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CHAPTER 1
Introduction

Every year, large corporations literally flood the market with new generations of smart-
phones, tablets, TVs, computers, wearables and much more. Faster, better, cheaper is
often the motto. Most of these devices have practically become a part of our lives and
it is almost impossible to imagine life without them. It is amazing to see how many
changes have taken place only over the last two decades. Considering this, we should be
excited about the upcoming innovations of future decades. It would not be wrong to
claim that we owe this fact primarily to the development of transistors. These electronic
semiconductor devices are indispensable when it comes to electrical switching ON and
OFF in analog and digital integrated circuits (ICs). A connection to an electrical circuit
is realized with at least three terminals, where the third one controls the current flow
between the other two terminals. The development of transistors is a milestone, which
has immensely accelerated technological progress and whose inventors were deservedly
honored with the Nobel Prize.

The improvement of transistor device parameters is the main activity of many sci-
entists around the world. The aim is to achieve at lowest cost the highest possible
performance with minimum energy consumption in the smallest possible space. Con-
sequently, computer chips, which today consist of billions of transistors, are becoming
more compact, more powerful and denser every year as the transistors become scaled
down. The continuous reduction of the device structure is referred to as scaling. Un-
fortunately, as device parameters decrease, undesirable parasitic effects also occur, so
an end to miniaturization is expected for reliable high-power transistors. Thanks to
extensive research, the predicted scaling limit is being pushed back, but results in
the need for increasingly complex device geometries which have to be in a continuous

1
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2 1 Introduction

optimization process. The most commonly used and important transistor type in the
semiconductor electronics industry is the so-called metal-oxide-semiconductor field-effect
transistor (MOSFET).

In the following Section 1.1, the historical development of transistors and ICs is
briefly discussed. Subsequently, Section 1.2 explains the reasons for a scaling limit
of MOSFET and presents various possibilities to reduce parasitic effects. Section 1.3
discusses briefly the importance of device simulations as well as the relevance of compact
modeling. In the last Section 1.4 of this chapter, an overview of the whole thesis is given
with reference to the subsequent chapters. Finally, the last chapter gives an overall
conclusion.

1.1 Historical Development of Transistors and Integrated Circuits
The history of transistors and ICs has several very important milestones. The first
one was set almost one century ago when the physicist and electrical engineer Julius
Edgar Lilienfeld patented the theory behind field-effect transistors (FETs) in 1925
entitled “Method and apparatus for controlling electric currents” [1]. The first working
transistor, called the bipolar point-contact transistor was invented by John Bardeen and
Walter Brattain under the leadership of William Shockley at Bell Labs 22 years later in
December 1947 [2]. In particular, this was made possible by the reduction of surface
states that led to the shielding of the semiconductor and prevented a working field-effect
device. Only six month later, William Shockley developed on his own the grown-junction
transistor, which was the first type of bipolar junction transistor (BJT). The difference
to a point-contact transistor is that a BJT has instead of a point-contact a surface-
contact for the three semiconductor zones emitter, base, and collector. In addition,
the three-dimensional (3-D) manufacturing problem of a point-contact transistor is
reduced to the less complicated two-dimensional (2-D) device structure of a BJT. Both
inventions were patented one after another and published in 1950 and 1951 [3, 4]. The
first non-germanium, but silicon-based transistor was developed by Morris Tanenbaum
at Bell Labs in 1954 [5]. In the same year, commercial production of the silicon-based
BJT was launched by Gordon Teal at Texas Instruments [6].

A few years passed before the material silicon (Si) was able to prevail over germanium
(Ge). Undesirable surface states on Si impeded the penetration of electric fields into
the semiconductor material. These could only be overcome by surface passivation of
Si by means of thermal oxidation. The Egyptian engineer Mohamed Atalla explained
this effect and, together with his Korean colleague Dawon Kahng, he developed the
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1.1 Historical Development of Transistors and Integrated Circuits 3

first metal-oxide-semiconductor field-effect transistor (MOSFET) from it at Bell Labs
in 1959 and patented it in 1960 [7–9]. This invention of an insulated gate (G) FET was
another milestone, as it was the first well-scalable transistor in mass production [10].
Fig. 1.1 shows the MOSFET design from Dawon Kahng’s patent [8].

Figure 1.1: Geometric structure from Dawon Kahng’s MOSFET patent [8].

In 1958, one year before the invention of MOSFET, the first IC was invented, patented
and commercialized by Jack Kilby, an employee of Texas Instruments [11]. His invention,
which represented the first milestone related to ICs, was honored with the Nobel Prize
in physics 42 years later, in 2000. However, a decisive disadvantage of his invention
was that it was a hybrid IC. The new technology required external wire connections,
thus mass production was not easy. Fig. 1.2 shows Kilby’s first IC with the wire bond
connections between the devices.

Figure 1.2: Kilby’s Invention: The first hybrid IC made from germanium [12].
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4 1 Introduction

In 1959, in parallel with the invention of MOSFETs, the monolithic IC was invented
at Fairchild Semiconductor by Robert Noyce, later co-founder of Intel Corporation.
This was another milestone in circuit history. All components of the patented IC were
connected planar via aluminum metal lines on a single chip (see Fig. 1.3) [13]. Together
with the invention of MOSFETs high-density monolithic ICs became possible. Since
then, transistors have been scaled down so that over the years several hundred million
transistors can fit on a tiny little chip.

Figure 1.3: One of the first planar monolithic Si IC chip made at Fairchild [14].

Scientists widely agree that Kilby and Noyce would have shared the Nobel Prize if
he had been alive during the award ceremony in 2000. Unfortunately, the regulations
for awarding the Nobel Prize do not provide for honoring scientists who have already
died, even if their contribution to science would be honorable.

1.2 Scaling Limit and Multigate MOSFET Architecture
It was Gordon E. Moore, another co-founder of Intel, who predicted already in 1965
that the transistor density of an IC would approximately double every two years due
to the miniaturization of MOSFETs [15]. His observation has since become known as
Moore’s Law, and for about half a century it remained valid. Another very important
statement about transistor density was made by him 40 years later. In an interview in
2005, he stated that the exponential increase in transistor density is slowing down and
may come to an end by 2025 [16]. Reaching atomic sizes (diameter: 1-2 Å) is seen as a
fundamental obstacle to the further miniaturization of transistors. Moore’s Law was
considered as the guide for long-term planning for the semiconductor industry. The
evolution of the technology node is shown in Table 1.1 [17].
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1.2 Scaling Limit and Multigate MOSFET Architecture 5

Table 1.1: MOSFET scaling

No. Technology Node Year
1 10 µm 1971
2 6 µm 1974
3 3 µm 1977
4 1.5 µm 1981
5 1 µm 1984
6 800 nm 1987
7 600 nm 1990
8 350 nm 1993
9 250 nm 1996
10 180 nm 1999
11 130 nm 2001
12 90 nm 2003
13 65 nm 2005
14 45 nm 2007
15 32 nm 2009
16 22 nm 2012
17 14 nm 2014
18 10 nm 2016
19 7 nm 2018
20 5 nm 2020

Future
21 3 nm 2022
22 2 nm 2024

For a long time the node number was equivalent to the actual gate length of a metal-
oxide-semiconductor (MOS) transistor on a chip. Since 1996, however, the designation
node no longer represents any physical length of the transistor geometry and is primarily
used for marketing purposes. Since then, a smaller node number stands only for a higher
transistor density on the chip, shorter switching times and lower power consumption
compared to its predecessor.

The downscaling of transistor geometries is not an easy challenge to overcome
and pushes scientists more and more to its technological and fundamental limits. In
addition to the lithographical manufacturing issues that must be overcome and the
risk of overheating due to the extremely high transistor density on a chip [18], there
are challenges associated with the functionality of a single nanoscale MOSFET. One
of the major problems is the reduced electrostatic control of the channel (Ch) region
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6 1 Introduction

by the gate electrode as the channel length (Lch) decreases and reaches the size of the
depletion layer width of the source (S) and drain (D) junctions. As a consequence, the
control of the current flow from the source to the drain region through the channel
region is shared with the S/D electrodes. This type of parasitic effect belongs to the
short-channel effects (SCEs) and negatively affects the performance of transistors.

Figure 1.4 shows a scheme of a typical planar single-gate (SG) n-MOS short-channel
transistor in enhancement mode, and the related conduction band edge (ECB) at gate
biases far below the threshold voltage (VT). The attenuation of the electrostatic gate
control of the channel is demonstrated by increasing the drain-to-source bias (Vds).
The so-called drain-induced barrier lowering (DIBL) and in case of ultrashort-channel
devices the additional drain-induced barrier thinning (DIBT) effects are two typical
SCEs. The DIBL primarily affects VT, which in simplified form decreases by the value
of the DIBL. This is known as VT roll-off and is not liked by IC designers who prefer VT
values independent of device geometry and bias conditions, which is the case for long-
channel transistors. Furthermore, ultrathin Si layers influence VT due to quantization
of the energy subbands by quantum confinement (QC). Unlike the effect of DIBL on
VT, QC increases VT due to an increase in barrier height through effective bandgap
widening [19, 24]. The DIBT, on the contrary, reduces the effective channel length,
which plays a fundamental role with respect to the quantum mechanical direct source-to-
drain tunneling (DSDT), when the device dimensions in MOS devices reach single-digit
nanometer ranges.

Figure 1.4: Sketch of a short-channel SG n-MOS and the corresponding ECB. Demon-
stration of the DIBL and DIBT effect by increasing Vds.
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1.2 Scaling Limit and Multigate MOSFET Architecture 7

With scaling, the subthreshold leakage current increases, which is defined as the
current flow from source to drain in the OFF-state of the device, where an inversion
channel has not yet been formed for current transport. The increase in leakage current
leads to higher energy consumption in ICs and worse switching behavior of the MOSFET.
A progressive degradation of the subthreshold swing (Ssth) takes place. The Ssth indicates
the value by which the voltage (Vgs) between the gate and source electrode must be
increased so that the current (Ids) between drain and source increases by a factor of 10
(Ssth = ln (10) ∂Vgs/∂ ln (Ids)). The smaller Ssth is, the shorter is the switching time
of a transistor. In ideal MOSFETs without SCEs, this value is linearly temperature
(T ) dependent (Ssth = ln (10) (kBT/q) where kB is the Boltzmann’s constant and q the
elementary charge) and borders on 60 mV/dec at T= 300 K [25].

Another limitation in scaling concerns the gate oxide thickness (Tox). To improve
device performance, the loss of barrier height control by the gate can be counteracted
by reducing the thickness of the insulating oxide layer with dielectric constant εox
between the channel and the gate electrode. This results in an increase in capacitance
per gate area (C ′ox = εox/Tox), which in turn reduces the potential drop within the
insulating layer and, thus improves gate control. However, as a side effect, this leads to
undesirable quantum mechanical electron tunneling through the thin dielectric [26, 27].
This additional leakage current from the source to the gate must be avoided as it leads
to unnecessary power dissipation and potential heat source in ICs.

To suppress these scaling problems, material optimization became necessary. Better
switching behavior was obtained in the 90 nm technology node by increasing the charge
carrier mobility using strained silicon (sSi) in 2003 [28], and better gate control of the
channel could be achieved in the 45 nm technology node in 2007 by replacing the gate
insulator material from conventional silicon dioxide (SiO2) to high-κ gate dielectric
materials with much better insulating properties [29]. Replacing the dielectric material
was an important step in improving the electrical performance without further Tox scaling.
The quality of the material improvement is often evaluated by the so-called equivalent
oxide thickness (EOT), which compares the new high-κ dielectric with the standard
SiO2, and is obtained by equating both capacitors (EOT = T high-κ

ox · εSiO2
ox /εhigh-κox ).

In addition to material optimization, scientists are also working on alternative
transistor structures to suppress the SCEs. The logical consequence to achieve much
better gate control is to increase the number of gates surrounding the channel. Cylindrical
gate-all-around (GAA) FETs are considered as the ultimate transistor structure among
multiple-gate (MG) devices. The most important MG MOSFET structures are shown
in Figure 1.5.
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8 1 Introduction

Figure 1.5: The four most important MG MOSFET structures.

A breakthrough advance was introduced by Intel in 2011 with the development of
the first commercially available three-dimensional (3-D) tri-gate fin field-effect transistor
(FinFET) structure in the 22 nm technology node with more than 2.9 billion transistors
on the microprocessor (Ivy Bridge) [30]. The change from planar 2-D to 3-D technology
was an important innovation to continue Moore’s Law and to enable further voltage
scaling and less power consumption. This revolutionary step was also predicted by the
international technology roadmap for semiconductors (ITRS) [31].

The company Apple currently (2021) produces the commercially available micro-
processor with the most transistors (see Fig. 1.6). The chip, called M1 Max, contains
57 billion MOSFETs and is manufactured using the 5 nm process technology of the
Taiwanese company TSMC.

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



1.3 Importance of Device Simulation and Relevance of Compact Modeling 9

Figure 1.6: Apple’s M1 MAX chip with 57 billion FinFETs [32].

The next shift in the transistor design is planned by Samsung in 2022. While other
manufacturers e.g. Intel and TSMC will still rely on FinFETs technology in the 3 nm
process node, Samsung plans to replace this transistor architecture entirely by GAA
nanosheet (NS) FETs. Although cylindrical GAA FETs are considered as the ultimate
transistor structure for ideal electrostatics, they are still difficult to fabricate, and the
complexity of integration outweighs the benefits concerning SCEs. Furthermore, a larger
channel area, as in NS transistors, is beneficial to achieve sufficient current flow through
the device. Samsung has trademarked its own variant of the GAA NS FET under
the name multi-bridge channel field-effect transistor (MBCFET). A key advantage of
MBCFETs over FinFETs, besides less SCEs, is that it consists of vertically stacked
nanosheets, which sets it apart from the FinFET technology. This type of manufacturing
process is reminiscent of skyscrapers. This revolutionary design makes better use of the
third dimension, so that a significant increase in transistor and power density can again
be expected in the future, while the surface area remains the same.

1.3 Importance of Device Simulation and Relevance of Compact
Modeling

The development of high-performance transistors and microprocessors is not an easy
task. With each passing year, the requirements for individual transistors and ICs with
high packaging density become ever greater and more complex. Since the invention of
monolithic ICs, downscaling of device parameters plays by far the most important role in
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10 1 Introduction

technological progress. New device structures are also an integral part of this evolution in
technology. The transition from planar 2-D to 3-D technology increases the complexity,
but in return we benefit from the physical advantages such as the suppression of SCEs.
However, depending on the field of application, changes in material composition, device
geometry and manufacturing techniques are not uncommon. It is always a risky and
very costly step to change one or more of these parameters or to switch to totally novel
structures. Therefore, it is even more important to know in advance before production
how parameter changes affect the functionality of transistors individually and in circuits,
and at which geometries and material compositions the necessary requirements can be
met.

For this reason, companies such as Synopsys [33], Global TCAD Solutions [34],
SILVACO [35] and others are developing technology computer-aided design (TCAD)
simulation software to understand and predict the impact of device geometries, materials
with different physical properties, different doping concentrations and profiles, ambient
temperature and much more on, in particular, the I-V or C-V characteristics of transistors.
In addition, TCAD simulations offer a deeper insight into the physical properties of
the components, which can be determined purely by measurement either only with
extremely high effort or not at all. These include among others the visualization of band
structures, electric fields, current densities or charge carrier mobilities of both classical
and, in single-digit nanoscale ranges, quantum mechanical nature.

These simulators numerically solve a system of elaborate and complex physical
differential equations using the finite element method (FEM). As the name implies, this
method divides the object under study into zones with sufficiently fine “finite elements”
and solves the partial differential equations approximately. Subsequent iterations of the
intermediate results are necessary to meet predefined convergence criteria in order to
achieve a desired accuracy of the final simulation result. Depending on the mesh size
and the physical models to be considered in the calculation, the simulation time can
vary greatly, ranging from a few minutes to several days.

Considering that today’s microchips consist of tens of billions of transistors, a circuit
simulation in a similar way would not be conceivable at all. It would simply be too time
consuming. Therefore, circuit simulators such as SPICE [36] use very fast physics-based
compact models of electronic components, which are simple mathematical or physical
equations validated by FEM simulations or measurement results on test wafers. The
more complex the device structure is, the more difficult it becomes to develop scalable
compact models with high accuracy. It is often very helpful to make use of geometric
symmetries to reduce 3-D problems to 2-D or even one-dimensional (1-D) problems by
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1.4 Outline of the Thesis 11

reasonable approximations. Thereby, it is not unusual to use physics-based, but bias
independent fitting parameters.

In the literature, various solutions for cylindrical nanowire (NW) FETs can be found
[20–23], but there are also attempts by researchers to develop unified models that are
applicable to a variety of MOSFET geometries through small parameter changes [37, 38].
However, these solutions only work with restrictions. While they can be used for long-
channel devices, they are not accurate enough when SCEs must be included. Thus, one
challenge of this thesis is to describe 3-D ultrashort-channel cylindrical GAA NW FETs
with a set of equivalent 2-D double-gate (DG) dimensions in order to implement them
in the analytical potential model of a 2-D DG FET already developed by our research
group [39].

Furthermore, nanodevices require the consideration of quantum mechanical effects
(QMEs) in current transport. In particular, these include QC transverse to the channel
direction and the DSDT effect. Depending on the simulation tool used, one or both
of these effects can be taken into account by activating corresponding physical models.
Among them, the numerical nonequilibrium Green’s function (NEGF) formalism is
considered as the most sophisticated one with high accuracy, but very time consuming.
Thus, it is all the more important to develop compact models that, on the one hand, are
very close to the NEGF results and, on the other hand, are significantly less complex
and very fast to calculate. Therefore, this thesis also deals with the new wavelet-based
DSDT calculation as a suitable replacement for the NEGF formalism or the widely used
Wentzel-Kramers-Brillouin (WKB) method.

1.4 Outline of the Thesis
This doctoral thesis is a collection of conference and journal articles and focuses mainly
on modeling of SCEs including QMEs in the two most interesting transistor structures
of future technology nodes. In general, the chapters 2 and 3 refer to cylindrical NW
FET and the chapters 4, 5 and 6 refer to silicon nanosheet (SiNS) FET. The final
Chapter 7 gives overall conclusions and marks all the important results of the whole
dissertation. In the following, a brief overview of the next five chapters is provided.

Chapter 2 presents an analytical method that enables for intrinsic or lightly doped
channels in the subthreshold region the transfer of the 2-D DG analytical solution of
Laplace’s or Poisson’s equation to a cylindrical NW geometry. With the equivalent
potential model, the formulation of current equations for short-channel NW FETs
follows, which are also based on DG FETs. Furthermore, the developed model is verified
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12 1 Introduction

with FEM simulation and measurement data.
Chapter 3 focuses on the analysis, simulation, and model implementation of QC.

Further, the equivalent potential model presented in Chapter 2 is confirmed by an
equivalent capacitor model. The extended current model is verified by own measurements
on a test wafer provided on loan by ASCENT member CEA-Leti.

Chapter 4 deals with the accurate determination of the DSDT tunneling probabil-
ities (Pt (Ex)) of electrons with different energies (Ex) and tunneling lengths (Lt) in
ultrashort-channel DG FETs. Pt is numerically calculated using a new approach, the
wavelet method. The influence of the tunneling current on short-channel characteristics
(Ssth and DIBL) are compared with the numerically very sophisticated but reliable
NEGF simulations and also with TCAD simulations using the WKB approach.

Chapter 5 describes an analytical calculation method for Pt and the tunneling
current (It) for the purpose of compact modeling. Various approximations of ECB,
Lt and the tunneling current density (Jt) allow the formulation of a quasi-compact
model (QCM). For comparison, all those approximations are implemented besides the
wavelet method also in the WKB method. Again, both approaches are compared to
NEGF simulation results of SiNS FETs.

Chapter 6 uses the analytical model from Chapter 5 as well as NEGF simulations
for a further in-depth analysis of the subthreshold current in dependence of cryogenic
temperature and S/D doping concentrations. In particular, the different saturation
behavior of the subthreshold current, DIBL and swing in dependence of temperature at
different S/D doping levels is investigated and physically explained. It turns out that
the position of the Fermi level in the semiconductor material, which depends mainly on
the chosen doping concentration, has a significant impact on the previously mentioned
saturation behavior at low temperatures.

References
[1] J. E. Lilienfeld, “Method and apparatus for controlling electric currents,” US1745175,

Oct. 1925.

[2] W. Shockley, “The path to the conception of the junction transistor,” IEEE
Transactions on Electron Devices, vol. 23, no. 7, pp. 597–620, jul 1976.

[3] J. Bardeen and W. H. Brattain, “Three-electrode circuit element utilizing semicon-
ductive materials,” US2524035, Oct. 1950.

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



1.4 Outline of the Thesis 13

[4] W. Shockley, “Circuit element utilizing semiconductive material,” US2569347, Sep.
1951.

[5] M. Tanenbaum, L. B. Valdes, E. Buehler, and N. B. Hannay, “Silicon n-p-n grown
junction transistors,” Journal of Applied Physics, vol. 26, no. 6, pp. 686–692, jun
1955.

[6] “The lost history of the transistor,” IEEE Spectrum, vol. 41, no. 5, pp. 44–49, may
2004.

[7] R. K. Bassett, To the Digital Age: Research Labs, Start-Up Companies, and the
Rise of Mos Technology. JOHNS HOPKINS UNIV PR, May 2007.

[8] D. Kahng, “Electric field controlled semiconductor device,” US3102230, Aug. 1963.

[9] M. Atalla, “Semiconductor devices having dielectric coatings,” US3206670, Sept.
1965.

[10] R. Dennard, F. Gaensslen, H.-N. Yu, V. Rideout, E. Bassous, and A. LeBlanc,
“Design of ion-implanted MOSFET's with very small physical dimensions,” IEEE
Journal of Solid State Circuits, vol. 9, no. 5 pp. 256–268, oct 1974.

[11] J. S. Kilby, “Miniaturized electronic circuits,” US3138743, June 1964.

[12] A. N. Saxena, Invention of Integrated Circuits: Untold Important Facts, ch. Intro-
duction, pp. 1–30. WORLD SCIENTIFIC PUB CO INC, Feb. 2009.

[13] R. N. Noyce, “Semiconductor device-and-lead structure, reprint of u.s. patent
2,981,877 (issued april 25, 1961. filed july 30, 1959),” IEEE Solid-State Circuits
Newsletter, vol. 12, no. 2, pp. 34–40, 2007.

[14] G. E. Moore, “The role of fairchild in silicon technology in the early days of "silicon
valley",” Proceedings of the IEEE, vol. 86, no. 1, pp. 53–62, 1998.

[15] G. E. Moore, “Cramming more components onto integrated circuits, reprinted from
electronics, volume 38, number 8, april 19, 1965, pp.114 ff.,” IEEE Solid-State
Circuits Society Newsletter, vol. 11, no. 3, pp. 33–35, sep 2006.

[16] “The 40th anniversary of moore’s law,” Computer History Museum, Mountain
View, CA, Sep. 2005, [Online]. Available: www.computerhistory.org.

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



14 1 Introduction

[17] R. Ratnesh, A. Goel, G. Kaushik, H. Garg, Chandan, M. Singh, and B. Prasad, “Ad-
vancement and challenges in MOSFET scaling,” Materials Science in Semiconductor
Processing, vol. 134, p. 106002, nov 2021.

[18] T.-M. BĂJENESCU, “Miniaturisation of electronic components and the problem
of device overheating,” Electrotehnica, Electronica, Automatica, vol. 69, no. 2,
pp. 53–58, may 2021.

[19] Y. Omura, S. Horiguchi, M. Tabe, and K. Kishi, “Quantum-mechanical effects on
the threshold voltage of ultrathin-SOI nMOSFETs,” IEEE Electron Device Letters,
vol. 14, no. 12, pp. 569–571, dec 1993.

[20] S.-H. Oh, D. Monroe, and J. M. Hergenrother, “Analytic description of short-channel
effects in fully-depleted double-gate and cylindrical, surrounding-gate MOSFETs,”
IEEE Electron Device Letters, vol. 21, no. 9, pp. 445–447, Sept. 2000.

[21] B. Iniguez, D. Jimenez, J. Roig, H. Hamid, L. Marsal, and J. Pallares, “Explicit
continuous model for long-channel undoped surrounding gate MOSFETs,” IEEE
Transactions on Electron Devices, vol. 52, no. 8, pp. 1868–1873, aug 2005.

[22] B. Iniguez, T. Fjeldly, A. Lazaro, F. Danneville, and M. Deen, “Compact-modeling
solutions for nanoscale double-gate and gate-all-around MOSFETs,” IEEE Trans-
actions on Electron Devices, vol. 53, no. 9, pp. 2128–2142, sep 2006.

[23] F. Lime, O. Moldovan, and B. Iniguez, “A compact explicit model for long-channel
gate-all-around junctionless MOSFETs. part i: DC characteristics,” IEEE Transac-
tions on Electron Devices, vol. 61, no. 9, pp. 3036–3041, sep 2014.

[24] H. Majima, H. Ishikuro, and T. Hiramoto, “Experimental evidence for quantum
mechanical narrow channel effect in ultra-narrow MOSFET's,” IEEE Electron
Device Letters, vol. 21, no. 8, pp. 396–398, aug 2000.

[25] A. Kloes, Nanoelektronik Bauelemente der Zukunft. Munich: Fachbuchverlag Leipzig
im Carl Hanser Verlag, 2018.

[26] M. Karim, S. Shaari, and Y. Majlis, “Gate tunneling current in thin oxide MOSFET,”
in ICSE '96. 1996 IEEE International Conference on Semiconductor Electronics.
Proceedings, (Penang, Malaysia), IEEE, Nov. 1996.

[27] M. Erdogan, M.-C. Chang, C. Bowen, A. Chatterjee, J. Seitchik, and H. Shichijo,
“Analysis of gate tunneling current in ultra-thin oxide MOSFET's,” in 56th Annual

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



1.4 Outline of the Thesis 15

Device Research Conference Digest (Cat. No.98TH8373), (Charlottesville, VA,
USA), IEEE, June 1998.

[28] T. Ghani, M. Armstrong, C. Auth, M. Bost, P. Charvat, G. Glass, T. Hoffmann,
K. Johnson, C. Kenyon, J. Klaus, B. McIntyre, K. Mistry, A. Murthy, J. Sandford,
M. Silberstein, S. Sivakumar, P. Smith, K. Zawadzki, S. Thompson, and M. Bohr,
“A 90nm high volume manufacturing logic technology featuring novel 45nm gate
length strained silicon CMOS transistors,” in IEEE International Electron Devices
Meeting 2003, IEEE, Dec. 2003.

[29] K. Mistry, R. Chau, C.-H. Choi, G. Ding, K. Fischer, T. Ghani, R. Grover, W. Han,
D. Hanken, M. Hattendorf, J. He, C. Allen, J. Hicks, R. Huessner, D. Ingerly,
P. Jain, R. James, L. Jong, S. Joshi, C. Kenyon, K. Kuhn, K. Lee, C. Auth,
H. Liu, J. Maiz, B. McIntyre, P. Moon, J. Neirynck, S. Pae, C. Parker, D. Parsons,
C. Prasad, L. Pipes, B. Beattie, M. Prince, P. Ranade, T. Reynolds, J. Sandford,
L. Shifren, J. Sebastian, J. Seiple, D. Simon, S. Sivakumar, P. Smith, D. Bergstrom,
C. Thomas, T. Troeger, P. Vandervoorn, S. Williams, K. Zawadzki, M. Bost,
M. Brazier, M. Buehler, and A. Cappellani, “A 45nm logic technology with high-
k+metal gate transistors, strained silicon, 9 cu interconnect layers, 193nm dry
patterning, and 100% pb-free packaging,” in 2007 IEEE International Electron
Devices Meeting, IEEE, dec 2007.

[30] M. Bohr and K. Mistry, “Intel’s revolutionary 22 nm
transistor technology,” May 2011, [Online]. Available:
https://download.intel.com/newsroom/kits/22nm/pdfs/22nm-
Details_Presentation.pdf.

[31] H. Iwai, “Technology roadmap for 22nm and beyond,” in 2009 2nd International
Workshop on Electron Devices and Semiconductor Technology, IEEE, Jun. 2009.

[32] “M1 pro und M1 max: die leistungsstärksten apple chips aller zeiten.” press report,
Oct. 2021, [Online]. Available: https://www.apple.com.

[33] Synopsys Inc., TCAD SentaurusTM Device User Guide, 2018. Version O-2018.06.

[34] Global TCAD Solutions GmbH, GTS VSP - User Manual. Vienna, Austria, 2021.
Release 2021.03.

[35] SILVACO Inc., ATLAS User’s Manual Device Simulation Software. Santa Clara,
CA, USA, 2015.

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



16 1 Introduction

[36] EECS Department of the University of California, Spice3 User’s Manual. Berkeley,
CA, USA, 1993. Version 3f3.

[37] N. Chevillon, J.-M. Sallese, C. Lallement, F. Prégaldiny, M. Madec, J. Sedlmeir, and
J. Aghassi, “Generalization of the concept of equivalent thickness and capacitance
to multigate MOSFETs modeling,” IEEE Transactions on Electron Devices, vol. 59,
no. 1, pp. 60–71, jan 2012.

[38] B. Yu, J. Song, Y. Yuan, W.-Y. Lu, and Y. Taur, “A unified analytic drain–current
model for multiple-gate MOSFETs,” IEEE Transactions on Electron Devices, vol. 55,
no. 8, pp. 2157–2163, aug 2008.

[39] A. Kloes, M. Schwarz, and T. Holtij, “MOS3: A new physics-based explicit com-
pact model for lightly doped short-channel triple-gate SOI MOSFETs,” IEEE
Transactions on Electron Devices, vol. 59, no. 2, pp. 349–358, feb 2012.

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



CHAPTER 2
Equivalent Length Concept for Compact Modeling of
Short-Channel GAA and DG MOSFETs

We present a way to analytically describe short-channel effects (SCEs) in cylindrical
gate-all-around (GAA) MOSFETs with intrinsic or lightly-doped channels. For a given
device dimension, the center and surface potentials (ΦC and ΦS) are correctly determined
by using the conformal mapping technique for two-dimensional (2-D) double-gate (DG)
FETs. An equivalent channel length is used in a compact drain current model of a DG
device, which thereby is modified to get results for a cylindrical GAA MOSFET. To
verify the introduced equivalent correlation for different channel lengths and thicknesses
we compare both potentials ΦC and ΦS, the subthreshold swing (Ssth) and the drain-
induced barrier lowering (DIBL) of our new compact model with 3-D GAA MOSFET
TCAD simulation data. In addition, we compare for one chosen device dimension the
direct current (DC) characteristics of our model with TCAD and measurement data.

2.1 Introduction
For an ideal subthreshold swing and to reduce the drain-induced barrier lowering (DIBL)
effect in short-channel devices, it is necessary to surround the complete channel with
gate material. As a consequence the electrostatic control of the gate electrode in GAA
MOSFETs is much better than in DG MOSFETs.

For compact modeling it is a challenge to analytically describe GAA MOSFETs in
3-D with already existing DG compact models in 2-D. By cutting a cylindrical GAA
MOSFET of radius R lengthwise through the center we get a 2-D DG MOSFET of

17
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thickness Tch = 2 R (see Figure 2.1). This means, if we know the electrostatic behavior
of the 2-D structure, we can trace back to the 3-D structure due to the rotational
symmetry. By considering the subthreshold region the most important parameters,
which are needed to capture the electrostatic of GAA MOSFETs are position and value
of ΦC and ΦS.

Earlier evanescent-mode analysis [1] predict that DG MOSFETs have to be scaled
to a 53 % larger channel length than GAA MOSFETs in order to provide the same
immunity to short-channel effects. TCAD simulations show that a fixed conversion
factor of 1.53 is not usable for all device dimensions, especially for short-channel devices.
In addition, ΦC and ΦS need different conversion factors. Therefore, we derive an
analytical expression which shows a dependence on the channel thickness Tch = 2 R
and oxide thickness Tox.

Figure 2.1: Sketch of a cylindrical GAA MOSFET and its DG cross section under
study. Source/Drain (S/D) regions are highly n-doped (Ns/d = 1020/cm3) and Lsd = 10
nm long. The channel (Ch) is intrinsic or lightly p-doped (Nch ≤ 1016). The gate oxide
material is made of the high-κ material hafnium dioxide (HfO2).
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2.2 Conversion Factor for the Channel Length 19

2.2 Conversion Factor for the Channel Length
Similar to Young [2], we consider a parabolic potential Φ (r,z) through the channel
thickness and derive an equation for the so-called natural length λ by solving the 2-D
Poisson equation along the channel/oxide interface in cylindrical coordinates. The
Poisson equation is as follows:

1
r

∂

∂r

(
r
∂

∂r
Φ (r,z)

)
+ ∂2

∂z2Φ (r,z) = qNch

εch
(2.1)

with

Φ (r,z) = c0(z) + c1(z) · r + c2(z) · r2. (2.2)

Nch is the channel doping concentration and εch the dielectric constant of the silicon
channel.

The following three boundary conditions are necessary to determine the three un-
known values ci (i = 0, 1, 2):

1. At the channel/oxide interface the potential is ΦS (z).

Φ (R,z) = c0(z) + c1(z) ·R+ c2(z) ·R2 = ΦS (z) (2.3)

2. The electric field in the channel center is zero.

∂

∂r
Φ (r,z)

∣∣∣∣
r=0

= 0 = c1(z) (2.4)

3. The electric displacement fields Dch and Dox at the channel/oxide interface are
equal.

Dch = εch
∂

∂r
Φ (r,z)

∣∣∣∣
r=R

!= εoxE (R) = Dox (2.5)

where εox is the dielectric constant of the gate oxide HfO2. The 3-D surface electric
field E (R) of the oxide is given by:

E (R) = Q

2π RLGAA + εox
= Cox (Φgs − ΦS (z))

2π RLGAA εox
= Φgs − ΦS (z)
R ln

(
1 + Tox

R

) (2.6)
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20 2 Equivalent Length Concept for Compact Modeling of Short-Channel GAA and DG MOSFETs

where Cox is the cylindrical capacitor of a GAA-FET with the oxide thickness Tox
and the channel length Lch = LGAA.

The potential Φ (r,z) results from the boundary conditions as:

Φ (r,z) = ΦS (z)− Φgs − ΦS (z)
2κ ln

(
1 + Tox

R

) + Φgs − ΦS (z)
2κ ln

(
1 + Tox

R

) r2

R2 (2.7)

where κ = εch/εox.
Using (2.7) in (2.1) the Poisson equation along the channel surface becomes:

∂2ΦS (z)
∂z2 − ΦS (z)− Φgs

(λSGAA)2 = q Nch

εch
(2.8)

with

λSGAA =

√
1
2 κToxR

(
R

Tox
ln
(

1 + Tox
R

))
(2.9)

Yan et al. [3] solves the natural length λ in Cartesian coordinates (2.10). Suzuki et
al. [4] and Auth et al. [5] derive λ along the channel center, in Cartesian (2.11) and in
cylindrical coordinates (2.12), respectively.

λSDG =
√
κToxR (2.10)

λCDG =

√
κToxR

(
1 + R

2κTox

)
(2.11)

λCGAA =

√
1
2 κToxR

(
R

Tox
ln
(

1 + Tox
R

)
+ R

2κTox

)
(2.12)

In all four cases the potential drops exponentially along the channel as Φ (r,z) ∝
exp (± z/λ). To obtain in a DG and GAA device along the surface and center of the
channel the same potential profile we compare the corresponding exponents. Thus, we
get the conversion factor for coordinate z, and hence the equivalent channel length:

zSDG =
√

2 ·
√

Tox/R

ln
(
1 + Tox

R

) · zSGAA (2.13)

zCDG =
√

2 ·

√√√√ 1 + R
2κTox

R
Tox

ln
(
1 + Tox

R

)
+ R

2κTox

· zCGAA (2.14)
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In equation (2.14), the second term in the numerator and denominator are dominant
over the first term for R >> Tox. This results in zCDG ≈

√
2 zCGAA.

Furthermore, Oh et al. [1] hold the view that a parabolic approximation of Φ differs
widely from that of the sinusoidal solution and derive a potential Ψ? for DG and GAA
MOSFETs, which satisfies the Laplace equation. We simplify these equations due to
the fact that source and drain are equally doped and consider them without any bias:

Ψ?DG ≈ ΦC cos
(

x

λ′DG

)
cosh

(
zDG

λ′DG

)
(2.15)

Ψ?GAA ≈ ΦC J0

(
r

λ′GAA

)
cosh

(
zGAA

λ′GAA

)
(2.16)

J0 is the Bessel function of order zero. By assuming R >> Tox and fulfilling the
boundary condition for both DG and GAA device at the channel/oxide interface
(x = r = R + κ Tox) considering the effective electrical oxide thickness it follows
zSDG ≈

(
λ′SDG/λ

′S
GAA

)
zSGAA ≈ 1.53 zSGAA, with λ′SDG = 2 (R+ κTox) /π and λ′SGAA = 2

(R+ κTox) /4.810 [1]. In addition we compare both equations (2.15), (2.16) along the
center of a device by a first order Taylor polynomial without any regard to the boundary
conditions at the channel/oxide interface:

cos
(

x

λ′CDG

)
≈ 1− x2/2(

λ′CDG
)2

!
≈ 1− r2/4

(λ′CGAA)2 ≈ J0

(
r

λ′CGAA

)
(2.17)

This results in λ′CDG =
√

2 λ′CGAA. Accordingly, we get two different conversion factors
for surface and center: zSDG ≈ 1.53 zSGAA and zCDG ≈

√
2 zCGAA.

In the first place we realize by comparing DG and GAA simulation data that the
sinusoidal solution of the potential gives better results at the channel/oxide interface
than the parabolic ansatz. On the other hand we need a device dimensions dependent
conversion factor, which is achieved with the parabolic solution. As a conclusion,
combining both leads to the best solution. Thus, we obtain two different conversion
factors for the surface and center potential:

zSDG = 1.53 ·
√

Tox/R

ln
(
1 + Tox

R

) zSGAA (2.18)

zCDG =
√

2 ·
√

Tox/R

ln
(
1 + Tox

R

) zCGAA (2.19)
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2.3 Inversion Charge and Current Equation
The DG compact model from Kloes et al. [6] uses the total inversion charge Qi,0 for
any gate-source bias Vgs = V0 in the subthreshold region. This charge at the potential
barrier at position zm is used to calculate the total drain current Ids. We determine
Qi,0 → Qi,fb for a gate-source bias at the flatband voltage V0 = Vfb by integration
over the density of free electrons n (r) = ni exp (Φ(r,zm)/Vth) within the channel cross
section A = πR2 at the virtual cathode. As a modification we take advantage of the
rotational symmetry and integrate in cylindrical coordinates with dA = r dr dφ:

Qi,fb = q

∫
A

ni e
Φ(r,zm)
Vth dA (2.20)

where ni is the intrinsic carrier density and Vth = kBT/q the thermal voltage.
Considering a parabolic potential Φ (r) = ΦC - r2

R2 (ΦC − ΦS) through the channel
thickness with ΦC and ΦS at position zm leads to:

Qi,fb = q

2π∫
0

R∫
0

ni e
ΦC− r2

R2 (ΦC−ΦS)
Vth r dr dφ = q π Vth niR

2

ΦC − ΦS

(
e
ΦC
Vth − e

ΦS
Vth

)
(2.21)

The transition to above threshold region is enabled by assuming volume inversion in the
channel at potential ΦS without considering short channel effects. The integral inversion
charge in the channel cross section is:

Qi,2D = q π niR
2 e

ΦS
Vth (2.22)

The charge potential relationship is given by:

C ′ox(Vgs − Vfb − ΦS) = Qi,2D (2.23)

For the capacitance we insert the cylindrical capacitor per gate length instead of the
parallel-plate capacitor of a DG-FET:

C ′ox = 2π εox
ln (1 + Tox/R) (2.24)

Analogous to (6)-(14) in [6], we obtain following expression from (2.22) and (2.23)
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for the mobile charge density Qi,s at the source end in a GAA device:

Qi,s = αC ′ox Vth ×W0

{
Qi,fb

αC ′ox Vth
exp

(
C ′ox(Vgs − Vfb) +Qi,fb

αC ′oxVth

)}
, (2.25)

where α is the ratio between the degraded Ssth and the ideal swing (60 mV per decade
at T = 300 K). W0 stands for the principal branch of the Lambert W function.

The mobile charge density Qi,d at the drain end is calculated as follows:

Qi,d = Qi,s − C ′oxṼdss, (2.26)

where Ṽdss is the voltage Vds smoothly limited by the saturation voltage and allows the
smoothly transition between subthreshold and above threshold region.

In [7] a charge-based model for drain current Ids of symmetric DG MOSFETs has
been presented. This model can simply be transferred to a cylindrical GAA MOSFET.
The channel width in the current equation for DG has to be removed, since this dimension
is already considered by integration in (2.21). Finally, the total drain current is:

Ids = µ

LGAA

[
Vth(Qi,s −Qi,d) +

(Q2
i,s −Q2

i,d)
2C ′ox

]
. (2.27)

The subthreshold swing Ssth including short-channel effect can be calculated from
the current equation Ids. For small gate biases the current is approximately proportional
to the charge Qi,fb. Hence we get Ssth from the potential ΦC (Φg) and ΦS (Φg) for a
given gate potential Φg as follows:

Ssth = ln (10) ∂Vgs
∂ ln (Qi,fb) ≈ ln (10) ∆Vgs

∆ ln (Qi,fb)

= ln (10) ∆Vgs
ln
(
eΦC,2/Vth−eΦS,2/Vth

eΦC,1/Vth−eΦS,1/Vth

)
− ln

(
ΦC,2−ΦS,2
ΦC,1−ΦS,1

) , (2.28)

where ∆Vgs = 0.1 V, ΦC,2 = ΦC(∆Vgs), ΦC,1 = ΦC(0), ΦS,2 = ΦS(∆Vgs) and ΦS,1 =
ΦS(0).

We determine the drain-induced barrier lowering from Ssth and two OFF currents at
different drain-source biases Vds,2 and Vds,1 as follows:

DIBL = Ssth
ln (Qi,fb(Vds,2)/Qi,fb(Vds,1))

ln(10) (Vds,2 − Vds,1) (2.29)
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2.4 Model Verification
Applying the conversion factors from (2.18) and (2.19) to the channel length in the
analytical potential model [8] of a DG transistor we obtained the results for GAA
devices shown in Figure 2.2. We see an excellent agreement of ΦC, ΦS, DIBL and Ssth
for different channel lengths and radius’s between TCAD simulation data and our new
developed compact model.
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Figure 2.2: Comparison of compact model (lines) with TCAD simulations (symbols)
of (a) center, (b) surface potential, (c) DIBL and (d) subthreshold swing as a function
of LGAA with various channel radius.

In Figure 2.3 for a chosen GAA device showing short-channel effect we compare the
transfer and output characteristics with TCAD. We implemented the conversion factors
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(2.18), (2.19) and the total inversion charge (2.21), capacitance (2.24) and subthreshold
swing (2.28) of a cylindrical GAA-FET into the DG compact model from [6] to obtain
a model for a GAA device. Once again we see that it is possible to obtain a very good
match between TCAD Sentaurus data and results from the compact model (Ssth = 71
mV/dec, DIBL = 59 mV/V).
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Figure 2.3: Comparison of compact model (lines) with TCAD simulations (symbols)
of transfer and output characteristics of a short-channel GAA MOSFET.
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In Figure 2.4 our model is compared with measurement data of two devices with
24 nm and 28 nm gate length [9]. We don’t know how far the dopants penetrate from
source and drain into the channel. Therefore, the effective channel length is a fitting
parameter in our model. It has to be 12.5 nm and 16.5 nm in order to get the right
swing and DIBL. This means that the dopants penetrate from both sides in average
about 5-6 nm, which is reasonable.
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Figure 2.4: Experimental data (symbols) [9] and compact model (lines) of a GAA n-
MOSFET. The effective channel length Leff is almost half of the indicated gate length
Lg.

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



2.5 Conclusion 27

However, additional experimental data including output characteristics are under
preparation to further verify the new compact model for even shorter channel lengths
with more pronounced short-channel effects.

2.5 Conclusion
We developed an analytical concept to convert the electrostatics of a GAA to an
equivalent DG MOSFET. Different scaling factors for surface and center potential relate
GAA to DG concepts regarding their short-channel immunity. Thus a DG current model
can be used to predict the DC behavior of ultimately scaled GAA MOSFETs.
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CHAPTER 3
Equivalent DG Dimensions Concept for Compact Modeling of
Short-Channel and Thin Body GAA MOSFETs Including
Quantum Confinement

In this work, short-channel effects (SCEs) in cylindrical gate-all-around (GAA) MOSFETs
with intrinsic or lightly doped channels are analytically described by using the conformal
mapping technique for two-dimensional (2-D) double-gate (DG) FETs. An equivalent
capacitor model leads to an equivalent channel length concept, which allows to correctly
determine the SCEs relevant center and surface potentials (ΦC and ΦS) at the potential
barrier. Furthermore, we make use of the rotational symmetry of GAA FETs and modify
a compact drain current model of a DG device to use it for GAA transistors. Also, a
mathematical correlation regarding quantum confinement for thin body transistors is
derived, which shows that the mostly unwanted quantum effects occur in GAA struc-
tures already for thicker channels compared to DG transistors. Both transistor types
experience a comparable influence with regard to quantization if the channel thickness
of GAA FETs is 53% more than that of DG FETs. The dc behavior of our adapted
model is verified with 3-D TCAD simulation data and applied to experimental data of
ultrascaled silicon on insulator (SOI) omega-gate nanowire N-MOSFETs.

3.1 Introduction
Excellent electrostatic gate control in MOSFETs is very important for ideal subthreshold
transfer characteristics. This control decreases and gains more and more importance the
closer the device dimensions reaches into single-digit nanometer ranges [1], [2]. The gate
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control becomes difficult due to increasing influence of the source and drain regions on
the channel electrostatics. This influence can be reduced by enclosing the whole channel
from all sides with gate material. As a result, cylindrical gate-all-around (GAA) FETs
offer significantly better resistance to higher subthreshold swing (Ssth) and drain-induced
barrier lowering (DIBL) than double-gate (DG) FETs. Therefore, GAA FETs are of
great interest and belong to the most promising devices due to their superior gate control
over the channel that suppresses short-channel effects (SCEs) and leakage currents [3–6].
Nevertheless, SCEs do occur, which have to be considered in circuit design by the use
of accurate compact models.

Several authors have published different modeling approaches for downscaled multiple-
gate (MG) MOSFETs that use either numerical solutions or analytical expressions and
consider SCEs [7–9]. In previous publications, the possibility to model MG FETs with
the help of equivalent DG FETs has been investigated too. In [10], a concept of equivalent
thickness and width is presented and in [11] a unified analytic drain-current model for
different MG FETs is published, which uses the proportionality of the inversion charge
to the silicon cross-sectional area in the subthreshold and to the gate perimeter of the
silicon body in the above threshold region. A further concept to link planar and even
cylindrical junctionless FETs is described in [12]. Unfortunately, all three models are
only valid for long channel transistors and do not consider SCEs.

In [13] we presented an analytical concept to capture the electrostatics of a GAA
FET with an equivalent 2-D DG FET. The used potential model is based on the
conformal mapping technique and solves the 2-D Poisson’s equation approximately in the
subthreshold region in an analytical closed-form [14]. The model neglects mobile carriers
in the channel, but includes the influence of source-drain doping on the subthreshold
characteristics. It is applicable because the lengthwise cut through the center of a
cylindrical GAA FET has the shape of a DG FET (see Figure 3.1). The model requires
different equivalent channel length for surface and center potentials (ΦS and ΦC) to
relate GAA to DG concepts regarding their short-channel immunity. This equivalent
length concept was derived from Laplace’s and Poisson’s equation and shall now be
derived from a comparison of capacitor models.

In Section 3.2, we will initially derive a concept to describe the electrostatics in a
GAA FET by a DG FET with equivalent key parameters as DIBL and slope. Then
in Section 3.3 we will transfer a charge-based long-channel DG current model to a
long-channel cylindrical GAA current model. Section 3.4 modifies charge expressions
of a potential-based (short-channel) DG model to be applicable to the GAA FET and
to use them in the previously derived GAA current model. In Section 3.5, quantum
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confinement (QC) effects are discussed and a way to include them in the model is
proposed. The compact model is verified by comparison to TCAD and measurements
in Section 3.6. Finally, Section 3.7 gives a conclusion.

Figure 3.1: Sketch of a cylindrical GAA MOSFET, its DG cross section and the corre-
sponding simplified capacitor circuit under study. Source-drain (S/D) regions are highly
n-doped. The channel (Ch) is intrinsic or lightly p-doped (Nch ≤ 1016 cm−3) and the
gate oxide is a high-κ material. In the capacitor circuit, exemplary the S/D terminals
are grounded, while a voltage is applied to the gate terminal.
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3.2 Capacitor Based Derivation of the Equivalent DG Dimensions
We focus on the subthreshold region and assume that cylindrical GAA and DG FETs
only provide comparable DIBL and Ssth if the shape of the potential barrier through
the channel thickness is almost identical for the same bias conditions. For this, we keep
the channel and oxide thicknesses equal and determine an equivalent channel length
that is responsible for SCEs.

Lundstrom describes a capacitor model in [15], where each capacitor stands for the
electrostatic coupling of a terminal to the potential barrier Φ (r,zm) at position zm,
which is the virtual source for the device. We apply his model to our DG and GAA
FETs and analyze the simple circuit in Figure 3.1.

A distinction between ΦC and ΦS will be introduced later. We assume that only the
gate or drain terminal is biased. The respective other one is grounded together with
the source terminal and connected in parallel. The simplified circuit thus represents a
capacitive voltage divider. Assuming subthreshold operation and hence, negligible charge
at the potential barrier, the potential at the virtual source is given by superposition as

Φ =
(

Cox

Cox + Cs||d

)
Vg +

(
Cd

Cox + Cs||d

)
Vd (3.1)

where Cs||d = Cs + Cd. Since the source to drain current Ids is exponentially related to
the height of the potential barrier as

Ids ∝ exp (Φ (r,zm) /Vth) (3.2)

the subthreshold swing at a constant drain voltage can be determined from the definition

Ssth = ln(10) ∂Vgs
∂ ln (Ids)

= η ln (10) Vth (3.3)

with

η = 1 +
Cs||d

Cox
(3.4)

where Vth = kB T/q is the thermal voltage, kB the Boltzmann’s constant, T the temper-
ature and q is the elementary charge.

Furthermore, Ssth increases with the drain voltage, since the capacitors also vary with
bias. By applying a drain bias, the potential shape along the channel gets significantly
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influenced. The position of the potential barrier moves toward the source and reduces
the classical plate distance of the source capacitor and correspondingly increases the
plate distance of the drain capacitor. In total, Cs||d is slightly increasing because Cs is
dominant over Cd. Keeping this in mind, we equate Ssth for GAA and DG FETs and
establish the following correlation between capacitors:

SGAA
sth = SDG

sth ⇔
(
Cs||d

Cox

)GAA
=
(
Cs||d

Cox

)DG
. (3.5)

At this point, we assume for simplicity that the relative deviation of the bias dependent
changes in the S/D capacitors are the same between GAA and DG FETs, so that they
cancel each other out in (3.5).

Table 3.1 lists the formulas for GAA and DG FETs related capacitors, where εch
and εox are the dielectric constant of the silicon channel and the gate oxide, LGAA and
LDG the channel length, Wch and Tch = 2R the channel width and thickness, R the
channel radius and Tox is the oxide thickness.

Table 3.1: GAA and DG Capacitors

Capacitor GAA DG

Cs||d 2 εch π R
2

LGAA/2 2 εch Wch Tch
LDG/2

Cox
2π εox

ln(1+Tox
R ) LGAA

2 εox Wch
Tox

LDG

Using these equations in (3.5) results in

LDG =
√

2

√
Tox/R

ln (1 + Tox/R) LGAA. (3.6)

Applying the conversion factor from (3.6) to the channel length in TCAD simulations
of a DG transistor we realize that, with exception of ΦC, the remaining variables (ΦS,
Ssth, DIBL) do not reflect the values of a GAA transistor as we wish. This is not
quite strange, as the charges are distributed in the channel and thus the introduced
parallel plate capacitors are only a simple assumption. Nevertheless, the charges are in
equilibrium mainly located along the channel center, so that the conversion factor from
(3.6) is applicable for ΦC.

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



34
3 Equivalent DG Dimensions Concept for Compact Modeling of Short-Channel and Thin Body
GAA MOSFETs Including Quantum Confinement

As already mentioned the capacitor model does not distinguish between center and
surface potentials. This limitation can be circumvented by solving the Laplace equation.
With the assumption of [16] that the electrostatic potential along the channel thickens is
sinusoidal in Cartesian and Bessel function in cylindrical coordinates, we obtain for the
channel/oxide interface the constant conversion factor 1.53 (and for the channel center√

2) [13]. In combination with (3.6) the conversion factor for the surface results in

LS
DG = 1.53

√
Tox/R

ln (1 + Tox/R) L
S
GAA. (3.7)

Since this equivalent length concept is only interested in equalizing the barrier height,
the shape of the electrostatic potential along the channel does not have to be exactly the
same. Therefore, the conversion factors from (3.6) and (3.7) to the channel length should
be used with caution and apply mainly at the potential barrier in the subthreshold
region for intrinsic or lightly doped channels. Having this in mind, determining the
subthreshold swing and DIBL is possible.

3.3 Transferring the Long-Channel DG Current Model to Long-
Channel GAA FETs

In this section, we derive a charge-based current model for long-channel GAA FETs
based on the method from [17] for long-channel symmetric DG FETs. The SCEs will be
included in the next Section 3.4 by calculating the charges from a 2-D DG potential
model modified for GAA FETs.

First, we use the one-dimensional (1-D) DG potential distribution through the
channel thickness as the GAA solution, since we want to determine a DG FET with a
channel length which results for this device in approximately the same potentials ΦC

and ΦS as in the GAA device

[17] → DG: Φ (x) = ΦC − 2Vth ln (cos (ξ x)) (3.8)

(x→r) GAA: Φ (r) ≈ ΦC − 2Vth ln (cos (ξ r)) (3.9)

with

ξ =
√

q nC
2 εch Vth

(3.10)
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and

nC = ni exp (ΦC/Vth) . (3.11)

In order to use (3.9) in the cylindrical 1-D Poisson equation, we have to consider that
this is only possible if the channel length is modified. In the end of the last section,
we already mentioned that we obtained for the channel center the constant conversion
factor zDG ≈

√
2 zGAA in the direction of the channel length. Starting from the 2-D

Laplace equation for DG and GAA FETs

DG: ∂2Φ

∂x2 + ∂2Φ

∂z2
DG

= 0 (3.12)

GAA: 1
r

∂

∂r

(
r
∂Φ

∂r

)
+ ∂2Φ

∂z2
GAA

= 0 (3.13)

we get following expression by substituting the differential ∂zDG with
√

2 ∂zGAA:

∂2Φ

∂x2 = − ∂2Φ

∂z2
DG
≈ −1

2
∂2Φ

∂z2
GAA

= 1
2

1
r

∂

∂r

(
r
∂Φ

∂r

)
. (3.14)

Using the relations from (3.14) for the 1-D Poisson equation we obtain an equivalent
radial electron density neq (r).

q

εch
n (x) = ∂2Φ

∂x2 ≈
1
2

1
r

∂

∂r

(
r
∂Φ

∂r

)
= q

εch
neq (r) . (3.15)

Applying (3.9) in (3.15) gives the equivalent electron density for GAA FETs as follows:

1
2

1
r

∂

∂r

(
r
∂Φ (r)
∂r

)
= q

εch

1
2

(
nC tan (ξ · r)

ξ r
+ nC

cos2 (ξ r)

)
︸ ︷︷ ︸

neq(r)

. (3.16)

The 2-D cylindrical total inversion charge can be expressed as

Qi,GAA = 2π q
R∫

0

neq (r) r dr = π R q nC
tan (ξ R)

ξ︸ ︷︷ ︸
Qi,DG

2

(3.17)

which is π R times half of the 1-D total inversion charge of a DG FET (Qi,DG) from
[17]. Considering this and the fact that GAA and DG capacitors per gate length differ
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in size, the rest of the derivation is identical to the one in [17]. In combination with the
Pao-Sah model [18] we obtain the following equation (3.18) for the drain current:

Ids = µ

LGAA

[
Vth (Qi,s −Qi,d) +

(
Q2
i,s −Q2

i,d
)

2C ′ox

]
(3.18)

where µ is the electron mobility and C ′ox is the cylindrical capacitor per gate length.
Qi,s represents the 2-D cylindrical total inversion charge at the source end and is equal
to Qi,GAA for long-channel devices. Qi,d is the mobile charge density at the drain end.

3.4 GAA Inversion Charge and Adaptation to the Current Model.
To include SCEs into the derived current equation in (3.18), the inversion charge is
determined by using the converted electrostatics from any analytic DG potential model,
e.g., [19]. For our DG compact model from [20] the validity of the potential model in
the subthreshold regime is sufficient. To adapt the model to GAA devices, the inversion
charge (Qi,fb) is calculated for a gate-source bias at the flatband voltage (Vfb). Qi,fb is
determined by integrating over the density of free electrons within the channel cross
section at the virtual cathode at position zm. Assuming a parabolic potential

Φ (r,zm) = ΦC (zm)− r2

R2 (ΦC (zm)− ΦS (zm)) (3.19)

we integrate in polar coordinates with dA = r dr dφ

Qi,fb = q

∫
A

ni e
Φ(r,zm)
Vth dA

= q

2π∫
0

R∫
0

ni e
ΦC− r2

R2 (ΦC−ΦS)
Vth r dr dφ

= q π Vth niR
2

ΦC (zm)− ΦS (zm)

(
e
ΦC(zm)
Vth − e

ΦS(zm)
Vth

)
. (3.20)

The inversion charge for higher gate biases and the transition to above threshold region
is described in [13]. With following expression, we obtain the mobile charge density Qi,s

at the source end for any Vgs:

Qi,s (Vgs) = αC ′ox Vth ×W0

{
Qi,fb

αC ′ox Vth
exp

(
C ′ox (Vgs − Vfb) +Qi,fb

αC ′ox Vth

)}
, (3.21)

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



3.5 Quantum Confinement 37

where W0 is the principal branch of the Lambert W function and α is the ratio between
the degraded Ssth and the ideal swing (e.g. 59.5 mV per decade at T = 300 K). For
Vgs = Vfb the charge density becomes Qi,s = Qi,fb. In [14] a universal expression of the
charge density Qi,d is given for all operation regimes as

Qi,d = Qi,s − C ′ox Ṽdss (3.22)

where the drain voltage Ṽdss (Vds,Vdsat) is smoothly limited by the saturation voltage
Vdsat (VT). The use of smoothing functions provides a smooth transition from weak to
strong inversion at the threshold voltage VT, where the device is in saturation mode. The
smoothness is also ensured for the transconductance gm and the channel conductance
gds. Both charge densities Qi,s and Qi,d are used in equation (3.18).

3.5 Quantum Confinement
MG transistors are thought to be the most promising among various MOS devices due
to their better gate control and hence, larger immunity to SCEs. By migrating into the
nanometer regime device designers have to consider not only SCEs but also thin-channel
effects (TCEs) such as the widely discussed impact of QC. The critical channel thickness
Tch and channel width Wch below which QC effects appear are declared to be 10 nm for
DG FETs [21–24] and assumed to be the same in GAA FETs [25, 26]. The influence of
channel width and thickness has been extensively discussed and successfully modeled in
recent scientific work on nanosheet FETs [27]. The nonideal conditions for the subband
energies based on an ideal 1-D particle-in-a-box model with infinite boundaries are
circumvented by introducing empirically determined fitting parameters. The model
works for a certain range of aspect ratio of nanosheet FETs, but cannot simply be
extended to a comparison of different MG configurations.

In this section, we investigate the role and compare the influence of QC in the
direction normal to the silicon/oxide interface on the current in MOSFETs with different
MG configurations and relate them to each other. In detail, we focus on the energetic
distance ∆EQC of the first subband from the conduction band edge. We consider
the quantum effects in DG, quadratic quadruple-gate (QG) and GAA transistors by
assuming a 2-D infinite potential well in confinement direction. In [28] the 2-D, time-
independent, free-particle Schrödinger equation, in the relevant Cartesian or cylindrical
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coordinates has been solved, so that the following smallest energy levels appear:

DG: ∆EQC
DG = ~2

2meff T 2
ch
π2 (3.23)

QG: ∆EQC
QG = ~2

2meff T 2
ch

2π2 (3.24)

GAA: ∆EQC
GAA = ~2

2meff T 2
ch

4 · 2.40482 (3.25)

where ~ is the reduced Planck constant and meff is the effective electron mass. To
achieve the same quantum mechanical influence, the parameters ∆EQC are set equal
and resolved according to their radii as follows:

∆EQC
DG = ∆EQC

GAA ↔ TGAA
ch = 1.53TDG

ch (3.26)

∆EQC
DG = ∆EQC

QG ↔ TQG
ch =

√
2TDG

ch . (3.27)

Both (3.26) and (3.27) predict that the influence of QC increases significantly with the
increasing number of gates around the channel and with their shrinking distance from
channel center. Hence, the largest QC effect occurs in cylindrical GAA transistors. So,
it has to be weighed up, what is preferred more, increase the device performance by more
gates and thus less SCEs or weaken it simultaneously because of stronger quantization.
Furthermore, it can be concluded that the critical channel thickness for GAA transistors,
below which QC effects cannot be neglected, is 15 nm instead of 10 nm.

QC is implemented at two places in our modified DG compact model. A quasi
classical implementation is done by reducing the intrinsic charge carrier concentration
ni in (3.20) due to the widening of the bandgap Ebg. For simplicity, the same ∆EQC

has been assumed for conduction and valence band. Since ni is exponentially related to
the bandgap as

ni ∝ exp
(
− Ebg

2 kB T

)
(3.28)
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the effective intrinsic charge carrier concentration ni,eff for GAA FETs is given as

ni,eff ∝ exp
(
−
Ebg + 2∆EQC

GAA
2 kB T

)

∝ exp
(
− Ebg

2 kB T

)
exp

(
−
∆EQC

GAA
kB T

)

ni,eff = ni exp
(
−
∆EQC

GAA
kB T

)
. (3.29)

Secondly, we know from various publications that QC increases the threshold voltage
[23, 24]. This can be explained by the fact that with a larger bandgap the potential
barrier becomes larger. Thus, the inversion potential Φi increases by ∆EQC/q. The
impact of QC on VT can be given by the relationship that a change in gate potential
with respect to changes in surface potential is equal to the change in threshold voltage
with respect to the changes in bandgap due to QC. Thus, the following applies in general
to the threshold voltage shift:

∆V QC
T = dVgs

dΦS
∆EQC/q. (3.30)

The differential dVgs/dΦS is given by (3.4) with parameter η. In analogy to [20], we
obtained VT by linear extrapolating ΦS in the subthreshold region to an inversion
potential Φi, which is used as a fitting parameter.

It should be noted that the impact of QC on the mobility has been neglected in
this work. For simplicity, the mobility model we used in (3.18) corresponds to the
one in [14] and includes the perpendicular gate electric field and velocity saturation
effects. Nevertheless, a more sophisticated model as proposed in [29] could easily be
implemented in (3.18).

3.6 Results and Discussion
To determine the impact of the confined electron carrier density on the quasi-Fermi level,
we need to consider several valleys in the band structure instead of the single-valley
representation. Quantization effects are implemented in Synopsys TCAD Sentaurus
simulations with the connection to an external parabolic 2-D Schrödinger solver, which is
the physically most sophisticated model. Assuming parabolic dispersion, the 4 L-valleys

UNIVERSITAT ROVIRA I VIRGILI 
ANALYTICAL MODELING OF ULTRASHORT-CHANNEL MOS TRANSISTORS 
Kerim Yilmaz 



40
3 Equivalent DG Dimensions Concept for Compact Modeling of Short-Channel and Thin Body
GAA MOSFETs Including Quantum Confinement

and the Γ -valley are modeled using the ConstantEllipsoid valley Model. For a more
detailed treatment of band dispersion including nonparabolicity and warping the 3
X-valleys in the direction of the three main axes are modeled based on the 2kpEllipsoid
valley model. The quantum-mechanical carrier density correction is performed on several
2-D slices perpendicular to the channel direction and interpolated to the volume enclosed
by the slices.

For model verification, we converted the channel length in the analytical potential
model [14] of a DG transistor for center and surface with the conversion factors from
(3.6) and (3.7) and obtained equivalent GAA center and surface potentials ΦC and
ΦS. The analytic expressions for DIBL and Ssth are given in [13]. They are extracted
from the inversion charge, described in Section 3.4, and from simulation data in the
subthreshold regime close to Vfb at two different drain or, respectively gate biases.
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Figure 3.2: Comparison of compact model (lines) with TCAD simulations (symbols)
of (a) center, (b) surface potential, (c) DIBL, and (d) subthreshold swing as a function
of LGAA with various channel radius [13].
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In Figure 3.2, ΦC, ΦS, DIBL and Ssth with different channel length and radii (intrinsic
channel and HfO2 as gate oxide material) are compared with TCAD simulation data
of a cylindrical nanowire (NW) FET. We see an excellent agreement of the GAA
electrostatics to our equivalent DG compact model. A further validation of the model
was already carried out in [13] by comparing the corresponding transfer and output
characteristics of one chosen device with TCAD data showing SCEs.

In Figure 3.3, we see the change in effective intrinsic density and electron current
density within the channel from classical physics to that with activated QC of an ultrathin
GAA FET. Both show that the charge and current distribution is changing dramatically
due to the wave characteristic of electrons in a quantum-mechanical approach. The
boundary condition for the wave function at the channel/oxide interface is near to
zero. Thus, the probability to locate there an electron goes towards zero as well. As
a consequence, the QC forces the charge to the center of the channel. Even in the
ON-state, where the potential barrier at the channel surface is smaller than at the center,
the inversion channel is formed along the channel center. This is due to the relatively
higher density of states in this area.
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Figure 3.3: (a) Comparison of the effective intrinsic density of free electrons and (b)
electron current density inside of the channel between classical physics and activated
QC for R = 3 nm, LGAA = 20 nm, Tox = 1 nm, Vgs = 1 V and Vds = 0.1 V.

In Figure 3.4, we compare the impact of QC on the transfer characteristics between
GAA and DG simulations. First of all, the chosen channel length is long enough to avoid
SCE and to focus only on the quantum-mechanical impact on the current. With this
plot, we verify the accuracy of the conversion factor in (3.26) for the channel thickness
between GAA and DG FETs and proof simultaneously that current reduction by QC
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occurs already for larger channel thickness in MG transistors. If the channel thickness
is equal to 6 nm, then the extent of current reduction and threshold voltage increase for
GAA transistors is significantly greater. The classical current is divided by 12.8 (GAA)
compared to 2.8 (DG). If the channel thickness of the same transistor is larger by a
factor of 1.53, then the effect is comparable to that of DG FETs without increasing
the channel thickness. Now the classical subthreshold current is divided by 2.9 (GAA),
which is very close to 2.8 (DG).
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Figure 3.4: Comparison of the transfer characteristics between GAA and DG simula-
tions with classical (solid lines) or with activated QC (dashed lines).

Fig 3.5 shows a cross-sectional view of a typical Ω-gate NW N-MOSFET [30]. We
performed statistical Ids-Vgs and Ids-Vds measurements to extract in first place short-
channel parameters as Ssth and DIBL and to compare with our model. The measured
devices have a NW height of HNW = 10 nm and a (mask) top width of Wtop = 10
nm. The (mask) gate length varies from long Lg = 200 nm down to very short Lg =
10 nm. The devices have a high-κ/metal gate stack (HfSiON/TiN) with an equivalent
oxide thickness (EOT) of Tox = 1.2 nm. The actual width and length of the gate is
usually longer than the mask dimensions. The average values corresponding to 14 optical
measurements on different dies of the wafer are Wtop = 16.5 nm and Lg = 14.1 nm for
the shortest gate length among the devices. For modeling purposes of transistors with
other gate length, we assume an average gate length that is 4.1 nm longer than the
mask length.
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Figure 3.5: TEM cross section of a silicon on insulator (SOI) Ω-gate NW N-
MOSFET.

To illustrate the dispersion between mask and actual dimensions, Figure 3.6 shows
the strong variation of the transfer characteristics between different dies but same short
(mask) gate length Lg = 15 nm. These variations are mainly due to the steps of resist
trimming used to shorter gate and active patterns in this process.
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Figure 3.6: Variation of the transfer characteristics between different dies but same
transistor geometry.

In Figure 3.7, our model is compared in log scale with the extracted mean value
of DIBL and subthreshold swing versus the mean gate length (LGAA = Lg + 4.1 nm)
within three standard deviations represented by the error bars. Assuming an additional
bottom gate, the corresponding mean channel thickness of a cylindrical NW having the
same circumference (Tch π = 2 (HNW +Wtop)) would be approximately Tch = 2 (10 nm
+ 16.5 nm)/π ≈ 17 nm. A worse gate control due to the missing bottom gate allows us
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to choose a slightly larger value for Tch without determining new equivalent conversion
rules for the channel length of an Ω-gate transistor. Apart from the shortest (mask)
gate length, Tch = 20 nm have proved to be suitable.
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Figure 3.7: (a) Comparison of DIBL and (b) Ssth between measurement data (sym-
bols) and compact model (lines).

In Figure 3.8, for a chosen device showing pronounced SCE (Ssth = 89 mV/dec,
DIBL = 176 mV/V) we compare the transfer and output characteristics and in Figure
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3.9 the transconductance and the channel conductance with our compact model. By
using Tch = 20 nm as the mean diameter of the NWs, we can determine an effective
channel length for each transistor and consider at the same time the random dopant
penetration from source and drain side to the channel. In case of our chosen device this
length is 20.5 nm and hence, just 0.5 nm longer then the mask length.
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Figure 3.8: (a) Comparison of compact model (lines) and measurement data (sym-
bols) of transfer characteristics, and (b) output characteristics of a short-channel Ω-
gate NW N-MOSFET.
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Figure 3.9: (a) Comparison of compact model (lines) and measurement data (sym-
bols) of transconductance, and (b) channel conductance of a short-channel Ω-gate NW
N-MOSFET.
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3.7 Conclusion
We confirmed the transferability of electrostatics including SCEs from GAA to DG
FETs with the equivalent channel length concept and demonstrated its applicability
to omega-gate NW N-MOSFETs, since cylindrical NW FETs with SCE are rarely
fabricated so far. We extended our modified DG model by the effect of circular QC and
clearly showed by simulation that a full surrounding of the channel with gate material
results in a higher critical channel thickness and hence, an earlier onset of the undesired
quantum effects. Furthermore, it was shown that in the ON-state due to QC, the
inversion channel does not form at the surface as usual, but along the center of the
channel. In addition, the current strength decreases significantly due to lower density of
states and effectively higher bandgap. We also verified our model by very good reflection
of the SCE parameters from statistical measurements down to a (mask) gate length of
15 nm and showed perfect modeling results of I-V characteristics on one selected device.
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CHAPTER 4
Direct Source-to-Drain Tunneling Current in Ultrashort-Channel
DG MOSFETs by Wavelet Transform

In this work, a new approach to determine the effect of direct source-to-drain tunnel-
ing (DSDT) on two-dimensional (2-D) double-gate (DG) MOSFETs is presented. The
tunneling probability of electrons with different energy levels and tunneling distances
through the potential barrier is calculated using harmonic wavelets and the results
are compared to those calculated with the Wentzel-Kramers-Brillouin (WKB) method.
Next, by having the tunneling probability the DSDT current is calculated and compared
to TCAD simulations data, which are based on WKB model, and also to NanoMOS, a
nonequilibrium Green’s function (NEGF) 2-D simulator for DG devices. The difference
between these methods and their impacts on the resulted DSDT as well as the sub-
threshold behavior are investigated. Furthermore, a first step towards compact modeling
is made by approximating the tunneling current density.

4.1 Introduction
Due to decreasing device dimensions more and more short-channel effect (SCE) are
superposing each other. Some of them only influence the subthreshold region, others
the above threshold and again others both regions. The degradation of the subthreshold
slope Ssth and the drain-induced barrier lowering (DIBL) are one of the most frequently
discussed aspects of SCEs. Once the device dimensions reach the single-digit nanometer
region, the quantum mechanical effects can usually no longer be ignored. Two different
views are expressed regarding scalability due to quantum effects. On the one hand,
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DSDT is considered as a limiting factor for channel length scaling, since it dominates
the OFF-current when the channel length is 3 nm long, which means the ON/OFF ratio
of the device is too low for meaningful applications [1, 2]. On the other hand, authors
argue that quantum confinement will suppress DSDT, because one-dimensional (1-D)
treatments are inadequate and overestimating tunneling [3]. This work focuses on DSDT
and its influence on the aforementioned SCEs and neglects quantum confinement from
gate to gate.

Figure 4.1 shows the geometry of the studied n-MOS DG transistor.
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Figure 4.1: Sketch of the DG MOSFET under study. Source/Drain (S/D) regions are
highly n-doped. The channel (Ch) is intrinsic and the gate oxide is a high-κ material.

In order to determine the tunneling coefficient of a wave function, it is necessary to
solve the time-independent Schrödinger equation. There is no exact solution for potential
forms as in the channel of a DG transistor (see Figure 4.2). The WKB and the wavelet
methods are techniques to obtain approximated solutions for the time-independent
Schrödinger equation in 1-D. The WKB approximation is one of the most frequently
used methods, but its accuracy is doubtful, as it can only be applied if the potential
varies “slowly”. In other words, the location dependent variation of the de-Broglie
wavelength λDB of electrons must be significantly less than 1, which is not fulfilled at
the classical turning points, at which the electron energy Ex and the potential energy
V (x) are equal and hence λDB becomes infinite as following [4]∣∣∣∣λDB

dx

∣∣∣∣ << 1 with λDB = h

2me (V (x)− Ex) , (4.1)

where h is the Planck constant and me the electron mass. The wavelet method is not as
fast and easy to implement as the WKB method, but it does not have the mentioned
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weak points and can therefore be used for various potential forms. It was successfully
used, among others, to determine the tunneling coefficient for triangular barriers in
metal-insulator-metal (MIM) stack [5] or to compare it with the exact solution of the
Schrödinger equation for rectangular barriers [6].

Figure 4.2: Illustration of DSDT: Half DG structure superposed with the conduction
band edge ECB.

4.2 Modeling Approach
The first step in determining the tunneling current is to determine the tunneling
probabilities for each electron energy and each parallel slice in y-direction of the channel.
The necessary formulas are introduced in the following subsection. For further details
please refer to the references.

4.2.1 WKB-Based Model

According to the WKB method and its approximated solution to the 1-D Schrödinger
equation, the tunneling probability in x-direction is given as [4]:

Pt = exp

−2
xR∫
xL

k(x) dx

 (4.2)
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with

k(x) =
√

2meff (ECB (x)− Ex)
~2 . (4.3)

xL, xR are the classical turning points and their distance is the longest considered
tunneling length for tunneling electrons with energy Ex. The wavenumber k(x) is
determined by the effective mass meff in tunneling direction and the reduced Planck
constant ~ = h/2π. The energy barrier V (x) is equal to the conduction band edge
ECB (x).

4.2.2 Wavelet-Based Model

To calculate the transmission coefficient it is necessary to know the wave function Ψ
of the electron. Therefore, the Schrödinger equation must be solved here as well. In
wavelet method, it is considered that the solution of the time independent Schrödinger
equation is the Shannon wavelet.

d2Ψ

dx2 −K(x)Ψ = 0 with K(x) = (k(x))2 (4.4)

The central point of this method is that by using Shannon wavelets the Schrödinger
equation is solved approximately as rectangular potential for each electron energy
separately, which is the time consuming part. For this purpose, the initially position-
dependent wavenumber k (x) is transformed into an equivalent but constant value keq
[6].

Keq = 1
2π

2π∫
−2π

K̂(ω)dω (4.5)

keq =
√
Keq (4.6)

K̂(ω) is the Fourier transformation of K(x) and the equivalent wavenumber keq is
obtained by integrating this value over the period of -2π and 2π. The transmission
coefficient is part of the calculated wave function outside the barrier and is used for
further current calculation. Please refer to Chapter 5.3.2 for more details.
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4.2.3 Tunneling Current Density

The net electron tunneling current density (Jt) along the x-axis is calculated with the
TSU-ESAKI tunneling formula by integration in the energy domain with reference level
ECB = 0 eV at the source end [7]

Jt (y) = q meff

2π2 ~3

Em∫
0

Pt (Ex) N (Ex) dEx, (4.7)

with q the elementary charge and N (Ex) the supply function defined by [8], which is a
description of the supply of charge carriers for tunneling:

N (Ex) =
∞∫

0

(fs (E)− fd (E)) dEρ (4.8)

Both, fs and fd describe the Fermi-Dirac distribution at the source/channel and chan-
nel/drain interface, respectively. The total energy is separated into transverse (Eρ) and
longitudinal parts (Ex). By integrating from the conduction band edge ECB to infinity
in transversal direction we obtain:

N (Ex) = q Vth ln

 1 + exp
(
−Ex−Ef,s

q Vth

)
1 + exp

(
−Ex−Ef,d

q Vth

)
 , (4.9)

where Vth is the thermal voltage constant and Ef,s and Ef,d are the Fermi energies.

4.2.4 Tunneling Current

The calculation of Jt (y) must be done for each slice along the y-axis within the channel
thickness (Tch). An integration over the mesh size in y-direction and a final multiplication
with the channel width (Wch) gives the total tunneling current through the potential
barrier.

It = Wch

Tch
2∫

−Tch
2

Jt (y) dy (4.10)
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4.2.5 Compacted Tunneling Current

A first step to make the model compact is performed by approximating the change of
Jt (y) versus y from center (JC) to surface (JS) with a linear curve. The required area
beneath this new curve is determined by a triangle and rectangle as it is shown in Figure
4.6. Multiplying this area with Wch gives the compacted tunneling current as following:

It ≈Wch

[
Tch

(
JC − JS

2

)
+ Tch JS

]
. (4.11)

4.3 Model Verification
ECB (x,y) was extracted from TCAD Sentaurus simulation data [9] in order to verify
the approach simultaneously with the WKB-based model for the tunneling probability.
In order to claim that the wavelet method is better than the WKB approximation
the results are not only compared to TCAD Sentaurus but also to NanoMOS [10], a
nonequilibrium Green’s function (NEGF) 2-D simulator for DG MOSFET devices with
quantum transport model. The NEGF formalism is expected to give more accurate
results compared to the WKB method. Thus, we assume that the new method will
match the NEGF one. Both simulations are performed with the parameters listed in
Table 4.1.

Table 4.1: TCAD Sentaurus and NanoMos simulation parameter set

Parameter Value Parameter Value
Lch 3-8 nm Nch intrinsic
Tch 2 nm Device Material Silicon
Tox 1 nm Oxide Material HfO2
Lsd 10 nm Ns/d 1020 cm−3

Wch 1 µm meff 0.26 me

In Figure 4.3 several information about the differences between WKB and wavelet
method are given. For two different drain voltages (Vds = 0.1/1 V) and channel length
(Lch = 4/8 nm), it shows the tunneling probability as a function of the electron energy
in logarithmic and linear scale. It is obvious that for each electron energy the tunneling
probability determined by the wavelet method is always smaller. Thus it can be expected
that not only the tunneling current but also the subthreshold swing will be significantly
smaller. The question arises as to what influence we expect on the classical DIBL, which
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we can read from this graph at 100% tunneling probability. The graph in logarithmic
scale shows that each electron energy has its own value for the DIBL. The reason for
this quasi DIBL is that applying a drain voltage to short-channel transistors not only
reduces the height of the potential barrier, but also makes the barrier thinner. This
shortens the tunnel length and thus effectively increases the tunneling probability for
each electron energy compared to smaller drain voltages. It should also be mentioned
that the smaller the channel thickness Tch, the smaller is the drain-induced barrier
thinning (DIBT) effect [1]. In order to make a statement about where the quasi DIBL
visible in the I-V characteristics can be read, its weighting in the energy scale must be
taken into account.
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Figure 4.3: Tunneling probability vs. electron energy in linear and log scale for a
short and relatively long-channel device.
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The weighting is determined by multiplying the tunneling probability with the supply
function according to equation (4.9). This is proportional to the first derivation of the
tunneling current density, which we plot against the tunneling probability in Figure 4.4
for 4 nm channel length. As expected the values determined with the wavelet method
are smaller than with the WKB method. The interesting aspect of this graph is that the
electrons with a tunneling probability of about 10−5 respectively 10−6 make the largest
contribution to the tunneling current because of the Fermi-Dirac distribution. Thus
those are definitely not to be neglected. This graph together with Figure 4.3 shows that
the quasi DIBL is only an average value and cannot be read exactly from the Figure 4.3.
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Figure 4.4: First derivation of the tunneling current density after electron energy vs.
tunneling probability.
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Figure 4.5 shows the normalized first derivation of the tunneling current density vs.
the tunneling probability for different channel lengths. As the channel length increases,
the peak shifts to higher tunneling probabilities and thus to higher electron energies.
An exception is the channel length with 4 nm. This represents the transition between
both regions. A plot in the energy space would show an ascending order. A decisive
factor for longer channels is the effective tunneling length, which is short enough only
for electrons with higher energy due to the shape of the potential barrier. The current
disappears as soon as the area under the curve disappears, which happens for channel
lengths longer than 8 nm.
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Figure 4.5: Normalized first derivation of the tunneling current density after electron
energy vs. tunneling probability for different channel length.
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Figure 4.6 compares the channel cross section of the normalized current density for
two different bias conditions. It can be seen that the main part of the tunneling current
flows through the center of the channel. The surface current is not negligible because it
increases with the gate voltage. Similar to the linear approximation mentioned in 4.2.5,
the current is determined by calculating the area beneath the curve of the current density
Jt. With the linear approximation from center to surface we reduce the calculation time,
hence only the surface and center current density is needed. This approach is a first
step towards compact modeling (cm).

Figure 4.6: Channel cross section of the normalized current density for two different
bias conditions and their approximation by a triangle and rectangle.
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Figure 4.7 compares the subthreshold transfer characteristics between wavelet- and
WKB-based model with their compacted model for two different drain biases (Vds =
0.1/1 V). As expected the WKB method overestimates for small gate biases the current
compared to the wavelet method. A very good approximation of the current is achieved
with the compacted model. This is shown as an example for a short-channel transistor
with a length of 4 nm.
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Figure 4.7: Comparison of the transfer characteristics between wavelet- and WKB-
based model with their compacted model for two different Vds.

In Figure 4.8(a) and 4.8(b) we see a very good agreement of DIBL and Ssth for
different channel lengths between our wavelet method and NanoMOS simulation data
(NEGF-based method). Both are between the results of TCAD simulation data with
only drift-diffusion (DD) current and only DSDT current. At the same time we have
verified that the used WKB method combined with the Tsu-Esaki formula gives similar
results as that of TCAD Sentaurus, which uses a WKB-based model. Furthermore, the
compacted models for different channel lengths also agree with the not approximated
results.
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Figure 4.8: Comparison of DIBL (a) and Ssth (b) between wavelet and WKB method,
their compacted models, TCAD simulations with only DSDT or DD current and NEGF
2-D simulator with NanoMOS.
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4.4 Conclusion
In this work the wavelet/WKB method and the Tsu-Esaki formula were used to calculate
the DSDT current in a ultrashort-channel DG MOSFET. The analysis has shown that
the WKB method is overestimating the tunneling probability and thus also the current,
DIBL and Ssth. It was clearly confirmed that the solutions with the wavelet method are
much closer to the results of the NEGF method and therefore more accurate. It was
also shown that it is sufficient to know the electrostatic behavior in the center and at
the surface of the channel for an approximation of the DSDT. For full device modeling,
an analytical potential solution as in [11] must be used.
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CHAPTER 5
Quasi-Compact Model of Direct Source-to-Drain Tunneling
Current in Ultrashort-Channel Nanosheet MOSFETs by Wavelet
Transform

We present an analytical approach for the calculation of direct source-to-drain tunneling
(DSDT) probability of electrons in gate-all-around (GAA) silicon nanosheet (SiNS)
MOSFETs. The used method is based on the wavelet transform and leads to a quasi-
compact model (QCM) for the DSDT current of ultrashort-channel devices. Among
them, we introduce a four-piece parabolic approximation method for the conduction
band edge and present analytical expressions for the tunneling distances of electrons
with different energy levels. The development of a QCM is achieved by limiting the
number of interpolation points for the tunneling current density to seven specific electron
energies, distributed around the energy level that makes the largest contribution to the
tunneling current. A further simplification is achieved by the Gaussian approximation of
the tunneling current density in transverse direction so that only the center and surface
potentials (ΦC and ΦS) at the barrier are of interest for the modeling. For comparison,
all those approximations are also implemented in the Wentzel-Kramers-Brillouin (WKB)
approximation. Furthermore, the approach is verified by nonequilibrium Green’s function
(NEGF) simulation.

5.1 Introduction
The aggressive downscaling of device dimensions into the single-digit nanometer range
makes it inevitable to consider quantum mechanical effects and their influences on

65
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the entire current characteristics [1–3]. Besides, quantum confinement (QC) in the
transverse direction of thin body transistors and quantum mechanical tunneling effects
in the direction of current transport play a significant role. In classical MOSFETs,
direct source-to-drain tunneling (DSDT) rather has negative influences and should be
avoided if possible. Mainly, it leads to a worse ON-OFF current ratio, a further slope
degradation and a higher drain-induced barrier lowering (DIBL). These aspects must
be considered as accurately as possible in compact modeling of devices with a channel
length of less than 7 nm. Since an exact solution of the time-independent Schrödinger
equation for the tunneling coefficient of a wave function is not given unless the potential
barrier has a rectangular shape, approximate values are mostly determined with the
widely used Wentzel-Kramers-Brillouin (WKB) method. The accuracy of this method is
doubtful because for applicability of the WKB approximation the electrostatic potential
has to vary "slowly" [4].

A recently published scientific work presents a compact model, in which the incor-
poration of DSDT with ballistic transport is mentioned for all operating regimes [5].
The analytic model based on the WKB approximation is tested against nonequilibrium
Green’s function (NEGF) simulation using SILVACO. Unfortunately, the modeling
results presented do not agree well enough with the simulation results. The main reason
is that the entire energy spectrum is covered with only one fixed parabolic approximation
of the conduction band and there is no adjustment of the parabolic function for different
electron energies. In addition, the channel lengths shown with 5 and 7 nm for only
one drain bias of 0.6 V are not sufficient, considering that DSDT starts just below 7
nm. The main areas of influence such as slope degradation and DIBL are not discussed
sufficiently.

In [6] we compare for double-gate (DG) FETs the results of DSDT current determined
with the WKB method with those obtained with harmonic wavelets and with the
simulation tool NanoMOS, a NEGF simulator for DG devices [7]. The good agreement
between wavelet and the numerically complex but highly accurate NEGF-based method
concludes that the WKB method is overestimating the tunneling probability and thus
current, DIBL and subthreshold swing (Ssth). In this previous work we extracted the
electrostatic potential from TCAD simulations and the whole approach was not ready
in terms of development of a fully analytic calculation.

The approach in this work can be applied to any analytical potential model that
reflects the center and surface electrostatics at the barrier of a silicon nanosheet (SiNS)
FET.

The basis for calculating the tunneling current (It) in classical MOSFETs is to
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determine the correct tunneling probability (Pt) of electrons with different energies
through the potential barrier. For this we need a simple but accurate expression for
the electrostatic potential through the device. In Section 5.2, we will first give a
mathematical expression for the position of the barrier height in the channel, derived
from an analytical potential solution. Then, we simplify this potential together with the
source and drain extensions and present a four-piece parabolic and, hence, asymmetric
approximation of the conduction band edge. On this basis, we give an energy-dependent
analytical expression for the tunneling length (Lt).

As a next step in Section 5.3, we derive a term for the transmission coefficient:
one for the WKB-based model and one for the wavelet-based model, which we have
claimed as a better alternative. This is done by a single parabolic and hence symmetric
approximation of the energy barrier between the classical turning points of each electron
with kinetic energy smaller than the barrier height. This procedure is similar to the
one in [8] for DSDT in III-V transistors. The main difference is that in this publication
the potential is treated as a rectangular barrier, which is inaccurate for silicon-based
ultrashort-channel devices with significantly higher effective mass.

Next, in Section 5.4, we will go through several approximation methods for the
individual tunneling parameters and make the tunneling current density (Jt), which
is given by a nonanalytically solvable integral, to a quasi-compact model (QCM).
Furthermore, a Gaussian approximation of Jt in the transversal y-direction is introduced,
and from this, an expression for the tunneling current (It) is derived. For simplicity
and in the sense of compact modeling, we determine It and the corresponding Ssth only
at the flatband voltage (Vfb). These initial values are used in a suitable exponential
function to describe the increase of the tunneling current in the transfer characteristic.
Furthermore, the rise of the tunneling current around the threshold voltage (VT) is
continuously braked and stopped and finally forced into a slightly decreasing trend with
a proper fitting parameter.

In Section 5.5, we verify our QCM by comparison with nonapproximated solutions
as well as with NEGF simulation data and give a conclusion in Section 5.6.

5.2 Electrostatic Potential And Tunneling Length

5.2.1 Analytical Solution

Figure 5.1 shows the SiNS FET geometry under investigation.
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Figure 5.1: Sketch of the studied SiNS FET. Source/Drain (S/D) regions are highly
n-doped and the channel (Ch) is intrinsic with a high-κ gate oxide material.

In [9], the following expression fulfilling all boundary conditions describes the corre-
sponding two-dimensional (2-D) potential distribution Φ (x,y):

Φ (x,y) =
(
V s
bi,eff (y)− α(y)

) sinh((Lch − x) /λ (y))
sinh (Lch/λ (y))

+
(
V d
bi,eff (y)− α (y)

) sinh (x/λ (y))
sinh(Lch/λ (y)) + α (y) (5.1)

with the effective built-in potential V s/d
bi,eff (y) = V

s/d
bi + Vs/d −∆V

s/d
bi (y), the potential

drop ∆V s/d
bi (y) according to [9] and the built-in potenial V s/d

bi = Vth ln
(
Ns/dNch/n

2
i
)

across the source/channel or drain/channel junction, α (y) = Φgs − qNch
εch

λ (y)2 the long
channel (surface-to-surface) potential, λ (y) the DG natural length along the vertical (y)
dimension according to [10], Lch the channel length, Vs/d the source or drain voltage, Vth
the thermal voltage, Φgs = Vgs − Vfb the gate to source voltage reduced by the flatband
voltage, εch the dielectric constant of the channel, Ns/d/ch the source, drain or channel
doping concentration and ni the intrinsic carrier concentration of the semiconductor.
The primary use of (5.1) is to obtain the exact position x = xm of the potential barrier
Φ (xm,y) = Φm by setting the electric field along the channel direction to zero. A simple
analytic solution for xm was derived in [11]:

xm = Lch

2 − λ

2 ln
(
γ − eLch/λ

1− γ eLch/λ

)
(5.2)
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with

γ =
V s
bi,eff − α
V d
bi,eff − α

. (5.3)

5.2.2 Four-Piece Parabolic Approximation

Since our goal is to derive a simple analytic expression for Lt, we will not use (5.1).
Together with the source and drain depletion regions, we reproduce the electrostatic
potential Φ and the conduction band edge ECB piecewise from four parts (x ∈ i/ii/iii/iv
shown in Figure 5.2).
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Figure 5.2: Modeled conduction band edge ECB (black line according to (5.6)) of
TCAD simulations (symbols) and demonstratively examining the accuracy of two pos-
sible parabolic approximations (blue or green line according to (5.22)) at two different
energies Ex with their conventions. The parabolic approximation is used in Section
5.3.3 and 5.3.4 to formulate the analytical tunneling formula (5.25) or wavenumber
(5.26).

The potential drops inside of the source (i) and drain (iv) region are given by the
solution of the one-dimensional (1-D) Poisson equation, which are parabolic equations,
and the channel electrostatic potential is given by two parabolic approximations, one
between the source/channel interface and the potential barrier (ii) and the other between
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the potential barrier and the drain/channel interface (iii):

Φ =



V s
bi + Vs − qNs

2εs
(x+ xs)2 if x ∈ i

Φm +
(
V s
bi,eff − Φm

) (x−xm)2

x2
m

if x ∈ ii

Φm +
(
V d
bi,eff − Φm

) (x−xm)2

(Lch−xm)2 if x ∈ iii

V d
bi + Vd − qNd

2εd
(x− (xd + Lch))2 if x ∈ iv

(5.4)

where xs and xd are the distances over which the potential drops occur and are given by

xs/d =

√√√√2εs/d∆V s/d
bi

qNs/d
. (5.5)

As (5.5) results from a 1-D solution, it should be used with caution. This is important
because these values should be determined as accurately as possible, especially for those
electron energies with high tunneling contribution. Next, we transform (5.4) into ECB

by considering the effect of different bandgaps in the channel region as an additional
energy discontinuity ∆Ebg/2 = (Ech

bg/2)− (Es/d
bg /2). This is necessary due to different

doping concentrations between the channel and source or drain region and the resulting
narrowing of the bandgap outside the channel. Furthermore, this energy discontinuity
remains in the ON-state of the device as a small energy barrier and is thus also the
reason for the persistence of a slightly decreasing residual tunneling current. With
reference level ECB = 0 eV at the source end, ECB can finally be expressed as

ECB =



q2Ns
2εs

(x+ xs)2 if x ∈ i

∆Ebg/2 + q (V s
bi + Vs − Φm)

−q
(
V s
bi,eff − Φm

) (x−xm)2

x2
m

if x ∈ ii

∆Ebg/2 + q (V s
bi + Vs − Φm)

−q
(
V d
bi,eff − Φm

) (x−xm)2

(Lch−xm)2 if x ∈ iii

q
(
V s
bi + Vs − V d

bi − Vd
)

+ q2Nd
2εd

(x− (xd + Lch))2 if x ∈ iv.

(5.6)

This composition in (5.6) shall be referred to as the four-piece parapolic potential
model (PPM).
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5.2.3 Tunneling Length Lt

In order to determine the tunneling length (Lt), we need to calculate the position of
the two classical turning points xL and xR for a specific kinetic energy Ex of tunneling
electrons. These values are energy-dependent and therefore have to be determined
piecewise from (5.6) by rearranging it to the coordinate x. Due to the piecewise
definition (5.7) and (5.8) are formulated by using several Heaviside step functions θ
with energy values Ex as arguments.

xL (Ex) =
(
−xs +

√
Ex

2 εs
q2 Ns

)
θ (q ∆V s

bi − Ex)

+

xm − xm
√√√√∆Ebg/2 + q (V s

bi + Vs − Φm)− Ex

q
(
V s
bi,eff − Φm

)


·
[
θ
(
∆Ebg/2 + q (V s

bi + Vs − Φm)− Ex
)
− θ

(
∆Ebg/2 + q ∆V s

bi − Ex
)]

(5.7)

xR (Ex) =

xm + (Lch − xm)
√√√√∆Ebg/2 + q (V s

bi + Vs − Φm)− Ex

q
(
V d
bi,eff − Φm

)


·
[
θ
(
∆Ebg/2 + q (V s

bi + Vs − Φm)− Ex
)

−θ
(
∆Ebg/2 + q

(
V s
bi + Vs − V d

bi,eff
)
− Ex

)]
+Lch ·

[
θ
(
∆Ebg/2 + q

(
V s
bi + Vs − V d

bi,eff
)
− Ex

)
−θ
(
q
(
V s
bi + Vs − V d

bi,eff
)
− Ex

)]
+
(

(xd + Lch)−
√(

Ex − q
(
V s
bi − Vs + V d

bi + Vd
)) 2 εd
q2 Nd

)
·θ
(
q
(
V s
bi + Vs − V d

bi,eff
)
− Ex

)
(5.8)

Later in Section 5.4.1, we will introduce the tunneling formula and find out that
noticeable tunneling currents larger than the leakage current flow only in ultrashort-
channel transistors. Due to the Fermi-Dirac statistics, those electrons tunneling directly
from the source into the drain region, i.e., from outside the channel, provide the largest
contribution to the current. For illustration purposes in Figure 5.3(a), the change in
current density Jt as a function of Ex is plotted against the tunneling length for various
channel lengths Lch. As can be seen, a significant increase in current density begins
when the tunneling length is equal to or greater than the studied channel length. Hence,
the tunneling length Lt = xR − xL can be simplified as follows and is compared to the
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original one in Figure 5.3(b):

Lt ≈ xs + xd + Lch −

√
2 εs/d
q2 Ns/d

(√
Ex + q Vds +

√
Ex

)
. (5.9)

Obviously, this simplification is applicable to a wide range of energy. Although the
tunneling length is not correctly determined for large energies near the barrier height,
it is reasonable to use (5.9) for this range as well. Especially because both the WKB
and the wavelet approximation consider only the potential shape above the electron
energy under study and always treat the potential shape below Ex as flat, which leads to
enhanced tunneling probabilities (see Figure 5.4(a)) for energies close to the maximum
barrier height and this is incorrect. The influence of an approximated tunneling length
on different parameter can be seen as dotted lines in most of the presented figures.

Next, the tunneling probabilities will be formulated in the following section.

5.3 Modeling of tunneling probability

5.3.1 WKB-Based Approach

The 1-D tunneling probability of electrons is approximated as follows [4]:

Pt (y,Ex) = exp

−2
xR∫
xL

k (x,y,Ex) dx

 (5.10)

with

k (x,y,Ex) =
√

2meff (ECB (x,y)− Ex)
~2 . (5.11)

The wavenumber k (x,y,Ex) is determined by the transverse effective electron mass
meff = 0.19 me in tunnel direction x and the reduced Planck constant ~ [12].

One major problem of (5.10) is that the tunneling probability for energies close to 0
eV is small but not zero. Therefore, the accuracy of this equation is doubtful, at least
for small energies.
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5.3.2 Wavelet-Based Approach

Since an exact solution of the time-independent Schrödinger equation (Ψ ′′ (x) -K (x)Ψ (x)
= 0, with K (x) = k2 (x)) is not given for nonrectangular potentials, the wavelet-based
model approximates the solution by decomposing the wave function Ψ into harmonic
wavelets. Suitable functions are the so-called Shannon wavelets, the father wavelet (or
scaling function) ϕ and mother wavelet η with their complex conjugates ϕ̄ & η̄, which
have the advantage that they are orthogonal and localized and their Fourier transforms
are a square window function. Moreover, the exponential decay of the wave within the
barrier is exploited for energies below the barrier height. Ψ is reconstructed as follows
[13]:

Ψ (x) =
∞∑

j=−∞

(
α0
j ϕ

0
j (x) + α̃0

j ϕ̄
0
j (x) +

∞∑
i=0

βij η
i
j (x) + β̃ij η̄

i
j (x)

)
, (5.12)

where α,α̃ and β, β̃ are the wavelet coefficients. The derivatives of wavelets are related
to the basis itself in the following manner:

d2ϕ0
j (x)

dx2 =
∞∑

p=−∞
λ

(2)
pj ϕ

0
p (x)

∣∣∣∣ d2ηij (x)
dx2 =

∞∑
q=0

∞∑
p=−∞

γ
qi(2)
pj ηqp (x) , (5.13)

where λ, γ and in analogy their conjugates λ̄, γ̄ are the following corresponding connection
coefficients in Dirac notation:

λ
(2)
pj = 〈ϕ0

p (x) |ϕ0 ′′
j (x)〉

∣∣∣∣ γ
qi(2)
pj = 〈ηqp (x) | ηi ′′j (x)〉 . (5.14)

Usually, around five terms are sufficient to reflect the important characteristics of
functions within a short interval [14]. The Schrödinger equation becomes as follows
when only the lowest scale approximation for Ψ (x) and Ψ ′′ (x) is considered as:

α0
0 λ

(2)
00 ϕ

0
0 (x) + α̃0

0 λ̄
(2)
00 ϕ̄

0
0 (x) + β0

0 γ
00(2)
00 η0

0 (x) + β̃0
0 γ̄

00(2)
00 η̄0

0 (x)

−K (x)
[
α0

0 ϕ
0
0 (x) + α̃0

0 ϕ̄
0
0 (x) + β0

0 η
0
0 (x) + β̃0

0 η̄
0
0 (x)

]
= 0. (5.15)

By projection of the Schrödinger equation into the wavelet space, as described in
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[15], we obtain the following equation system:

α0
0 λ

(2)
00 − α0

0 〈ϕ0
0 (x) |K (x)〉︸ ︷︷ ︸

=b0
0

= 0

α̃0
0 λ̄

(2)
00 − α̃0

0 〈ϕ̄0
0 (x) |K (x)〉︸ ︷︷ ︸

=d0
0

= 0

β0
0 γ

00(2)
00 − β0

0 〈η0
0 (x) |K (x)〉︸ ︷︷ ︸

=c0
0

= 0

β̃0
0 γ̄

00(2)
00 − β̃0

0 〈η̄0
0 (x) |K (x)〉︸ ︷︷ ︸

=e0
0

= 0.

(5.16)

Normally, the connection coefficients are determined by (5.14), but we note that
due to the lowest scale approximation of Ψ , they now depend on K (x). After previous
division by the wavelet coefficients and multiplication with corresponding wavelet, the
superposition of the equations in (5.16) gives:

λ
(2)
00 ϕ

0
0(x) + λ̄

(2)
00 ϕ̄

0
0 (x) + γ

00(2)
00 η0

0 (x) + γ̄
00(2)
00 η̄0

0 (x)

= b0
0 ϕ

0
0 (x) + d0

0 ϕ̄
0
0 (x) + c0

0 η
0
0 (x) + e0

0 η̄
0
0 (x) . (5.17)

The left-hand side of (5.17) is identical to the one of an equivalent rectangular barrier
with K (x) = Keq. The right-hand side is K (x) decomposed into wavelets. Equating
the Euclidean norm in Hilbert space L2 of K (x) and Keq gives for each electron energy
Ex the height of the equivalent rectangular barrier

||Keq||2 = ||K (x) ||2

〈Keq |Keq〉 = 〈K (x) |K (x)〉

K2
eqLt ≈ |b0

0|2 + |d0
0|2 + |c0

0|2 + |e0
0|2

Keq ≈
1
Lt

√
|b0

0|2 + |d0
0|2 + |c0

0|2 + |e0
0|2 (5.18)

Instead of calculating all b, d, c, and e, a measurable function such as K (x) is also
Lebesgue integrable. It follows:

Keq = k2
eq ≈

√√√√√ 1
Lt

Lt∫
0

K (x)2
dx (5.19)
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This result is used in the analytic expression for the tunneling probability of a
rectangular energy barrier, which is given as follows:

Pt (y,Ex) =

1 + sinh2 (keq (y,Ex) Lt)
4 Ex
Eeq

(
1− Ex

Eeq

)
−1

(5.20)

with

Eeq (Ex) = ~2

2meff
k2
eq + Ex (5.21)

as the equivalent potential barrier height.

5.3.3 WKB-Based Analytical Solution

For compact modeling purposes, we need to further simplify the analytic expression of
ECB in (5.6). We assume that each electron with energy Ex tunnels through a single
parabolic energy barrier (see Figure 5.2) with its tunneling distance determined in
Section 5.2.3. We use the following formula:

ECB ≈ Em − (Em − Ex) (x− xm)2

(Lt/2)2 (5.22)

with Em as the electron barrier height given by

Em = ∆Ebg/2 + q (V s
bi + Vs − Φm) . (5.23)

For simplicity, we relocate the vertex of the parabola from xm to Lt/2. Consequently,
the approximated equation for K is given by

K(x′) = k (x′)2 ≈ 2meff

~2

(
Em − (Em − Ex) (x′ − Lt/2)2

(Lt/2)2 − Ex

)
. (5.24)

By substituting (5.24) into (5.10) we obtain the following analytical equation for the
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WKB-based tunneling probability:

Pt = exp

−√8meff

~2

Lt∫
0

√
Em − (Em − Ex) (x′ − Lt)2

(Lt/2)2 − Exdx
′


= exp

(
−π2Lt

√
2meff

~2 (Em − Ex)
)
. (5.25)

The behavior of (5.25) versus Ex is shown in green in Figure 5.4(a) for both approxi-
mated (dotted line) and non-approximated (solid line) tunneling length Lt.

5.3.4 Wavelet-Based Analytical Solution

The presented parabolic approximation of the energy barrier in (5.22) can also be used
for the wavelet-based method in (5.19). It follows:

keq ≈ kfit (8/15)
1
4

√
2meff

~2 (Em − Ex), (5.26)

where kfit is an additional fitting parameter which is necessary due to the previously
applied approximations in the derivation of the wavelet-based approach from Section
5.3.2. An appropriate value for kfit is 1.09. This result in (5.26) can be interpreted in
such a way that each electron with energy Ex tunnels through an equivalent rectangular
barrier with reduced total barrier height. By substituting (5.26) into (5.21) the equivalent
potential barrier height is calculated as

Eeq = k2
fit
√

8/15Em +
(

1− k2
fit
√

8/15
)
Ex. (5.27)

Both (5.26) and (5.27) are implemented in (5.20), which is shown in blue in Figure
5.4(a) as in the WKB part from the previous section.

5.4 Calculation of Tunneling Current

5.4.1 TSU-ESAKI Tunneling Formula

Using the tunneling probability, we determine the tunneling current density Jt(y) by
weighting Pt with the amount of electrons available at a given tunneling energy Ex, the
so-called supply function N (Ex) introduced by Gehring [16]. The net electron tunneling
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current density is described by the TSU-ESAKI formula by integration in the energy
domain [17]

Jt (y) = q meff

2π2 ~3

Em∫
0

Pt (y,Ex) N (Ex)︸ ︷︷ ︸
=:PN(Ex)

dEx. (5.28)

The supply function considers the tunneling in both directions by using the Fermi-
Dirac distributions fs and fd at the source/channel and channel/drain interfaces. N (Ex)
can be expressed as

N (Ex) =
∞∫

0

(fs (E)− fd (E)) dEρ = q Vth ln

 1 + exp
(
−Ex−Ef,s

q Vth

)
1 + exp

(
−Ex−Ef,d

q Vth

)
 (5.29)

and contains only the integration in transverse (Eρ)-direction. The longitudinal part
Ex of the total energy E is considered after weighting with the tunneling probability in
(6.1). Ef,s and Ef,d are the Fermi energies.

5.4.2 Quasi-Compact Modeling Of Current Density Jt

The integration in (6.1) is not analytically solvable for either the WKB-based or the
wavelet-based solution of Pt. To keep the number of function values necessary to
calculate the integral as small as possible, we first determine the electron energy Ex,max

with maximum contribution to the tunneling current. This requires a classical zero
calculation of the derivative of the integrand PN (Ex) from (6.1) with respect to the
energy. A rearrangement of the result to Ex is analytically not possible, and hence,
Newton’s iterative method is used to localize the position Ex,max. Although, in view of
Figure 5.4(b), Em/3 would be suitable as the initial estimation point, it was found that
even smaller values would be needed for, e.g., large Vds in the WKB approach. Therefore,
without any restrictions on small Vds, Em/6 is used here as the initial estimation point.
Furthermore, a total of two iterations are sufficient. Since the derivative cannot be
determined so easily, PN (Ex) is first approximated for the sought energy range. An
approximation of the supply function in (5.29) with the Boltzmann statistics is helpful
here

N (Ex) ≈ qVth
(

1− e−
Vds
Vth

)
e
−
Ex−Ef,s
qVth . (5.30)
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In addition, in case of the wavelet-based approach, (5.20) can be significantly simpli-
fied for probabilities smaller than 1h. This is only given if the hyperbolic function is
large. It follows:

Pt (y,Ex) ≈ 16 Ex

Eeq

(
1− Ex

Eeq

)
e−2 keq(y,Ex)·Lt (5.31)

with

Eeq

(
Ex = Em

6

)
≈ k2

fit
√

8/15Em +
(

1− k2
fit
√

8/15
) Em

6 ≈ 0.89Em. (5.32)

Furthermore, we use the simplified equation in (5.9) for the tunneling length Lt.

Jt ≈
q meff

2π2 ~3

N−1∑
i=0

Ex,max

N
·
PN

(
Ex,max

i+1
N

)
+ PN

(
Ex,max

i
N

)
2 + Em − Ex,max

N
·

PN
(
Ex,max + (Em − Ex,max) i

N

)
+ PN

(
Ex,max + (Em − Ex,max) i+1

N

)
2 (5.33)

With (5.33) for three more equidistant positions (N = 3) before and after the
determined maximum Ex,max, the exact function values of PN (Ex) are calculated,
linearly interpolated, and the area underneath is determined (see Figure 5.4(b)).

In Figures 5.3, 5.4 and 5.6, the interpolation points are shown as symbols for the
WKB and wavelet approaches. In particular, it can be seen from the interpolation
points in 5.4(b) that the localization of Ex,max proves to be somewhat inaccurate in the
case of WKB. The reason for this is the approximation of the Fermi-Dirac statistics by
the Boltzmann statistics. The Boltzmann statistics gives sufficiently accurate results
only for electron energies about three times the thermal energy above the source-related
Fermi level (Ex > 3 q Vth + Ef,s). In our case, this corresponds to an energy of about
0.14 eV. As can be easily seen, Ex,max is below this value in the case of WKB and above
it in the case of wavelet.

5.4.3 Tunneling Current It

In [6] we have found for DG FETs that the current density Jt shows a linear course in the
transverse direction from center (JC) to surface (JS). This is a very good approximation
for small gate biases and ultrashort-channel devices. Further studies have shown that
an even more precise approximation is possible with the following Gaussian function,
which is more accurate, especially for gate biases close to the threshold voltage (see
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Figure 5.3: Normalized first derivation of Jt with respect to Ex against (a) Lt. (b)
Tunneling length against the electron energy Ex. (b) WKB and Wavelet are com-
pared with each other. (a)-(b) Symbols represent the QCM applied to models with
approximated (5.9) (dotted line) and nonapproximated (5.7)+(5.8) (solid line) tunnel-
ing lengths.
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Figure 5.4: Normalized first derivation of Jt with respect to Ex against (b) Ex. (a)
First derivation of Jt with respect to Ex against Ex. (a)-(b) WKB and Wavelet are
compared with each other. (a)-(b) Symbols represent the QCM applied to models with
approximated (5.9) (dotted line) and nonapproximated (5.7)+(5.8) (solid line) tunnel-
ing lengths.
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Figure 5.5) and also for longer channels:

Jt (y) ≈ JC e
− y2

(Tch/2)2 ln
(
JC
JS

)
. (5.34)
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Figure 5.5: Channel cross section of the normalized current density JN for (a) differ-
ent gate biases and their Gaussian approximation and (b) compared to a linear approxi-
mation.
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A negative side effect is the existence of the Gauss error function, which cannot
be evaluated in closed form in terms of elementary functions and must be determined
numerically. The obtained formula for SiNS FET is

It = Wch

Tch
2∫

−Tch
2

Jt (y) dy ≈
√
π

2 JC TchWch

Erf

(√
ln
(
JC
JS

))
√

ln
(
JC
JS

) . (5.35)

5.4.4 Total Current Ids

The total current Ids is the sum of the tunneling current It and the drift-diffusion current
Idd:

Ids = It + Idd. (5.36)

Idd is determined with our compact model published in [18] and [19]. As already
mentioned in Section 5.1, we determine It from (5.35) and the corresponding subthreshold
swing (Ssth) from two gate biases Vgs,1 = Vfb and Vgs,2 = Vfb + 0.1 V as

Ssth (Vds) = ln (10) (Vgs,2 − Vgs,1)
ln (It (Vgs,2,Vds))− ln (It (Vgs,1,Vds))

(5.37)

In subthreshold regime we rewrite It → IT as follows:

IT (Vgs,Vds) = It (Vgs = Vfb, Vds) · e(Vgx−Vfb) ln(10)
Ssth (5.38)

and use it instead of It in (5.36). The parameter Vgx is the gate-to-source voltage Vgs
smoothly limited by the threshold voltage VT

Vgx = Vgs −
ln
(
1 + eC(Vgs−(VT−∆VT)))

ln (1 +AeC) (5.39)

with C = ln (10) / (2Ssth) and empirical fitting parameters A ≈ 0.5 and ∆VT ≈ −0.06
V. It will not completely vanish above VT because a minimum barrier always remains
due to the additional energy discontinuity ∆Ebg/2. However, this current plays a minor
role in the ON-state anyway, since Idd overwhelms it by several orders of magnitude.
The control is done by the parameter A.
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5.5 Model Verification
In this section, the influences of the tunneling current on the short channel characteristics
and the total current are presented. The channel thickness considered is Tch = 2 nm
with a gate oxide layer thickness of Tox = 1 nm using HfO2 as the gate material with a
relative permittivity εr = 22. The channel length Lch is varied between 3 and 8 nm,
where Lch = 3 nm is borderline because the ratio ION to IOFF becomes smaller than 105.
The channel is undoped, while the source and drain regions are heavily n-doped with
N = 1020 cm−3. It is worth noting that lower doping also leads to smaller tunneling
currents since the potential drop according to (5.5) in the source and drain regions occurs
over a longer distance in the current direction, thus increasing the tunneling length. The
potential barrier Φm is determined by using our potential model from [18, 20], which
is based on the conformal mapping technique. QC has a negligible influence on the
subthreshold swing and DIBL behavior of the tunneling current It but reduces both
It and Idd due to bandgap widening. The effective increase in Φm is considered in the
aforementioned potential model and the consequent increase in threshold voltage VT is
already implemented in our compact model published in [18] and [19].

In Figure 5.6(a) and 5.6(b), the subthreshold swing Ssth as well as the DIBL are
plotted as a function of channel length. The results shown for WKB and wavelet
are obtained from the current equation (5.35) and from transmission characteristics
of the NEGF simulator (NEGF-sim) NanoMOS [7]. The comparison between WKB,
wavelet, and NEGF shows that the wavelet model has a much better agreement with
the numerically more sophisticated but more accurate NEGF simulator. In addition,
the wavelet model is more resistant to the performed approximations than the WKB
method. Already, the parabolic approximation from Section 5.3.3 to find an analytical
equation for the tunneling probability is a big hurdle for the WKB method. This is
because, as can be seen very well from Figure 5.2, the blue parabola describes the
potential curve at smaller energies better than the green parabola. Concomitantly, it is
already known from Figure 5.4(b) that in case of WKB, tunneling occurs closer to the
conduction band edge ECB compared to the wavelet method.
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Figure 5.6: (a) Subthreshold swing Ssth and DIBL (b) against the channel length.
The symbols (circle and star) represent the QCM applied to the parabolic models
(green: WKB (5.25) and blue: wavelet (5.26)) with approximated (dotted line) and
nonapproximated (solid line) tunneling lengths. The red symbols (triangular) repre-
sent the NEGF simulation (NEGF-sim) and the black line or symbol the drift-diffusion
compact model (DD-model) or Sentaurus TCAD simulation DD-sim. The dashed lines
stand for the numerical calculation of Pt (WKB approach according to (5.10)) or Keq
(wavelet approach according to (5.19)).
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Furthermore, in Figure 5.6(a) and 5.6(b), a slight deviation from the numerical
(dashed lines) and parabolic approximation (solid lines) results for larger channel length
due to the approximation of Lt (dotted lines) according to (5.9) at higher energies.
Again, this deviation due to a larger effective tunneling length has a rather positive
effect for higher energies since the potential curve below Ex, as already mentioned, is
neglected in the calculation of the tunneling probability and therefore theoretically leads
in parabolically shaped potential to increased current, subthreshold swing, and DIBL. A
larger effective tunneling length at higher energies suppresses and partially compensates
for this inaccuracy in the approaches. Also, it is clearly visible that the symbols (circle
and star) representing the QCM follow the solid or dotted lines and are therefore quite
useful. Furthermore, drift-diffusion simulations (DD-sims) with Sentaurus TCAD, as
well as the corresponding drift-diffusion compact model (DD-model) according to [18]
and [19] are included in the comparison without consideration of the tunneling current.

Figure 5.7 shows for a chosen device with channel length Lch = 4 nm the separation of
the total device current Ids into the drift-diffusion current Idd and DSDT current IT with
our QCM using the wavelet method. In the transfer characteristics, the drift-diffusion
current Idd describes the device behavior in the ON-state, whereas the DSDT current IT
according to (5.38) dominates the subthreshold region. Again, the model is compared
to NEGF simulations and shows good agreement.
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Figure 5.7: Separation of the total model current Idd into the drift-diffusion (dd)
current Idd and tunneling current IT. The transfer characteristics is given by both, the
model and simulation data at Vds = 0.1 and 1 V.
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5.6 Conclusion
In this work, we have presented a QCM for calculating the DSDT current in ultrashort-
channel SiNS FETs. The analysis highlights the importance of tunneling from outside the
channel directly from source into the drain region and the need for accurate determination
of the tunneling length in this region. Due to the inaccuracy of the WKB method
close to the conduction band edge, we conclude that this approach is not optimal for
determining tunneling current. Instead, an equivalent rectangular barrier using the
wavelet method represents much better the property of a rapidly decreasing tunneling
probability near the conduction band edge and is dominated in this region by a more
accurate tunneling length than by the size of the enclosed area above Ex. Therefore, in
comparison, the parabolic approximation is significantly less problematic. With this
approach and the performed approximations, an analytically compact description of the
tunneling current is possible, and thus, in combination with a classical drift-diffusion
model, a complete QCM for all operation regimes down to ultrashort channels is realized.
Because the analytical approach requires a Newton iteration and linear interpolation for
solving the integral (6.1), we call the model “quasi compact”.
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CHAPTER 6
Cryogenic Temperature and Doping Analysis of Source-to-Drain
Tunneling Current in Ultrashort-Channel Nanosheet MOSFETs

This work analyzes the impact of doping concentration on the temperature dependent
subthreshold current and swing saturation due to direct source-to-drain tunneling
(DSDT) in short-channel silicon nanosheet (SiNS) metal-oxide-semiconductor field-
effect transistors (MOSFETs). Further, their influence on the drain-induced barrier
lowering (DIBL) effect is investigated. Special attention is paid to the importance of the
Fermi level and the average tunneling energy, whose energetic positions and distance
from each other in the band diagram has a significant role in the temperature-dependent
saturation behavior of the subthreshold current and swing, as well as the value of
DIBL. Furthermore, we model and present with device simulation the existence of
two merging subthreshold swings (Ssth) and DIBL effects with increasing gate bias at
cryogenic temperatures. The merging is achieved by the superposition of the DSDT
and thermionic emission (TE) current, which originate from their own dominated and
visibly separated gate-bias regions.

6.1 Introduction
Low temperature applications gain more and more importance. Either the given ambient
temperature like in space makes it necessary to develop functioning devices such as
sensors and detectors or the demand for higher performance due to their limits at room
temperature or the existence of completely new technologies only at deep cryogenic
temperatures. As an example, the latter includes quantum computing and is performed

89
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by quantum computers using quantum bit systems (qubits) that correspond to the
classical bits in conventional computers. These systems are surrounded and wired by
electronics including complementary metal-oxide-semiconductor (CMOS) devices, which
also provides scalability of quantum processors [1, 2]. This makes reliable modeling of
low-temperature devices of MOSFETs inevitable. Unfortunately, existing I-V models are
not always inherently valid for cryogenic conditions [3], so that measurements, simulation
analysis and model development of different transistor types are the focus of research
[4–8].

Several parameters of semiconductor materials such as the intrinsic carrier concen-
tration, the density-of-states, the bandgap including Fermi energy, the charge carrier
mobility and the effective carrier masses are influenced by the temperature (T ) and are
well described in [4]. We observe its direct impact on the subthreshold domain of the
transfer characteristics.

In general, it is known that the lower the temperature (T ), the better the device
performance. According to the linear temperature dependence of the Boltzmann limit
of the subthreshold swing (Ssth = ln (10) (kBT/q) where kB is the Boltzmann’s constant
and q the elementary charge) in classical MOSFETs, an ideal, infinitely steep, quasi
step-like switching behavior of the current is expected at deep-cryogenic temperatures.
Unfortunately, this is not what is observed experimentally. Thus, the validity of the
Boltzmann limit is also not given at low temperatures even for larger ratios of channel
lengths to channel thicknesses (4:1) in the nanometer scale range, where no subthreshold
swing degradation or drain-induced barrier lowering (DIBL) due to short-channel effect
appears.

A temperature-dependent limit for the subthreshold swing of MOSFETs with µm-
range gate length was reported in [9–11]. Below the critical temperature Tc = 46 K a
device technology dependent saturation limit of about Ssth ≈ 10 mV/dec was measured
and explained by the presence of an exponential band tail or the rise of trap density near
the band edge. Recently, another type of temperature dependent swing saturation for
nanometer-scale devices has been reported. In [12], it was mentioned that nonequilibrium
Green’s function (NEGF) simulations have shown that for a given channel length Lch

the current and the Ssth become insensitive to temperature reduction after reaching a
critical value Tc. This value increases as Lch decreases. The insensitivity was explained
by the low temperature dependence of the quantum mechanical direct source-to-drain
tunneling (DSDT) current [13], which superimposes the steep swing of the thermionic
emission (TE) current determined by the aforementioned Boltzmann limit. Increasing
the effective tunneling mass meff by suitable semiconductor selection, as well as the
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use of gate-source and gate-drain underlappings or thin tunnel barriers at the source
junction are mentioned as possible adjusting screws to reduce the tunneling current [12].

In this work, the impact of doping concentration and operating temperature on the
subthreshold current, swing and DIBL is examined. In the following Section 6.2, we
describe the used simulation setup and the modeling approach. Next, in Section 6.3,
we give several results and discuss them with the help of the Fermi-Dirac distribution
function, which is part of the Tsu-Esaki formula for the tunneling process. Last but not
least, we give a conclusion in Section 6.4.

6.2 Simulation and Modeling Approach
NEGF simulations of double-gate (DG) devices are performed using the NanoMOS tool
[14]. Quantum-mechanical effects such as quantum confinement (QC) in thin transistors
transverse to the current direction and the DSDT current along the channel are captured
for the electron subbands by solving the Schrödinger equation self-consistently with the
Poisson equation. Prior analyzes have shown that QC does not have a direct impact
on the subthreshold characteristics in terms of swing or DIBL degradation [15]. It is
mainly reducing the intrinsic carrier concentration and hence the current and increases
the threshold voltage of the device due to bandgap widening [16, 17].

Besides DSDT and TE current, no further influences such as electron-phonon scatter-
ing or traps are taken into account. Both assumptions are valid, since the focus is on the
subthreshold region and the investigated devices are short-channel transistors whereas
scattering appears when the channel length is long compared to the mean free path for
electron-phonon interactions [18]. In all simulations, the crystal orientation < 100 > of
silicon is chosen along the channel direction, and the channel surface orientation is chosen
as (001). The gate workfunction is set to 4.45 eV. Furthermore, abrupt junctions are
used for simplicity, and due to convergence issues in the simulation, we have analyzed the
temperature dependence down to 25 K, but not below. In addition, due to degenerate
doping in the source and drain region, dopant freeze-out is negligible [19–21]. The device
parameters are chosen for analysis and modeling purposes, and are not related to any
scaling roadmap.

Our analytical model is based on the wavelet approach, which solves the tunneling
probability for each energy level Ex by assuming a rectangular energy subband with an
equivalent barrier height Eeq. This approach has been extensively discussed in [22, 23]
and is preferred over the Wentzel-Kramers-Brillouin (WKB) method, because especially
for very small Ex the tunneling probability Pt (y,Ex) is determined more accurately.
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The tunneling current density Jt (y) in channel (x-)direction at position y transverse to
the channel is calculated by the TSU-ESAKI formula and is given by:

Jt (y) = qmeff

2π2~3

Em∫
0

Pt (y,Ex)N (Ex)︸ ︷︷ ︸
=:PN(Ex)

dEx, (6.1)

with ~ the reduced Planck constant, Em the barrier height, N (Ex) the supply function
and meff = 0.19 me the transverse effective electron mass in tunneling direction x with
the electron rest mass me [24]. The Tsu-Esaki formula uses the three-dimensional (3-D)
density of states in momentum space and thus does not consider QC, while the NEGF
simulations use the two-dimensional (2-D) density of states including QC. A closed
expression for a 2-D Tsu-Esaki formula that takes QC into account is not given. But
since our analysis in [15] has shown that QC has no impact on the subthreshold swing
and DIBL degradation, for a simple analytical approach, the 3-D Tsu-Esaki formula is
applicable. N (Ex) contains the Fermi-Dirac statistics with Fermi energies Ef,s and Ef,d

at the source and drain regions, respectively, and gives the amount of electrons available
for tunneling at a given energy Ex. The formula for N (Ex) is:

N (Ex) = qVth ln

 1 + exp
(
−Ex−Ef,s

qVth

)
1 + exp

(
−Ex−Ef,d

qVth

)
 (6.2)

with Vth as the thermal voltage.
The neglect of QC and the use of 3-D density of states requires an adjustment of the

absolute value of the current. This adjustment is found to be different for the DSDT
and TE currents and is done through meff, which is the only adjustable proportionality
factor used in the Tsu-Esaki formula. The thermionic emission current density Jte (y) is
calculated using the same formula as in (6.1) but with three differences. The integration
is performed between Em and infinity for electrons with an adjustment of meff equal to
me an absolute value of the TE current in agreement with NEGF simulations and 100
% tunneling probability:

Jte (y) = qme

2π2~3

∞∫
Em

N (Ex) dEx. (6.3)
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The overall current density Jds (y) from source to drain is obtained by summing the two
densities in (6.1) and (6.3):

Jds (y) = Jt (y) + Jte (y) . (6.4)

The current for a device with channel width Wch and thickness Tch is determined from
the following equation:

Ids = It + Ite = Wch

Tch
2∫

−Tch
2

Jt (y) + Jte (y) dy. (6.5)

To avoid a possible misfit to analytical potential models with decreasing temperature,
the conduction band edge used to calculate Pt and the corresponding Fermi levels to
determine N (Ex) are extracted directly from the NEGF simulations.

Figure 6.1(a) illustrates the studied silicon nanosheet (SiNS) FET geometry and
Figure 6.1(b) shows the first subband energy of a short-channel device together with a
color plot illustrating exemplary the electron energy dependent normalized tunneling
and thermionic emission current densities.
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Figure 6.1: (a) Sketch of the SiNS FET under investigation. Source/Drain (S/D) are
highly n-doped and the channel (Ch) is undoped with a high-κ gate oxide material of
εr = 22. (b) First subband energy of the conduction band together with a color plot
showing the electron energy dependent normalized tunneling and thermionic emission
current densities at an operating temperature T = 300 K with S/D doping of Ns/d =
1020 cm−3.
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6.3 Results and Discussion
First, we would like to understand what causes both the current and the subthreshold
swing Ssth to saturate with decreasing temperature T as mentioned in [12, 25]. We
are using the supply function N (Ex) in (6.2) to explain the subthreshold current and
swing saturation Ssth at low temperatures and the influence on DIBL. Specifically, we
focus on the ratio of the supply function at a given temperature T to the same supply
function at room temperature T0 = 300 K, and vary the tunneling electron energy Ex

relative to the Fermi energy Ef,s. This is shown in Figure 6.2.
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Figure 6.2: Ratio of the supply function at temperature T to the supply function at
T0 = 300 K versus the T for different electron energies Ex. The following values for Ex
are used from top to bottom for demonstration purposes: Ex = 0.114 eV, Ex = 0.135
eV = Ef,s, Ex = 0.179 eV, Ex = 0.356 eV, Ex = 0.5 eV = Em.

We find that as the temperature drops, the amount of electrons that have the
opportunity to cross the channel, whether by tunneling or thermal emission, is relatively
stable for energies less than Ef,s and becomes sharply decreasing for energies above Ef,s.
This means that the immunity to temperature changes depends on whether a large
fraction of the electrons crossing the channel (PN (Ex)) are distributed well above or
around Ef,s.
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Figure 6.3: Ratio of the modeled OFF currents It, Ite, Ids at a given operating tem-
perature T to the reference temperature T0 = 300 K plotted against T . For channel
lengths Lch between 4 and 9 nm, plots (a), (b) and (c) show the different strength
of current saturation due to differences in ions. Here, we also see that the saturation
current is more important at higher Ns/d doping. The position of Tc is shown just em-
pirically. It indicates when the TE current is overwhelmed by the DSDT current.
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In analogy to Figure 6.2, in Figure 6.3 we plot against T at Vgs = 0.15 V and
Vds = 0.1 V for the channel lengths from Lch = 4 to 9 nm the ratio of the modeled
subthreshold currents It, Ite and Ids at T to the one at T0. We see the impact of doping
concentration Ns/d in these figures. First, we note that the critical temperature Tc
below which saturation appears shrinks with decreasing Ns/d. This was to be expected
since the range of the potential drops in the source and drain regions, and thus the
tunneling length Lt, increases as Ns/d decreases. The rise in Lt has a comparable effect
on Tc as the rise in Lch. Significant differences are apparent when looking at the orders
of magnitude by which the current decreases. In particular below Tc, where tunneling
becomes dominant over thermal emission, there is strong current saturation for high
dopant concentrations, while at lower concentrations the current still decreases by 2 to
3 orders of magnitude. As an example, the temperature dependence of the saturation
current for three different doping concentrations Ns/d is demonstrated again for the
channel length Lch = 4 nm in Figure 6.4. We note that current saturation is much less
pronounced at smaller doping concentrations. Therefore, at lower doping levels, it is
more appropriate to consider the Tc value caused by DSDT less as an indicator of current
saturation and more as a critical value above which the TE current is overwhelmed by
the DSDT current.
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Figure 6.4: OFF current at Vgs = 0.15 V and Vds = 0.1 V versus operating tempera-
ture T for three different source/drain doping concentrations Ns/d. The (dashed) lines
represent the modeling results using wavelet approach, while the symbols represent
numerical NEGF simulation data. For the chosen channel length Lch = 4 nm It domi-
nates over Ite.
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Figure 6.5: Comparison ot the transfer characteristics between the operating tempera-
tures T = 220 K with marginal and T = 150 K with pronounced tunneling current.

Another point worth mentioning regarding Tc is that the evaluation of when Tc

is reached also depends on the gate-source voltage Vgs at which the investigation is
performed. At room temperature T0 the thermal emission current Ite completely
dominates over the tunneling current It for channel lengths Lch larger than 9 nm,[23].
Since the subthreshold swing of It is always at least as bad or worse than the subthreshold
swing of Ite, It becomes with decreasing temperature noticeable first at low Vgs as soon
as we are within the measurable current range of about 0.1 pA. Now, let us have a
look at the simulation results in Figure 6.5. At very high doping levels (Ns/d = 4 · 1020

cm−3), for two different temperatures (220 K and 150 K), the transfer characteristics
are demonstrated. If Tc is captured at Vgs = 0 V, the current and swing is already
nearly saturated with respect to the temperature. If Tc is captured at Vgs = 0.2 V the
only current and swing in saturation with respect to the temperature is the one at T =
150 K, while at T = 220 K Ite is still dominating over It.

In the literature, electron tunneling is assumed to be mainly energetically localized
in the form of a peak around the Fermi level Ef,s [13]. However, this assumption is not
correct, at least for doping concentrations with resulting source related Fermi levels Ef,s

close to or beneath the conduction band edge. The reason is, that the peak position is
given by the product of Pt (Ex) ·N (Ex) and as already mentioned in [23], the tunneling
probability Pt for a rectangular barrier decreases extremely fast near the band edge.
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In other words, if the source related Fermi level Ef,s is near the conduction band edge
those electrons have much less contribution for tunneling compared to electron energies
slightly above Ef,s. This phenomenon is shown in Figure 6.6(a).

Ef,s Eavg Ef,sEavg

Ef,s Eavg

0

0.2

0.4

0.6

0.8

1

(
d

J d
s

d
E

x
) N

0.0 0.1 0.2 0.3 0.4 0.5
Electron Energy Ex [eV]

Tch = 2 nm / Tox = 1 nm / Vds = 0.1 V / Vgs = 0.15 V

Nsd = 3 · 1019 cm−3 Nsd = 1020 cm−3 Nsd = 4 · 1020 cm−3

T = 150 K
Lch = 6 nm

(a)

Ef,s
Eavg

EavgEf,s Eavg

Eavg

0

0.2

0.4

0.6

0.8

1

(
d

J d
s

d
E

x
) N

0.0 0.1 0.2 0.3 0.4 0.5
Electron Energy Ex [eV]

Tch = 2 nm / Tox = 1 nm / Vgs = 0.15 V

Nsd = 3 · 1019 cm−3 Nsd = 4 · 1020 cm−3

Vds = 0.1 V
Vds = 1 V

T = 150 K
Lch = 6 nm

(b)

Figure 6.6: Normalized first derivation of Jds with respect to Ex against Ex. (a) For
three different doping levels Ns/d, the Fermi positions Ef,s and the average energy Eavg
of the electrons contributing to tunneling are highlighted. (b) For the highest and
lowest Ns/d considered, both Eavg at two different V ds are compared respectively.
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For three different doping concentrations the normalized tunneling current density
per electron energy is plotted against Ex at a gate-source bias Vgs where in all three
cases the tunneling is dominant over thermionic emission and is measurable.

Besides Ef,s, the related average energy Eavg weighted with its contribution for
tunneling is also indicated. This value is supposed to be representative for the entire
tunneling process and is given as:

Eavg =
meff

∫ Em
0 Ex PN(Ex) dEx +me

∫∞
Em

ExN(Ex) dEx

Jds 2π2 ~3/q
. (6.6)

As one can see clearly, for the lowest doping concentration (Ns/d = 3 ·1019 cm−3) the
amount of electrons tunneling through the barrier with energy Ef,s is quasi not existent.
The peak position is obviously higher. In addition, the difference between Eavg and Ef,s

is much larger compared to the device with the second highest doping level (Ns/d =
1020 cm−3). This circumstance together with Figure 6.2 explains furthermore why the
current is not saturating at lower doping levels. The blue curve stands for the highest
doping concentration with Ns/d = 4 · 1020 cm−3. Of course the Ef,s is the highest here
but in contrary to the other two cases, Eavg is smaller than Ef,s. This explains the
strong current saturation. In Figure 6.6(b), we investigate the influence of higher Vds
on the peak positions and the possible shift of Eavg. At very high doping levels, the
peak position and Eavg show resistance to changes in Vds. Thus, no changes in current
and swing saturation behavior can be expected. However, at lower doping levels, the
peak position moves towards the Fermi level, so that the distance between Ef,s and Eavg

decreases noticeably. Thus, at high Vds the current will saturate comparatively more
than at small Vds. This has a significant impact on DIBL, which we will examine in
more detail at the end of this section.

As already mentioned, It starts to appear at low Vgs and propagates to higher Vgs
with decreasing temperature. Depending on the device dimensions and the ambient
temperature, it is possible to have two different DIBL and Ssth values simultaneously
in the subthreshold transfer characteristics. This is shown in the Figures 6.7(a) and
6.7(b). The transition between the two regions is clearly evident and also shows that
the applied wavelet model provides a superior fit to the simulation results. In addition,
Figure 6.7(b) shows that for sufficiently thick channels (Tch = 5 nm) with less QC, even
a 15 nm long-channel can provide enough tunneling current in the measurable range
and therefore should not be ignored at all. The smooth transition from It to Ite leads
to a continuous alignment of both swings and DIBLs with the gate bias. This can be
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followed very well on the level of the current densities (see Figure 6.8).
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Figure 6.7: Double subthreshold swing Ssth and DIBL effect: (a-b) Separation of the
total modeled subthreshold current Ids (red line) using wavelet approach into the tun-
neling part It (blue line) and the thermionic emission part Ite (black line) together
with the NEGF simulation data (red symbols). The horizontal line represents the be-
ginning of the minimum measurable current level. (a) With and (b) without classical
thermionic emission short-channel Ssth and DIBL degradation.
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Figure 6.8: Corresponding transition of normalized first derivation of Jds with respect
to Ex versus Ex from tunneling dominance to dominance of thermionic emission with
increasing gate bias Vgs for the transfer characteristic in Figure 6.7(a).

Lastly, we use the knowledge gained about the control of tunneling by the Fermi
energy to interpret the channel length dependent swing and DIBL for different doping
levels in respectively three plots (Figures 6.9(a) - 6.9(c) and Figures 6.9(d) - 6.9(f)) with
different ambient temperatures, as well as the temperature dependent swing and DIBL
for once again in respectively three plots (Figures 6.10(a) - 6.10(c) and Figures 6.10(d) -
6.10(e)) for different channel lengths.

The swing does not only increase due to the reduction of the tunneling length because
of the higher doping. The transition from thermionic emission to tunneling current
is much steeper at higher doping levels and more pronounced at lower temperatures
(Figures 6.9(a) to 6.9(c)). The tunneling induced DIBL also increases with increasing
doping concentration, analogous to thermionic emission induced DIBL (Figure 6.9(d)).
As the temperature is lowered, a steep transition from thermionic emission to tunneling is
present (see Figure 6.9(e)). Thereafter, the slope is more or less constant until the DIBL
of thermionic emission would occur. From here on, the DIBL of tunneling adapts to the
steepness of thermionic emission and becomes significantly larger with smaller channel
length. Further, it can be seen from Figure 6.9(f) that with decreasing temperature the
DIBL increases for smaller doping concentrations, so that even the positions swap at T
= 75 K. Explanations to this are given later.
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Figure 6.9: Comparison of modeled (lines) and simulated (symbols) Ssth (a-c) and
DIBL (d-f) using the analytical wavelet and the numerical NEGF approach, respec-
tively, against the channel length Lch between three different doping levels at three
different operating temperatures T .
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Figure 6.10: Comparison of modeled (lines) and simulated (symbols) Ssth (a-c) and
DIBL (d-f) using the analytical wavelet and the numerical NEGF approach, respec-
tively, against the operating temperature T between three different doping levels for
three different channel length Lch.
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Previously, it was mentioned and explained that at lower doping concentrations,
subthreshold current saturation at lower temperature does not occur. The progressive
tunneling decrease is not yet comparable to the sharp reduction of the thermionic
emission current. The swing is not fully saturating at the critical temperature, but is
relatively stable below this (Figures 6.10(a) - 6.10(c)). We expect at extremely low
cryogenic temperatures (T < 25 K) a forced current and swing saturation since the
distance between Ef,s and Eavg also has to shrink. Furthermore, it is visible in Figure
6.10(c) that during the transition from thermal emission to tunneling, the swing initially
increases again, especially at higher dopant concentrations, before saturation occurs.
This is an indication for a larger angle between both current types in the transfer
characteristics and a sharper kink.

Returning to the swapping of the DIBL positions with reduction of the temperature,
we see in Figures 6.9(d) to 6.9(f) that the DIBL goes into saturation at high doping
concentrations. This is not surprising at all because if both the subthreshold current
and swing goes into saturation the DIBL has to follow.

The situation is different at lower doping concentrations. The swing is quite stable,
but the ongoing current reduction with temperature decrease is smaller at higher drain-
source biases Vds than at lower Vds. The reason for the different rate of current reduction
with temperature is that a higher Vds brings the peak position together with Eavg slightly
closer to Ef,s compared to low Vds (see Figure 6.6(b)), thus increasing the insensitivity
of the supply function N (Ex) to temperature changes.

6.4 Conclusion
In this work, we have analyzed and modeled with the wavelet approach the impact of
different doping levels on the subthreshold behavior of ultrashort-channel MOSFETs at
cryogenic temperatures down to 25 K. We highlighted the role of the source related Fermi
energy Ef,s in the supply function and its energetic distance to the average electron
energy Eavg, weighted with its contribution for tunneling. The controllability with
doping in achieving or not achieving saturation for the current, swing and DIBL are
demonstrated. We also clarified that it is more appropriate to use Tc to describe a
critical temperature below which the TE current is overwhelmed by the DSDT current
than to define it as a value below which subthreshold current and swing saturation take
place. Further, we showed a swapping in DIBL with decreasing temperature and we
also described and explained the existence of two merging DIBL and Ssth regions in
the I-V characteristics. We conclude that DSDT plays a significant role at cryogenic
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temperatures and might be the most important drawback to achieve extreme steep
subthreshold swings. We recommend to keep the doping concentration at least in the
source region as low as possible, so that in the best case even Ef,s is below the conduction
band edge, resulting in extremely low or vanishing DSDT.
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CHAPTER 7
Overall Conclusions

This doctoral thesis deals with the simulation, modeling and in-depth analysis of the
two most promising GAA MOSFET structures of future technology nodes. These are
cylindrical NW and SiNS FETs, which are expected to replace the currently market
dominating FinFET technology due to the better control of the channel electrostatic
potential by the gate electrode surrounding from all sides and the resulting stronger
SCE suppression. This change in transistor design is associated with manufacturing
difficulties, but it makes further device scaling possible. Therefore, with ongoing scaling
and thus the strong presence of SCEs, accurate modeling of NW and SiNS FETs
including QMEs becomes ever more important.

In the following, we summarize point by point the key finding of this thesis:

• In the subthreshold regime of ultrascaled NW FETs with intrinsic or lightly doped
channels, the height of the electrostatic potential (Φm) along the channel at any
distance from the gate can be mimicked by DG potential models by using an
appropriate scalable equivalent channel length. Since the shape of the potential
barrier through the channel thickness can be parabolically approximated, the
accurate determination of the surface and center potential barrier heights (ΦS &
ΦC) using two equivalent DG channel lengths (LS

DG & LC
DG) is sufficient for further

charge and current calculations. The scalability of LS
DG and LC

DG is verified by
TCAD Sentaurus simulations.

• The inversion charge in NW FETs is calculated by integration over the density
of free electrons within the channel cross section in polar coordinates using ΦS

and ΦC obtained with the equivalent DG potential model. This charge, which
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includes the SCEs, is inserted into a charge-based current model for long-channel
NW FETs derived from a current model for long-channel DG FETs.

• The adapted 2-D DG analytical potential and current model enables the prediction
of the subthreshold swing and DIBL behavior of cylindrical short-channel NW
FETs.

• QMEs are not negligible when device dimensions are in the single-digit nanometer
range. TCAD simulations have shown that the influence of QC on the current
and threshold voltage in a cylindrical NW FET is equivalent to that in a DG
FET when the channel thickness of the NW FET is larger by a factor of 1.53.
This means that in NW FETs the unwanted QC has a stronger influence and
therefore already occurs at thicker channel thicknesses. The modified DG model is
extended by the impact of QC by considering the additional bandgap widening in
the calculation of an effective intrinsic charge carrier concentration and also in the
calculation of the threshold voltage (VT) by increasing the inversion potential (Φi).

• DSDT current is simulated and modeled for DG FETs due to the lack of suitable
simulation tools that use the NEGF approach for NW FETs. Unlike QC, DSDT
provides an increase in subthreshold leakage current and a degradation of swing
and DIBL, but a negligible current increase in the ON-state of the device.

• There are essentially two major challenges in modeling the tunneling current.
The first is the correct determination of the electron energy dependent tunneling
probability (Pt (Ex)) and the second is the analytical calculation of the tunneling
current density (J).

• The modeling results, where Pt is determined using the new wavelet approach,
are in very good agreement with the NEGF-based NanoMOS simulation data and
differ from the Synopsys TCAD Sentaurus simulation data, which are based on
the widely used WKB approximation. In the wavelet approach, an equivalent
rectangular barrier height is calculated for each electron energy and treated as such,
so that the exact analytical formula for the 1-D tunneling probability through
a rectangular barrier can be used. The exact tunneling formula for rectangular
barriers describes the decrease in Pt near ECB clearly with more accuracy than
the WKB-based Pt.

• DSDT analysis has shown that due to the Fermi-Dirac distribution, the main
current contribution is provided by electrons tunneling from outside the channel
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directly from the source into the drain region, although Pt is very small due to larger
tunneling length and barrier height. Hence, a four-piece parabolic approximation
of ECB became necessary to derive a simplified closed form formula for the energy
dependent tunneling length (Lt (Ex)), which is used in the calculation of Pt.

• Since the integrand PN (Ex) in the Tsu-Esaki tunneling formula is not integrable
in closed form, an analytical approach named QCM is derived. This approach
greatly reduces the computational effort, but requires a Newton iteration in the
calculation of the energy with maximum contribution to the tunneling current. In
addition, PN (Ex) is calculated at 3 equidistant nodes, which helps to approximate
the integral by linear interpolation. This improves the numerical efficiency required
for compact models. Furthermore, the obtained numerical stability fulfills the
requirement to use the compact model for circuit simulations.

• For compact modeling, it is sufficient to determine the tunneling current along
the center and surface of the channel. The intermediate region can be accurately
approximated with a Gaussian function. This also reduces the computational
effort enormously.

• Further detailed analysis based upon the model has shown that the statement
below which channel length (Lch) the TE current is overwhelmed by the DSDT
current depends, besides Lch itself, in particular on three parameters. These
are the ambient temperature (T ), the doping concentrations (Ns/d), and the
gate-to-source bias (Vgs).

• The critical temperature (Tc) is redefined as the temperature below which tunneling
dominates the TE current below a given Vgs. Above this specific Vgs and below
VT the TE current continues to dominate. This explains the possible coexistence
of two smoothly merging subthreshold swings and DIBLs at temperatures around
Tc. Further reduction of T leads to complete dominance of the DSDT current in
the subthreshold region.

• The DSDT current is much more resistant to temperature changes compared to
TE current, so that at cryogenic temperatures below Tc, the expected extremely
steep subthreshold swing according to the Boltzmann limit of the TE current is
hindered by the swing of the DSDT current.

• The strength of the subthreshold current, swing, and DIBL saturation due to
DSDT with decreasing T is found to depend strongly on the source related doping
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concentration (Ns). At high Ns, where the related Fermi level (Ef,s) is significantly
far from ECB and close to or above the average electron energy (Eavg), the current,
swing, and DIBL saturation is strong. Whereas at lower Ns, where Ef,s is closer
to ECB and well below Eavg, the DIBL and current saturation is not present and
the swing shows an extremely slight increase below Tc.

• Furthermore, lower doping ultimately leads to a comparatively smaller value for
Tc also because of the increase in tunneling length and the resulting decrease in
tunneling current compared to the TE current.

• Ultrashort-channel MOSFETs with sub-10-nm gate length showing DSDT are
rarely fabricated yet. Therefore, the findings from temperature and doping analysis
are based on the comparison of model results with NEGF simulation data and
have not yet been verified with measurement data.

• In addition, the wavelet approach does not consider the electron interference
effects on reflection of electron waves from the potential barrier. Such interference
phenomena occur at electron energies greater than the barrier height. This
additional QME can be included in the compact model in future works.
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