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S-1 Model of an n-type OECT

S-1.1 Mathematical development

The model developed here is based on our previous publication by Feitosa et al.'. For n-type semiconductors, the redox
reaction inside the channel can be written as'

Oy +e =R,

To account for the two reduction peaks observed in CV curves of BBL and the existence of multiply charged species”, we
propose the following electrochemical equations:

0% +e” =Ry, (S
R, +e = Rz;, (S2)

where Ri; is a second reduced state with charge 2—.

The formation of a double charge is shown in Fig. S1, where in situ spectroelectrochemical and chronoamperometry
experiments are performed. During electrochemical doping, the peak at 580 nm, associated with the m—7* transition, decreases
in intensity as the film becomes increasingly doped. Concurrently, a broad band emerges in the 700—1000 nm region at negative
potentials, and a pronounced peak develops between 400 and 500 nm. These spectral changes indicate that the energy bands of
the film undergo significant modification during electrochemical doping.
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Figure S1. a. Absorption spectra of BBL/ITO thin film during electrochemical doping. b. CV curve (50 mV/s) and total
charge calculated from chronoamperometry experiment. In both experiments, the electrolyte was 100 mM NaCl, Pt as counter
electrode, and an Ag/AgCl pellet as pseudo-reference electrode.
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In Fig. S1b, the CV curve is plotted alongside the total charge extracted from the chronoamperometry experiment. Notably,
at the second peak (-0.9 V), nearly twice the charge associated with the first peak (-0.6 V) is consumed in the electrochemical
process, reinforcing our hypothesis.

Again, we assume that channel/electrolyte/gate system forms an electrochemical cell!, described by the Nernst equation

RT C - RT . Cr;
AVmeas €] F'}/ COO & AVmeas =& — FY In Cjo ) (S?’)

where AV,.qs = €., — € 1s the measured voltage across the electrochemical cell, €, is the transistor’s channel potential and
&g 1s the gate electrode potential. Note that the variable € denotes the electrode potential, incorporating both chemical and
electrical contributions'. Furthermore, Cpo» Cg- and Cy 2 correspond to the concentration in mol/cm?® of oxidized, singly

and doubly reduced species, respectively, R is the unlversal gas constant, T is the temperature, F' is Faraday’s constant, vy is
a non-ideality parameter. Finally, £/ and &, are the formal electrode potential for the reduction reactions associated with the
single and the double charges on the polymer chain, and can be defined as:

€ = ;ol,l — &G & & = sp,,, ) — €G-
Both &° ol 1 and € 1 » are the standard electrode potentials for each reaction. See that, following the original paper!

. RT
SG = gAg/AgCl — ? lnCCF,

that is, the gate potential depends on the concentration of CI™.
Assuming that the maximum density of carriers is given to be the sum of all species, one has

Pmax = Coo_+ CRZd +C R = constant

See that the number of charge carriers in the active layer, associated with each reaction process is given by: C R, =P and
[

C R = p2. Therefore:

Pmax = Pogx +p1+p2. (S4)
Plugging this equation into the above definitions of AV, one has:

RT RT
AVmeas & — —In # & AVmeas & — —In p2

(85)
FY  Pmax—P1— P2 Fy pi

Following the assumptions of the original model, the OECT channel is taken as unidimensional, neglecting any ionic movement
across the organic semiconductor, and the electronic mobility is taken as constant'. The measured potential can be written as a
function of species distribution along the OECT channel. Therefore, AV,,.4s is rewritten in terms of the local potential for every
position x, that is, AV, ¢ = £(x) — €. Again, to keep the notation simple, every function of x will be denoted by the suffix x.
Then

Fy P1x Fy P2x

— & € In————— & ——(&—&—&)=In——

RT( ¢ l) Pmax — P1x — P2x RT( ¢ 2) pl,x
FY P1.x FV P2.x
eXp|——= (& — & — € = & eXp|——= (& — & — & = —.
p[ Ry (& E 1)] Pras — Plx — P2 Pl Bl = 7

Let 6;, = exp { R—y (&x—€&6— 8,-)}, for i = 1,2, therefore

P1x P2.x
= & 9 = - s
b Prmax — pl,x —P2x 2 pl,x
then
max — 0
pl.’x — M & P2,x — pI’X927X.

1—|—9]7x
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Finally

01 X 91 X 62,)( (S6)

= _——mm & = .
Plx = Prax g "1 0 6rs P2 = Pmax g 0 6rs

To facilitate the following development, the density equations can be rewritten in terms of the applied potentials in an
OECT. According to!,

Vos = AVgs = €6 — & 57
and
VDS = AVDS =€&p—&s. (S8)
We then define V (x) = €(x) — &. Rewriting 6, , yields
F
O = oxp |~ (Vi—Vas—&)| ($9)

RT

for i = 1,2. Note that this transformation is more than a simple change of variables; it corresponds to shifting the reference of

the electrode potential to the source.
The total density p, = p; + p, follows a sigmoid behavior (see Fig. S2) as already observed in the previous model'.
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Figure S2. Total density (p, = p1 + p2), calculated from Fig. 2a from the main paper.

By solving dp; ,/dVes = 0 to Vs leads to %(2Vx — € — &) being the potential where the maximum density of single

carriers is reached.
Finally, the total channel current density can be described by Ohm’s law, where

Jps =J1 +Ja, (S10)

is a sum of the current associated with the two charges considered. Here, we evoke the gradual channel approximation, where it
is assumed that the potential varies gradually between source and drain electrodes. Therefore, each term from Eq. (S10) is
written as

dv;
S11
I (S11)

Jix=—FuUipix
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and
dv,
Jm:fﬂmwmgl. (S12)
X
The extra 2 term in the later equation accounts for the double charge associated with Cp.- species.
ed

S-1.1.1 Drain current

The total drain current Ipg can be obtained by plugging Egs. (S6) into (S11) and (S12). The integration over the potential is
carried out from 0 to Vpg, which correspond to the source and drain potentials, respectively. Let W, d, and L be the channel
width, thickness, and length, then each current is given by:

/ “hdx= —wdF / " i "
A \dx = M1 Pmax 0 1_|_917x—|—91_,x62,x ”

and

91 X 92,)( dv.

L Vbs

hdx = -2WdF / —————dV,.

/0 2 H2Prmax 0 1+ 917){ T 91,x92,x X
Finally, after performing both integrations, one has:

Wd o) 2ePE1tVas)
==t T
LB g

for the single charge current, and

[arctanh(A,) — arctanh(Ap)] (S13)

L Wdo
2= L ﬁ

for the double charge current. Finally, the total drain current Ips = I} + I is given by:

B(e1+Ves) _
{_ 2B Vs + 2e [arctanhé(Aa) arctanh(Ap)] log(©4) + log( @b)} (S14)

1
Ips = WTd BE {Zeﬁ<8‘+VGS) (0, — 01) [—arctanh(A,) + arctanh(A,)] +

+02& [2BVps +10g(0,) — log(6,)]} (s15)

However, arctanh 4 — arctanh v = arctanh ﬁ, then Egs. (S13)-(S15) can be rewritten as:

Wd o) 2ePE1+Vas)

L= TP z arctanh(A,), (S16)
Wd o 2eP(&14V6s) arctanh (A,
p="A% gy, % aretanh(Ae) | 1og(@,) — log(®5) b (s17)
L B §
and, finally

wd 1 2eP(E14V6s) (6, — o) arctanh (A, )
Ips = TB - 6 +

+02[2BVps +10g(0,) —1log(®,)]}, (S18)
where

) (1)
€ 2eBVs 4 B(e1+Vas) 4 oB(e1+Vps+Vas) 4 2eB(e1+E2+2V5s) |

(S19)

The definition of Ay, Ap,®,,0,, 01,07, and £ is summarized in Table S1. See that Eq. (S18) is more straightforward for
implementing into simulations or fitting experimental data, while Eq. S15 is helpful to visualize the symmetry of the equation.
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Table S1. List of simplified equations.

Variable Definition
Fy
B RT
(&3] F H1Pmax
(&) F M2 Pmax

\/6213(81+VGS) _ 4eBlerter+2Vss)

A 24P 1+VGs)

a

Ap 2P¥Ds P 1 +VGs)

@a 1+ eﬁ(gl'H/GS) + eﬁ (e2+€1+2Vgs)

®b ezﬁVDS + eﬁ(gl +Vps+Vas) + eﬁ(£2+£l +2Vgs)

For the above drain-current equations to have real solution, the radicand of £ must be positive, otherwise & would be an
imaginary number. Furthermore, it cannot be zero, since it is the denominator in Eq. (S18). Therefore:

2BE+Ves) _ gpB(ea+a+2Ves) -
PlertVes) [eﬁ(€1+VGs) _4eﬁ(82+VGs)] >0
PE+Ves) < goB(&2+Ves)
B(e1+Ves) >1n(4) + B(e2+ Ves)
In(4)

g >—+&

B
In(4)
B
In(4)
B

E1— & >

Ae >

or

Ae > 1n(4)V7T , (S20)

where In(4)Vr = In(4) 8L = 35.62 mV at T = 298.15 K. Taking y = 1.0, Ag > 36 mV. Since f3 is a positive constant, it follows
that |€;| < |&;| must always hold. This implies that p; should initially exceed p,, as shown in Fig. la of the main manuscript.
When & < g1, p; remains zero, while p; increases as expected before becoming unchanged at its maximum value. Therefore,
by taking this limit and considering that 1y > t» in Eq. (S18), it is possible to reduce the complexity of the equation without

losing significant information about the system. The simplified drain current equation is then written as
Ips simp = lim [
DS, simp 650 DS, full

Blei+Ves) (g — i
Ipsam = lim 41 2e (02 — 01) arctanh(A,)
AP 50 L B é

+062[2BVps +10g(®,) —1og(0y)]},

which reduces simply to

Wd oy 2ePEtVas)

Ips = TF Z arctanh(A,). (S21)
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S-1.1.2 Transconductance

Given that g, = g{,—gi, then, from Eq. (S21):

Wd eBE1+Vas) (eﬁVDs — 1) |:eBVDS — Plete +2VGS>:|
8&m = ——01

S22
L 0,0, ( )

The gate voltage where maximum drain current is achieved can be determined by taking g,, = 0. Solving it for Vg, one has

1
VGS max = 5 [Vbs — (&2 +¢€1)]. (S23)

Finally, the channel conductance can be defined as g; = g{/—gss. Then, from Eq. (S21), one has

Wd  ePEe+Vps+Ves)
8d = TGIT' (524)
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S-2 Model of a p-type OECT
For p-type semiconductors, we have:
O).+e =R, (S25)
Oy +e =0, (S26)

o0x)

where 02} is a second oxidize state with charge 2.
Again, the voltage difference across the electrochemical cell is

RT . Cpo RT . Cy+
AVyoas = €] — — In —¢ & AVyeas = & — — In —= S27
meas 1 F y n Co;; meas 2 F y n CO(Z);r ) ( )

Assuming that the maximum density of carriers is given to be the sum of all species, one has
Prmax = Cro +C1 +C
= pro +P1+P2. (S28)
Note that, in this case COIX =Cy and Cpy = (. Then

RT —pP1—
—IHM & AVpous = & — — In—. (529)

AVmeux:‘g -
' Fy p1 Fy  p

Following the same steps done for n-type model, the final charge density equations become:

02,)5 1

_ & = _ . S30
15600t 0100, Prx = PTG g 5, (530)

P1.x = Pmax

These equations lead to the same trade-off between single and doubly charged species density seen for n-type materials.
Finally, following Eqgs. (S11) and (S12), performing the integration and following the same steps, one has:

Wd o 2ePE+Vas)

I = TF z arctanh(A,), (S31)
p

Wd o 2eP(e21V6s) arctanh(A
L= 222 (Ap) —log(®,,,) +10g(0;,) ¢, (S32)

L B &p

and, finally
wd 1 2eP(&2+V6s) (5, — o) arctanh(A
Ips = LB{_ ( zg ) (Ay) + 03 [~1og(®,,) +1og(®y,)] ¢ - (S33)
P

New terms are depicted in Table S2.

Table S2. List of simplified equations for the p-type case.

Variable Definition

ép \/e23(82+VGs) — 4eB(e2+€1+2V5s)

(~1+eP¥ps)g,

A17 2eBVDS+gﬁ(€2+VGS)+gﬁ(€2+VDS+VGS)+2gﬁ(€l +&+2Vgs)
Oup 1+ P&+Vas) 4 oBlea+e1+2Vas)
O, e2BVps t oB(e2+VDs+Vas) 4 B (e2+€1+2Ves)
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See that, again, considering (; > u,, leads to Ips = I;. For this case, transconductance is written as

wa ePetVos) (eBVos —1) [eﬁvps _ Blerte +zvcs>}

= c S34
8m L 1 ®a,p®b,p ( )
Again, solving g, = 0 to Vs, one has the same Eq. (S23). The conductance is given by
Wd  ePlet+VostVes)
g Wd g T ($35)

L 0y,

See that, because of 51,, A€ is defined as & — € for this case. The inequality, however, remains the same.
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S-3 VOECT performance
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Figure S3. Transconductance from vOECTs from Fig. 3c.
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S-4 Fitting
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Figure S4. Fitting of our experimental data. a. Output and b. transfer curves for KC1 100 mM. ¢. Output and d. transfer
curves for NaCl 100 mM. e. Output and f. transfer curves for LiITFSI 100 mM. The fitting was done with output curves, while
transfer curves were back-calculated. For all curves W = 300 um, L = 300 nm and d = 120 nm.

Table S3. Fitting parameters from figure S4.

Electrolyte o1 (S/m) e (V) & (V) Y xz
KC1 (39+3) —(0.38+£0.01) —(0.71£0.01) (0.39+£0.03) 2.65x 1078
NaCl (37+3) —(0.38+0.02) —(0.72+0.01) (0.39+0.04) 4.18 x 10-8

LiTFSI  (304+£0.5) —(0.51£0.01) —(1.074£0.08) (0.37£0.01) 5.27x107°
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Figure S5. Fitting (solid lines) of public experimental data (hollow circles) from paper’. Transfer curves for a. different
concentrations and b. different electrolytes. Extracted formal electrode potentials (c. and d.) and conductivity (e. and f.) for
different electrolyte concentrations and salts, respectively. For all curves Vpg = 0.3 V, W =40 um, L = 6 um and d = 20 nm.

Table S4. Fitting parameters from figure S5b.

Electrolyte o7 (S/m) &g (V) & (V) Y Xz
NH4Cl (575+£2) —(0.29+0.01) —(0.454+0.01) (0.744+0.03) 1.71x 1072
CaCl, (1197+4) —(0.35+£0.01) —(0.67+0.01) (0.55+£0.04) 4.98 x 1072
MgCl, (1185+5) —(0.34+£0.01) —(0.66+0.01) (0.57+£0.05) 5.42x 1072
KCl, (1302+6) —(0.41+0.01) —(0.73+0.01) (0.53+0.05) 8.42x 102
NaCl, (1358+6) —(0.41+£0.01) —(0.73+£0.01) (0.54+0.05) 8.17x 1072
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Table S5. Fitting parameters from figure S5a.

2

Concentration (mM) o7 (S/m) &g (V) & (V) Y X
0.1 (16224+6) —(0.71+£0.02) —(0.924+0.02) (0.454+0.04) 5.95x 102
1 (1546+7) —(0.60+0.01) —(0.854+0.01) (0.5440.05) 7.16x 1072
10 (1606+7) —(0.5140.01) —(0.784+0.01) (0.5440.05) 7.15x 1072
100 (16924+9) —(0.404+0.01) —(0.704+0.01) (0.5140.05) 8.64x 1072
1000 (17444+4) —(0.3140.01) —(0.63+0.01) (0.5040.05) 7.74x 1072
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