingly, it was found that annealing temperature does not play a
significant role in device performance, with similar charge mobil-
ities measured at both annealing temperatures. The average val-
ues obtained for devices annealed at 150 °C (0.116 cm? V1 s71)
and 200 °C (0.102 cm? V! s7') were found to be within each
other’s standard deviations, and within that of the initial PiI-6-
Ac device (0.115 cm? V-1 s71), which was annealed at 175 °C for
30 min. As shown in Figure 3a, these values were significantly
higher than the charge mobility of the unannealed device, which
showed an average charge mobility of only 0.014 cm? V! 571,
a full order of magnitude lower than the annealed devices. The
substantial improvement in charge mobility measured after an-
nealing can be correlated to changes in molecular packing, ob-
served through GIWAXS. 1D sector-averaged profiles shown in
Figure 3d,e, with 2D scattering patterns in Figure S17 (Support-
ing Information) and calculated values in Table S4 (Supporting
Information). As shown in Figure 3 and Table S4 (Supporting
Information), the thermally annealed devices show closer pack-
ing of both side chains and polymer backbones compared to the
unannealed device. Notably, the impact of annealing on long-
range order and packing orientation is much more significant.
The unannealed film lacks a (300) reflection compared to the
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annealed samples and exhibits both in-plane and out-of-plane
z—r stacking. Upon thermal annealing, the samples exhibited
improved long-range order and transitioned to a more edge-on
orientation relative to the substrate. This enhancement in long-
range order and preferable reorientation of the polymer chains to
edge-on packing upon thermal annealing, previously observed in
similar semiconducting polymers, support the observed signifi-
cant increase in charge mobility after annealing the devices.3**]

An important consideration for expanding the application of
organic electronics is stability in environmental conditions in
which the device may be used. SPs often exhibit poor stability
when exposed to oxygen and moisture.®#¢! For this reason, the
majority of reported charge mobilities are measured in controlled
environments from devices fabricated in air-free conditions. To
investigate the air stability of the Pil-n-Ac and Pil-n-OH poly-
mer series, OFETs were fabricated and tested after exposure to
ambient conditions for various lengths of time. The fabrication
of these devices was conducted in completely air-free conditions
in an N,-filled glovebox. This contrasts with the previously dis-
cussed results, where the solution preparation and spin-coating
steps of device fabrication were conducted in open-air conditions.
By fabricating the devices in a completely air-free environment,
a baseline could be established to determine the effects of air ex-
posure over time. For each polymer, devices were tested on the
same substrate in pristine (air-free) conditions, then after succes-
sive exposure to ambient air for 24 h, 72 h, and 10 days (240 h).
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Figure 4. OFET characteristics of the new isoindigo-based polymers upon exposure to air. a) Charge carrier mobilities (extracted from the transfer

characteristics in the saturation regime) in air-free (pristine) conditions,

then after exposure to air for 10 days, normalized to upyigtine = 1. Width-

normalized resistance (R*W) of polymers b) Pil-4-Ac and c) Pil-12-Ac calculated from devices of various channel lengths in the linear regime. Line-of-

best-fit used to calculate the width-normalized contact resistance.

The transfer characteristics of these devices are shown in
Figures S18-S21 (Supporting Information) with the results sum-
marized in Table S5 (Supporting Information).

As shown in Figure 4a, these polymers all possess excellent air
stability, with no degradation of charge mobility after 10 days of
exposure to ambient air. On/off current ratios were also main-
tained after 10 d of air exposure (Figures S18 and S20, Sup-
porting Information). Surprisingly, the charge carrier mobili-
ties improved after prolonged exposure to air by as much as
2.5 times that of the pristine values. Additionally, the transfer
curves demonstrate more ideal behavior after exposure to air.
As shown in Figures S19 and S21 (Supporting Information), the
square-root curves become more linear with increasing exposure
to air. Interestingly, similar observations of increased charge mo-
bility and device stability upon exposure to air over time were
reported with an indacenodithiophene-co-benzothiadiazole poly-
mer, in which these effects were attributed to oxygen diffusion
and doping.*’] Incidental exposure to oxygen in air is known
to p-dope some organic semiconductors through various charge
transfer mechanisms.[*8->2] The significant improvement of mea-
sured charge mobilities observed in these devices after exposure
to air can therefore be attributed to incidental oxygen-doping ef-
fects. Notably, upon exposure to ambient air (and hence oxygen,
but also variable humidity), the threshold voltages of the devices
also changed, with some devices exhibiting significant threshold
voltage shifts. Considering that the threshold voltage is highly
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sensitive to doping and is influenced by charge traps and limita-
tions in charge injection, the observed variations are likely caused
by exposure to humidity, which allows water to diffuse into the de-
vices, leading to water-related charge traps.>*-¢) Additionally, de-
creased contact resistances can lead to improved charge injection,
potentially causing shifts in the threshold voltage toward zero
gate-source bias.’”] We anticipate that both effects are present
simultaneously.

To investigate the increase in OFET performance observed
after exposure to air, the width-normalized contact resistance
(R.W) was determined in pristine (air-free) devices, then af-
ter exposure to ambient air for 72 hours for two representative
polymers. Contact resistance can be affected by doping through
improvement of charge injection at the metal-semiconductor
interface.[*®5738] Therefore, changes observed in contact resis-
tance after exposure to air can be correlated to incidental oxygen
doping effects. Since all polymers show similar trends of increas-
ing performance over time, Pil-4-Ac and Pil-12-Ac, polymers at
each extreme of the series, were chosen for this experiment.

Width-normalized contact resistance was calculated for de-
vices from polymers Pil-4-Ac and Pil-12-Ac in pristine condi-
tions and after exposure to air for 72 hours using the transmis-
sion line method (TLM) according to previous reports.58-61 This
method is based on the assumption that, in the linear regime,
the total resistance of a transistor is the sum of the channel re-
sistance and the contact resistance. As shown in Figure 4b,c, by
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Figure 5. OFET characteristics of Pil-4-Ac and Pil-4-OH under bias stress. Transfer curves of a) Pil-4-Ac and b) Pil-4-OH under bias stress conditions:
Vgs = =5V, Vpg = =60 V for 30 minutes with transfer curves measured at 5 minute intervals, then Vg = Vps = —60 V for an additional 30 minutes
with transfer curves measured at 10 minute intervals. Inset arrows indicate transfer curves measured at each set of stress conditions. c) Change in gate
voltage at a set source—drain current (Ips = 1% 107°) of all devices versus time under bias stress.

plotting the width-normalized resistance against channel lengths
ranging from 30 to 80 pm, the total resistance can be extrapolated
to a channel length of 0, effectively eliminating contributions of
channel resistance to total resistance. In other words, the total
resistance at a channel length of 0 is an estimate of the contact
resistance. Total resistance (R) for each device was calculated us-
ing the drain current (I) at a set overdrive voltage (Vg — Vi, =
—20V) and a fixed drain voltage (Vg = —5 V), then normalized by
channel width (W) according to the following equation: R*W =
(Ip/Vps) W. As shown in Figure 4 and Table S6 (Supporting In-
formation), the contact resistance decreases significantly upon
exposure to air for both the Pil-4-Ac and Pil-12-Ac devices by ap-
proximately threefold (from 3.61 x 10° to 0.82 X 10° Q c¢m and
3.41 X 10° to 1.14 x 10° Q cm respectively), in agreement with
the observed increases in charge mobilities after prolonged expo-
sure to air. This result supports the conclusion that the increased
performance of these devices observed after prolonged exposure
to air is the result of incidental oxygen doping. Additionally, when
comparing Pil-4-Ac to Pil-12-Ac, the contact resistance values are
very similar, indicating that the side chain structure has a negli-
gible effect on the resistance and oxygen doping effects of the
devices.

To further probe other aspects of the stability of these poly-
mers in OFETS, bias stress measurements were conducted with
the results summarized in Figure 5 and Figures S22 and S23
(Supporting Information). The bias stress stability of these de-
vices was tested by first applying a constant source-gate voltage
of =5 V and source—drain voltage of =60 V for a total of 30 min,
with transfer curves (Vpg = -60V, Vg = 10 to 60 V) measured
at 5 min intervals. A constant source—gate voltage of =60 V and
source—drain voltage of —60 V were then applied for an additional
30 minutes, with transfer curves (Vg = =60V, V5 = 10—60 V)
measured at 10 min intervals. Importantly, the devices remained
stable, with no significant changes to the transfer characteristics
after 30 min of mild stress. Upon increase of the bias stress volt-
age, a threshold shift was observed for all devices, a commonly
observed phenomenon in conjugated polymer OFETs.[°263] How-
ever, the thresholds did not continue to shift significantly after the
initial increase in bias stress voltage and began to plateau again.
Interestingly, when comparing changes in gate voltage at a set
source-drain current versus time (Figure 5c), the acetyl protected
polymers with shorter chains (Pil-4-Ac and Pil-6-Ac) showed sig-
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nificantly reduced bias stress effects at higher voltages compared
to their deprotected counterparts (Pil-4-OH and Pil-6-OH). As
the side chains increased, the difference in bias stress stability
appears to decrease. This indicates that the polarity of the car-
bohydrate groups only affects bias stress stability significantly
when coupled with shorter side chain spacers. These results indi-
cate that the carbohydrate-containing polymers are not only sta-
ble to ambient environmental conditions, but can also be tuned
to achieve variable resistance to bias stress effects.

3. Conclusions

In summary, we have developed two series of isoindigo-based
polymers with galactose side chains containing varied alkyl
spacer lengths (Pil-n-Ac and Pil-n-OH) to investigate structure—
processing-property relationships toward the enhancement of de-
vice performance. Upon structural characterization, these poly-
mers were used as active layers in OFETs to determine their elec-
tronic properties. Compared to our previous works, these poly-
mers exhibited dramatically improved charge mobilities by up to
three orders of magnitude. Investigation of thin film character-
istics revealed that the Pil-n-OH series displays closer d-spacing
than the Pil-n-Ac series, resulting from hydrogen bonding. How-
ever, the Pil-n-OH series also show greater film roughness and
poorer device performance compared to the Pil-n-Ac series. By
contrast, the Pil-n-Ac series had smoother films and closer z7—=
stacking, accounting for the observed increase in charge mobility.
Both series exhibit favorable edge-on orientation of the polymer
backbones and long-range order, observed by GIWAXS. Interest-
ingly, though thermal annealing temperature had little effect on
device performance, annealing was crucial to achieve favorable
orientation and long-range order, leading to an increase in charge
mobility by an order of magnitude compared to unannealed de-
vices. Furthermore, the polymers all demonstrated excellent en-
vironmental stability. Upon exposure to ambient air for 10 days,
the polymers showed substantial improvement of device perfor-
mance in OFETs by up to 2.5 times, resulting from incidental
oxygen doping. The doping effects were correlated to a reduc-
tion in contact resistance by approximately threefold in devices
after exposure to air. These polymers also demonstrated good bias
stress stability, with the shorter acetyl-protected chains showing
the greatest reduction of bias stress effects. This work presents

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

95U8917 SUOWILLIOD SAITeRID 3|cea!(dde 8y Ag peusenob a1e Sajpne O ‘esn J0 SajnJ 1o AkeiqiTaul U AS|IM UO (SUONIPUOD-PUR-SWLRIAL0D AS | 1M A1 BUI|UO//SANY) SUONIPUOD pue SWIS 1 8U) 89S *[7202/2T/S0] Uo ARelqiauliuo AS|IM ‘2ES00K202 W Be/200T 0T/I0p/Wod’ A8 | 1M Alelq1BulUo//:SAny Wou) pepeojumod ‘0 ‘X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

an important model for the investigation and optimization of
device performance in sidechain engineered semiconducting
polymers. Notably, there are many possible paths to be explored
in future work to further improve device performance, includ-
ing optimization of the fabrication processes through automated
high-throughput platforms, artificial intelligence, or asymmet-
ric side chain engineering.['>6*%6 Nonetheless, carbohydrate-
containing semiconducting polymers, due to their potential bio-
compatibility, their green solvent processability, good device per-
formance, and excellent air stability, open new avenues to bridge
a critical gap toward the commercialization of next-generation or-
ganic electronics.

Supporting Information

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