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ABSTRACT In this review, recent advances in compact modeling of organic field-effect transistors (OFETSs)
are presented. Despite the inherent strength for printed flexible electronics and the extremely aggressive
research conducted over more than three decades, the OFET technology still seems to remain at a rela-
tively low technological readiness level. Among various possible reasons for that, the lack of a standard
compact model, which effectively bridges the device- and system-level development, is clearly one of the
most critical issues. This article broadly discusses the essential requirements, up-to-date progresses, and
imminent challenges for the OFET compact device modeling toward a universal, physically valid, and
applicable description of this fast-developing technology.

INDEX TERMS Organic field-effect transistors (OFETs), compact modeling, device physics, circuit

simulation, flexible and printed electronics.

I. INTRODUCTION

Since the first report by Tsumura et al. in 1986 [1], organic
field-effect transistors (OFETs) have been considered as
a key enabler for flexible and printed electronics [2]-[7].
The suitability of OFETs for such unconventional plat-
forms is justified at the molecular level, where a weakly
bound organic molecular solid (formed by van der Waals
interaction) offers both low-energy-budget processing (e.g.,
direct printing or low-temperature sublimation) [8]-[10]
and a low macroscopic young’s modulus (ca. 1 GPa as
compared to 130 GPa for Si) that translates into an excel-
lent mechanical deformability [11]. Initially, relatively low
charge-carrier mobility and environmental stability, which
are otherwise associated with the same molecular nature
(the weak electronic coupling and absence of covalent
bonds between molecules), was a major problem of OFETs.
Later, the tremendous efforts put into OFET materials

synthesis and device engineering have brought truly impres-
sive improvements on both fronts, making a range of
air-stable, high-mobility OFETs available for use [12]-[15].

However, the commercialization of OFETs still seems to
be slow, which we believe is partly due to the less emphasis
placed on the circuit- and system-level investigation that is
otherwise critically necessary for putting all these materi-
als and devices into the context of viable technologies and
potential real-world products. More specifically, we iden-
tify the lack of a standard compact model as one of the
most important issues that need to be addressed, to generate
a significant research momentum on circuit design and to
motivate a more balanced and sustainable development chain
for OFET technologies [16]—[18].

In this review, the principles, examples, and perspectives
of OFET compact modeling are broadly introduced. Above
all, we aim at providing sufficient basic information to both
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FIGURE 1. Conceptual representation of the general research and
development steps toward industrial applications of a new electronic
device technology.

the OFET and compact modeling communities, which will
meaningfully bridge the currently significant gap between
the two worlds. To fulfill that mission, many of our con-
tents are intended to be selective rather than exhaustive.
Nonetheless, a major strategy will be the clarification of
the model development flow coupled with apparent advan-
tages and limitations of current approaches. Following this
introduction, Section II will address the general role of com-
pact models in modern electronics research and clarify the
fundamental requirements associated with the unique prop-
erties of OFETs. Sections III and IV constitute the body of
this contribution, which will systematically re-visit reported
DC and AC compact models, respectively. Section V will
then suggest several aspects that can be a possible focus
of future modeling. Finally, Section VI will close the paper
with a concluding remark.

Il. IMPORTANCE OF COMPACT MIODELS

The compact modeling is an established topic in semicon-
ductor research and development [17]. At the same time, it is
still not so broadly concerned by the OFET community. Here,
we briefly introduce the basic concepts of compact modeling
and OFETs to further stimulate synergistic endeavors, which
will also serve as a prerequisite to understanding reported
models that will be highlighted in Sections III and IV.

A. COMPACT MODEL BASICS

A compact model of a specific device is a set of mathe-
matical descriptions that establish the relationship between
the terminal characteristics (e.g., drain current, capacitances)
and a range of materials (e.g., carrier mobility, trap den-
sity), geometrical (e.g., channel dimensions, thicknesses),
and operational parameters (e.g., temperature, voltages).
Figure 1 illustrates the foremost importance of a compact
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model as an effective bridge between the device- and system-
level outlooks. An emerging electronics technology generally
starts with the discovery or elaboration of a new material
or a new device architecture. This is often an experimental
adventure, and involves a careful optimization of materials
properties, processing, and device structures. The compact
modeling refers to a broad range of activities aimed at creat-
ing and validating a new compact model. In many cases, the
operating mechanism of a newly developed device is first
analyzed through technology computer-aided design (TCAD)
tools. These tools numerically solve relevant semiconductor
physics equations (e.g., Fermi-Dirac, Poisson’s, and continu-
ity equations) and provide a comprehensive and quantitative
relationship between terminal characteristics and a wide
range of materials and device input parameters. However,
such a numerical solution requires a substantial compu-
tational load, and therefore is not suitable for simulating
a circuit that may integrate a large number of devices.
A ‘compact’ modeling thus tries to simplify the tasks by
capturing the most essential parts of the governing mecha-
nisms into a relatively simple, and ideally analytical set of
equations. Once a compact model for a new device is suc-
cessfully prepared, we are ready to implement this model
into a general-purpose circuit simulator (e.g., SPICE), and
embark on a journey of system-level developments through
the design, simulation, and prediction of functional circuits
that contain this new device (and many other conventional
ones). Now, we briefly discuss what is required for a good
compact model.

A.1. DEVICE PHYSICS

A compact model should be supported by physical theo-
ries. While the simplification and fitting capability is a key
to compact modeling, introducing too many empirical func-
tions and parameters with no or weak physical meaning can
eventually undermine the entire validity of the model.

A.2. SIMPLE EQUATIONS

As explained above, simpler expressions with a minimal
number of parameters will benefit the process of solving for
the currents or voltages inside an integrated circuit, by raising
the chance of reaching a convergence over a short period
of time. In the same sense, descriptions without numerical
integration or derivation are of great interest.

A.3. WIDE APPLICABLE RANGE

As will be seen in Sections III and IV, the distinction between
operation regimes is not so desirable, and ideally a single
equation can be devised to cover as many regimes as pos-
sible. This will clearly reduce the number of equations and
parameters to be included in a model library. If a model was
validated through measuring a certain device, we should also
care for the model’s extended applicability to other devices
(within the same family) with, for instance, different sizes
and/or at varying temperatures.
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One may notice that satisfying all these criteria will not
be straightforward. This may partly explain why there are
different possible models for the same device, as each model
can place an emphasis on a different aspect of theories,
implementation, or applicability.

B. SPECIFICITIES OF OFET MODELING

Organic materials are truly diverse by their nature. There
already exist a large number of chemical moieties with
known semiconducting properties, while the targeted synthe-
sis of new molecules is an integral part of organic electronics
research [19]-[22]. This constitutes the first and perhaps the
most important consideration (and an obvious challenge) for
the OFET compact modeling, as we do not want to develop
a model valid for only one organic semiconductor. Also,
even the same molecule can sometimes form vastly different
solid-state film microstructures [23], [24], further challeng-
ing the universalism. Furthermore, the available options for
materials processing and device structure are many (which
can actually be an advantage in engineering) [25]-[27], so
an OFET model that accounts for all the possible num-
ber of cases can be difficult to come up with. However, if
this is something intrinsic to the technology, the efforts on
developing an OFET model, which is intended to represent
the whole range of materials and devices, should be oriented
toward figuring out what are the unique and defining features
of organic semiconductors and OFETs by comparison with
other comparable technologies. At the material level, a low
thermal carrier concentration and a low dielectric constant
can be some of these characteristics, as these can signif-
icantly affect the electrostatics of the channel [28]-[30].
At the device level, the general absence of a doped con-
tact region, two-dimensional current spreading, space-charge
effects, chemical surface traps can be critical, which can
in turn produce characteristics such as contact resistance
(Rc), bulk conductivity, imperfect saturation, and threshold
modulation.

IIl. SUMMARY OF RECENT DC MODELS

The recent progress in DC compact models has been made
in describing the gate voltage dependence of mobility and
Rc, in improving the transfer and output characteristics,
and in expanding the operation regimes from the accu-
mulation regime to the partial- and full-depletion regimes.
In Sections III-A and II-B, the models focusing on the
drift conduction are reviewed. These models are categorized
into two groups according to how the gate dependence of
mobility is incorporated. In Section III-C, models based the
drift-diffusion theory are briefly explained.

A. APPROACH BASED ON KIM ET AL [31] AND
JUNG ET AL. [32]

The drift model for drain current is generally given by

Labove = WnQ (x)d_v» (D
S dx
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FIGURE 2. Comparison between the measured OFET characteristics and
the model by Kim et al. [31] or (10) with a constant R¢ (A = 0 and
Rf._o = R¢)- Reproduced from [31].

where W is the channel width, p is the mobility, dV/dx is
the electric field along the channel, and Qg(x) is the total
charge per unit area induced by the gate voltage (Vgs) at
a distance x from the source

Q,(x) = Ci(—Vg + ¥,()). (@)

Here, C; is the insulator capacitance per unit area and ¢ (x)
is the surface potential.

By integrating (1) from source (x =0 and V = Vg = 0)
to drain (x = L and V = Vp) upon assuming a linear surface
potential along the channel, and with V1 as the threshold
voltage,

Y (x) =Vx) - Vr, 3)
we get the drain current equation as
w Vi
Labove = fﬂci[(VGS — V1)Vps — T"S} @)

This basic model is derived assuming the constant mobil-
ity along the channel as well as no Rc. In addition,
only the above-threshold regime is considered. During the

VOLUME 8, 2020



JUNG et al.: ADVANCES IN COMPACT MODELING OF ORGANIC FIELD-EFFECT TRANSISTORS

ELECTRON DEVICES SOCIETY

(2) 0.3 prerrrererrreere e (b) 2.0 pryrrrrrrrrrere
v experiment <& experiment
models
N I el 15k =~ Richards ]
PN BRI A £ 7k Meijer
NZ 0.2} N 1 G : this study
) (@] - . A
S G \\ R =RW +——— ]
= 2 10} g Vs = V|
z 3
= 0.1 B 0
Q2 '
§ 0.5F
00 1 1 1 1 oo 1 1 1 1
5 10 15 20 25 30 5 10 15 20 25 30

eff ef
|VGS-VT 1 V) |VGS-VT"| V)

FIGURE 3. Comparison between the measured mobility and the power-law
mobility model (5), and between the measured contact resistance and the
asymptotic power-law model (8) by Jung et al. [32]. Reproduced from [32].

past decades, considerable improvements have been made
to incorporate non-idealities and to describe all operation
regimes.

For example, first, the Vgs-dependence of field-effect
mobility is embraced by

20 \ves — vl 5)
Vaa
where o is the mobility prefactor, V,, is the mobility
enhancement voltage, and y is the exponent of power-law
mobility.

Second, Vpse enables a smooth linear-to-saturation tran-
sition via the transition parameter m

e —
VDS) ] ©)
Vsat
that approximated to the drain voltage (Vps) when Vps <«
Visat and to Vg when Vpg 3> V. Here, Vi is the saturation
voltage, Vsar = as(Vgs — V1), and the saturation modulation
parameter oy modulates the onset voltage of saturation.
Third, an improved output asymptotic behavior is intro-
duced by

3=

Vpse = Vs |:1 + (

Iasym = Isat[l + A(Vps — Viat)] @)

which provides solution to inaccurate overestimation of low-
voltage output conductance [Fig. 2] [31].

Fourth, the gate dependence of Rc is introduced by
Jung et al. [32] using an asymptotic power-law function
[Fig. 3],

AW
Rc = RY® + / (8)

y+1’°
eff
‘VGS v

where RZ is the contact resistance asymptote, A is the pro-
portionality factor, and V%ff is the effective threshold voltage
that contains the effect of Vpg (Vf}ff = V1 + Vps/2) [33].
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Considering the non-idealities (5)-(8), the complete above
threshold drain current model is written as

y+1
%Ci"% Vgs — Vil
Iabove = G 741
1o Ci W I ff
[1 + L‘;)Ka +R%°fCiV—Z‘L Vgs — Vrer :|
x [1+A(|Vps| — as|Vgs — VD]

V
x DS : )

1
V) Y m
[1+ (asw(;'s)s—w) ]
which is an enhancement of the Unified Model and
Extraction Method (UMEM) [34] to include symmetry
around Vps = 0 and a bias-dependent series resistance.

Finally, the total drain current model is
established [32]:

Vs — Vr)
Ttotal = Lapove X |:1 - tanh[—m + I

Ve — V1)

I total

X |:1 + tanh|:— H + Iy, (10)

where Vp is the transition voltage, Iy is the off-current, and
Isup is the sub-threshold current

In10
Iy = Isub.OeXp(_T(VGS - VT))- (1)
Here, Igp o is the drain current at threshold, and S is the
sub-threshold swing.

The benefits of these models adopting the piecewise mod-
els interwoven by a transition function are 1) the simple
and precise extraction procedures that can be used to deter-
mine all model parameters from the measured electrical
characteristics, and 2) the ease of incorporation of addi-
tional features. With a single set of parameters, these models
reproduced the measured off, subthreshold, linear, and sat-
uration regimes [7], [32]. Recently, Zhao et al. [35], and
Fan et al. [36] added the Vgs dependence of S and Vps
dependence of Iuf. Other than these modifications, most
aspects of the model are similar to those of [31] and [32].

B. APPROACH BASED ON CASTRO-CARRANZA ET AL. [37]
AND MARINOV ET AL. [38]
The models by Castro-Carranza et al. [37] and
Marinov et al. [38] are also drift-based models. However,
they implement the Vgs-dependent mobility (5) in the drift
current equation (1) before it is being integrated rather than
in (4). As a result, the current equations are slightly different
and are considered less empirical compared to the models
in Section III-A.

By integrating (1), Castro-Carranza et al. derived the
generic drain current model for the above-threshold regime:

Iabove =

W ko o Vor = Vo) = Ve | |
Lvy™ 2+y
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FIGURE 4. Comparison between the model by Estrada et al. [34] or (9)
with constant R¢ and without improved output asymptotic behavior, the
model by Castro-Carranza et al. [37] or (13), and the measured output
characteristics. Reproduced from [37].

14 1

Similarly, Marinov et al. [38] derived the drain current
equation for the accumulation regime as

Iabove = W ILO i
L Vaa
" [(VG — V= Ve)*Y — (Vg — Vg — VD)2+"]
2+y
(14)
This model, in its generic form, does not con-

sider the sub-threshold regime similar to the model by
Castro-Carranza et al. Therefore, the sub-threshold regime
is included by an asymptotic interpolation function,

W no
LV, v G

5 |:[f(VG - Vr— Vs)]2

Ip =

2+y

r —fvg —Vr— VD)]2+V:|

15)

where, with either V = Vp or V =

Vs, the function

L=10pm V.= . .
1 — Measured 6 0 0 o % A%OZC’ KA f(Vg,V) can be regarded as effective voltage overdrive
121 o TFT Compact 20 NG CU BN VEODR given by
1 2 bm a° Vos28y
101 27 o o0 gatigemesest  VEoDR(V) =f(Ve, V)
] <) o p—AT7
] A I3 Ve—-Vr—-V
< 8T v §8
3 ] I AN Vssexp(W), when Vg —Vp —V
a 1 7 o Vg =24V ss
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FIGURE 5. Comparison between the measured output characteristics and
the model by Marinov et al. [38]: TFT compact indicates the implicit
model (15). IDLM indicates the explicit injection-drift-limited model
detailed in [38]. Reproduced from [38].

By replacing Vpg in (12) with Vpg. of (6) and introducing
the output asymptotic behavior, the complete above threshold
drain current model is written as [Fig. 4]

W 2+y 2+y
vz Gl Ver = Voso®” = (V7 |

y 1+ AVps)
2+y

The UMEM [34] or (9) can be obtained from the lin-
earization of (13) around Vpg = 0. The parameters of this
non-linear model are otherwise the same as the UMEM.

Ip =

13)

1408

This model also considers the channel length modulation
in a similar approach as (10), yielding

WILOC
1

T
PTIv,

(Ve = Vi — v

14V
~ (Vg —Vr- VD)”’]—( J2r+ YDS).
(17)

In addition, this model incorporates the voltage drop V¢
across the contacts assuming a functional model of the car-
rier injection as V¢ = fc(Ip) = Vc(p). Then the generic
model (14) becomes [Fig. 5]

w
Ip = "o 2o e
L Vaa
Ve —Vr- Vep)*t? — Vg — Vi — Vp) 2
24y '

(18)
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gate-field-accumulated charge density by dividing by (V; — Vg + V1)%8.
Reproduced from [39].

This feature is advantageous compared to the model by
Castro-Carranza et al. However, the model possesses a weak-
ness that most TFT compact models have in common: the
drain current is an implicit function of Rc.

Recently, Elsaegh et al. [39] modified the model by
Marinov et al. [38] and derived an explicit function for the
contact voltage drop. This model assumes that the intrinsic
saturation-regime drain current can be written as

1 Weq
2 Len

where Weq = Wen + Whinge is the equivalent width that is
equal to the channel and fringe width, Vs; is the potential
in the channel at the location closest to the source side to
which contact voltage drop V¢ occurs. In addition, the model
assumes that the extrinsic saturation-regime drain current
including the source contact effect can be written as

_ 1 Weq
B 2 Lch + Lex

where Len + Lex is the equivalent channel length Leg.
Solving (19) and (20) with Vg grounded, Vs; could be

derived as
Len
Vsi = (VT—VG)<‘/LL - 1),
eq

Then, the authors showed that the measured drain current
normalized by the effective width and the effective voltage
overdrive (VSi—VG—}—VT)O'8 with respect to the source con-
tact potential [Fig. 6] could be fit to an exponential function
for the reverse-biased Schottky-diode model (black line).

Finally, the compact model represents the drain current as
a set of equations:

moCi(Vsi—Ve—Vr)2, (19)

Isat =

1oCi(Vsi—Vg+Vr)?, (20)

sat

1)

We
Ip = 5L yCilf (Vsi, Ve)? —F (Vi Vo)? |

T 2
x (1+X(Vpi — Vsi). (22)
Vs—Vsi
ID = tJOSWeq <e sVih — 1> (VSi — VG _ VT)Psnorm (23)
- V”Di;VD — P —_ Pdnorm
Ip =tJoaWeql € "' —1|(Vpi — Vg — V1) (24)
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FIGURE 7. Comparison between the measured (red dotted line) output
characteristics of a short channel OFET and the model (blue solid line) by
Elsaegh et al. [39] or (17)-(21): Ly, = 4 pm, W, = 200 pm. Fitting of

a long channel OFET with L, = 100 um, W, =200 um is also available.
Reproduced from [39].

where the first equation corresponds to the intrinsic model,
and the second and the third equation correspond to the
source contact current model and the drain contact current
model based on a reversed-biased Schottky-diode model.
Here, ¢ is the effective injection length, Jos is the current
density underneath the gate-source overlap, Joq is the same
underneath the gate-drain overlap, the gate-drain overlap, Vi,
is the thermal voltage, 5, is the nonideality factor, Pgporm 1S
the charge-normalization power factor at the source contact,
and Pgnorm 1s the same at the drain contact. In the case of
inverted staggered OFETs, ¢ is equal to the overlap length
Loy. On the other hand, ¢ is equal to the thickness of the
source/drain contacts. This model shows a good agreement
with the measured transistor characteristics [Fig. 7].
Although the generic models by Castro-Carranza et al. and
Marinov et al. are meant to cover the sub-threshold regime as
well as the above-threshold regime, the approaches using the
linear-to-saturation transition voltage Vpse and the effective
voltage overdrive Vpopr are empirical. However, since the
terminal charge models are available in an analytical form,
these models establish an important foundation for quasi-
static AC models for OFETs as will be discussed later.

C. DRIFT-DIFFUSION APPROACH

Recently, there has been an alternative approach to includ-
ing both sub-threshold and above-threshold regimes in the
drain current model by a direct solution of drift-diffusion
equation [40], [41]:

dv  kgT dQS(x)) 05)

Ip = WIL(Qs(x)E + 7 dr

The approach by Colalongo [40], which includes variable
range hopping, requires numerical resolution of a non-linear
equation. The approach by Hain et al. [41] leads to an analyt-
ical closed-form model based on the Lambert’s W-function.
In this model, charges in shallow traps are treated as quasi-
free carriers transported by the drift-diffusion mechanism,
while the hopping transport is taken into account by an
effective power-law mobility. The Schottky barrier effect
(non-linear injection) is incorporated by considering a non-
linear resistance in series to Rc, and by including the
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total resistance in the effective mobility as a second-order
correction [42]. Compared to the models in Sections III-A
and III-B, the method of solving the drift-diffusion equa-
tion supports the sub-threshold regime in a more physical
rigorousness way. On the other hand, numerical approaches
may compromise the ease of parameter extraction. Also, the
approximations used upon the solution and derivation must
be examined carefully.

IV. SUMMARY OF RECENT AC MODELS

Previous AC models for OFET adopt the quasi-static
approach from MOSFETs. The quasi-static assumption is
that the rate of change of the biasing is slow enough, so
that at any time and position in the channel the charges
are identical to those under DC biasing [43], i.e., it does
not consider frequency effects. The first aim of recent
AC model for OFETs has been to encompass all opera-
tion regimes [37], [44]. The second aim was to describe
the frequency dependence of C — V characteristics [45] and
experimental validation of such behavior [46].

A. APPROACH BASED ON CASTRO-CARRANZA ET AL. [37]
The model by Castro-Carranza et al. [37] is a quasi-static
and continuous model in the entire above-threshold regime
for the complete nine nonreciprocal capacitances:

200, . .
Cj= = 26
j av, 1#] (26)
00;
j av, 1=] (27)

where i and j refers to any of the three electrodes of the
OFETs, i.e., gate G, drain D, and source S.

This model includes intrinsic capacitance and extrinsic
capacitances caused by the physical proximity of the gate and
the source or drain. The gate-source and gate-drain overlap

capacitance is calculated as
Cov = WLovC; (28)

The total capacitances are written as

2+ p)A1A
Coc = WG+ )| 1- EFPAA | oey 29)
3+ y)A3
WLC;(2+ y)
Cep=—"""7—"""
A
o |y 2+ 7)(Var — Vpse) 7743
GT B+ y)Az
+ Cov (30)
WLC;(2+ y)
Cop=—""75—""
Ay

X [(VGT — Vpse) T + (4 +2p)

x (Var — Vpse) 7V Np1 — NDZ] + Cov
(31)
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FIGURE 8. Model by Castro-Carranza et al. [37]. Comparison of Cgg, Cgp.
and Cgg in (a) linear regime (Vgg = —30 V) and (b) saturation regime
Vgs = —10 V. Reproduced from [37].

WLG (2 + p)
Cog=—"7—"
AZ
[y @r2Nbedr @ +yIVerAs
Az B+

2
- VG?'AZ} + Cov (32)
as a function of the gate-source overdrive voltage Vgrs =

Vgs — Vr and the effective drain-source voltage Vpse (6),
where Ay, Az, A3z,

A1 = (Vr — Vpse) '™ — Vi (33)
Ay = (Vor — Vpso ™™ — V! (34)
A3 = (Vor — Vpse)* ™ — Vi (35)
and Npi, Np2, Npg, B, D,
VEEY A B
Aot = [(3 TP ZV)Az] G0
Npz = Vi (Ver — Vpso)*? (37
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2+y
B Vit As
Npg = - _GT 38
pe [<5+2y> <3+y>} oo
B = (Vgr — Vpse) St — vl (39)
D = (Vgr — Vps)* ™ — Vi (40)

Compared to the previously reported models [47], [48],
this model abides by the charge conservation rule by which
other 5 capacitances Cgs, Cps, Csg, Csp and Css could be
determined completely.

By introducing Vpse to this model, the authors achieved
a smooth transition from linear to saturation regime. Thereby,
this model provides better fit to simulated C-V characteristics
[Fig. 8] compared to [47], [48]. Furthermore, this model is
also under the framework of the UMEM [34]. Therefore,
central parameters, such as Vr and y, are common to the
DC model. Other fitting parameters, such as m* that adjust
knee of the output [-V characteristics and 8 that adjust the
onset of the saturation, are also common. This implies that
the quantitative analysis can be done on these parameters
using the AC characteristics of the device.

B. APPROACH BASED ON MARINOV AND DEEN [44]

The model by Marinov and Deen [44] is also a quasi-static
and continuous model in the above threshold regime for the
complete nine reciprocal capacitances.

2+ 1+y
Cee = WLCi|:NG{1 +(1— E)%}
2 + 2+y
_ (1—5)%} 41)
[ e+pe™| e+t
Cgp = WLCG; NG: e } - Saalt
_ (42)
i 2+ 1+y
Cpp = WLC; ND{I +2(1— y)%}
Q2+ gt
¢ )’)W}, (43)
Q2+ y)E'"t” 2 + p)&2tY
Cpg = WLCG; |:ND{2 T §2+r } _ — EZ—i—y ’
(44)
as a function of the non-saturation factor &,
Ve _ Ve—Vr—Vp s)

" Vers Ve-Vr—Vs’

where VgTp and Vgrs are the effective gate-drain and gate-
source overdrive voltages with the voltage parameter Vss &~
0.4322 + y)SS,

Ve —Vr—Vpys
Verp/crs = Vss |:1 + eXp<V—ss/>] (46)
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FIGURE 9. Model by Marinov and Deen [44]. Comparison of Cgg, Cgp. and
Cgs in (a) linear regime (Vpg = —2 V) and (b) saturation regime
Vps = —20 V. Reproduced from [44].

NG, Np, and Ng are the normalized terminal charges:

24p\[(1-8%

Ng = , 47
2+ 3 3+ 542
ND_<2+y>ﬁ—§+y+ﬁ5+y )

3+y <1_§2+y)2 ’

3+ 2 2+ 542
NS_<2+y A = A M
3+}’ (1_£2+y)2 ’
(49)

This describes the capacitances well for both linear and
saturation regimes [Fig. 9].

It is a major contribution that the authors provided the
circuit simulation results of a ring oscillator as well as
Verilog-AMS translation of this compact model. The authors
emphasized that the numerical errors are critical in prac-
tice and provided with a solution. For example, errors that
occurs when subtracting large and similar values of Vgrp
and Vgrs as well as dividing by zero when Vp = Vg could
be resolved by normalization of terminal charges in (47)-(48)
and by addition of proportional parts in the numerators and
denominators.

Despite the significant merits of this model, partial- and
full-depletion regimes are not dealt as in the previous model
of Castro-Carranza et al.

C. APPROACH BASED ON CASTRO-CARRANZA ET AL. [45]
Castro-Carranza et al. extended the quasi-static model from
the accumulation regime (i.e., above-threshold regime) to
the partial- and full-depletion regimes (i.e., sub-threshold
and off regimes) and included non-quasi-static effects, i.e.,
the frequency dependence of C — V characteristics [45]. The
authors also provided a comparison between C — V charac-
teristics from the compact model and the measurement.
First, this model includes the equivalent capacitance Ceq
which considers the depletion capacitance Cp of the organic
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500 Hz .
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FIGURE 10. Comparison between the measured (symbols) C — vV
characteristics of the PMMA/PCDTBT OFET and the model (solid lines) by
Castro-Carranza et al. [45] at different frequencies. Reproduced from [45].

semiconductor in series with the gate insulator capacitance
C; in deep sub-threshold regime:

CpGCi .
Co+Ci° if Vgs > Vr

C =
o G;, if Vgs > Vr

(50)
where Cp = &,LW/Wp, & is the permittivity of the semi-
conductor layer, L is the channel length of the device, W

is the channel width of the device, and Wp is the depletion
width

& el 2e4Vgs — Vrl

Wp=—34 |55
P G; Ci2 qNp

(5D
where Np is the semiconductor concentration which is
~ 10" ¢cm™3 in non-intentionally doped molecular semi-
conductors and upto 10'7 cm™3 in polymer semiconductors.

Then, the total capacitance is formulated by the sum of
the capacitances in the accumulation regime Cgg and in the
depletion regime Ceq joint by a tanh function:

— tanhpg — tanhg

1 1
CGGrotal = |Ceq| > + [Cqal >

where 8 = (Vgs+AT)Q», and At is the shift in the threshold
voltage of the C — V characteristics at different frequencies,
and Q> is a transition parameter.

Second, this model considers the frequency dependence
of the accumulation capacitance to the applied ac signal. An
empirical formula by Cole and Cole describes the variation
of the dielectric constant,

(52)

€i0 — €ico

€i = €ico + 1.78p
1+ (L)

(53)
2ny

where ejo and ejoc are the permittivity at very low and
very high frequencies, respectively, and w is the angular ac
frequency. For the dielectric constant of PMMA, the fitting
parameters were n = 207 and p = 0.22. By putting (53)
into (52), the authors formulated the frequency-dependent
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capacitance. In [46], the transition between the subthreshold
and the above threshold regime was smoothened by a con-
tinuous interpolation function as an effective gate voltage
overdrive.

The model accurately describes all gate bias domain
and all operating regimes at low and medium frequencies
[Fig. 10]. This model is shown valid for typical OFETSs upto
10 kHz. At high frequencies, non-quasi-static effects are
significant [46]. These effects are experimentally observed
in the first derivative of Cggiotal Versus Vgs plot, which
manifest in a more complex manner in accumulation regime
compared to the depletion regime [Fig. 11]. Modeling these
features by means of other physical models beyond the
frequency dependence of the dielectric constant of the gate
insulator is required. In [49], an equivalent circuit model
was presented to account for all non-quasi-static effects in
OFET capacitors.

There are also other emerging concepts and approaches for
AC modeling. For instance, Leise et al. [50] proposed an ana-
Iytical closed-form model in the Lambert’s W-function for
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FIGURE 12. Prediction made by a physical contact resistance model.
Reproduced from [58].

the quasi-mobile charges [41]. This was further extended to
account for the multi-finger contacts and fringing effects by
introducing the effective channel and gate widths [51]. The
model was in good agreement with experimental data in both
linear and saturation regimes under quasi-static operation.

V. KEY REQUIREMENTS FOR FUTURE DEVELOPMENTS
The two previous sections clearly demonstrated the remark-
able progresses made for OFET compact modeling. However,
there are a number of remaining challenges, for further
improving both the theoretical robustness and practical appli-
cability of the models. Here, we critically assess some of
the representative issues that can be a direct focus of future
modeling work.

A. PHYSICAL MODEL FOR MOBILITY AND CONTACT
RESISTANCE

Most of the published models take the power-law mobility
of the form similar to (5). This offers a capability of captur-
ing the widely observed gate-enhancement of mobility into
a simple, fully analytical expression [52]. Strictly speaking,
such a mobility is only exact for the charge transport medi-
ated by an exponential density of states (DOS). Therefore, its
accuracy can be insufficient for disordered semiconductors
with a Gaussian DOS [53], [54]. Ideally, a universal function
that can support any possible DOS and transport scenar-
ios, for instance through an embedded tuning parameter, is
worth seeking, but this may not be simple to derive consid-
ering the difficulty in extracting an analytical formula out
of a non-exponential DOS [55].

The Rc is another important characteristic of OFETs [56].
As its impact on device performance 1is broadly
accepted [14], incorporating an improved physical Rc model
into a compact modeling framework becomes a timely strat-
egy. Recently, Kim and Horowitz published a fully analytical
Rc model [Fig. 12] that illustrates its functional depen-
dence on both mobility (u) and charge-injection barrier
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FIGURE 13. (a) Cross-sectional illustration and (b) circuit diagram with
multi-component overlap capacitances of the printed 3-D organic
complementary inverter, and (c) measured and simulated transient output
voltage of an 11-stage ring oscillator. Reproduced from [64].

(Ep) [57], which is later extended to projecting the theoret-
ical frequency limit of OFETs [58]. The advantage of such
an approach is to be able to correlate a major macroscopic
feature to an interface injection phenomenon. This or other
related functions can later be incorporated into both DC
and AC equations, which can also possibly include a sec-
ondary correlation of Ej with several existing parameters
other than Rc.

B. DEFINING THRESHOLD VOLTAGE

The Vr is a well-established concept in classical field-effect
transistors. In contrast, even its existence and origins are
still highly debated in OFETs. As a result, some com-
pact models choose to include V1 as a stand-alone fitting
parameter, yet others indirectly describe the channel for-
mation. However, a functional breaking down of Vr and
its incorporation into an OFET model is highly desirable,
as it will allow for a simple calculation of the charge
density based on its proportionality to the gate-overdrive
voltage. In this regard, fundamental research on understand-
ing Vr and its application to compact models will remain
as a valuable research subject. For instance, previous studies
suggested influential phenomena for an OFET Vr as a mobil-
ity enhancement [59], space-charge effects [60], Ey [33],
and the transistor layout [61]. We also note that the possible
variety of Vr extraction methods is not much addressed in
OFETs [62], which is otherwise critical to both the precise
definition and modeling application of Vr [63].

C. DEDICATED EFFORTS ON PRINTED ELECTRONICS

Printing is a low-cost route to fabricating OFET circuits,
which is believed to be one of the most promising techniques
that fully leverage the unique properties of organic elec-
tronic materials [26]. Therefore, the future OFET modeling
can more directly reflect the specificities of printing process
and printed devices. For instance, the minimum feature size
of printed device layers is generally larger than that of pho-
tographically prepared ones. This can imply a considerable
shift in the range of focus in a device model. For instance,
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channel dimensions and overlap capacitances can be sig-
nificantly high in printed transistors. Recently, Jung er al.
reported on the modeling-driven design and simulation of
printed organic circuits, directly addressing such critical
issues as shown in Fig. 13 [64]. The printing-based fabrica-
tion has also pushed the development of three-dimensionally
integrated circuit layouts [10], [65], [66] which is a smart
way to overcome the limited transistor-per-area density. For
such a new stream of technology, an advanced compact
model can seek the systematic ways to incorporate the
potential vertical interaction between transistors and expected
impacts of multi-component overlap capacitances.

VI. CONCLUSION

The OFET technology stands at the crossroads of devel-
opment. Despite the dramatic progresses made for device
performances, the competition with other technologies is
increasing, making the bright future of OFETs questionable.
This review tried to merge and re-direct the accumu-
lated scientific knowledges on various aspects of OFETSs
in envisioning their successful commercialization. Although
there are numerous challenges to get there, we believe
that transforming the well-established, but mostly scattered
understanding and theories on transport, morphology, con-
tacts, and interfaces into a unified compact model can be
a key milestone. It is our expectation that the systematic
overview and critical discussions provided in this article will
promote further investigations on either refining the reported
approaches toward more applicable and reliable ones or cre-
ating entirely new approaches. In any case, the organic circuit
development will be substantially accelerated when a fully
validated, generally accepted model becomes available in
a wide range of design and engineering activities. This may
in turn cast a fresh new momentum, on reviving or even
boosting the potential of OFETs in a future characterized by
flexible, mobile, easy-to-fabricate, and functionally tunable
electronics.
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