
Figure S1: Gate-dependent capacitance. a) electrochemical impedance spec-
troscopy of an OECT channel measured with an Ag/AgCl electrode with ampli-
tude of 10 mV and varying bias. b) the extracted channel capacitance, showing
that the capacitance of the channel is not fixed, rather strongly gate-dependent.

Supplementary Information568
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Figure S2: a) Temperature dependence of the Gibbs free energy according to the

ideal gas theory (µp
+

= −60meV/mol and µp
0

= 0). Higher temperatures shift
the minimum towards φ0 = 0.5 and to lower energies. b) Measurement of the
current flowing in a PEDOT:PSS thin-film at different temperature, in deionized
(DIW) and DIW:NaCl (circles). Curves are fitted with a linear regression (solid
lines). The experiment in DIW is used to estimate the contribution of the
temperature-dependent mobility, which is then subtracted, leading to the blue
dashed line. The same contribution is subtracted from the current measured in
DIW:NaCl. The negative slope shows that, besides the increased mobility, the
polaron density is lowered. c) Calculated concentration of reduced PEDOT0

and doped PEDOT+ in the film at different temperatures according to Eq. S3.

Figure S3: Dependence of the drain current on the a) doping level [PSS−]0 and
b) cation concentration [c+] according to Eq. 9.
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Figure S4: Data taken from [39]. The thermodynamic model can fit well (even
in the ideal gas assumption) the transfer curve before and after the doping
process. For the intrinsic device α = 0.28 (see Eq. S13) while for the dedoped
material α = 0.41. The doping concentration is 6.5 times larger in the case of
the intrinsic device.
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Figure S5: Data taken from [40]. The thermodynamic model can fit well (even in
the ideal gas assumption) the transfer curve before and after the acid treatment,
using α = 0.7 (see Eq. S13) and [PSS−]0 7 times larger after the treatment.
Note that the model captures both the increased transconductance due to the
larger on-current, and the shift in threshold voltage.

Figure S6: Sketch of the mathematical treatment proposed in the main text,
from Gibbs free energy to the transfer curve.
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Figure S7: Scheme of the oxidation process. The circles indicate the charged
species in play, namely PSS−, holes and sodium cations, and the arrows indicate
the Coulomb interaction, either attraction (green) or repulsion (red). In going
from fully reduced to fully oxidized, despite the important changes related to the
chemical reaction and electronic charge density, from a thermodynamic point
of view the situation did not change dramatically. This explains why an OECT
must be described in terms of entropy, and why enthalpy play a secondary role.

24



Note S1: calculation of φ(T )569

In DIW, the charge concentration of PEDOT:PSS is fixed at [PSS−]0. There-570

fore, the current I flowing through a PEDOT:PSS film immersed deionized571

water (DIW) is given by572

I = Λh[PEDOT+]
Wt

L
V = Λh(T )[PSS−]0

Wt

L
V., (S1)

where V=10 mV. Thus, by increasing the temperature of the solution, the573

temperature-dependent hole mobility Λh(T ) is found.574

575

The situation is different in NaCl(aq), where the current is given by576

I = Λh[PEDOT+]
Wt

L
V = Λh(T )[PSS−]0(1− φ(T ))

Wt

L
V. (S2)

By changing the temperature, both φ and Λh are expected to change. In577

both cases, we observe an increase of the conductivity which we ascribe to a578

temperature-activated hopping mechanism [46]. However, the slope is different.579

We assume that Λh(T ) is the same for PEDOT:PSS in DIW and NaCl(aq). By580

combining Eqs. S1 and S2, φ(T ) is obtained as581

φ(T ) = [PEDOT 0](T ) = 1− INaCl(T )

IDIW (T )
. (S3)

In Eq. S3, we used the linear fits showed in Fig. S2 as IDIW and INaCl. In582

doing so, we are considering the hole mobility to be independent of the ion583

concentration. Although this effect exists, Friedlein et al. showed that its584

magnitude is weak and should not compromise our results in the small range of585

dedoping level i.e., from 8% to 11.5%.586

Accordingly, the doping level (defined as 1-φ) decreases, revealing that the587

doping concentration of PEDOT:PSS only changes by 3.2% in the investigated588

temperature range.589
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Note S2: calculation of the drain current590

In order to find the number of charges accumulated in the channel by the gate591

voltage, Ohm’s law (Eq. S2) must be integrated over the channel length from 0592

to L (or equivalently from Vds to 0) as done normally for thin-film transistors.593 ∫ L

0

Id = eVdsΛh
Wt

L
[PSS−]0

∫ L

0

(1− φ(µ))d` (S4)

yielding594

Id = −eΛh
Wt

L
[PSS−]0

∫ 0

Vds

(1− φ(µ))dVch (S5)

after considering a linearly dropping potential Vch along the channel length595

(direction `)596

Vch(`) = Vds(1−
`

L
) (S6)

and its differential:597

dVch = −Vds
L
d` (S7)

In doing so we are assuming i) that the gradual channel approximation is valid598

i.e., the field across the channel/electrolyte interface is much higher than the599

field between source and drain across the channel, and ii) a linearly dropping600

potential across the channel. The former holds true thanks to the exponential601

decay of the field in the electrolyte. The second is not necessarily true and602

strongly depends on the gate voltage. However, the result of the integral is not603

expected to vary much depending on the charge distribution.604

To solve Eq. S5, we need φ(µ), that can be found by inverting µ(φ) in Eq. 7:605

φ(µ) = (Z exp(− µ

kBT
) + 1)−1. (S8)

In Eq. S8, Z = exp(µ
p+−µp0

kBT
) is directly related to the concentration of the606

electrolyte [c] and doping level [PSS−]0 as shown in Eq. S17.607

The introduction of a gate potential has the effect of shifting the system from608

its chemical equilibrium. By introducing the electrochemical potential µ̄, µ609

becomes a function of the potentials applied as e(Vgs− Vch) as explained in the610

main text.611

Combining Eqs. S5 and S8612

Id = −eWt

L
Λh[PSS−]0

∫ 0

Vds

dVch(1− 1

Ze−β(Vgs−Vch) + 1
) = e

Wt

L
Λh[PSS−]0

1

β
log(

ZeβVds + eβVgs

Z + eβVgs
)

(S9)
with β = e

kBT
(elementary charge divided by thermal energy).613

Thus, the current that flows in the channel of an OECT, assuming no en-614

thalpy of mixing, depends on Vds, Vgs, and T as follows:615

Id = Λh
Wt

L
[PSS−]0kBT log(

Ze−β(Vgs−Vds) + 1

Ze−βVg + 1
). (S10)
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The same analysis for an enhancement-mode OECT would result in616

Id = eΛh
Wt

L
[PSS−]0(Vds −

kBT

e
log(

Ze−β(Vgs−Vds) + 1

Ze−βVgs + 1
)). (S11)

Accordingly, the transconductance gm = dId
dVgs

is617

gm = eΛh[PSS−]0
Wt

L
Z(

1

eβVgs + Z
− 1

eβ(Vgs−Vds) + Z
) (S12)

and has the typical (and peculiar) bell-shaped form of gm(Vgs) of OECTs.618

A final note on the gate voltage: in order to fully capture the current dependency619

on the applied gate voltage Vgs one must take into consideration that the gate620

voltage applied differs from the effective gate voltage Vg,eff ”felt” by the channel621

that drives the device at the channel/electrolyte interface due to the drop at622

the gate/electrolyte interface and across the solution. In this work, since we623

focused on the modeling of the material parameters, we simplified it as624

Vgs,eff = αVgs (S13)

where 0 < α < 1 is the remaining percentage of potential applied after dropping625

across the electrolyte and at the gate/electrolyte interface. Although the volt-626

age drop from gate/electrolyte interface to electrolyte/PSS interface can have a627

more complex, nonlinear, voltage-dependent and concentration-dependent, we628

use a linear approximation for the sake of simplicity, and may be the root of629

the unmatching fit in Fig. 2 in the turning-off region. A detailed analysis of the630

voltage drop at the gate/electrolyte and electrolyte/channel interface is given631

by Romele et al. [33].632

633

For the transfer measurements in Fig. 3 with Vds = 5mV , we exploit the634

fact that Vgs − Vch ≈ Vgs in order to rewrite Eq. S5 as635

Id = −eΛh
Wt

L
[PSS−]0

∫ 0

Vds

(1−φ(Vgs−Vch))dVch ≈ Λh
Wt

L
[PSS−]0Vds(1−φ(Vgs))

(S14)
from which the material-specific property φ(µ) can be extracted.636

637

As for the parameter Z638

Z = exp(
µp

+ − µp0

kBT
). (S15)

According to Nernst equation639

µi = µi0 + kBT log([ci]) (S16)

and considering that for each PEDOT0 there is a paired cation, one can rewrite640

Eq. S15 as641

Z =
[PSS−]0

[c+]
exp(

µp
+

0 − µ
p−

0

kBT
) (S17)
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where [c+] is the cation concentration in the channel. Note that the ion con-642

centration in the channel and in the bulk solution are not necessarily the same643

due to the establishment of Donnan’s equilibrium [33].644

Note S3: MatLab code for plotting the channel645

current646

x=linspace(0,1,1000);647

mu1mu2=1e-21;648

g0=1;649

alpha=1;650

T=300;651

kb=1.38e-23;652

h1=1e-22;653

mu=6.2e+18/alpha*(kb*T.*log(x./(1-x)) + mu1mu2 +2*h1.*x);654

vg_new=linspace(-1,1, 1000);655

id_new=interp1(mu(2:end-1),x(2:end-1),vg_new);656

naan=find(isnan(id_new)==0);657

id_new(1:naan(1))=0;658

id_new(naan(end):end)=1;659

dvg=vg_new(2)-vg_new(1);660

vd=-.1;661

for sweep=1:length(vg_new)662

[yy,idx1]=min(abs(vg_new(sweep)-vg_new));663

[yy,idx2]=min(abs(vg_new(sweep)-vd-vg_new));664

q(sweep)=sum(id_new(idx1:idx2))/(idx2-idx1+1);665

end666

plot(vg_new,g0*vd*(1-q));667
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