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Density-of-States-Based Physical Model for
Ink-Jet Printed Thiophene Polymeric TFTs
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Abstract— We proposed a physical model for ink-jet
printed polymeric thin-film transistors (PTFTs) all over
the sub- and above-threshold regions by using an effec-
tive carrier density. The nonlinearity under the low lateral
electric field in the printed thiophene PTFTs was repro-
duced by applying the back-to-back Schottky diode model
based on simple Poole–Frenkel (PF) mobility formalism. The
analytical I−V model supplemented with C−V model in a
single framework was also verified by successfully repro-
ducing the measured characteristics of TFTs with three
different thiophene polymeric channel materials. Addition-
ally, we applied the physics-based analytical model on the
inkjet-printed PTFT-based inverter and confirmed that the
proposed models could predict the inverter circuit charac-
teristics of the gain and static noise margin (SNM) based on
the physical parameters.

Index Terms— Analytical model, effective carrier density,
inverter, nonlinearity, polymer, Poole–Frenkel (PF), Schot-
tky, thin-film transistors (TFT).

I. INTRODUCTION

ORGANIC thin-film transistors (OTFTs), where organic
semiconductors, including small-molecule (oligomer)

and macromolecule (polymer), are served as active channel
materials, are under intensive research and development
for applications in large-area and flexible electronics due
to their low-temperature and low-cost printing fabrication
capability [1]. In spite of the advantage of the simple
solution-based process, however, the organic semiconduc-
tors have been hard to be characterized with a widely
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accepted model owing to the lack of physical understand-
ing and their process-dependent variations showing the
wide-range of mobility (10−5 ∼ 10 cm2/Vs) [2], [3].
Especially, considering the impact of their industrial appli-
cations, the models should be supplemented for high mobility
(∼1 cm2/Vs) organic channel materials.

Since the pioneering work of the analytical model for
the charge transport in the organic semiconductors has been
performed by using single trap level near band-edge [4], there
have been much elaborate efforts on the trap-related analytical
models for short channel OTFTs with an equivalent circuit [5],
mobility extractions based on the various distribution of
subgap density-of-states (DOSs) from organic semiconduc-
tors [6]–[9] in terms of the process- and material-dependent
organic channel characterization. However, although all of
these analytical approaches retain their physical validity at
the moment, many controversial arguments that are deviated
from the given physical model have arisen since high mobility
organic semiconductors where non-linear or super-linear trans-
port is dominant under specific condition have been recently
reported [10], [11]. Therefore, it is still necessary to develop
the physics-based and widely-applicable analytical model with
more details for carrier transport in various organic channel
materials, which can be advanced for predictable OTFT circuit
design toward the compact models [12]–[14].

In addition to the channel modeling in OTFTs, the contact
resistance modeling is another important issue to describe the
non-linearity under small drain bias, which has been originated
from the inherent Schottky contact formation in OTFTs due to
the limited doping process for ohmic contact [15], [16]. While
Schottky contact resistance in OTFTs has been modeled by the
antiparallel Schottky diode model assuming its barrier height
[17], [18] or investigated by the physical barrier height [19],
the complete Schottky contact modeling with experimentally
extracted or physical barrier height incorporated into the
analytical model has been rarely developed. As an initial work,
we presented a numerical and analytical model [20], [21],
and extended to circuit-level simulation for a specific polymer
channel material [22].

In this work, we developed an analytical OTFT model
that is verified by three different thiophene-based polymeric
TFTs (PTFTs) with P3HT, short for regioregular poly(3-hexyl-
thiophene), PQT-12, short for poly(3,3���-didodecyl-
quaterthiophene), as well as P(8T2Z-co-6T2Z)-12, short
for poly[(tetryldodecyloctathiophene-alt-didodecylbithiazole)-
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Fig. 1. (a) Three different types of polymer semiconductor inks used
in this study; P3HT, PQT-12, and P(8T2Z-co-6T2Z)-12. (b) Schema of
the coplanar structured PTFT fabricated with inkjet-printing. (c) Optical
images of the fabricated PTFTs and the integrated diode-load and
VGS-zero type inverters on a glass substrate.

co-(tetryldodecylhexathiophene-alt-didodecylbithiazole)] as
an active channel layer [Fig. 1(a)] [20]–[23]. In detail,
analytical I−V model incorporating DOS-controlled effective
mobility model considering physical trap-related effective
carrier density based on the observation of a field-dependent
Poole–Frenkel (PF) effect (Section III-A), back-to-back
Schottky diode model with physical barrier height for the
nonlinearity under small drain bias (Section III-B), and
analytical C−V model describing the junction depletion
and gate capacitance (Section IV) are developed in a single
framework of the analytical model. Moreover, the DOS-based
circuit characteristics of PTFT inverters are successfully
investigated and predicted from circuit simulation by using
the proposed model (Section V).

II. DEVICE FABRICATION PROCESS

For the experimental verification, we fabricated the coplanar
structured PTFTs by using ink-jet printing [Fig. 1(b)] and
integrated inverters on a glass substrate [Fig. 1(c)]. The
sputter-deposited molybdenum (Mo) was photolithographi-
cally patterned for a gate electrode. Then, a 300-nm-thick
silicon dioxide (SiO2, Cox = 10 nF/cm2) was deposited
by plasma-enhanced chemical vapor deposition (PECVD)
as the gate dielectric. The source and drain electrodes
(Au: thickness ∼50 nm) were deposited by e-beam evapo-
ration and patterned again by photolithography. Before inkjet-
printing of the polymer semiconductor inks, the surface of
the gate dielectric was treated with octadecyltrichlorosilane
(ODTS) self-assembled monolayer (SAM) for a hydropho-
bic channel area. Three types of polymer semiconduc-
tor inks [0.2 wt% in Tetralin (1,2,3,4-tetrahydronaphthalene)]
were printed by Dimatix inkjet-printer to form an active
layer [20]–[23] and annealed at 150 ◦C for 1 h in N2 ambient.
The thickness of all the polymer films (Tpolymer) was confirmed
to be ∼30 nm by the focused ion-beam scanning electron
microscope (FIB-SEM). The bandgap (Eg) that is being syn-
thesized in the polymer semiconductor has dependence upon
the type and fabricating condition of the molecule, as well as
the material property of the gate insulator. Here, it was used Eg
of 1.9 eV, permittivity of 3 × ε0, 8.5 × 1018 cm−3 eV−1 for
the effective hole density of state (NV) [24], and the measured
values of C−V for doping concentration (NA) [25]. Typical

TABLE I
STRUCTURAL AND EXTRACTED MODEL PARAMETERS FOR ANALYTICAL

I − V MODEL WITH DIFFERENT CHANNEL MATERIALS

Fig. 2. Plots of DOS versus energy from valence band for the respective
polymer semiconductor; P3HT, PQT-12, and P(8T2Z-co-6T2Z)-12.

geometric parameters of used devices are listed in Table I.
Electrical measurements of the PTFTs were performed with
Agilent 4284A LCR meter and 4156C semiconductor analyzer
for C−V and I−V characteristics, respectively.

III. ANALYTICAL I − V MODEL

A. DOS-Controlled Effective Mobility Model

For the polymer channel layers, the energy-dependent
donor-like DOS [gD(E)] over the bandgap is modeled as a
superposition of exponential deep and tail states as follows:

gD(E) = NTDe(EV −E)/kTTD + NDDe(EV −E)/kTDD (1)

where EV is the valence band maximum, NTD(NDD) and
kTTD(kTDD) are the effective density of states and the char-
acteristic energy, respectively, for the donor-like tail (deep)
states in the valence band. Note that a Gaussian DOS is actu-
ally better to represent disordered polymer semiconductors.
However, the exponential DOS is still applicable for highly
crystalline thiophene-based polymer semiconductors used in
this study [20]. Fig. 2 shows the extracted DOS curves
of three different polymer semiconductors from the multi-
frequency C−V spectroscopy and their fit curves with the
model (1) [20]–[22]. Assuming that the trapped holes ptail
in the tail states dominate the localized hole density ploc(=
pdeep + ptail) in gD(E) since the bulk Fermi-level EF at
the thermal equilibrium is close to EV, the trapped holes



LEE et al.: DOSs-BASED PHYSICAL MODEL FOR INK-JET PRINTED THIOPHENE PTFTs 285

Fig. 3. (a) Plot of ln (IDS/VDS) versus |VDS|1/2 from the measured data
in the PTFTs of P3HT, PQT-12, and P(8T2Z-co-6T2Z)-12. The straight
lines fit for the curves in high VDS. (b) Measured I−V characteristics
of PTFT with source-polymer-drain region modeled as a back-to-back
Schottky diode while the gate bias VG is not applied (floating).

ploc, as well as free holes pfree in the valence band, can be
expressed as [24]

ploc ∼= ptail = NTDkT f (T, TTD)

× exp(−q(φ(x) − VCH(y) − φF0)/kT0)

where

f (T, TTD) =
{

π/ sin(πT/TTD), T0 = TTD : T < TTD

(T/TTD − 1)−1, T0 = T : T > TTD
(2)

pfree = NV exp(−q(φ(x) − VCH(y) − φF0)/kT ) (3)

where φ(x) is the potential across the polymer layer, VCH(y)
is the lateral potential along the channel, and qφF0 is EF–EV.
To describe the gate bias (VGS)-dependent charge density
ρ(x) in the polymer, we propose the effective hole density
peffi(x) as

peffi(x) ≡ Neffi exp (−q(φ(x) − VCH(y) − φF0)/kTeffi) ,

i = 1 or 2 (4)

ρ(x)

q
≈

⎧⎪⎨
⎪⎩

ptail ≡ peff1(x) : VT < VGS < VFB

ptail + pfree ≡ peff1(x) : VGS ≈ VT

pfree ≡ peff2(x) : VGS < VT

(5)

where Neffi is the effective hole density in the valence band,
and kTeffi is the effective characteristic energy with i = 1 or 2
for the sub- or above-VT region. So, from the 1-D Poisson’s
equation of ∂2φ(x)/∂x2 = −qpeffi(x)/εP based on the pro-
posed effective hole density peffi(x), the electric field EP(x)
in the polymer is obtained by using ∂[(∂ f (x)/∂x)2]/∂x =
2[∂ f (x)/∂x]·[∂2 f (x)/∂x2] as follows:

E P (x) = −∂φ(x)

∂x
=

√
2NeffikTeffi

εP

× exp(−q(φ(x) − VCH(y) − φF0)/2kTeffi). (6)

The free charge QFREE and total charge QTOT per unit area
as a function of φ(x) can be obtained to be

QFREE(φ(x)) = q
∫ φ(x)

φ(x=TP )

pfree(φ(x))

E P(φ(x))
dφ(x)

= A∗ exp(q B∗(φ(x) − VCH − φF0)) (7)

where A∗ = NV
√

εP

B∗√2NeffikTeffi
, B∗ = −

(
1

kT
− 1

2kTeffi

)
QToT(φ(x)) = εP E P(φ(x))

= √
2εP NeffikTeffi

× exp(−q(φ(x)−VCH−φF0)/2kTeffi). (8)

Next, in order to obtain the VGS- and VDS-dependent channel
mobility μP(φ(x)), we combined (7) and (8) and the equations
are inserted to a field-dependent PF mobility model

μP (φ(x)) = μBand exp

(
β

√ |VDS|
L

)
QFREE(φ(x))

QToT(φ(x))
(9)

where β =
√( q

kT

)2 q
απεPε0

, α = 10

with μBand = the valence band mobility, β = PF factor, and
α = effective field factor. Since the PF model is originated
to describe the thermionic injection from the electrode to
semiconductor bulk, it can explain the carrier transport from
the contact to the semiconductor channel in a consistent way.
Also, the PF model is simple with a relatively small number of
physical parameters compared to other frequently used equa-
tions, such as the percolation model suggested by Vissenberg
and Matter [25] or the Gaussian distribution model (GDM)
proposed by Bässlera et al. [26]. Fig. 3(a) clearly shows that
ln(IDS/VDS) decreases with |VDS|1/2 having linear relation,
which represents that the PF effect is dominant conduction
mechanism at high VDS in our PTFTs.

B. Schottky Contact Model

The Schottky effect, which affects the resistance and capac-
itance existing the contact between metal and the polymer
semiconductors, becomes more significant for the polymer
semiconductor with larger output current. In order to describe
the nonlinear I−V characteristic in the linear region of PTFTs,
the source and drain contacts to polymer channel are modeled
as back-to-back connected Schottky diodes in an analytical
current model. For rigorous modeling of these Schottky con-
tacts, characterization of the Schottky barrier height (φB)
was carried out through the measured I−V characteristics,
as shown in Fig. 3(b) with the following equations from the
thermionic field emission current (ITFE) [27]:

φB = E0

q
ln

(
AA∗∗T 2√π E00(qφB)

ITFE0kT

)
(10)

E0 = E00 coth(E00/kT ), E00 = �

√
NA/4m∗

PεP (11)

where A, A∗∗, T, k, h̄, q, NA, m∗
P, and εP are the contact

area, the Richardson constant, temperature, the Boltzmann’s
constant, the Planck constant, the electric charge, acceptor
density, the hole effective mass, and the permittivity in the
polymer, respectively. With the structural and extracted model
parameters summarized in Table I, we obtained the effective
Schottky barrier height (φB) for each channel material. In
detail, the parameter of ITFE0 is extracted from the thermionic
field emission current equation by applying the strong lateral
field in the gate floating condition [Fig. 3(b)]. Then, the para-
meter of φB is extracted from (1) based on the well-known
A∗(= 120 × (m∗

p/m0)) at room temperature as well as the pre-
viously reported and structural parameters of A, E0, E00 [27].
These experimentally extracted φB confirm the Schottky con-
tact formation in the fabricated PTFTs while the ideal contact
assumption results in the ohmic contact from the known values
of the electron affinity of polymer (χpolymer) = 3.2∼3.5 eV,
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polymer bandgap (Eg) = 1.7∼2.1 eV, and Au work function
(WFAU) = 5.1∼5.47 eV. The positive physical barrier height
leads to the nonlinearity under small drain bias, which will
be demonstrated in the experimental results, by the following
Schottky current equation (ISchottky) as:

ISchottky = AA∗∗T 2 exp(−qφB/ηkT )

× (exp(q(VSchottky)/ηkT ) − 1) (12)

where η is the ideality factor, VSchottky is the voltage difference
across the respective reverse- (VSchottky_R) and forward-biased
(VSchottky_F) Schottky contact.

C. Drain Current Model

For the current equation, the drain current IDS is
described by

IDS = W
dVCH

dy
μBand exp

(
β

√ |VDS|
L

)
A∗Nv

2NeffikTeffiC∗

× exp(qC∗(φS − VCH(y) − φF0)) (13)

with C∗ = −(2/kT − 3/2kTeffi). Gauss’ law applied to the
boundary between the polymer and gate insulator, gives a
nonlinear relation between VGS and the surface potential at
polymer/gate insulator interface φS through (6) and (8) as

VGS = VFB + φS + QToT(φs(y), VCH(y))

Cox
(14)

∂VCH(y)

∂φS(y)
= 1 − 2kTeffi

q(VGS − VFB − φS)
(15)

with VFB = the flat band voltage and COX = the oxide
capacitance per unit area. By integrating (14) over the gate
region for a channel I−V model, the analytical drain current
equation by the drift of holes in the polymer channel can be
derived as

IDS(Neffi, kTeffi)

= q
W

L
μBand exp

(
β

√ |VDS|
L

)
A∗Nv

2NeffikTeffiC∗

×
∫ φS D

φSS

(
COX(VGS − VFB − φS)√

2εP NeffikTeffi

)−2C∗kTeffi

×
(

1 − 2kTeffi

q(VGS − VFB − φS)

)
dφS(y)

= W

L
μBand exp

(
β

√ |VDS|
L

)
A∗Nv

2NeffikTeffiC∗

×
(

COX√
2εP NeffikTeffi

)−2C∗kTeffi

×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

(−2C∗kTeffi + 1)
× {(VGS − VFB − φSS)

−2C∗kTeffi+1

−(VGS − VFB − φSD)−2C∗kTeffi+1}
− 1

−qC∗
{
(VGS − VFB − φSS)−2C∗kTeffi

−(VGS − VFB − φSD)−2C∗kTeffi

}

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(16)

Fig. 4. IDS–VGS characteristics in (a) linear scale and (b) semi-log scale.
(c) IDS−VDS characteristics and (d) output conductance are compared
with the measured ones for the fabricated PTFT with P3HT, PQT-12, and
P(8T2Z-co-6T2Z)-12.

Finally, from (16) where i = 1 or 2 denotes the respective
operation regime for the sub- or above-VT region, the channel
current (IDS,ch) for the PTFT can be expressed by the inverse
limiting equation of the sub- (IDS_sub) and above-VT current
(IDS_above) as follows:

1

IDS,ch
= 1

IDS_sub(Neff1, kTeff1)
+ 1

IDS_above(Neff2, kTeff2)
(17)

where IDS_sub and IDS_above have an identical form. Since
this inverse limiting equation has been originated from DOS-
controlled mobility edge model, it is validated to be used in the
relatively high mobility PTFTs with non-linear or super-linear
transport where PF effect is dominant while it cannot be used
for the transport where hopping, percolation, or multiple trap-
ping and release (MTR), are dominant as in the conventional
PTFTs with low mobility.

At this point, it should be noted that VDS in (16) is different
from the applied voltage from drain to source contact. In
our PTFT model with back-to-back Schottky diodes and the
VGS-dependent channel resistance in the series connection, as
shown in Fig. 1(a), the applied VDS is divided into different
internal voltages as VDS = VSchottky_R + VDS_ch+ VSchottky_F
for the same IDS = ISchottky(VSchottky_R) = IDS,ch(VDS_ch) =
ISchottky(VSchottky_F). By solving these simultaneous equations,
the terminal drain current as a function of the applied VDS and
VGS having different internal voltages can be obtained as

1

IDS(VDS)
= 1

IDS,ch(VDS_ch)
= 1

ISchottky(VSchottky_R)

= 1

ISchottky(VSchottky_F )
(18)

where IDS,ch and ISchottky are (17) and (3), respectively.

D. Model Versatility Verification With Experiments

The calculated transfer/output I−V characteristics by the
analytical model, with characteristic model parameters sum-
marized in Table II, are well consistent with measured data
from three different channel materials through Fig. 4. The
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TABLE II
SUBBANDGAP DOS PARAMETERS FOR ANALYTICAL I − V MODEL

WITH DIFFERENT CHANNEL MATERIALS

Fig. 5. (a) C−V characteristics of source-polymer-drain back-to-back
Schottky diode. (b) Quasi-static C−V curves reproduced by the proposed
analytical C−V model. (c) Circuit schema of the sample and hold function
in 1T-1C configuration. (d) Transient characteristics of switching PTFT.

well-reproduced nonmonotonic behavior of output conduc-
tance (gd) at low drain bias in Fig. 4(d) clearly demonstrate
the nonlinearity of IDS–VDS characteristics under small bias
through our analytical model. Thus, it is confirmed that our
proposed model based on simple PF mobility formalism can
be generally accepted for the description of the nonlinearity
under the low lateral electric field in the highly crystalline
polymer-based TFTs.

IV. ANALYTICAL C–V MODEL

In addition to the I−V model, the device capacitance model
considering the junction depletion and gate capacitance should
be supplemented for complete transient circuit simulation
as well as unit transistor simulation. In this section, C−V
modeling has been confirmed with measured data (Fig. 5) for
PTFT with P(8T2Z-co-6T2Z)-12 as channel material, which
shows the best performance with highest mobility among three
different channel materials, and will be applied to the circuit
simulation of PTFT based inverter in Section V.

The measured C−V characteristics in Fig. 5(a) confirm
the back-to-back Schottky diode modeling for the contacts by
showing a symmetric depletion capacitance Cdep ∼1/(Vbi+
VR)0.5 over the whole reverse bias (VR = VD) range where
Vbi is the built-in voltage in the Schottky contact [27]. For
an analytical C−V model in a single framework, the gate
capacitance (CG) has been derived by dQG/dVGS based on
the equation of the total gate charge QG. First, the total gate

Fig. 6. Plots of (a) VLT, (b) gain, and (c) SNM as a function of kT TD
with NTD = 1 ×1017 ∼ 1 × 1020 eV−1 cm−3. Contour plots of (d) VLT,
(e) gain, and (f) SNM as functions of kT TD and NTD.

charge QG has been obtained by integrating QTOT(y) over the
gate region from (14) as

QG = W
∫ L

0
QToT(y)dy

= W
∫ L

0
COX(VGS − VFB − φ(y))dy. (19)

Since QTOT(y) is known as a function of φS(y), we replace
the integration variable dy to dφS, and thus, QG is expressed
as [28]

QG = COXW L
(−2kTeff/q) × A(2, 1) + A(2, 2)

(−2kTeff/q) × A(2, 0) + A(2, 1)

where A(n, m) = (VGS − VFB − φSS)n(−C∗)kTeff+m

(n(−C∗)kTeff + m)

− (VGS − VFB − φSD)n(−C∗)kTeff+m

(n(−C∗)kTeff + m)
. (20)

Finally, CG can be calculated by

CG = ∂ QG

∂VGS

∣∣∣∣
VS,VD=const

. (21)

As shown in Fig. 5(b), the measured quasi-static CG–VGS
curves with hump characteristics according to the increase
of VDS were well reproduced by the calculation results of
our analytical C−V model considering the depletion capac-
itance of back-to-back Schottky diodes in contacts [22]. In
1T-1C circuit configuration [Fig. 5(c)], the measured transient
characteristics of sample/hold (S/H) function are successfully
reproduced by the proposed model with well-matched writing
delays [Fig. 5(d)], indicating that our solid framework of
analytical I−V and C−V model based on the common
physical parameters has been properly applied.

V. DOS-BASED PTFT INVERTER CIRCUIT SIMULATION

The analytical I−V and C−V models in a single unified
framework are applied to the circuit simulator via Verilog-A.
Here, the VGS-zero type inverter is employed owing to its
better gain and static noise margin (SNM) than those of diode-
load type one in static random access memory (SRAM)-cell
operation [22]. These device-level behaviors, according to the
subgap-DOS, are expected to affect the circuit characteristics
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such as the inverter gain and SNM. Fig. 6 shows the simulated
inverter characteristics, including the low-transition voltage
(VLT) as well as the gain and SNM in voltage transfer curves
of an inverter. First, VLT increases as subgap-DOS increases
[Fig. 6(a)] since the |VT| of PTFTs increases. Moreover,
it is confirmed that VOUT becomes close to VSS in VIN<VLT
condition when NTD increases, as expected from the VGS-
zero type inverter configuration where driver PTFT keeps its
VDS,d (= VOUT – VSS) constant while both VDS,l = VGS,l (=
VOUT) vary in load PTFT. This result provides an interesting
expectation; although the increase in the |VT| of the PTFTs
by the increase in the subgap-DOS concentration leads to
a decrease in the current and the transconductance (gm),
the gain and SNM of inverter could be enhanced [Fig. 6(b)
and (c)]. It is, mainly, because the decrease rate of the current
in driver PTFT according to the increase in the subgap-
DOS concentration is smaller than that of the load PTFT,
and the driver and load PTFT become completely turned on
and off, respectively, under VIN<VLT condition. Therefore,
the PTFTs with P3HT and PQT-12 having higher subgap-DOS
can present higher inverter gain and SNM than those from
PTFTs with P(8T2Z-co-6T2Z)-12 having lower subgap-DOS,
as shown in Fig. 6(d)–(f). On the other hand, when the subgap-
DOS continues to increase, the current (resistance) difference
between the driver and the load PTFT has already become
large, so that VOUT∼VSS in VIN<VLT condition. In this case,
as the subgap-DOS increases, the decrease in the current and
gm can cause the inverter gain and SNM to be lowered.

VI. CONCLUSION

The physical model for PTFTs has been proposed and
verified by reproducing the measured characteristics of TFTs
with three different thiophene polymeric channel materials.
The effective carrier density and back-to-back Schottky diode
model based on simple PF mobility formalism well reproduced
the measured I−V characteristics with the nonlinearity under
low lateral electric field in three different ink-jet printed
thiophene PTFTs for all the sub- and above-threshold regions.
In addition, the unified analytical C−V model with I−V
model in a single framework well reproduced the measured
static and dynamic behaviors of the integrated PTFT circuits.
We believe that our approach could provide the essential
compact model platform for material/process-based optimal
PTFT circuit design.
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