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ABSTRACT: Organic electrochemical transistors (OECTs) are of
great interest as biosensors and for flexible electronics applications.
Historically, processing techniques have been widely used to
improve the performance of polymers in organic electronics but
have been underutilized in the field of OECTs. Here, we study the
effects of a crystallizable small molecule template for improving the
performance of poly(3-hexylthiophene-2,5-diyl) (P3HT)-based
OECTs. We utilize 1,3,5-trichlorobenzene (TCB) as a crystalliz-
able additive to induce directional crystallization during blade
coating. This procedure results in an aligned, highly ordered, and
moderately porous layer of the semiconducting polymer. We find
that compared to neat P3HT solutions, films cast with TCB additive show a greater than 8× improvement in the steady state figure
of merit for OECTs. Additionally, the optimum TCB loading produces anisotropic OECTs where the polymer chain aligned parallel
to the current outperforms the perpendicular alignment by more than a factor of 10. We investigated the mechanism of this
improvement and found that polymer alignment, polymer ordering, and film porosity all play a role in improving the device
performance. Overall, these results demonstrate the importance of processing on the optimization of polymers for OECTs and
suggest a route to greatly improve the performance of commercially available hydrophobic polymers.

■ INTRODUCTION
The excitement surrounding the study of organic mixed ionic
electronic conductors (OMIECs) is driven by new applications
enabled by their intrinsic high capacitance due to volumetric
doping and facile ion conduction coupled with good electronic
conduction. This class of materials has enabled innovation in
neuromorphic computing architectures,1−4 thermoelectrics,5,6

electrochemical energy storage,7,8 and biosensing.9 Of
particular interest are organic electrochemical transistors
(OECTs), which can be used to create highly sensitive
biosensors.10,11 Optimizing these biosensors requires max-
imizing the transconductance of the devices, which requires
good electronic mobility, as well as high capacitance.
Additionally, the switching speed is an important parameter
that must be optimized for some applications. Finally, the
commercialization of sensors benefits from stable, reprodu-
cible, and cost-effective polymer active layers.
Recent progress in OECTs can be largely attributed to

synthetically substituting the traditional alkyl side chain for
polar side chains, such as oligo ether, on known conjugated
polymer backbones.12 This has led to dramatic increases in the
steady state performance and kinetics of OECT devices.
However, side chain substitution requires difficult and slow

custom synthesis; therefore, the vast majority of biosensors
under development use commercially available polymers,
namely, poly 3,4-ethylenedioxythiophene:polystyrenesulfonate
(PEDOT:PSS). To improve the OECT performance of
commercially available polymers, processing techniques are
borrowed from older fields of thin film organic devices such as
organic photovoltaic (OPV) and organic thin film transistors
(OTFTs). The OTFT field has a rich history of improving
device performance by improving the ordering of the polymer
semiconductor. The hierarchical nature of transport in polymer
semiconductors makes performance particularly sensitive to
both local13 and mesoscale14 order. For polymer semi-
conductors, which typically have extreme anisotropy in their
transport properties (facile electron transport along the
polymer backbone), performance can be additionally enhanced
by alignment of the chains within the transistor channel.15,16
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Controlling aggregation prior to coating is a common approach
to directing local order, which can lead to an order of
magnitude increase in performance.17 Additional techniques
can be applied to control polymer orientation resulting in
further device improvement.18,19 One such technique is
meniscus coating, which can control both initial aggregation
and orientation resulting in dramatically improved device
performance compared to spun-coated analogues.20,21

These techniques have only recently been applied to the
field of OECTs and have demonstrated great promise. Recent
work demonstrated that acid crystallization of PEDOT:PSS
dramatically improves OECT performance.22 Aligning poly-
mers for OECT applications has also been demonstrated as an
effective technique recently.23−25 Some of these processing
techniques have the perhaps unintended but beneficial effect of
increasing the surface area/porosity of the organic semi-
conductor, which has been shown to improve steady state
capacitance as well as doping kinetics.26−30

Here, we use the crystallizable small molecule 1,3,5
trichlorobenzene (TCB) as an additive in meniscus coating
of P3HT films.31,32 Under the right conditions, this additive
enhances ordering, induces polymer alignment, and increases
the surface area of the resultant films. We study the impact of
these morphological factors on the performance of aligned

OECTs. We show an order of magnitude increase in steady
state device performance for the optimal TCB loading ratio. In
all, we demonstrate TCB as an effective additive for optimizing
the morphology of a well-known, commercially available
polymer for OECT applications.

■ EXPERIMENTAL SECTION
Materials. The chemical structures of the materials used in this

study are shown in Figure 1F. Poly(3-hexylthiophene-2,5-diyl)
(P3HT) (Plexcore OS 2100, number-average molar mass, Mn of 62
kg/mol, regioregularity of 99%, and a dispersity of 2.1 as stated by the
vendor) was purchased from Plextronics. Carbon disulfide (CS2),
1,3,5-trichlorobenzene (TCB), potassium hexafluorophosphate
(KPF6), and fluorine-doped tin oxide (FTO)-coated glass were
purchased from Sigma-Aldrich and used as received. Ag/AgCl pellets
were purchased from Warner Instruments (E205) and used as pseudo
reference electrodes.
Sample Fabrication. Solutions of P3HT were dissolved at 10

mg/mL in CS2 at room temperature. For TCB containing solutions,
TCB was added in the desired ratio relative to the mass of P3HT in
solution. These solutions were coated onto the desired substrate using
a low angle blade coater as described in the literature.33 The nominal
blade coating parameters used were a blade height of 150 μm, a blade
speed of 2 mm/s, and a substrate temperature of 30 °C. Under these
conditions, film formation is in the evaporative regime, which is
required for aligned TCB crystallization. Faster speeds result in more

Figure 1. (A) Schematic showing the parallel coating geometry, where the blade passage and transistor current are parallel to each other. (B)
Schematic showing the perpendicular coating geometry, where the blade passage and transistor current are perpendicular to each other. The source
and drain electrodes are represented by the gold underneath the polymer active layer. (C) Optical micrograph of a parallel 1:10 device showing
fibers bridging the transistor length. (D) Optical micrograph of a perpendicular 1:10 device showing fibers running perpendicular to the transistor
gap. (E) Transfer curves of neat P3HT (green), the 1:20 formulation in the parallel configuration (blue), and the perpendicular configuration
(red). (F) Molecular structures of the materials used.
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isotropic, spherulitic deposits.32 All substrates were cleaned prior to
sample deposition by sonication in chloroform, then isopropyl
alcohol, and finally 10 min of UV-Ozone treatment.
OECTs. P3HT solutions were coated on the OECT substrates such

that the blade passage direction was parallel to or perpendicular to the
current direction in the transistor channel (Figure 1A,B). OECT
substrates consisted of a 50 nm gold source and drain contacts
thermally evaporated through a stainless-steel shadow mask onto glass
microscope slides using a 5 nm chromium adhesion layer. The
nominal channel widths varied from 1 to 1.5 mm and the nominal
channel lengths varied from 75 to 450 μm. OECTs were tested in a
horizontal configuration using a polydimethylsiloxane well to contain
1 mL of electrolyte. In this study, the electrolyte is always 0.10 mol/L
aqueous KPF6, a common OECT electrolyte.34 The choice of KPF6
enables better performance of hydrophobic polymers such as P3HT
in an aqueous electrolyte. We believe the trends reported here also
hold in 100 mol/L KCl, another commonly used electrolyte (Figure
S16). A Ag/AgCl pseudo reference electrode was brought into
contact with electrolyte from above and used as the gate electrode.
Output and transfer curves were collected in the conventional
common source arrangement using a 2 channel Keithley 2636B
source meter and home-built Igor Pro control software. Analysis was
performed in home-built MATLAB code. Quantification of μC* was
done by taking the linear fit of the maximum transconductance
plotted against the device geometry factor as is standard practice in
the field and described here.35 This analysis is represented by eq 1,
where gm is the mutual transconductance (dI/dVDS), W, d, and L are
the channel width, thickness, and length. respectively, μ is the
mobility, C* is the volumetric capacitance, and Vth and VG are the
threshold and gate-source voltages, respectively. Vth was extracted by a
linear fit of the square root of I vs VG.

= *g
Wd
L

C V V( )
m th G (1)

For each formulation reported here, at least 8 devices of varying
channel dimensions were measured in both the parallel and
perpendicular coating directions. Error bars represent the standard
deviation of these measurements.
Spectroelectrochemistry. UV−vis spectroelectrochemistry was

performed in a 3-electrode measurement on FTO-coated glass slides
in a standard 1 cm path length cuvette. The FTO/polymer served as
the working electrode, an Iridium coil as the counter electrode, and a
Ag/AgCl pellet as the reference electrode. White light was produced
by a combined deuterium/quartz tungsten halogen source detected by
an Ocean Optics spectrophotometer.
Quartz Crystal Microbalance (QCM). The size and shape of the

QCM crystals made coating aligned films directly onto the substrates
difficult. Instead, films of the desired P3HT:TCB ratio were fabricated
on a thin Na-polystyrenesulfonate sacrificial layer. These films were
subsequently floated onto the surface of deionized water and picked
up on Ti/Au-coated QCM crystals (Nanosciencce instruments). After
drying, the adhesion to the crystal was good, and we observed no
evidence of delamination. These films were measured by using a Q-
sense explore-windowed electrochemistry module from Biolin
Scientific. For measuring C* in this configuration, there is a 3-
electrode cell, where the QCM crystal serves as the working electrode,
a platinum ring above the QCM sensor as the counter electrode, and a
fritted Ag/AgCl electrode as the reference. Conversion from
frequency to mass was done using the Sauerbrey equation,36 where
m is the mass, C is the sensitivity constant, and n is the number of the
harmonic.

=m C
f

n (2)

Volumetric Capacitance. The volumetric capacitance as a
function of potential was measured in both the QCM cell geometry
and spectroelectrochemistry geometry. Coulometry was used to
calculate the charge delivered (Q). This was converted into the

volumetric capacitance by dividing Q by the applied bias and dry film
volume.
Optical Microscopy. Device dimensions were calculated from

optical microscope images captured on a Zeiss Axio Imager
microscope operating in reflection mode with 5−20× zoom.
Ellipsometry and Polarimetry. Reflection ellipsometry and

transmission polarimetry were performed with a J. A. Woollam Inc.
M2000 XI instrument. Thickness was determined from fits to a biaxial
dielectric function with a causal B-spline model for each of the three
dielectric functions using vendor-supplied Complete Ease software.
Atomic Force Microscopy (AFM). Images were collected using a

Bruker Ikon operating in tapping mode with a nominally 300 kHz
cantilever.
Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS).

Hard X-ray GIWAXS was taken at the 11-BM CMS beamline of
NSLS-II at a photon energy of 13.5 keV with the samples in vacuum.
A Pilatus 800k detector was used. Two position stitching was
performed to eliminate the horizontal gaps between detector modules.
The detector distance and position of the transmission center of q-
space was determined with a Ag behenate standard. The vertical
position of 0,0 in q-space was empirically shifted in the vertical,
accounting for grazing effects, by harmonizing the (h00) series of out-
of-plane diffraction. The angle of incidence was 0.12° to 0.14°. Data
were analyzed in Igor Pro, using the Nika software package37,38 and
custom code for extracting the missing wedge.
Grazing Incidence Small Angle X-Ray Scattering (GISAXS).

Tender X-ray GISAXS was taken at the 12-ID SMI beamline of
NSLS-II at 2.4 keV and 0.8° angle-of-incidence (AOI) with respect to
the surface plane. A Pilatus 1M detector at a nominal distance of 1600
mm was used. Horizontal line-cuts were taken at the position of the
Yoneda enhanced scattering. The 0,0 of the q-space is based on
beamline calibration. Data was analyzed in Python, using smi_analysis
and custom code.
Inverse Gas Chromatography (iGC). Specific surface area was

measured on an inverse gas chromatography-surface energy analyzer
(iGC-SEA) (Surface Measurement Systems, UK), and the data were
analyzed using advanced SEA analysis software. The sample was
placed in a film cell module, and then a thin stainless-steel plate was
put between the sample and upper module to prevent gas leakage. All
experiments were conducted with a 6 standard cubic centimeters per
minute (sccm/min) total flow rate of a nonpolar probe, decane. We
note that this procedure assumes P3HT is insoluble in the probe gas.
The retention of methane gas was adjusted to 10 min to provide
enough dwell time of inert gas for dead volume corrections. The
backside of the Si wafer was passivated by a low surface energy
material, perfluorooctyldimethyl cholorosilane, taking inspiration from
chemically inert presilanized glass tubes that are used for conventional
column-iGC settings. The polymer active layer was coated on the top
of the Si wafer as described above. For the surface area analysis, the
Brunauer−Emmett−Teller (BET) adsorption equation was applied in
the range of 0.05 < n/nm < 0.35:

= +Ä

Ç

ÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑ

i

k

jjjjjj

y

{

zzzzzz( )n

c
n c

p

p n c
1

1

1 1
p

p
m 0 m0

(3)

where p and p0 are the equilibrium and saturation pressures of
adsorbates, n is the adsorbed gas quantity, and nm is the monolayer
adsorbed quantity. Experimental data were plotted on p

p0

vs

[ ]n p p
1

( / ) 10

axis, and a straight line was fit to the data. The y-

intercept and slope were used to calculate nm, and c is the BET
constant. A representative curve is shown in Figure S4. Specific
surface area (SBET) was then determined by following equation:

=S
n N a

VmBET
m Av

(4)
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where NAv is the Avogadro’s number, a is the adsorption cross-section
of the adsorbate gas, V is the molar volume of the adsorbate gas, and
m is the mass of the solid adsorbent.

■ RESULTS AND DISCUSSION
Figure 1A,B shows a schematic of the film coating procedure,
which is described in depth in the methods. In this study, TCB
is used as a small molecule template to modify the morphology
of P3HT films as reported in the literature.31 However, carbon
disulfide (CS2) is used as the solvent instead of chlorobenzene
(CB) as previously reported. CS2 has the advantage of a much
lower boiling point (46 °C), which means that strong N2 flow
over the sample during coating is not necessary to enter the
evaporative regime that is necessary to directionally crystallize
the TCB and serve as a template for the P3HT. In this study,
the TCB ratio is varied over a very large range from none to an
extreme excess of TCB with a P3HT:TCB mass ratio of 1:50.
Sufficiently high TCB loading (1:10) results in obvious texture
in the blade passage direction, as seen by optical microscopy
on “parallel” (Figure 1C) and “perpendicular” OECT channels
(Figure 1D). Figure 1E shows representative transfer curves for
a neat P3HT formulation without any TCB additive (green) as
well as devices coated parallel (blue) and perpendicular (red)
from a P3HT:TCB 1:20 formulation. The parallel 1:20
formulation device dramatically outperforms the other devices
by a factor of ≈10× in total current. These transistors are
nominally identical in geometry (1000 μm in width, 180 μm in
length, thickness ≈20 nm). We further quantitate and

investigate the mechanism of this performance increase in
the remainder of this report.
Optical Characterization. UV−vis absorption is a power-

ful technique for determining the order and alignment in
conjugated polymer films. Figure 2A shows the polarized
absorption spectra of each formulation studied in both the
parallel and perpendicular geometries, where parallel has the E-
field along the coating direction and perpendicular has the E-
field perpendicular to the coating direction. These data show
three important observations about the system. First, the total
amount of P3HT deposited is nominally constant regardless of
the TCB loading ratio (<10% variation in the sum of parallel
and perpendicular absorption, Figure S1), which is consistent
with simple mass balance for the evaporative regime.39 Even in
the 1:50 sample where there is incomplete coverage of the
substrate, the total amount of P3HT remains nearly constant.
Second, there is obvious optical anisotropy induced by the
TCB additive, as evidenced by the difference in the parallel and
perpendicular absorption traces at higher loading ratios.
Optical dichroism, calculated as the ratio of absorption of
parallel polarized light to perpendicular polarized light,
represents the degree of alignment of the polymer chains40

with isotropic films having a dichroic ratio of 1 and highly
aligned organic molecules reaching dichroic ratios as high as
20.41,42 Figure 2B shows the dichroic ratio at 563 nm as a
function of the TCB loading. For low TCB loading ratios, up
to 1:1, we observe minimal optical dichroism indicating an
isotropic distribution of polymer chains as expected for blade-

Figure 2. (A) UV−vis spectra of each formulation (ratio of 0, 0.5, 1, 5, 10, 20, and 50 offset vertically for clarity) where blue is the parallel
geometry, red is perpendicular, and darker colors represent higher TCB loading. (B) The dichroic ratio as a function of higher TCB loading
indicated increased alignment with increased TCB content. (C) The ratio of vibronic peaks (indicated by the gray dashed lines in plot A) as a
function higher TCB loading indicates increased order with increased TCB content.
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coated P3HT. At a 1:5 ratio, we see significant optical
dichroism indicating significant alignment of the P3HT chains
resulting in a dichroic ratio of approximately 2. Above a TCB
loading ratio of 1:20, the optical dichroism saturates at a value
of approximately 3, indicating a maximum amount of
alignment under these coating conditions. Interestingly, the
optical dichroism indicates that the polymer c-axis is oriented
along the long axis of the ribbons, in contrast to typical π-
stacked P3HT nanoribons (typically ≈20 nm wide), where the
c-axis is perpendicular to the ribbon long direction.43,44 Finally,
the TCB additive improves the ordering of the P3HT chains as
evidenced by increased strength of the 0−0 vibronic mode
relative to the strength of the 0−1 vibronic mode.45,46 Figure
2C shows the ratio between the 0−0 vibrational mode (611
nm) and the 0−1 vibrational mode (563 nm). In general,
stronger absorption of the 0−0 vibrational mode indicates
better intrachain ordering of the polymer backbone.47 Even at
the lowest TCB loadings studied, the molecular order increases
detectably. This increase in order begins to occur at lower
TCB loadings than were required to induce alignment,
indicating some templating at dilute TCB loading. However,
this order metric increases most strongly at TCB loading ratios
of 1:5 and above. The vibrational mode ratio saturates at the
highest loading ratios used, indicating a maximum amount of
TCB-induced order. Overall, the UV−vis data show that the
TCB additive significantly improves both the polymer order
and alignment.
Film Morphology. In addition to dramatic changes in

optical properties, the TCB additive also dramatically alters the
film morphology, as shown in Figure 1C,D. Optical images of
the entire loading series are shown in Figure S2. Below a TCB
loading of 1:5, there is no obvious texture in the blade passage
direction. Instead, the optical image is dominated by thickness
variation caused by instabilities during blade coating as
previously reported.48 At TCB loadings of 1:5, optical
microscopy begins to show the formation of polymer
“ribbons”. Higher TCB loadings result in a more obvious
ribbon texture. These ribbons are largely aligned in the blade
passage direction and appear to completely span the transistor
channel lengths used in this study (≈75−450 μm). The 1:10
and 1:20 formulations show the strongest ribbon texture. At
the most extreme TCB loading (1:50), the film coverage is
incomplete with regions that appear to have no P3HT at all.
On a smaller length scale, AFM images of the whole loading

series are shown in Figure S3. Consistent with the optical
images, neat P3HT results in a relatively flat film. At a low
TCB loadings, there is no evidence of fibers. At TCB loading
of 1:5, there is striking deviation from the flat film morphology
and instead obvious ribbon formation. This ribbon morphol-
ogy is present in all higher TCB loadings studied. The root
mean-square roughness of these films increases with increasing
TCB content. Given the importance of porosity on OECT
performance, it is important to understand if these fibers are
nanoporous or the functional equivalent of a flat film. Figure
S4 shows the surface area, as measured by inverse gas
chromatography (IGC) for a subset of the formulations. At a
TCB loading of 1:20, the surface area increases by ≈50%,
nominally consistent with the AFM: 50% coverage by dense
fibers of moderate aspect ratio, suggesting no significant
nanoporosity in the fibers themselves. Interestingly, at a TCB
loading of 1:1, where the ribbon texture has not developed, the
surface area shows the same, moderate, 50% increase relative
to the neat film.

Figure 3A shows a representative AFM image of a film cast
from a P3HT:TCB ratio of 1:10, where the blade passage

direction was vertical. At this scale, the ribbon texture is quite
apparent, spanning vertically the entire length of the image.
Figure 3B shows the line cut represented by the white dashed
line in Figure 3A, indicating that the fibers vary significantly in
height up to ≈150 nm and approximal width of up to 1 μm.
Zooming in further (Figure S5) suggests that these ribbons
might be aggregates of smaller polymer threads. These smaller
polymer threads are approximately 150 nm in width and only
10 nm in height. We note a consistent ≈3 nm dip in the
middle of each isolated polymer thread, as well as periodic
variation in height in the long direction of the thread that is on
the order of 50 nm (Figure S5).

Figure 3. (A) AFM image of the 1:10 formulation showing obvious
ribbons with strong preferential alignment. The blade coating
direction is top to bottom in this image. (B) Linecut take from the
dashed line in panel A, illustrating the height and width of the fibrils.
(C) GIWAXS pattern with the incident X-ray parallel the ribbon long
axis showing isotropic lamella orientation. (D) GIWAXS pattern
perpendicular the fiber direction.
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Understanding this complex, multiscale morphology from
topography alone is difficult. We compliment this character-
ization with X-ray scattering techniques. Figure S6 shows
rotationally resolved GIWAXS. When the X-ray beam is
aligned in the same direction as the P3HT ribbon (Figure 3C),
we observe uniform rings of lamella-stacked P3HT, consistent
with the c-axis along the coating direction and a “rolling log” or
isotropic orientation distribution of the lamella stacks about
that axis. When the beam is perpendicular to the ribbons
(Figure 3D), only the strictly edge-on and face-on fractions of
the distribution satisfy the Bragg condition for the out-of-plane
scattering, and the c-axis (002), degenerate with the π−π, is
observed in-plane. These results are consistent with polymer
chains oriented along the ribbon direction and crystallized
radially around a TCB crystal as proposed by Rödlmeier et
al.49 They are equivalently consistent with P3HT crystals
initially confined to interstitial channels between TCB platelets
oriented by the exterior boundary, which is likely given the
extreme excess of TCB used in this study. Regardless of the
exact nature of the crystallization, the degree of orientation,
judged by either in-plane lamella repeats or the π−π repeat, is
high with a full width at half-maximum (fwhm) value of 25°
(Figure S6). The optical dichroic ratio (DR) of 3 averages over
both the crystalline and amorphous regions of the film. A DR
of 3 implies a 2D order parameter (S2D) of 0.5, where S2D =
2⟨cos2 θ⟩ − 1. Similarly, the 25° fwhm crystal population
implies an S2D of 0.77. High Mn P3HT is semicrystalline with
an absolute relative crystallinity between 0.5 and 0.7 depending
on processing.50,51 Comparison of the optical S2D with the
crystalline S2D is consistent with an absolute crystallinity of 0.6
and a weak (S2D ≈0.1) orientation in the amorphous regions.
We also perform GISAXS (Figure S7), which reveals a feature
attributed to a 44 nm long period along the fibril length
consistent with the variation we see by AFM (Figure S5).
Next, we investigated the mechanism of film formation

through a variety of in situ characterization techniques. Movie
S1 shows an example of the coating process for the 1:20
formulation. In situ characterization by polarized UV−vis
during film formation (Figure S8) reveals optical anisotropy
immediately upon blade passage, indicating alignment occurs
very quickly during coating. The TCB templating method has
been shown to orient a diversity of alkylated polymers31,32

demonstrating the wide potential of this approach to
optimizing OECTs. However, we note that it is not universal,
as the same TCB ratios failed to induce alignment in a
common oligo-ether side chain polymer, P3MEEMT.52 This
may indicate that the hydrophobic interactions between the
side chains and TCB are important in driving the alignment. In
situ GIWAXS studies of the coating process help reveal the
order of crystallization of the different components in the film
(Figures S9 and S10). In the absence of TCB, P3HT
crystallizes immediately upon the passage of the meniscus,
consistent with coating in the evaporative regime with no
transient phase as is sometimes seen in coating of small
molecules.53 In the presence of TCB, the TCB is observed to
crystallize promptly with possibly a slight (<0.5 s) delay in the
subsequent ordering of the P3HT. There is no evidence for
P3HT aggregation in solution, consistent with CS2 being a
moderate solvent for P3HT. The TCB crystals are oriented
with the (001) (π−π stacking direction) in-plane and along the
coating direction. However, the platelets are not completely
registered with the substrate, exhibiting multiple (hk0) features
along the sample normal. Importantly, the in situ GIWAXS
reveals that the TCB crystals completely leave the film in a
reasonable time scale after coating. At 1:5 TCB loading,
sublimation of the TCB is observed to occur with zeroth order
kinetics (linear in time) completing in ≈100 s at a substrate
temperature of 30 °C (Figure S11).
Steady State OECT Performance. Figure 4A plots the

maximum transconductance (gm, max) from the OECT devices
of different dimensions against the geometry factors from eq 1.
Fitting the slope of the linear fit to this data yields the
materials' figure of merit, mobility volumetric capacitance
product (μC*), and is the most common characterization
technique for OECTs in the literature,35,54 despite recent
concerns that it overestimates mobility.55 Representative
transfer and output curves of each formulation are shown in
Figures S12 and S13, respectively. For accurate μC*
determination, determination of thickness is essential. This is
challenging for this data set because the thickness of textured
films is poorly defined and hard to quantify with conventional
techniques. Here, we use UV−vis absorption (parallel +
perpendicular), calibrated to spectroscopic ellipsometry to
determine effective thickness. The effective thickness is largely

Figure 4. OECT device performance: (A) calculations of μC* by plotting transconductance against geometric factors; (B) the μC* product for
each formulation studied in the parallel (blue) and perpendicular (red) directions. Error bars represent the error in the linear fit to the data in plot
A.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c02489
Chem. Mater. 2024, 36, 1352−1361

1357

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02489/suppl_file/cm3c02489_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02489?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02489?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02489?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02489?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


independent of TCB concentration. The films in this study
range from 17 to 29 nm, with the neat P3HT film tending to
be the thinnest. UV−vis absorption is confounded by
contributions from scattering in the rougher, high loading
films. Scatter equivalently produces systematic differences
between modeled and experimental ellipsometry data at high
loadings. However, these systematic effects appear to be small,
on the order of 10%, compared to the radical changes in device
characteristics. Figure S14 compares a variety of methods for
determining thickness and shows good agreement between all
of them (AFM, polarized absorbance, and QCM), giving us
confidence in the thickness used for the μC* calculations.
From this analysis, neat P3HT (green) has a μC* value of (93
± 12) F cm−1V−1s−1 in 0.10 mol/L KPF6, which is in good
agreement with the literature.34 The best performing
formulation is the 1:20 parallel (blue), which has a μC*
value of (717 ± 157) F cm−1V−1s−1, which is an 8-fold increase
over the control film. This μC* value approaches the
performance of the best materials to date,22,56 an important
milestone for a commercially available polymer with no post
processing. Interestingly, the perpendicular 1:20 formulation
(red) performs similarly to the neat P3HT, with a μC* of (56
± 8) F cm−1V−1s−1, even though the ribbons are unlikely to
bridge the full transistor channel in this geometry.
Figure 4B shows the μC* value for each TCB loading ratio

when coated such that the aligned polymer ribbons are parallel
to the current direction in the transistor (blue). In this
geometry, TCB addition dramatically improves the steady state
OECT performance. Even the lowest P3HT:TCB ratio
investigated (where TCB is the minority component) more
than doubles the μC* value relative to that of the neat P3HT
film. Increasing the TCB continues to improve steady state
device performance up to 1:20. At the highest ratio tested,
1:50, there is a steep drop in performance, which we attribute
to a disruption of conduction pathways due to discontinuities
in the film. When coated such that the fibers are perpendicular
to the current flow in the transistor (red), Figure 4B reveals a
very different trend. Like the parallel devices, there is an initial
increase in μC* at a low TCB loading. The 1:1 ratio
outperforms the neat P3HT film by a factor of 3. However, for
the 1:5 and higher TCB loadings (where fibers form), the
device performance quickly declines. The 1:20 formulation is
2× worse than neat P3HT, and the 1:50 formulation has such
a low μC* that it approaches the noise floor of our
instrumentation.
To investigate the mechanism of this phenomenon more

closely, we examine each factor that contributes to the μC*
metric. Figure 5A shows the threshold voltage as a function of
the TCB ratio for the parallel devices. Neat P3HT has a
threshold voltage of −0.50 V. All formulations with TCB are
easier to oxidize with a threshold voltage of approximately
−0.43 V, representing a 70 mV shift. We hypothesize that this
is a combination of better ordered P3HT being easier to
oxidize as well as TCB induced changes to morphology
(possibly porosity) increasing the availability of redox sites. It
is worth noting that the specific amount of TCB has a very
little effect on the threshold voltage despite dramatic
differences in morphology. To separate these effects further,
the volumetric capacitance, C*, for each TCB ratio was
measured using coulometry at a bias of 0.65 V vs Ag/AgCl. As
seen in Figure 5B, the addition of TCB increases the C* by
approximately a factor of 2 compared to the neat film. We note
C* can be strongly affected by Vth. However, the increase in C*

we observe is greater than can be explained by only the shift in
threshold voltage (Figure S15). Finally, dividing the μC*
product by the measured C* allows calculations of the charge
carrier mobility on its own (Figure 5C). The μC* value is
calculated on the basis of the maximum transconductance,
which in this study occurs at the highest applied VG (0.65 V vs
Ag/AgCl) rather than a maximum in the transconductance.
Therefore, this method extracts the mobility at 0.65 V. We
chose not to apply higher VG due to the risk of degradation as
the applied potential approaches the edge of the electro-
chemical stability window of the aqueous electrolyte. Neat
P3HT has a mobility of 0.9 cm2V−1s−1, which is relatively high
for an organic polymer transistor but within normal range for
OECTs due to the very high doping density.57,58 Interestingly,

Figure 5. (A) Average threshold voltage extracted from transfer
curves for each formulation. (B) Volumetric capacitance for each
formulation measured by coulometry. (C) Charge carrier mobility
calculated by dividing the μC* product by the calculated C*. All error
bars represent the standard deviation from at least 8 separate devices.
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the lowest TCB ratio (5:1) shows essentially no change in
mobility relative to neat P3HT despite having double the μC*
product. This indicates that the improvement at the lowest
TCB ratios is due to a 2× increase in capacitance instead of
improved polymer mobility. At higher TCB ratios, there is a
steady increase in mobility with TCB loading. For the best
formulation (1:20), the mobility reaches 2.8 cm2V−1s−1, an
increase of 3× compared to the neat film. In a simple diffusion
model, perfectly aligned transport should have 2× greater μ
than isotropic transport.59 For the observed DR of 3, μ would
increase by 1.5. Therefore, the 3× increase must reflect both
alignment and increased order. Overall, we show that the TCB
additive dramatically improves the OECT performance of
P3HT transistors predominantly by increasing C* at lower
loading and by both increasing C* and carrier mobility at
higher loadings. Interestingly, we do not observe a change in
kinetics for these different formulations (Figure S17),
consistent with the absence of significant nanoporosity and
the extremely thin films.

■ CONCLUSIONS
In this report, we demonstrate the use of a crystallizable small
molecule additive to create aligned, highly ordered P3HT
polymer films. We extensively characterize the morphology of
the resulting films and demonstrate that the most aligned films
produce highly anisotropic OECTs that outperform the
isotropic equivalent by a factor of 8 in μC*. We further
investigate the mechanism of this improvement and find that
increased capacitance, polymer alignment, and polymer
ordering all play roles in improving the performance of the
OECT performance. We hypothesize such highly anisotropic
OECTs could enable novel polarization-dependent electro-
optic sensors.60 Overall, we demonstrate a simple route to
improving the performance of the OECT of P3HT, a readily
available polymer, by an order of magnitude. We believe that
this and other processing methods for optimizing the
performance of the OECT will be important for the field
moving forward.
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