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Figures of merit are used to translate science to technology. For organic mixed
ionic-electronic conductors (OMIECs), the product of mobility and volumetric
capacitance, i.e., the uC* product, is the figure of merit used to guide the
development of technologies ranging from bioelectronics to neuromorphics.
While organic electrochemical transistors (OECTSs) are used extensively to
measure the uC* product, if there is a kink in the transistor current, then the uC*
product is overestimated. Here, we show that the origin of the kink is a change
in the rate with which the ions diffuse into the channel. We also discover that
the OECT channel geometry has an unprecedented role on how the ions are
distributed within the OMIEC. Finally, we observe that electronic charge car-
riers are first be injected and drift in the OMIEC, before ions can drift from the
electrolyte into the OMIEC. Overall, the diverse charge transport phenomena
identified here are essential for understanding the complexities of integrating
novel OMIECs into traditional device structures, providing the key information

needed to realize their promising application potential.

Organic electrochemical transistors (OECTSs) transport ions and elec-
trons through organic mixed ionic electronic conductors (OMIECs) that
are mechanically flexible'™ and can be processed from solution, over
large areas using low-cost printing techniques*®. While the 2007 Ber-
nards and Malliaras model has enabled OECTSs to be used as the primary
tool for measuring figures of merit (FOM) that benchmark and compare
OMIEC materials, recent reports highlight significant differences
between measured and predicted data” that arise from, for example,
laterally flowing ions®, counterions’, and exponential carrier concentra-
tion/conductance'®™?, all of which are unaccounted for in the model. A
key consequence of the discrepancies between measured and predicted
data are overestimated FOM"", Specifically, mobility (u) and the uC*
product (where C* is the volumetric capacitance) were recently shown
to be overestimated by the Bernards and Malliaras model’, when an
unpredicted, non-linear feature or “kink” is present in the square root of
the OECT saturation drain current (v/p). The latter is important because

the kink in v/ is a general problem throughout the diverse catalog of
OECT systems, including electron- and hole-transporting OECTs, and
OECTs operating with different electrolytes (Fig. S1). For organic thin-
film transistors (OTFTs), the kink is caused by a sharp change in contact
resistance when the transistor switches on®. For OECTs, while channel
resistance has been found to play a key role in discrepancies between
measured and predicted data™®, the exact mechanism underpinning
the kink in v/p remains unknown. Identifying the physical origin of the
kink—the feature that acts as a clear indication or signature that pu and
the uC* product are overestimated—is essential for establishing models
and measurements that reliably report OMIEC FOM, for applications
spanning thermoelectrics, photocatalysts, energy storage, neuro-
morphic computing, and bioelectronics”.

Here, elucidating the origin of the signature kink uncovers further
important charge transport phenomena. First, we find that the kink ori-
ginates from a change in the rate with which ions diffuse into the channel,
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and explain this phenomenon using Fick’s second law of diffusion, along
with the formation of a hard gap in the density of states (DOS) from
increased Coulombic interactions causing carrier localization. Second,
we discover that OECT channel geometry plays a significant yet unex-
pected role in determining the location of the conductive channel: If the
channel length is small, the conductive channel forms closer to the
OMIEC/electrolyte interphase, whereas the conductive channel is better
distributed through the bulk when the channel length is large. The latter
parasitic channel effects are further confirmed by finding that the
material property, diffusion coefficient, is a function of channel length.
Third, the system investigated herein suggests electronic carrier injection
and drift happen before ionic drift, thereby offering an important con-
tribution to a persistent OECT question: Do electronic, or ionic, charges
enter the OECT channel first? Overall, identifying the mechanisms
underpinning differences in predicted and measured data is anticipated
to enable the development of new measurements and models that reli-
ably report benchmark FOM, to guide OMIEC material and device
development, for technologies spanning thermoelectrics, photocatalysis,
energy storage, neuromorphic computing, and low-cost biosensors.

Results

A peak in the ionic conductivity correlates with an unexpected
increase in activation energy

We measured the activation energy (E,) of the OECT drain current (/p)
by thermally activating trapped charges into delocalized states, to
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Fig. 1| Temperature-dependent organic electrochemical transistor mea-

surements. Density functional theory (DFT)-derived volumes for anions in room
temperature ionic liquids: a BF,~ in BMIMBF,4~, b PF4 in BMIMPF¢", and ¢ OTf" in
BMIMOT(". d Activation energy (E,), e square root of the drain current (v/p) and
f normalized ionic conductivity (0/0o) when the ionic liquid BMIMBF, is used as
the organic electrochemical transistor (OECT) electrolyte. g E4, h VIp and i 0/0¢
when the ionic liquid BMIMPF4 is the OECT electrolyte. j Ex, k V/p and 1 6/0p when

better understand the transport mechanisms underpinning /p and
therefore the kink in /p. Temperature (7)-dependent measurements
were used to measure E, as a function of gate voltage (V;), from the
slope of the Arrhenius plot, for three systems with fixed electrolyte
counterions and anion of varying sizes, following the relationship

nen(-f)

where kg is the Boltzmann constant. Figure 1 shows E4 for accumulation
mode, p-type  poly[(3,6-bis(triethyleneglycolmonomethylether)
thieno[3,2] thiophene-co-thiophene] (pT2gTT)"® OECTs (Fig. S2a, b).
Room temperature ionic liquid electrolytes 1-butyl-3-
methylimidazolium  tetrafluoroborate  (BMIMBF;), 1-butyl-3-
methylimidazolium trifluoromethanesulfonate (BMIMOTf) and
1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF") were
selected because their anions increase in volumetric size, from BF,~
(100 A to PFs (125 A% and OTf (154 A% (Figs. 1a-c and S3), they are
stable liquids in the vacuum required for the temperature-dependent
measurements, and because interest in ionic liquids for OMIECs
and OECTs is growing"™. Figures 1d and S2d, e show that, for the
smallest anion, BF,", E5 decreases continually from 270 meVat V=0V,
to17 meV at Vg =-1.0 V. In contrast, Fig. 1g, j shows an abrupt increase in
Ex at Vg=-0.45V and V;=-0.3V for the two larger anions, PFs~ and
OTf", respectively. The abrupt increase in E5 for OTf and PF¢ is
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the ionic liquid BMIMOTf is the OECT electrolyte. The dashed lines in (g-i) and
(j-1) show the direct relationship between an unexpected, abrupt increase in £,,
the peak in 0/0¢, and kink in v/p. Comparatively, (d-f) shows that when there is no
increase in E,, and no peak in 0/0y, there is no kink in v/p. All measurements are all
carried out under vacuum with pT2gTT as the active channel material. All OECTs
have 200 pum and 500 pm channel lengths and widths, respectively, and £, is
calculated when the drain voltage (Vp) =-1.0 V.
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unexpected. Specifically, £, is expected to continually decrease as Vg
increases, because as more charges are put into the system the doping
level increases to fill high energy hole sites and shift the Fermi level so
that lower energy sites in the DOS can be accessed, and a more
energetically and spatially uniform pathway for hole transport is
created in the OMIEC®. Interestingly, Fig. 1h, k shows that the
unexpected increase in E, directly correlates with the kink in vip.

The origin of the kink may therefore be explained by identifying the
origin of the increase in E5. Here, E, is the energy needed for the ther-
mally activated transport mechanisms underpinning /™% (i) Injection
across the barrier at the OMIEC/contact interface; (ii) ion transport; (iii)
hole mobility'®* %, (i) can be excluded as the cause of the abrupt change
in E,, because contact resistance in electrochemical organic transistors
is weakly dependent on the metal/semiconductor pair”, and here the
metal/semiconductor pair is identical for each OECT in Fig. 1. Therefore,
the difference in contact resistance (or the energy required to inject
charges across the barrier at the OMIEC/contact interface) is neglig-
able between the three systems. Interestingly, for (ii), the Bernards and
Malliaras model only considers the drift of ions in the electrolyte®.
However, factors including electrolyte ion concentration®, ion
mobility****, and ion injection efficiency® impact OECT /Iy and response
time**°, Indeed, while the model does not consider ion diffusion, ion
diffusion counteracts ions drifting within the channel as the ion con-
centration increases, reaching a steady state when equilibrium is
established (Fig. S6)”**2. We therefore explored whether ion diffusion
impacts the increase in £s—and the kink v/p—by calculating ion con-
ductivity (gion), Which is related to the diffusion coefficient (D) by

_ Oion kB T
b= (nz)e2 @
where n is the number density, z represents the ion charge and e is
the elementary charge. (See Supplementary Equations and Discussion
for further details on evaluating o;,,, from E,). Figures 1g-land S4 show
a peak in oo, calculated from E, extracted from I, that directly cor-
relates with the kink +v/p. Furthermore, Fig. S5 shows a peak in o
calculated from E, extracted from the gate current (/g), which reflects
the ionic transport/current only, also correlates with the kink vip.
Because a peak in g;,, corresponds to a maximum in the diffusivity (see
Supplementary Equations and Discussion), the data therefore suggest
that ion diffusion or ion mobility (where diffusivity and mobility have a
linear relationship®*®, and therefore a change or peak occurs at the
same point) could be a possible origin of the kink.

The kink is caused by a change in the rate with which ions diffuse
into the channel

To explore whether a change in ion diffusion corresponds with the
kink in v/p, we used Fick’s second law of diffusion (Fig. S6), which states
that the ion diffusion rate changes because of changes in the ion
concentration gradient inside a material***®

dc _d* 3)
de Tdx?

where cis the concentration, ¢ is time, D is the diffusion coefficient, x is
the position, % is the rate of change in concentration, and g—i is the
concentration gradient which is directly proportional to the diffusion
flux. In OECTs, because both drift and diffusion happen (and
also happen in more than one dimension)®'°"?, the Nernst-Planck drift-
diffusion equation is more relevant. The Nernst-Planck equation applies
an electric field to Fick’s second law and accounts for ion drift, by
combining drift and diffusion dynamics through®

ac zF
FTa v.D (Vc + ﬁcV(p> 4)

where z is the ion valance, Vc is the concentration gradient, F is the
Faraday constant, R is the universal gas constant, and ¢ is the electric
potential. Equation 4 is the conservation of mass for charged species,
where ion drift (charge transport; the second term on the right-hand
side) is intrinsically coupled to ion diffusion (mass transport; Fick's
second law, the first term on the right-hand side) through c. As an
electric field is applied in an OECT, the drift component moves ions
into the channel, which accumulate and change the concentration of
ions inside the channel. A new steady-state (% tending towards zero) is
then established by changing the diffusion term by changing the rate
in which ions are diffusing into the channel. The Nernst-Planck
equation therefore suggests that the electric potential gradient V¢ can
be used to indirectly modulate the ion concentration gradient, and
subsequently modulate ion diffusion rate, based on Fick’s second law.
In an OECT channel, assuming no interactions between charges, Ve is
equal to the total combination of vertical V; combined with the lateral
drain voltage (Vp).

One way to change V¢, and therefore ion diffusion rate, is to
purposefully reduce Vp by introducing short channel effects. Briefly,
when channel length (L) is small, the channel resistance is on par with
the contact resistance and the voltage dropped across the channel—
which is directly proportional to the ratio of Rc over the cumulative
resistance of Rcy and Re—is amplified*®. OECTs with short L therefore
experience lower Vp, and subsequently lower effective voltage and V@
in the channel*’. We therefore purposefully enhanced the lateral vol-
tage drop between the source and the drain in pT2gTT OECTs by fixing
OECT channel width (W) at 500 um and varying L from 30 um, 50 um,
80 um, 150 um, 200 um and 250 um (Fig. 2a), and measured the cor-
responding ionic charges injected (Qinjectea) into the channels as a
function of Vg (Fig. 2b, c), using the displacement current method
(DCM) (Fig. S7a-c)"*5. We selected PF¢™ to carry out the lateral field
experiments and investigate the effects of ion diffusion on the kink,
because PF¢ is a larger anion that shows the kink in /p, has a lower
freezing point and therefore broader range over which the IL remains a
liquid for the temperature-dependent measurements, and has pro-
duced reliable and reproducible OECT data. Remarkably, Fig. 2d-g
shows that a change in Qinjeccea—and therefore a change in the rate with
which ions are injected into the channel—directly correlates with a kink
in vip, but only in the largest channel (L =250 um). On the other hand,
within the same voltage range, there is no change in Qipjectea and
therefore a constant charge injection rate for the smallest channel
(L =30 um); furthermore, there is no kink in v/p. The output curves in
Fig. S8 further confirm the impact of the change in Qipjectea in
L =250 um, compared to L =30 um, with an abrupt flattening and pla-
teau in /p at high V. Finally, we confirmed the relationship between the
rate of injected ionic charges and the kink in v/p by increasing V@ in the
small channel (L =30 um); Fig. 2f, g and S9 show that increasing V@
even further, by using a high Vg (Vg=-2.0V), indeed causes a change
in Qinjectea in the small channel, by modulating the concentration
gradient and diffusion rate using Fick’s second law. Overall, while the
kink in vIp is present for both the large and small channel lengths, it
occurs at much higher voltages in the small channel. In each case, the
change in the rate of injected ionic charges is shown to directly cor-
respond with the kink in v/p.

Ions dominate charge transport in the saturation regime

The data so far suggests that a change in the rate with which ions
diffuse into the channel is the mechanism causing the non-linearity in
VIp, a feature which is unpredicted by the Bernards and Malliaras
model, and symbolizes unreliable and overestimated p and uC* pro-
duct values. However, it is possible that ion transport is not solely
responsible for the kink. Specifically, a drop off in i can occur in highly
doped organic semiconductors when, for example, morphology
becomes disrupted, or charged species such as bipolarons form*=",
Additionally, a change in p or the mobility edge could be equally
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Fig. 2 | A change in ion diffusion rate causes the kink. a Schematic showing
organic electrochemical transistors (OECTs) used in this article. Channel width
(W) is fixed at 500 um, and length (L) is varied from L =30 um, 50 um, 80 um,
150 um, 200 um, and 250 um. OECTs are in bottom-contact bottom-gate config-
uration, with a polymer coated gold electrode as the gate electrode. b lonic
charge injection (Qinjectea) as a function of gate voltage (V) for the smaller
channels: L =30 pm, 50 ym, and 80 um. € Qinjected as a function of ¥ for the larger
channels: L =150 yum, 200 pm, and 250 um. The sweep rate is 11 mV/s for all data.
d Square root of the drain current (v/p) measured at drain voltage (Vp) =-0.9V

for L =250 pm. € Qipjected fOr L =250 um measured at sweep rate 11 mV/s, with a
dashed line to indicate that the kink in v/, directly corresponds with the change in
rate of injected ionic charges. f v/, measured at Vp=- 0.9V for L =30 um.

€ Qinjectea for L =30 ym measured at sweep rate 20 mV/s, where the difference in
scan rate does not impact overall conclusion and funding (see Fig. S11). Again, the
dashed line indicates that the kink in v/ directly corresponds with the change in
rate of injected ionic charges. All measurements are all carried out under vacuum
with pT2gTT as the active channel material and BMIMPF4™ as the electrolyte.

responsible for the abrupt increase in £, because £, is the difference in
energy between the mobility edge—which separates localized and
delocalized charges—and the electronic charge carrier with the great-
est energy. Furthermore, our argument began with E, extracted from
Ip, which includes energy needed for the thermally activated hole u (i.e.
(iii) hole mobility). To explore the role of the voltage-dependent , in
the context of the kink in v/ we used the DCM to measure u as a
function of Vg and compared the smallest (L =30um) and largest
(L =250 um) channels (Figs. 3a, b and S12). While the very clear drop off
inpat Vg =-0.6 Vin the smallest channel does not correlate with either
a change in saturation /p or kink in vl (Figs. 3a and S12a), the large
channel shows a change in u corresponds with a change in saturation /p
(Fig. 3b) and kink in vip (Fig. S12b). In the small channel, the only
change corresponding to the drop off in u is observed in the linear
regime (Vp=-0.1V, Fig. 3a), suggesting that the change in Qinjected
dominates charge transport and I, in the saturation regime. The latter
observation may also explain why accounting for the non-linear rela-
tionship between u and charge density, by introducing a power-law

a
term (u=p, (plo> ) into the Bernards and Malliaras model, was pre-

viously unable to predict the current measured across the whole vol-
tage range in OECTs2. Overall, it is the change in the rate of injected
ionic charges - not the drop off in electronic charge carrier p -
that dominates the saturation regime and leads to the kink in v/p.

While the data elucidates the origin of the kink, there is an additional
observation about the order of charge transport mechanisms as an OECT
is switched on. Specifically, the lateral electric field in a transistor directly
controls the lateral injection and drift of charge carriers, and not the
vertical drift and accumulation of the charges; for OECTs, the ions are the
charges that drift in the vertical field to accumulate in the channel. It is
therefore surprising that reducing the lateral field (by decreasing the
channel length) has such a dramatic impact on both ion drift and diffu-
sion, i.e., Qinjectea, When the vertical field (V) is the same (Fig. 2b, ¢). While
ion diffusion is indirectly impacted by the lateral voltage, through V¢, the
fact that ions drifting vertically are influenced by lateral charge injection
and drift, suggests that electron/hole injection and drift are a prerequisite
for anions/cations to drift into the channel. We note that here we are
discussing stage two out of the three stages of OECT operation, where the
first stage is the off state. In the off state, while ions diffuse into the
channel from the electrolyte into swollen polymers, this is not a pre-
requisite for electronic charge carriers to be injected into the transistor; if
ion diffusion occurs before the OECT is switched on, the effects would be
similar to other doped transistors, and with ion diffusion alone, the
channel would behave as an Ohmic resistor (no modulation). The sec-
ond operational stage is as the OECT switches on; in this article, we are
describing the sequence of mechanisms for this particular polymer/elec-
trolyte system to switch on: Electronic charge carrier injection and drift
happen before ions can drift into the channel. The third stage is after the
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system is switched on;recent work, for example, has shown that once the
device is on, hole transport dominates the doping front propagation
in accumulation polymeric electrochemical devices”. Overall, the finding
here is a valuable contribution towards the debate as to whether elec-
tronic or ionic charges enter the OECT channel first, or whether both

mechanisms happen simultaneously.

Channel geometry leads to either volumetric or interphase

channels
A further observation from the data so far is that channel geometry

appears to be another factor causing unexpected, and significant,

differences and inconsistencies between the current measured in
OECTs, and the current predicted by the Bernards and Malliaras
model. To further investigate this discrepancy between measured and
predicted current as a result of channel geometry, we measured D
using electrochemical impedance spectroscopy (EIS). Although D is a
material property and should therefore be the same value regardless of
channel size, Fig. S13 indicates that D is a function of both L and V, for
pT2gTT OECTs with BMIMPF4 . Indeed, Fig. 3c clearly indicates
“parasitic” channel effects, by showing that D changes by over an order
of magnitude depending on L, with D decreasing from 1.4 x 10 8cm?s™
for the larger channel lengths (L =250, 200 um, and 150 um), to
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Fig. 3 | Channel geometry determines whether an organic electrochemical
transistor channel is volumetric or at the interphase. Charge carrier mobility (),
injected ions (Qinjected), linear drain current (/p), and saturation /p as a function of
gate voltage (V) for channel lengths (L) L =30 um and L =250 um. Here, a shows
that, for the small channel, L =30 pm, a soft Coulomb gap is formed at V5= -0.6V,
whereas b shows that, for the large channel, a hard Coulomb gap is formed at
Vs=-0.5V. In both (a, b), 1 and linear I, were measured at drain voltage

(Vp) =-0.1V, and saturation /, was measured at Vp =-0.9 V. ¢ Diffusion coefficient
(D) as a function of L at fixed potential (V), equivalent to the gate voltage (-V;),

where V5 =-0.75V. D was obtained from EIS for channels with L =50, 80, 150, 200,

and 250 pm, and the channel width fixed at 500 pum. d EIS data Nyquist plots for
L=30pum and L =250 um. The measured data is represented by symbols, and the
solid lines show the circuit model fits, which use different Warburg elements as
shown in Fig. S14, and indicate different ion distribution within the channels
depending on the length. e Density of states (DOS) and v/, both as a function of V,
for L =30 um. f DOS and VI, both as a function of V;, for L =250 um. The dashed
line shows the direct relationship between the kink in v/p and change in the DOS,
and indicates the formation of the hard Coulomb gap at V;=-0.5V. All OECTs are
made from pT2gTT and use BMIMPF™ as an electrolyte. v/p was measured

at Vp=-09V.
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4.6x10"°cm?s™ for the smaller channel lengths (L=50pm and
80 um). Additionally, a change in diffusion and impedance is observed
in the largest channels (=95% change in D with V; for L =250 pm), but
not in the smallest channels (=0.12% change in D with V for L = 50 pum).
Namely, for the largest channels, Supplementary Video S1 shows how
the diffusion-related part in EIS data (identified as Region 2 in Fig. S14
in the Supplementary Data, and discussed in Supplementary Equa-
tions and Discussion) initially decreases in impedance as V increases.
The impedance then starts to increase again, and this change happens
at the same voltage that we observe the kink and the change in Qipjected
(Fig. 2d, e). For the small channels, however, Supplementary Video S2
shows an initial, minor decrease in impedance as V increases, and at
V'=0.3V, the impedance is fixed. The observation that OECT channel
dimensions significantly impact Iy is important because it is a violation
of the Bernards and Malliaras model that has not been identified
before.

Yet, the most remarkable observation from the EIS data is from
the Warburg element fittings, which suggest stark differences in how
the ions are distributed in the channel depending on the channel
length. Specifically, it is not possible to fit the smallest channel 30 um
channel size with a circuit model incorporating a finite length ordinary
diffusion (FLOD) Warburg element*>** at constant V. Indeed,
Figs. 3d and S15b show the smallest channel, L =30 pm, can only be
fitted using a semi-infinite diffusion Warburg element, which indicates
that the ions in the channel are closer to the electrolyte/OMIEC inter-
phase. The latter is because semi-infinite diffusion fits are used when
the range over which the ion concentration gradient changes is sig-
nificantly smaller than the thickness of the bulk material (see Supple-
mentary Equations and Discussion)>*°. In stark contrast, Fig. S15a
shows that the EIS data for L =250 pm is accurately fitted with a FLOD
Warburg element, indicating that the large channel has formed, com-
paratively, further within the bulk or volumetrically. These findings are
also supported by literature discussing OECTs that operate with either
dominant volumetric effects or electrostatic double layer effects?®,>,
While microstructure”, ionic species®®, low ionic mobility, and OMIEC/
electrolyte injection barriers® can determine how the conductive
channel forms, no reports to date have examined the role of channel
dimension on whether an OECT channel forms volumetrically or at the
OMIEC/electrolyte interphase.

For a physical explanation as to why /p and p are markedly different
in OECTs with large and small channel lengths, we used DCM to measure
the DOS (Fig. 3e, f), as the Fermi level moves toward the highest occu-
pied molecular orbital (HOMO) with increasing V*. First, it is surprising
that the drop off in p at Vg=-0.6V (Fig. S12c) for the small channel
(L =30 pum) is not reflected in the saturation current, /. Namely, a drop
off in p is associated with the formation of a soft Coulomb gap in the
DOS, from partial localization of electronic charge carriers causing the
HOMO to split into two bands; it has been shown previously that this
phenomenon corresponds with decreasing current™°. One possibility is
that the effective voltage is greater in the saturation regime
(Vb=-0.9V), and the soft gap is small enough for carriers to cross with
the additional energy. This hypothesis is supported by the drop off in u
corresponding with a change in /p in the linear regime (Vp=-0.1V)
(Fig. 3a), where the channel effective voltage is low, and the carriers
cannot pass the soft bandgap. Then, once the hole-hole and ion-hole
interactions are significant enough to form a hard gap at Vg=-11V,
there is a drop off in saturation Ip, as well as a further change in p and
linear I, (Fig. 3a); that is to say, a large Coulomb gap has formed in the
DOS that shuts down conductance, and stops sub-band filling". In
further support of the formation of a soft gap at V5;=-0.6 V and a hard
gap at Vg=-11V is the fact that the small channel forms closer to the
OMIEC/electrolyte interphase, where hole-hole Coulombic interactions
are more significant because of the relatively higher areal charge
density®, and ion-hole Coulombic interactions are less. Specifically, a
soft gap forms first because hole-hole interactions begin to localize

charge carriers, but ion-hole interactions are not yet great enough to
form the hard gap. Moreover, the formation of a hard gap at Vg=-11V
is consistent with the abrupt change in Qijected (Fig. 3a)—and therefore
the kink in v/ip—occurring at the same voltage: When Coulombic force is
incorporated and the Nernst-Planck equation, the interactions will
increase enough to suppress diffusion and cause a change in the rate
with which the ions diffuse.

Finally, Fig. 3f shows that a sharp change in the DOS occurs at the
same voltage as the change in Qinjected, and kink in Vi (Fig. 3b), in the
large channel (L =250 pum). Similarly, Fig. S16 shows a sharp change in
the DOS occurs for the small channel (L =30 pm) when measured at the
extended Vg-range (see Fig. 2f, g), at the point in which there is a change
in Qinjected and the kink in vip appears. For the larger channel in Fig. 3b, f,
in contrast to the small channel, it is surprising that u and /p continue to
increase—albeit at a lesser rate—despite the abrupt change in the DOS.
The distribution of ions within the channel may again explain this
unexpected behavior. Namely, for L=250 um, ions are distributed
throughout the volume of the channel, where there is a higher prob-
ability of hole-hole and ion-hole Coulombic interactions to cause
localization and, subsequently, a hard gap leading to the sharp change in
the DOS*®. While the Coulomb gap makes it more difficult for the
carriers to get into available states, there is a much higher effective
voltage in the large channel. Multiple trap and release and band filling
models therefore make the increase in uand /p as a function of Vs (shown
in Fig. 3b), feasible after the Coulomb gap and change in DOS (Fig. 3f): A
greater effective voltage reduces E, of the localized states, pre-fills low-
lying localized states to move the Fermi level across the gap, and gives
additional energy that enables localized charge carriers to move into the
empty, lower HOMO. Overall, both small and large channels indicate the
signature kink in v/p in OECTs is caused by a change in the rate with
which ions diffuse into the channel, which we have also found to coin-
cide with the formation of a hard Colomb gap in the DOS.

Discussion

While OECTs are used to measure and compare organic mixed ionic-
electronic conductor FOM, the p and the uC* product are being over-
estimated by significant differences between experimental OECT data
and OECT data predicted by the Bernards and Malliaras model. The
signature of an overestimated uC* product measured from OECTs is a
non-linearity or “kink” in the square root of the saturation drain cur-
rent. Here, by using Fick’s second law of diffusion, we identify the
origin of the kink as a change in the rate with which ions diffuse into the
channel, and a concurrent formation of a hard gap in the DOS, from
increased Coulombic interactions that cause carrier localization. We
also find that the lateral electric field has a surprising impact on the
vertical drift and accumulation of the ionic charges. The latter obser-
vation suggests a sequence of mechanisms must occur for this parti-
cular polymer/electrolyte OECT system to switch on: First, holes are
injected from the source and drift into the polymer and second, anions
drift into the channel. Finally, we identify parasitic channel effects in
OECTs as a previously unreported violation of the Bernards and Mal-
liaras model. Specifically, when the channel length is large, the ions are
found to be better distributed throughout the volume of the polymer.
Comparatively, when the length is small, the conductive channel is
formed closer towards the interphase between the polymer and elec-
trolyte. Overall, we have identified diverse, fundamental charge
transport phenomena that will be crucial for enabling the realization of
the remarkably broad organic mixed conductor application space.

Methods

Organic mixed ionic-electronic conductor solution and thin-film
preparation
Poly[(3,6-bis(triethyleneglycolmonomethylether)thieno[2,3]
thiophene-co-thiophene] (pT2gTT) was synthesized according
to a previously reported procedure and was used as received; the
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characterization of the received material matched that reported
in ref. 18. The polymer solution was prepared at a concentration
of 10 mg/mL in degassed chloroform, and spin-coated onto pat-
terned OECT substrates in two steps: (1) 500 rpm for 55, and (2)
700 rpm for 45s. The chloroform was purchased from VWR and
degassed using the freeze-pump-thaw method.

Organic electrochemical transistors

Borofloat glass substrates were cleaned in an ultrasonic bath for 10 min
each in the following solutions: Decon-90 soap; deionized water;
acetone, and isopropanol. Substrates were dried with nitrogen gun
and treated with UV Ozone for 15min. A 10 nm chromium adhesion
layer was then evaporated onto the substrates, followed by 100 nm of
gold, using an Angstrom evaporator, to form the source and drain
electrodes. UV Ozone and oxygen plasma treatments were then used
to enhance adhesion between the substrate for a subsequent 2 pm
layer of Parylene C, that was deposited using an SCS Labcoater
2010 system. Two layers of a 4% microsoap solution were spin-coated
at 6000 rpm on top of the Parylene C to facilitate the removal of a
second layer of Parylene C, that was deposited at a thickness of 4 pm,
to act as a sacrificial layer to pattern the OECT channels. Photo-
lithography was then used to pattern the OECT channels by exposing
the SPR 220-7 photoresist to UV light with a Suss MA6 Contact Aligner,
before developing with MF-26. The channels—which varied in length
from 30 to 250 pm, with a fixed width of 500 pm—were then etched
with oxygen, using March reactive ion etching (RIE) apparatus. The
polymer solution was deposited as described above, and the upper,
sacrificial layer of Parylene C layer was then peeled off to pattern with
polymer with the given channel dimensions. OECT current-voltage
characteristics were measured in ambient conditions, as well as under
a vacuum, using a Keysight B2912B Precision Source/Measure Unit. A
500 x 500 pum gold electrode coated with pT2gTT was used as the gate
electrode (Fig. 2a). The OECT electrolytes used in this study were ionic
liquids purchased from Sigma Aldrich, where BMIMBF, and BMIMPF¢
were purchased at >97% purity, whereas the BMIMOTf was >95%
purity.

Density functional theory

Density functional theory (DFT) calculations were performed with the
wB97XD functional and the 6-31 g(d) basis set using Gaussian 16 Rev.
A.03 software suite®’. The geometries of BF4", PF6, and OTf were
optimized with a charge of -1 and spin multiplicity of 1. The optimized
geometries were then used to estimate the ion dimensions from the
bond lengths and the van der Waals radii of the terminal nuclei F
(1.47 A) and O (1.52 A). The ionic volume was calculated from the ion
dimensions and ion shape as shown in Fig. 1a-c.

Activation energy measurements

OECT activation energy (E,) was measured using temperature-
dependent measurements, with a Lakeshore CPX cryostation, under
vacuum, and in the saturation regime with the drain voltage set to
Vp =-1V. The temperature ranges for the different ionic liquids were:
300-350K for BMIMOTf; 286-320K for BMIMPFg; 227- 321K for
BMIMBF,. Here, the lowest temperatures were selected to prevent the
various ionic liquids from freezing. The gate voltage was swept from
0.2to -1V, atascanrate of 39 mV/s. The logarithm of the drain current
was plotted against 1000/T and fit with a straight line for each gate
voltage. From these linear fits, E, was found for each gate voltage using
the slope of the fitted line, and following Eq. 1.

Electrochemical impedance spectroscopy

Diffusion coefficients were measured on OECTs with different channel
lengths using EIS in ambient conditions, with BMIMPFg as the elec-
trolyte. A platinum wire as the counter electrode, a 500 x 500 pum gold
electrode coated with pT2gTT as the reference electrode, and the

source and drain electrodes were shorted and both connected to the
working terminal of an Autolab potentiostat, to act as the working
electrode. The data was acquired by superimposing a 10 mV sinusoidal
potential onto the DC potential (V= -V) at the working electrode (i.e.,
the source/drain), and across frequencies ranging from 50 kHz to 2 Hz.
The DC potential was increased in 0.1V steps from 0.1 to 0.9V, with
additional measurements made at 0.85V and 0.75 V. Each DC potential
was maintained for 20 seconds before the frequency scan was initi-
ated. Finally, Metrohm Autolab NOVA software was used for the EIS
data fitting.

Displacement current method

The displacement current, i.e., the current between the gate and
source electrodes, or Iga,e, Was measured using a Keysight B2912B
Precision Source/Measure Unit. Both the source and drain electrodes
were grounded, and the gate electrode was a 500 x 500 um gold
electrode coated with pT2gTT. The gate voltage was scanned at a
constant rate (v) of v=11mV/s, from 0.4 to -0.9V, while Igae Was
measured. BMIMPF¢ was used as the electrolyte and the measurements
were carried out under vacuum. Following each displacement current
measurement, the transfer characteristics for each channel were
recorded using the same voltage range and sweep rate; the drain
voltage was -0.1V for linear regime, and -0.9V for the saturation
regime. For the displacement current method experiments where the
gate voltage range has extended in the small channel (length =30 pm,
Fig. 2f, g), the saturation drain voltage was kept at -0.9V, the gate
voltage was extended to -2V, and v=20 mV/s.

Data availability
All source files and experimental datasets underlying the figures in the
main text and the Supplementary Information will be available via
Figshare on publication with DOI of 10.6084/m9.figshare.30657443.
Additional materials related to this study can be provided by the
authors upon request.
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