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ABSTRACT

Organic electrochemical transistors are believed to face an inherent materials design tension
between optimizing for ion mobility and for electronic mobility. These devices transduce ion uptake into
electrical current, thereby requiring high ion mobility for efficient electrochemical doping and rapid turn-
on kinetics, and high electronic mobility for maximum transconductance. Here we explore a facile route to
improve operational kinetics and volumetric capacitance in a high mobility conjugated polymer (poly[2,5-
(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)], DPP-DTT)
by employing a nanowire morphology. For equivalent thicknesses, the DPP-DTT nanowire films exhibit
consistently faster kinetics (~6-10X faster) compared to a neat DPP-DTT film. The nanowire architectures
show higher volumetric capacitance, consistent with the porous structure enabling faster, less inhibited ion
uptake throughout the film. The nanowires also exhibit a small but energetically favorable shift in the
threshold voltage, making the nanostructured system both faster and energetically easier to
electrochemically dope compared to neat films. We explain the variation using two atomic force
microscopy methods: in situ electrochemical strain microscopy (ESM) and nanoinfrared imaging via

photoinduced force microscopy (PiFM). These data indicate that the nanowire film’s structure allows


mailto:dginger@uw.edu

greater swelling and ion uptake throughout the active layer, indicating that the nanowire architecture
exhibits volumetric operation whereas the neat film is largely operating via field-effect. We propose that,
for higher-mobility materials, casting the active layer in nanowire form may offer faster kinetics, enhanced
volumetric capacitance, and possibly lower threshold voltage while maintaining desirable device

performance.

INTRODUCTION

Conjugated polymers have seen increasing use in mixed electronic-ionic devices in recent years, !
from polymeric supercapacitors,** to neuromorphic computing architectures,’”’ to organic electrochemical
transistors (OECTs) for biosensing.®'* The push for better devices has spurred rapid advances in
understanding the basic materials properties in these organic mixed ionic-electronic conductors that
influence OECT operation. OECTs operate by transducing ion uptake into electrical conductivity, where
the source of ions is typically an aqueous electrolyte serving as the gate dielectric. The application of a gate
bias (¥5) to the electrolyte induces ion motion into (or out of)!> the semiconductor to compensate for an
injected electronic charge, resulting in electrochemical doping of the active layer and an increase in the
source-drain current, /ps. Understanding the mechanisms underlying this ion uptake process is critical for
enabling rational design of OECT materials.'® For example, polymeric semiconductors exhibit variations

18,20-22

in ion uptake due to crystallinity,!”!® the anion species,'*!? sidechain functionalization, and water

uptake from aqueous electrolytes.!423-24

OECTs offer the benefit of volumetric capacitance, wherein the three-dimensional active layer
accommodates ions and therefore dramatically increases the capacitance,? as opposed to purely field-effect
operation near the electrolyte-semiconductor interface as in electrolyte-gated field effect transistors (EG-

OFETs). The commonly used metric of performance when evaluating an OECT is the product of carrier

mobility (1) and the volumetric capacitance (C"),° uC". The transconductance (dlps/dVs, or gn) and uC"



are linked through the conventional field-effect transistor equation, which, in the saturation regime, is given
by:

Al L wd
e = 9m = pC == (Vr = Vg) (1)

Here, Ips is source-drain current, y is the carrier mobility (cm?/V-s), C* is the volumetric capacitance
(F/cm?), W is the channel width, L is the channel length between source and drain electrodes, d is the film
thickness, V7 is the threshold voltage, and V¢ is the gate voltage. From this equation, the key materials-
related factor in enabling high g, is uC", where u largely depends on the order in the polymer and C”
depends upon the ability to store charge throughout the film via ion injection. Although not captured directly
by the uC” product, we emphasize here that turn on kinetics are also an important design consideration—
although a large C”is desirable, if the turn on/turn off kinetics are too slow the material will remain
impractical for many applications. Thus, an ideal OECT material architecture would allow efficient ion
injection throughout the film (high C”, rapidly achieved) while conducting electronic charge through a
highly ordered subset of active sites (high p).?” In organic field effect transistors (OFETs), many groups
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have reported that polymer nanowires can enable enhanced mobility,
applications, these structures could enable efficient volumetric doping due to the geometrical advantages
of high-surface area nanowire geometries. Indeed, many approaches to improve OECT performance, from
acid treatment®'*? and ionic liquid-based enhancement* of PEDOT:PSS, to freeze-drying/lyophilization3*3*
may already result in nanotexturing of the conjugated polymer semiconductor. Herein, we explicitly
consider nanowire architectures.

For high-u materials, diketopyrrolopyrrole polymers have been reported in a few electrochemical
devices.**7 As field-effect transistor materials, these polymers exhibit some of the highest reported hole
mobilities of semiconducting polymers, on the order of 10 cm?/V-s,3#4 thereby enabling high g, values
while also offering potential advantages in ambipolar transport for more complex device topologies.*

Recent reports have shown that the donor-acceptor polymer  poly[2,5-(2-octyldodecyl)-3,6-

diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (DPP-DTT) (Fig. 1A) can be



made into nanowire structures by mixing with polystyrene (PS) in a common solvent and exploiting the
different relative solubility of the components to remove the PS,*! similar to work done in other DPP-based
polymers* and more broadly in the OFET community.*’

Given the advantages of high hole mobility, straightforward nanowire formation, and existing
interest in DPP-based polymers for aqueous electrolyte devices, DPP-DTT is a natural platform to test the
hypothesis that nanowire morphologies could improve OECT operation. Here, we report the use of DPP-
DTT in OECTs and demonstrate that nanowires consistently enable 6-10X faster ion uptake compared to
the standard DPP-DTT film, while maintaining similar uC*. We show consistently lower threshold voltages
for nanowire films and that nanowires enable higher C* values. Finally, we use electrochemical strain
microscopy and photoinduced force microscopy to verify that the nanowires are accommodating ions
directly throughout the bulk of the film, rather than merely enabling more efficient field-effect functionality
or simply being higher mobility, thereby showing that nanowires enable enhanced volumetric capacitance
compared the field-effect operation of unstructured DPP-DTT.*® We find that the mobilities when doped
are similar®® and the device benefit is primarily capacitance. While the hydrophobic nature and highest
occupied molecular orbital (HOMO) level of -5.2 eV>° preclude DPP-DTT specifically from becoming a
champion OECT material, this method of enabling faster kinetics with the same device performance is a
useful platform for maximizing OECT functionality in a given system, for example in emerging glycolated
DPP-derivatives.'** Such a method is useful in the context of enabling rational design of faster or more

sensitive OECT-based biosensors.*®

RESULTS AND DISCUSSION

We formed DPP-DTT nanowires by blending DPP-DTT and polystyrene (PS) in a common solvent
with varying ratios. The different solubilities result in segregation and ultimately formation of DPP-DTT
nanowires in solution.?* Hereafter, we refer to these samples in terms of DPP-DTT:PS ratio in solution. A
2:8 ratio means 1 mL of 20 mg/mL DPP-DTT was added to 4 mL of 20 mg/mL PS (see Experimental
Methods). A 1:0 ratio means a neat DPP-DTT solution (no PS). For the blended films, the PS is then
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removed from the cast films by submerging them in toluene for ~3-5 minutes; this process can be verified
by imaging the same area before and after washing using AFM (Fig. S1) and by spectroelectrochemistry
(Fig. S11). For the films here, unless mentioned otherwise, the concentration of DPP-DTT in the combined
solution was kept at 4 mg/mL. This process yields films of thickness ~35-55 nm based on AFM
measurements, with higher values for neat films and lower for 2:8 nanowires, but very different structure
(Fig. 1B-D). The 2:8 nanowires are easily observed (Fig. 1C), while 4:6 are evident but less anisotropic

(Fig. 1D). The topography for neat films (Fig. 1B) is similar to that reported in other work.*

(A) o
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Figure 1. DPP-DTT films of different nanowire geometries. (A) Chemical structure of DPP-DTT (B)
DPP-DTT neat film (not nanowires), ~45-50 nm thick. (C) DPP-DTT nanowires formed using a 2:8 DPP-
DTT:polystyrene solution, then removing the polystyrene using toluene, ~35-40 nm thick. (D) Nanowires

using a 4:6 ratio, ~40-45 nm thick.

Device Measurements:

We first show that the nanowire films form functional OECTs through conventional device
measurements. In these devices, we use a Ag/AgCl electrode as a gate electrode, and we used 100 mM
potassium hexafluorophosphate (KPF) as the electrolyte. For these devices, V7 is typically around -0.5 V
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in KPFs; using CI" as the anion pushes the Vrto nearly -0.75 V as seen in other reports,*' resulting in many



cases where the g, value does not reach a peak within the electrochemical water window. Given that the
focus on our study is the nanowire geometry and not the anion-dependence, we use 100 mM KPFsto ensure

gm values reach a peak that can be compared across geometries.

soser (cm? u(em? V'ig
DPP-DTT uC" (F cm’! ; 3 0 !
Ratio Vr(V) Vs ¢ (Fem™) (sa\t/ursti())n) (calculated
from uC")
1:0 -0.519+0.02 123.4 7.1 £0.6 7.28+1.3 16.0
4:6 -0.509+0.03 107.2 8.7+0.9 7.38+1.1 12.4
2:8 -0.502+0.01 132.3 27.7+1.1 7.16+1.0 5.6

Table 1. OECT Performance of DPP-DTT Devices.

Fig. 2A shows typical transfer and g, curves for DPP-DTT devices, with representative output
curves in Fig. S5. Here, the threshold voltage is slightly more negative (~17 mV) for 1:0 than for 4:6 and
2:8 films, indicating that it is energetically easier for anions to dope the nanowire films and enable
conduction regardless of W/L (Fig. S2). In Fig. S2 we show the normalized g, value average over many
devices (~35-40 devices tested per ratio). This threshold shift occurs at very slow sweep rates (20 s per
0.025 V step, see Methods), with no observable hysteresis between forward and reverse sweeps at these
rates, indicating that it is a physical effect and not from experimental artifact. This effect is similar to the
Vr shift observed in DPP-DTT nanowire OFETs.**

We show aggregated device data for the three different dimensions in Fig. 2B and Table 1. These
data are aggregated by varying the electrode geometry (see Experimental section), and error bars represent
the standard deviation of the mean for devices of the same W/L dimensions. The devices exhibit similar g,
and using equation (1), we can extract an approximate £C" from these data. The 4C" data indicate that these
all operate with similar performance on the order of ~100 F/cm-V-s. Notably, these devices are similar
despite the 1:0 film being ~10 nm (~15%) thicker on average than a 2:8 nanowire device films. As g, is
well-known to scale with active layer thickness due to volumetric capacitance,?’ if the active layer thickness

was the sole cause of the differences between these films then the 2:8 nanowires would perform
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significantly worse than the neat films. Variations in the largest devices (W/L = 200) are attributed to
increases in contact resistance (or other parasitic resistance) from ion concentration at the drain due to larger
geometry.*8

By comparing the data to electrochemical impedance spectroscopy (EIS), we observe an
improvement in the volumetric capacitance (C"). The 1:0, 4:6, and 2:8 films show volumetric capacitance
values of ~8, 9, and 28 F/cm’, respectively (Fig. S12, S13). By measuring the mobility via saturation
current, we extract hole mobilities on the order of ~7 cm?/V-s, with the 2:8 films having similar if slightly
lower mobility if instead calculating via uC” and EIS (Table 1). While at first surprising, the complex
structure-function relationship in aqueous gating has a significant effect on the electronic behavior. For
example, it has been shown that increasing the dry mobility can decrease the OECT mobility due to the
effect of hydration on the polymer structure.*® We discuss the competing effects of swelling and crystalline

structure on kinetics and volumetric capacitance below.
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Figure 2. DPP-DTT OECT device data. (A) Typical transfer curve and transconductance for 1:0, 4:6, and

2:8 films in 100 mM KPFg plotted versus gate-source voltage V. (B) g statistics plotted against the DPP-



DTT structure. Here, the data are averaged for devices of the same W/L ratio with film thickness held
approximately constant, and error bars represent standard deviation of the mean g,, value and the (Vs-V7)

value, where Vg is the gate voltage for peak g.

The nanowire architecture favorably shifts the threshold voltage while maintaining similar current-
transport properties to a conventional film. This threshold voltage shift could occur because the nanowires
shift the HOMO level to enable easier oxidation, as is common with more ordered conjugated polymer
films,* or the nanowires could enable better accessibility to the three-dimensional volume of the film.
While g,, scales with film thickness,*’ device data are acquired at steady-state conditions and cannot
discriminate between these possibilities alone. Device kinetics indicate that the 2:8 nanowire case exhibits
faster Ips (18% up to 47%) in response to a gate voltage compared to the neat film (Fig. S3) with reasonably
similar cycling stability (Fig. S4). For the remainder of this work, we focus on the two extreme cases (2:8
and 1:0) to better examine how nanostructuring can improve operation. Although EIS can also be used to
extract characteristic time constants,® we primarily use time-dependent measurements for direct

comparison.

Spectroelectrochemistry:

We next use spectroelectrochemistry to investigate the kinetics and the mechanism involved in ion
uptake. To better focus on the difference between DPP-DTT nanowire networks and neat films in the
context of electrochemical transistors, we turn our attention primarily to comparing 2:8 and 1:0 films. In
Fig. 3A-B, we compare the spectra taken in KPFg at different voltages over 20 seconds. For the nanowires,
we see clear evidence of vibronic peaks associated with the highly crystalline structures,’! with a 0-0
vibrational peak at ~820 nm red-shifted relative to the peak absorption in the neat film at ~800 nm, similar
to that reported for DPP-DTT nanowires in dry conditions.*’ These spectra indicate that the 2:8 film is more
highly ordered. Zhang et al. showed that DPP-DTT films are crystalline in the bulk but disordered at the
liquid interface;** our results with thicker DPP-DTT films (Fig. S6) match this interpretation, with ~130

8



nm films showing these vibronic spectra due to higher percentage of the film being inaccessible to the water
layer. We propose that the nanowires seem to retain higher level of crystallinity at the liquid interface
compared to the neat films.

Upon application of a gate voltage just beyond Vr (Fig. 3A, B, where Vo= -0.6 V), the spectra for
the nanowires exhibit a clear reduction of the main absorbance peak centered ~800 nm and an associated
increase in polaron absorption >900 nm. For the film, this process over the same period is much slower. At
higher bias far beyond threshold (Fig. 3C, D, where Vo= -1 V), the process is faster in both neat films and
nanowire films. An initial assumption might be that the kinetics are faster due only to the favorable shift in
threshold voltage. To rule out this effect, we plot the kinetics at 800 nm across a range of bias voltages in
Fig. 4A. Here, the time constants show a clear difference between the two geometries. Fig. 4A plots the
time constant based on a single exponential fit to the kinetics for a range of Vs > Vr (when the device is
turned on). At just beyond threshold, the nanowires are ~6X faster, and at -1 V (saturation) they are ~10X
faster. As suspected from the V7 shift in the device data, the nanowires are indeed easier to electrochemically
dope than the unstructured film. The threshold can be estimated from the absorbance data (Fig. S6B, Fig.
S7) as well as cyclic voltammetry (Fig. S14), showing the same threshold voltage shift between nanowires
and films. This difference in kinetics holds across wavelengths at each voltage (Fig. 4B, Fig. S10),
indicating that the kinetics variation is more than just threshold voltage shift between the film and nanowire.
Here the plots show the rate (1/1, T is the single exponential time constant) for sake of clarity. Switching
from KPFs to NaCl significantly slows down the kinetics (Fig. S8), but the comparative behavior of
nanowires versus films remains the same (i.e. nanowire films still show ~1.5-2X faster kinetics). While uC"
could be impacted by thickness because of the increased accessibility of polymer or diffusion-limited
transport,®® the kinetics trends across various thicknesses seems to rule that out as the sole contributing

factor (Fig. 4C).



A B .
(A)D.Bo Nanowire (2:8) . ( ),,g':: Film (1:0) l "

3 V.=-06V l 3 0401V =06V ime
g% & S 035 ©

§ 0.20 § 0.30

= o 0.20

% 0.10 2

2 2 0415

0.05 Mn. 0.10{ Th__
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000

C Wavelength (nm) Wavelength (nm)
( )0 200 : ( )0 40] e

~ . Nanowire (2:8) “*% Film (1:0)

s 0.175 - — 0.35

5 V=-1V =

5 0.150 s 0.30

2 0125 8 0.25

g 0.100 § 0.20

¥ G075 S 0.15

< 0050 p 2 0.10

0.025 0.05
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 3. Spectroelectrochemistry of DPP-DTT nanowires versus films. (A) Absorbance spectra with
the gate (Ag/AgCl) at -0.6 V, barely beyond Vr, for 2:8 nanowires and (B) 1:0 neat film. Spectra are
acquired during the first 20 s after a gate bias is applied. (C) Absorbance spectra with the gate at -1 V for
2:8 nanowires and (D) 1:0 neat film. -1 V is far beyond Vr for these materials. These data show the
significant kinetics benefit from nanowires at near threshold voltage conditions and in saturation conditions.

These data were taken in 100 mM KPFe.
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Figure 4. Kinetics of DPP-DTT nanowires. (A) Normalized absorbance versus time for 2:8 (nanowire)
and 1:0 (neat) films from -0.6 V to -1.0 V at 800 nm, spanning conditions barely above threshold and far
above threshold, respectively. The curve corresponding to -0.6 V for each ratio is labeled for clarity. (B)
The rate constant (1/t, T is the single exponential time constant) as a function of gate voltage. The rate
constant shown for each gate voltage is measured from spectroelectrochemistry at each wavelength from
600 to 900 nm. The nanowires are ~6-10X faster at each voltage. (C) The rate constant for various
thicknesses for 2:8 and 1:0 films, plotted for each rate measured from 730 to 850 nm for each film. These
data confirm that the improved kinetics are due to the structure and not just film thickness-- at a given

overall thickness, the 2:8 devices are faster.
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The nanowire geometry therefore seems to permit oxidation of the film both at lower threshold
voltage and faster than in the neat film. These data seem to indicate that the nanowires are not necessarily
benefiting from enhanced mobility but rather from a morphological effect wherein the volume of the film
is more easily accessible by injected ions. Indeed, studies of poly(3-hexylthiophene) have shown that
absorbance kinetics in thin active layers are limited more by ion injection than diffusion within the active

layer, 354

and we interpret these data as consistent with that interpretation.
Scanning Probe Analysis:

Taking these data into account, we turn to scanning probe methods to provide a real-space answer
for two remaining questions. First, why does changing the morphology of the film result in an improvement
in kinetics? Secondly, why do the nanowires show higher C* but lower 4? To answer these questions, we

18,52

first probe the nanoscale structure using electrochemical strain microscopy (ESM),'*~* which probes the
swelling of the polymer in situ due to ion injection into the film. In Fig. 5, we use ESM as a function of tip-
bias for a neat film and a nanowire film. In Fig. 5B, we observe swelling all over the film, with slightly
higher swelling in areas between the top-most nanowires. The AFM cantilever in this case acts as the gate,
so in Fig. 5C we plot the ESM amplitude as a function of tip voltage for a 2:8 and a 1:0 film. We observe
a significant increase in the swelling on the nanowire film beyond threshold voltage conditions (at negative
tip voltages) compared to the neat film, which is consistent with enhanced ion injection for the nanowire
case.

Finally, we use photoinduced force microscopy (PiFM) on films that have been doped ex sifu and
imaged with PFs remaining, as we have done in previous work.'®* PiFM is an nanoinfrared AFM method
that allows mapping of vibrational spectra with high spatial resolution. The spectra of the nanowires are
shown in Fig. S15. While the topography in the 2:8 nanowires does not show any obvious structure, the
PiFM data reveal very strong presence of PF¢ (~840 cm™) with evidence of PiFM signal in areas between
the topmost wires consistent with uptake into the film (Fig. 6, Fig. S17). By comparing the data taken on

neat films and nanowires at the doping interface, the neat 1:0 films exhibit significant topographic changes
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at the surface consistent with less ion diffusion into the bulk (Fig. S17C, Fig. S18). The aggregation of ions
near the 1:0 film surface is consistent with previous reports of largely electrolyte-gated field effect operation
as opposed to volumetric operation.’ These AFM data therefore show that the nanowire benefits relative
to the neat film arise primarily from morphology, with the high surface area and nanowire structure better
enabling ion uptake. This observation agrees with liquid interfacial studies showing that a disordered ~2
nm layer in DPP-DTT can determine charge transport properties;” here, the nanowires are a porous
network, and effectively the volume of the film is perhaps within the liquid interface given the difference
in ESM amplitude.

These scanning probe data also yield a potential hypothesis to address the second question
regarding the mobility. As has been shown in previous work,'® ion uptake and associated water molecules
can have surprising effects on the performance by disrupting crystallinity. We hypothesize that because the
nanowire films swell more than the neat film during operation, this swelling disrupts the crystallinity of the
DPP-DTT nanowire network and lowers the mobility. As a result, despite being able to more easily

accommodate ions volumetrically (showing higher C*), the nanowires may also show lower mobility.

13



E 1000+ }
a
']
g 800+ ; -
&
£ 600 . i p B
=
» i i
w400 i -
‘ E
200 : I
T T T T T T T T
-0 -08 06 -04 -0.2 0.0 0.2 0.4
Tip Voltage (V)

Figure 5. ESM Amplitude versus Geometry. (A) Topography and (B) ESM amplitude of a 2:8 (nanowire)
film in 20 mM KPF¢. Here the ESM amplitude is taken with Vac=500 mV (i.e. centered at 0 V +/- 250 mV)
and Vip =0 V. (C) ESM amplitudes for a 2:8 and 1:0 layer across a range of Vi, values, with the error bars
representing standard deviation in the amplitude response. The 2:8 nanowire device shows higher
amplitudes than the 1:0 conventional DPP-DTT film, particularly when the Vy, is past the threshold for
consistent doping at -0.5 V. These data are consistent with the hypothesis that the nanowires exhibit

enhanced ion uptake due to their geometry relative to the non-nanowire film.
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Figure 6. Photoinduced Force Microscopy (PiFM) of PFs Dopants in DPP-DTT Nanowires. (A)
Topography and (B) PiFM at 840 cm™ of a 2:8 DPP-DTT nanowire film, corresponding to the PF¢. The

film was electrochemically doped using 100 mM KPF¢ and a Ag/AgCl gate at Vg =-0.85 V for ~60 s.

CONCLUSIONS

We have shown that in a high-mobility polymer, DPP-DTT, we can improve the kinetics by
employing nanowire structures instead of a conventional neat film. We demonstrate that, while optimizing
for mobility is important in OECTs, it is important to consider that C* (volumetric capacitance) is linked to
how easily ions can diffuse into the three-dimensional volume. The nanowire structures exhibit faster
kinetics at all voltages, and a slightly lower threshold voltage, which we attribute to the nanowires allowing
lower structural barrier for ion diffusion into the film. The nanowires also exhibit higher C*. We verify this
result through real-space imaging in various correlated AFM modalities, showing that the nanowires indeed
swell under bias and that the DPP-DTT system exhibits volumetric response as an OECT rather than
through a field-effect. Although the hydrophobic nature and comparatively large threshold voltage preclude
DPP-DTT from practical OECT device applications, and the limited operational window due to the HOMO
level narrows the potential biologically-relevant application range, the data here present a platform for

simple optimization on state-of-the-art materials that are under development.
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EXPERIMENTAL

Film formation:

Poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno[ 3,2-b]thiophene) ]
(DPP-DTT, Ossila) and polystyrene (PS, Sigma-Aldrich) were dissolved separately in dichlorobenzene in
a nitrogen glove box. These solutions were stirred at no higher than 60 °C and 600 RPM for at least 2 hours.
For the ratios specified in the paper (2:8 and 4:6), the solutions were mixed based on volume ratio. The
desired target was 4 mg/mL DPP-DTT per mL of mixed solution. To achieve this, for 2:8 films we make
separate solutions of DPP-DTT and PS at 20 mg/mL, and for 4:6 films we make separate solutions at 10
mg/mL. For neat DPP-DTT (i.e. a ratio of 1:0 DPP-DTT:PS), we dissolve at 4 mg/mL. All mixed solutions
were stirred at 60 °C and 600 RPM overnight. We spincoat the solution on plasma-cleaned substrates using
3 s at 500 RPM, 150 s at 1500 RPM, then 10 s at 2000 RPM. Typically, the solutions are heated at
approximately 30 °C prior to spincoating. The films are annealed at 200 °C under flowing nitrogen for 5
minutes. For removing PS, we submerge the films in toluene for at least 5 minutes. The films are then stored

In vacuum.

Device measurements:
For device measurements, we use custom-fabricated gold electrodes on polyethylene terephthalate
substrates (Nano Terra) or evaporated on glass. The electrodes are all with 20 um channel lengths and
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channel widths of 4000, 2000, 1000, 800, 400, 200, and 100 pm. Devices are prepared in a similar manner
to films using the procedure above, though for most devices we anneal at 180 °C to avoid warping the
polyethylene terephthalate substrate; annealing at either 180 °C or 200 °C had no discernible effect on
device performance. Prior to measuring the device performance we remove excess polymer under a
microscope using acetone to wet an absorbent swab similar to that in our previous work,'>!® then we cover
all of the device except the active area and the contact electrodes to the source/drain with clear nail polish
(Sally Hansen Insta-Dri Top Coat). Optical images and device data show no damage to the active layer; an
example of the substrate is shown in Figure S19. The electrolyte used was typically 100 mM KPFs or 100
mM KCIl, with both degassed with nitrogen for ~10 minutes prior to use. The gate electrode is a standard
Ag/AgCl electrode. The device measurements are acquired using LabView code that operates two Keithley
2400 source-measure units. This code, along with a Python version, is publicly available upon request. All
devices are cycled once prior to measurement, and all the device data shown use both the trace and retrace.
Typical measurement times are 20 s per point in the transfer curves (or 800 s/V), with 120 s wait time prior
to the first data point to ensure steady-state doping conditions are reached. Analysis was performed using

custom Python code; this code is publicly available (https://github.com/GingerLabUW/oect processing).

12

The threshold voltages are calculated using linear fits to /ps”“ vs Vg plots. Transconductance (g,) was

calculated using a derivative of the transfer curve directly.

Spectroelectrochemistry and Electrochemical Impedance:

For spectroelectrochemistry, we use a MetroOhm PGSTAT204 to operate our device and an Agilent 8453
spectrometer for recording the data. For these measurements we spincoat the film on FTO substrates (Sigma
Aldrich). We use a Ag/AgCl as the reference electrode and a Pt mesh as the counter electrode. We cycle
each device with a C-V curve three times prior to measurement. The data are analyzed in Python via the
above publicly available code. For electrochemical impedance, we use the devices with pre-fabricated
electrodes where two 600 x 600 um? Au patches are used as the substrate. The devices are cycled from -0.9
V t0 0.9 V at 0.05 V/s and analyzed via the MetroOhm NOVA software.
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https://github.com/GingerLabUW/oect_processing

Scanning Probe Microscopy:

AFM measurements were performed on two instruments. The ESM experiments were performed on an
Asylum Research Cypher-ES system, as were AM-FM/stiffness measurements. The topography, including
scratch edge images for film thickness measurements, and other AFM data were acquired on an MFP-3D.
For the ESM data, we use 20 mM KPFg as the electrolyte during measurement; for other AFM
measurements, the samples are in a closed cell under flowing nitrogen. For photoinduced force microscopy
(PiFM), we used a Molecular Vista VistaScan system with a Block Laser quantum cascade laser capable of
infrared excitation from 760 cm to 1850 cm'. For AM-FM we typically use Budget Sensors
ElectriMulti75-G tips (~2 N/m, ~75 kHz). For PiFM, we use Mikro-Masch HQ:NSC15 tips (~30 N/m, ~325
kHz). For ESM we use Budget Sensors ContGB tips (~0.2 N/m, ~13 kHz); in ESM, the amplitude can
increase by using lower stiffness cantilevers, so users are cautioned to avoid comparing data taken with
very different tips. We use the second resonance mode for topography and the first mode for imaging. For
the doping experiments, we bias the film relative to a AgCl substrate in 100 mM KPFs, then quickly rinse
in DI water and dry under nitrogen. The films will show a noticeable color change due to doping; for DPP-

DTT, the films become visually clear because of the polaron feature stretching past the visible range.
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SUPPORTING INFORMATION

Additional topography data pre-/post-PS removal, device data, additional spectroelectrochemistry in KPFs

and NaCl data, electrochemical impedance, PiFM spectra and images of DPP-DTT and PS.
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