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Although p-type organic mixed ionic electronic conductors (OMIECs) are susceptible to
oxidation, it has not yet been considered as to whether oxygen could behave as an
uncontrolled p-dopant. Here, oxygen dissolved in solvents is shown to be behave as a p-
dopant, that fills traps to enable more effective electrochemical doping in OMIECs and
organic electrochemical transistors (OECTs). Yet the presence of oxygen also jeopardizes
OECT stability. A two-step strategy is introduced to solve this contradictory problem, where
first the solvent is degassed, and second the OMIEC is doped in a controlled manner using a
chemical dopant. This strategy increases on-off ratio, tunes the threshold voltage, and
enhancing the transconductance, mobility and the pnC* product, while having a remarkable
impact on both p-type and n-type OECT stability in air and water. This simple solution-
processing technique is easily implemented, low-cost, and highly effective in air and water.
The data herein suggests that combining chemical doping with solvent degassing could be a
broadly applicable technique to improve essential criteria needed to realize organic

bioelectronics and more complex OMIEC circuitry.

Organic mixed ionic-electronic conductors (OMIECs) and organic electrochemical transistors

(OECTs), which simultaneously couple and transport ionic and electronic charges, are attracting

1,2,3,4,5

interest for an enormous application space: From biosensors, medical devices and drug

7 8

delivery,®’ adaptive healthcare technologies,®”® and body-machine interfaces,’ to artificial

synapses for coupling neurons and controlling prosthetic devices,'” neuromorphic hardware and

computing,! 12131415 chemical sensing!®!'*!"!® and agricultural applications.'®?° OECT research

has made significant progress in recent years.?"> 2> 2> 24 25 However, high on-off current ratios



(Ionvorr) and tunable threshold voltages (Vr) are remaining bottlenecks to for realizing more
complex bioelectronic circuitry.??’ Additionally, poor operational stability is a major concern for
OECTs.?® While stability is a universal requirement for all transistors, OECTs have a unique

challenge in that they must be stable in air and in water-based electrolytes2® 2% 30:31.32.33.34

Improving OECT stability in air and water is not straightforward. Oxygen (O2) plays a
crucial, detrimental role in OECT stability, and Oz is abundantly present in OECTs that operate in
air and water. The redox potential of Oz is close to redox active OMIEC oxidation potentials® and,
depending on the quantity of dissolved O2, the OMIEC and the voltage applied,*® 3738 3% Oz can
lead to parasitic side reactions that form hydrogen peroxide (H20:) or hydroxide (OH") ?**’ —both
of which have been shown to reduce operational stability in OECTs.?> *!: > Redox reactions
between O: dissolved in NaCl electrolyte and degrade glycolated polythiophene OECT by
increasing the pH and presence of OH", and lower the performance of PEDOT:PSS OECTs.*>3?
Additionally, Faradaic reactions with Oz can corrode the host OMIEC,* cause reactions that are
detrimental to biosensors such as lipid peroxidation,* **4> ORR side reaction products H202 and

46,47

OH" impact sensing efficiency and can be toxic to biological environments; and O has been

shown to reduce PEDOT:PSS OECT capacitance and current.*!

While Oz and/or its subsequent compounds clearly threaten OMIEC stability, there is a
significant body of literature showing that Oz can behave as a p-dopant to enhance performance in
low ionization energy (IE) organic electronic materials.*®4%3%31-52 Although easy oxidation is a key

C,53’54

design principle for p-type OMIE it has not yet been considered as to whether O2 behaves

as p-dopant in OECTs. Here, we show using ultraviolet photoelectron spectroscopy (UPS),



electron paramagnetic resonance (EPR) and density functional theory (DFT) that Oz dissolved in
solvents acts as a p-dopant in p-type OMIECs. OECTs suggest Oz p-doping fills traps to enable
more effective electrochemical doping — yet Oz also jeopardizes OECT stability. A new, two-step
materials engineering strategy is introduced to solve the problem arising from this contradiction.
First, solvents are degassed using a freeze-pump-thaw method. Second, a chemical dopant is
introduced into the OMIEC. This two-step strategy simultaneously tunes V, improves lon/orr, and
enhances the uC* product, while realizing, to the best of our knowledge, the most stable p-type
and n-type OECTs in air and water to-date, and highest IonjoFr ratios to-date for a planar OECT.
UPS, EPR, ultraviolet-visible absorbance (UV-Vis), atomic force microscopy (AFM) and grazing-
Incidence wide-angle X-ray scattering (GIWAXS) show p-doping mechanisms work
synergistically with morphology changes to enhance OECT performance metrics. The two-step
technique is shown to be effective for different polymers, solvent and dopants. Overall, the work
reported here suggests that combining chemical doping with degassed solvents is a highly
effective, low-cost, easy to implement technique that broadly impacts criteria needed to realize
more complex OMIEC, OECT, and organic bioelectronic circuitry.

02 p-doping is well-known in organic electronics — from published findings,>® 3% 36 4849
30,5152 to anecdotal strategies on leaving p-type organic devices outside the glovebox. Oz is present
in dissolved quantities in solvents exposed to air, such as chloroform (CF). CF is routinely used to
process OMIECs from solution,”% 3% 0 because OMIECs are highly soluble in CF, it is low-cost,
and has lower toxicity relative to other organic electronic solvents, including chlorobenzene and
tetralin®® ©% . We degassed CF using a freeze-pump-thaw method to explore whether O2

dissolved in CF acts as a p-dopant, in representative p-type polyethylene glycol functionalized



OMIEC, p(g3T2),56% 6 with ionization energy (IE) of 4.46 ¢V (Figure 1b).%® Figure 1 c-d
compares p(g3T2) processed from degassed-CF with p(g3T2) processed from CF stored in air
(i.e.,, ambient-CF) using UPS. UPS indicates that, unless CF is degassed, p(g3T2) is p-doped.
Specifically, the work function shifts from 4.0 eV for the degassed-CF p(g3T2), to 4.3 eV for the
p(g3T2) ambient-CF, and p(g3T2) has larger IE (4.6 eV) when processed using ambient-CF
compared to degassed-CF (4.3 €V).%” To confirm Oz is the primary p-dopant, rather than other
volatile species removed during degassing, we used density functional theory (DFT) and an
oxygen sensor. DFT (Figure S1 and Figure S2) indicates the thermodynamics are highly
favourable for Oz to behave as the primary p-dopant, and that chlorine gas and trichloroacetic acid
may possibly oxidize p(g3T2), based on the proximity of their electron affinity (EA) to the p(g3T2)
IE. Next, the 5,11-bis(triethylsilylethynyl)anthradithiophene (TES-ADT) oxygen sensor in Figure
S3 shows Oz is present in the ambient-CF, but not present in the degassed-CF.%® In addition to
degassed-CF and ambient-CF coming from the same non-anhydrous bottle stored in air (see
Experimental Section), the fact that degassing is widely employed to remove O: from solvents in
organic reactions, and that Oz is more likely to behave as an oxidant in the presence of acids such
as hydrochloric acid,%® we attribute the UPS data to Oz dissolved in CF acting as primary p-dopant

in p(g3T2).
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Figure 1. Oxygen dissolved in solvents is an uncontrolled p-dopant in organic mixed
conductors. (a) An organic electrochemical transistor (OECT) schematic with chemical structure
of p(g3T2) and oxygen (Oz2). (b) Energy level diagram for p(g3T2), Oz and CeoFas. (c) Ultraviolet
photoelectron spectroscopy (UPS) data showing the secondary electron cut-off region of p(g3T2)
thin-films prepared with degassed-chloroform and ambient-chloroform (2v = 10.2 eV). The shift
in the work function (WF) by 0.3 eV indicates that if the chloroform is not degassed, then it will
p-dope the OMIEC. The WF of the p(g3T2) prepared from degassed-chloroform is 4.0 eV,
compared to the ambient-chloroform WF of 4.3 eV. (d) UPS HOMO onset region.

Because doping plays an important role in transistor performance, we explored the impact
of O2 p-doping on p(g3T2) OECTs. OECTs were measured in a nitrogen glovebox using an ionic
liquid, 1-butyl-3-methylimidazolium tetrafluoroborate, [BMIM][BF4], as the electrolyte, to avoid

introducing other sources of Oz and focus only on the impact of removing Oz from the solvent.



The most extreme case is shown in Figure 2a-b and Figure S4a-b. Degassed-CF reduces the on-
current (Ion) by three orders of magnitude, the off-current (Iorr) by two orders of magnitude, and
the corresponding transconductance (gm) for the transistors in Figure 2 reduces from 1.6 mS to
0.18 mS. Figure Slc shows the cyclic voltammetry (CV) curves and OECT output curves,
respectively. However, Figure S1d indicates that, while ambient-CF outperforms degassed-CF,
statistically across 6 OECTs, charge carrier mobility () values are not remarkably dissimilar. One
possibility is Oz p-doping fills trap states rather than improves performance metrics,*® which may
enable more effective electrochemical doping with gate voltage (V). To approach the challenge
of retaining trap filling effects, while enhancing OECT performance and removing Oz that causes
stability, we identified a chemical p-dopant. We chose the fluorinated fullerene, CeoFas (Figure
2¢), because it is an effective p-dopant,’® 7!: 7273 has favorable energetics for p(g3T2) (Figure 1b),
and once it has reacted to p-dope the host OMIEC, it is unlikely to impart additional chemistry to
the polymer. Figure 2d shows the results for degassed-CF:CeoF4s OECTs at 100 molar weight
percentage (mol%), i.e. degassed-CF:CeoF43(100 mol%); there is a substantial, four orders of
magnitude increase in Ion, and a remarkable maximum Ionorr =1.4 x10°, with an average Ion/oFr
~3.3 x10° over six OECTs. The maximum Ion/orr value is one of the highest reported values for a
planar OECT to-date.”®. In the most extreme case (i.e., transistors in Figure 2b and Figure 2d),
gm increases by over 100 x, from 0.18 mS to 25.1 mS. To quantify the uC* product, the volumetric
capacitance (C*) was measured by fitting electrochemical impedance spectroscopy (EIS) data
(Figure S5). Table 1 and Figure S6 further supports of the remarkable impact that chemical
p-doping combined with solvent-degassing has on OECT figures of merit, with the average nC*
product extracted from gm for six OECTs per system being 113 F/cmVs, 93 F/cmVs, and 680

F/emVs for ambient-CF, degassed-CF and degassed-CF:CeoFas, respectively. OECT data indicates



adjusting the concentration of chemical p-dopant is an excellent technique to control Vr.
Specifically, Figure S6c¢ shows Vr shifts towards 0 V, from average values of -0.13 V to -0.08 V,
in the degassed-CF and degassed-CF:CeoF4s OECTs, respectively, that is characteristic of doped

transistors.”> Overall, chemical doping clearly has a significant impact on OECT performance

metrics.
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Figure 2. The impact of solvent degassing and chemical p-doping on organic electrochemical
transistors. Representative p(g3T2) OECT transer curves measured at Vp = -0.6 V, for solutions
prepared with (a) ambient-CF and (b) degassed-CF. (c) The chemical structure of the chemical p-
dopant, the fluorinated fullerene CeoFss. (d) Representative p(g3T2) OECT transfer curves
measured at Vp = -0.6 V, for a solution prepared with degassed-CF:Cs0F4s(100 mol%). OECTs
were tested at 0.52 V/s scan rate with a [BMIM][BF4] electrolyte, in a nitrogen filled glovebox, to
remove Oz and focus the study only on Oz p-doping occurring because of dissolved Oz in ambient-

CF. (e) Room temperature electron paramagnetic resonance (EPR) comparing 5 mg/mL p(g3T2)



solutions prepared from ambient-CF and degassed-CF:CeoF43(100 mol%), indicating that CeoFas is
a more effective p-dopant than Oz. Data for pristine CeoF4s is also shown. (f) Ultraviolet
photoelectron spectroscopy (UPS) comparing p(g3T2) thin-films made from solutions prepared
with degassed-CF, ambient-CF, and degassed-CF:CeoF43(100 mol%). (c) Ultraviolet—visible (UV-
Vis) absorption comparing p(g3T2) thin films processed from degassed-CF, ambient-CF, and
degassed-CF:CeoF43(100 mol%).

EPR, UPS and ultraviolet-visible absorbance (UV-Vis) were used to confirm that CeoF4s
indeed acts as a p-dopant. The EPR (Figure 2e) shows a distinct increase in EPR signal, indicating
CeoFas increases the number of unpaired electrons in p(g3T2). UPS data in Figure 2f shows CeoFas
is a more effective p-dopant than Oz, through a systematic increase in the work function from 4.0
eV, 43 eV, to 4.9 eV, for degassed-CF, ambient-CF, and degassed-CF:CeoF4s (100 mol%),
respectively. Additionally, the HOMO onset shifts towards the Fermi energy in order of degassed-
CF, ambient-CF, and degassed-CF:CeoF4s (100 mol%). UV-Vis-NIR absorbance (Figure 2g)
further supports doping because the polaron/bipolaron absorbance between 1.6 eV and 0.5 eV
increases in intensity in the same order (degassed-CF, ambient-CF, and degassed-CF:CeoF4s (100
mol%)). A decrease in absorbance/peak intensity at 2.2 eV is consistent with polaron/bipolaron
formation, indicating reduction in the neutral state with CeoF4s. EPR, UPS and UV-Vis confirm
that p-doping mechanisms underpin OECT Vr shift, increase in u, and increase in the pC* product:

77,78,79,80,81 donating

CeoF4s p-dopes via integer charge transfer to accept electrons from the host,”®
holes that first fill deep and shallow localized trap states, and, once filled, the donated holes are
free carriers in delocalized states. Therefore, Vr shifts®” because it is the Vg required to fill the trap
states, and Ion increases from a higher carrier density. While technically the Vr shift can be used

to calculate the density of trap states filled by the dopant, it is not a straightforward calculation in

OECTs; ambiguity in Vt values in OECTs come from the non-linearity relationship the square



root of the drain current (VIp) and Vg, which conflicts with the model used to extract V.83 848
Further evidence that CeoFas is an effective chemical p-dopant is the increase in lorr (Figure S7)
at very high doping concentrations, because CeoF4s increases OMIEC conductivity, and decrease

in p and the pC* product (Figure S8) because very high doping concentrations introduces

71,75

scattering.
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Figure 3. Chemical p-doping influences morphology. Atomic force microscopy images showing
surface topography in the OECT channel for p(g3T2) thin-films prepared from (a) ambient-CF,
(b) degassed-CF and (c) degassed-CF:CeoF4s3(100 mol%). Grazing Incidence Wide Angle X-ray
(GIWAXS) 2D detector images of p(g3T2) thin-films prepared with (d) ambient-CF, (e) degassed-
CF and (f) degassed-CF:CeoF43(100 mol%). The thickness of the p(g3T2) thin-films are 108 nm,
101 nm, and 33 nm for ambient-CF, degassed-CF and degassed-CF:CeoF43(100 mol%),
respectively. Thicknesses are average values taken from 5 values measured with a Dektak. (g)

Corresponding in plane line cut of the GIWAXS data.
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Improvements in p and therefore the pC* product can occur because morphology changes
occur synergistically with the p-doping shown in EPR, UPS and UV-Vis.®% % 71:86 Atomic force
microscopy (AFM) and grazing-Incidence wide-angle X-ray scattering (GIWAXS) were used to
elucidate differences in p(g3T2) thin-film morphology when processed from degassed-CF,
ambient-CF and degassed-CF:CsoF4s. AFM in Figure 3a-c and Table 2 show root mean squared
(RMS) roughness values of 14.8 nm and 18.5 nm for ambient-CF and degassed-CF, respectively,
compared to 2.2 nm for degassed-CF:CeoF4s. Reduction in RMS in doped organic thin-films have
been observed before.”” GIWAXS supports AFM data by showing similar morphologies for
degassed-CF and ambient-CF p(g3T2) thin-films, and comparatively dramatic changes in
degassed-CF:CeoF4s morphology. First, Figure 3d-e shows p(g3T2) thin-films processed from
ambient-CF and degassed-CF films are qualitatively similar, adopting a predominantly edge on
orientation with out of plane lamellar stacking peaks, that corresponds with reported literature.®
However, we find the degassed-CF lattice is tighter in real space, and the ambient-CF lattice
spacing has expanded by 4 %; ambient-CF lattice shifts to lower q (Table 3), and quantitative
analysis fitting of the (100) lamellar peak Figure S9 reveals a 4 % expansion that suggests
ambient-CF film is lightly p-doped relative to degassed-CF. Second, Figure 3e-f shows degassed-
CF:Ce0F4s has stronger scattering at 1.7 A"}, consistent with a dramatic increase in the n- stacking.
The significant increase in -crystallinity may be because there are a greater number of delocalised
charge carriers in p(g3T2) processed from degassed-CF:CeoF4s.%” Additionally, the n-n stacking is

out of plane, and the & crystals are not growing out of the existing lamellar crystals.

While EPR, UPS and UV-Vis show that CeoF4s is a more effective p-dopant than O2, and

AFM and GIWAXS show CeoF4s changes morphology, it is difficult to disentangle whether p-

11



doping or morphology change is the dominant mechanism underpinning the superior OECT
performance.®® ® Experimental and comparative computerized Fourier transform infrared (FTIR)
spectroscopy were used to elucidate contributions from synergistic morphology changes and p-
doping. Computed spectra (scaled B3LYP/6-31G*) of neutral p(g3T2) show only FTIR from thin-
films processed from degassed-CF agree with the neutral state (Figure S10 and S11). On the other
hand, computed spectra of oxidized p(g3T2) show good agreement between the new peaks
measured in ambient-CF and degassed-CF:CeoF4s FTIR and the oxidized state (Figure S10). The
vibrational modes are a combination of C=C stretches in the polymer backbone, accompanied by
C-H oscillations, or involvement from the truncated alkoxy chains (Figure S11). The new peaks
in ambient-CF are well-aligned with those in degassed-CF:CeoF4s (Figure S12), suggesting that
FTIR changes are unlilely to be morphological because they are not drastically different for the
large fullerene dopant, compared to a small O2 molecule. The latter indicates p-doping mechanisms

may be more dominant for OECT performance, compared to morphological changes.
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Figure 4. Solvent degassing with chemical p-doping improves organic electrochemical
transistor stability. (a) 25-hour stability tests comparing on-off ratio (Ion/orr) degradation as a
function of time, in p(g3T2) OECTs processed from ambient-CF and degassed-CF:CesoF4s(100
mol%). The stability test measures a transfer curves every 15 s for 25 h, with Vg swept from 0.2
V to -0.6 V, and Vb fixed at Vp = -0.6 V, for a minimum of 4600 cycles per system. The data
indicates p(g3T2) OECTs processed from degassed solvent and chemically p-doped and
significantly more stable than those processed from ambient-CF. (b) Comparison of the initial and
final transfer curves for p(g3T2) OECTs processed from ambient-CF. (c¢) The initial transfer curve
in the stability test, compared with the 4600™ transfer curve in the stability test, for p(g3T2) OECTs
processed from degassed-CF:Ce0F43(100 mol%). (d) and (e) show bias stress stability tests in p-
type pgBTTT OECTs, where Vg =-0.6 V was applied constantly for the 12 h, with a transfer curve
measured every 5 minutes. Transfer curves were measured from Vg = 0.2 V to =-0.8 V, and Vp
fixed at Vb =-0.7 V. The transfer curves shown in (d) are the first transfer curve at 0 h and transfer
curve after 1.5 h for pgBTTT OECTs processed from ambient-CF. The transfer curves shown in
(e) are the first and last (12 h) transfer cuvres for pgBTTT OECTs processed from
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degassed-CF:Ce0F43(300 mol%). (f) and (g) show bias stress stability tests in n-type p(CeNDI-T)
OECTs, where Vg = 0.6 V was applied constantly for the 24 h, with a transfer curve measured
every 5 minutes. Transfer curves were measured from Ve =0V to = 0.6 V, and Vb fixed at Vp =
0.6 V. The transfer curves shown in (d) are the first transfer curve at 0 h and transfer curve at 12 h
for p(CeNDI-T) OECTs processed from ambient-CF. The transfer curves shown in (e) are the first
and last (24 h) transfer curves for p(CeNDI-T) OECTs processed from degassed-CF: TBA-OH(400
mol%).

It has not been explored yet as to whether pre-oxidizing via chemical p-doping, or “pre-
doping”, protects OMIECs against further oxidation with Oz in air and water that causes OECT
instability.? 4035 41.42:4239 Additionally, it is essential that the solvent degassing plus chemical p-

doping technique works in air and water,3% 3% 34

and Oz has been removed from this study up to
this point. To address these points, we first tested the p(g3T2) OECTs outside the glovebox in
water-based electrolyte, 0.1 mol/L NaClag., and next in stability tests in air and water. Figure S13,
Figure S14 and Table 1 shows that p(g3T2) OECTs processed from degassed-CF, ambient-CF,
and degassed-CF:CeoF4s(100 mol%) and measured in air and water follow the same performance
improvements as OECTs in an inert environment. Namely, degassed-CF:CeoF4s results in the most
remarkable improvements, with the mgmC* product increasing from 203 F/cmVs to 281 F/cmVs
and 1160 F/cmVs for p(g3T2) processed from degassed-CF, ambient-CF and degassed-
CF:CeoF43(100 mol%), respectively. gm increases in order of degassed-CF, to ambient-CF, to
degassed-CF:CeoF4s(100 mol%), and Ionorr improves, up to a maximum of 1.38 "10° with the
CeoFas. Table 3 compares p(g3T2) results to other p-type OECTs systems in the literature. Next,

Figure 4a-c and Figure S15 show the remarkable impact the two-step technique has on OECT

stability. Ambient-CF Ion/orr ratio decreases from 2.75"10% A to less than an order of magnitude

14



after 25 h, and Figure S15a shows lon reduces within the first few h of testing, decreasing from
2.1 mA to 1.8°10 mA after 10 h of cycling transfer curves with Vp =-0.6 V and Vg from 0.2 V
to -0.6 V. In contrast, Iox only reduces from 4.14 mA to 2.60 mA after 25 h of cycling for the
degassed-CF:CeoF43(100 mol%) OECTs (Figure S15b), and lonorr ratio remains in the same
order of magnitude (from 5.6"10* to 3.4"10%) after 25 h. Importantly, Vr is significantly more stable
in the CeoF4s p-doped devices, shifting by only 0.01 V after 25 h (Figure S15d-e). The significant
improvement in OECT stability for degassed-CF:CeoF4s3(100 mol%) may be explained by pre-
oxidized polymers being less susceptible to oxidation in air and water, because energetics such as
IE and work function have changed, and the oxidized conditions change the chemical equilibrium
via Le Chatelier's principle. While how susceptible OECTs are to Oz oxidation also depends on
voltage, ‘pre-doping’ from O: is unlikely to have this effect because it can be unstable.
Specifically, O2 doping stability depends on the host system, the location of the Oz (crystallites or
amorphous), packing density, dynamic structure and the kinetics of the O2 moving in and out of
the organic layer. Unstable O2 during stability testing may increase Oz concentration, resulting in
further ORR and compounds that form trap states during bias stressing. The pre-doping hypothesis
is further supported by the fact it is not possible to chemically p-dope p(g3T2) to achieve these
remarkable results, without first removing Oz (i.e., oxidation) via degassing. Finally, although n-
doped OECTs have been successfully demonstrated in air and water,®® the data here is the first to

report successful chemical p-doping in OECTs and OMIECs operating in air and water.?® %

The generality of the combined chemical doping and solvent-degassing technique was

verified by testing other material systems. First, a different solvent, 1,2-dichlorobenzene (DCB),

was used with p(g3T2). Figure S16 shows p(g3T2) OECTs made with ambient-DCB, degassed-
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DCB, and degassed-DCB:CesoF4s(100 mol%), tested in inert conditions (i.e., with [BMIM][BF4]
inside a nitrogen glovebox). Ambient-DCB OECTs have high lorr, demonstrating they are p-
doped, while degassed-DCB reduces lorr and shifts Vr, showing that degassed-DCB OECTs are
less doped when Oz is removed from the solvent. CeoF4g further enhances the transistor still: a
sharper subthreshold slope (SS) and turn on, indicating a more pronounced gm. Second, a different
polymer, glycolated polythiophene p(g2T2-g4T2) (Figure 4d),*® was processed from degassed-
CF and degassed-CF:CeoF4s and tested in inert conditions. Figure S17 shows the results, indicating
the same trends as p(g3T2) in Figure 2b-d: degassing CF and p-doping with CeoF4g in the most
extreme case results in a three order of magnitude increase in lon, a corresponding gm increases
from 0.02 to 16.4 mS, and improved lonorr ratio. Third, we tested another polymer, pgBTTT
(Figure S182)°, and another p-dopant tris(pentafluorophenyl)borane (B(CsFs)3) (Figure S18b),
in air and water with a 0.1 mol/L NaClaq. electrolyte. Figure S18d-h show that, in both cases, gm
increases in pgBTTT OECTs processed from degassed-CF and p-doped with either CeoF4s or
B(C¢Fs)3, when compared to OECTs processed from ambient-CF, and Vr shifts towards 0 V,
consistent with successful p-doping. Iorr also increases in pgBTTT OECTs processed from
degassed-CF:Ce0F43(100 mol%) OECTs. Next, Figure 4 d-e show the impact on pgBTTT stability
in air and water, where pgBTTT OECTs processed from ambient-CF and degassed-CF:CsoF4s(100
mol%) are subjected to much harsher biasing conditions, compared to the typical cycling OECT
tests, like those shown for pg3T2 in Figure 4a-c. Namely, Ve = -0.6 V is applied constantly for
12 h, with a transfer curve measured quickly every 5 minutes to monitor the impact from biasing.
Figure 4d-e and Figure S19a show that ambient-CF OECTs are not functional after 1.5 h.
Comparatively, pgBTTT OECTs processed from degasses-CF:CeoF48(100 mol%) are still

functional after 12 h. Finally, we tested the impact of degassing and doping on stability in n-type
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OECTs: p(CsNDI-T)’! n-doped with TBA-OH.® Here, Vi = 0.6 V was applied for 24 h. Figure
4f-g and Figure S19b show that, while ambient-CF OECTs are not functional, p(CeNDI-T)
OECTs processed from degassed-CF:TBA-OH(100 mol%) are fully operational after 24 h of a
high, constant gate bias, with Ion only decreasing from 9.6 nA to 4.4 pA. To the best of our
knowledge, the stability tests reported in this manuscript are the most rigorous OECT stability tests
reported to-date, and all the polymers processed here using the solvent degassing and chemical
doping technique realize the most stable OECTs reported to-date in air and water.”> > Importantly,
all aforedescribed systems that support the generality of this technique are not optimized, and every
dopant/polymer/solvent combination requires careful optimization because dopant effectiveness
depends on solvent, solvents impact thin-film morphology, and dopant concentration should not
introduce structural disorder and scattering that reduces p. Each of these systems therefore has
significant potential for further work, while demonstrating the effectiveness of solvent degassing
and chemical doping with different polymers, solvent, dopant and operating environments (i.e.,

inert vs. ambient/water).

In conclusion, we show using ultraviolet photoelectron spectroscopy, density functional
theory, and electron paramagnetic resonance that oxygen dissolved in chloroform acts as a
p-dopant in OECTs and OMIECs. While oxygen p-doping impacts OECT electronic performance,
the presence of oxygen also jeopardizes OECT stability. We approach this problem by introducing
a new, two-step strategy, that simultaneously removes the risks from oxygen, while enhancing
OECT stability and operating metrics. First, the solvent is degassed using a freeze-pump-thaw
method. Second, the OMIEC is doped. Improvements in the nC* product, gm, u and Ion/orr are

shown to arise from synergistic p-doping and morphology changes, using ultraviolet photoelectron
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spectra, electron paramagnetic resonance, ultraviolet-visible atomic force microscopy, grazing-
incidence wide-angle X-ray scattering and Fourier transform infrared spectroscopy. This strategy
can also be used to tune Vt, works in air and water environments, in more than one solvent, with
more than one polymer, and more than one dopant. A key finding is that degassing combined with
chemical doping showcases the most stable p-type and n-type OECTs operating in air and water
to-date. The improvement in OECT stability may be explained by ‘pre-doping’, that makes p-type
OMIECs more difficult to oxidize, and n-type OMIECs harder to reduce and therefore less reactive
in oxygen and water. A crucial part of improving OECT stability using chemical doping is to first
degases the solvent. Overall, the data presented here suggests this simple, low-cost and easily
implemented strategy could be a broadly applicable tool for improving key figures of merit in

accumulation mode OMIECs, and overcome OMIECs and OECTs stability challenges.
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Experimental Section

Density Functional Theory Calculations. Density functional theory (DFT) calculations were
performed for p(g3T2)-based oligomers of 3.5 repeat units each (14 thiophene units) and six small
molecules that may be found in chloroform (chlorine gas, hydrochloric acid, hydrogen peroxide,
oxygen gas, phosgene, and trichloroacetic acid). The long-range corrected hybrid functional LC-
oHPBE, optimally tuned with respect to both the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the p(g3T2) oligomer, and the 6-31G(d) basis set
were used. The geometry of the neutral and charged states (+1,-1) for each species were optimized,
and an implicit solvation model utilizing the polarizable continuum model (PCM) was used to
account for the chloroform solvent environment. The ionization energy (IE) and the electron
affinity (EA) were calculated as the energy difference between the charged state and the neutral
state. To assess accuracy of the results, calculations at MP2 level of theory on the DFT geometries

were performed and all gas-phase results were compared to available experimental data. The DFT
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approach presented the smallest total mean square error for the EA and IE. All calculations were

performed using the Gaussian 16 Revision A.03 quantum chemical calculation package®.

Organic electrochemical transistor preparation. All OECT devices were fabricated on 2 cm %
2 cm Borofloat glass slides cleaned by a three-step solvent sonication for 10 minutes for each step.
First by sonicating with a 5 % volume fraction Decon-90 soap and DI water solution, then acetone,
and lastly by isopropanol alcohol. The sonicated substrates were then blow dried by N2 and then
cleaned by ultraviolet ozone for 10 minutes using a Samco UV-1 bench top cleaner with 0.5 L/min
O2 gas flow. The source and drain electrodes were patterned by thermally evaporating a 5 nm metal
Cr adhesion layer followed by 40 nm Au conduction layer using an Angstrom physical vapor
deposition system with channel dimensions of 500 um width and 50 pm length using a custom
shadow mask purchased from Angstrom After thermal evaporation, the surface of the patterned
substrates were activated by ultraviolet ozone for 15 minutes to increase wettability using the same
bench top cleaner with 0.5 L/min Oz gas flow followed by adhesion promotor application using
(3-(trimethoxysilyl)propyl methacrylate) purchased from Tokyo Chemical Industry Co. in an
isopropanol alcohol:DI water:(3-(trimethoxysilyl)propyl methacrylate) solution at a volume ratio
of 100:100:3. The substrates were immersed in the adhesion promotor solution for 30 minutes,
then rinsed with isopropanol alcohol and allowed to air dry. A 2 um layer of Parylene C was
deposited on the substrates using a SCS Labcoater 2 and dichloro-p-cyclophane Parylene dimer
purchased from Specialty Coating Systems. After deposition, a 4 % volume fraction microsoap
solution was spin coated onto the parylene coated substrates at 6000 rpm (1 rpm = 21/60 rad s™)
to promote delamination of a second layer of parylene. The second 4 um layer of Parylene C was
applied using the same system to serve as a sacrificial patterning layer. Photolithography was used
to pattern the Parylene C on the substrates by spin casting a Qum later of SPR 220-7 positive
photoresist, exposing the substrates using a custom photomask and Suss MAG6 contact aligner with
a i-line UVA light source with 365nm wave length. M-26 developer was used to develop the
photoresist by soaking for 5 minutes, rinsing with DI water and blow drying with Nz. Finally, a
March reactive ion etcher (RIE) system was used to etch the photolithography patterned channel
and contact features by Oz reactive ion etching with 25 sccm of Oz gas, 40 Pa pressure chamber
pressure, and 300 Watt power. A thin film of the prepared polymer solutions were coated on to the

OECT substrates by statically spin coating 50 uL of polymer at 500 rpm for 10 s then 600 rpm for
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30 s. All degassed solutions were spin coated in an N2 filled glove box and ambient solutions were
spin coated in air. The 1,2-dichlorobenzene OECTs were spin coated onto the OECT substrates at
at 500 rpm for 10 s then 600 rpm for 30 s and then annealed at 40°C hotplate for 30 minutes before

testing.

Polymer solution preperation. p(g3T2) and p(g2T2-g4T2) were synthesized according to °¢ and
used as received. pgBTTT was synthesized according to *° and used as received. All ambient
polymer solutions were prepared in air using solvents stored in air as received. Ambient-
chloroform p(g3T2), p(g2T2-g4T2), and pgBTTT solutions were prepared in solvent blend with a
volume ratio of 20 % volume fraction chlorobenzene to 80 % volume fraction chloroform at a
Smg/mL concentration. Ambient-1,2-dichlorobenzene p(g3T2) polymer solution was prepared in
a solvent blend with a volume ratio of 20 % volume fraction chlorobenzene to 80 % volume
fraction 1,2-dichlorobenzene at a Smg/mL concentration. Non-anhydrous, amylene stabilized
chloroform was used and purchased from Electron Microscopy Sciences. Anhydrous
chlorobenzene was purchased from J.T.Baker and 1,2-dichlorobenzene used was purchased from
Sigma-Aldrich. All solvents were filtered with a PTFE membrane syringe filter of 0.45 um pore
size. The same solvents were then degassed using the freeze-pump-thaw method, sealed, and
stored in an N filled glove box. Degassed-chloroform p(g3T2), p(g2T2-g4T2), and pgBTTT
solutions were prepared in an N2 filled glove box with the same solvent ratios as before using
degassed solvents. Degassed 1,2-dichlorobenzene p(g3T2) polymer solution was prepared using
the same solvent ratios as before with degassed solvents in an N2 filled glove box. Degassed CsoFas
and BCF dopant solutions were prepared using the same degassed chlorobenzene in an N2 filled
glove box at varying concentrations. The degassed CeoF4s dopant solution was admixed with a 5
mg/mL solution of p(g3T2) and p(g2t2-g4T2) consisting of the same degassed chloroform to form
a p(g3T2):CeoF4s solution containing 80% chloroform and 20 % volume fraction chlorobenzene.
The p(g3T2):CeoF4s doped solutions were prepared in (0, 50, 100, 300, and 600) mol%
concentrations using the same methods as previously reported so that effects from solvent
interactions are normalized for every solution 389%71:63868%8 NoJo4 is calculated as a molar
percentage of the total molar mass of the polymer, calculated from the average molecular weight.
p(g2T2-g4T2): CeoFas doped solutions were prepared on (0, 20, 50, and 100) mol% concentrations.
A degassed p(g3T2):CeoF4s doped solution was prepared with solvent ratio containing 80 %
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volume fraction 1,2-dichlorobenzene and 20 % volume fraction CeoFss chlorobenzene solution in
an N2 filled glove box. A degassed pgBTTT:BCF solution was prepared in an N2 filled glove box
with degassed chloroform and 20 % volume fraction chlorobenzene BCF dopant solution. Each
solution was allowed to rest overnight before spin coating. All solutions were prepared on the same

day from the same polymer batch for each polymer:dopant sample set.

Organic electrochemical transistor characterization and analysis. The majority of this
manuscript — apart from the final section and stability tests — test the devices in an inert
environment, by using an N filled glove box and [BMIM]BF4 as an ionic liquid electrolyte. This
was to remove any impact from oxygen. A bottom-gate bottom-contact transistor architecture was
used for the [BMIM]BF4 electrolyte, that used a 500500 pm gold patterned electrode coated with
p(g3T2) as the gate. All current-voltage characteristics were measured using a Keysight B2912A
Precision Source/Measure Unit. The scan rate for all the transfer data is 0.52 V/s with Vo= 0.2V
to -0.8V and Vp:-0.05V, -0.6V. The scan rate for the output curves is 0.28 V/s with Vp=0V to -
0.6 Vand Vo =0 V to Vg =-0.8 V, with a step of AVg = 0.12 V. All comparative transfer and
output currents were normalized according to film thicknesses to account for the effects of film
thickness. OECTs tested in non-inert environments were tested outside the glovebox and used an
aqueous electrolyte, 0.1 mol/L. NaClag, in a top-gate bottom-contact architecture, that used a
Ag/AgCl pellet as the gate electrode. All OECTs were prepared on the same day for each
polymer:dopant sample set. Stability tests were carried out in the ambient testing setup, and used
a wax-sealed polydimethylsiloxane (PDMS) well to prevent the 0.1M NaCl aqueous electrolyte

from evaporating during the test windows.

Electrochemical Impedance Spectroscopy and Capacitance Voltage. Cyclic voltammetry was
taken using an Autolab potentiostat in air at a rate of 0.05 V/s for 3 cycles. Electrochemical
impedance spectroscopy (EIS) was used to determine the volumetric capacitance for all devices
where [BMIM]BF4 ionic liquid was used as the electrolyte solution, a platinum (Pt) wire served
as the counter electrode, and two 500x500 um gold (Au) patterned electrodes coated with p(g3T2)
were used as the working and reference electrodes. Afterwards, CV and EIS scans were taken
again using aqueous 0.1 mol/L NaCl electrolyte and Pt wire as the counter electrode. The same

500500 um Au electrode coated with p(g3T2) was used as the working electrode and an Ag/AgCl
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pellet was used as the reference electrode. EIS measurements were taken at 10 mV sine wave at
frequencies ranging from 1 x10° Hz to 0.1 Hz and a DC offset potential at the max Vam for the
polymer thin film. The data analysis was done using Metrohm Autolab NOVA software. We note
that the EIS set ups are different for the two electrolytes, i.e., [BMIM]BF4 and NaClaq. The set ups
use different counter electrode materials (AgAgCl and polymer coated Au, for the NaClaq. and
BMIM]BF4, respectively), and position of the counter electrode in the EIS set up is different. The
position is different because of the different OECT architectures: bottom-contact top-gate for the

NaClag. and bottom-contact bottom-gate for the [BMIM]BFa.

Thickness measurements. A Dektak Profilometer was used to measure film thickness of the
polymer thin-films as cast in the OECT channels and on the gate electrode. Thickness value was

determined by taking the average from five thickness measurements.

Ultraviolet photoelectron spectroscopy. A thin film of p(g3T2) processed from degassed-CF and
a thin-film p(g3T2):CesoF4s were formed by spin coating Smg/mL polymer in an N2 environment
on clean ITO substrates at 1800 rpm for 30 s. Another p(g3T2) thin film was prepared in the same
way using ambient solvents and spin cast in air. UPS measurements were performed using a PHI
5600 UHV system coupled with a hemispherical electron energy analyzer and a multichannel
detector with a 5.85 eV pass energy. An Excitech H Lyman-o lamp (E-lux 121, 10.2 eV emission)
was used as the photon source with a 90° mirror (E-lux EEM Optical Module) and a dry oxygen
purge through the beam path at between 933 Pa and 1333 10 Pa. A negative 5 V bias was applied

to the samples during the measurements.

Electron Paramagnetic Resonance. EPR polymer solution samples were prepared at a
concentration of 10mg/mL of p(g3T2) polymer with a solvent solution containing 80 % volume
fraction degassed chloroform and 20 % volume fraction degassed chlorobenzene in an N2 filled
glove box. A capillary tube was filled with the degassed solution and sealed airtight in an N2 filled
glove box before testing. An ambient p(g3T2) polymer solution was prepared using ambient
chloroform and chlorobenzene in the same solvent ratios in air. A capillary tube was filled with
the ambient p(g3T2) solution and sealed in air before testing. Both capillaries were filled with

identical volume. Another set of chloroform p(g3T2) solutions were prepared at a concentration
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of 5 mg/mL containing 80 % volume fraction chloroform and 20 % volume fraction chlorobenzene
with ambient solvents and doped p(g3T2):CeoF4s (100 mol%) solution was prepared in the same
way but using 20 % volume fraction of a CeoFas degassed chlorobenzene solution. A third capillary
tube was filled with the same CsoF4s solution used to dope the 100 mol% p(g3T2):CsoF4s solution.
The EPR spectra was recorded using a Bruker EMX PremiumX at room temperature, with 15 dB
microwave attenuation, 100 kHz modulation frequency, and a modulation amplitude of 1.00 G.
EPR measurements were carried out at room temperature, with identical sample volume and

measurement conditions.

Atomic force microscopy. Topographical information and surface roughness measurements were
taken using a Cypher S atomic force microscope operating in tapping mode on p(g3T2) thin films
prepared in the same method as described for UV-vis. Data analysis was carried out using Igor

Pro.

Grazing Incidence Wide Angle X-ray. Films of each polymer we prepared as described above
on silicon oxide coated silicon substrates. The GIWAXS data was collected at the 11-BM CMS
beamline of NSLS-II in a vacuum environment using a Pilatus 900 k detector and a photon energy
of 13.5 keV. The sample detector distance was nominally 260 m, and the angle of incidence was
varied between 0.1 and 0.14 degrees relative to the substrate. Analysis was performed using the

Nika software package for wavemetrics Igor Pro.

Fourier Transform Infrared Spectroscopy. Theoretical IR vibrational spectra were calculated
using frequency calculations on optimized structures at B3LYP/6-31G* level in the gas phase,

using a scaling factor of 0.96 based on data from NIST (https://cccbdb.nist.gov/vibscalejust.asp).

Spectra were produced using GaussSum software °® with line broadening of full width at half

maximum (FWHM) 10 cm™'. Vibrational modes were visualized with the Jmol software.

Ultraviolet photoelectron spectroscopy on 5,11-bis(triethylsilylethynyl)anthradithiophene
(TES-ADT). Experiments demonstrating oxygen is present in the ambient-CF, but not present in
the degassed-CF. We prepared two chloroform solutions with TES-ADT of the same

concentration. One solution was prepared in a N2 filled glove box using degassed chloroform and
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sealed in an airtight UV-transparent cuvette and the other solution was prepared in air using
ambient chloroform and sealed in another UV-transparent cuvette. The initial UV spectra of the
degassed-TES-ADT and ambient-TES-ADT solutions were first matched to ensure identical initial
concentration. The cuvettes were then subject to incandescent light for 1-minute increments. UV
spectra were acquired after every minute of light exposure. Both cuvettes were placed at equal
distance from the light source. A dual fiber optic illuminator was used to ensure even light
irradiation to the samples. UV spectra was acquired using an Agilent Cary 60 UV-Vis
spectrophotometer from 300 nm to 700 nm. A background spectrum acquired from a cuvette with

ambient chloroform was recorded for baseline correction.

32



Tables

p(g3T2) OECT metrics: Average values taken from six OECTs

oy Mgmc* Wtransient % 3 a HtransientC*
Test conditions gm (MS) (F/emVs) (em?/Vs) @ C* (F/em) (F/emVs) @ Vr (V) Ion (A)
Degassed-CF 0.6 £0.4 93 +9 N/A 615 N/A -0.13£0.01 8.1x107
[BMIM][BFa] - A hient-CF 29414 113 6 0.01 528 5.8 012004 12107
electrolyte,
tested in inside a
nitrogen Degassed- 3
glovebox CF-CeoFas(100 mol%) 12.2 +6.9 680 +39 0.08 524 43.6 -0.08 £0.04 5.8x10
Degassed-CF 53=x1.6 203.6 £75 N/A 639 N/A -0.013+0.01 1.9x1073
%‘;C“f"l/ L Ambient-CF 86412  281.02452 0.16 581 982  -0.015+0.01 4.1x10°
aq.
electrolyte,
tested outside Degassed
- -3
the glovebox. CF-CeoFas(100 mol%) 18.4 +4.4 1160.3 £285 0.20 654 129.6 -0.03 £0.04 6.4x10

2 Not average values.

Table 1. Summary of the impact of degassed-CF, ambient-CF, and chemically p-doped p(g3T2), i.e., degassed-CF:CesF43(100 mol%), on
p(g3T2) OECT performance. Mobility (p) was measured using the OECT transient response (Liransient) outlined in.?” Based on difficulties
using the transient method to calculate pansient for degassed-CF systems — most likely because degassed-CF p is too low for this
technique”® — the uC* product has been calculated in two different ways. First, by multiplying pansient With C*. C* was measured using
EIS as described in the Experimental Section, and is not an average value. Second, by extracting the pC* product from the peak in gm’°.
Both show the same trends, i.e., that the pC* product is always greatest in p(g3T2) OECTs processed from degassed-CF:CeoF4s(100
mol%). Vris extracted from the square root of the drain current vs. the gate voltage. Average values in the table are taken from 6 OECTs
per system. All OECTs have channel length and width 50 um and 500 pm, respectively. The first column in the table indicates whether
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[BMIM][BF4] or 0.1 mol/L NaClag. If [BMIM][BF4] is the electrolyte, the OECTS are in a bottom-gate bottom-contact configuration,
with a p(g3T2) coated 500x500 um gold electrode as the gate electrode. If 0.1 mol/L. NaClag. is the electrolyte, the OECTS are in a top-

gate bottom-contact configuration, with a silver-silver chloride pellet as the gate electrode.

System AFM GIWAXS: Out of plane
RMS Film thickness  Peak (100) q Yo change o thickness
(am) (am) (A1) Error Real space (A) relative to (am)
degassed
Ambient-CF 14.8+2.3 71.7£6.2 0.3212 0.0003 19.56 39 108 nm
Degassed-CF 18.5+2.8 72.4 +6.1 0.3342 0.0003 18.80 0 101
p(g3T2):CeoF45(100 mol%) 2.2+04 39.24+2.8 0.3204 0.0006 19.61 4.1 33

Table 2. OECT channel thin film thickness as measured with Dektak and AFM root mean squared surface roughness. GIWAXS out

of plane q values. Film thickness values are average values from five thickness measurements.

W L d . 2 p extraction
Polymer gm (mS) Tonorr (um) (um) (nm) Architecture Vb p (cm?*/Vs) method Electrolyte Vr Ref.
gDPP-g2T  203.5+344 33x10° 30 30 100 VOECT 0.5 (3.33+03)x 103 ransienttime PBS N/A 2
PEDOT:PSS 4.02 10 10 100 planar 0.6 NaCl 100
p(g3T2) 89+1 10° 100 10 75 planar -0.6 0.90 +0.10 slope gm NaCl 0.03 66
péizTTz? 6.5+ 1.6 103 100 10 45 planar 0.6 1724031 slope gm NaCl  0.02 66
pi%gg%gf' - 105 100 10 60 planar 04  0.030£0007 transienttime  NaCl - =
crystallized 18.5 - 80 20 02 planar -0.6 - - - - 101
pedot:pss
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internal ion

PEDOT:PSS 32 . 500 5 02 -0.6 - - - - 102
gate - planar
PEDOT:PSS 63455 10¢ 50 015 5o (ultra-short 54 N/A N/A [Li+ N/A 103
channel TFSI-]
p(22T-T) 21 4x105 100 10 160 planar .04 0.28 N/A NaCl 0.15 7
pBTTT 210407 10° N/A NA 108 planar 206 3.44+0.13 VIp NaCl ~ —0.24 %
p(2T-TT)  62+0.6 10° NA NA 111 planar 206 0.41+0.14 VI NaCl 0.01 %
p(g3§2):C60 25.1 14%10° 500 50 39 planar 0.6 3.32 max gm [BMFIS’”[B -0.08  This work
48
p(g3g2):C60 12.5 1L1x10° 500 50 39 planar 0.6 1.03 max gm NaCl 0.03  This work
48

Table 3. Summary of accumulation mode p-type OECT performance metrics compared to this work
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