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ABSTRACT We review recent compact modeling solutions for Organic and Amorphous Oxide TFTs
(OTFTs and AOS TFTs, respectively), which were developed, under the framework of the EU-funded
project DOMINO, to address issues specifically connected to the physics of these devices. In particular,
using different approaches, analytical equations were formulated to model the Density of States (DOS),
different transport mechanisms, trapping/de-trapping, drain current, stress, capacitances, frequency disper-
sion and noise. The final TFT models were, after implementation in Verilog-A, validated by means of

the design and simulation of test circuits.

INDEX TERMS Thin film transistors, organic thin film transistors, semiconductor device modeling,

semiconductor device noise.

I. INTRODUCTION

Printed and flexible TOLAE (thin, organic and large
area electronics) circuit design has been limited because
to the lack of available compact device models to carry
out accurate designs of TOLAE circuits. The design
community at large need a user-friendly integration of
OTFT and Amorphous Oxide Semiconductor (AOS) TFT
compact models into industry standard Electronic Design
Automation (EDA) design tools to reduce design cycle
duration [1]-[7].

Some of the drawbacks of many organic and AOS TFT
compact models are their weak physical basis, a limited
accuracy, a difficult parameter extraction procedure, and
too cumbersome expressions with a high computation cost
for industrial applications. Very often, the lack of phys-
ical parameters leads to a remarkable process fabrication
dependent accuracy [8], [9].

In addition, compact organic and AOS TFT models need
to be fast to be used in future applications without sacrificing
accuracy [10]. In active matrix backplanes for high resolution
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displays, the number of TFTs to be simulated could reach
107, so fast and computationally efficient models are needed.

The EU-funded DOMINO project (2014-18) aimed at fill-
ing the gap between printed and flexible technology and
design by developing compact organic and AOS TFT model
libraries, to be integrated in commercial Electron Design
Automation (EDA) environments for full large area low cost
circuit design for novel printed and flexible applications.

The development of those compact models was possi-
ble by proposing new solutions to address the main physical
effects which control the behavior of OTFTs and AOS TFTs:
DOS, charge transport, trapping, stress, noise, frequency
dispersion, ...

This paper reviews the main compact modeling approaches
developed to target the main physical effects and mecha-
nisms in OTFTs and AOS TFTs, as well as the resulting
device models derived from these approaches. We will also
review the validity of those models when used for TFT
circuit simulation.

Two modeling approaches were used for each type of
device. OTFTs were modeled using a charge approach
(Section II-A) which, after linearization around a zero drain-
source voltage and additional approximations can be reduced
to the formulation of the so-called Unified Modeling and
Extraction Method (UMEM), which allows simpler expres-
sion and a straightforward parameter extraction procedure
(Section II-B).

In Section II-A, AOS TFTs were modeled basing on
assuming a double exponential DOS and trap-limited con-
duction and percolation as the dominant transport mecha-
nism, which is valid for mature technologies with a gate
voltage operation range approaching the conduction band.
In Section III-B an adapted UMEM approach is applied if
both deep and tail states have to be considered and the oper-
ation range is such that the Fermi level is far enough to the
conduction band to neglect percolation effects.

Section IV targets the low frequency noise in organic and
AOS TFTs. Finally, Section V show results of the incorpo-
ration of the models to circuit design tools by means of their
implementation in Verilog-A. Good agreement was observed
between modeled results and experimental data and TCAD
simulations of several test circuits.

Il. OTFT MODELING

As indicated in Section I, two approaches were used to
develop a compact OTFT model: a charge-based approach
[3, 3a] and a simplified model based on the so-called Unified
Modeling and Extraction Method (UMEM), which allows
direct extraction of model parameters [13], [14].

Actually, the UMEM model can be derived from a lin-
earization, with respect to an effective drain-source voltage,
of the charge-based model for the drain current. Both
approaches assumed a charge transport based on Variable
Range Hopping [15], [16] and a single exponential DOS. The
expressions of the drain current in both approaches have the
same form as in crystalline MOSFETSs (charge-based in one
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FIGURE 1. (a) Simplified picture of shallow traps with Gaussian DOS I'(E)
and constant density of deep traps and interface states in an 0SC.
(b) Cross section of a staggered device.

case, and linearized in the other case), but with a power-law
effective mobility.

In this Section, voltages and currents are indicated in
absolute voltages, so that we can use positive values for
p-channel OTFTs.

A. CHARGE-BASED OTFT MODEL

The charge-based OTFT model [11] led to compact expres-
sions of the drain current and total charges as functions
of the channel charge densities at the drain and source
ends of the channel. Quasi-free carriers with drift-diffusion
transport were assumed. The effects of hopping transport is
represented by using a power-law mobility model. Electrical
parameters as threshold voltage and subthreshold slope are
inherently included in the approach and directly related to
physical parameters.

The effect of the source injection current was also studied
and modeled in both staggered and coplanar OTFT structures
by means of a 2D analysis using conformal mapping.

The model provides two views. In one view it preserves
a close link to physical parameters in terms of trap densities
by providing equations to calculate the threshold voltage
and subthreshold slope of the device from these parameters.
Furthermore, a second view of the model has been derived
which is beneficial from a circuit designer’s point of view.

A.1. PHYSICS-BASED MODEL PARAMETERS

The model is based on a simplified picture of the trap den-
sity in the organic semiconductor (OSC) as it is shown in
Fig. 1 for the case of n-type material. The main current
transport mechanism is via hopping between localized shal-
low trap states with a Gaussian DOS T'(E). In subthreshold
operation it is essential to include the bias dependent fill-
ing of deep bulk states and interface states, though they do
not contribute to the device current. Filling of these states
influences the electrostatics and therefore the accumulated
charge density. This effect results in a degradation of the
subthreshold swing with respect to the theoretical limit of
60 mV/dec at 300 K.

We approximate the accumulated charge density Q’n, in
shallow traps per gate area in a channel of thickness dp,
by filling the trap states above energy E, according to
Boltzmann statistics:

Q' = qdn / C(E)f (E)E

mn
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T e))

<y dmNS,exp<q(¢C V) Eg/2>
Here Ng is a fitting parameter representing the equivalent
shallow trap density, E, the gap between HOMO and LUMO
level, V is the voltage drop along the channel, and ¢ is
the channel midgap potential in the accumulated channel. It
should be noted that Eq. (1) is an approximation assuming
the non-degenerate case, where the Fermi level is far from
the center of the Gaussian DOS.

In [11], from solving Poisson’s equation the following
expression for the accumulated charge density has been

derived using the first branch of Lambert’s W function Lyy:

/ akT Q/mO
= —C —_— €
) ms/d q oxt=W CortkT/q Xp
E N// max
Voo =V — 35— T
akT/q

2

with the insulator capacitance per gate area Cyx and flatband
voltage Vy,. Thereby parameter o describes the degradation
of the subthreshold swing S with respect to the ideal thermal
swing:

N S
Cox  In(10) kT/q’

Here, charges in deep traps, i.e., in the tail states of the
Gaussian DOS below energy E,, and interface states are
represented in a simplified form by a constant density N’
per gate area and per energy.

Parameter N’ max in (2) is the density of deep trap and
interface states which are filled if the channel potential is
¢c = E¢/(2q), which can be considered as threshold condi-
tion. Parameter Q'm0 is the charge in shallow traps at the
same bias, and from (1) at V = 0 is given by:

Q/mO = qdmN st (4)

In the final current model charges in shallow traps are
treated as quasi-free carriers with drift-diffusion transport,
whereby the effect of hopping transport is considered by an
effective field-effect mobility:

k_T . Q/mx B

a=1+ 3)

2 /2
Q/md Q/ms—Q md
Ips = w
DS = WFET |: p 2 + 2LC,
Vps
x (1+A(Vps — Vpsx)) + )
Rleak
NV
“(%)
WFET = - (6)

/ y '
Uhie(%) F R+ RO

We use an empirical power-law mobility model [17] with
parameters k and y, incorporating a linear contact resistance
R. [18] and a non-linear contact resistance of a Schottky
barrier Ry, by a first order approximation similar to [19].
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Additionally, a leakage current is considered in (5) by resis-
tance Rjeax. Channel length modulation has been included
by parameter A and the expression:

Vose = ——(0f ' 7
DSx = C_ox(Qms_de)- @)

The introduction of parameter Q' from (2) in (5) to (7)
ensures a one-piece expression for all regions of operation.
With (2) the final current equation preserves a close link
to physical parameters like shallow and deep trap densi-
ties and avoids the introduction of a threshold voltage and
subthreshold slope as purely electrical parameters.

B. ELECTRICAL MODEL PARAMETERS

Assuming Vgs & 0, in the on state of the device the density
of quasi-mobile charges can be formulated by the definition
of a threshold voltage Vro:

0’ 1ns = Cox(Vis — Vro). )

If this expression is equated to (2), for Vgs >> V1o an
expression for the threshold voltage can be derived [11]:

! /
Vi = Vi + =& 4 Hmar _ ﬂln(ﬂ) Q)
2q Cox q CoxtkT /q
Combining this result with (2) the quasi-mobile charge
densities at the source and drain end of the channel can be
written as:

akT Ves/p — Vro
Q/ms/d = TcoxLW{eXP<Oik—T/q> } (10)

Together with (5) to (7) a compact and one-piece expres-
sion for the device current is given which now provides
a close link to electrical parameters as threshold voltage and
subthreshold swing from a designer’s perspective.

From this expression of the accumulated channel charge
a closed-form model for the drain-current variability due
to carrier-number and correlated mobility fluctuations has
been derived, relating these statistical variations to the trap
density in the channel. For detailed model equations please
refer to [20].

C. SHORT CHANNEL EFFECTS

If the channel length is in the submicron regime, short
channel effects like VT-roll-off, DIBL (drain-induced barrier
lowering) and subthreshold swing degradation come to the
fore. In [21] closed-form expressions for these effects have
been derived by applying the conformal mapping technique:

AVT woli—off = —Vif (11)
AVpipL = fVpg/2 (12)

Vypi is the built-in potential of the source/drain Schottky
diodes

S = . 000 (13)
qg 1-f
= e+ locel oo 1)
A(tse + toxEsc/€ox)” + L
913
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FIGURE 2. Band diagram of the SB at the source side for a p-type OSC. In
case of an applied bias (red) the barrier height is lowered by A¢g
depending on the electric field Egj, at the barrier [9].

Here, parameter dpo; is used as fitting parameter represent-
ing the distance of the most conductive path in subthreshold
region from the gate-to-dielectric interface. Therefore, in
case of (11) parameter f is calculated by with (14) for
dpoi A €sc/€ox tox, and in case of (12) and (13) parame-
ter f is computed with dpe; & €gc/€ox tox+tsc, Which in case
of (11) is dpoi & tox and in case of (12) and (13) dpoi ~
tox +tsc-

These expressions for short-channel effects have been
implemented into the core model by replacing in (10) the
threshold voltage Vo by

Vi = V5o — AVT roli—off — A VpiL (15)

and combining (3) with (13) for calculating the slope
degradation from

1 2N’
a:_(1+q )
l_f ch

These extensions of the model have been shown to accu-
rately predict the DC characteristics of staggered OTFTs
with a channel length down to 0.5 pm.

(16)

D. AC MODEL

In [22] a charge-based capacitance model including fringing
capacitances in multi-finger structures has been derived from
the general charge expressions (2) or (10). The quasi-static
AC model has been verified by measurements on a fabri-
cated differential amplifier with DNTT-OTFTs on a flexible
substrate and accurately models the magnitude and phase
response of the circuit up to a frequency of 10 kHz.

A consideration of non-quasistatic effects has been incor-
porated into the same model [23] following a transmission
line approach. In the circuit simulation netlist, the TFT is
replaced by a macro model consisting of a finite number of
n single transistors. In this way, the model captures charging
and discharging of the channel capacitance of each segment
by the adjacent transistors. Therefore, the frequency depen-
dence of the node-to-node capacitances of the full device is
obtained.

E. NON-LINEAR CONTACT RESISTANCE

Coplanar device structures as well as staggered devices
with short overlap length may show a superlinear behav-
ior in the output characteristics if the barrier height between

914
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FIGURE 3. Model structure of the source region for (a) staggered
and (b) coplanar device geometry.

source electrode and the channel material is not negligi-
ble [24]-[28]. In this case the channel current is limited
by the source injection current. Carriers have to overcome
the reverse biased Schottky barrier (SB) at the source end
of the channel (Fig. 2). The SB height ¢po is modulated by
the gate and drain potential, influencing the electric field Egp
at the barrier. A strong electric field allows more carriers
to enter the channel due to thinning of the barrier and the
image charge effect, which lowers the barrier by an amount
of

E,
A ¢p = qLsh (17)
41 ey,
where €5 is the permittivity of the organic

semiconductor [23].

For calculation of the electric field at the barrier, in case
of a staggered device structure (Fig. 3a) the overlap region
at source can be approximately treated as a one-dimensional
problem and one can derive the following expression for the
electric field at the barrier [26]:

®Bo + (Q/ms - Q/md)/cox

Ise + toxEsc/Eox

Egp = (18)

where ty is the thickness of the OSC in the overlap region.

Figure 3b depicts a coplanar device structure. At point 3,
the bottom point of the injection region, a two-dimensional
potential problem has to be solved. In [26], [27] a solution
for the electric field at point 4, which is in a distance of dp
from the interface to the insulator, has been derived under
use of the conformal mapping technique:

) B0 + (Q/ms - Q/md)/cwc
\/2dBt()x€sc/80x + d%;

19)

2
Esb:_
b

In the model this solution is used as average electric field in
the injection region, whereby dp is used as fitting parameter.
In both cases, the accumulated charge Q’,c at the source
end of the channel (refer to Fig. 3) shields part of the gate
potential from the barrier. In the operation region dominated
by non-linear injection most of the voltage drops across the
SB, therefore V. &~ Vgg, and hence in the model we assume
Q’me = Q’md, which can be calculated from (2) or (10).
The injection current between source and the OSC can
be calculated by the standard current equation of a reverse
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biased SB with voltage drop V. [29]:

B0 — Agp Ve
Iy = LijA*T2 - exp <_T exp —@ —1
q q

(20)

Parameter A* is the effective Richardson constant and 6
are ideality factors. For the case of staggered device struc-
tures parameter Liy; is the effective injection length in the
source/drain-to-gate overlap region [18], [24]. For coplanar
devices it is the thickness of the accumulation channel in
the region of injection.

The effect of the SB is implemented into the current model
via the effective mobility (6) as a non-linear resistance Ry, in
series to R¢. In this way, in a circuit simulation an additional
node for the calculation of the voltage drop across the SB
is avoided. Using (20) the resistance can be derived to [26]:

VC (Q/ms - Q,md)

Ry~ —=~—+- — =7
o 1w 1t WAT? Cyy

—A v,
exp<—¢B°nk_T ¢B)/<exp<—@) - 1). 1)
q q

The voltage drop of V. & Vpg, is expressed by (7) in terms
of the difference of the accumulation charges at the source
and drain end of the channel, therefore ensuring a continuous
formulation in all regions of operations. The non-ideality factor
n has been introduced to allow for an improved fitting of the
exponential current increase. The SB lowering A¢g is given
by (17) together with (18) or (19). Additional effects arise
from the forward biased SB at the drain contact. An extension
of the model accounting for this effect is published in [27].

F. RESULTS

The model has been compared to measurements on DNTT
OTFTs fabricated on a flexible PEN substrate with high-
resolution silicon stencil mask lithography, aluminum gate
electrode, gold source/drain contacts, AIOx/SAM gate
dielectric with a thickness of 5.1nm, and a nominal thickness
of the OSC of 25 nm [24], [27]. The effective charge carrier
mobility is approximately 1.5 cm?/Vs. The model has been
verified for staggered and coplanar device geometry.

In Fig. 4 the charge-based DC model is compared to
measurement data on staggered device structures. Since the
compact model does not consider trapping-related hysteresis
effects [30], their influence on the transfer characteris-
tics of the transistors was accounted for by an empirical
approach [8]. A good agreement is obtained without artificial
smoothing in the transition from below to above threshold
operation. Short channel effects as Vr-roll-off and DIBL are
included. In the output characteristics the model accurately
captures the pronounced superlinear region.

Figure 5a illustrates the model for drain-current variability
due to carrier-number and correlated mobility fluctuations.
The trap density in the channel has been used for fitting
the model to the statistical data from the measurements.
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FIGURE 4. Results of the charge-based compact model compared to
measurements on OTFTs with staggered structure. Transfer characteristics
with a channel length of (a) 1 xm and (b) 0.5 xm. The current equation (5)
has been extended by expressions for short-channel effects as DIBL and
VT roll-off [21].

Figures 5b and ¢ demonstrate the accuracy of the AC model
compared to measurements.

lIl. UMEM-BASED OTFT MODEL

The UMEM-based OTFT model uses a similar formulation
as in other TFT models, but adapted to the specificities of
the OTFT [4].

A. DRAIN CURRENT MODEL
A single exponential DOS was assumed. Although
a Gaussian DOS is a more accurate representation of a DOS
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FIGURE 5. (a) Normalized drain-current variance versus mean-value drain
current of staggered organic TFTs with a channel length of 1xm. The
experimental mean values were calculated over a population of

16 nominally identical TFTs [20]. (b) and (c): Results of the charge-based
capacitance model (full lines) for OTFTs with staggered structure compared
to (a) TCAD Sentaurus simulations (dotted lines) at a frequency

f = 0.01 Hz, and (b) measurements (dotted lines) at f = 500 Hz. Device
dimensions: L = 200 xm, gate overlap at source/drain: 10 xm, width:

(@) W =1 um, (b) W = 400 xm [22].

in an OTFT (which could be also approximated by a two-
exponential function [31]), it was demonstrated that an
exponential DOS is accurate enough in the practical gate
voltage range of operation. An analytical equation for the
potential is obtained from Poisson’s equation by neglecting
free charge [32]. In the above threshold regime, by assuming
variable range hopping as a transport mechanism [33], the
OTFT drain current expression is derived as [34], [35]:

2
~W Coutto((Vor = Vs = VErT ) (14 1Vps)
L Via 2+7v)

Ips =
(22)

being W and L the channel width and length respectively,
Vpse and Vg, are effective functions of the drain to source

916

and gate overdrive voltages respectively, and C,, is the insu-
lator capacitance. ug corresponds to the band mobility [33],
The V,, parameter depends on DOS parameters [33]. The
effect of the contact resistance can be included as in other
models such as [36] (in this case the current becomes an
implicit function of the contact resistance), or alternatively,
it can be externally incorporated (by means of external
Schottky diodes if we consider a nonlinear contact [37]). The
y parameter depends on the DOS characteristic temperature
(Tp) as:

To
y=220_» (23)

T
The UMEM-based model results from writing the drain cur-
rent expression as in crystalline MOSFETSs by using a field
effect mobility expression. An equation of the drain current
in the form of Eq (5) in Section II-A is obtained.
The field effect mobility is calculated as a power law [7],

[8]:

wrer = poVer” /VY, (24)

where Vg = Vgs—Vr., being Vr the threshold voltage,
which in OTFT can be written as in (15).

Finally, the resulting above threshold drain current expres-
sion is linearized around Vps = 0 and an interpolation
function is used to extend it in a continuous way to the
saturation regime [4], [33]-[34].

urer (Vs — Vr)
= C -
L (1+ R - Coxttrer(Vos — Vr))

Vps(1 + A -V,
y ps(1 + DS1)+10

% mm
[+ [ ]

The A parameter is related to the slope of the output
characteristics in saturation and m controls the transition
from the linear to the saturation regime. The effect of R, the
series resistance, was included up to the first order.

The saturation voltage is:

Ips =

(25)

Vpssar = as(Vgs — V) (26)

The effective drain-source voltage, which tends to Vpg for
Vps<< Vpssat and to Vpssat for Vps> Vpssat can be
therefore defined as:

Vbs
[1+ (Vbs/aVer)™]

The drain current model in the subthreshold voltage is
calculated, assuming diffusion transport, as:

Vpse = 27)

1/m

23(VGs—Vr)

Ipsg = Ipsye (28)

where S gives the subthreshold swing and Igsp gives the
drain current as Vgs = VT.

A unified model of the drain current, valid and continuous
from subthreshold to the above threshold regime, is finally
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FIGURE 6. Model and experimental transfer characteristics. OTFTs from

CEA-Liten with 13 fingers. W = 7980mm and L = 20mm. From [41]. The
leakage current was not considered.

obtained by means of hyperbolic functions:
1 4+ tanh(Vgs — (V7 + DV)Q)
2
1+ tanh(Vgs — (V7 + DV)Q)
2
where Ipsa is the above threshold current, given by (25),
DV and Q are fitting parameters.
The UMEM-based model for OTFTs [4], was improved
in order to include a physics-based gate-bias dependence

expression of the contact resistance, valid in staggered
OTFTs [38], [39]:

Ips = <IDSA

+ <(1DSB +0) (29)

AJW

Rc =Rco 1

30
Voreg” G0
where Rcg is the nongateable Rc due to the injection at the
contact, A is the proportionality constant due to the bulk and
channel transport, and Vgretf = Vos—V1—Vps/2 [40].

This model takes into account the 2-D current path of
a staggered transistor, using a modified current crowd-
ing model featured by a constant access resistivity racc
and power-law dependent bulk and channel resistivities (7B
and rch). According to TCAD simulation results (using
a Gaussian DOS). the gate voltage dependence of B and rch
arise from the hopping transport through a Gaussian DOS
of the disordered organic semiconductor.

To extract the key physical parameters in the above thresh-
old regime, we apply the integral function H(Vgg) described
by [4], [33], [41] to the I-Vgs characteristics at low Vpg,
and use linear regression to extract parameters

IS Ipsmydx 1
Ips(Vgs) 2+y
Vt and y are the intercept and the slope of (31) respectively.
The rest of extraction procedures are described in [4],
[33], [42]-[44].
Alternatively, the so-called
applied [39] to get VT and y.

H(Vgs) = Ves —Vr) (31

ratio method, can be
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FIGURE 7. Model and experimental transfer characteristics. OTFTs from
CEA-Liten. W =2000mm and L = 20mm. From [42].

This drain current model was validated by compari-
son with experimental transfer and output characterizes
from polymeric OTFTs fabricated by several technologies,
including CEA-Liten (Grenoble, France), where relative
permittivity of the dielectric is approximately 2, and the
thickness is 700 nm; the semiconductor thickness is 40 nm
with a relative permittivity close to four. Good agreement
was observed in all operation regimes (Figs. 6-7).

B. CHARGE AND CAPACITANCE MODELS

On the other hand, a quasi-static model for total charges
in OTFTs was developed to provide continuous expressions
of the device capacitances from depletion to strong accu-
mulation [34], [41]. This is an advantage over previous
models, which are only valid in the strong accumulation
regime [46], [47]. The development of this charge model
followed the same procedure as in Section II-A.

The total gate charge is equal to the channel charge
in absolute value. We use the expression derived from
the integration of the channel charge density in accumu-
lation [34], [41]. The expression of the drain current was
not linearized (22).

3+
-W 2, (Vore — Vpse) ™ — Ver!)
MFETO

Ips 3+y

Och = (32)

WEETO is the value of mobility/V %, when Vgs — Vp = 1V:
V_ya.

We used an interpolation function for the effective gate
overdrive voltage Vg7, in order to extend to the subthreshold
regime the above threshold drain current model expression
in a continuous and smooth way [41].

By differentiating (32) respect to Vgs, we obtain the
expression of the gate to gate capacitance in accumulation.

The final capacitance model is obtained using an inter-
polation function which smoothly tends to Cgg, = Cge +
2Covr, where Cgg is the gate-gate capacitance obtained by
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FIGURE 8. Modeled and experimental capacitances. Organic MIS
capacitors from CEA-Liten. From [18].

differentiating (32) with respect to the gate voltage in accu-
mulation, and the overlap capacitance is Coyg = Lovr C; W,
Lovyr being the overlapping length between gate and drain
contacts and between gate and source contacts [41], [45].
In the subthreshold regime it tends to a Cgp value, which
takes into account the depletion capacitance [41].

1 — tanh 1 h
Cror = <}CEQ|—ta; Gl )+ <|CGG|—+ ta; #) )
(33)

where 8 = (Vor + A V7)Q3 is a correction of Vr for capac-
itance in C-V measurements. Q> is a fitting parameter in the
knee region.

At medium and high frequencies, the quasi-static approx-
imation cannot be applied, and several physical phenom-
ena determine OTFT operation [48], [49]. The capacitance
model described in this section was extended to non quasi-
static conditions using a frequency-dependent dielectric
permittivity

(&i0 — €ico)

[1+ o] oY

& = Eico T+
This capacitance model was validated by comparison of
measurements of organic MIS capacitors fabricated by
CEA (France).

Very good agreement (up to 10 KHz) was observed
(Fig. 8), not only for the capacitance, but also for its first-
order derivative [18] (Fig. 9). Besides, we found that our
model reproduced well the observed two peaks of the first-
order capacitance derivative, the first one corresponding to
the onset of partial depletion, and the second one to the
onset of accumulation (Fig. 9).

C. TEMPERATURE EFFECTS

Very little work has been done so far in the modeling of
OTFT at low and high temperatures, and only a few param-
eters were addressed [50]-[53]. The UMEM OTFT model
was also adapted to different temperatures, from 150 K to
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FIGURE 10. (a). Modeled and experimental transfer characteristics at
different temperatures. OTFTs from CEA-Liten. From [42]. (b). Modeled and
experimental output characteristics at 150K. OTFTs from CEA-Liten.

From [42].

340 K. Measurements were done at both low and high tem-
perature conditions. Model parameters were extracted for
each temperature. The model was demonstrated to be valid
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in the range of temperatures from 150 K to 350 K [42].
Fig. 10(a) shows the transfer characteristics at 150, 300
and 350K. Fig. 10(b) shows the output characteristics at
200K [42]. In all these cases, very good agreement is
observed between modeled and experimental results.

At low temperatures the model must include the effects
of the nonlinear contact resistance. It was carried out by
considering Schottky diode at the contact. The procedure
explained Section II-A can also be applied [42].

Furthermore, capacitance-voltage measurements of OTFT
capacitors were done in the temperature range from 150 K
to 350 K, and our capacitance model was demonstrated to
accurately reproduce the measurements in this temperature
range, up to a frequency of 10 KHz.

IV. AOS TFT MODELING

Two approaches were used to develop a compact model
for AOS TFTs: one based on two exponential DOS and
a transport mechanism based on the combination of trap-
limited conduction (TLC) and percolation, and another one
based on a UMEM formulation with two exponential DOS
and a transport mechanism based on the combination of
hopping and drift diffusion (which actually means trap-
limited conduction). Both approaches lead to the same type
of drain current expressions and finally physically based
expressions were found for the mobility parameters of the
UMEM-based model.

A. TLC/PERCOLATION BASED MODEL

The above threshold model is based on a mobility model
that combines trap-limited conduction (TLC) with perco-
lation conduction [54]. An exponential DOS is assumed.
On the other hand, the resulting subthreshold model takes
into account diffusion and drift current components [55].
A power-law expression was used for the drift component(in
terms of the gate voltage overdrive) and an exponential
expression was used for the diffusion component.

A small-signal model was developed by means of an
equivalent circuit [56].

Compared with a-Si TFTs, the oxide system has unique
properties, which need to be captured. For example, local-
ized traps or band tail states in oxides do not exist to
the same extent as a-Si [57]. Their tail state density is
much lower and hence trap-limited conduction is generally
insignificant [57], [58]. In addition, more complex systems
such as amorphous indium gallium zinc oxide (a-IGZO) can
have compositional disorder due to random distribution of
metal constituents [57], [58] This gives rise to potential bar-
riers above the conduction band minima (Ep,), suggesting
the presence of percolation conduction [57]-[63].

In the following, compact models for the terminal current-
voltage behavior are presented taking into account the
different transport mechanisms in the device for the above-
and sub-threshold regimes of TFT operation. The former is
based on a mobility model that combines trap-limited con-
duction (TLC) with percolation conduction. The latter takes
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Percolation through potential barriers

Trap-limited conduction through localized traps

FIGURE 11. lllustration of carrier transport combining percolation with
trap-limited conduction (TLC) for oxide semiconductor TFTs (Here, Dg and
Wpg denote spatial distance and width of potential barriers, respectively).

into account diffusion and drift current components [64].
A unified model is then presented that covers both regimes
based on a single expression that uses a reference volt-
age Vpp rather than Vt [65], [66]. Good agreement with
measured terminal characteristics is obtained over the entire
range of Vgs > Vg for the test TFTs with an a-IGZO
channel.

B. ABOVE-THRESHOLD MODEL

As illustrated in Fig. 11, oxide TFTs have potential bar-
riers above Ep due to compositional disorder, suggesting
percolation conduction when electrons are released into the
conduction band. Moreover, there are localized tail states
within the gap states, implying trap-limited conduction. In
particular, oxide semiconductors can have a shallow slope
of the tail states (kT;) ~ 20meV, smaller than the thermal
energy (kT) at 300K, leading to different mobility behav-
ior. This suggests that the field effect mobility (upg) model
needs to be modeled based on TLC and percolation con-
duction, although the former is significant as compared to
a-Si.

B.1. TRAP-LIMITED CONDUCTION (TLC)

The effect of trap-limited conduction (TLC) can be consid-
ered as ratio (y7rc) of free carrier density (nfee) and trapped
carrier density (ngil), yielding yrtrLc = Dfree/(Dfree+Ntail)-
Here, ngee = Nc exp[(EF—Em)/kT], where Nc is effec-
tive density of free carriers and kT the thermal energy.
And the expression for ny; is approximated with kTi<
kT using exponential distribution of tail states. This yields
Ngil = Nic kTyt exp[(EF—Emn)/kT]. Now, we have yric as
just a constant,

Nfree ~ Nc¢
Nfree 1 Nyail Nc¢ + Ny kT, .

YILC = 35)

B.2. PERCOLATION CONDUCTION

Percolation conduction associated with potential barriers
above Ep, can be considered as mobility scaled from band
mobility (o), assuming Gaussian random distribution of
potential barriers with mean (¢pg) and variance (opo).
This yields uo* = wo expl—qopo/kT+(qoo)*/(kT)?]. Here,
¢Bo can be reduced by A¢po due to thermally released
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electrons, depending on Fermi level change (A Ep), as
described in Fig. 11. The thermally reduced barrier height
can be expressed as ¢po. exp(—yBA Ep/kT), where yp =
(Dp—W3g)/Dg, which can be approximated as ¢po(l-ypA
Er/kT) when ygA Ep/kT<<1 by Taylor expansion. Thus,
A¢po is defined as ygA Ep/kT¢pp. These conditions yield
the percolation mobility (jper) as follows,

e[ 9@ = A $5) | (q0m0)°
Hper = U0 €XP T 2(kT)? s
AE
= u exp<yB o F¢BO) (36)

where po* = o exp[—qero/kT-+(qopo)*/2(kT)?] consid-
ered as an effective band mobility.

B.3. COMBINED MOBILITY MODEL WITH Vgs
DEPENDENCE

In Eq.(36), the A Eg is controlled by gate volt-
age (Vgs). The relationship between them can be

derived by solving Poisson’s equation, yielding A Ep =
2(kT/@In[Cox (Vs —VT1)/Qrer], where Cox is gate-insulator
capacitance, Vt threshold voltage which can be extracted
independently using second derivative method reported
in [541-[56], and Qqef = [2€5 Nc kTexp[(Epo—Em)/kT]%.

Combining TLC with percolation from Egs. (1) to (36),
we now have the Vs dependent mobility relation,

WFE = WPerYTLC

Nc¢ )( Cox )0([,

* [0

=pol — I\ =— ) Ves—Vp)™. (@37)
0<NC + NickT; Qref

As can be seen, Eq.(37) follows a power law. Here,
= 2q¢po.yB/kT, related to percolation. In Eq. (37), TLC
affects the constant term, while the exponent is determined
by percolation.

B.4. CURRENT-VOLTAGE RELATION

With Eq. (37) and the definition of drift current: Ips =
UFE Cox(Vgs—VT—Ven)dVen/dx, current-voltage relation
Ips(Vgs) can be derived with the integral ranges: x = 0 to
L and channel potential (V¢n) = 0 to Vps,

+1
Nc W Cot
Ips = i — Vgs — Vp)otv ..
DS M0<Nc n N,cth>L/ Q(;e’} Vs — V1) DS

(38)

In Eq. (38), L is defined as L—AL, where AL is chan-
nel expansion, and effective drain voltage V'ps = Vps —
2Rc Ips, where R¢ is contact resistance. For saturation
regime expression, Eq. (38) can be reformed with a sat-
uration parameter (Bgy), replacing V'ps by Bsa(Vgs—VT).
Fig. 12(a) shows a comparison between measured and mod-
eled transfer characteristics (Ips vs. Vgs) of IGZO TFTs
at Vpg = 0.1V, providing a good agreement. The measured
saturation characteristics at Vpg = 20V is also well matched
with the modeled results, as seen in Fig. 12(b).
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FIGURE 12. Comparison between measured and modeled transfer
characteristics of IGZO TFTs. (a) linear regime with Vpg = 0.1V
and (b) saturation regime with Vpg = 20V.

The examined IGZO TFT to verify this model in Fig. 12
and the other figures in this section has the following geo-
metrical and physical parameters : W = 100um, channel
thickness tg = 40nm, channel permittivity eg = 11.5¢g
(where € is vacuum permittivity), Vg ~ 0.6V, V1 ~4V,
Cox = 11.5 nF/cm?, no = 15 cm?/V-s, and N¢ = 5x10!8
cm™> at 300K. We extracted, 2Rc = Rgp = 96372 for
W = 100 um (equivalent to Rsp W = 96.37 Q—cm) and
AL = -35um (' = L-A L = L+3.5um).

We measured and simulated the drain current as a function
of gate bias for different temperatures, e.g., 100K, 200K, and
300K, respectively. As seen in Fig. 13(a), there is good agree-
ment between the measurements and the model, Eq. (38). For
purposes of validation, the modeled values of exponent (o))
in the power-law, Eq. (38), are compared with the extracted
values from the best fit since it has a unique signature of
percolation conduction, i.e., a = ap + 1= 2qppo.yp/kT +
1). As seen in Fig. 13(b), the proposed percolation model
for ¢po.yp = 2.5meV shows better agreement compared to
the conventional model (e.g., trap-limited conduction model
with a = 2kTy/kT—1 for kT; = 30 meV).

C. SUBTHRESHOLD MODEL

The subthreshold current in the limit of low Vgs shows
a linear dependence on Vg in a semi-log plot, as illustrated
in Fig. 4, suggesting diffusion current, as follows,

! kT WQ q Ves — Vrs
o R - ex = — -
b = 1o S A P \ T 2D/ Co
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FIGURE 13. (a) Measured and modeled IGZO TFT Ipg—Vgg characteristics
for above-threshold regime at Vpg = 0.1V for different temperatures (100K,
200K, 300K, respectively). (b) Retrieved exponent (a) vs. temperature.

V/
X <1 — exp(——qk;‘g)),

where o is the band mobility for electrons. The sub-
threshold slope (S) can be derived from Eq. (39) as
dVgs/dloglps,

(39)

kT 2D,
S=1inl 02 (14 L2
q Cox

(40)

As described in Fig. 14, interface states are occupied first,
followed by filling deep states located in the bulk at higher
Vgs. So, As the Er moves to the location of deep states for
increasing Vgs, the drain current can be defined as a drift
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FIGURE 14. Density of states profile with (a) Fermi level within interface
states at low gate voltage, and (b) the case of deep states dominant with
increasing gate voltage corresponding Fermi level now within deep states.
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FIGURE 15. Measured and modeled IGZO TFT sub-threshold current (Ig,p)
as a function of Vgg for (a) linear regime with Vpg = 0.1V
and (b) saturation regime with Vpg = 20V.

current (Ipyif),

w og+1 ,
Iprisi = 110+ —og (Vas — Ver) VTV, (A1)
L g .

where Qq is a reference charge density associated with deep
states, y is power-law exponent defined as 2(Ty4/T—1), and
Tq is the characteristic temperature of deep states.
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TABLE 1. Extracted subthreshold parameters at T = 300K.

Parameters Value
S 0.19 V/dec
Dit 1.64x10' cm2eV?
loff 2x101 A
Qsi 7.05x10** C/cm?
OLd 2.26
Td 639K
Qq 7.8x108 C/cm?
Off Diffusion dominant . Driftdominant
10° ¢ — . - . -
12
T 10 N
E._ 2 Iy =1, [1 = exp[— q:_;sjj
10 ' =4 ® Measuredat Vg =0.5V
2 3 Modeled with Eq.(5)
3 10°L 8002 02 06 o8 Vps=0.01V 3
8 oL 5
10™ .
10712 | i
o Measured
°%g — Modeled
1072 :
0 2

FIGURE 16. Measured and modeled IGZO TFT Ipg vs. Vg at sub-threshold
regime for a different Vpg. Inset: Measured and modeled Ipg vs. Vpg for
Vgs = 0.5V. Here, the equation is simplified from Eq. (5) introducing the
pre-constant Iy which is around 10pA at Vgg = 0.5V.

We now have the current-voltage relations for both dif-
fusion and drift components as given by Egs. (40) & (41).
These equations can be combined as a total drain current
(Isup) in the sub-threshold regime using a harmonic average,

—1/m
Lo = (o + Iom) (42)
The examined IGZO TFT to verify this model
in Figs. 15-16 has the parameters indicated above in
Section III-Al, with L = 100um. The extracted sub-
thresholdmodel parameters are summarized in Table 1.
Fig. 15 shows the measured sub-threshold characteristics for
a different Vpg, providing a good agreement with each other.
To validate the sub-threshold model in terms of the diffu-
sion component in the examined transistors, we measured the
drain current for small Vpg = 0.01, 0.1, and 1V. Comparing
to the model, we get good agreement as seen in Fig. 16.
In particular, as shown in the inset of Fig. 16, the mea-
sured Ips vs. Vpg at the diffusion dominant regime of Vgg
(e.g., Vgs = 0.5V) is compared with the Eq. (39). Here,
the dependence of the drain current on Vpg is found to
follow the law of (1—exp(—qVps/kT)) of Eq.(39) which is
a signature of the presence of the diffusion current.
To validate the sub-threshold model in terms of the diffu-
sion component in the examined transistors, we measured the
drain current for small Vpg = 0.01, 0.1, and 1V. Comparing
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FIGURE 17. (a) Calculated Ipg vs. Vx of the combined above- and
sub-threshold model for different Vg (4, 6, 8V). (b) First, (c) second,
(d) third, and (e) fourth derivatives of Ipg with respect to Vx. The inset
of (a): test circuit configuration of the GST.

to the model, we get good agreement as seen in Fig. 16.
In particular, as shown in the inset of Fig. 16, the mea-
sured Ips vs. Vpg at the diffusion dominant regime of Vgg
(e.g., Vgs = 0.5V) is compared with the Eq. (39). Here,
the dependence of the drain current on Vpg is found to fol-
low the law of (1—exp(—qVps/kT)) of Eq. (39) which is
a signature of the presence of the diffusion current.

Regarding continuity and symmetry of the compact model
where above- and sub-threshold models are combined, the
model was subject to the Gummel symmetry test (GST) [67].
As seen in the inset of Fig. 17(a), Vx represents a symmet-
rical voltage applied on source and drain sides, respectively.
Fig. 17 demonstrates perfect continuity and symmetry as
a function of Vx even for the 4th derivative of Ipg with
respect to Vx, suggesting it has successfully passed the
GST. For this, we employed smoothness and continuity func-
tions for the effective drain voltage and threshold voltage
terms [68].

D. UNIFIED MODEL

The current-voltage relation needs to be derived sepa-
rately to describe the sub-threshold and above-threshold
characteristics. Here, we need separate expressions for the
sub-threshold and above-threshold regimes, implying two

VOLUME 9, 2021



INIGUEZ et al.: NEW COMPACT MODELING SOLUTIONS FOR ORGANIC AND AMORPHOUS OXIDE TFTs

ELECTRON DEVICES SOCIETY

IDS IDS IDS (log-scale)

- vl

—— Sub-Tmodel simple

& empirical

— Unified model

v
’
’
’
’
’
=== Above-Tmodel ¢
’

based on v
conventional ¢
power-law v' . but
S high speed
o & compact
By . B lofs
/
*~ VGS VGS
VFB VT
(@) (b)

FIGURE 18. (a) Schematic Ipg vs. Vgg curves (gray circles) with the
conventional power-law models for sub-threshold (Sub-T, solid line) and
above-threshold (Above-T, dot line) characteristics. In this case, we need
two models for these two different operational regimes. Here, Vgg and Vy
are on-voltage and threshold voltage, respectively. (b) Schematic Ipg-Vgs
curves (gray circles) with only one model: unified model which can cover
sub-threshold as well as above-threshold regimes at the same time.

TABLE 2. Extracted parameters for unified model at T=300K.

Parameters Value
Go 2.34x10°0hm*
K -10.812 V¢
o -0.675

different equation systems to describe total current (see
Fig. 18a). Moreover, in this case, threshold voltage (Vr)
is not immediately apparent from the I-V plot and needs to
be extracted from above-threshold region of the characteris-
tic as a fitting parameter. However, the extracted value of Vt
can be quite different depending on extraction method and
the I-V data range chosen for the fit. In contrast, turn-on-
voltage (Vpp) is the gate voltage (Vgs) at which drain cur-
rent (Ipg) starts increasing rapidly, thus it is easy to identify
VEp on a semi-log plot of Ipg vs. Vgs.

We can unify this to cover both sub-threshold and above-
threshold characteristics. The proposed unified model is
a single expression with a reference voltage level Vgp rather
than Vt, providing good agreement with measured terminal
characteristics over the entire range of Vgs > Vpp for the
test TFTs with an amorphous InGaZnO (a-IGZO) channel,
which is the same TFT used in the previous sections. The
derived equation for this model is as follows,

w
IDS = GO(?) eXp(K(VGS - VFB)D[)V/DS + I() ) (43)

where Go = po(es KTNc)V/?, k = ¢/2kT, and { & « are
related to trap states. The extracted model parameters are
summarized in Table 2.

As shown in Fig. 18(b), the unified model provides good
agreements with the measured characteristics. Also, it was
found to exhibit small average errors < 5% over a wide
range of Vgg from 5 to 20V. Interestingly, the proposed
model using only one equation covers both the sub- and
above-threshold regimes at the same time. This is mainly
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FIGURE 19. (a) Small signal model for IGZO TFT. Vg, is the voltage
difference between gate and the node ‘A, where Vgp = Vgs — IpsRs

(b) Short-circuit current gain (A;) for the TFT with channel

width (W) = 100xm and channel length (L) = 10xm, which is converted
from the S-parameter measurement.

due to a combination of the exponential function and power-
law. Additional advantage of this unified model is that it just
needs a few model parameters to be implemented in model
code description, e.g., Veriog-A, thus providing a higher-
speed simulation.

E. SMALL SIGNAL MODEL
The small signal model for IGZO TFT is illustrated in
Fig. 19(a) which takes into account the contact resistance
(Rs and Rp), parasitic capacitance (Coys and Cpyp), channel
capacitance (C.;) and threshold voltage shift (A Vr) [69],
while introducing internal transconductance (g;;) and out-
put resistance (r,;) [56]. The model yields a 1% error in
predicting the unity gain frequency, in contrast to 12.5%
error using the CMOS model as shown in Fig. 19(b).
Theoretical analysis suggests that accuracy improvement
stems from C., & R¢ connection in the TFT model which
further improves the fitting of the TFT’s s-parameters leading
to a better accuracy in predicting the unity gain frequency.
The measurement results and modeled values are shown in
Fig. 20.

F. UMEM-BASED MODEL

The second modeling approach for AOS TFTs considers ini-
tially two exponential DOS [72]-[74]. One of the exponential
terms accounts for the deep states and the other one for the
acceptor states [75]-[78], as in a-Si:H TFTs [79]-[81]. In
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FIGURE 20. (a) Amplitude and phase plots for S;; and (b) those of Sy;,
respectively.

both regimes the transport is assumed to be due to a com-
bination of drift and hopping between localized states. The
resulting expressions of the drain current are power law func-
tions of the gate voltage overdrive. In the deep subthreshold
regime diffusion transport is assumed to be the dominant
mechanism. A unified expression of the drain current was
developed by combining those components by means of an
interpolation function.

G. DRAIN CURRENT MODEL

It was found that in mature technologies such as targeted
IGZO TFT devices from TNO had a negligible deep density
of states, so that they could be modeled assuming only tail
states and therefore only one exponential DOS [34].

The modeling in the above threshold regime is carried
out in a similar way as in Section III-A, and has actu-
ally a UMEM-based formulation, but initially neglecting the
percolation effects. In the above threshold regime, the Fermi
level is assumed to be in the tail states but below the con-
duction band if the gate voltage or the temperature are not
high enough and therefore, percolation can be neglected).
Besides, this model considers that in the above thresh-
old regime the dominant conduction mechanism is multiple
trapping and release, combined band conduction. In the sub-
threshold regime, the model assumes that diffusion transport
dominates. Both free and trapped charges are considered.

Several previous physically-based AOS TFT models have
a surface-potential formulation, and the drain current is writ-
ten as a symmetric function of the surface potentials at the
source and drain ends of the channel, which in turn, depend
on the source and drain potentials [70]. These potentials can
be explicitly written in terms of the applied voltages [71].
The UMEM model is based on linearizing the drain current
expression at Vpg = 0, and use an interpolation function to
control the transition from the linear regime to saturation.
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FIGURE 21. Cross section of the IGZO TFT under study, fabricated at TNO.

This allows simple direct methods to extract parameters. The
drain current model above threshold voltage (Vr) is given
by:

Ings = w c mrer(Ves — V1)
—_— ox
L (1 + RY Coxprrer(Vas — Vi)
Vps(1 + AVpg) /™

X < m~
(1+ (v2)")

where Iy is the leakage current, R is the series resistance, A

accounts for the channel length modulation in the saturation

regime. The parameter m controls the smoothness of the

transition between the linear and the saturation regimes.
The effective mobility is modeled as [72]-[74]:

+ Io (44)

wrer = wrer,(Ves — V)Y (45)

WrETO 18 the value of mobility/Vaa?¥ when Vgs—Vr = 1V:
UFETO = % The parameter y is related to Ty and is calcu-
lated by yaaz 2(To/T — 1). T is the operation temperature
of the device under study. In [74] an expression for urgTo
is given, in terms of the band mobility, y, trap density and
Fermi potential, and density of states in the bottom of the
conduction band. The saturation modulation parameter (o)
defines the saturation voltage as Vpsgar = xs(Vgs — V7).

The drain current model in the subthreshold regime is
calculated, assuming diffusion transport, as:

23(VGs—Vr)

Ipsp = Ips,e™ S (46)

where S is the subthreshold swing and is extracted from the
log(Ip)—Vgs characteristics in subthreshold. The value of
Ips, is calculated from (1) when Vgs = V7+DV, which
corresponds to the threshold of diffusion conduction. DV is
a fitting parameter.

A unified and continuous expression of the drain current
is obtained by combining the above threshold expression
and the subthreshold expression by means of interpolation
functions:

1 + tanh(Vgs — (Vr + DV)Q)
)
1 + tanh(Vgs — (Vr + DV)Q)
2
where Q is a fitting parameter. [,, corresponds to the
minimum experimental drain current value (leakage current).
In technologies where deep states need to be considered,
a subthreshold regime is defined as the voltage range where

Ips = (IDSA

+ (Upss + Inn) 47)
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the Fermi level is in the deep states [72]. The transport
mechanism in this regime is similar to the above threshold
regime well below the conduction band (hopping and drift
of released carriers), but the concentration of free charge
is lower than in the above threshold regime. When deeps
states cannot be neglected, the regime below the flat-band
voltage, where diffusion transport dominates is now called
deep subthreshold regime.

The modeling of the subthreshold regime, where the Fermi
level is in the deep states, is similar to the above threshold
regime, but parameters have different values, related to the
DOS of the deep states. The drain current can be described
as [72]:

(Vgs — Vip) 17
Vbbyb

where Vpp is the flat band voltage and Vpg.; is n effective
drain-source voltage in subthreshold, Eq(48). Vyb and yp
are parameters defining the variation of mobility with gate
bias in the subthreshold regime and are extracted analytically
according to [72]; v depends on the temperature 7 and on
the characteristic temperature of the deep states distribution
(T») (See Eq. (44)).

In(Vgs, Vps1) =K VDsel (48)

v, m =
DS "
VDSel = VDS|:1 + (—) }
‘ a(Vgs — ViB)

with = 0.8.

A unified subthreshold current model is obtained by
sewing together both parts of the subthreshold region:
(Eqgs.(46) and (48)):

1 —tanh[(Vgs — (Vg + V1))Q1]]
2

1 + tanh[(Vgs — (Vg + V1))01]
2

(49)

In = IIDSBI[

+ |Iht|[ ] (50
where Qg is a fitting parameter.

The expression of the total drain current is obtained
by binding the above threshold, subthreshold, and deep
subthreshold regions, i.e., I;, and I;1; and in adding the
off-current I, Thus, the total drain-to-source current is
described by (51):

1— _
Ips = Z|:|:|Im| + IDSA|: tanhl (Vas _ Vr + Vo))Qo]}

1+ tanh[(Vgs — (V7 + Vo))QO]H
2

+ |Itl|[
(51)

Vo and Qg are adjustable parameters. Vj is selected so that
the value Vr+ Vj is slightly over Vr to provide a cor-
rect sewing point of both regions; Qp modifies controls the
transition between the subthreshold and the above threshold
regimes.

To extract the key physical parameters in the above thresh-
old regime, we apply the integral function H(Vgs) described
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FIGURE 22. Modeled Ip vs Vgg at 300K (Vp = 0.5V). From [39].
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FIGURE 23. Ip vs Vpg experimental and modeled at 300K. From [93].

by [98] to the I-V g characteristics at low Vpg, and use linear
regression to extract parameters. This is the same procedure
as in [69], but applied separately to the subthreshold and the
above threshold regimes.

The model was validated by comparison with experimental
I-V data from different AOS TFT technologies, including
1GZO TFTs from TNO (Eindhoven, The Netherlands). These
transistors have a top Etch Stop Layer (ESL) (Fig. 1). The
device under study has a channel length of L = 21um and
channel width of W = 100um. The insulator capacitance is
Cox = 20nF/cm?, the relative dielectric constant is er = 4.7,
the insulator thickness is #; = 200nm and the thickness of
the ESL is 77 = 100nm.

As seen in the Figures 22-23, good agreement was
observed with experimental transfer and output character-
istics through all operation regimes.

When the Fermi level is close to the conduction band,
percolation effects have to be considered. In this case,
and after accounting for percolation effects in the mobility
expressions, the UMEM.

This model was formulated in a physical way by means
of developing an expression of the field-effect IGZO TFTs
mobility in terms of physical device parameters. Both trapped
and free carriers are considered. Percolation effects (perco-
lation over potential barriers in the conduction band) can be
included.

In addition, a simple procedure was developed, to deter-
mine the localized density of states at conduction band
energy, gato and its characteristic temperature Tt, with
the advantage of requiring only a measured linear transfer
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characteristic at room temperature to which the extraction
procedure to model IGZO TFTs previously developed in the
Unified Model and Extraction Method (UMEM) adapted to
AOS TFT is applied.

The procedure developed allows to calculate the relation of
the empirical mobility model parameters which up to now are
usually obtained by extraction methods, with device physical
parameters. An empirical analytical expression to represent
the dependence of the surface potential on the gate volt-
age was developed and validated. Using this expression, the
procedure described to calculate the above mentioned param-
eters is completely analytical. The procedure also allows to
calculate the gate voltage for which the Fermi level reaches
the lower edge of the conduction band, much simpler than
reported before

The tail density at the edge of the conduction band (g4z,)
is calculated from [34]:

—of
dr— (fooo lﬁx dxe 10

NC%[fooo¢

_os—o¢f
I+ o

8ato = 1 1 o % 1 o
(kbTT) fO 7 dZé‘kh.TO _ fO e Ve dze kbeTT

I+z T 14+ T
(52)

where, ¢ is the surface potential, ¢y is the fermi level
potential, ¢; is the thermal potential and ¢, is the char-
acteristic potential, Tt = 2To — T7. N is the free electron
concentration conduction band.

From S we extracted the density of interface states, Dir
following [82]:
(i — ¢i— Cb)

q

where Cp is the depletion capacitance of the IGZO layer,
calculated as in [82].

D;; =

(53)

H. CHARGE AND CAPACITANCE MODEL

On the other hand, a charge model for AOS TFTs based
on the same principles as the DC model explained above
was developed [83]. A few previous papers [84]-[86]
presented models of the IGZO capacitances, but demon-
strated only the agreement between the gate capacitance and
simulations/measurements.

Charge expressions (gate, drain and source charges) are
obtained for both the subthreshold and above-threshold cur-
rent assuming that deep states dominate in the former regime
and tail states in the latter.

Using an analysis similar to the one in Section II-A.
Reference [82] to develop charge and capacitance models
for organic TFTs and considering only the first exponential
term (deep states) in the DOS defined in (1), we developed
the charge and capacitance models for both the subthreshold
(Fermi level in deep states) and the above threshold regime
(Fermi level in tail states). The expressions of total charges
have the same form in both regimes, but parameters are
related to the densities of deep and tail states, respectively.
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FIGURE 24. Comparison of measured and modeled Cgg capacitance at
Vps=0 V.. IGZO TFTs experimentally targeted in Figs. 21-22. From [87].
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FIGURE 25. Capacitances (Cgg. Cep. Cpg: Csc) Vs- Vgs for Vps = 1V. 1GZO
TFTs experimentally targeted in Figs. 21-22. From [83].

For example, in the above threshold regime, the total gate
charge is written as:

w2C2, - (Vor — Vpsed) T — (Var)*
Ipsa 3+y

OcCHd =
(54

Ipsa is a non. linearized expression of the above threshold
current (44), with the same form as (22).

The total charges at the drain and the source are
obtained following the Ward-Dutton channel charge parti-
tioning scheme [83], where the capacitances are computed
using the equivalent charge densities at the source and drain
ends of the channel.

An interpolation function to combine both the subthresh-
old and the above threshold charge expressions. The intrinsic
capacitance expressions are found by differentiating the
resulting charge expressions with respect to the applied bias,
as explained in [83]: Cjq = 75’%‘11' # J, Cia = %Q—V'jdl =j,
where i and j indicate the gate, source or drain electrodes.

The resulting capacitance model was validated by compar-
ison with experimental and TCAD results from ESL 1GZO
TFTs, as we see in Figs. 24-25.
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FIGURE 26. Comparison of simulated and modeled capacitance for an
IGZO TFT with 5 and 10 xm of top metal overlap. From [87].

On the other hand, bias-dependent overlap capacitances
have to be included in order to adequately model the satu-
ration regime [87], [88]. In staggered bottom gate structures
the effect of the top metal overlap contacts (for example
when using an etch stop layer, ESL [89]-[92]). The top
metal overlap near the drain serves as a second gate with
a voltage applied equal to Vpg. An expression to account for
this effect was included in the model, as well as the effect of
the overlap capacitance between gate and drain/source and
the reduction of the channel capacitance with the increase
of drain voltage. The calculated capacitance is a function
of the threshold voltage, (V) the mobility and saturation
parameters which are extracted using the Unified Model
and Extraction Method (UMEM) for AOSTFTs. Very good
agreement was observed between the modeled and TCAD-
simulated and experimental characteristics shows a very good
agreement (Fig. 26).

I. TEMPERATURE EFFECTS

Most studies of temperature effects in AOS TFTs are so
far limited to high temperatures [94]. The UMEM AOS
TFT model was also adapted to different temperatures, from
210 K to 370 K. Measurements were done at both low
and high temperature conditions. Model parameters were
extracted for each temperature. The model was demonstrated
to be valid in the range of temperatures from 210 K to
370 K [93] (Fig. 27).

V. LOW FREQUENCY NOISE MODELING

Measurements of low frequency noise of IGZO TFTs and
OTFTs (fabricated by TNO and CEA, respectively) were car-
ried out to determine the main mechanism which contributes
to noise and to develop noise compact models.

It was found that the power spectral density (PSD) is
proportional to 1/f (being f the frequency) in log-log scale
in both devices (Fig. 28). Therefore, it was confirmed that
the low frequency noise was Flicker noise.
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TFTs. Same device process as [93].
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FIGURE 28. Measured and modeled normalized 1/f noise power spectral
density of 15 x 100 xm2- IGZO TFT (from TNO) over a range of frequencies
in subthreshold, linear, and saturation regime operation at

298 K. From [95].

TABLE 3. Comparison of the carrier number fluctuation, mobility fluctuation

and unified models in linear regime.

Models
w Sp k1 1
I f CWL Vgs — Vin)?
A So_ a4 a1
I CoWL f (Vos = Vin)
Sin(f) Io | [gm]?
an-p | 228 = [k 2] [52] 500
D Im D

The 1/f noise in semiconductor devices can be due to
carrier number fluctuations, bulk mobility fluctuations, or
a combination of surface mobility and carrier number fluc-
tuations (“unified model”). Each of these models lead to
a different expression of the power spectral density (Table 3).

In the devices targeted the normalized drain current spec-
tral density was inversely proportional to the channel length,
what indicated that the Flicker noise was mostly generated
in the channel and not in the contacts [95]-[97].

To determine the dominant noise mechanism, I-V mea-
surements were carried out in order to extract model
parameters. It was found that the case of the targeted IGZO
TFTs, the normalized drain current spectral density was
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FIGURE 29. Plot of model-experimental data comparison for S;y/142 (left)
and [gm/I4s]* (right) with respect to drain current for a 20 x 100xm? 1GZO
TFT. V4s = 1 V. From [96].

inversely proportional to the inverse of (VgS—VT)z, being
Vgs the gate source voltage and V7 the extracted thresh-
old voltage and also proportional to (g,/Iz)> (being gm
the transconductance and Id the drain current), as shown
in Fig. 29. Therefore, we concluded that the main dominant
noise mechanism as the fluctuation on the number of carriers
(which takes place at the interface). In previous published
papers other authors found that it was the fluctuation of
mobility (which takes place in the film) the dominant mech-
anism [98]-[101]. However, the IGZO TFTs we targeted
were much thinner (15 nm IGZO film) than those previously
reported and besides they were Edge Stop Layer (ESL) struc-
tures. This means that the surface effects are stronger that
in the previously reported devices, and as a result, the fluc-
tuation on the number of carriers. Besides, we extracted
a density of states of the targeted devices which resulted to
be quite low, what means that the quality of the IGZO film
was good, and this decreases the contribution to noise of
traps in the film [95], [96].

Afterwards, a full compact model for the Flicker noise in
IGZO TFT was developed and successfully compared with
experimental data [96] (Fig. 29).

Similarly, Flicker noise in OTFT devices was analyzed
from two polymeric technologies fabricated by CEA-Liten.
In the oldest and lower mobility technology, the normalized
drain current spectral density ( Sip/ Ip2) was inversely pro-
portional to the inverse of (Vg—Vr) and not proportional
to (gm/Id)?, demonstrating that the main noise mechanism
were mobility fluctuations. This was observed in other
technologies [102]-[106].

However, in the new and higher mobility OTFTs it was
proportional to (gm/Id)?>, and therefore noise was mostly
due to carrier number fluctuation at the interface. This
was related to the fact that the extracted degree of amor-
phity (quality of the organic layer) was larger in the high
mobility TFTs than in the lower mobility ones. Afterwards,
a full compact model for the Flicker noise in OTFT was
developed and successfully compared with experimental
data (Fig. 30) [97].
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FIGURE 31. Comparison between the TCAD and Verilog-A model inverter
with various channel length from 10 xm down to 0.3 xm.

VI. COMPACT MODEL VALIDATION

The compact models for AOS TFTs and OTFTs were imple-
mented in Verilog-A files. The implementation of these
models was evaluated by means of the simulation of test
circuits. Once it was demonstrated that their implementa-
tions were correct, we proceeded to validate these models
by comparison with TCAD and experimental results from
test circuits.

For example, a TCAD simulation of a single OTFT was
carried out and the charge-based OTFT Verilog-A model
described in Section II-A. was fitted to this data. A n-
type OTFT was emulated with the same characteristics as
the p-type OTFT to create a CMOS inverter. Ultimately,
four CMOS inverters were simulated with Silvaco’s ATLAS
software of which both OTFTs have channel lengths of
0.3, 1, 2 and 10 microns. The scaling from 10 microns
down to 0.3 microns was done using the same fitting
parameters in order to test the scalability of the Verilog-
A model. The agreement between the TCAD simulation
results and the ones obtained using our compact model in
the Verilog-A code (Fig. 31).
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FIGURE 32. Comparison between the output signals (measured and
simulated) of the 19-stages ring oscillator at (a) Vpp= 15 V and (b) Vpp=
20 V. From [107].

Several circuits were designed and fabricated using the
developed models.

A 19-stage IGZO TFT Ring Oscillator (RO) was experi-
mentally characterized to validate the AOS TFT model [107].
The dynamic behavior of the simulated circuit, when the TFT
internal capacitances are increased or decreased and for dif-
ferent supply voltages of 10, 15 and 20 V, was compared
with measured characteristics, obtaining a very good agree-
ment (Fig. 32). Afterwards, the model was used to simulate
the dynamic behavior of a pixel control circuit for a light
emitting diode active matrix display (AMOLED), using an
AOSTEFT.

Besides, using the compact model, a common-source
amplifier was demonstrated with a peak gain of 260 V/V and
maximum circuit power consumption of <1 nW (Fig. 33).

VIl. CONCLUSION

Physics-based compact models for OTFTs and AOS TFTs
were developed by means of several new approaches to
account for the physical effects determining the behavior
of these devices. The resulting DC, AC and low-frequency
noise models reproduced very accurately the experimental
characteristics of OTFTs and AOS TFTs under a broad range
of applied bias, device dimensions, frequencies and temper-
atures. After implementation in Verilog-A, the models were
successfully validated by means of the design and simulation
of test circuits.
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FIGURE 33. Useful bias range for a depletion load common-source
amplifier. (a) Conceptual figure of the load line and transfer curve of the
amplifier, where the green curve illustrates the correct bias condition and
blue curves illustrates the one or the other TFT in non-saturation.

(b) Circuit schematic of the amplifier indicating the useful bias range with
respect to SS. (c) Useful bias range with respect to SS based on

data extracted from IGZO TFT, where VDD = 2V and Vdsat = 0.48V.
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