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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 dispersion and noise. The final TFT 

models were, after implementation in Verilog-A, validated by means 

of the design and simulation of test circuits. 

 
 

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 [1,2, 3, 4, 5, 6, 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 physical 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 

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 filling 

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 possible 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 mechanisms 
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.1) 

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 expression and a 

straightforward parameter extraction procedure (Section II.2). 

In Section III.1, AOS TFTs were modeled basing on assuming 

a double exponential DOS and trap-limited conduction and 

percolation as the dominant transport mechanism, which is valid 

for mature technologies with a gate voltage operation range 

approaching the conduction band. In Section III.2 an adapted 

UMEM approach is applied if both deep and tail states have to 

be considered and the operation 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 incorporation 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. 

 

II. 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 
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simplified model based on the so-called Unified Modelling and 

Extraction Method (UMEM), which allows direct extraction of 

model parameters [13, 14]. 

Actually, the UMEM model can be derived from a 

linearization, 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 MOSFETs (charge-based in one 

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.      

 
 
II.1  Charge-Based OTFT model  
The charge-based OTFT model [11] led to compact expressions 

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 
modelled 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. Physics-Based Model Parameters 

The model is based on a simplified picture of the trap density 

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 shallow trap states 

with a Gaussian DOS Γ(E). In subthreshold operation it is 

essential to include the bias dependent filling 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’m in shallow 

traps per gate area in a channel of thickness dm by filling the 

trap states above energy Eµ according to Boltzmann statistics: 𝑄𝑄′𝑚𝑚 = 𝑞𝑞𝑑𝑑𝑚𝑚 ∫ Γ(𝐸𝐸)𝑓𝑓(𝐸𝐸)𝑑𝑑𝐸𝐸 ≈ 𝑞𝑞𝑑𝑑𝑚𝑚𝑁𝑁𝑠𝑠𝑠𝑠 exp �𝑞𝑞(𝜙𝜙𝑐𝑐−𝑉𝑉)−𝐸𝐸𝑔𝑔/2𝑘𝑘𝑘𝑘 �∞𝐸𝐸𝜇𝜇       (1) 

Here Nst is a fitting parameter representing the equivalent 

shallow trap density, Eg the gap between HOMO and LUMO 

level, V is the voltage drop along the channel, and φc 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 LW: 𝑄𝑄′𝑚𝑚𝑠𝑠/𝑑𝑑 =  
𝛼𝛼𝑘𝑘𝑘𝑘𝑞𝑞 𝐶𝐶𝑜𝑜𝑜𝑜𝐿𝐿𝑊𝑊 � 𝑄𝑄′𝑚𝑚0𝐶𝐶𝑜𝑜𝑜𝑜𝛼𝛼𝑘𝑘𝑘𝑘/𝑞𝑞 ∙ exp �𝑉𝑉𝐺𝐺𝐺𝐺/𝐷𝐷−𝑉𝑉𝑓𝑓𝑓𝑓−𝐸𝐸𝑔𝑔2𝑞𝑞−𝑞𝑞𝑁𝑁′𝑡𝑡,𝑚𝑚𝑚𝑚𝑜𝑜𝐶𝐶𝑜𝑜𝑜𝑜𝛼𝛼𝑘𝑘𝑘𝑘/𝑞𝑞 ��    (2) 

with the insulator capacitance per gate area Cox and flatband 

voltage Vfb. Thereby parameter α describes the degradation of 

the subthreshold swing S with respect to the ideal thermal 

swing: 𝛼𝛼 = 1 +
𝑞𝑞2𝑁𝑁′𝑡𝑡𝐶𝐶𝑜𝑜𝑜𝑜 =

𝑆𝑆ln(10)𝑘𝑘𝑘𝑘/𝑞𝑞  .                    (3) 

Here, charges in deep traps, i.e. in the tail states of the Gaussian 

DOS below energy Eµ, and interface states are represented in a 

simplified form by a constant density N’t per gate area and per 

energy. 

Parameter N’t,max in (2) is the density of deep trap and interface 

states which are filled if the channel potential is ϕc = Eg/(2q), 

which can be considered as threshold condition. Parameter Q´m0 

is the charge in shallow traps at the same bias, and from (1) at 

V=0 is given by: 𝑄𝑄′𝑚𝑚0 = 𝑞𝑞𝑑𝑑𝑚𝑚𝑁𝑁𝑠𝑠𝑠𝑠                                  (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:  𝐼𝐼𝐷𝐷𝑆𝑆 = 𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘𝑊𝑊 �𝑘𝑘𝑘𝑘𝑞𝑞 ∙ 𝑄𝑄′𝑚𝑚𝑠𝑠 − 𝑄𝑄′𝑚𝑚𝑑𝑑𝐿𝐿 +
𝑄𝑄′𝑚𝑚𝑠𝑠−2 𝑄𝑄′𝑚𝑚𝑑𝑑2

2𝐿𝐿𝐶𝐶𝑜𝑜𝑜𝑜 � 
                    × �1 + 𝜆𝜆(𝑉𝑉𝐷𝐷𝑆𝑆 − 𝑉𝑉𝐷𝐷𝑆𝑆𝑜𝑜)� +

𝑉𝑉𝐷𝐷𝐺𝐺𝑅𝑅𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙      (5) 

𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘 =
𝜅𝜅�𝑄𝑄′𝑚𝑚𝑚𝑚𝐶𝐶𝑜𝑜𝑜𝑜 �𝛾𝛾

1+𝜅𝜅�𝑄𝑄′𝑚𝑚𝑚𝑚𝐶𝐶𝑜𝑜𝑜𝑜 �𝛾𝛾𝑊𝑊𝐿𝐿 (𝑅𝑅𝑐𝑐+𝑅𝑅𝑠𝑠𝑠𝑠)𝑄𝑄′𝑚𝑚𝑚𝑚 .                                   (6) 

We use an empirical power-law mobility model [17] with 

parameters κ and 𝛾𝛾, incorporating a linear contact resistance Rc 

[18] and a non-linear contact resistance of a Schottky barrier Rsb 

 
 

Fig. 1: (a) Simplified picture of shallow traps with Gaussian DOS Γ(E) and 

constant density of deep traps and interface states in an OSC. (b) Cross section 

of a staggered device. 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JEDS.2021.3106836, IEEE Journal of

the Electron Devices Society

3 

 

by a first order approximation similar to [19]. Additionally, a 

leakage current is considered in (5) by resistance Rleak. Channel 

length modulation has been included by parameter λ and the 
expression: 𝑉𝑉𝐷𝐷𝑆𝑆𝑜𝑜 =

1𝐶𝐶𝑜𝑜𝑜𝑜 �𝑄𝑄′𝑚𝑚𝑠𝑠 − 𝑄𝑄′𝑚𝑚𝑑𝑑� .            (7) 

The introduction of parameter Q’ms/d 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 densities and 

avoids the introduction of a threshold voltage and subthreshold 

slope as purely electrical parameters.  

B. Electrical Model Parameters 

Assuming Vds ≈ 0, in the on state of the device the density of 

quasi-mobile charges can be formulated by the definition of a 

threshold voltage VT0: 𝑄𝑄′𝑚𝑚𝑠𝑠 = 𝐶𝐶𝑜𝑜𝑜𝑜(𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑘𝑘0) .       

   (8) 

If this expression is equated to (2), for VGS >> VT0 an 

expression for the threshold voltage can be derived [11]: 𝑉𝑉𝑘𝑘0 = 𝑉𝑉𝑓𝑓𝑓𝑓 +
𝐸𝐸𝑔𝑔2𝑞𝑞 +

𝑞𝑞𝑁𝑁′𝑡𝑡,𝑚𝑚𝑚𝑚𝑜𝑜𝐶𝐶𝑜𝑜𝑜𝑜 − 𝛼𝛼𝑘𝑘𝑘𝑘𝑞𝑞 ln � 𝑄𝑄′𝑚𝑚0𝐶𝐶𝑜𝑜𝑜𝑜𝛼𝛼𝑘𝑘𝑘𝑘/𝑞𝑞�             (9)
      

 

Combining this result with (2) the quasi-mobile charge 

densities at the source and drain end of the channel can be 

written as: 𝑄𝑄′𝑚𝑚𝑠𝑠/𝑑𝑑 =  
𝛼𝛼𝑘𝑘𝑘𝑘𝑞𝑞 𝐶𝐶𝑜𝑜𝑜𝑜𝐿𝐿𝑊𝑊 �exp �𝑉𝑉𝐺𝐺𝐺𝐺/𝐷𝐷−𝑉𝑉𝑇𝑇0𝛼𝛼𝑘𝑘𝑘𝑘/𝑞𝑞 �� .             (10)

 
Together with (5) to (7) a compact and one-piece expression 

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: ∆𝑉𝑉𝑘𝑘,𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟−𝑜𝑜𝑓𝑓𝑓𝑓 = −𝑉𝑉𝑓𝑓𝑏𝑏𝑓𝑓         (11) ∆𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑓𝑓𝑉𝑉𝐷𝐷𝑆𝑆/2    (12) 

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

      𝐺𝐺𝑠𝑠𝑠𝑠 =
𝑘𝑘𝑘𝑘𝑞𝑞 ∙ ln (10)1−𝑓𝑓        (13)    

  𝑓𝑓 =
4(𝑡𝑡𝑠𝑠𝑐𝑐+𝑡𝑡𝑜𝑜𝑜𝑜𝜀𝜀𝑠𝑠𝑐𝑐/𝜀𝜀𝑜𝑜𝑜𝑜)𝑑𝑑𝑝𝑝𝑜𝑜𝑝𝑝4(𝑡𝑡𝑠𝑠𝑐𝑐+𝑡𝑡𝑜𝑜𝑜𝑜𝜀𝜀𝑠𝑠𝑐𝑐/𝜀𝜀𝑜𝑜𝑜𝑜)2+𝐷𝐷2 . (14)   

Here, parameter dpoi is used as fitting parameter representing 

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≈εsc/εoxtox, and in case of (12) and (13) parameter f is 

computed with dpoi≈εsc/εoxtox+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 VT0 by 𝑉𝑉𝑘𝑘 = 𝑉𝑉𝑘𝑘0 − ∆𝑉𝑉𝑘𝑘,𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟−𝑜𝑜𝑓𝑓𝑓𝑓 − ∆𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷          

 (15) 

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

degradation from 𝛼𝛼 =
11−𝑓𝑓 �1 +

𝑞𝑞2𝑁𝑁′𝑡𝑡𝐶𝐶𝑜𝑜𝑜𝑜 �.         

    (16) 

 These extensions of the model have been shown to accurately 

predict the DC characteristics of staggered OTFTs with a 

channel length down to 0.5 µm.  

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 fabricated 

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 

incorporated 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 dependence 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 behavior in the 

output characteristics if the barrier height between source 

electrode and the channel material  is not negligible [24, 25, 26, 

27, 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 φB0 is modulated by the gate and drain potential, 

 
Fig. 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 ΔφB depending on 

the electric field Esb at the barrier [9]. 
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influencing the electric field Esb 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 ∆𝜙𝜙𝐷𝐷 = � 𝑞𝑞𝐸𝐸𝑚𝑚𝑓𝑓4𝜋𝜋𝜀𝜀𝑚𝑚𝑐𝑐                  

  (17) 

where εsc 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]: 𝐸𝐸𝑠𝑠𝑓𝑓 =
𝜙𝜙𝐵𝐵0+(𝑄𝑄′𝑚𝑚𝑠𝑠−𝑄𝑄′𝑚𝑚𝑑𝑑)/𝐶𝐶𝑜𝑜𝑜𝑜𝑠𝑠𝑚𝑚𝑐𝑐+𝑠𝑠𝑜𝑜𝑜𝑜𝜀𝜀𝑚𝑚𝑐𝑐/𝜀𝜀𝑜𝑜𝑜𝑜        

  (18) 

where tsc 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 dB from the 

interface to the insulator, has been derived under use of the 

conformal mapping technique: 𝐸𝐸𝑠𝑠𝑓𝑓 =
2𝜋𝜋 ∙ 𝜙𝜙𝐵𝐵0+(𝑄𝑄′𝑚𝑚𝑚𝑚−𝑄𝑄′𝑚𝑚𝑚𝑚)/𝐶𝐶𝑜𝑜𝑜𝑜�2𝑑𝑑𝐵𝐵𝑠𝑠𝑜𝑜𝑜𝑜𝜀𝜀𝑚𝑚𝑐𝑐/𝜀𝜀𝑜𝑜𝑜𝑜+𝑑𝑑𝐵𝐵2   .       

(19) 

In the model this solution is used as average electric field in the 

injection region, whereby dB is used as fitting parameter. 

In both cases, the accumulated charge Q’mc 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 Vc ≈ VGS, and hence in the model we assume Q’mc = 

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 biased 

SB with voltage drop Vc [29]: 𝐼𝐼𝑠𝑠𝑓𝑓 = 𝐿𝐿𝑏𝑏𝑖𝑖𝑖𝑖𝑊𝑊𝐴𝐴∗𝑘𝑘2 ∙ exp�− 𝜙𝜙𝐵𝐵0−𝛥𝛥𝜙𝜙𝐵𝐵𝜂𝜂𝑙𝑙𝑇𝑇𝑞𝑞 ��𝑒𝑒𝑜𝑜𝑒𝑒�− 𝑉𝑉𝑐𝑐θ𝑙𝑙𝑇𝑇𝑞𝑞 � − 1� 

(20) 

Parameter A* is the effective Richardson constant at the 

Schottky barrier, and parameters η and θ are ideality factors. 

For the case of staggered device structures parameter Linj 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 Rsb in 

series to Rc. 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]: 𝑅𝑅𝑠𝑠𝑓𝑓 ≈ 𝑉𝑉𝑐𝑐𝐷𝐷𝑚𝑚𝑓𝑓 =
�𝑄𝑄′𝑚𝑚𝑚𝑚−𝑄𝑄′𝑚𝑚𝑚𝑚�𝑠𝑠 𝑊𝑊 𝐴𝐴∗ 𝑘𝑘2 𝐶𝐶𝑜𝑜𝑜𝑜 ∙ exp�𝜙𝜙𝐵𝐵0−Δ𝜙𝜙𝐵𝐵𝜂𝜂𝑙𝑙𝑇𝑇𝑞𝑞 � /

�𝑒𝑒𝑜𝑜𝑒𝑒�− 𝑉𝑉𝑐𝑐θ𝑘𝑘𝑘𝑘𝑞𝑞 � − 1�.   (21) 

The voltage drop of 𝑉𝑉𝑠𝑠 ≈ 𝑉𝑉𝐷𝐷𝑆𝑆𝑜𝑜 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 

η has been introduced to allow for an improved fitting of the 

exponential current increase. The SB lowering ΔφB 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, AlOx/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 cm²/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 characteristics 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 VT-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. Figures 5b and c 

demonstrate the accuracy of the AC model compared to 

measurements.  
 

 

 
Fig. 3: Model structure of the source region for (a) staggered and (b) coplanar 

device geometry. 
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II.2.  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 in an OTFT 

(which could be also approximated by a two-exponential 

     (a) 

 

 
     (b)   

 

 
Fig. 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 µm and (b) 0.5 µm. 

The current equation (5) has been extended by expressions for 

short-channel effects as DIBL and VT roll-off [21].  

 

 

     (a) 

  
    (b) 

 
      (c) 

 
 

Fig. 5: (a) Normalized drain-current variance versus mean-value drain current 

of staggered organic TFTs with a channel length of 1μm. 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 µm, gate overlap at source/drain: 

10 µm, width: (a) W = 1 µm, (b) W = 400 µm [22].  
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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]:  𝐼𝐼𝐷𝐷𝑆𝑆 =
−𝑊𝑊 𝐶𝐶𝑜𝑜𝑜𝑜 𝜇𝜇0(�𝑉𝑉𝐺𝐺𝑘𝑘𝐺𝐺 − 𝑉𝑉𝐷𝐷𝑆𝑆𝐺𝐺)2+𝛾𝛾 − 𝑉𝑉𝐺𝐺𝑘𝑘𝐺𝐺2+𝛾𝛾�(1 + 𝜆𝜆 𝑉𝑉𝐷𝐷𝑆𝑆𝐺𝐺)𝐿𝐿 𝑉𝑉𝑎𝑎𝑎𝑎𝛾𝛾  (2 + 𝛾𝛾)

 

                                                                                          (22) 

being W and L the channel width and length respectively, 𝑉𝑉𝐷𝐷𝑆𝑆𝐺𝐺 

and 𝑉𝑉𝐺𝐺𝑘𝑘𝐺𝐺 are effective functions of the drain to source and gate 

overdrive voltages respectively, and 𝐶𝐶𝑜𝑜𝑜𝑜 is the insulator 

capacitance. 𝜇𝜇0  corresponds to the band mobility[33], The 𝑉𝑉𝑎𝑎𝑎𝑎 

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 𝛾𝛾 parameter depends on 

the DOS characteristic temperature (𝑘𝑘0) as:   

 𝛾𝛾 = 2
𝑘𝑘0𝑘𝑘 − 2                                    (23)                              

The UMEM-based model results from writing the drain current 

expression as in crystalline MOSFETs by using a field effect 

mobility expression.  An equation of the drain current in the 

form of Eq(5) in Section II.1 is obtained.  

The field effect mobility is calculated as a power law  [7,8]: 𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘 = 𝜇𝜇0𝑉𝑉𝐺𝐺𝑘𝑘𝛾𝛾/𝑉𝑉𝑎𝑎𝑎𝑎𝛾𝛾                       (24)  

 

Where VGT= VGS-VT., being VT the threshold voltage, which in 

OTFT can be written as in (15). 

Finally, the resulting above threshold drain current expression 

is linearized around VDS=0 and an interpolation function is used 

to extend it in a continuous way to the saturation regime [4, 33-

34]. 

 𝐼𝐼𝐷𝐷𝑆𝑆
=
𝑊𝑊𝐿𝐿 ⋅ 𝐶𝐶𝑜𝑜𝑜𝑜 𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘(𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑘𝑘)�1 + 𝑅𝑅𝑊𝑊𝐿𝐿 ⋅ 𝐶𝐶𝑜𝑜𝑜𝑜𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘(𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑘𝑘)� 𝑉𝑉𝐷𝐷𝑆𝑆(1 + 𝜆𝜆 ⋅ 𝑉𝑉𝐷𝐷𝑆𝑆)�1 + � 𝑉𝑉𝐷𝐷𝑆𝑆𝑉𝑉𝐷𝐷𝑆𝑆𝑠𝑠𝑎𝑎𝑠𝑠�𝑚𝑚� 1𝑚𝑚

+ 𝐼𝐼𝑜𝑜 

(25) 

The 𝜆𝜆 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: 

)( TGSSDSsat VVV −= α   (26) 

The effective drain-source voltage, which tends to VDS for 

VDS<<VDSsat and to VDSsat for VDS>VDSsat can be therefore 

defined as: 

                         𝑉𝑉𝐷𝐷𝑆𝑆𝐺𝐺 =
𝑉𝑉𝐷𝐷𝐺𝐺

[1+(𝑉𝑉𝐷𝐷𝐺𝐺 𝛼𝛼𝑉𝑉𝐺𝐺𝑇𝑇⁄ )𝑚𝑚]1 𝑚𝑚⁄    (27) 

The drain current model in the subthreshold voltage is 

calculated, assuming diffusion transport, as: 𝐼𝐼𝐷𝐷𝑆𝑆𝐷𝐷 =  𝐼𝐼𝐷𝐷𝑆𝑆0𝑒𝑒2.3(𝑉𝑉𝐺𝐺𝐺𝐺−𝑉𝑉𝑇𝑇)𝐺𝐺                           (28) 

Where S gives the subthreshold swing and Ids0 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 

obtained by means of hyperbolic functions: 𝐼𝐼𝐷𝐷𝑆𝑆 = �𝐼𝐼𝐷𝐷𝑆𝑆𝐴𝐴 1 + tanh(𝑉𝑉𝐺𝐺𝑆𝑆 − (𝑉𝑉𝑘𝑘 + 𝐷𝐷𝑉𝑉)𝑄𝑄)

2
� + ((𝐼𝐼𝐷𝐷𝑆𝑆𝐷𝐷

+ 0)
1 + tanh(𝑉𝑉𝐺𝐺𝑆𝑆 − (𝑉𝑉𝑘𝑘 + 𝐷𝐷𝑉𝑉)𝑄𝑄)

2
 

(29) 

Where IDSA 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]:  

 

                         𝑅𝑅𝐶𝐶 = 𝑅𝑅𝐶𝐶0 𝐴𝐴/𝑊𝑊𝑉𝑉𝐺𝐺𝑇𝑇𝑙𝑙𝑓𝑓𝑓𝑓𝛾𝛾+1 
 

(30) 

Where RC0 is the nongateable RC due to the  injection at the 

contact, A is the proportionality constant due to the bulk and 

channel transport, and VGTeff=VGS-VT-VDS/2 [40]. 

This model takes into account the 2-D current path of a 

staggered transistor, using a modified current crowding model 

featured by a constant access resistivity racc and power-law 

dependent bulk and channel resistivities (rB and rch). According 

to TCAD  simulation results (using a Gaussian DOS). the gate 

voltage dependence of rB 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 threshold 

regime, we apply the integral function H(VGS) described by [4, 

33, 41] to the I-VGS characteristics at low VDS, and use linear 

regression to extract parameters 

              𝐻𝐻(𝑉𝑉𝐺𝐺𝑆𝑆) =
∫ 𝐷𝐷𝐷𝐷𝐺𝐺(𝑜𝑜)𝑑𝑑𝑜𝑜𝑉𝑉𝐺𝐺𝐺𝐺0 𝐷𝐷𝐷𝐷𝐺𝐺(𝑉𝑉𝐺𝐺𝐺𝐺)

=
12+𝛾𝛾 (𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑘𝑘)           (31) 

VT and γ are the intercept and the slope of (31) respectively. 
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The rest of extraction procedures are described in [4, 33, 42, 43, 

44]. 

Alternatively, the so-called ratio method, can be applied [39] to 

get VT and γ. 

This drain current model was validated by comparison 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 (Fig. 6-7). 

 

 
 
Fig. 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.  

 
 
Fig. 7. Model and experimental transfer characteristics. OTFTs from CEA-
Liten. W = 2000mm and L = 20mm. From [42]. 

 

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 accumulation [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.1.  

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 accumulation [34, 41]. The 

expression of the drain current was not linearized (22). 

 

                  𝑄𝑄𝐶𝐶𝐶𝐶 =
−𝑊𝑊 𝐶𝐶𝑜𝑜𝑜𝑜2𝐼𝐼𝐷𝐷𝑆𝑆 𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘0 (𝑉𝑉𝐺𝐺𝑘𝑘𝐺𝐺 − 𝑉𝑉𝐷𝐷𝑆𝑆𝐺𝐺)3+𝛾𝛾 − 𝑉𝑉𝐺𝐺𝑘𝑘𝐺𝐺3+𝛾𝛾)

3 + 𝛾𝛾  

(32) 

µFET0 is the value of mobility/Vaa
γ when VGS - VT = 1V: 𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘0 =𝜇𝜇0𝑉𝑉𝑚𝑚𝑚𝑚 𝛾𝛾  

We used an interpolation function for the effective gate 

overdrive voltage 𝑉𝑉𝐺𝐺𝑘𝑘𝐺𝐺  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 𝑉𝑉𝐺𝐺𝑆𝑆, we obtain the expression 

of the gate to gate capacitance in accumulation.    

 

The final capacitance   model is obtained using an interpolation 

function which smoothly tends to CGGa = CGG + 2COVR , where CGG 

is the gate-gate capacitance obtained by differentiating (32) with 

respect to the gate voltage in accumulation, and the overlap 

capacitance is COVR=LOVRCiW, LOVR 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 𝐶𝐶𝐸𝐸𝑄𝑄 

value,  which takes into account the depletion capacitance  [41].  

        𝐶𝐶𝑘𝑘𝑇𝑇𝑘𝑘 = ��𝐶𝐶𝐸𝐸𝑄𝑄� 1−tanh(𝛽𝛽)2 �+ �|𝐶𝐶𝐺𝐺𝐺𝐺|
1+tanh(𝛽𝛽)2 �           (33) 

Where 𝛽𝛽 = (𝑉𝑉𝐺𝐺𝑘𝑘 + ∆𝑉𝑉𝑘𝑘)𝑄𝑄2 is a correction of 𝑉𝑉𝑘𝑘 for capacitance 

in C-V measurements. Q2 is a fitting parameter in the knee 

region. 

 

   
 
Fig 8. Modeled and experimental capacitances. Organic MIS capacitors from 

CEA-Liten. From [18]. 
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At medium and high frequencies, the quasi-static 

approximation cannot be applied, and several physical 

phenomena 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 

          
( )
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ii
ii

jωτ
εεεε

+
−
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1

0
                               (34) 

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). 
 

 
Fig. 9. First derivative of the gate capacitance. Organic MIS capacitors from 

CEA-Liten. From [18] 

 

    
Fig. 10 (a). Modeled and experimental transfer characteristics at different 

temperatures. OTFTs from CEA-Liten. From [42]. 

 

 

 
Fig. 10 (b). Modeled and experimental output characteristics at 150K. OTFTs 

from CEA-Liten. From [42] 

 

 

 

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 parameters were 

addressed [50, 51, 52, 53].  The UMEM OTFT model was also 

adapted to different temperatures, from 150 K to 340 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 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.1 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 . 
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III. 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. 
 
III.1.  TLC/Percolation.based model 
 
The above threshold model is based on a mobility model that 

combines trap-limited conduction (TLC) with percolation 

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, localized 

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 barriers above the conduction band 

minima (Em), suggesting the presence of percolation conduction 

[57-59, 60, 61, 62, 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 conduction (TLC) 

with percolation conduction. The latter takes 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 voltage VFB rather than VT 

[65,66]. Good agreement with measured terminal 

characteristics is obtained over the entire range of VGS > VFB for 

the test TFTs with an a-IGZO channel. 

A. Above-Threshold Model 

As illustrated in Fig 11, oxide TFTs have potential barriers 

above Em 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 (kTt) 

~ 20meV, smaller than the thermal energy (kT) at 300K, leading 

to different mobility behavior. This suggests that the field effect 

mobility (µFE) model needs to be modelled based on TLC and 

percolation conduction, although the former is significant as 

compared to a-Si.  

1) Trap-limited conduction (TLC) 

The effect of trap-limited conduction (TLC) can be 

considered as ratio (γTLC) of free carrier density (nfree) and 

trapped carrier density (ntail), yielding γTLC = nfree /(nfree+ntail). 

Here, nfree = NC exp[(EF–Em)/kT], where NC is effective density 

of free carriers and kT the thermal energy. And the expression 

for ntail is approximated with kTt < kT using exponential 

distribution of tail states. This yields ntail = NtckTtexp[(EF–

Em)/kT]. Now, we have γTLC as just a constant, 
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    (35) 

2) Percolation Conduction 

Percolation conduction associated with potential barriers 

above Em can be considered as mobility scaled from band 

mobility (µ0), assuming Gaussian random distribution of 

potential barriers with mean (φB0) and variance (σB0). This 

yields µ0
*
 = µ0 exp[–qφB0/kT+(qσB0)2/(kT)2]. Here, φB0 can be 

reduced by ∆φB0 due to thermally released electrons, depending 

on Fermi level change (∆EF), as described in Fig 11. The 

thermally reduced barrier height can be expressed as φB0·exp(–

γB∆EF/kT), where γB ≡ (DB–WB)/DB, which can be 

approximated as φB0(1–γB∆EF/kT) when γB∆EF/kT<<1 by 

Taylor expansion. Thus, ∆φB0 is defined as γB∆EF/kTφB0. These 

conditions yield the percolation mobility (µPer) as follows, 
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µµ ,                  (36) 

where µ0
*= µ0 exp[–qφB0/kT+(qσB0)2/2(kT)2] considered as an 

effective band mobility.  

 

3) Combined Mobility Model with VGS dependence 

In Eq.(36), the ∆EF is controlled by gate voltage (VGS). The 

relationship between them can be derived by solving Poisson’s 

equation, yielding ∆EF=2(kT/q)ln[Cox(VGS–VT)/Qref], where Cox 

is gate-insulator capacitance, VT threshold voltage which can be 

extracted independently using second derivative method 

reported in[54-56], and Qref ≡ [2εSNCkTexp[(EF0–Em)/kT]0.5.  

 
Fig 11. Illustration of carrier transport combining percolation with trap-limited 

conduction (TLC) for oxide semiconductor TFTs (Here, DB and WB denote 

spatial distance and width of potential barriers, respectively) 
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Combining TLC with percolation from Eqs.(1) to (36), we now 

have the VGS dependent mobility relation, 
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As can be seen, Eq.(37) follows a power law. Here, αp ≡ 
2qφB0·γB/kT, related to percolation. In Eq.(37), TLC affects the 

constant term, while the exponent is determined by percolation. 

 

 

4) Current-Voltage Relation  

With Eq.(37) and the definition of drift current: IDS = 

µFECox(VGS–VT–Vch)dVch/dx, current-voltage relation IDS(VGS) 

can be derived with the integral ranges: x=0 to L and channel 

potential (Vch)=0 to VDS, 
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In Eq.(38), L’ is defined as L-∆L, where ∆L is channel 

expansion, and effective drain voltage V’DS = VDS – 2RCIDS, 

where RC is contact resistance. For saturation regime 

expression, Eq.(38) can be reformed with a saturation parameter 

(βsat), replacing V’DS by βsat(VGS-VT). Fig 12(a) shows a 

comparison between measured and modeled transfer 

characteristics (IDS vs. VGS) of IGZO TFTs at VDS= 0.1V, 

providing a good agreement. The measured saturation 

characteristics at VDS= 20V is also well matched with the 

modeled results, as seen in Fig 12(b).  

The examined IGZO TFT to verify this model in Fig. 12 and the 

other figures in this section has the following geometrical and 

physical parameters : W=100µm, channel thickness tS=40nm, 

channel permittivity εS = 11.5ε0 (where ε0 is vacuum 

permittivity), VFB ~0.6V, VT ~4V, Cox = 11.5 nF/cm2, µ0 = 15 

cm2/V-s, and NC=5x1018 cm-3 at 300K. We extracted , 2RC ≡ 
RSD = 9637 Ω for W = 100 µm (equivalent to RSDW = 96.37 Ω-

cm) and ∆L=-3.5µm (L'=L-∆L=L+3.5µm). 

 

     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 

agreement between the measurements and the model, Eq.(38). 

For purposes of validation, the modeled values of exponent (αp) 

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 = αp + 1 ≡ 2qφB0·γB/kT + 1). As seen 

in Fig.13(b), the proposed percolation model for φB0·γB = 

2.5meV shows better agreement compared to the conventional 

model (e.g. trap-limited conduction model with a = 2kTt/kT – 1 

for kTt = 30 meV). 

 
 

(a)     

     
                    (b) 

Fig 11 Comparison between measured and modeled transfer characteristics 

of IGZO TFTs. (a) linear regime with VDS =0.1V and (b) saturation regime 

with  VDS =20V,  

 

(a)   

      
                                                       (b) 

Fig. 13 (a) Measured and modeled IGZO TFT IDS-VGS characteristics for 

above-threshold regime at VDS =0.1V for different temperatures (100K, 

200K, 300K, respectively). (b) Retrieved exponent (a) vs. temperature.  
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B. Subthreshold Model 

The subthreshold current in the limit of low VGS shows a 

linear dependence on VGS in a semi-log plot, as illustrated in Fig 

4, suggesting diffusion current, as follows,  
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where µ0 is the band mobility for electrons. The sub-threshold 
slope (S) can be derived from Eq.(39) as dVGS/dlogIDS,  𝐺𝐺 ≡ 𝑙𝑙𝑙𝑙 1 0

𝒌𝒌𝒌𝒌𝒒𝒒 �𝟏𝟏+
𝒒𝒒𝟐𝟐𝑫𝑫𝒊𝒊𝒊𝒊𝑪𝑪𝒐𝒐𝒐𝒐 �.                  (40) 

           

 

(a) 

 

(b) 

Fig 15 Measured and modeled IGZO TFT sub-threshold current (Isub) as a 

function of VGS for (a) linear regime with VDS=0.1V and (b) saturation regime 

with VDS=20V 

 

 

 

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 EF moves to the location of deep states for increasing 

VGS, the drain current can be defined as a drift current (IDrift),  𝑰𝑰𝑫𝑫𝑫𝑫𝒊𝒊𝑫𝑫𝒊𝒊 ≈ 𝝁𝝁𝟎𝟎 𝑾𝑾𝑳𝑳ʹ 𝑪𝑪𝒐𝒐𝒐𝒐𝜶𝜶𝒅𝒅+𝟏𝟏𝑸𝑸𝒅𝒅𝜶𝜶𝒅𝒅 (𝑽𝑽𝑮𝑮𝑮𝑮 − 𝑽𝑽𝑭𝑭𝑭𝑭)(𝛾𝛾+𝟏𝟏)𝑽𝑽𝑫𝑫𝑮𝑮ʹ ,                        (41)  

where Qd is a reference charge density associated with deep 

states, 𝛾𝛾 is power-law exponent defined as 2(Td/T-1), and Td is 

the characteristic temperature of deep states.  

 We now have the current-voltage relations for both diffusion 

and drift components as given by Eqs.(40) & (41). These 

equations can be combined as a total drain current (Isub) in the 

sub-threshold regime using a harmonic average,  

( ) mm

Drift

m

Diffsub III
/1−−− +≡ ,                               (42)  

 

The examined IGZO TFT to verify this model in Figs. 15-
16 has the parameters indicated above in subsection III.1.A, 

with L=100µm. The extracted subthresholdmodel parameters 
are summarized in Table I. Fig 15 shows the measured sub-
threshold characteristics for a different VDS, providing a good 
agreement with each other. 

Table I Extracted Subthreshold Parameters at T=300K 

 

Parameters Value 

S 0.19 V/dec 

Dit 1.64x1011 cm-2eV-1 

Ioff 2x10-14 A 

Qfi 7.05x10-14 C/cm2 

αd 2.26 

Td 639K 

              Qd 7.8x10-8 C/cm2 

 
Fig. 16. Measured and modeled IGZO TFT IDS vs. VGS at sub-threshold regime 

for a different VDS. Inset: Measured and modeled IDS vs. VDS for VGS = 0.5V. 

Here, the equation is simplified from Eq. (5) introducing the pre-constant I0 

which is around 10pA at VGS = 0.5V. 

 

(a)                                 (b) 

Fig 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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To validate the sub-threshold model in terms of the diffusion 

component in the examined transistors, we measured the drain 
current for small VDS=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 measured IDS vs. VDS at the 
diffusion dominant regime of VGS (e.g. VGS = 0.5V) is compared 
with the Eq.(39). Here, the dependence of the drain current on 
VDS is found to follow the law of (1-exp(-qVDS/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 diffusion 

component in the examined transistors, we measured the drain 
current for small VDS=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 measured IDS vs. VDS at the 
diffusion dominant regime of VGS (e.g. VGS = 0.5V) is compared 
with the Eq.(39). Here, the dependence of the drain current on 
VDS is found to follow the law of (1-exp(-qVDS/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 symmetrical 
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 IDS with respect to VX, 
suggesting it has successfully passed the GST. For this, we 
employed smoothness and continuity functions for the effective 
drain voltage and threshold voltage terms [68].  

C. Unified Model 

The current-voltage relation needs to be derived separately to 
describe the sub-threshold and above-threshold characteristics. 
Here, we need separate expressions for the sub-threshold and 
above-threshold regimes, implying two different equation 
systems to describe total current (see Fig. 18a). Moreover, in 
this case, threshold voltage (VT) is not immediately apparent 
from the I-V plot and needs to be extracted from above-
threshold region of the characteristic 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 (VFB) is the gate voltage 
(VGS) at which drain current (IDS) starts increasing rapidly, thus 
it is easy to identify VFB on a semi-log plot of IDS vs. VGS.  

 
Fig.17. (a) Calculated IDS 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 IDS with respect to VX. The inset 

of (a): test circuit configuration of the GST. 

 

 
   (a)                               (b) 

Fig.18. (a) Schematic IDS vs. VGS 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, VFB and VT are on-voltage and 

threshold voltage, respectively. (b) Schematic IDS-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. 

 

        
(a) 

 
(b) 

Fig.19. (a) Small signal model for IGZO TFT. VGA is the voltage difference 

between gate and the node ‘A’, where 𝑉𝑉𝐺𝐺𝐴𝐴 = 𝑉𝑉𝐺𝐺𝑆𝑆 − 𝐼𝐼𝐷𝐷𝑆𝑆𝑅𝑅𝑆𝑆 (b) Short-circuit 

current gain (Ai) for the TFT with channel width (W) = 100µm and channel 

length (L) = 10µm, which is converted from the S-parameter measurement. 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JEDS.2021.3106836, IEEE Journal of

the Electron Devices Society

13 

 

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 VFB rather than VT, 
providing good agreement with measured terminal 
characteristics over the entire range of VGS > VFB 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,  

( )( ) offDSFBGSDS IVVV
L

W
GI +′−








′
= ακexp0

,                       (43) 

 

 

 
 

 

 

 

 

 

where G0 = µ0(εSkTNC)1/2, κ= ζ/2kT, and ζ & α are related to 
trap states. The extracted model parameters are summarized in 
Table II. 
 
 

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 
VGS 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 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.  

 

D. 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 RD), parasitic capacitance (COVS and COVD), channel 
capacitance (Cch) and threshold voltage shift (ΔVT) [69], while 
introducing internal transconductance (gmi) and output 
resistance (roi) [70]. 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 Cch & RC 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 modelled values are shown in Fig. 20.  

 

III.2  UMEM-based model 
 
The second modelling approach for AOS TFTs considers 

initially two exponential DOS [73-75]. One of the exponential 

terms accounts for the deep states and the other one for the 

acceptor states [76, 77, 78, 79], as in a-Si:H TFTs [80, 81, 82]. 

In both regimes the transport is assumed to be due to a 

combination of drift and hopping between localized states. The 

resulting expressions of the drain current are power law 

functions 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.  
 

A. 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.1, and has actually 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 conduction 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 threshold regime the dominant conduction 

mechanism is multiple trapping and release, combined band 

conduction. In the subthreshold 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 written 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 [71]. These potentials can be explicitly 

written in terms of the applied voltages [72]. The UMEM model 

is based on linearizing the drain current expression at VDS=0, 

and use an interpolation function to control the transition from 

the linear regime to saturation. This allows simple direct 

 
Fig.20. (a) Amplitude and phase plots for S11 and (b) those of S21, respectively. 

           

Table II Extracted Parameters for Unified Model at T=300K 

 

Parameters Value 

G0 2.34x10-5ohm-1 

κ -10.812 V-α 

α -0.675 
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methods to extract parameters. The drain current model above 

threshold voltage (VT) is given by: 

 

 𝐼𝐼𝐷𝐷𝑆𝑆𝐴𝐴 =
𝑊𝑊𝐷𝐷 𝐶𝐶𝑜𝑜𝑜𝑜 𝜇𝜇𝐹𝐹𝐸𝐸𝑇𝑇(𝑉𝑉𝐺𝐺𝐺𝐺−𝑉𝑉𝑇𝑇)�1+𝑅𝑅𝑊𝑊𝐿𝐿 𝐶𝐶𝑜𝑜𝑜𝑜𝜇𝜇𝐹𝐹𝐸𝐸𝑇𝑇(𝑉𝑉𝐺𝐺𝐺𝐺−𝑉𝑉𝑇𝑇)� 𝑉𝑉𝐷𝐷𝐺𝐺(1+𝜆𝜆𝑉𝑉𝐷𝐷𝐺𝐺)

(1+� 𝑉𝑉𝐷𝐷𝐺𝐺𝑉𝑉𝐷𝐷𝐺𝐺𝑚𝑚𝑚𝑚𝑡𝑡)𝑚𝑚�1 𝑚𝑚� + 𝐼𝐼0        

(44) 

where 𝐼𝐼0 is the leakage current, R is the series resistance, 

λ 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 [73-75]: 

                                  𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘 = 𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘0(𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑘𝑘)𝛾𝛾                        (45) 

µFET0 is the value of mobility/Vaaγ when VGS - VT = 1V: 𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘0 =𝜇𝜇0𝑉𝑉𝑚𝑚𝑚𝑚 𝛾𝛾  The parameter γ is related to T0 and is calculated by 𝛾𝛾 =

2(𝑘𝑘0/T − 1). T is the operation temperature of the device under 

study. In [75] an expression for µFET0 is given, in terms of the 

band mobility, γ, trap density and Fermi potential, and density 

of states in the bottom of the conduction band. The saturation 

modulation parameter (αS) defines the saturation voltage as 𝑉𝑉𝐷𝐷𝑆𝑆𝑠𝑠𝑎𝑎𝑠𝑠 =∝𝑆𝑆 (𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑘𝑘).                       

The drain current model in the subthreshold regime is 

calculated, assuming diffusion transport, as: 𝐼𝐼𝐷𝐷𝑆𝑆𝐷𝐷 =  𝐼𝐼𝐷𝐷𝑆𝑆0𝑒𝑒2.3(𝑉𝑉𝐺𝐺𝐺𝐺−𝑉𝑉𝑇𝑇)𝐺𝐺                           (46) 

 

where S is the subthreshold swing and is extracted from the 

log(ID)-VGS characteristics in subthreshold. The value of 𝐼𝐼𝐷𝐷𝑆𝑆0 is 

calculated from (1) when VGS = VT+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: 𝐼𝐼𝐷𝐷𝑆𝑆 = �𝐼𝐼𝐷𝐷𝑆𝑆𝐴𝐴 1 + tanh(𝑉𝑉𝐺𝐺𝑆𝑆 − (𝑉𝑉𝑘𝑘 + 𝐷𝐷𝑉𝑉)𝑄𝑄)

2
�+ ((𝐼𝐼𝐷𝐷𝑆𝑆𝐷𝐷

+ 𝐼𝐼𝑚𝑚)
1 + tanh(𝑉𝑉𝐺𝐺𝑆𝑆 − (𝑉𝑉𝑘𝑘 + 𝐷𝐷𝑉𝑉)𝑄𝑄)

2
 

(47) 

where Q is a fitting parameter. 𝐼𝐼𝑚𝑚 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 the 

Fermi level is in the deep states. [73] 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 [73]: 

 

                                 𝐼𝐼𝑓𝑓𝑠𝑠(𝑉𝑉𝐺𝐺𝑆𝑆,𝑉𝑉𝐷𝐷𝑆𝑆1) =𝐾𝐾 (𝑉𝑉𝐺𝐺𝐺𝐺−𝑉𝑉𝐹𝐹𝐵𝐵)1+𝛾𝛾𝑓𝑓𝑉𝑉𝑓𝑓𝑓𝑓𝛾𝛾𝑓𝑓 𝑉𝑉𝐷𝐷𝑆𝑆𝐺𝐺1               (48)                   

 

 
where VFB is the flat band voltage and VDSe1 is n effective drain-

source voltage in subthreshold, Eq(48). Vbb and γb are 

parameters defining the variation of mobility with gate bias in 

the subthreshold regime and are extracted analytically 

according to [73]; γb depends on the temperature T and on the 

characteristic temperature of the deep states distribution (T2) 

(See Eq(44)).  

 

 𝑉𝑉𝐷𝐷𝑆𝑆𝐺𝐺1 = 𝑉𝑉𝐷𝐷𝑆𝑆 �1 + � 𝑉𝑉𝐷𝐷𝐺𝐺𝛼𝛼(𝑉𝑉𝐺𝐺𝐺𝐺−𝑉𝑉𝐹𝐹𝐵𝐵)
�𝑚𝑚�− 1𝑚𝑚

  (49) 

                                                 

with 𝛼𝛼=0.8.  
 

A unified subthreshold current model is obtained by sewing 

together both parts of the subthreshold region: (Eqs.(46) and 

(48)): 

 

   𝐼𝐼𝑠𝑠1 = |𝐼𝐼𝐷𝐷𝑆𝑆𝐷𝐷| �1−𝑠𝑠𝑎𝑎𝑖𝑖ℎ��𝑉𝑉𝐺𝐺𝐺𝐺−(𝑉𝑉𝐹𝐹𝐵𝐵+𝑉𝑉1)�𝑄𝑄1�2 � +

|𝐼𝐼𝑓𝑓𝑠𝑠| �1+𝑠𝑠𝑎𝑎𝑖𝑖ℎ��𝑉𝑉𝐺𝐺𝐺𝐺−(𝑉𝑉𝐹𝐹𝐵𝐵+𝑉𝑉1)�𝑄𝑄1�2 �           (50) 

 

where Q1 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. Iab and It1; and in adding the off-current Im.. Thus, 

the total drain-to-source current is described by (51): 

 

          𝐼𝐼𝐷𝐷𝑆𝑆 = ± �|𝐼𝐼𝑚𝑚| + 𝐼𝐼𝐷𝐷𝑆𝑆𝐴𝐴 �1−𝑠𝑠𝑎𝑎𝑖𝑖ℎ��𝑉𝑉𝐺𝐺𝐺𝐺−(𝑉𝑉𝑇𝑇+𝑉𝑉0)�𝑄𝑄0�2 � +

|𝐼𝐼𝑠𝑠1| �1+𝑠𝑠𝑎𝑎𝑖𝑖ℎ��𝑉𝑉𝐺𝐺𝐺𝐺−(𝑉𝑉𝑇𝑇+𝑉𝑉0)�𝑄𝑄0�2 ��      (51)           

 
V0 and Q0 are adjustable parameters. V0 is selected so that the 

value VT+ V0 is slightly over VT to provide a correct sewing 

 
Fig. 21. Cross section of the IGZO TFT under study, fabricated at 

TNO. 
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point of both regions; Q0 modifies controls the transition 

between the subthreshold and the above threshold regimes.   

To extract the key physical parameters in the above threshold 

regime, we apply the integral function H(VGS) described by 

[99] to the I-VGS characteristics at low VDS, 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 IGZO 

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=21µm and 

channel width of W=100µm. The insulator capacitance is 

Cox=20nF/cm2, the relative dielectric constant is εr=4.7, the 

insulator thickness is ti=200nm and the thickness of the ESL is 

td= 100nm.                                      

As seen in the Figures 22-23, good agreement was observed 

with experimental transfer and output characteristics 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 
(percolation over potential barriers in the conduction band) can 
be included.  
 

 
 
Fig. 22. Modeled ID vs VGS  at 300K (VD=0.5V). From [39]. 

 
 
 

 
In addition, a simple procedure was developed, to determine 
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 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 voltage was 
developed and validated. Using this expression, the procedure 
described to calculate the above mentioned parameters 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 (gato) is 

calculated from [34]:  

𝑔𝑔𝑎𝑎𝑠𝑠𝑜𝑜 =

𝑁𝑁𝑐𝑐 2√𝜋𝜋 [∫ √𝑜𝑜
1 + 𝑒𝑒𝑜𝑜−𝜑𝜑𝑠𝑠−𝜑𝜑𝑓𝑓𝜑𝜑𝑠𝑠 𝑑𝑑𝑜𝑜 − (∫ √𝑜𝑜

1 + 𝑒𝑒𝑜𝑜∞0 𝑑𝑑𝑜𝑜𝑒𝑒 −𝜑𝜑𝑓𝑓𝑘𝑘𝑓𝑓∙𝑘𝑘0∞0
(𝑘𝑘𝑠𝑠𝑘𝑘𝑘𝑘)[(∫ 1

1 + 𝑧𝑧𝑘𝑘𝑇𝑇𝑘𝑘 𝑑𝑑𝑧𝑧𝑒𝑒 𝜑𝜑𝑓𝑓𝑘𝑘𝑓𝑓∙𝑘𝑘0)− (∫ 1

1 + 𝑧𝑧𝑘𝑘𝑇𝑇𝑘𝑘 𝑑𝑑𝑧𝑧𝑒𝑒 𝜑𝜑𝑓𝑓𝑘𝑘𝑓𝑓∙𝑘𝑘𝑇𝑇)]

𝜑𝜑𝑓𝑓−𝜑𝜑𝑠𝑠𝐺𝐺𝜑𝜑𝑡𝑡𝑡𝑡010
 

 

(52) 

 

where, φs is the surface potential, φf is the fermi level potential, 

φt is the thermal potential and φtt is the characteristic potential,  

TT=2T0-TT. NC is the free electron concentration conduction 

band. 

From S we extracted the density of interface states, Dit 

following [83]: 

  𝐷𝐷𝑏𝑏𝑠𝑠 =
(

𝐺𝐺𝑞𝑞𝐶𝐶𝑝𝑝𝑙𝑙𝑇𝑇 ln(10)
−𝐶𝐶𝑏𝑏−𝐶𝐶𝐷𝐷)𝑞𝑞                                  (53) 

where CD is the depletion capacitance of the IGZO layer, 

calculated as in [83]. 

 

B. 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 [84]. A few previous papers [85,86,87] presented 

models of the IGZO capacitances, but demonstrated only the 

agreement between the gate capacitance and 

simulations/measurements.  

 

 

 

Fig. 23. ID vs VDS experimental and modeled at 300K. From [94]. 
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Charge expressions (gate, drain and source charges) are 

obtained for both the subthreshold and above-threshold current 

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.1.  [83] 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.  For example, in the above threshold regime, the 

total gate charge is written as: 𝑄𝑄CHd =
𝑊𝑊2𝐶𝐶𝑜𝑜𝑜𝑜2𝐷𝐷DSa

𝜇𝜇𝐹𝐹𝐸𝐸𝑘𝑘0[
(𝑉𝑉GT−𝑉𝑉DSed)

3+γ −(𝑉𝑉GT)
3+γ3+γ

]          (54):   

                                                                        

IDSa 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 partitioning scheme 

[84], 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 subthreshold 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 [84]: 𝐶𝐶ijd =
−𝜕𝜕𝑄𝑄id𝜕𝜕𝑉𝑉𝑗𝑗 𝑖𝑖 ≠ 𝑗𝑗, 𝐶𝐶ijd =

𝜕𝜕𝑄𝑄id𝜕𝜕𝑉𝑉𝑗𝑗 i=j, where i and j 

indicate the gate, source or drain electrodes. 

 

The resulting capacitance model was validated by comparison 

with experimental and TCAD results from ESL IGZO TFTs, as 

we see in  Fig. 24-25.  

 

-4 -2 0 2 4
4.0

4.5

5.0

5.5

6.0

6.5

 

 

 C
gg

 measured

 modeled

C
g

g
  
[p

F
]

V
GS

   [V]

W =1200 µm

L   =15 µm

 
 
Fig. 24. Comparison of measured and modeled Cgg capacitance at VDS= 0 V. . 

IGZO TFTs experimentally targeted in Fig 21-22. From [88]. 

 
 

 

 
 
Fig.25. Capacitances (CGG, CGD,CDG, CSG)  vs. VGS for VDS=1V. IGZO TFTs 

experimentally targeted in Fig 21-22. From [84] 
 

 

On the other hand, bias-dependent overlap capacitances have to 

be included in order to adequately model the saturation regime 

[88, 89]. In staggered bottom gate structures the effect of the 

top metal overlap contacts (for example when using an etch 

stop layer, ESL [90, 91, 92, 93]). The top metal overlap near 

the drain serves as a second gate with a voltage applied equal 

to VDS. 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, (VT), 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). 
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Fig. 26.  Comparison of simulated and modeled capacitance for an IGZO TFT 

with 5 and 10 µm of top metal overlap. From [88]. 

 

C. Temperature effects 

Most studies of temperature effects in AOS TFTs are so far 

limited to high temperatures [95]. 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 
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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 [94] (Fig. 27). 

 

Fig. 27. Modeled (lines) and measured transfer characteristics of IGZO TFTs. 

Same device process as [94]. 

 

IV. LOW FREQUENCY NOISE MODELING 

Measurements of low frequency noise of IGZO TFTs and 

OTFTs (fabricated by TNO and CEA, respectively) were 

carried 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.  

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 fluctuations 

(“unified model”). Each of these models lead to a different 

expression of the power spectral density (Table III): 

 

Models 

∆N 
𝐺𝐺𝐷𝐷𝐷𝐷𝐼𝐼𝐷𝐷2 =

𝑘𝑘∗𝑓𝑓 1𝐶𝐶𝑜𝑜𝑜𝑜2 𝑊𝑊𝐿𝐿 1

(𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑠𝑠ℎ)2 

∆µ 
𝐺𝐺𝐷𝐷𝐷𝐷𝐼𝐼𝐷𝐷2 =

𝑞𝑞𝐶𝐶𝑜𝑜𝑜𝑜𝑊𝑊𝐿𝐿𝛼𝛼𝐶𝐶𝑓𝑓 1

(𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑠𝑠ℎ)
 

∆N - ∆µ 
𝐺𝐺𝐷𝐷𝐷𝐷(𝑓𝑓)𝐼𝐼𝐷𝐷2 = �1 ± 𝛼𝛼𝑠𝑠𝜇𝜇𝐺𝐺𝑓𝑓𝑓𝑓𝐶𝐶𝑏𝑏 𝐼𝐼𝐷𝐷𝑔𝑔𝑚𝑚�2 �𝑔𝑔𝑚𝑚𝐼𝐼𝐷𝐷 �2 𝐺𝐺𝑉𝑉𝐹𝐹𝐵𝐵(𝑓𝑓) 

Table III. Comparison of the carrier number fluctuation, mobility fluctuation 

and unified models in linear regime. 

 

 
 
Fig. 28. Measured and modeled normalized 1/f noise power spectral density of 

15 x 100 μm2. IGZO TFT (from TNO) over a range of frequencies in 

subthreshold, linear, and saturation regime operation at 298 K. From [96]. 

 

In the devices targeted the normalized drain current spectral 

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 [96-98]. 

 

 
Fig. 29. Plot of model-experimental data comparison for Sid/Id

2 (left) and 

[gm/Ids]
2 (right) with respect to drain current for a 20 × 100μm2  IGZO TFT. Vds 

= 1 V. From [97]. 

 

To determine the dominant noise mechanism, I-V 

measurements 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 

inversely proportional to the inverse of (Vgs-VT)2, being Vgs the 

gate source voltage and VT the extracted threshold voltage  and 

also proportional to (gm/Id)2 (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 mechanism [99, 100, 101, 102]. 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) structures. This means that the surface effects 

are stronger that in the previously reported devices, and as a 

result, the fluctuation 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 [96,97}. 

Afterwards, a full compact model for the Flicker noise in IGZO 

TFT was developed and successfully compared with 

experimental data [97] (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 ( SID/ ID
2) was inversely proportional to 

the inverse of (Vgs-VT) and not proportional to (gm/Id)2, 

demonstrating that the main noise mechanism were mobility 

fluctuations. This was observed in other technologies [103, 104, 

105, 106, 107]. 

However, in the new and higher mobility OTFTs it was 

proportional to (gm/Id)2 , and therefore noise was mostly due to 
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carrier number fluctuation at the interface. This was related to 

the fact that the extracted degree of amorphity (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) [98]. 

 

 
Fig. 30. Comparison of drain current intensity variation of Sid/Id

2 and [gm/Ids]
2 

in the linear regime. The dotted line corresponds to 1/Ids for a 10 μm OTFT 

from CEA-Liten.From [98]- 

 
 
 
 

V. COMPACT MODEL VALIDATION 
 

The compact models for AOS TFTs and OTFTs were 

implemented 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 implementations 

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.1. 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). 

 

 
 

Fig. 31. Comparison between the TCAD and Verilog-A model inverter 

with various channel length from 10 μm down to 0.3 μm. 
 

Several circuits were designed and fabricated using the 

developed  models.  

 

A 19-stage IGZO TFT Ring Oscillator (RO) was experimentally 

characterized to validate the AOS TFT model [108]. The 

dynamic behavior of the simulated circuit, when the TFT 

internal capacitances are increased or decreased and for 

different supply voltages of 10, 15 and 20 V, was compared with 

measured characteristics, obtaining a very good agreement (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 AOSTFT. 
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Fig. 32.  Comparison between the output signals (measured and simulated) of 

the 19-stages ring oscillator at (a) VDD= 15 V and (b) VDD= 20 V. From [108]. 

 

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). 
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Fig. 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 
 

V. CONCLUSIONS 
 

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 behaviour 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 temperatures. After implementation in Verilog-

A, the models were successfully validated by means of the 

design and simulation of test circuits. 
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