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A Semiconducting Two-Dimensional Polymer as an Organic
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Organic electrochemical transistors (OECTs) are devices with broad potential
in bioelectronic sensing, circuits, and neuromorphic hardware. Their unique
properties arise from the use of organic mixed ionic/electronic conduc-

tors (OMIECs) as the active channel. Typical OMIECs are linear polymers,
where defined and controlled microstructure/morphology, and reliable
characterization of transport and charging can be elusive. Semiconducting
two-dimensional polymers (2DPs) present a new avenue in OMIEC materials
development, enabling electronic transport along with precise control of well-
defined channels ideal for ion transport/intercalation. To this end, a recently
reported 2DP, TIIP, is synthesized and patterned at 10 pm resolution as the
channel of a transistor. The TIIP films demonstrate textured microstructure
and show semiconducting properties with accessible oxidation states. Oper-
ating in an aqueous electrolyte, the 2DP-OECT exhibits a device-scale hole
mobility of 0.05 cm? V' s7' and a pC* figure of merit of 1.75 F cm™ V' s\
2DP OMIECs thus offer new synthetic degrees of freedom to control OECT
performance and may enable additional opportunities such as ion selectivity
or improved stability through reduced morphological modulation during

1. Introduction

Organic electrochemical transistors (OECTS)
are semiconductor-based devices that are
promising for applications such as bioint-
erfaced electronics, chemical sensing,
and neuromorphic computing.'”) OECTs
operate by transducing a gate voltage
potential into a differential current
between a source and drain terminal.l"®!
In an OECT architecture, the gate poten-
tial controls the bulk conductivity of the
organic transistor channel by modulating
the redox state of the semiconducting
polymer via injection or transport of ions
and charge compensation (Figure 1b,c,d).l’)
Changes in bulk conductivity due to ionic
doping lead to efficient ionic-to-electronic
signal transduction.¥] To meet the
demands of effective electronic transport,
ionic injection and transport, and high

device operation.

volumetric capacitance conjugated mate-
rials called organic mixed ionic/electronic
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Figure 1. Two-dimensional polymer (2DP) transistor patterning and operation. a) TIIP direct polymerization and patterning by dry peel-off to produce
transistor structures. b) OECT cross-section and modulation of conductance state between c) de-doped, when the device is off, and d) doped, when

the device is on.

conductors (OMIECs) have been developed.'% OMIECs are
typically linear polymers or small molecules that can be poly-
electrolyte doped, p-dopable, or n-dopable structures.>!-1
To be useful within an OECT, the OMIEC’s synthetic design,
microstructure, and macroscale fabrication must be optimized
simultaneously to achieve high charge-carrier mobility, high
ion permeability, long-term chemical stability, and fast response
time.[#20-24 To date, broadly applicable structure—property rela-
tionships for OECT materials have remained elusive due to
the challenges related to unambiguously and simultaneously
resolving polymer microstructure, ion injection processes, and
electronic performance, especially during device operation.'?]
In particular, conjugated polymers adapted for mixed conduc-
tion often rely on amorphous regions, ion transporting regions,
porous/fibrous microstructures, or structural rearrangement
such as lamellar intercalation to enable intimate ionic—elec-
tronic interactions.'®22 As such, exploring OMIECs with
well-defined molecular arrangements to enhance ionic and
electronic transport pathways is a promising route to establish
structure—performance relationships and ultimately develop
new classes of OMIEC active materials.

Two-dimensional polymers (2DPs), especially those prepared
from solution polymerizations known as covalent organic frame-
works (COFs), have substantial potential to address limitations
that exist with current OMIECs, which could lead to new material
design strategies and improved OECT performance. For example,
periodic chemical lattices produced by covalently cross-linking
monomer subunits allow for the systematic design of polymer
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microstructure. Moreover, the densely cross-linked nature of
2DPs means that their intracrystallite structure is unlikely to
evolve over time, during swelling, or under device operation,
which reduces concern over deteriorating device performance
due to structural changes and simplifies fundamental structure—
property studies.?®l This improved stability may ultimately result
in more stable long-term device performance and more mean-
ingful fundamental structure—property studies. Periodic 2DPs
also contain well-defined channels that can act as conduits for
ions to intercalate throughout the material. This large permanent
porosity could, in principle, lead to rapid response times and high
ion storage densities.’)! Moreover, precise synthetic control of
nanoporous covalent networks could lead to the ion selectivities
required for OECT-based sensing.?®! The advantageous structural
features and demonstrated chemical versatility of macromo-
lecular sheets inspire this interrogation of 2DP-based OECTs.
While 2DPs have attracted significant interest as organic
semiconductors in various device contexts, contemporary
exploration of 2DP semiconductors has been limited, with few
examples showing materials capable of demonstrating prac-
tical, operational devices.?*-3% This limitation primarily arises
from the poor chemical stability and low intrinsic conductivity
of the boron-based 2DP systems that dominate these studies.
Recently, an intrinsically semiconducting 2DP system, TIIP,
was reported with bulk conductivities of 3.5 X 10 S m™ as a
thin film without intentional doping,?!! along with reasonable
stability in aqueous solutions. These attributes suggest that this
material may be suitable for use as an OECT active layer.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Oxidative accessibility of TIIP. a) Cyclic voltammogram of TIIP at 100 mV s~ swept in the reductive direction first showing two oxida-
tive processes. b) Electron spin resonance spectroelectrochemistry of TIIP from +0.6 to +1.2 V showing the formation of a radical upon oxidation.
Experiments were conducted at room temperature in a 0.1 M TBAPF¢/MeCN electrolyte.

In addition to chemical design constraints that limit the
number of semiconducting 2DPs, fabrication procedures to
selectively deposit high quality, oriented, uncontaminated 2DP
films in relevant device architectures are still under develop-
ment. This challenge is interrelated to those associated with
controlling the chemical and microstructural features of 2DP
films. Recent examples of interfacial, direct-growth, or addi-
tive manufacturing film production exemplify that high-quality
2DP films are rapidly becoming available.*"283+3% However,
micrometer-scale patterning needed for arrays of sensors or cir-
cuits, especially in conjunction with metallic contacts, intercon-
nects, and insulation has not been readily achieved.

Here, we produce textured thin films of the previously
reported semiconducting 2DP, TIIP, which is produced by imine
condensation of N,N’-dibutyl-6,6’-diformylthienoisoindigo and
1,3,6,8-tetra(aminophenyl)pyrene (Figure 1a). Through a com-
bination of spectroscopic and electrochemical techniques, we
demonstrate that TIIP is intrinsically semiconducting with
addressable oxidative potentials. We then developed film syn-
thesis conditions and microfabrication techniques to deposit
micrometer-resolution TIIP films with metal interconnects and
insulation to obtain 2DP-coated electrodes and OECTs with
semiconducting 2DP transistor channels. Such film assembly
and device fabrication showed that TIIP enables a volumetric
charge (C*) of 32 F cm™3, on par with prototypical conducting
polymer OMIECs.* The performance of OECT devices based
on TIIP active layers revealed a modest peak transconductance
(gwm) of 0.14 S cm™, a uC* of 1.75 F cm™ V! 57, and allowed
for a device-scale mobility determination of 0.05 cm? V! s7L
These advances in patterning 2DPs and characterizing their
performance in electrochemical devices will enable broader
investigations of the optoelectronic properties of this emerging
macromolecular architecture.

2. Results and Discussion

To investigate TIIP-based OECTs, we first developed syn-
thetic conditions to produce homogenous TIIP thin films.
We prepared an electron-deficient monomer,N,N’-dibutyl-6,6’-
diformylthienoisoindigo (T1I), and an electron-rich monomer,
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1,3,6,8-tetrakis(4-aminophenyl)pyrene (TAPPy), using previ-
ously reported methods (Scheme S1, S2, Supporting Infor-
mation).’!! Next, we explored polymerization conditions to
obtain TIIP as a homogenous thin film. After optimization,
we found that immersing a glass substrate into the solvo-
thermal polymerization of TAPPy (5 x 1073 M, 1.0 equiv) and
TII (10 % 107 M, 2.0 equiv) in a mixture of o-dichlorobenzene:n-
butanol:mesitylene:acetic acid:water (20:20:2:1:1 v/v/v) at 100 °C
for 72 hours produced a crystalline, imine-linked 2DP films, as
previously shown,?!! and confirmed below.

A series of spectroscopic measurements confirm that TIIP
has the required redox accessibility needed for OECT active
layers. Due to synthetic incompatibilities of our harsh syn-
thetic protocols with the transparent conductive indium tin
oxide electrodes needed for spectroelectrochemistry (SEC), we
first studied polycrystalline 2DP powders that are formed con-
comitantly with the high-quality films produced during the sol-
vothermal synthesis. Diffuse reflectance UV-vis spectroscopy
reveals that TIIP powders have an optical absorption onset of
850 nm (Figure S1, Supporting Information), consistent with
our previous observations and the pronounced emerald color
of the conformal films (Figure S3, Supporting Information).
Cyclic voltammetry reveals that TIIP undergoes two one-elec-
tron oxidations at +0.6 V and +1.25 V (versus Fc/Fc*), respec-
tively (Figure 2a). The irreversibility of these oxidative features
is likely due to the poor adhesion of oxidized TIIP to the con-
ductive carbon used to perform this measurement, this is in
contrast to the reversibility and low hysteresis of the devices
presented herein. We do not consider the reductive features
of this 2DP because the reductive doping of this material is
unlikely to be stable under the conditions of OECT operation
(e.g., ambient atmosphere). Electron spin resonance (ESR) SEC
collected during an oxidative sweep showed the formation of a
paramagnetic species at 0.8 V (versus Ag/Ag") with a g value
of 2.0024, consistent with the formation of an organic radical
(Figure 2b). As the oxidative bias is swept between 0.8 V to
1.2 V the intensity of this ESR signal increases, showing that
applying an oxidative bias leads to hole injection into the TIIP.
These electrochemical and spectroscopic data demonstrate that
TIIP has accessible redox potentials that are needed for OECT
performance.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Having identified suitable polymerization conditions for
TIIP and verified its redox addressability, we patterned the 2DP
along with metal interconnects/electrodes and polymer insu-
lation by applying photolithographic techniques (Figure 1a)i*!
based on methods developed for patterning of living and sen-
sitive biological soft matter. This approach features a dry peel-
off process that can simultaneously define both the insulation
and active polymer layer without exposure to solvents, resists,
or plasmas typical of most foundry processes. First, 100 nm-
thick gold interconnects and electrodes were deposited and
patterned onto a glass substrate using electron beam evapora-
tion (see Supporting Information for a full description of elec-
trode deposition). A 2 pum-thick layer of patterned Parylene
C (PaC) with an anti-adhesive top layer was deposited on top
of the patterned substrate. A second, sacrificial PaC was then
deposited, and subsequently etched to define areas where the
growth of the 2DP was desired. This heterostructured substrate
was then immersed into a monomer-containing solution and
subjected to polymerization conditions. The TIIP polymer
films were washed with and then immersed into a solution of
o-dichlorobenzene:n-butanol:mesitylene (5:5:2 v/v/v) and bath
sonicated to remove unreacted monomers, residual oligomers,
and catalysts. These films were then immersed into n-butanol,
then methanol, and finally were dried using supercritical CO, to
remove organic solvents. Following this protocol, optically uni-
form and transparent green TIIP films (Figure S3, Supporting
Information) were produced on top of the patterned PaC multi-
layer stack, which appeared unperturbed. After film formation
over the entire substrate, the sacrificial PaC was mechanically
peeled, taking with it excess TIIP film, and leaving completed
electrode and OECT structures with TIIP films of well-defined
dimensions (Figure la, S4, Supporting Information). The
resulting films show uniform coverage, with sparse, inhomo-
geneous particulate residue owing to the film formation pro-
cess resulting in overall film root mean squared roughness of
18-88 nm (Figure S5, Supporting Information).

With few examples of patterned 2DPs for micrometer-scale
devices, we first confirmed that the polymerized TIIP films
formed and patterned as described above were comparable to
those previously reported,’?!! or those formed on isolated films
on glass. The optically homogenous TIIP films polymerized

www.advmat.de

by this method are of high quality, with strong preferentially
oriented structural periodicity and a high degree of chemical
purity. After the polymerization, Fourier transform infrared
(FT-IR) spectroscopy of the TIIP film revealed that the reac-
tive monomer functionalities were decreased. Specifically,
the amine stretches (3340 cm™) of TAPPy and the aldehyde
stretches of TII (1650 cm™) were both substantially diminished
in the TIIP film. Additionally, increased intensity centered at
1680 cm™ revealed that TIIP contains C=N bonds associ-
ated with the desired imine polymerization chemistry and
is consistent with previous reports of imine-linked 2DPs.??!
As seen in the two-dimensional X-ray diffraction profile, scat-
tering features are observed at 0.21, 0.31, 0.43, and 0.58 A~
corresponding to the 100, 110, 200, and 210 scattering vectors
(Figure 3b,d). These features correspond well to the simulated
scattering profile of an orthorhombic unit cell (Figure 3e) of
TIIP with in-plane unit cell dimensions of 30 A (Figure 3a,d).
The scattering of the 100 diffraction feature (0.21 A~ is radi-
ally anisotropic, with the majority of the scattering intensity
confined to the Qxy axis (0° and 180°) (Figure 3c). Collectively,
these data demonstrate that the TIIP films formed on the pat-
terned multilayer PaC/glass substrates are of high quality, with
a high degree of polymerization, crystallinity, and a preferential
crystallite orientation with the stacking direction perpendicular
to the substrate.

To evaluate electrical and electrochemical properties of pat-
terned TIIP films, we investigated aqueous electrolyte-gated
devices. Polymer-coated microelectrodes are useful for charac-
terizing the electrochemical properties of TIIP in a form factor
most relevant to OECTs. Electrochemical impedance spectros-
copy of a TIIP-coated electrode operating in 100 X 10~ m NaCl
was used to extract capacitance. The impedance spectra were
fit to a circuit model consisting of a resistor in series with a
resistor and constant phase element (CPE) in parallel (Ry(R||Q))
(Figure 4a). While the impedance spectra did not fit a circuit
model consisting of ideal elements as other OECT materials do,
a CPE is commonly used to describe porous materials.*? We
use a constant phase element (CPE) to improve the model fit
of the electrochemical impedance. Typical of nanoporous film
electrodes, the CPE, or alternatively, more complex transmis-
sion line models, are often used describe anomalous diffusion,
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Figure 3. Characterization of TIIP films on devices. a) Infrared spectroscopy of TIIP and its constituent monomers. b) 2D grazing-incidence wide-angle
X-ray diffraction pattern of TIIP following removal of the Parylene C layer. Note, the broad, isotropic scattering centered at =1.5 A™ is attributed to the
amorphous scattering of the underlying substrate. c¢) Comparison of the simulated and experimental 1D X-ray scattering profile. d) Radial distribution
of the <100> diffraction feature. e) Proposed structure of TIIP with tetraphenylpyrene nodes shown in gold and thienoisoindigo units shown in teal.
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Figure 4. Aqueous operation of TIIP electronic devices. a) Electrochemical impedance spectroscopy of TIIP-coated electrodes at potential offsets of
0.3 to 0.8 V versus Ag/AgCl. The dotted green fits are from (R(R;||Q)), which makes use of a constant phase element (Q). A pseudocapacitance was
extracted from the circuit leading to a fit of R, = 246 Q. R, = 8.9 MQ, and C=7.1 uF b) Output curve (AV,=0.05V,0V to-0.8V and V4:0to -0.4V
at 0.02 V4 s7') of an OECT. ¢) Transfer curve (AV,=0.01V, 0V to 0.8 V at 0.02 V, s~ and V4 =-0.4 V) on a log and linear scale of a TIIP OECT. OECT
characteristics of a 100 um x 10 um (W x L) device, =300 nm thick. Inset: Optical microscopy image of the TIIP OECT described above.

which cannot be described using a pure capacitor.¥! A pseu-
docapacitance was extracted from the CPE using Y,/ R((/%)-1)
where Y, = 2.96 uS" and n = 0.79. This approach yielded a value
of 0.8 mF cm™ at 0.8 V and showed a 20-fold increase in effec-
tive capacitance when switching the gate bias from the neutral
to the oxidized state. These data suggest that the film charging
is not limited to the electrolyte-TIIP interface, and that the bulk
of the 2DP participates in electrochemical charging, consistent
with OMIECs used in electrolyte-gated devices. Assuming the
full thickness of the TIIP allows for film oxidation at these
biases, the effective volumetric capacitance (C*) of the TIIP
films would be 32 F cm™ at 0.8 V. Since the uniformity of
charging within the film, both in the bulk, and as a function of
penetration depth, is not well explored, this reported C* value
might increase as polymerization and fabrication methods
improve. Nevertheless, this C* value is on par with other
OECT materials such as the prototypical conducting polymer
PEDOT:PSS, and lower than homopolymer OMIECs.[2%#1 We
approximate the theoretical C* of our films by first assuming
that this value will be limited by ion intercalation. From crys-
tallographic models, we extract a unit cell volume of 5228 A3,
Assuming that between 2—4 charges can exist within a single
unit cell (limited by pore free volume for ionic insertion), we
determine that the charge density is roughly 3.8-77 x 102 cm™.
Using previously derived relationships, we estimate that the
theoretical C* is 73-92 F cm™. Therefore, our measured C* is
approximately one-third of its theoretical potential.*!

The output and transfer characteristics shown in Figure 4b,c
are p-type (hole transport) operation (V,, Vg < 0V), which is
consistent with the findings of the ESR-SEC. The output
curve shows clear linear and saturation regimes typical of
transistor operation. TIIP OECTs demonstrated a normalized
peak transconductance (g,,) of 0.14 S cm™ at —0.8 V, which
was extracted from the slope of the transfer curve (6Ig/6V,).
The threshold voltage (Vy, = 0.71 V) was extracted from the
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extrapolation of the linear regime of the V|Ip| versus Vg plot.
Electronic mobility (1) was then extracted using the equation
gm = WTOIHC*(Vg —Va) and was 0.05 cm? V7! s7L. This results in
a WC* (OECT figure of merit) of 1.75 F V! cm™ s7L. Lastly, the
shelf stability of the 2DP OECT was tested by taking transfer
curves about 1 year apart. The drain current decreased from
about 12 pA to 0.25 pA (Figure S6, Supporting Information),
showing poor longevity. In benchmarking TIIP against existing
OMIEC-channel materials used in OECTs, the present devices
exhibit a modest figure of merit values. Top performing p-type
polymer OECT materials achieve pC* > 100 F V™' cm™ 57, but
the performance of TIIP is on par with the best n-type OECT
active materials, which will likely be the limiting device in
future circuits. With its more crystalline morphology, it may be
more appropriate to compare 2DPs with crystalline small-mol-
ecule OMIECs (or potential assemblies of 2D materials) rather
than linear polymers. From this perspective, TIIP outperforms
or performs similarly to other crystalline OECT materials such
as small molecule materials and composites; for example, a
small molecule n-type fullerene-based OMIEC demonstrated
a UC* of 7 F V7' cm™ s7!, which is within a factor of four of
the TIIP OMIEC performance presented here.*!8] 2DP-based
OMIECs may indeed fill a critical gap in the field: providing
a synthetic design strategy to combine the advantages of small
molecule OMIECs (including precision chemical control and
crystalline ordering) with the more established high perfor-
mance of linear polymer-based OMIECs. Currently, TIIP shows
mobility =20 times lower than top performing linear polymers,
which could be readily improved with advances in thin-film for-
mation and processing. However, the higher volumetric capaci-
tances are the main reason linear polymers outperform TIIP.
This may likely be due to facile ion intercalation from amor-
phous regimes into semicrystalline pathways, however, 2DPs or
COFs have the potential for enhanced ion transport due to their

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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porous architecture and synthetic tunability thereof. It should
be noted that the hydrophobic nature of TIIP is not ideal for the
aqueous operation targeted here and may be a leading cause
limiting the volumetric capacitance. However, TIIP was chosen
as a proof-of-concept for 2DP OECTs as it has been previously
reported, and its non-trivial in situ polymerization/film forma-
tion has already been established.?!! Future work should focus
on porting known design strategies from established OMIECs,
such as synthesizing more hydrophilic 2DPs through side
chain modification.[* 18]

These results show that the 2DP TIIP can be polymerized
and patterned to achieve a micrometer-scale operational tran-
sistor with respectable mobilities of 0.05 cm? V! s71. While this
value is approximately two orders of magnitude lower than the
highest performance conjugated linear polymers, macroscale
measurements of 2DP semiconductor performance are an
important step toward evaluating the potential of macromo-
lecular sheets as semiconductors, which have been shown to
have high mobilities through nanoscale spectroscopy measure-
ments and density functional theory calculations. 3233464

Demonstrated 2DP-based OECT fabrication and device per-
formance foreshadows a new OMIEC design paradigm. Now
that 2DP-based OECT performance has been established, it will
be more straightforward to explore the systematic optimization
of these materials for OECTs. However, at present, the perfor-
mance of these devices falls short of their potential. Presum-
ably, the discontinuous, defect-prone films that are presently
available limit the potential of 2DPs as semiconductors. Unde-
niably, hydrophobicity, defect prevalence, mesoscale ordering,
and macroscale morphology will influence ionic injection, elec-
trolyte transport, and long-range electronic mobilities. While we
observe direct evidence for bulk film charging in this work, it is
unclear whether this ion injection occurs via defects or through
the designed porosity of the framework. In line with this ques-
tion is whether the charging observed is limited to defect/amor-
phous regions interfacing with crystalline 2DPs domains (as is
the case with alkylated conjugated polymer:polymer electrolyte
blend OMIECs, or some nanofibrillar materials), or if charge-
carrier distribution is more uniform throughout the bulk.
Future investigations into molecular design and film forma-
tion/processing will answer these questions and allow for rapid
iteration in 2DP development as active materials for OECTs and
other microelectronic components.

3. Conclusion

We have demonstrated that a two-dimensional polymer, TIIP,
can be polymerized, pattered, and operated as a micrometer-
scale electrochemical transistor. TIIP films were deposited by
direct polymerization, followed by dry PaC liftoff, which pro-
duced devices with well-defined channel dimensions. The device
shows low hysteresis operation and bulk modulation of channel
conductance, consistent with OECT operation. The measured
electrical characteristics reveal a charging of 0.8 mF cm™,
approximated as 32 F cm™ for volumetric capacitance, with a
hole mobility of 0.05 cm? V! 571,

These findings show that 2DPs are a viable and distinct new
class of OECT active layers. The ideal OMIEC design calls for
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an anisotropic material where ionic injection and transport
are orthogonal to the transistor channel and electronic trans-
port occurs within the plane of the channel, bridging a source
and drain electrode. Semiconducting 2DPs nominally meet
these requirements extremely well. Because the 2DP back-
bone (and thus the electronic structure) and pore functionality
are orthogonal and can be aligned, it should be possible to sys-
tematically engineer OMIECs with tailored conductivities, capac-
itances, response times, and selectivity. As these synthetic design
parameters are uncovered, we anticipate that 2DP transistors
will also be optimized for applications such as chemical sensing
or neuromorphic computing. To realize this development, it will
be critical to understand and control the microscale structure
of 2DPs including their domain size, defect density, and grain
boundaries. Specifically, we expect that the polycrystalline nature
of 2DPs is more susceptible to disrupted inter-grain transport
during electrochemical cycling, which may contribute to the lim-
ited stability of these OECT devices. While this study does not
address these challenges in full, it is a proof-of-principle demon-
stration that maturing synthetic and fabrication techniques are
reaching the required fidelity to enable these explorations.

Supporting Information

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