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Organic electrochemical transistors (OECTs) are receiving a great deal of attention as transducers of

biological signals due to their high transconductance. A ubiquitous property of these devices is the

non-monotonic dependence of transconductance on gate voltage. However, this behavior is not

described by existing models. Using OECTs made of materials with different chemical and electrical

properties, we show that this behavior arises from the influence of disorder on the electronic transport

properties of the organic semiconductor and occurs even in the absence of contact resistance. These

results imply that the non-monotonic transconductance is an intrinsic property of OECTs and cannot

be eliminated by device design or contact engineering. Finally, we present a model based on the

physics of electronic conduction in disordered materials. This model fits experimental transconduc-

tance curves and describes strategies for rational material design to improve OECT performance in

sensing applications. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4993776]

Organic electrochemical transistors (OECTs) use ions

injected from an electrolyte to change the doping state, and

hence the electrical conductivity, of an organic semiconduc-

tor channel.1 These ions are injected into the channel by a

voltage at a gate electrode immersed in the electrolyte.

Source and drain electrodes establish electrical contact to the

semiconducting film and measure the drain current that flows

in the channel. OECTs can be designed for either accumula-

tion mode or depletion mode operation. In accumulation

mode OECTs, applying a gate voltage turns the OECT on by

injecting ionic dopants into the channel, thus increasing the

electronic carrier concentration.2–5 In depletion mode devi-

ces, applying a gate voltage turns the OECT off by injecting

ions that compensate native dopants and reduce the carrier

concentration.1,6,7

OECTs can transduce voltage signals in the gate circuit

to changes in the drain current with significant amplification

of signal power.8,9 This makes OECTs useful in many bio-

sensing applications,10 especially the recording of sub-mV

electrophysiological signals.11–13 Transistor signal transduc-

tion is characterized by transfer curves, which describe the

dependence of drain current on gate voltage. The derivative

of the transfer curve is transconductance, gm, which is a

figure-of-merit for describing transduction efficiency. The

volumetric doping in OECTs endows these devices with very

high transconductance values.9,14 However, OECT transcon-

ductance has a non-monotonic dependence on gate voltage,

decreasing at both high and low gate voltages. This behavior

has been observed since the first OECTs were reported in the

seminal work of Wrighton et al. in 1984.15 It is a ubiquitous

property of OECTs, reported in devices made with different

organic semiconductors—including polythiophenes, polyani-

line, polypyrrole, and polyacetylene16,17 as well as different

source-drain electrodes—such as gold,9 poly(3,4-ethylene-

dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),18 and

carbon.19 Moreover, non-monotonic transconductance occurs

for various electrode geometries15,18,20,21 and a wide range of

fabrication technologies—including orthogonal photolithog-

raphy,22 parylene-based photolithography,9 screen printing,23

and inkjet printing.24

Despite numerous reports of bell-shaped transconduc-

tance in OECTs, existing models do not predict this behavior.

For example, the model of Bernards predicts that transcon-

ductance is constant in the linear regime and decreases line-

arly with gate voltage in the saturation regime.1 Other models

for OECTs assume a non-linear relationship between conduc-

tivity and charge carrier concentration in the polymer,7,25 and

Friedlein et al. noted that hopping transport would cause such

a relationship.25 Although these models fit experimental

results showing non-constant transconductance in the linear

regime, they do not predict a bell-shaped dependence of

transconductance on gate voltage. Nonetheless, the partial

success of these models suggests that material disorder causes

non-linear transfer curves in OECTs.

Another possible explanation for this behavior is a

gate-dependent contact resistance. Gate-dependent contact
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resistance causes bell-shaped transconductance in organic

FETs,26,27 and this effect was recently explored in OECTs.28

Kaphle et al. used an empirical model for the dependence of

contact resistance on gate voltage and showed that this can

lead to a non-monotonic transconductance. These results

imply that this behavior is not an intrinsic property of

OECTs, but rather a result of poor electrical contact to the

channel.

To examine the cause of the non-monotonic transcon-

ductance in OECTs, we fabricated OECTs on glass substrates

with gold source and drain contacts, and we included probes

for voltage measurements at five positions along the OECT

channel, as shown in Fig. 1(a). We used these probes for two

purposes. First, we measured the voltage along the OECT

channel and extracted the voltage drop at the source electrode

due to contact resistance. Second, we made 4-wire conduc-

tance measurements by using the outermost voltage probes

for the sense contacts while using the source and drain as

force contacts in a standard Kelvin configuration. The OECT

channels consisted of either PEDOT:PSS or p(g2T-TT) as the

semiconductor [see Fig. 1(b)]. PEDOT:PSS is a two-phase

polymer salt where the semiconducting PEDOT phase is

doped by PSS, whereas p(g2T-TT) is a single-phase polymer

without any native dopants.4 This material distinction allows

fabrication of both depletion and accumulation mode OECTs

and hence provides an opportunity to probe the generality of

our conclusions. We used a typical OECT geometry with

100 mM NaCl in water as the electrolyte and a 12.5 mm2 Ag/

AgCl pellet as the gate electrode. Additional experimental

details are available in the supplementary material.

Figure 2(a) shows the contact resistance for a

PEDOT:PSS-based transistor. Although it is not possible to

measure contact resistance at the drain electrode because of

depletion effects, if we assume that it is nearly the same as

that at the source electrode, we find that the total contact

resistance in the PEDOT:PSS-based OECT could be up to

20% of the total resistance (see Fig. S4 in the supplementary

material). Therefore, in PEDOT:PSS-based OECTs with this

W/L ratio geometry, contact resistance could influence the

transfer characteristics. In contrast to the PEDOT:PSS-based

OECT, the p(g2T-TT)-based OECT [Fig. 2(b)] has contact

resistance which contributes negligibly to the total resistance.

Figures 2(c) and 2(d) show how contact resistance affects the

transfer and transconductance curves. Contact resistance has

an effect on the transfer curves for 2-wire measurements, but

it has no effect on 4-wire measurements because separate

electrodes are used for supplying voltage and measuring cur-

rent, as in typical four point probe measurements. By compar-

ing the 2-wire and 4-wire measurements, one can see that

contact resistance in PEDOT:PSS-based OECTs reduces the

transconductance by about 10% at gate voltages less than

0.2 V. Nonetheless, non-monotonic transconductance is evi-

dent in the 4-wire measurements for both PEDOT:PSS

and p(g2T-TT), even though these measurements are unaf-

fected by contact resistance. Therefore, contact resistance is

not the primary cause of non-monotonic transconductance.

Transmission line measurements support this conclusion by

showing that contact resistance contributes negligibly to the

total resistance in long-channel devices. For instance, in a

device with a channel width of 10 lm and a channel length of

250 lm, the extracted contact resistance is less than 2% of

the total resistance, but the device still has a markedly non-

monotonic transconductance (Fig. S5 in the supplementary

material).

Because we found that contact resistance is not the pri-

mary cause of the non-ideal transfer curves, we modeled

FIG. 1. OECT geometry, polymer structures, and steady-state characteris-

tics. (a) Bright-field image of an OECT with voltage probes. The scale bar

is 50 lm. (b) Structure of poly(2-(3,3-bis(2-(2-(2-methoxyethoxy)ethoxy)

ethoxy)-[2,20-bithiophen]-5-yl)thieno[3,2-b]thiophene)—abbreviated p(g2T-

TT) (top) and PEDOT:PSS (bottom). (c) and (d) Output curves of an OECT

with (c) a PEDOT:PSS channel and (d) a p(g2T-TT) channel.

FIG. 2. Effect of contact resistance. (a) and (b) Contact resistance at the

source electrode divided by the total resistance (contact resistance plus

channel resistance) for (a) a PEDOT:PSS-based OECT and (b) a p(g2T-

TT)-based OECT. (c) and (d) Channel conductivity and normalized trans-

conductance [g0m � gm=jVDj � L= Whð Þ, where VD is the drain voltage and

L, W, and h are the channel length, width, and thickness, respectively] for

(c) a PEDOT:PSS-based OECT and (d) a p(g2T-TT)-based OECT. In (c)

and (d), dashed lines are 4-wire measurements, and solid lines are 2-wire

measurements. Error bars in (a) and (b) are calculated as described in the

supplementary material. In (c), both the 2-wire and 4-wire measurements

were made with VD¼�10 mV. In (d), VD¼�25 mV for the 2-wire meas-

urements and VD¼�50 mV for the 4-wire measurements. In (a)–(d),

instead of using the gate voltage, VG, we have used the median gate-

channel voltage, VG � 1=2ð ÞVD; on the horizontal axis to facilitate compari-

son between measurements made at different drain voltages. Both devices

have W¼ 200 lm�L¼ 200 lm for 2-wire measurements and L¼ 180 lm

for 4-wire measurements. For PEDOT:PSS, h� 100 nm, and for p(g2T-

TT), h� 85 nm.
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OECT behavior using a modified form of Ambegaokar,

Halperin, and Langer’s theory for hopping conduction in dis-

ordered materials.29 Figure 3 shows the fit between this

model and the experimental data. Briefly, the model assumes

a Gaussian-shaped energy density of states (DOS) and a

Miller-Abrahams form of detailed balance for transition rates

between nearest-neighbor hopping sites.30 The present model

is discussed in more detail in the supplementary material and

predicts that as the gate voltage is made more negative, more

holes are added to the semiconductor, filling the DOS. At

first, when the DOS is much less than half full, adding holes

increases both the hole concentration and the hole mobility.

In this regime, transconductance increases as the gate volt-

age is made more negative. As the DOS becomes nearly half

full, the rate of increase of both hole concentration and

mobility slows, causing a decrease in transconductance as

the gate voltage is made more negative. When the DOS is

more than half full, adding more holes decreases hole mobil-

ity, and the transconductance becomes negative (see Fig. S1

in the supplementary material). These predictions qualita-

tively agree with other theoretical and experimental studies

that show a non-linear relationship between conductivity and

charge carrier concentration.31–35

The proposed model fits the transconductance curves of

both PEDOT:PSS-based and p(g2T-TT)-based OECTs with

four free parameters. As predicted by the model, these poly-

mers exhibit an initial increase and subsequent decrease of

transconductance as gate voltage becomes more negative.

The model further predicts that at more negative gate vol-

tages, the transconductance will become negative, but we

were not able to observe this behavior because we had to

avoid the over-oxidation of PEDOT and the electrolysis of

water. Other polymer/electrolyte systems are stable at more

negative gate voltages, and OECTs with those materials do

exhibit the full range of predicted features—including nega-

tive transconductance.16,36 Extracted values for the four fit

parameters are listed in Table I; r0 is the polymer conductiv-

ity at VG¼ 0 V for PEDOT:PSS and at VG¼�0.4 V for

p(g2T-TT); E0 is the energetic position of the peak of the

DOS with respect to the Ag/AgCl electrode; rDOS
2 is the

DOS variance; and g is the critical probability of bond con-

nectivity required for percolation.

The extracted r0 values are similar to the reported val-

ues for PEDOT:PSS and p(g2T-TT),4,14,28 and the extracted

DOS widths (rDOS) are about one order of magnitude larger

than that reported for dry films of polythiophenes.37,38

However, DOS widths for electrochemically doped polythio-

phenes can broaden significantly.36,39,40 The critical bond

connectivity, g, extracted by the proposed model for p(g2T-

TT) is about one order of magnitude smaller than expected

for close-packed spheres, and for PEDOT:PSS, it is about

two orders of magnitude smaller than expected.29 However,

g decreases strongly as the aspect ratio of conducting struc-

tures increases,41 and conduction in polymers depends on

high aspect ratio structures due to carrier delocalization

along polymer backbones42 and anisotropic phase segrega-

tion.43 Therefore, g is expected to be much smaller in poly-

mers than in systems composed of close-packed spheres.

Non-monotonic transconductance induced by material

disorder has several implications for OECT research. For

instance, if contact resistance were the primary cause of the

non-monotonic transconductance, the decrease in transcon-

ductance with more negative gate voltages could be prevented

by changing the metals used for source/drain contacts and

engineering the interfaces at these contacts. However, because

non-monotonic transconductance is an intrinsic property of

OECTs, such strategies will not eliminate the transconduc-

tance decrease at negative gate voltages. Our results suggest

that researchers developing new materials should focus not

only on maximizing transconductance but also on ensuring

that high transconductance occurs over a broad voltage win-

dow. In this respect, our model predicts a tradeoff in OECT

performance; decreasing the DOS width not only increases

the peak transconductance, conductance, and mobility but

also decreases the width of the voltage range over which

transconductance remains near its peak. However, our model

suggests that one can work around this tradeoff by engineer-

ing g because as g decreases, the transconductance peak

becomes higher without becoming narrower (Fig. S1 in the

supplementary material). Therefore, designing materials with

highly anisotropic conducting structures could improve

OECT performance. Unfortunately, it is not clear in the pre-

sent model whether anisotropy is most important at the

molecular level of carrier delocalization or at the microscopic

level of phase segregation. Finally, new materials should be

designed such that the maximum transconductance occurs at

voltages within the stable operating regime of the transistor/

electrolyte system. This could be accomplished by adjusting

the electronegativity of side-chain constituents to shift the

HOMO level of the semiconducting polymer.44 Altogether,

the present model suggests several design strategies for

OECT materials: (1) increasing the anisotropy of conducting

structures, (2) adjusting the HOMO level so that peak trans-

conductance occurs within the operational voltage range, and

(3) tailoring the DOS width on a case-by-case basis according

to the tradeoff between maximizing peak transconductance

and broadening the window of high transconductance.

FIG. 3. Disorder model fit to OECT transconductance for (a) a

PEDOT:PSS-based OECT and (b) a p(g2T-TT)-based OECT. In both fig-

ures, the solid blue curve is the fit to the transconductance, the solid red

curve is the model prediction for the drain current, the black dots are the

experimentally measured drain current, and the gray dots are the experimen-

tally measured transconductance. VD¼�10 mV and 4-wire sensing is used

for both (a) and (b).

TABLE I. Fit parameters for the disorder model.

r0 (S/cm) rDOS (meV) E0 (meV) g (%)

PEDOT:PSS 278 6 0.6 950 6 30 �830 6 60 0.1 6 0.01

p(g2T-TT) 96 6 0.5 410 6 10 �640 6 10 1.0 6 0.1
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In conclusion, we fabricated accumulation-mode and

depletion-mode OECTs based on two different polymer

semiconductors, and we showed that both materials exhibit

non-monotonic transconductance. Using 4-wire conductance

measurements and transmission line measurements, we

showed that non-monotonic transconductance occurs even in

the absence of contact resistance. We demonstrated that a

model based on hopping transport in disordered materials

can explain the transconductance of OECTs, thus supporting

the conclusion that non-monotonic transconductance is an

intrinsic property in OECTs. The model presented here pro-

vides predictions about how material parameters, such as

delocalization length, HOMO level, and DOS width, affect

OECT transfer characteristics. These results will inform the

design of materials for improved OECT performance in sen-

sor applications.

See supplementary material for details about device fab-

rication, contact resistance measurements, transmission line

measurements, and model used to describe transport in disor-

dered materials.
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