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A modified Shichman-Hodges model for OTFTs
usable 1n the Quite Universal Circuit Simulator

Alex Anderson Lima, Lucas Monteiro Torres, Muthupandian Cheralathan and Stefan Blawid

Abstract— Emergent transistor technologies are based on
nanomaterials, which may improve device perfor mance and may
lead to novel eectronic applications. Whereas circuit models for
silicon technologies are highly advanced, device modeling for
emergent technologies faces huge challenges like ever-changing
material processing and device architectures. Therefore, the
development time for compact transistor models have to be
reduced. The present case study analyses measured DC current-
voltage curves of a top-gate top-contact (TGTC) organic thin film
transistor (OTFT) to illustrate the capacity of the Quite
Universal Circuit Simulator (QUCS) as an efficient platform for
developing transistor models based on emerging technologies.
First, model parameters for two established models were
extracted namely for the Shichman-Hodges (SH) FET model and
for the Unified Model and Extraction Method (UMEM). Second,
a smoothing function known from JFET models has been applied
to the SH model, combining the linear and saturation regions of
the transistor in a single equation. The modified Shichman-
Hodges (mSH) model was successfully implemented in QUCS as
equation-defined device (EDD) and as Verilog-A code. The mSH
model improved the fitting of the measured electrical
characteristics of the selected TGTC OTFT.

Index Terms—Circuit simulation, Nanoelectronics, Organic
thin film transistors, Open source software, Semiconductor
device modeling

|. INTRODUCTION

M ATERIAL innovation for electronic devices focus today
on nanomaterials like pure carbon, zinc oxide, black
phosphorous or conductive organic molecules. New materials
require often new electron device architectures and compact
models are not readily available. However, computer aided
design and simulation of benchmark circuits is a powerful tool
to estimate the expected performance that a given transistor
technology platform can deliver. The demand for calibrated
and predictive circuit models for novel transistor technologies
may be even higher than for established contenders since
theoretical performance projections help to attract venture
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capital necessary
processing platform.

Organic electronics is a rapidly growing technological field
employing the semiconducting properties of small molecules
or polymers for readlizing lightweight electronics through
solution-based manufacturing techniques. Although research
on organic electronics has been pursued for a longer period,
interest sparked in the 1980s when the performance of organic
devices increased significantly [1]. Today organic devices
target application areas not easily covered by silicone devices.
Organic field-effect transistors (OFETS) are representative
devices that form a basic building block for various
microelectronic systems. Compact models for OFETs gain
importance as the demand moves from device-level
investigation towards circuit-level integration. OFETs are
normaly realized as thin-film devices with the electrical
contacts at the bottom or the top of the active layer (top-gate
top-contact, top-gate bottom-contact, bottom-gate top-contact
or bottom-gate bottom-contact OTFTS), depending on the
application and its demands. The development of compact
transistor models has in recent years profited significantly
from the use of equation-defined non-linear functional
elements and the use of Verilog-A as the preferred hardware
description language for model construction and model
interchange between different circuit simulators, primarily
because of its extensive modeling capabilities and ease of use
[2].

The Quite Universal Circuit Simulator (QUCS) is an open
source circuit simulator developed by a group of international
scientists and engineers under the GNU Genera Public
License (GPL) [3], [4]. QUCSs release 0.0.11 introduced
equation-defined devices (EDD) as a modeling tool allowing
to create tailored descriptions of new devices and subroutines
[5]. Release 0.0.12 enabled Verilog-A modeling, which has
become the standard for device models since it creates high-
level behavioral and structural descriptions, encapsulated in
easily readable codes [6]. Since the adoption by the QUCS
circuit simulation community, EDD and Verilog-A modules of
compact device models became an attractive option for
nonlinear device model development for emerging
technologies.

In this paper, we present the implementation of a modified
Shichman-Hodges model as equation-defined device and
Verilog-A code in QUCS. Moreover, we implemented the
Unified Model and parameter Extraction Method (UMEM) [7]
in the available circuit simulation platform for the purpose to

to fully develop the corresponding
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Fig. 1. Suggested implementation path showing the chronological order
of device model development for emergent transistor technologies.

benchmark the mSH model. UMEM uses analytica
expressions for both modeling and parameter extraction, so
caculations can be performed using any program for
mathematical computations. The main advantage of this
method is that all above threshold parameters are extracted
from two transfer characteristics, one in the linear and the
other in the saturation region, and from the output
characteristic of the device under study, using a single
mathematical algorithm based on an integral method that
additionally reduces experimental noise. The method can be
used to compare devices with different geometries and
fabrication conditions under the same parameter extraction
conditions. We implemented the extraction agorithm in the
numerical computing environment MATLAB.

Il. METHODOLOGY

In QUCS, an EDD model is a non-linear component with
up to eight branches, and this limit may be increased, if
necessary [5]. Algebraic functions of a great number of
variables such as voltage, current, admittance and so on can be
implemented in a very similar to C-coding environment.
Therefore, the user can consider particularities of the device
behavior just by creating equations to define or refine the
actuation of the corresponding model [8]. A stable EDD
model alows interactive development of new non-linear
components and a Verilog-A coding helps in the deployment
and distribution of the newly developed models. Although
EDD models are dlow, they are very useful in de-bugging and
can be easily trandated afterwards into a hardware description
language. The principal development and deployment flux is
illustrated in Fig. 1. Due to the highly interactive model
improvement, it must be expected that development time is
greatly reduced compared to traditional schemes. QUCS
inherently supports this strategy. Verilog-A codes are
implemented in QUCS using an ADMS compiler and a XML
interface [2].

The well-known SH model [9] uses a controlled current
source to describe the drain current (I5,) as follows[10]:
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Fig. 2. Schematic for the implemented EDD mSH model.

The pre-factor B, can be determined from a technology
parameter K, and a geometry factor W /L but is here used as
model parameter. The SH model describes the three
operationa regions of the FET, cut-off, linear and saturation,
by three digtinct equations. The mSH model combines the
linear and saturation regions into a single equation giving a
smoother transition compared to the original model, which
predicts a more abrupt switch-over. The modified equation
describes the current using basically the same parameters, but
with the elegant adding of a hyperbolic tangent, as follows:

B

Iy = _|Vth|n(@_ n" tanh(
2 Vin

aVps )
Ves = Vin

The model parameters of the mSH model are V,,, ) (which
have similar meanings like their counterparts in the origina
SH model) n and o. The additional mathematical parameters n
and o adjust the linear-to-saturation transition. For small Vp¢
the hyperbolic tangent turns into a linear function describing
the linear operation region of the FET, the parameter o
describing basicaly the inclination. For large arguments, i.e.,
in the saturation region, the hyperbolic tangent approaches one
and the only V,s dependence stems from the channel
modulation included in 8, asin the original SH model. A sub-
threshold current is not included in the mSH model, i.e., I, =
0for |Vgsl < |Vin|. Even though the described smoothing
function is well known in the literature, it should be noted that
a corresponding model is not readily available in QUCS.
Therefore, the given modification serves as an example of
demonstrating the flexibility of QUCS in implementing new
or modified models. Moreover, the mSH model is a useful
addition to the model library for describing organic thin-film
transistors for future researches and further implementation.

Following the suggested development strategy depicted in
Fig. 1, the mSH model was first implemented directly as EDD.
The schematic of the EDD based mSH model is shown in Fig.
2. The EDD mSH model is a three branches device. The user
must insert one equation for current and for charge, for each of
the three branches. The charge equations are assumed to be
zero, since no charge-based model is used. Once each terminal
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TABLEI
EXTRACTED PARAMETERS FOR THE SH, MSH AND UMEM MODEL. DUE TO
HY STERESIS EFFECTS, PARAMETER VALUESMAY BE EXTRACTED SEPARATELY
FOR THE OUTPUT AND TRANSFER CURVES. THISMAY LEAD TO VERY
DIFFERENT PARAMETER SETS AS DEMONSTRATED HERE FOR THE MSH MODEL.

Vaue Value )
Mode Parameter (Transfer) (Output) Unit
H Ven —0.76 —-0.76 v
By 6.02-1077 6.02-1077 AV—?
mSH Vin —0.365 -0.76 1%
Br 3.64-1077 3.64-1077 AV ™™
a 0.05 2.3 -
n 4 2.32 —
UMEM Vin -1.19 -1.19 1%
y 0.396 0.396 -
a 0.66 0.66 -
m 1.476 1.476 -
A —0.02 —0.02 vt
RS 3.325-103 3.325-10° Q
RD 3.325-103 3.325-10° Q
Voa 24.142 24.142 v

has its equation, the model is ready to be used. We employed
the EDD mSH model for parameter extraction from the
experimental output and transfer curve of a TGTC OTFT.
Parameter extraction proceeded in an iterative manner to
encounter the best values fitting the experimental current-
voltage curves.

Finaly, after EDD implementation and verification of the
usefulness of the model, the mSH model was subsequently
implemented as Verilog-A code. The EDD version of the
model serves as high-level model template, which alows also
regression testing of the Verilog-A code. To this extend it
must be verified that both methods return the same results.
The successfully implemented and tested Verilog-A code can
be easily deployed to different circuit simulators.

Aside from the in-house development of compact models
for emergent transistor technologies, it is interesting to
implement models described in the literature to compare and
test their validity for a given characterized transistor. QUCS is
an ided platform since the implementation as EDD or
Verilog-A code is readily available. We have implemented
and tested several compact models, both for organic thin-film
transistors, like UMEM and MVS [11], [12], and for carbon
nanotube based technologies, like CCAM [13], [14]. Here we
use our QUCS implementation of the UMEM model [7], [15],
[16] to benchmark the quality of the developed mSH model.

I1l. RESULTS

Experimental transfer and output characteristics were
provided by the Chair for Electron Devices and Integrated
Circuits (CEDIC) hosted by the Technische Universitat
Dresden (TUD), Germany. An organic thin-film transistor
with a channel length of L = 50um and a gate width of W =
1000um has been electrically characterized. Source and drain
contacts as well as the gate contact were positioned at the top
of the device (TGTC OTFT). As a starting point, we extracted
the parameters of a standard SH FET model based on the
provided experimental output and transfer characteristics. The
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Fig. 3. Comparison of measured electrical characteristics of a TGTC
OTFT with simulations employing the mSH and UMEM model: (a)
Transfer curve for Vps = —6 V on asemi-log scale and on a linear scale
(inset); (b) Output curve for Vg = —6V,—4V and —2 V. The legend
of (a) appliesasoto (b).

determined parameter values are given in Table I. The fitting
of the measured output and transfer curves proved to be rather
poor.

As previously described, we extracted the mode
parameters of the mSH EDD and the UMEM model. The
corresponding values are also given in Table |. UMEM
parameter determination employed an automatic extraction
algorithm implemented in MATLAB. On the contrary,
parameters for the SH and mSH model were extracted
manually. Although extraction agorithms have a great
advantage in efficiency they rely on a sufficient amount of
data points, which was not given in the present case study.
Since contact resistance values are high in organic devices, a
source Rg and drain R resistance is included in the UMEM
model. Internal and externa voltages are related via Vg =
V'ps + Ip(Rs + Rp) and Vg = V'gs + IpRp. Regarding the
other UMEM parameters. a; is a saturation parameter, m isan
inflection parameter of the output characteristic, V,, is the
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threshold voltage, V,, is a low field mobility parameter, 7y
modifies the mobility dependence on (Vg5 — Vi) and A is the
output conductance. Two sets of parameters are necessary to
describe the transfer and output curve separately. The reason
are hyseresis effects, common for emergent technologies,
which lead to a different drain current for the same bias point
depending on the sequence of ramping the voltages. We
considered two different parameters sets only for the mSH
model. Note that in a circuit simulator a unique parameter set
has to be employed.

We compare the simulated output and transfer curves of the
two models with the experimental data in Fig. 3. As can be
seen, the mSH model describes the experimental findings very
well. The surprisingly good agreement points to the fact that
the investigated TGTC OTFT behaves like a nearly ideal long
channel transistor. Interestingly, no seria resistances were
required to explain the measured voltage dependence on the
drain voltage whereas the UMEM algorithm extracted drain
and source resistances of several kQ. Fig. 3 (a) includes also a
comparison between the mSH EDD and Verilog-A model
implementation. Such comparisons, i.e. regression testing, can
be used to confirm that both implementations are equivalent.
The simultaneous availability of both implementation methods
in QUCS proves therefore to be very useful for transistor
model development. Fig. 3 (a) demonstrates also that the
extracted parameter set for the UMEM model gives some
discrepancies at gate voltages below |Vis| <2 V. These
discrepancies are due to the limited experimental data
available to extract the parameters. UMEM is an advanced
model for organic FETs and employs an automatic parameter
extraction agorithm. However, the agorithm needs both
linear and saturation transfer curves for successful parameter
extraction, which often are not available. We used data inter-
and extrapolation to increase the number of data points.
However, this proved to be not sufficient. Moreover, the
UMEM extraction algorithm delivers a unique set of model
parameters, taking into account hysteresis shifts during
extraction. For the mSH model we extracted manually and by
purpose two very different parameters sets to illustrate the
difficulties encountered by model development for emergent
technologies, since a unique parameter set is a hecessary pre-
requisite for circuit simulations.

Fig. 4 shows the transconductance g,,, as a function of the
gate voltage derived from the transfer curve. Due to the sparse
measurement points, there is considerable noise when
calculating numerically the derivative of the drain current of
the gate voltage. The mSH model predicts a gate voltage
dependence of g,,, which reasonable well smoothens the
experimental curve. Since the transconductance essentially
determines the gain of amplifier stages, transistors are often
biased to give a specified g,, value. Therefore, a good
transistor model to be used in circuit simulations has to predict
the transconductance correctly. The mSH model fulfills this
requirement.
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Fig. 4. Dependence of the transconductance g,,, on the gate voltage. The
mSH models smoothens the noisy experimental data very well.

IV. CONCLUSION

We extracted model parameters for the SH, mSH and
UMEM model from DC characteristics of a top-gate top-
contact organic thin-film transistor. The mSH model improved
the linear-to-saturation crossover by substituting the square-
law behavior of the SH model by a hyperbolic tangent,
providing two additional parameters to adjust the low-bias
channel conductance independent of the saturation behavior.
Surprisingly, the mSH model described the measured DC
current-voltage curves even better than the extracted UMEM
model, an advanced model specifically developed for thin-film
transistors.

The present case study demonstrates a new model
development flow, implementing model equations first as
equation-defined device, which alows fast interactive
iterations to improve the current-voltage relation governing
the electrical characteristics. Only after a satisfying set of
equations is found, the model is implemented in a device
description  language like Verilog-A. The latter
implementation can be easily deployed to different circuit
simulators. Moreover, the EDD implementation can be used
for regression testing of the Verilog-A code. Such a
development flow should prove especialy useful for emergent
technologies. Since these technologies are still under
development, there is a continuous demand of new transistor
models.

ACKNOWLEDGMENT

S. Blawid acknowledges CEDIC, TUD, Germany, for
providing the experimental data.



ICCEEg:

(4
(2

(3l

(4

(9]

(6]

(7

(8l

El

[10]

1 (14) — Dezembro 2016

REFERENCES

H. Klauk, Ed., Organic Electronics - Materials, Manufacturing and
Applications. Wiley-VCH Verlag GmbH & Co. KGaA, 2006.

S. Jahn and M. Brinson. Notes on Congtructing QUCS Verilog-A
Compact Device Models and Circuit Macromodels. [Onling]. Available:
http://qucs.sourceforge.net/docs/Qucs Verilog ANotes.pdf

(2015) QUCS (Quite Universal Circuit Simulator), Version 0.0.18.
[Online]. Available: http://qucs.sourceforge.net/index.html

M. Brinson and V. Kuznetsov, “QUCS Equation-Defined and Verilog-A
RF Device Models for Harmonic Balance Circuit Simulation,” in
Proceedings of the 22nd International Conference “Mixed Design of
Integrated Circuits and Systems, Toru, Poland, Jun. 25-27, 2005.

S. Jahn and M. Brinson, “Interactive Compact Modeling Using
QUCS Equation-Defined Devices,” Int. J. Numer. Model, vol. 21,
pp. 225-349, 2008.

Verilog-AMS Language Reference Manual, Accellera Organization, Inc.,
2004.

A. Cerdeira, M. Edtrada, R. Garcia, A. Ortiz-Conde, and F. J. G.
Sanchez, “New procedure for the extraction of basic a-Si:H TFT model
parameters in the linear and saturation regions,” Solid-Sate Electronics,
vol. 45, pp. 1077-1080, 2001.

S. Jahn, M. Margraf, V. Habchi, and R. Jacob. (2007) QUCS Technical
Papers. [Onling]. Available: http://qucs.sourceforge.net/technical.html

H. Shichman and D. Hodges, “Modeling and Simulation of Iinsulated-
Gate Field-Effect Transistor Switching Circuits,” |EEE J. Solid Sate
Circuits, vol. 3, 1968.

MathWorks. (2015) Model N-Channel MOSFET using Schichman-
Hodges Equation - MathWorks. [Online].

(11]

[12]

(13]

[14]

[15]

[16]

Available:
http://www.mathworks.com/hel p/physmod/el ec/ref/nchannel mosfet.html
?stid=gn loc drop#brfrdr4-10

L. Wei, O. Mysore, and D. Antoniadis, “Virtual-Source-Based Self-
Consistent Current and Charge FET Models: From Ballistic to Drift-
Diffusion Velocity-Saturation Operation,” |EEE Transactions on
Electron Devices, vol. 59, pp. 1263-1271, May 2012.

A. Khakifirooz, O. M. Nayfech, and D. Antoniadis, “A Simple
Semiempirical  Short-Channel  MOSFET  Current-Voltage Model
Continuous Across All Regions of Operation and Employing Only
Physical Parameters,” |EEE Transactions on Electron Devices, vol. 56,
pp. 1674-1670, Aug. 2009.

M. Schréter, M. Haferlach, and A. Pacheco-Sanchez, “A Semiphysical
Large-Signa Compact Carbon Nanotube FET Model for Analog RF
Applications,” IEEE Transactions on Electron Devices, vol. 62, pp. 52—
60, Jan. 2015.

S. Mothes, M. Claus, and M. Schréter, “Toward Linearity in Schottky
Barrier CNTFETs,” IEEE Transactions on Nanotechnology, vol. 14, pp.
372-378, Mar. 2015.

M. Estrada, |. Mgia, A. Cerdeira, J. Pdlares, L. F. Marsa, and B.
Ifiguez, “Mobility model for compact device modelling of OTFTs made
with different materials,” Solid-State Electronics, vol. 52, pp. 787-794,
2008.

M. Estrada, A. Cerdeira, J. Puigdollers, L. Reséndiz, J. Pallares, L. F.
Marsal, C. Voz, and B. Iniguez, “Accurate modelling and parameter
extraction method for organic TFTs,” Solid-State Electronics, vol. 49,
pp. 1009-1016, 2005.

48


http://qucs.sourceforge.net/docs/Qucs%20Verilog%20ANotes.pdf
http://qucs.sourceforge.net/index.html
http://qucs.sourceforge.net/technical.html

