RESEARCH ARTICLE

W) Check for updates

ADVANCED
THEORY AND
SIMULATIONS

Analytical Physical Model for Organic

www.advtheorysimul.com

Metal-Electrolyte-Semiconductor Capacitors

Larissa Huetter, Adrica Kyndiah, and Gabriel Gomila*

This work presents the analytical physical modeling of undoped organic
metal-electrolyte-semiconductor (OMES) capacitors in the framework of the
Nernst—Planck—Poisson theory, including the presence of compact interfacial
layers. This work derives an exact analytical solution, up to a quadrature, for
the stationary electric potential and charge density distributions in both the
semiconductor film and the electrolyte solution, and from them the sheet
semiconductor charge and the stationary differential capacitance are obtained
as a function of the applied voltage. The dependence of these magnitudes on
the physical device parameters, like the ionic concentration of the electrolyte,
the capacitance of the interfacial compact layers and the injected hole density
is then analyzed. This work shows that ionic diffusive effects in the electrolyte
can play an important role in the device response, inducing a broadening of

1. Introduction

Organic  metal-electrolyte-semiconductor
(OMES) capacitors are a type of organic
metal-insulator-semiconductor (OMIS)
capacitor!’! in which the solid dielectric is
replaced by an electrolyte. OMES are basic
test structures and constitute the basis to
understand the physics of more advanced
devices, like electrolyte gated organic field
effect transistors (EGOFETs).2] The gate
electrode in OMES is in contact with,
or immersed in, an electrolyte, which is
also in contact with the semiconductor
film (Figure 1a). In the simplest case, the

the transition from the weak to the strong accumulation regimes. This fact
can make that the strong accumulation regime is not achieved in OMES
within the usual voltage operation range of these devices. The analytical
solution is validated by means of finite element numerical calculations. The
implications of the results obtained on the physics of electrolyte gated organic

field effect transistors (EGOFETs) are discussed.
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semiconductor is undoped and imperme-
able to the penetration of ions. Upon the
application of a potential to the gate elec-
trode with respect to the source electrode
Vs, electrical double layers (EDLs) form
at the gate/electrolyte and semiconduc-
tor/electrolyte interfaces, leading to the
injection, and accumulation, of holes in
the semiconductor, whose concentration
is modulated by the applied voltage. The
capacitance of an OMES capacitor is, then, dependent on the ap-
plied voltage, as in any OMIS capacitor.[!! Three characteristic
voltage regimes are expected to exist depending on the level of
accumulated free carriers inside the semiconductor (assumed to
be holes, namely, weak (Vg > V), moderate (Vs < Vi) and
strong (Vg << Vpp) accumulation regimes, where Vy, is the so-
called flat band potential!l (Figure 1b).

The properties of the EDLs, and hence the capacitance of
OMES capacitors, depend on the physicochemical properties of
the metal/electrolyte and semiconductor/electrolyte interfaces.
These interfaces present a rich phenomenology involving ion,
water and contaminants adsorption, electrochemical redox re-
actions, formation of ionic diffusive space charge layers, etc.,
whose accurate description is rather complex.’) Usually, to de-
scribe them, one resorts to the classical continuum theories.
The simplest continuum theory for the EDL was proposed by
Helmbholtz,*l and it considers the EDL as a capacitor with specific
capacitance ¢y, (Helmholtz capacitance). In addition, it also ne-
glects any potential drop in the remaining electrolyte. The whole
electrolyte, then, can be substituted by two Helmholtz capaci-
tances, corresponding to the gate/electrolyte ¢, ., and semicon-
ductor/electrolyte c,,, interfaces, giving an overall equivalent
Helmholtz capacitance ¢y = (¢ '+ Cyem ') The descrip-
tion of OMES capacitors in the Helmholtz approximation is then
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Figure 1. a) Schematic representation of an organic metal/electrolyte/ semiconductor (OMES) capacitor. The electric double layers (EDLs) include the
compact and ionic diffusive layers. b) Characteristic voltage regimes of the capacitance of an OMIS capacitor, with the different levels of accumulated

carriers in the semiconductor.

equivalent to the description of conventional organic OMIS ca-
pacitors, with ¢;; playing the role of the gate insulator capaci-
tance ¢; A full analytical analysis of undoped OMIS capacitors
can be found, for instance, in ref. [1]. The capacitance of EDLs,
however, depends on the applied voltage and on the ionic concen-
tration in the electrolyte, effects that are not explicitly included
in the Helmholtz approximation. To include them, Gouy®! and
Chapmanl®! developed a Poisson-Boltzmann description of the
solid/electrolyte interface in which ions accumulate at the in-
terface forming ionic diffusive space charge layers. The Gouy—
Chapman theory, however, predicts an unrealistic unbounded ex-
ponential increase of the diffusive capacitance with the applied
gate voltage.l”l To overcome this unphysical result the Gouy-
Chapman theory was further modified by Stern!”! to include an
ultrathin compact layer at the solid/electrolyte interface (referred
to as the Stern layer). In the Stern—-Gouy—Chapman framework
the EDL capacitance is dominated by the ionic diffusive capac-
itance for low applied voltages and by the Stern layer capaci-
tance for larger voltages, offering a more realistic description of
solid/electrolyte interfaces. The analytical modeling of OMES in
this more realistic framework has not been addressed, yet.

The objective of the present work is precisely to model analyti-
cally OMES capacitors within the Stern-Gouy—Chapman frame-
work. To this end, we consider the Nernst-Planck—Poisson (NPP)
transport theory of electrolytes, including the presence of in-
terfacial compact layers, which, at equilibrium, is equivalent to
the Stern—Gouy-Chapman theory. The NPP theory is more gen-
eral than the Stern-Gouy—Chapman theory as it allows consider-
ing non-equilibrium and time dependent phenomena (e.g., tran-
sients or ac frequency response), although we will not discuss
them in the present work. An analytical solution (up to a quadra-
ture) for the stationary electric potential and charge density dis-
tributions in an undoped OMES capacitor will be derived, from
where the differential capacitance and the sheet accumulated
semiconductor charge will be determined as a function of the
source-gate voltage. The effects of the physical device parame-
ters, like the ionic concentration, the capacitance of the compact
layers or the injected hole density, will be then evaluated and
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analyzed. The relevance of the ionic diffusive effects will be as-
sessed by comparing the predictions of the NPP theory with those
of the conventional OMIS capacitor theory!!l (which is equiva-
lent to that for OMES capacitors in the Helmholtz approxima-
tion), in which ionic diffusive effects are neglected. Finally, the
implications of the results in the understanding of the physics
of EGOFETs will be discussed. The analytical solution derived
has been verified by means of finite-element numerical calcu-
lations. The results presented in the present work can also be
applied to OMES capacitors presenting interfacial layers others
than the Stern layers, such as functionalization biorecognition
layers in biosensors,®] or phase separated semiconductor layers,
sometimes present in some organic semiconductor materials.[°!

2. Nernst—Planck—Poisson Analytical Theory for
Undoped OMES Capacitors

Figure 2 shows a schematic representation of the 1D OMES ca-
pacitor model considered in the present work.

The semiconductor is assumed to be undoped and imperme-
able to the penetration of ions and with only one type of carriers
(holes), since the source is assumed to inject only one type of car-
riers, as it is usual in organic semiconductor devices. The elec-
trolyte is characterized by its thickness h,,., dielectric constant
€,,c» l0nic concentration n,, and ionic mobilities y;,,. The semi-
conductor film, on its side, is characterized by its thickness h,,,
dielectric constant e,,,,, and hole mobility u,, assumed isotropic
for simplicity. For the stationary (low frequency) conditions con-
sidered here, in which no net dc current flows, the mobilities
do not play any role. At the gate/electrolyte and semiconduc-
tor/electrolyte interfaces compact ultrathin dielectric layers char-
acterized by their respective specific capacitances, ¢ and ¢, are
assumed to exist. A fixed charge at the surface of the gate interfa-
cial layer with surface density g5, , is also considered. Finally, the
source-semiconductor interface is assumed to be ideal, what im-
plies that the hole carrier density at the source electrode is fixed
to a given value pg (see below).
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Figure 2. Schematic representation of the 1D OMES capacitor model con-
sidered in the present work with the physical parameters and theoretical
frameworks considered.

The electric potential ¢, (z), and hole density p(z), distribu-
tions in the semiconductor are described by means of the 1D
drift-diffusion model for an undoped semiconductor.

az¢$3m
“Eo€em 022 =ep (1)
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Jt oz 2)
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here, eis the electron charge, ], the hole number flux density, and
D, the hole diffusion coefficient, which is assumed to be related
to the hole mobility u, by Einstein’s relation for non-degenerate
semiconductors D, = u,k; T/e, where kj is Boltzmann’s constant
and T the temperature. Equations (1)—(3) are valid in the range
z, <z <z, (Figure 2), where z, =z, — &,,/2, with §,,, being
the thickness of the semiconductor/electrolyte compact interfa-
cial layer. The electric potential ¢, (z), and ionic density distri-
butions in the electrolyte n, (z) (assumed to be 1:1) are described
by means of the 1D NPP model, which is formally identical to the
drift-diffusion model for semiconductors, although the underly-
ing transport physics is, of course, different.

az(pelec
~E€0E¢lec 022 =e (n+ - n—) (4)
on, 9],
_=* L =0 (5)
ot 0z
aq)elec an+
= -D,—% 6
]r ”1”1 az + az ( )

Adv. Theory Simul. 2023, 6, 2200698 2200698 (3 of 16)

www.advtheorysimul.com

here, J, are the ionic number flux densities, u_ the ionic mobili-
ties and D, the ionic diffusion coeflicients, related through Ein-
stein’s relation for diluted ionic solutions D, = u, k;T/e. We as-
sumed the electrolyte to be 1:1 symmetric, so that y, = p_ = ;.
Equations (4)—(6) are valid for 2} <z <z_ where 2 =z, +
8ini/2 and z;, = z; — 6 /2with 6, being the thickness of the gate
compact interfacial layer. (Figure 2). The initial concentrations of
the two ionic species are assumed to be the same and equal to n,.

At the source electrode we assumed a fixed hole density
boundary condition corresponding to an ideal injecting diffusive
contact,'% namely

p(zs") = ps 7)

F or simplicity, we neglected non-ideal hole injection effects re-
lated to interfacial polarization and disorder!'!! or to the pres-
ence of interfacial states.['?] Within these approximations, ps can
be taken as a constant independent from the applied source-
gate voltage and dependent only on the injection barrier height
and density of states (see Appendix A). Zero flux boundary con-
ditions are assumed at the gate/electrolyte and semiconduc-
tor/electrolyte interfaces.

Jp (Zl_nt) =0/, (Z:;t) =0,J. (ZE) =0 (8)

Accordingly, no exchange of charges (ions or holes) occurs at
the semiconductor/electrolyte and gate/electrolyte interfaces, im-
plying the lack of faradaic reactions and of gate leakage currents.
These conditions imply that the total number of ions in the elec-
trolyte remains constant and equal to the initial one. Finally, the
interfacial layers are described by means of distributed capaci-
tance boundary and continuity conditions. At the gate electrode
one has

a(pelec (ZE;)

Eo€el
0 elec 0z

= —Cg [(pelec (ZE) - VG + AVqG] (9)
where V; is the potential of the gate electrode and

Avqﬁx = qﬁx,G/cG (10)

the voltage-shift due to the fixed charge at the gate compact inter-
facial dielectric layer. For the semiconductor/electrolyte interface
one similarly has

a(/)elec (Z?l—u )

elec 0z

Eo€, = Cint [(pelec (Z:;t) ~ Psem (Z:m)] (11)

a(psem (Zl_nt) _ a(pelec (Z;;t)
13 =&

sem 0z elec 0z

(12)

Finally, at the bottom of the semiconductor film, in contact
with the source electrode, we assume a fixed potential boundary
condition.

Dsem (Z;) = VS (13)

which is valid since the source/semiconductor interface is as-
sumed to be ideal and non-polarizable. We also assume, for sim-
plicity, that there is no difference in the metal work functions
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of the source and gate electrodes. Under such conditions, the
source-gate voltage is simply given by V¢ = V,—Vj. If a work
function difference existed, it should be subtracted from the value
of Vgg.

Equations (1)—(6), subject to the boundary and continuity con-
ditions in Equations (7-9) and (11-13) constitute a complete set
of equations to determine the electric potential and free carrier
concentrations in an undoped OMES capacitor in the NPP frame-
work including the presence of compact interfacial dielectric lay-
ers. We note that in this model the Stern layer of the Stern—
Gouy-Chapman model is represented by the series combination
of ¢;,, and c; and the Gouy—Chapman theory by the resolution
of the Poisson equation. This model can be solved analytically
(up to a quadrature) under stationary conditions. The details of
the derivation are presented in Appendix A. The electric potential
distribution in the semiconductor and in the electrolyte, ¢, ()
and ¢, (z), respectively, are given by (the sign convention is ex-
plained in Appendix B)

2P 2~ 7Sl [¢semk12;— VS] =-In {ﬁtan2 |:$ —(z — ) \/ﬁ

2L,

_ 1 _
+tan1<\/ﬁ—1> +ﬂ} zs<z< 2z
(14)
[ME;; Vs]+@(‘/csk$vc,)+cw Blalf—T)+ ZAz(iso%;ﬂ) )
2-2¢g — 34
i o g ——t
Ip m«iw 2 cosh(y)-b(f.f)
kT
zf <z<z;
int
(15)
where

b(f.f) = 2cosh [—‘”;“T(ﬂ )] - ( “"“> plap -1  (16)

Celec

eA(pelec (ﬁ) _ e (VGS - AVqﬁX)
kT kyT

+1n[pa (B)] £ —

int,eq

Bla(p)—1]

(17)

ZPLS{;”\/EHanl(,//%—l)] (18)

Here, Ag,,. = ¢ — ¢}, is the voltage drop across the elec-
trolyte along the ionic diffusive space charge layers. Moreover,
C,ec and ¢, are the characteristic electrolyte and semiconductor
diffusive capacitances, respectively.

a(ﬂ)=1+tan2[

_ goeelec _ gogsem 19
Celec = L » Ysem T L ( )
D Ds

with L, and L, being, respectively, the electrolyte and semicon-
ductor Debye screening lengths

kT
L= elec, Ly, = B2 iogsem (20)
€°Ps
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For symmetry reasons we included also a factor 2 in the defi-
nition of L. Furthermore, c,, . is the equivalent interfacial ca-
pacitance

1
1 1
Cinteg = (C_ + Z) (21)

int

int,eq

Finally, p and fare the solutions of the 2 X 2 non-linear system
of equations

eAQec (B)
2kpT

-+ [ 22)
2cosh(y) = b (B.f)

0

eAver(f)
2%kpT

zlec cosh ( )

=51
ZLD_ f / \/ZCO ﬂf)

dy (23)

The parameters § and fare functions of the applied voltage V¢
through the functions b(8,f,,;) and Ag,,.(8), which depend on it
(see Equations (16) and (17)).

The parameter f is related to the derivative of the electric po-
tential at the source electrode (see Appendix A)

eLDs : d(ps ’
=1- —- 24
r=1-(5) (%) 9
while fis related to the average electrochemical potential of the
ions in the electrolyte solution ¢ (see Appendix A)

fin, = &

where ji, is the chemical potential of the ions at the concentra-
tion n,,. By definition for |dgs/dz| < kyT/eL,, onehas0< g <1,
while for |dgg/dz| > kyT/eLp, one has f < 0. When g < 0, Equa-
tions (14) and (15) are still valid, but they should be evaluated in
the complex plane, leading to real values for the potentials. Alter-
natively, one can use explicit real expressions (see Appendix C).
On the other side, ftakes values very close to 1 (since ¢ ~ f, ,in
general), except when the ionic diffusive space charge layers over-
lap, which is not usually the case in realistic OMES capacitor ge-
ometries.

The volumetric charge densities in the semiconductor film,
Pem(Z) = ep(z), and electrolyte, p,,,.(z) = e(n , (z) — n.(z)), are
given, respectively, by (see Appendix A)

epsp
Prn () = e (26)
cos? [I — /B +tan! (,//1—? - 1)]
2en, . € (fﬂeza @) -V, ) _ Coem eAQy,. (B)
Pelec (2) = _f_zo sinh [kB—TG o Bla(p)—1)+ W]
(27)
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The surface charge densities accumulated at the gate and
source electrodes, q. and g, respectively, are calculated from the
derivatives of the electric potential at the source and gate inter-
faces, giving (see Appendix A)

kyT
qs = $Sign(ﬂ)csem V 1- ﬁ (28)

e

kyT
qG - +Csem7

Bla(B)—1) + s (29)

C [\/ 1-By+ ()&

int,eq

www.advtheorysimul.com

rather than by solving Equations (22) and (23). The values of g,
for an OMIS capacitor differ only slightly from those of g for an
OMES capacitor, but this difference is relevant since it contains
the ionic diffusive effects in the electrolyte (see below). We ver-
ified that the solution for an OMIS capacitor obtained proceed-
ing as indicated above is fully equivalent to the one derived in
ref. [1] as should be. In here, we derived, in addition, an explicit
analytical expression for the differential capacitance of an OMIS
capacitor by using Equation (32) in Equation (31).

-1

P ( (Bur) = 1) |72 \T= By — sign (ﬁH)]]

CGS = Cint,eq 1 *

[M Bis (o (By) —

The sheet charge accumulated in the semiconductor film g,
can be calculated either by integration of the semiconductor vol-
umetric charge density in Equation (26) or from the charge con-
servation relationship q,,,,, = —4;—4c ;»—4s- In both cases one ob-
tains

Qoo = csekaT [+stgn )VI=-B+xVB(a—1) ] (30)

Finally, the stationary source-gate differential capacitance cg
is obtained from the surface charge accumulated at the gate elec-
trode g (Equation (28)) as cq5(Vis) = 04¢(Vgs)/0 Vs, giving

kT _o VB (a—1) (31)

C
sem
e 0V

Ces (Vcs) =

No simple analytical relationship could be derived for the dif-
ferential capacitance, so we evaluated it numerically. This expres-
sion completes the analytical resolution of the model.

The solution for an OMIS capacitor,!!! or for an OMES capac-
itor in the Helmholtz approximation, can be obtained from the
solution just derived by simply imposing that the voltage drop in
the ionic diffusive space charge layers of the electrolyte is zero,
thatis, Ag,,.(By) = @& — @;,, = 0. This condition leads to the fol-
lowing implicit expression to determine the parameter g,

ch
o

Vg = AV, — k—ln [Bua (By)] + By [ (By) — 1]

mt,zq

(32)

The semiconductor electric potential ¢, (z) and charge den-
sity pg,,.(z), the accumulated charges in the semiconductor,
source and gate electrodes, g,,,, g5 and q, respectively, and the
differential capacitance, ¢, for an OMIS are still given by Equa-
tions (14), (26), (28)—(31), respectively, by substituting c;,, ., by the
insulator capacitance ¢; (or by the overall Helmholtz capacitance
cy) and by using the parameter f,; obtained from Equation (32),

Adv. Theory Simul. 2023, 6, 2200698 2200698 (5 of 16)

) (0,) [ VT= T s 0|

33)

This expression should be combined with Equation (32), to ob-
tain a parametric explicit expression.

In the definition of the sign convention (see Appendix B), a
characteristic hole density p; was introduced,

z’ kB TEOEsem

PSET e, G4
This hole density, in the absence of any doping density, can be

used to define a "flat-band" potential as

k, T
Vip = AV, + 37 In (%) (35)
S

This "flat-band" potential does not imply that the bands are in-
deed flat, since this never happens in an undoped semiconductor,
but it rather indicates the voltage at which the capacitance passes
from the weak to the moderate accumulation regimes, as will be
shown below. This definition is valid for both OMES and OMIS
capacitors.

3. Numerical Verification of the Analytical Solution
and Results

To verify the analytical solution, we have solved the NPP model
for an OMES capacitor numerically by means of the finite ele-
ment method. To this end we used Comsol Multiphysics 5.5 and
the built-in equation-based modeling tool. The existing built-in
multiphysics models did not include the compact interfacial ca-
pacitances at all electrolyte interfaces. The solution was obtained
by using a time dependent solver applied to the time dependent
NPP model. A software interface written in Matlab (MathWorks)
has been used to automatize the calculations and represent the
results. The analytical expressions, on its side, have been eval-
uated by using Wolfram Mathematica 11.2. This software tool
can handle calculations with extremely high accuracy and pre-
cision, necessary to deal with the extremely long tails of some
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Figure 3. a—c) Electric potential, volumetric charge densities, and accumulated surface (or sheet) charges in an OMES capacitor for ps = 3-10"7cm™

3

for different source-gate voltages. The continuous lines correspond to the analytical solution (Equations (14) and (15); Equations (26) and (27); and
Equations (28), (29) and (30), respectively) with the parameters f and fobtained by solving Equations (22) and (23) (see Appendix E). The blue, green, and
red colors correspond to the semiconductor, interfacial compact layers, and electrolyte regions, respectively. The symbols correspond to the numerical
resolution of the model by means of the finite element method. Inset in b): Charge density across the semiconductor in a linear-log representation. d—f)
idem to a—c) but for ps = 6:10" cm™3. Parameters of the calculation, if not otherwise stated: € o = 4, €ejec = 78, g = 1 mm, hg,,, = 30 nm, h,,, =
170 nm, ¢ = 7.3 uF cm~2, ¢, = 3.65 uF cm~2, and dic=0C m~2. For these parameters: L, = 9.6 nm, ¢,y = 7.2 uF cm 2, Cint, eq = 2-43 UF cm™2,
Cgeom = 0.12 uF cm™2, and p% = 3.12-10'6 cm™3. Moreover, Lp, = 3.1 nm, ¢, = 1.15 uF cm™2, and Vg = 0.06 V for ps = 3-10"cm=3. Finally, Lp, =

21.8 nm, ¢

1 Ysem

=0.16 uF cm~Z, and V5 = —0.04 V for ps = 6-10"3cm 3.

of the analytical expressions. To speed up the calculations, we
have expressed Equations (15), (22) and (23) in terms of incom-
plete elliptic integrals (see Appendix D). In the numerical solu-
tion of the system of equations to determine the parameters fand
p (Equations (22) and (23)) we used as initial values f, = 1 and
the root of Ag,;,.(f,) = 0, which corresponds to the g,; values of
the Helmholtz approximation.

The following set of physical parameters, if not otherwise
stated, have been considered in the calculations: €, = 4, €,,, =
78, ny =10 mMwm, ps = 3-107 cm ™, y, = 0.034 cm*V s, h,,,, =
30 nm, h,,, = 100 pm, ¢ = 7.3 pF cm 2, ¢;,, = 3.65 uF cm~2, and
G5ix,c = O uC cm™2. For this set of parameters one has L, = 3.0 nm,
Lp,=3.1nm,c,, =1.15uFcm™~, ¢, =227 uFcm™?, ¢, = 2.43
UF cm™, ¢, = €0€4 /Mg = 0.12 pF cm™2, p = 3.12:10" cm ™3,
and Vg; =0.06 V.

Figure 3a,b (res. 3d and 3e) (continuous lines) show, respec-
tively, the electric potential and charge density distributions
across the OMES capacitor for pg = 3-10"cm™ > p; (respectively,
ps = 6:10%cm™ < p}) and for -0.4V < V¢ < 4+0.2 V. The "flat-
band" potentials for pg = 3-10Ycm™ and pg = 6-10°cm™> are,
respectively, V5 = 0.06 V and Vy; = —0.04 V. The blue, red, and
green lines refer, respectively, to the semiconductor, electrolyte
and compact interfacial layers. For a proper visualization of the

Adv. Theory Simul. 2023, 6, 2200698 2200698 (6 of 16)

different space charge layers we took a small value for the thick-
ness of the electrolyte, h,,, = 170 nm (in the rest of the figures a
more realistic value h,,, > 10 ym has been used). The values of
p and f corresponding to Figure 3 are shown in Appendix E. The
insets in Figure 3b,e show the charge density across the semicon-
ductor film in linear-log representation. The symbols in Figure 3
represent the results of the finite element numerical calculations.
The agreement with the analytical solution is perfect as it corre-
sponds to an exact solution of the problem, thus verifying the
analytical expressions derived.

For Vig = Vg ("flat band" conditions) the charge density
in the (undoped) semiconductor is of the order of the injected
charge ep;, and almost null in the electrolyte, where practically
no diffusive space charge layers are formed. For V¢ > V,, the
semiconductor gets depleted from holes with respect to when
Vss = Vi and the charge density tends to show an exponential
decay across the semiconductor film for high enough voltages
(Vgs >> Vip), (see insets in Figure 3b,e). The semiconductor,
in this voltage range, behaves like an insulator, with a specific
capacitance given by its geometric capacitance ¢y, = €€/ e
= 0.12 pF cm?. This capacitance is usually much smaller than
the ionic diffusive capacitance of the electrolyte c,,., and hence
the applied potential mostly drops in the semiconductor film
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and, eventually, at the interfacial compact layers. The potential
in the semiconductor, in this voltage range, can be approximated
by a linear function (see Figure 3a,c).,

(z- ZS) Vis
hsem 1 + Cgeﬂ

Cint,eq

oo (2) & Vg + » Vs >> Vg (36)

From this dependence (by substituting Equation (36) into
Equation (26)) one obtains the exponential dependence of the
charge density in the semiconductor displayed in the insets of
Figure 3b,e,

pun (2) ~ epsxp| -5 )
s s kT 14 20 R

Cint,eq

,Ves >> Vi (37)

sem

For V.5 < Vp;, instead, holes are injected into the semicon-
ductor and accumulate at the semiconductor surface forming the
characteristic quasi-2D conducting channel of FET devices in ac-
cumulation mode (see Figure 3b,e). Owing to the accumulation
of holes, the diffusive capacitance of the semiconductor film in-
creases significantly, and it becomes higher and comparable to
those of the electrolyte and compact interfacial layers. The ap-
plied source-gate voltage, then, redistributes among the different
parts of the capacitor. As a result, ionic diffusive space charge lay-
ers develop at the semiconductor/electrolyte and gate/electrolyte
interfaces, whose net accumulated charges, and capacitances, in-
crease when the applied source-gate voltage is made more nega-
tive. For high enough negative voltages (V¢ << V) the capac-
itance of the diffusive ionic space charge layers becomes much
higher than those of the compact layers and of the semiconduc-
tor film, in series with them, at which point any additional ap-
plied source-gate voltage will drop almost exclusively at the in-
terfacial compact layers (see Figure 3a,c, green lines). The drop
of potential at each compact layer is inversely proportional to the
corresponding interfacial capacitance ¢ or c;,,, while the overall
potential drop at the compact layers is inversely proportional to
the equivalent interfacial capacitance ¢, , In this voltage regime,
the density of accumulated holes at the semiconductor surface
can become very large (exceeding 10" cm=3, see Figure 3b,e).
When this occurs, one should include degeneracy effects in the
description, as done, for instance, in ref. [1] for the case of OMIS
capacitors. Similarly, if the ionic concentration in the ionic dif-
fusive space charge layers is very high (above 1 ), one should
include non-ideal ionic density effects in the description of the
electrolyte.l!3 14! For simplicity, we have not included these non-
ideal effects in the present work.

The electric potential shows two characteristic behaviors de-
pending on whether the value of the injected hole density pg is
larger or smaller than p}, (strictly speaking a third regime exists
for 4/x%p; < pg < p}, but which is very narrow and we omit it
from the discussion). For pg > p the potential never gets flat at
the source electrode and hence it shows a maximum for all neg-
ative voltages (Figure 3a). Instead, for pg < p;; at a given voltage
the potential gets flat at the source electrode and the maximum
disappears for more negative voltages. These two behaviors can
lead to slightly different behaviors of the OMES capacitor, which
are not relevant for the present work (see ref. [1] for a discussion
of this point for the case of OMIS capacitors).
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Figure 3c,f shows the surface charges accumulated at the gate
and source electrodes g, and g (black and red continuous lines,
respectively), and the sheet charge accumulated in the semi-
conductor film gq,,,,, (blue continuous line) as a function of the
source-gate voltage Vi, for the two hole injected densities pq
considered above, respectively. The charges have been calculated
from Equations (28), (29), and (30). As before the symbols corre-
spond to the results of the finite element numerical calculations,
which fully agree with the analytical results.

For high enough positive voltages V¢ >> Vj; the sheet semi-
conductor charge g,,,,, can be approximated by the expression re-
sulting of the integration of Equation (37), that is

Cgeom \ kT eVos 1
G eV kgT 1 4 Seom

int,eq
Cint,eq

Goom & €D P <1 +

Vios >> Vi (38)

This expression shows an initial exponential decay followed by
an inverse decay with the source-gate voltage V. The charges
accumulated at the source and gate electrodes g5 and g tend to
increase approximately linearly with the applied voltage showing
slopes with equal magnitude but opposite signs. Therefore, for
Vgs >> Vi the structure behaves like a capacitor in which the
(depleted) semiconductor and the compact interfacial layers play
the role of the dielectric. Consequently, the capacitance is dom-
inated by the equivalent capacitance resulting from the series
combination of the semiconductor geometric capacitance, ¢,
and the equivalent capacitance of the compact interfacial layers,
Cint,eq'

For source-gate voltages below the "flat-band" potential V5 <
Vips Qe and g both increase due to the accumulation of carri-
ers in the semiconductor. For large enough negative voltages the
charges tend to show similar magnitude and opposite signs. At
the same time, g, becomes negligible. We observe that g5 changes
sign when p; < p; and it does not do it when pg > p5, although
this fact has not an apparent impact in the results. Therefore,
for Vs < Vpp the structure behaves like a capacitor in which the
semiconductor film and the gate electrode play the role of the
plates and with the electrolyte playing the role of the dielectric.
The overall device capacitance is, then, determined by the capac-
itance of the electrical double layers at the gate/electrolyte and
semiconductor/electrolyte interfaces (including both the com-
pact and the ionic diffusive capacitances). Asymptotically, when
the behavior is dominated by the compact interfacial layers, the
accumulated charges g, and q. tend to an approximately lin-
ear dependence with the source-gate voltage (not shown in the
graphs),

Gsem ® —qc = Cpy (—Vcs + VTH) » Vs << Vg (39)

This dependence is characteristic of field effect devices. How-
ever, the voltages at which such behavior is attained in OMES
usually lye outside the operational voltage range of these devices
(see below).

Figure 4a—c shows the stationary differential capacitance c
as a function of the source gate voltage V. for, respectively, dif-
ferent electrolyte ionic concentrations n,, equivalent interfacial
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Figure 4. Capacitance of an OMES capacitor ¢gs as a function of the
source-gate voltage Vs for different a) ionic concentrations of the elec-
trolyte ny, b) interfacial capacitances cj, .4 and c) hole injected carrier den-
sities ps. The dashed lines represent the predictions for an OMIS capacitor
With ¢; = Cipt fquation The red dot-dashed lines in (a) represent the limiting
values ¢gs o, and ¢ pign in Equations (40) and (41), respectively. Inset
in (b): same data but in log-linear representation. Inset in (c): (symbols)
shift of the capacitance curves with respect to the curve for pg = pg. The
continuous line corresponds to the predictions of Equation (35). Param-
eters, unless otherwise stated: e, =4, €,,. = 78, ng = 10 mM, h,,, =
30 nm, hyy,, = 100 pm, ¢ = 7.3 uF em ™2, ¢y, = 3.65 uF cm™2 (¢jy o0 = 2.43
uF cm™2), 9 =0C m~2, ps = 3-10"7cm™3. For these parameters
=0.12 uF cm™2, V5 = 0.058 V.

» Cgeom
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compact capacitances c;,,,, and injected hole densities ps. The
inset in Figure 4b shows the data of the main panel but plotted
in a linear-log representation.

The differential capacitance has been calculated from Equa-
tion (31), with the values of g obtained by solving Equa-
tions (22) and (23). For comparison, we have also plotted in Fig-
ure 4 (dashed lines) the capacitance corresponding to an OMIS
capacitor!!! (or to an OMES capacitor in the Helmholtz approx-
imation), in which ionic diffusive effects in the electrolyte are
neglected. The capacitance of the OMIS has been calculated by
means of the parametric expression given by Equations (32) and
(33). The calculations in Figure 4 have been done for a thick elec-
trolyte (h,,, = 100 um). We note that for h,,, larger than a few mi-
crometers the results are independent from the actual thickness
of the electrolyte. For Vs > V; (weak accumulation regime) the
capacitance c.¢ tends to a constant value determined by the series
combination of the geometric capacitance of the semiconductor
C.om» and the equivalent interfacial capacitance ¢, ,,, as advanced

‘geom?

above (bottom red dot-dashed line in Figure 4a)

inteq’

Cint,eq Cgeom

c =— 40
Gslow Cint,eq + Cgeom ( )
This low capacitance value is independent from the ionic con-
centration n,, and the hole carrier injected density p,, and itis the
same than for an OMIS capacitor with ¢; = ¢;,, ,/'! (dashed line in
Figure 4a). For very negative voltages Vs << Vp; (strong accu-
mulation regime), the capacitance tends asymptotically to a con-
stant value, which is roughly equal (but slightly smaller) than the

equivalent interfacial capacitance ¢, ,, (top red dot-dashed line in
Figure 4a)
CGS,high ~ Cint,eq (41)

This value is also independent from both the ionic concen-
tration n,, and the injected hole density p,, and again coincides
with the value predicted for an OMIS capacitor with ¢; = ¢, "]
(dashed line in Figure 4a). This asymptotic limit in the case of
OMES is reached for much more negative voltages (not plotted
in Figure 4) than for OMIS, which lie outside the operational volt-
age range of these devices (OMES are usually operated at voltages
Vs > —1 V). Therefore, OMES capacitors, contrary to OMIS ca-
pacitors, will typically not reach the strong accumulation regime,
and hence will not display the high capacitance asymptotic value
in Equation (41).

The moderate accumulation regime (Vg < V) covering the
transition from the low to the high capacitance values ¢, and
Cgs,high T€Spectively, is relatively broad in an OMES capacitor and
depends on both the ionic concentration of the electrolyte n,, and
the equivalent interfacial capacitance c;, ,, while it is indepen-
dent from the injected hole density pg (compare continuous and
dashed lines in Figure 4). The broadening of the transition is es-
pecially evident for low ionic concentrations (n, < 10 mm) and/or
high interfacial capacitances (c;,, ., > 10 pF cm™).

To understand the broadening of the moderate accumulation
range, we consider the distribution of the applied potential across
the different parts of the capacitor,

Ves=AV, o+ AV, +AV, +AV,

int sem elec,G + AVe (42)

lec,sem
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which includes the voltage drops across the compact interfacial
layers at the gate/electrolyte and semiconductor/electrolyte inter-
faces, the semiconductor film and the two diffusive space charge
layers at the gate/electrolyte and semiconductor/electrolyte inter-
faces. The overall device capacitance can be approximated by

— — -1 —
Ces ! ~ Cint,eq ! + [Csem(v) + Cgeum] + Zczlec(v) ! (43)

where we have introduced the voltage dependent diffusive capac-
itances of the ionic and hole space charge layers, respectively, de-
fined as

_ aqzlec,G _ dqelec,szm _ aqsem
= = »Coem(V) = ———
9AV,.. 0AV, FINY

lec,sem sem

Celec ( V) (44)

For large negative voltages, one has c,,, (V), ¢,;(V) >> 1 due
to the high density of free charges in the space charge layers, so
Equation (43) predicts cggRCiy .y = Cgspign @5 We have seen be-
fore. On the contrary, for large positive voltages c,,,, (V) << cgom
but still ¢, (V) >> 1, since for sufficiently positive voltages dif-
fusive space charge layers also develop, Equation (43) predicts
€65 (Cineg '+ Coom )™ = CGs10, S, also, discussed before. Fi-
nally, in the transition from the weak to strong accumulation
regimes both ¢, (V) and ¢, (V) play a role. The minimum value
of ¢, (V) is usually close to zero (it decays continuously for pos-
itive voltages), while that of c,,.(V) is ¢, (Equation (19)), since
Caec (V) increases for both positive and negative voltages. ¢, is
typically of the order ~5-10 uF cm™2, even at low ionic concen-
trations. Therefore, the initial deviation of the capacitance from
Cisop i determined by ¢, (V), as in the case of OMIS capaci-
tors. This is the reason why the rising of the capacitance is well
described by the OMIS model (see Figure 4), and it also explains
why the flat-band potential V; is the same for OMES and OMIS.
When the applied voltage becomes sufficiently negative c,,, (V)
becomes very high due to the injection of holes, and it overcomes
Cyec- At this point, the transition starts being dominated by the
ionic diffusive capacitance c,,.(V), until this latter capacitance
rises above ¢, ., due to the accumulation of ions in the diffusive
space charge layers, at which point the capacitance is dominated
DY Ciseq> the equivalent interfacial compact layer capacitance. Ac-
cordingly, when c,, ., >> ¢, (ie., for relatively low ionic con-
centrations, e.g. n, < 100 mm, and/or relatively high interfacial
capacitances, e.g., ¢y, > 1 WF cm™) the ionic diffusive capaci-
tance c,,.(V), plays an important role in the response of OMES
capacitors and the OMIS model (or the Helmholtz approxima-
tion) does not correctly describe the physics of the device. In this
case, the voltage dependence of ¢,,,. (V) gives rise to a broad tran-
sition between the weak and the strong accumulation regimes,
as observed in Figure 4. Instead, if ¢;,,,, << ¢, (i.e., high ionic
concentrations, e.g. n,> 100 mm, and/or relatively low interfacial
capacitances, e.g. Gy, <1 uF cm~2) one has that c,, (V) practi-
cally does not play any role in any voltage range, and the system
can be described neglecting the ionic diffusive effects, that is, by
means of the Helmholtz approximation (or the OMIS theory). Fi-
nally, Figure 4c confirms that the "flat-band" voltage V. defined
in Equation (35) indeed correctly predicts the voltage at which the
capacitance starts deviating from the low capacitance value. We
verified it by determining the shifts of the capacitance curves with
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respect to the curve for p;; and comparing them with the predic-
tion of Equation (35) (symbols and continuous line, respectively,
in the inset in Figure 4c). The agreement is perfect.

For completeness we have also analyzed the voltage depen-
dence of the sheet charge accumulated in the semiconductor film
Qeem» Since itis a magnitude relevant to understand the physics of,
for instance, EGOFETs. Figure 5a—c shows the dependence on
the source-gate voltage V¢ of the sheet semiconductor charge
sery for different ionic concentrations of the electrolyte n,, equiv-
alent interfacial capacitances ¢, ,,, and injected hole densities pg,
respectively. The sheet semiconductor charge has been calculated
from Equation (30), with the values of # obtained by solving
Equations (22) and (23). The predictions of the OMIS theory for c;
= Gy, has been plotted as dashed lines. They have been obtained
by evaluating the parametric analytical expression given by Equa-
tions (30) and (32). The insets in Figure 4 represent the same
data than in the main panel but plotted in log-linear represen-
tation. In the weak accumulation regime (Vg > Vp;), the sheet
semiconductor charge q,,,, shows an initial exponential decay fol-
lowed by a slower inverse decay, as predicted by Equation (38).
On the other hand, in the strong accumulation regime (V5 >>
Vip) 4o tends to increase apparently "linearly" with the applied
gate voltage, although the dependence is not strictly linear. A true
linear dependency is only attained for very negative voltages (not
shown), which lie outside the physical voltage range of operation
of OMES. On the contrary, in the case of OMIS capacitors (or in
the case of OMES capacitors in the Helmholtz approximation)
the charge follows a nice linear dependency for moderate values
of the applied voltage (dot-dashed line). In this case, the response
can be approximated by Equation (39). The lack of a strict linear
dependence of g,,,, with the source-gate voltage V. in the case of
OMES makes ambiguous the definition of the threshold voltage
Vi and of the device phenomenological capacitance ¢, appear-
ing in Equation (39), what can have important implications (see
below). Instead, in the case of OMIS capacitors, since the rela-
tionship between q,,, and V., is linear, Equation (39) applies,
and cp; and Vyy can be readily defined and extracted in an un-
ambiguous way (dot-dashed line in Figure 5a).

Finally, in the moderate accumulation regime (Vs < Vig) Goom
shows an evolution from an exponential dependency to the quasi-
linear dependency mentioned above. The most relevant property
of this regime is that it is much broader than for the case of OMIS
capacitors, due to the role played by the ionic diffusive space
charge layers in the electrolyte, especially for low ionic concentra-
tions and/or high interfacial compact capacitances, as discussed
before.

4, Discussion

We have presented the stationary analytical physical modeling
of undoped OMES capacitors in the framework of the NPP the-
ory with the presence of compact interfacial layers (equivalent to
the Stern—Gouy-Chapman solid/electrolyte theory). This phys-
ical model includes the presence of ionic diffusive effects in
the electrolyte, which are not present in the models of OMIS
capacitors,l!l or when the Helmholtz approximation is consid-
ered OMES capacitors. The main findings of the analysis pre-
sented can be summarized in the following points:
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Figure 5. Sheet semiconductor charge, q,,,,, as a function of the source
gate voltage, Vs, for different a) ionic concentration of the electrolyte, n,
b) equivalent interfacial capacitances, ¢y, ., and c) injected hole density,
ps. The dashed lines represent the predictions obtained in the Helmholtz
approximation with ¢, = iy pquation The insets represent the same data
plotted in log-linear representation. Parameters: same as in Figure 3, un-

less otherwise stated: ¢, =4, €45 = 78, ng =10 mwm, hg,,, =30 nm, h,,.
=100 um, g = 7.3 uF cm™2, ¢y = 3.65 UF cm™2 (G .y = 2.43 pF cm™?),
dic =0C m=2, ps = 3-10"cm™3. For these parameters, Cgeom = 0.12

uF cm™2,
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OMES capacitors, as well as OMIS capacitors, show a voltage
dependent capacitance, which is limited by two asymptotic
capacitance values, namely, ¢, and cgg ;g,, given by Equa-
tions (40) and (41), respectively. The low capacitance value
is given by the series combination of the equivalent interfa-
cial compact capacitance c,,,, and the geometric semicon-
ductor capacitance c,,,,- The high capacitance value depends
solely on ¢, , In the case of OMES capacitors, the high ca-
pacitance value may not be reachable within the operational
voltage range of the capacitors since it is attained at very large
negative voltages not compatible with the operation in elec-
trolytes (see below).

The capacitance of the compact interfacial layers associated
to the Stern layers or to other types of ultrathin layers (e.g.,
functionalization biolayers, phase separated material layers,
etc.) play a fundamental role in the device response, and
their effects cannot be neglected. Stern layers associated to
the adsorption of ions, water molecules, contaminants, etc.,
typically show high interfacial capacitances (>10’s uF cm™2),
while interfacial layers associated to the presence of function-
alization layers or to phase separated material layers tend to
present smaller interfacial capacitance values (<1 pF cm™2).
These capacitance values, even if high, are much smaller
than the values that the ionic and hole diffusive capacitances
can reach for large (negative) source-gate voltages. Therefore,
the compact interfacial capacitances ultimately govern the re-
sponse of the capacitor in the strong accumulation regime,
and this is the reason why they determine the value of the
high capacitance asymptotic value. In the absence of interfa-
cial capacitances, the capacitance and the sheet accumulated
charge would increase exponentially in an unbounded (and
unphysical) way, as it happens in the Gouy—Chapman theory.
Ionic diffusive effects can play a relevant role in the volt-
age dependence of the capacitance of OMES capacitors.
Ionic diffusive effects consist in the formation of ionic dif
fusive space charge layers at the gate/electrolyte and semi-
conductor/electrolyte interfaces, whose capacitance is volt-
age dependent. As a result, the transition from the weak to
the strong accumulation regimes (moderate accumulation
regime) broadens significantly. In the absence of ionic dif-
fusive effects (when the Helmholtz approximation holds or
for the case of OMIS capacitors) the moderate accumulation
regime is quite narrow and the transition to the high capac-
itance value quite sharp. However, when ionic diffusive ef-
fects play a relevant role, the moderate accumulation regime
expands several 100’s mV. Then, it can comprise the whole
operational voltage range of the capacitor (OMES capacitors
most often cannot be biased for voltages larger than +1 V
in order to avoid the occurrence of irreversible electrochemi-
cal effects). Ionic diffusive effects are mostly relevant for low
ionic concentrations (n, < 100 mm) and/or high interfacial
capacitances (C;,; ., > 1 uF cm™?).

A "flat-band" potential V., determining the departure of the
capacitance from the low capacitance value, has been identi-
fied (Equation (35)) by using the characteristic injected hole
density pi(Equation (34)). This potential does not imply that
the potential in the semiconductor is flat, since in undoped
semiconductor devices this never happens. The "flat- band"
potential depends on the fixed charges present at the elec-
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trolyte/gate (and /semiconductor) interfaces and on the level
of injected carriers, p, (and on the difference in metal work
functions when present). Therefore, the flat-band potential is
independent from the presence of ionic diffusive effects, and
hence it is the same than for OMIS capacitors.

The NPP model considered here could be complemented by
including additional effects or phenomena such as semiconduc-
tor degeneracy effects,!!l ionic—ionic interactions and finite-size
ionic effects,**) the presence of unintentional doping, bulk
fixed charges and ionic conductivity in the compact interfacial
layers for biosensor modeling, ! ionic permeability of the semi-
conductor film, polarization of the source/semiconductor inter-
face, the presence of disorder, non 1D geometries, minority car-
riers, etc. In most of these cases, an analytical solution cannot
be obtained, and one must resort to numerical solutions of the
problems. Still, the essential aspects of the physics of OMES ca-
pacitors are expected to be captured by the theory presented here.

The frequency response of the device has not been analyzed,
here, as only stationary (low frequency) properties have been de-
scribed. The strong frequency dependence of ionic diffusive lay-
ers is expected to lead to complex frequency dependencies and
to a further departure of the behavior of OMES capacitors with
respect to OMIS capacitors.['®'7] The analysis of the frequency
dependency has been carried out by means of equivalent circuit
models.['®7] The development of an analytical physical theory
based on the NPP framework to describe them lies outside the
scope of the present work and will be considered in future works.

The comparison of the voltage dependence of the capaci-
tance predicted by the theory presented here with experimen-
tal results can be performed only at a qualitative level, due to
the lack of systematic experimental measurements performed
directly on OMES capacitor structures. While the frequency
dependency has been analyzed in some detail, as mentioned
above,[1®17] the voltage dependence has been scarcely considered
in detail.['®19] There exist some capacitance measurements per-
formed on EGOFETS (for instance in ref. [20]), which can provide
additional insight, although a quantitative comparison is more
complicated since both the electrodes and channel regions con-
tribute to the measured capacitance, making difficult to separate
the different contributions. In any case, the general trend of the
capacitance—voltage characteristic curves measured on OMES ca-
pacitors (or on EGOFETs) show the characteristic trend described
by the theory, but more experiments (e.g., by varying the ionic
concentration, using functionalization layers, etc.) would be nec-
essary to asses it against the simpler OMIS capacitor theory.

Finally, we note that the results presented here can have
some relevant implications regarding the physics of EGOFETs.
The most relevant implication is that ionic diffusive effects can
make that the linear relationship between the sheet semiconduc-
tor charge g, and the source-gate voltage V¢ (Equation (39)),
usually assumed in the modeling of EGOFETs, breaks down
within the voltage range of operation of these devices. Therefore,
the ideal quadratic Thin-Film-Transistor FET I-V characteristics
model usually used to describe EGOFETs may not hold.[?!) Con-
sequently, the definition and extraction of phenomenological pa-
rameters like the threshold voltage Vi, or the device capacitance
cp; may become ambiguous and dependent on the extraction
conditions (e.g., voltage range considered). This ambiguity can be
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especially relevant in the case of EGOFET biosensors, 8l whose re-
sponse is conventionally interpreted in terms of TFT like models
and parametrized through the extraction of its phenomenological
parameters. Further work is necessary to determine how severe
this limitation may be. On the other hand, when ionic diffusive ef-
fects can be neglected, we have shown that the Helmholtz approx-
imation can be used to describe OMES capacitors, and hence, it
is also expected to hold in the description of EGOFETs. An ana-
lytical theory for EGOFETS in the Helmholtz approximation has
been recently derived in ref. [22].

5. Conclusions

In summary, we have analyzed theoretically the static character-
istics of OMES capacitors in the framework of the NPP theory,
including the presence of ultrathin interfacial compact layers.
An analytical solution to the model has been derived and vali-
dated by means of finite-element numerical calculations. Results
indicate that the ionic diffusive space charge layers, and its volt-
age dependence, can play a relevant role for low/medium ionic
concentrations and/or large equivalent compact interfacial capac-
itances, thus making necessary its explicit consideration into the
models. Similarly, the presence of the ultrathin compact interfa-
cial layers also needs to be considered in order to avoid an un-
bounded increase of the ionic diffusive capacitance and of the
hole accumulated density in the semiconductor. The Helmholtz
approximation, or the OMIS theory, has been shown to apply only
when thes ionic diffusive effects can be neglected. The results
presented here shed some new light into the physics of electrolyte
gated organic devices, such as EGOFETs, which could contribute
to its better understanding and quantitative characterization.

Appendix A: Derivation of the Analytical Solution

In this appendix we present the derivation of the analytical solution
in Equations (14) and (15). Since the fixed interfacial charge at the
gate/electrolyte interface, g, ¢, just adds an offset, AV,g, to the source-
gate voltage, Vs, (see Equations (9) and (10)), its effect will be added
explicitly only in the final expressions after solving the model for g5, ¢ =
0. Under stationary conditions, and given the one dimensionality of the
problem, the ions and hole fluxes, J,. (z)and J, (2), respectively, are constant
(see Equations (2) and (5)). Moreover, the zero flux boundary conditions
(Equations (8)) imply that the constants have to be 0, that is, J, (z) =0
and J,(z) = 0. The null current conditions imply that the electrochemical
potentials of both the ions and the holes are constant in the electrolyte
and semiconductor, respectively. Indeed, if we introduce the chemical po-
tentials of the holes and ions for non-degenerate and dilute systems, re-
spectively, through the usual relationships.

ﬂp=ﬂps+kBT|n(£> (A7)
~ ~ ”+
i = gy T (22 (A2)

where /i, and /i, are the chemical potentials of reference associated to
the concentrations ps and ny, and then define the electrochemical poten-
tials as

b, = fi, +ep (A3)

¢+ = ﬁi tep (A4)
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it is immediate to show from Equations (3) and (6) that the electrochemi-
cal potentials ¢, and ¢, are constant in space. In the semiconductor field,
the chemical potentials are referred to as the Fermi levels and the electro-
chemical potentials as the quasi-Fermi levels. From Equations (AT1)—(A4)
the carrier densities can be written in a Boltzmann-like distribution form

bp — fips \ —ctum
p=pse><p(—>e 7 (AS)
kgT
b —fi 3 SPelec
n, = nyexp <%> ¢ T (A6)
B

For non-zero source-gate potentials, the electrochemical potentials of
the different species, ¢, and ¢, differ from each other. Determining their
values as a function of the applied voltage is part of finding the solution
to the problem. The chemical potential of the holes can also be defined
in terms of the density of states in the semiconductor and the energy of
the Highest Occupied Molecular Orbital (HOMO), when these concepts
apply. In that case, instead of Equation (A1), one would have

. - p
fi, = fiomo + kT n (N ) (A7)
HOMO
from where
. . Ps
H =ﬂHOMO+kBT|n <—) (A8)
Ps Nomo

By substituting Equations (A5) and (A6) into Poisson’s equations
(Equations (1) and (4)) one arrives at,

dz@sem eﬁS efpszm
=— exp | — ,2c <z<L 7 A9
dz? €0€sem P < kBT > s nt ( )
d* ef e
DPelec -2 0 sinh PDelec ) Z:F <z< ZE (A]O)
dz? €0€elec kgT int

where we have introduced the effective electric potential as
ep =ep—Ad (A11)

and the difference and mean electrochemical potentials as

Ap = b9 ; ¢ (A12)
¢ = —¢*J2r¢’ (A13)

Moreover, we have introduced the effective carrier densities

&= i,
fig = Ny ex A4
0 ="o P< KT ) (A14)
¢p_ﬁpS_A¢>
ps =psexp | —————— A15
s=ps ( o (r15)

As usual, a first integration of Equations (A9) and (A10) can be made
by multiplying these equations by the derivative of the electric potential
and integrating afterward. One obtains

dip 2UgThs [ —em  _Vs ds \ 2
M:i KelPs e kBT —¢ kT | + 99s , 25 <z<Z;
dz €0Esem dz int

(A16)
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2
dg 4kg T 7 edg dépg
Pelec =+ B! Mo cosh €Pelec _ cosh "G + G )
dz £0Eso kgT kgT dz

(A17)

+ -
2w S22
Note that two pairs of + signs appear, which we have drawn in different

colors (red and blue) to be distinguished. Equation (A16) can be integrated
again, while Equation (A17) can be reduced to a quadrature,

Vs
eq z z—z T kT —
—(pse"'() = —In{ atan? 4—-—( - 5)\/;+tan_1 Ye B —dallig E
kgT 2Lp, \Va
z3<z<7z, (A18)
€Pelec (2)
kg T
z—zc ==L N Zf <z<z- (A19)
e’ 2cosh()—b, e = m e
*gT

Here, we have introduced the effective Debye screening lengths

- kgTeqe - kgTege
LD — B 20~ elec, LDs — B 20~ sem (AZO)
2e%hg 2eps

and the auxiliary parameters

_ Vs d@s 2 eZD 2
— kgT _ S
ame ( dz > <kBT> A2

el (doz\’ /el \>
_ Pol (L) (o
b =2cosh [kBT] < e > <kBT> (A22)

To determine the solution of the problem one needs to determine the
derivatives d@s/dz and d@ /dz (or equivalently the parameters a and b),
the potential, @ and the electrochemical potentials bp) (;3 and A¢. To this
end, we apply the boundary and continuity conditions.

The hole electrochemical potential ¢, can be determined by imposing
in Equation (A5) the boundary conditions in Equations (7) and (13). One
simply obtains

&p = fiy —€Vs (A23)

Note, that the diffusive boundary condition implies that bp = b5, where
¢s is the electrochemical potential of the source electrode. This fact, to-
gether with the non-polarizable nature of the interface, implies that the
chemical potential related to the hole injection density equals the Fermi
level of the source fi,. = Egs. In terms of the density of states this result
implies that (see Equation (A8))

ps = Npomo exp <——> ) (A24)

where ey, = fijomo — E,s is the barrier height for hole injection, which
in a simple Mott-Schottky approximation is given by the difference be-
tween the hole ionization energy and the source metal work function, that

is, e¢bp = ’Ep - ¢m,$'
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On the other hand, the zero flux boundary conditions at the two inter-
faces of the electrolyte imply that total number of ions in the electrolyte is
constant. This constant value is given by

=

N = ng (zg = zint) = /”1dz (A25)
Z+

int

By subtracting them, one obtains

N+—N,=0=/(n+—n,)dz (A26)

int

The right-hand side of Equation (A26) can be integrated by using Pois-
son’s equation, Equation (4), to give

d(pa d(plnt
— = A27
dz dz 0 (A27)

By evaluating Equation (A17) at z;,,™ and using Equations (A11) and
(A27) one obtains

B =0 (A28)
or equivalently

Ap _ Pt PG

- > (A29)

On the other side, by adding up the carrier concentrations in Equa-
tion (A25) one obtains

%
Ny +N_=2ng (zg — zipy) = / (ny +n_)dz, (A30)
+

z;
int

which by using Equations (A6), (A11), and (A13) transforms into

_ Zg
d) - ﬁno 1 e(b 7
— = h [ e A31
eXP( kBT helec /COS < kBT >dzy ( )
-+

where we have used that z; — z;,; = h,j,.. By making the change of vari-
ables y = e@/kgT and using Equation (A17), (A22), and (A28) we arrive
at

e(bc
b L h
— Hp, 2L
Y iy Py ) . (A32)
kgT
B Petec ) V2 cosh (y) —
Finally, by using Equations (A14) and (A20) we obtain
eﬁzc
b—j o h
—H 2L
exp( — To ) 2D &d% (A33)
k h
2kgT elec Sy 2cosh (y) = b

where we have introduced the Debye screening length of the electrolyte,
Lp, as in Equation (20).
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We now impose the continuity of the displacement field at the semicon-
ductor/electrolyte interface, Equation (12). To do so, we use the expres-
sions for the derivatives of the electric potential in Equations (A16) and
(A17), and the definitions of the parameters a and b in Equations (A21)
and (A22). One arrives at the relation

PO 2,7 2
€Q. 3 Lp L

2cosh[ ] b= <_‘”"> <_D_~D‘>
kBT Celec LD LDs

€. L eQg
exp| —= + Celec 2 2cosh | —=| —b[-a (A34)
kg kgT

Cint LD

where use has been made of Equations (11) and (A28). Here we have in-
troduced the specific diffusive capacitances of the electrolyte and semi-
conductor ¢, and c,,, respectively, as defined in Equation (19) and the
Debye screening length of the semiconductor Ly, as in Equation (20).

On the other hand, we impose the discontinuity in the potential at
the semiconductor/electrolyte interface (Equation (11)). To this end, we
first determine from Equation (A18) the potential at the semiconduc-
tor/electrolyte interface

s
eqp h a kT —
% — _InJgtan? iL\/_ ttan| 2T gl (A35)
kgT 2Lp, \a

where we have used that z;,,, — zg = h,,. Then, from Equations (11), (19),
(A17), and (A22) we obtain

ed” edt L edt
int _ int T % <~—D 2 cosh —ntf_ b (A36)
kgT keT ¢t \Lp kgT

By equating Equations (A35) and (A36) we obtain

—eipg L e
c$ﬂ<~—D> (2cosh[ ]—b)

kgT Cint \Lp kgT

eVS

sem\/_ kT g

—Inqatan?| F + tan~ +ag, (A37)

20, \/;

where we used Equation (A28). Finally, we impose the boundary condi-
tion at the gate electrode, Equation (9). By using in it Equations (A21) and
(A22), which relate the derivatives of the electric potential to the parame-
ters a and b, we arrive at

€pc eV, L eP
—6 _ 270 ¢ % D [ycosh | —2 | —b (A38)
keT  keT = o6 Lp ksT

By combining Equations (A34) and (A38) we can write an alternative
expression

8(706 eVG 5 em sem LDs exp [( _ _> E(pG + S ‘c eVG

—a (A39
kT~ keT * cg Lo, ] w9

Cint kB Cint kB

With this step we completed the derivation of the analytical solution
of the problem. To render the final expressions as in Equations (14) and
(15), we introduced some changes of variables. First, we introduce the
parameters fand f as

L fing = & L v
fEL—Dzexp<—23( = ), "= LDS—exp< 2€k5> (A40)
D B D 8T
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and then the parameters f and @ as
== (A41)

With these definitions it can be shown that Equations (A39) and (A41)
read

eQ V.
e _ %% + Csem Bla—1), (A42)
kgT — kgT cG

~ sem
& = aexp [(
Cint

where we have defined « as in Equation (18). By using these changes of
variables in Equations (A18) and (A19), and after some algebra, the solu-
tion for the electric potential can be written as in Equations (14) and (15),
with the definitions in Equations (16)—(18). Moreover, Equations (A31)
and (A33) can be written in terms of the parameters fand f as in Equa-
tions (22) and (23).

To evaluate Equation (15) it is worth having the limiting values for the
potential in the electrolyte region. They are given by ¢ in Equation (A42)
and by

“’”) VB (@=T1) ] (A43)

+
e(pint — % T Csem
kgT — kgT = cint

Bla—1)—In(ap) (A44)

The charge density in the semiconductor can be calculated from the
electric potential as

_ e[esem @)-Vs]

Psem (2) = ep (2) = epse kg7 ’ (A45)

which is obtained by combining Equations (A5) and (A23). By substituting
Equation (14) in Equation (A45), and using that T+tan? (x) = 1/cos?(x), one
obtains Equation (26). For the charge density in the electrolyte, by using
Equations (A6) and the definitions in Equations (A12) and (A13), one has

qg — i . €Qs, - A¢
Psol (2) = —2eny exp ( kB'IIjO> sinh <%> (A46)

By using Equations (17), (A40), (A41), and (A43) in it one finally obtains
Equation (27).
The charge accumulated at the source electrode can be obtained as

do
qs = —€o€sem d_zs (A47)

By using Equation (14) to calculate the derivative one obtains Equa-
tion (28). For the gate electrode we similarly have
d(p_
96 = €0felec— dz + fxG =

+ —

AN do;
E0€elec dz + Afix,G = €0€sem d + Afix,G» (A48)

where use has been made of the continuity of the displacement field
through the different dielectric interfaces and of the relation in Equa-
tion (A27). By using again Equation (14) to calculate the derivative on the
right-hand side of Equation (A48) and the definition in Equation (18) one
obtains Equation (29). Finally, the charge accumulated across the semi-
conductor film per unit of area is given by

7 d(plnt d(p;
Asem = /ep (2)dz = —€0Esem dz - ? =
Zs
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Table 1. Sign convention for the analytical expressions.

Red Sign Bottom Upper Upper Bottom
Blue Sign Bottom Bottom Upper Upper
ps <ps
B (=00, 0] [0, 41] (51, 2) -
L ps <ps <pi
B - (=00, 0] 0,1 [ 5s)
ps < %PZ
B (=00, 0] [0, /1] (A1, MV (5, 0] 01
—4¢ * Gintc —9s (A49)

as it should be by charge conservation. By using Equations (28) and (29)
one obtains Equation (30).

Appendix B: Sign Convention

In the derivation of the analytical solution there appear two indepen-
dent pairs of + signs (represented in red and blue colors). Therefore, in
general, there are four possible combinations of signs. The actual combi-
nation of signs depends on the value of the parameter . We have found
that to a good approximation, the sign convention is the same than the
one found in the analysis of the solution in the Helmholtz approximation,
which is much simpler to analyze. We summarize the results obtained for
the sign convention in Table 1.

The parameters #;, B,, B3, and 4 appearing in Table 1 are, respectively,
the solutions of the following equations

e ﬂ—tan_]< 15

Tl )=o
)%

hsem 1
—tan”~ ——=1) =
2L, VA tan
hsem ] VA
B; +tan”! — = ): , (BM)
2LDs f3 2
1-1

hy, R mlt
2[__ |ﬂ4| + E |n —_— = 0,

Dsem ,/|ﬂ|+1+1

4

with p? given in Equation (35).
Appendix C: Real Analytical Expressions for § < 0.

The solution for the electric potential in the semiconductor in Equa-
tion (14) for f < 0 can be written in terms of real functions as

[
_v _ = +1-1
M = —In<{|p| coth? iu,/|ﬂ|+l|n vy — 18]
kgT 2Lp, 2. /T
181
25 SZ < Ziy
(€1
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Moreover, the function a in Equation (18) can be written as

3
‘/|ﬂ|+'|—'l

In| ————— (C2)
:
'|+‘/m+-|

The remaining functions are directly real for § < 0. To arrive at these
expressions, we used the following relationships valid in the complex plane

h
a=1-coth? | +=" /18] + 1
20,, 2

cot (ix) = i coth (x), tan™" (x) = % In <:;—);>,

In (=1) =iz, tan (X+%) = —cot (x), (C3)

coth [in (x'/2)] = —L*_ _ (©3)

Appendix D: Expressions in Terms of Incomplete
Elliptic Integrals

Equations (22) and (23) can be expressed in terms of incomplete elliptic
integrals of the first and second kind, F[¢,k] and E[¢,k], respectively, as

% \/z_b(ﬁvf) —iF ieA(Pelec (ﬁ) 2 (D_I)
U, o 4T 2GS
b(A.f)
+% (f - T) —iE ieA(pelec (ﬂ) 2 (DZ)
2o V2= (5 ) T V2B (B f)

where the elliptic integrals are defined as

¢
E(p k) = /\/1 — k2sin?0d6 (D3)
0

¢
do
Floh) = ———— (D4)
0/ V1= K2sing

Similarly, the solution for the electric potential in the electrolyte in Equa-
tion (15) can be rewritten as

z—-2zg

www.advtheorysimul.com

a T T T T T
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; . ; . — 1,00
-04 -02 00 02 04
Vs V]
— : ——— ; — 1,02
(b) 0 . =6:-10" cm”
Ps < Ds
-201
— -
407 \ 11,01
Signs Table 1 ha
—— (upper upper)
-60 - —— (upper bottom)
(bottom upper)
0 (bottom bottom)
-80- - - OMIS
= 1,00

-0,3-02-01 00 0.1 0.2 0.3
V. V]

Figure E1. Values of the parameters § (left axes) and f (right axes) as a
function of Vg, corresponding to the calculations shown in a) Figure 3a—
c and b) Figure 3d—f. The gray dashed lines represent the values of f in
the Helmholtz approximation. Different colors correspond to the signs in
Table 1.

and (23) corresponding to the calculations shown in Figure 3 for, respec-
tively, ps = 3-10"7cm ™3 and pg = 6-10"cm™3 (continuous lines). We used
different colors to represent the different ranges of signs corresponding
to Table 1. For comparison we also plotted the 8, values obtained in the
case of an OMIS capacitor (or and OMES capacitor in the Helmholtz ap-
proximation) (grey dashed lines).

+ Fi

2i {_F [ieA%/ec (h) 4

4kgT " 2-b kgT

The use of elliptic integrals enables a more accurate and fast calculation
of the expressions.

Appendix E: Values of g and ffor Figure 3

Figure E1a,b shows the values of the parameters § and f obtained from
the numerical solution of the 2 x 2 system of equations in Equations (22)

Adv. Theory Simul. 2023, 6, 2200698 2200698 (15 of 16)

l <e [Petec (2) = Vo + AV(]
2

+ eAP, 1. (B) = Csem m' L)] } (D5)

2kgT cc 2-b
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