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Modeling of the Electrical Characteristics of an
Organic Field Effect Transistor in Presence of
the Bending Effects

Yi Yang, Robert A. Nawrocki, Richard M. Voyles, and Haiyan H. Zhang

Abstract— An analytical model incorporating the density
of trap states for a bendable organic field effect transistor
(OFET) is presented in this paper. The aim of this work is to
propose a novel modeling framework to quantitatively
characterize the bending effects on the electrical properties
of an OFET in the linear and saturation regimes. In this
model, the exponentially distributed shallow trap states are
introduced into the Poisson equation to describe the carrier
transports in the channel. The carrier mobility takes into
account the low field mobility enhancement under gradual
channel approximation and high field degradation. As a
result, the generalized current-voltage transistor equations
are derived for the first time to reflect the transconductance
relationships of the OFET with trap states. In addition, an
electro-mechanical coupling relationship is established per
the metaphorical analogy between inorganic and organic
semiconductor energy band models to quantify the stress-
induced variations of the carrier mobility, and the threshold
voltage. It is revealed that the before- and after-bending
transconductances, predicted from the derived analytical
model, are in good agreement with the experimental data
measured from DNTT-based OFET bending tests.

Index Terms—Bending stress, carrier mobility, density of
trap states, electro-mechanical coupling relationship, organic
thin-film transistor, transconductance.

|. Introduction

ORGANIC thin-film transistors (OFETSs) are fast becoming an
intensive research topic, over the last few decades, due to
its extensive applications in the manufacturing of
biocompatible and stretchable sensors or actuators [1]—[9]. The
rapid development of OFETs is not aimed at achieving the
same-level circuit performance brought by the silicon-based
transistors, but at reducing the cost of low-end electronics by its
potential to replace silicon with potentially inexpensive organic
alternatives [10]. Another benefit of OFETSs, compared to
inorganic TFTs, is their unprecedented physical flexibility
[11]-[13]. The commercial deployment of physically flexible
organic electronics requires a fast and accurate gauge of OFET-
based circuit performance in the process of electronic design
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automation (EDA), but investigating the analytical model of the
OFET is a continuing concern within the semiconductor
industry. A considerable amount of literature has been
published on the modeling of OFETs. Initial analysis of OFETs
relied on models developed for MOSFETSs [14]-[19]. However,
they cannot accurately describe complex OFET behavior, for
instance determining the threshold voltage V;; and mobility p,
as they do not incorporate effects such as trap states nor the
intrinsic difference between MOSFETs and OFETs. It was
shown in [20]-[22] that the OFET’s field-effect mobility
extracted from the standard MOSFET equations is significantly
overestimated. Former investigators have examined the effects
of trap states on the modeling of OFETs. For instance, the finite
element based program was developed in software device
simulation Silvaco to solve the carrier transport equations with
trap effects [23]. In a later work, a Matlab based analytic model
with trap states was also developed, and it was shown that both
the Matlab and finite element analysis models exhibit a good
agreement with reported experimental measurements [24]. Up
to date, multiple trap-states OFET models have been proposed,
including the variable-range hopping transport model with
double-exponential trap states [25], the surface potential based
HiSIM-Org model [26], the compact OFET models with
variable channel length or variable density of trap states [27],
[28], the low-voltage Pentacene based UOFET model [29], and
the experimental verification of density of trap states in OFET's
[30], [31]. Granting the improved accuracy in the
characterization of OFET’s electrical properties provided by
these OFET models by considering the effects of trap states, a
generalization of the OFET’s transconductance characteristics
and effective mobility model is still largely missing.
Furthermore, there are few studies to date that have investigated
the association between mechanical deformations and the
stress-induced variations of OFET’s electrical properties.
Although some research has been carried out on the strain-
induced electrical characterization of MOSFETS by resorting to
quantum theory [32]-[38], the precise physical formulation of
electro-mechanical coupling relationship within the organic
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Fig. 1. The structural schematic of a BGTC OFET. N(E)

semiconductors (OSCs) still remains a challenge. The
development of cheap, light, thin and flexible electronics
necessitates the precise modeling of OFETs under mechanical
deformations. This work was motivated by the need to develop
a generalized transconductance characteristics and its
associated mobility model in presence of the bending effects on
the OFET.

In this work, we propose a novel compact model for a DNTT-
based (a p-type OSC) OFET. In this model, we show that the
OFET’s effective mobility is enhanced in the low field region
and degraded in the high field region due to drift velocity
saturation and effects of trap states. The current-voltage
characteristic equations are generalized for the first time to
account for the existence of tail donor-type trap states. The
bending-induced shifts on the effective mobility and the
threshold voltage follow a group of semi-empirical equations
by analogously applying strained theories developed for
MOSFETs. The model is verified by showing that it is in a good
agreement with a measured DNTT-based OFET under bending.
This work is likely the first to explore the physical modeling of
a bendable OFET. The modeling approach developed in our
work facilitates the electrical characterization of OFETs and
foster the industrial procedures of EDA for flexible electronics.

Il. STRUCTURES AND COMPACT MODEL OF OFET

The OFETs are typically made up of three types of materials:
the electrode conductors, dielectric insulators, and the OSCs.
As shown in Fig. 1, OFETs have four different layouts [39].
Because compared with the other layouts the bottom-gate, top-
contact (BGTC) OFET demonstrated improved performance,
specifically its carrier mobility and the I,, /I, ratio, in this
study, the BGTC OFET is presented for analysis [40].
However, it should be mentioned that the modeling approach
proposed in this work is applicable to the other three types of
OFETs as well.

In the BGTC OFET, the two neighboring electrodes (source
and drain islands) are patterned on top of the soft OSC
dinaphtho[2,3b:2°,3’-f]thieno[3,2-b]thiophene (DNTT), and
the dielectric layer (Parylene) is positioned below and isolating
the semiconductor from the bottom gate. The OSC materials are

(b)

Fig. 2. (a) Simplified energy band diagram for a p-type inorganic
semiconductor with ionized donor sites (red) and ionized acceptor sites
(blue). (b) Simplified energy band diagram for a p-type organic
semiconductor with continuous distributions of deep and shallow trap
states, N(E) is the density of states at energy level E.

conducting polymers or irregular crystalline (polycrystalline or
amorphous) with grained boundaries. In contrast to traditional
inorganic semiconductors (ISC, e.g., Si, Ge, As, etc.), OSCs
(organic materials include small and large molecules, such as
polymers) are mainly macromolecules with carbon as core
elements and possess localized trap Energy levels due to strong
o and m bonds formed by carbon atoms. In ISCs, it is a
convention to name the lowest energy level for mobile holes or
electrons as valence band (E,) and conduction band (E.),
respectively. Per the metaphorical analogy, the OSCs have two
important energy levels HOMO (Highest Occupied Molecular
Orbit) and LUMO (Lowest Unoccupied Molecular Orbit),
which forms the bandgap E; = E;yyo — Exomo-

A detailed comparison for the energy diagrams of organic
and inorganic semiconductors is shown in Fig. 2. As displayed
in Fig. 2, the OSCs contain a substantial number of trap energy
levels (i.e., trap states) in the bandgap, while the ISCs do not.
According to the charge properties, the trap states are divided
into two classes: the donor-type trap states that are distributed
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near LUMO, and the acceptor-type trap states that are located
around HOMO. Due to their specific positions in the energy
gap, the donor-type trap levels can capture holes from LUMO,
and the acceptor-type trap levels can seize electrons from
HOMO. The massive number of trap levels in the OSCs reduces
the number of majority carriers in the accumulation layer of the
semiconductor channel and thereby limits the current
conduction capability in OFET. In the modeling of OFET, both
of the density of states (i.e., holes and electrons) and the density
of trap states (i.e., donor-type and acceptor-type trap states)
need considering.

A. Carrier Density and Surface Potential Modeling

For a semiconductor in equilibrium conditions, the carrier
concentrations n and p are temperature dependent and given in
(1) and (2),

E,ymo — E
n(r) = N(T) exp (- 22— ()
p(T) = Ny () exp (L= 120) @

where N; and N,, are effective density of states (DoS) in LUMO
and HOMO band, respectively, and are constants depending on
electron effective mass, pole effective mass and temperature.
Ef is the Fermi level, k is the Boltzmann constant and T is the
temperature in Kelvin. In the derivation of charge carriers’
concentrations, it is assumed that the semiconductor is
nondegenerate and Boltzmann statistics can be applied to
specify the probability that an available state at an energy level
E will be occupied by a charge carrier. This nondegeneracy
assumption is valid for an OSC since it is usually undoped,
making its Fermi level more than 3kT away from both the
HOMO and LUMO levels. The product of electron and pole
concentrations establishes an important formula that describes
the carrier concentration n; in the intrinsic semiconductor, as
shown in (3).

E
nf = n(Dp(T) = N(DN(T) exp (~ %) 3)

As shown in Fig. 2, regardless of the acceptor- or donor-type,
the trap states in deep levels are approximated by Gaussian
distribution and the shallow trap states by exponential
distribution. The density of states for tail/shallow-level
acceptor-type (TA), tail-level donor-type (TD), deep-level
acceptor-type (GA) and deep-level donor-type (GD) traps are
respectively given in (4)-(7),

9raE) = Nry exp (——1200) @
9r0(8) = N exp (2222 —2) )
Goa(E) = Ny exp (— (%)) ©
960 (E) = Nop exp <— (%)) ™
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Fig. 3. The anatomical structure of a BGTC OFET with coordinate
system positioning along the active channel.

where Ny, , Nyp , Ngyu and N;, are band edge intercept
densities. Wy, , Wrp , Wea s Wep » Ega and E;p are physical
parameters that need tuning in simulation. For p-type OSCs, the
donor-type trap states in the shallow level (i.e., TD traps) are
more important than other three types of trap states since TD
traps are close to the band edges of HOMO and its continuous
trapping and detrapping of free holes from HOMO have a great
influence on the majority carrier concentrations in the channel.
The ionization probability of trap states is derived from
Boltzmann statistical mechanics. Since we focus on the
modeling of TD traps for the p-type OSCs in our study, we only
present the ionization probability function f;, (E) for TD traps,
as given in (8).

fro(E) =

1+ oo () ®

In order to obtain the ionized density of trap states, we need
to evaluate the integral f_:o 9o (EY(1 — frp(E))dE. Here, we
let wyp = kT, , where T, is the characteristic temperature for
TD trap states. It can be easily verified that the integral is
divergent if T; < T. Then, the integral is evaluated for T; > T,
and the ionized density of TD trap sates is given in (9),

Enomo — Ef
9tp = Nrpo(T) exp (—) )
kT,
and the edge intercept Nypo(T) of ionized TD trap states is
given in (10),

K2T?

Nypo(T) = a(T)NTDW (10)

kT

where a(T) is a dimensionless parameter depending solely on
the temperature to compensate the integration errors, and
a(T) =0.8 ~ 1.
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We consider a BGTC OFET with its anatomical structure
shown in Fig. 3. When the bias voltage is applied to the gate
electrode, the majority carriers may concentrate in a thin
channel (typically only few angstroms for OSCs) near the
dielectric-semiconductor interface, and this thin channel is
called the accumulation layer (the red part in Fig. 3) of the
OFET. The Poisson’s equation is then utilized to describe the
electric potentials in the semiconductor, as given in (11),

q _
V2<p=—g—(p—n+N5—NA)

S

(11)

where ¢ is the electric potential in the semiconductor, N7 is the
concentration of ionized donor-type particles, and N, is the
concentration of ionized acceptor-type particles. Since OSC is
approximately intrinsic and TD traps are assumed to be the
major defect levels in the energy band, we haven = 0, N, =
0, and Nj = g+,. Substituting (2) and (9) into (11) gives the
electric field E (x, y)in the OSC, as given in (12),

2kTN, 12)

E(x,y) = F(p)

S

where the electric potential ¢(x,y) is evaluated from implicit
potential function F(¢) given in (13).

/.9 qe nf o ae  qe
F((p)—[(e kT +k_T_1)+N_}%(ekT_k_T_1)
i (13)
+M(e—2—£_1)]
N, T

If we let y = 0, the surface potential @5 = ¢(x,0) can be
obtained. By considering the continuity of charge flux on the
dielectric-semiconductor interface, the gate voltage I, can be
analytically solved and it is given in (14).

KS
I/:gs = @5+ K_oons + Vfb (14)

where K, K, are the dielectric constants of the OSC and
Parylene, respectively. x,, is the thickness of dielectric layer, E
is the surface electric field, and Vfb is the flat-band voltage
depending on the metal-semiconductor workfunction
difference.

The analysis of OFET devices is entirely different from
MOSFETs. For a p-channel MOSFET working in enhancement
mode, a negative bias is applied on the gate to create an
inversion layer on the semiconductor-dielectric interface. The
inversion layer on the interface will provide a conduction
channel for the transports of minority carriers (i.e., holes in p-
channel/pnp MOSFET.) between drain and source. In the
enhancement-mode operation of a p-channel OFET, however,
a negative gate bias V;; will produce an accumulation layer on
the semiconductor-dielectric interface, and the majority carriers
in p-channel OFET, i.e., holes are transported within this
accumulation layer. Fig. 4 demonstrates the relationships

4
10%* T . T T T T 25
1022 4 —x— Vs when Vi, = 0
E Vgs when Vi, =2 L 20
102 4 —o— Vs when Vi, = 4| |
Vys when Vi, = 6 |
10" 4 15
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e —
(\_) 106 4 2/
> 1 F10 o
< 10" >°‘
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1 0
108 4
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2 1 0 1 2 3
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Fig. 4. Variation of surface electric field as a function of surface potential
(left), gate voltage versus surface potential for different values of flat-
band voltage, only cases with positive flat-band voltages are presented
(right).

developed in (12) and (14). As we can see, the formation of an
accumulation layer in a p-channel OFET requires a negative
surface potential, and as a result, the gate voltage is also
reversely biased when V¢, = 0. An additional observation is
that the positively increased flat-band voltage may give rise to
depletion-mode operation of OFET, in which a positive gate
voltage needs to be applied to deplete the accumulation layer
and turn the device off. For a nonideal OFET model, the
relationship between V; and ¢; may slightly deviate from
(14). For example, the V;.-¢5 curves may shift left in Fig. 4 and
the accumulation-depletion transition point will be negative
(s < 0) instead of zero. This nonideality results from the
nonuniform distributions of surface potential (¢, varies along
x direction), the nonzero backside potentials and other
systematic modeling errors. We will compensate this
nonideality in the simulation by uniformly shifting ¢, left and
applying gradual channel approximation to estimate the
variation of ¢, along x direction.

B. Carrier Mobility Model

The effective carrier mobility in the active layer of an OFET
is described by either the hopping energy model or the band-
like carrier transport models [4], [41]. The hopping mechanism
for charge carrier transport in disordered OSC was developed
few decades ago [42], and recent research revealed that the
hopping mechanism gives rise to a similar carrier mobility as
the truly diffusive band-like transport models [43], [44]. In this
work, the band-like transport models are adopted to model the
effective carrier mobility in the organic DNTT. The carrier
mobility within a semiconductor is inversely affected by
multiple types of scattering events. For instance, the lattice
scattering involves motion-impeding collisions between mobile
carriers and thermally agitated lattice atoms, and the ionized
impurity scattering results from the Coulombic interactions or
direct collisions between mobile carriers and donor/acceptor-
type trap sites. In the mobility modeling for semiconductors,
different mobility models are usually required to be
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concatenated in Matthiessen rule to account for distinct
scattering effects in the channel. Specifically, for OSCs the
ionized impurity scattering plays a dominant role in
determining the overall effective mobility due to the existence
of an enormous amount of ionized donor/acceptor-type trap
sites in the carrier transport channel. A well-known mobility
model for OSCs is the Poole-Frenkel (PF) model [45]. The PF
model considers a field-induced exponential enhancement in
the mobility and its expression is given in (15),

=)o (1)

where [, is the zero-field nonactivated mobility related to OSC
properties, A is the zero-field activation energy, f and y,, are
fitting parameters, and E,, is the electric field parallel to the
channel direction. The Coulombic interactions among trap sites
and mobile carriers are characterized by Coulombic scattering
model [46], which is given in (16) and (17),

(15)

T \15
L) 16)
Hep VBHp
Nrp 111(1 + VBHp) — m
and
N1P ( T )ALPHAp a7
y = | —
BHp = N, \300

where N1P , N2P and ALPHAp are fitting parameters in
Coulombic scattering model, T is channel temperature in
Kelvin, N, is the band-edge intercept density of TD traps, and
Ny, is the effective density of HOMO states. Besides these two
models, an additional field-dependent mobility model to make
sure the saturation of carrier drift velocity under high field
should be considered, i.e., Caughey-Thomas (CT) model [47],
and it is given in (18),

Ho

(1 (uoEH)BETACT>BET1ACT
+ —_—
Usat

where Vg, is the saturated drift velocity in the parallel-to-
channel direction for mobile carriers, EII is the parallel
component of the electric field and BETACT is the fitting
parameter in CT model. According to Matthiessen rule, the
overall effective mobility i, ¢ in OFET is determined by (19).

Uer =

(18)

1 1 1 1
=—F+—+—
Uerr  HUpr  HUcp HMcr

(19)

The effective mobility of DNTT with different TD trap
densities is calculated and the simulation results are shown in
Fig. 5. It can be observed that the effective mobility of holes in
DNTT is enhanced within the low field region (E¢fr < 4 X 10*
V/em). In high field region, the drift velocity of holes is limited

=
by
= A“TT]) = IOIQCHIA3
Z\“TTI) = 1020C1n_3
0.1+ — A“YT]) = 10210111_3
— [‘VT[) = 10220111_3
LV’I‘D = 10230111_3
0.0 T T T T T
0.0 4.0x10* 8.0x10* 1.2x10° 1.6x10°
Eep(V/em)

Fig. 5. Resultant effective mobility within DNTT versus effective
electric field under different density of trap states.

and finally saturated as the motion impeding collisions among
high-field accelerated holes and semiconductor surface, ionized
trap sites or agitated lattice atoms become severe. While the
drift velocity of holes is saturated in high field region, the
effective mobility will demonstrate a tendency of degradation
as electric field increases. In addition, Fig. 5 also presents the
comparisons of resultant effective mobility of holes under the
impacts of different TD trap densities. As indicated in Fig. 5,
the adverse effects on the effective mobility of holes become
evident as the density of TD trap states Ny, exceeds the
effective density of HOMO states, which is N, =2 X
102cm™3 in our case. This decrease in mobility for increasing
Nrp is reasonable since the increased density of trap states
raises the probability for ionized impact scattering taking place
in the DNTT.

C. Current-Voltage Model

Consider the OFET device shown in Fig. 3 with channel
length L and channel width W . The thickness of the
accumulation layer at location x is denoted by y,(x). Since in
reality y,(x) < L, we can neglect the changes of charge
concentrations in the y direction and thus the electronic charge

per cm? is given by Q,(x) =q [ D+ gi)dy ~ qv,
(p + g7p) - The positive charges in Q, include mobile holes
and ionized TD trap sites, and its relationship with applied gate
bias and dielectric capacitance is given in (20),

Qp(x) = Cox(‘(gs - Vth - V(X)) (20)
where C,, is dielectric capacitance per unit area of gate, Vy is
the applied gate bias, V,, is the threshold voltage and V (x) is
the channel potential with respect to source along x direction.
Substituting expressions for p and g7, from (2) and (9) into
(20), we obtain the charge-voltage equation in (21).
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p+pT/h M - Cox (V

N ) qya

—Ven = V() 21

Since the density of ionized trap states is much larger than
mobile hole (carrier) concentrations in OFET, the first term on
the left of (21) can be neglected. Upon calculations, the carrier
concentration in the channel is simplified as (22).

Cox (Vgs - Vth - V(x)) i

qYalNrpo

For a medium/long channel device, the carrier diffusion is
negligible. In this response, we only consider the drift motion
of carriers as the major source of current flow in the channel. If
we further assume that the changes of electric field in x
direction is trivial with respect to changes in y direction (i.e.,
gradual channel approximation), the channel current can be
determined by (23).

(22)

p =N,

Ya (%) dv
1(x) = —pepsWQq - ( f p(x, y)dy> : d;x)
0

(23)

By substituting (22) into (23) and integrating both sides of
(23), we get the channel current in (24),

(qYa) ™ ttep s W Ny C,.
= a eff . ox [(Vds+Vth_Vgs
r+ 1)LNTD0

- (Vth - VQS)VH]

y+1
) 24

where y =T, /T is the parameter to quantify the relative
magnitude of trap state densities in the channel, and V; is the
drain-to-source voltage drop. Furthermore, if we apply Taylor
expansion to (24) about V;; = 0 and preserve the first order
terms in the expansion, it is found that (24) can be simplified to
a more explanatory form shown in (25).

(qY)" 7 tep s W N, C,.
- R (s — ViV

LN;/DO (25)
— )_/ V2 ]
2 ds

I, =

Letting y = 1, it can be easily proved that N, and Np, are
approximately the same in magnitude. Thus, the generalized
current-voltage model in (24) and (25) for OFETs degenerates
to the model for inorganic MOSFETS, as presented in (26).

_ Pleffwcox

1
Iy = =2 (= Vo lVas =5 VE|  @0)

When the magnitude of V,;; exceeds (I{qs - Vth), the pinch-
off will take place in the accumulation layer and the drain

current will become saturated. The generalized current-voltage
model in the saturation region is then given in (27).

TABLE |
MODEL PARAMETERS USED IN OFET EQUATIONS

Symbol Quantity Values Specified in Simulation
K dielectric constant for 3.0
semiconductor
Ko dielectric constant for 3.9
insulating materials
Xo thickness of dielectric ~ 64 nm = 6.4 X 107 cm
layer
Ny, effective density of 2x10%* cm™3
HOMO states
L channel length 100 um
w channel width 1000 pm
Cox dielectric capacitance 5.3955 X 1078 F/cm?
per unit area
y relative trap states Variable ~ 1,1.1,1.2,1.3
numbers
A activation energy in 0.2eV
Poole-Frenkel model
B fitting parameter in PF 3,79 x 10-2 eV - ,/cm/V
model
Ypr fitting parameter in P~ 1 x 1075
model
Uo free hole mobility 0.5cm?/(V-5s)
N1P fitting parameter in 8.1 x 101t
Coulombic scattering
model
N2P fitting parameter in 4% 1013
CSM
ALPHAp fitting parameter in 3.4
CSM
Nrp band-edge intercept of 1 x 10%*® ~ 1023 cm™3
TD traps
YBHp dependent parameter 4.05 x 1071 cm?
BETACT fitting parameter in CT 1
model
Vsar saturated velocity in 640 cm/s
CT model
Ya nominal thickness of 5nm =5x10"7 cm
the accumulation layer
Nrpo band-edge intercept of 3.6 X 1020 cm™3
ionized TD traps
dg thickness of substrate 154 nm = 1.54 X 1075 cm
ds thickness of the active 30 nm
layer
X the relative Young’s 15.36 GPa/2.8 GPa
modulus of active
layer to substrate
n the relative thickness 0.195
of active layer to
substrate
1(8,¢p) Piezoresistive 7.57 X 107° Pa~!
coefficient
Zq dilation deformation 210.5eV
potentials at HOMO
edges
Eu uniaxial deformation 330eV
potentials at HOMO
edges
Ino leakage current —4.139 X 1073 pA (Pre-bent)
—5.24 x 1073 pA (Post-bent)
n slope parameter 11.2/7.373 (Pre-/Post-bent)
a fitting parameter 3.374/0.5551 (Pre-/Post-bent)
(qya)l_yﬂeffWNhC(})/x y+1
Ipsar = — (Vth - Vgs) (27)

r+ 1)LN}/D0

In the derivation of the generalized Current-Voltage model
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Fig. 6. Atlas 2D device simulated potential contour profile to explain

the model working under applied bias V;; = —1.5V and V; = =3 V.
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Fig. 7. Atlas 2D device simulated current flow contour profile shows
the accumulation layer of the OFET model working under applied
bias Vge = —1.5V and ;s = =3 V.

for OFETs, the thickness of the accumulation layer y, (x) may
not be uniformly constant along x direction in real cases. Thus
¥, in the model should be considered as the nominal thickness.
It should be mentioned that the analytical model developed in
this work cannot explain the OFET characteristics in the
subthreshold regime. For Current-Voltage model in the
subthreshold regime, we consider (28), a variant form of [48],

Va® ViV
o =" (1) e (Z7)

where I, is the leakage current, V; = kT /q is the thermal
voltage, n is the slope parameter, and « is the fitting parameter.

(28)
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o
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=
®
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Fig. 8. Atlas 2D device simulated hole concentration contour profile
under applied bias Vg; = —1.5V and Vg = =3 V.

D. Electro-mechanical Coupling model

Strains inside the semiconductor can result from phonon-
agitated lattice vibrations, lattice mismatches during film
growth in epitaxial heterostructures, intrinsic strains in thin film
depositions, and external loads [35]. The development of strain-
induced electro-mechanical coupling relations is significantly
more complicated in OFETs compared to MOSFETS since the
bonding and antibonding mechanisms for organic materials
bring more unprecedented modeling errors than inorganic
materials (e.g., Si, Ge, GaAs, etc.) with periodical crystal
structures. In this regard, we adopt method of superpositions
and propose a semiempirical model to characterize the bending
effects on electrical performance of OFETs. Consider the OFET
model shown in Fig. 3, the mechanical strain developed on the
top of the active layer is evaluated by (29) [49], [50],

_ (ds + df> (1 +2xn +xn?) 29)

2R (1 +n@+xm)

where d; and d are the thickness of substrate and active layer,
respectively. y is equal to Y /Y, the ratio of active layer’s
Young’s moduli to substrate’s Young’s moduli. 17 is d¢/d and
R is the bending radius (curvature). In the experiment [51], the
substrate and dielectric layers are both Parylene, the gate (gold)
electrode is negligible in thickness so we can treat the total
thickness of the dielectric layer and the substrate layer as dg in
the calculation of bending strains. Implied by Drude’s mobility
model, strain impacts on mobility by interfering the scattering
process. The interfering mechanism in MOSFETs can be
mathematically formulated with the help of quantum mechanics
[34], [35]. In this work, we brief those convoluted quantum
descriptions, and it is found that a semiempirical expression in
(30) can be utilized to correlate surface strain € and mobility
shift Auerr,
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Fig. 9. Drain current versus gate-source voltage characteristics under
different y values, the theoretical curve with y =1.3 is in good
consistence with pre-bent experimental data. V is fixed to =5 V.
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Fig. 10. Drain current versus drain-source voltage characteristics under

different y values, the theoretical curve with y =1.3 is in good
consistence with pre-bent experimental data. V; is fixed to =3 V.
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where I1(6, @) is the piezoresistive coefficient, 8 and ¢ are
parametric angles dependent on the crystalline structure and
manufacturing layouts of semiconductors. C is the normalized
stiffness constant and ¢ is the surface strain.

Strain also affects threshold voltage in another way. The
channel strain will alter the band structure, including the ending
conduction/valence band splitting, energy gap narrowing and
band warping, etc [35]. It was proven that the threshold voltage
shift due to strain is given by (31) [52],

Nz(O)]} 31)

1
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Fig. 11. Comparison of measured (symbols) and generalized

theoretically modeled (y = 1.3) drain current as a function of source-
gate voltage for fixed V;; = —5 V, both pre-bent and post-bent cases
are illustrated.

where AEy gy is the shift of HOMO band due to strain, AE is
the change of band gap, N,(¢) is the effective LUMO density
of states under strain €, and m (~ 1.2 — 1.4) is the body-effect
coefficient. For a p-type OFET, the contribution from LUMO
band is too small so that the last term in (31) can be neglected.
The deformation potential theory gives the shifts on HOMO
band and band gap as (32) [53],

1
AE, ~ AEyomo = (Ed + §5u) - tr(e) (32)

where E;, E,, are dilation and uniaxial deformation potentials
at the HOMO band edges. tr(¢€) is the trace of strain tensor. By
superposing Au,rr and AV, to (24) and (27), the bending
induced variations on the transconductance of a p-type OFET
can be quantitatively characterized. Therefore, the pre- and
post-bent characteristics can be simulated with the help of a
system of equations formed by (19), (24), (27), (28), (30) and
(31).

IIl. EXPERIMENTAL VERIFICATION AND DISCUSSIONS

The basic components of a BGTC OFET are sketched in Fig.
3. The bending test is achieved by laminating the encapsulated
OFET onto a pre-stretched elastomer, which is then relaxed.
The film forms wrinkles due to stress/strain at the interface of
soft-but-thick elastomer and hard-but-thin OFET stack [13],
with the conformal nature of the lamination correlated with the
film thickness. The minimum bending radius (radius of
curvature) is estimated at ~2 pm from SEM images. The
fabrication and bending details are specified in [51].

To wvalidate the theoretical model, we implement the
simulation in Silvaco Atlas and extract fitting parameters by
inspecting the measured transconductance curves. Silvaco Atlas
can solve Poisson-Nernst-Planck (PNP) system of PDEs at each
node in a two-dimensional meshed domain, with its boundary
conditions automatically implemented in the software core [41].
The modeling/fitting parameters, material properties of organic
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and generalized

semiconductors and dielectric materials are summarized and
listed in Table 1. The simulated potential contour plot and the
current flowlines in the OFET operated under applied bias
Vas = —1.5Vand Vg = =3V, are shown in Fig. 6 and Fig. 7,
respectively. It can be observed in Fig. 6 that the variation of
potentials in the channel along x direction is more evident than
its changes along y direction. This is due to the gradual channel
approximation adopted in the current-voltage model. Since the
channel length is much larger than the channel thickness, a
comprehensive potential drop along x direction may still give
rise to a trivial parallel electric field in comparison to its
perpendicular component. As depicted in Fig. 3, the OFET
should maintain an accumulation layer on the surface of the
dielectric-semiconductor interface to provide a surface channel

for current flows. Fig. 7 demonstrates the simulated contour of
the accumulation layer and suggests that the thickness of the
accumulation layer should be around 5 nm in our case, which
agrees with [54]-[56]. Fig. 8 portrays steady state hole
concentrations in the OFET, which implies that the
recombination of the majority charge carriers is way more
active than their generation in OSCs.

Fig. 9 shows a transconductance curve, that plots the drain
current versus gate-source voltage, under different y values,
and Fig. 10 displays the output curve, that plots the drain current
versus drain-source voltage, under different y values. With y
increasing from 1 to 1.3, the density of trap states emulates and
exceeds the density of LUMO states. The immense number of
ionized trap sites will impede the hole transports and reduce the
drain current flows in the channel. As a result, the drain current
in y = 1.3 is reduced to about 1/9 of the drain current iny =
1. Moreover, it can be observed that the theoretical curve for
y = 1.3 also demonstrates a better fit to the pre-bent
experimental data except for the vicinity around the threshold
voltage, which implies that the generalized theoretical model
when y = 1.3 can accurately simulate the quantity of traps in
our real OFET in the linear and saturation regimes. The trap
concentration in the generalized theoretical model can be
adjusted by y and Nyp, independently. The levels of Ny, can
influence the magnitude of carrier mobilities, as we discussed
previously in the establishment of the mobility models. The
values of ¥, in another way, modify the OFET transconductance
characteristics by directly maneuvering the generalized current-
voltage model.

Fig. 11 compares the measured (red circles and green squares)
and the theoretically modeled (black solid and blue dashed lines)
Iy, versus V¢ characteristics, both for the cases of pre- and
post-bent OFETs, with V;, fixed to —5 V. In the theoretical
model, we consider the strain-induced shifts in the threshold
voltage and the carrier mobility by superposing the results of
(30) and (31) to (24) and (27). It can be seen that the theoretical
model (y = 1.3) validated in the pre-bent case is also valid for
the post-bent case if we set the electro-mechanical coupling
model with parameters listed in Table 1. The pre- and post-bent
theoretical models are both produced with the ionized TD trap
density Nypo = 3.6 X 1029 cm™3. The TD trap density Ny, is
determined by Ny, and y according to (10), and the resultant
effective mobility within DNTT is then adjusted by Ngp .
However, it should be noted that the theoretical model is much
better fitting the experimental measurements at the high V¢
region (i.e., linear and saturation regimes). As demonstrated by
the inset transconductance curves in Fig. 11, our model fails
within a small transitional region between subthreshold regime
and linear/saturation regimes. This is because at the high Vj
region, the Fermi level is bent towards to the band edge of
LUMO, leading to a closer distance between TD trap sites and
LUMO edges. In this sense, the capturing and decapturing of
holes in TD traps will prevail among all four types of trapping
activities (i.e., TD, TA, GD, GA.). At the low Vgs region, the
Fermi level is positioned close to deep level trap states, and thus
GA and GD traps will play more important roles than TD traps
in the trapping and detrapping of carriers. Since we also utilize
(28) to remedy the OFET behaviors in the subthreshold regime,
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our model only loses its control within a small transitional V¢
region.

Fig. 12 compares the measured (red circles and green squares)
and the theoretically modeled (black solid and blue dashed lines)
145 versus V¢ characteristics, for the case of pre-bent OFETs,
with V, fixed to 0, —1, =2, —3, —4 and —5 'V, respectively.
Similarly, the post-bent I;; versus V;, characteristics under
different fixed Vi is sketched in Fig. 13. It is shown in both
figures that the generalized theoretical models (y = 1.3) are in
good agreement with the measured experimental data. Further
analysis reveals that the non-effective mobility p.rr is
enhanced from 0.5 cm?/(V-s) to 0.57 cm?/(V-s) , with
average effective mobility increased from 0.43 cm?/(V - s) to
0.49 cm?/(V - s), and the threshold voltage V,, is shifted from
—1.12Vto —0.62 V, if we compare the pre- and the post-bent
transconductance curves. Another important observation is that
I, is no longer zero for Vy = —1V, due to the magnitude of
the threshold voltage shrinking to less than V;; when bending
takes effects.

IV. CONCLUSION

An analytical model to characterize the electrical properties
of a bendable OFET is presented in this paper. The model is
developed by considering the trap states in the OSCs and
incorporating the stress-induced shifts on the effective mobility
and the threshold voltage into the generalized current-voltage
model. With the p-type OFET operating in enhancement mode,
an accumulation layer is formed within the semiconductor at
the interface with the dielectric layer, to transport the majority
carriers (i.e., holes) between source and drain electrodes. The
concatenation of field-dependent Poole-Frenkel model,
Coulombic scattering model, and Caughey-Thomas model in
the Matthiessen’s style, is an effective way to account for the
effective mobility with enhancement behavior in the low-field
region and degradation behavior in the high-field region. The
levels of trap states in the generalized current-voltage model
can be adjusted by varying parameter y in the equations. It is
verified that the generalized physical model when y = 1.3 can
accurately explain the experimental measurements for both the
pre-bent and post-bent DNTT-based OFETs in the linear and
saturation regimes. The generalized OFET model is physically
based, and the model parameters can be easily extracted or
quickly fitted from limited experimental data. Likewise, the
bendable OFETs with different layouts, or made from different
OSCs, can also be precisely characterized by this generalized
model. Another contribution of this work is that our model can
predict the stress-induced behaviors of the OFET devices with
different bending radii.
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