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Foreword

This book mainly covers the current status, challenges, and future directions on
design, fabrication, simulation, reliability, and applications of nanoscale semicon-
ductor devices, MEMS, and sensors. And these novel devices are the backbone for
realizing the next-generation Internet of things. This book provides readers impor-
tant information related to the recent development on these nanoelectron appara-
tuses, which represents that this book will become an indispensable handbook for
anyone in a relevant field.

This book contains 17 chapters, and all the chapters can be divided into 4 parts:
MOS, sensors (including photoelectric detection and gas detection), nanostructured
oxide materials, and other nano devices. In spite of the large coverage of related
fields, the focus of this book is explicitly placed on the interaction of nanoscale
structure and electrical and/or optical behavior of novel semiconductor devices,
MEMS, and sensors. Besides, it enables detailed understanding on the difficulties
and challenges of realizing the nano devices moving forward.

In this single book, the reader can access up-to-date and critical knowledge on
the design, fabrication, simulation, and reliability of the increasingly important
nanoscale electron apparatuses, including semiconductor devices, MEMS, and
Sensors.

University of Electronic Science He Yu
and Technology
Chengdu, China
University of Electronic Science Lanhui Wu
and Technology

Chengdu, China



Preface

This book contains 17 chapters, which is written by selected experts who have
present high-quality papers on topics closely relevant to the theme of nano devices,
sensors, and MEMS. We can understand current status, challenges, and future
directions on design, fabrication, simulation, reliability, and applications of nano-
scale semiconductor devices, MEMS, and sensors from this book.

The field of nanoelectronic is evolving rapidly, and novel nanoscale devices are
being investigated and developed at many leading research labs and companies
worldwide. Nanoscale semiconductor devices, MEMS, and sensors are the back-
bone for realizing the next-generation Internet of things. The research of design,
fabrication, reliability, modeling, simulation, and applications of these nanoscale
electron components is becoming more and more important to achieve further
technology breakthrough. Learning how the nanoscale structure interacts with the
electrical and/or optical performances, how to find optimal solutions to achieve the
best outcome, how these apparatuses can be designed via models and simulations,
how to improve the reliability, and what are possible challenges and roadblocks
moving forward is necessary to any relative researchers.

This is a book that describes the dielectric and noise analysis of MOS devices,
devices modeling and CMOS technology, and medical application in MEMS and
sensors, as well as relative fabrication and optimizing technology. It is really a book
which provides readers important information related to the recent development on
these nanoelectron apparatuses and challenges of realizing the nano devices moving
forward that shows processes and materials needed for fabrication and the interac-
tion of nanoscale structure and electrical and/or optical behavior, as well as the
performance optimization and reliability analysis by modeling and simulating.
Springer is highly desirable and can offer engineers, research scientists, and stu-
dents a much needed reference in this field.

Last but not the least, we want to express our deep appreciation to the endless
support from writers of this book. Also, we really hope that the readers can access

vii



viii Preface

up-to-date and critical knowledge on the design, fabrication, simulation, and reli-
ability of the increasingly important nanoscale electron apparatuses from a single
book. Know more about nowadays and think more about the future. Let Springer be
a window through which we can discover and explore deeper in this field.

Chengdu, China Ting Li
Ziv Liu
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Chapter 1
High-k Dielectric for Nanoscale MOS Devices

Ling-Xuan Qian

1.1 Introduction

The Integrated Circuit (IC) industry has successfully followed the guidance of the
Moore’s law in the past decades: the number of transistors in a dense IC doubles
approximately two years. Increasing integration level, reducing cost and power
consumption while improving product performance has always been the primary
goal of IC industry. In order to keep pace with the Moore’s Law, it has been decades
that device scaling is one of the essential focuses of the development of MOS
technology.

After becoming the most important device for forefront high-density integrated
circuits such as microprocessors and semiconductor memories, Metal-Oxide-Semi-
conductor Field-Effect Transistor (MOSFET) is becoming an important power
device as well. Since 1970, the gate-length dimension of MOSFET in production
ICs has been decreasing at a steady pace and will continue to scale down in the
future, as shown in Fig. 1.1 [1].

However, as the scaling down of the MOS devices, the departures from long-
channel behaviors, as known as the short-channel effects, are inevitable, leading to
varieties of undesirable electrical phenomena. Up till now, the most widely used
scaling rule to avoid short-channel effects is the “constant-field scaling”, i.e. scale
down all dimensions and voltage of a long-channel MOSFET so that the internal
electric fields are kept the same [2]. In Fig. 1.2, the dimensions of MOSFET before
and after scaling are compared, all dimensions including channel length (L), oxide
thickness (T,y), and junction depth (r;) are ideally shrunk by a same scaling factor .
Noted that the doping level of the substrate increases by o and the applied voltages
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Fig. 1.1 Minimum gate
length of MOSFET in
commercial IC vs. the year
of production [1]
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Fig. 1.2 Schematic diagram of MOSFET before and after scaling [2]. (a) Original device, (b)
Scaled device

decreases by a, thus a reduction of the junction depletion width (Wp) by o occurs
beneath the drain area. Unfortunately, the scaling factor in actual cases cannot
achieve the ideal value because of the limitation of some other factors. Table 1.1
summarizes the ideal and actual scaling factors together with the limitation in
scaling [2, 3].

Since the oxide thickness should also reduce with the device scales down
according to Fig. 1.2 and Table 1.1, an oxide thickness of less than 3 nm is needed
for MOS devices with channel length of 100 nm or less. Theoretically, the mini-
mum physical thickness of SiO; is 0.7 nm with at least two layers of neighboring
oxygen atoms to prevent the gate/SiO, and the SiO,/Si interfaces from overlapping
with each other, and thus make the gate insulator conductive [4]. But in fact,
because of the quantum mechanical effects that carriers are capable of tunneling
through the ultra-thin gate dielectric directly and leading to very large leakage
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Table 1.1 Scaling factors and limitation factors of MOSFET

Parameters Ideal scaling factor | Actual scaling factor | Limitation

Electric field 1 >1 —

Threshold voltage Vy, 1/a >>1/a Leakage current
Gate length L 1/a 1/a -

Oxide thickness Ty 1/a >1/a Defects, tunneling
Junction depth ; 1/a >1/a Resistance

Drain bias Vp 1/a >>1/a System and Vy,
Substrate doping o <a Junction breakdown

Fig. 1.3 Dependence of
gate leakage current of
MOS capacitors on the
thickness of gate oxide [7]

MOS-CAI:ACITOH

'

110 gm x 100 pm
A

L

0 10 20
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current, the performance of the MOS devices are not suitable for actual application
when the SiO, dielectric is thinner than 3 nm [5, 6]. Figure 1.3 shows the leakage
current of MOS capacitors with different gate oxide thicknesses range from 12 nm
down to 1.5 nm, it is obvious that capacitors with gate oxide thinner than 2.5 nm
have a significant leakage component in low gate bias region caused by direct
tunneling. Especially when T, = 1.5 nm, the leakage current reaches the order of
1 x 107 Afem?, which is not tolerable [7].

Apart from leakage current, device reliability is another essential factor that
should not be ignored, the 10-year reliability criterion of CMOS technology cannot
be guaranteed in devices with gate oxide thinner than 2 nm [8]. For example, a
series of physical and chemical phenomena caused by dielectric degradation due to
the emission of hot electrons at the Si/SiO, interface will eventually lead to the
breakdown of the gate dielectric.

Back to 2007, in the reports of International Technology Roadmap of Semi-
conductors (ITRS), it was mentioned that equivalent gate oxide thickness (EOT) is
the most difficult challenge associated with the future device scaling. For high-
performance applications, EOT of less than 1 nm with adequate reliability is
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needed, while on the other hand, for low-power applications, leakage current
caused by ultrathin gate oxide must be decreased. Moreover, in the executive
summary of 2013 ITRS, the reduction of EOT was mentioned still to be a difficult
challenge in the near term.

With the advantages of thermodynamically and electrically stability,
superior electrical isolation properties, low mid-gap interface state densities with
Si (1010/cm2), high dielectric strength (15 MV/cm), etc. [9], thermally grown
amorphous SiO, as gate dielectric has kept its predominance in the past decades.
However, as the existence of the limiting factors mentioned above, measures must
be taken in order to keep the scaling trend of integrated devices without sacrificing
the performance of the devices. Therefore, the idea of replacing conventional SiO,
with material with high dielectric constant is proposed.

1.2 High-k Dielectrics and Electrical Performance

1.2.1 Dielectric Constant

Dielectric constant (k), as known as relative permittivity, is a factor that reflects
decreasing of the electric field between charges relative to vacuum, which can be
defined by Eq. (1.1):

k(w)

k=——+
ko

(1.1)

where k() is the complex frequency-dependent absolute permittivity of the mate-
rial, and kg is the permittivity of vacuum. Since the accumulation capacitance per
unit area (C,,) of an MOS capacitor equals to:

Cpp = 22 (1.2)

the k value of a material is usually calculated by Eq. (1.3):

— C(IJ( TOX

k
ko

(1.3)
It is well known that the saturation current (Ip) of a MOSFET can be written as:

w
Ip = i/’lcox(vg - th)2 (14)

in which W and L are the channel width and length, p is the carrier mobility, Vg is
the gate bias and Vy, is the threshold voltage of the MOSFET. Therefore, during
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Fig. 1.4 Tllustration of high-k material replacing SiO,

scaling down, in order to maintain a certain level of drive current that can make the
device functional, C,, must be increased or at least be kept constant. As discussed
in the last section, it is almost impossible to further decrease the thickness of SiO,,
replacing SiO, with other material with higher k value is the only way to increase
Cox- After replacement, the equivalent oxide thickness (EOT) can be calculated as:

ksi
EOT = =2 T} s (1.5)
high—k

meaning that the device with high-k material as gate dielectric is capable of
achieving the same capacitance as the conventional SiO, based device but with
larger physical thickness, which can also solve the problem of the unacceptable
leakage current caused by direct tunneling, as shown in Fig. 1.4.

The first high-k material studied was silicon oxynitride (SiOxNy), K.S. Krisch et.
al found that nitrogen can be effectively incorporated into SiO, by annealing the
film in NH; or other gas contains nitrogen, and thus the reliability of the dielectric is
improved [10]. Besides, doping N into SiO; is also reported to be able to reduce
oxide charges and border traps [11]. However, if the N doping concentration is too
high, the positive charges induced will cause large threshold voltage shift and
interface degradation. In 2007 ITRS reports, it was mentioned that silicon
oxynitride no longer meet the strict leakage current requirement anymore, there-
fore, material with high k value should be studied.

1.2.2 Selection of High-k Dielectric

Figure 1.5 demonstrates the k values together with band gaps of the promising
candidates in high-k materials, however, it is never a simple job to determine which
one is the best choice because there is always a trade-off between k value and the
band offset that band gap of metal oxides tends to vary inversely with k value
[12]. For example, as shown in Fig. 1.5, TiO, with k value of 80 has a band gap of
only 3.3 eV, and the k value of one of the perovskite oxide SrTiO5 can reach around
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2000, but its band gap is even smaller (3.2 eV). Therefore, apart from k value, band
gap is also an important criterion of choosing dielectric material. Band gap should
be large enough (usually over 5 eV) to make sure the dielectric material is an
insulator, besides, the band offset with Si substrate should also be large enough
(usually over 1 eV) so that the Schottky emission of carriers into the oxide band can
be prevented [13].

Moreover, since the interface between high-k dielectric and Si substrate is the
dominant factor that that influence the electrical performance of MOS devices,
kinetic and thermodynamic stability should be considered as another important
criterion. In ideal devices, there should be no reactions between the dielectric film
and the substrate, and no interfacial layer should be formed either. Unfortunately,
most high-k materials are compatible with Si at some certain processing conditions
[14]. Assuming the high-k dielectric is MOy, then there are basically four types of
reactions between MOy and Si [15-17]:

1. Silicon oxidation

Si+ MOy — SiOy + xM (1.6)
2. Silicide formation

Si+ MOy — SiO + M.Si (1.7)

Si+M.0, — MSiOy + M (1.8)

Si + M0, — M,SiO, + M,Si, (1.9)
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3. Silicon oxide layer might be formed on the Si surface during the growth of the
dielectric film or annealing, which enables the formation of silicates

Si0y + M0y — M,SiO, (1.10)

4. SiO gas formation at low oxygen pressures and diffuse through the oxide film
Si+M.0, — SiO T +M.Si, (L.11)

These reactions will induce large amount of dangling bonds, oxygen vacancies
and traps that negatively impact the device performance, and the SiO, layer formed
will decrease the k value of the gate stack and thus nullify the benefit of high-k
dielectric. Therefore, it is essential to choose a dielectric with large Gibbs free
energy and low oxygen diffusion coefficient to inhibit the reactions with Si and the
formation of the low-k SiO, interfacial layer during annealing at high temperature
[18, 19].

1.2.3 Defects and Interfaces of High-k Dielectrics

When compared with SiO,, high-k oxides contain more defects because firstly,
off-stoichiometry defects such as oxygen vacancies in SiO, are rare because of the
high heat during its formation [20]. Secondly, unlike the covalent bonding SiO,,
high-k oxides have ionic bonding and have larger coordination number, making
high-k oxides poor glass formers. Therefore, it is much easier for them to crystallize
during high temperature annealing, as a result, it is difficult for the crystal network
to relax and rebond to remove the defects [21].

In ionic oxides, the intrinsic defects are oxygen vacancies and oxygen intersti-
tials. Forster et al. calculated the energy levels of the defects in HfO, and ZrO, as
shown in Fig. 1.6, in which V* and V** represent positively charged oxygen
vacancies and 0%, 0%, O~, O*" are oxygen interstitials which are negatively
charged [22, 23]. It is found that the defects are capable of trapping electrons
from Si substrates, but further work is still needed to study the mechanism of the
defects.

Besides, hydrogen is another type of defect which comes from forming gas
(N, + H,) annealing or the deposition of high-k film using atomic layer deposition
(ALD). Reports show that hydrogen acts as shallow donor in most of the oxide
materials (HfO,, ZrO,, La,03, Y,03, TiO,, LaAlO3 and SrTiOs, etc.), while in
silicates, SiO, and Al,0O5; hydrogen is deep donor and therefore a source of fixed
charge [24, 25]. The sign of the fixed charges in different oxides depends on the
position of Hj energy level with respect to their band gaps. For example, in HfO,,
7Zr0,, La;03, Y,03, level of Hy lies above the band gap of Si, so the hydrogen in
these oxides tends to ionize as H' and donate electrons to Si, and thus positive fixed
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Fig. 1.6 Energy levels of the defects in (a) HfO, and (b) ZrO, [19, 20]

Fig. 1.7 TEM graph of
HfO,/Si interface [24]

Transition region
o~
‘.

charges are formed. Whereas, the Hy level in Al,O3 locates below the band gap of
Si and tends to capture electrons to form positive fixed charge. Therefore, in
consistent with experimental results, the fixed charge in HfO, and ZrO, is usually
positive but in Al,O3 it is negative [14, 26].

As mentioned in the previous section, most of the high-k oxides have poor
kinetic and thermodynamic stability, leading to the formation of unstable and
undesirable interfacial layer, and thus worsen the interface quality. For example,
the low Gibbs free energy of Ta,Os and TiO, makes them easy to react with Si at
1000 K [16], also, and interfacial layer SiO can be formed after depositing HfO,
directly on Si (Fig. 1.7) [27]. These will cause a high interface charge density Dit.
Reports show that most high-k dielectrics have high D; (~10"-10"% cm 2 eV
and result in mobility degradation and flatband voltage shift [14]. Therefore, in
order to improve the interface quality, the idea of adding a buffer layer between Si
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and high-k material is proposed [28]. According to Gutowski et al. a stable interface
silicate layer can be formed between HfO,/ZrO, and Si if a thermal treatment is
implemented after the deposition of the dielectric, and this silicate layer is fre-
quently used as buffer layer [29].

Apart from the interface between high-k and Si substrate, the high-k/gate
interface is also an important factor that influence the device properties. Since the
capacitance degradation in the depleted polysilicon electrode cannot be ignored in
ultrathin gate dielectric, plus most high-k materials are thermally unstable and easy
to crystallize, polysilicon is no longer a suitable gate material and metal gates are
needed [30]. The selecting criteria of metal gate includes work function, ease of
processing, thermal stability, etc. Up till now, single metal (Al, Ti, W, Hf, Ta, Mo,
Ru, Au, Ni and Pt), metal nitrides (TaN, TiN, MoN and WN), metal silicide (CoSi
and NiSi) and metal oxide (RuO,) have already been investigated.

Figure 1.8 shows the work functions of some common metals. It is known that
mid-gap metals are not capable of providing suitable work function on high-k
dielectrics and thus negatively impact the performance of the transistor. Therefore,
mid-gap metals like W, Fe, Cr, Mo, etc. cannot be used as the gate of MOS devices.
In order to achieve relatively low and symmetry threshold voltage for nMOS and
pMOS devices, alloy materials with tunable work function are preferable [31].
Moreover, the work function can be further tuned by adding different content of
nitrogen such as TiAIN [32, 33].

It is well known that a high-temperature annealing is usually needed for metal
gates so that ohmic contact can be formed. For metal nitride gate, during the
annealing, nitride tends to diffuse into the dielectric bulk, which is capable of reduce
the density of oxide charges by passivating oxygen vacancies in the high-k layer and
also decrease D;; at high-k/Si interface [34]. However, the intermixing of the metal
atom and the high-k metal atom may happen at the same time, which will negatively
influence the characteristic of the gate stack [34].

Fig. 1.8 Work functions of
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1.2.4 Mobility Degradation and Threshold Voltage Shift

Because of the existence of the defects in dielectric bulk and the interface states
mentioned in the previous section, carrier mobility will be degraded due to various
scattering mechanisms at both Si bulk and high-k/Si interface. The effective
channel carrier mobility (Hs) is varies as a function of gate effective field and
determined by Coulombic scattering (Hcou), phonon scattering (pph), and surface
roughness (prougn) at low, moderate, and high fields respectively, which can be
calculated by Eq. (1.12) according to Matthiessen’s rule.

1 1 1 1

ﬂqff Heoul ﬂph /"rough

(1.12)

MOSFETs with high-k gate oxide exhibit lower electron mobility than FETs
with SiO, gate oxide, as shown in Fig. 1.9 [26]. The exact cause of the degradation
in mobility still needs more works to make sure, but several reasons can be deduced
according to the studies up till now. Firstly, the higher oxide trap and interface trap
of high-k oxide than that of SiO, enhances the Coulomb scattering. Secondly, a
large amount of optical phonons in high-k oxides have low-lying soft polar mode,
leading to a remote scattering of carriers, and thus limit the carrier mobility [35]. It
has been reported that the soft phonon mechanism can be inhibited by using HfSiO,
(ZrSi0y) or adding a SiO, buffer layer to keep the high-k dielectric away from the
channel [36, 37], however, this will inevitably increase EOT. In addition, high-k
oxides have larger surface roughness than SiO, due to the longer bond length of
metal-O and metal-Si than that of Si-Si.

Charge-trapping centers can be induced by the large amount of fixed charges
locate in high-k materials, leading to a threshold voltage (Vy,) shift which is another
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concern of applying high-k oxides in MOSFETs. Besides, the reasons for Vy, shift
also include Fermi-level pinning effect at high-k/Si interface which can be modeled
by the metal-induced gap states (MIGS) theory [38, 39]. In MIGS theory, the
Schottky barrier height is given by:

©, = Sp(Pw — Pene) + (Pene — xs) (1.13)

where @y is the charge neutrality level, @y, and ys are the work function and
the electron affinity of the semiconductor substrate, then the derivational Fermi-
level pinning parameter S can be obtained as:

1

§= 1+ ¢*Niid/eoesi (1.14)

in which Nit is the interface states density per unit area and J is their extent into
the semiconductor. In ideal case, there is no interface states, so the parameter S = 1
and no Fermi-level pinning happens. On the contrary, if S approaches to 0, high
density of states exist at/near the high-k/Si interface and the device will suffer from
sever Fermi-level pinning, leading to the variation of Schottky barrier height and
thus the shift of Vy,.

Experimentally, take HfO, as an example, Fig. 1.10 is the comparison between
C-V characteristics of MOS capacitors measured at different temperatures with
HfO, as gate dielectric with and without nitrogen incorporation [40]. The large
negative flat band voltage (Vg,) found in the sample without nitrogen proves the
existence of positive fixed charges as discussed in Sect. 1.2.3. With nitrogen
incorporation, the C-V curve shift to the positive direction and the stretch-out is
decreased, besides, the temperature-dependent flat band shift is also decreased to a
large extent, implying a significant improvement of the interface quality due to the
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converting of the Hf-Si bond to Hf-N. Apart from nitrogen implantation, thermal
treatment and Al incorporation are two other methods to weaken the shift of V{b by
reducing the defects in the oxide bulk and/or at the high-k Si interface.

To sum up, the large amount of defects in the high-k oxide and the poor interface
between high-k dielectric and Si are the main reasons that cause mobility degrada-
tion and Vy, shift, as shown in Fig. 1.11. Therefore, the main challenge is to
improve the bulk and interface quality of high-k dielectrics in order to optimize
the performance of MOS devices.

1.3 Deposition

Being an essential factor that influence the densities of oxide defects and interface
states, the quality of the high-k dielectric film must be paid sufficient attention. In
order to guarantee acceptable performance of the resulting devices, grown dielec-
tric films with good thickness uniformity, thermal stability and interfacial proper-
ties are required, therefore, correlating with the film quality and properties,
deposition methods should be chosen carefully. Several deposition techniques
have already been developed, the comparison of which are listed in Table 1.2
[41]. Chemical vapor deposition (CVD), Atomic layer deposition (ALD), and
Physical vapor deposition (PVD) will be introduced in this section.

Basically, the chemical vapor deposition (CVD) is the transportation of the
required materials from metallic-organic and some other precursors to the surface
of the substrate. Through thermal, plasma or photo treatment, the precursors are
decomposed with the materials needed deposit on the substrate. For example,
trisdipyvaloylmethanato lanthanum (La(C11H1902)3) can be used as the precursor
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Table 1.2 Comparison of different deposition technologies

Method ALD MBE CVD Sputter Evaporation PLD
Uniformity Good Fair Good Good Fair Fair
Film density Good Good Good Good Poor Good
Step coverage Good Poor Varies Poor Poor Poor
Interface quality Good Good Varies Poor Good Varies
Multi-materials Fair Good Poor Good Fair Poor
Low-temp. deposition Good Good Varies Good Good Good
Deposition rate Fair Poor Good Good Good Good
Industrial applicability Good Fair Good Good Good Poor
—o— \1 Wafer —

Heater
(D, @—Precursor 1 and 2

e, /
H> Ar Temperature controller

Fig. 1.12 Schematic diagram of a simplified ALD system

of growing La,0O3, with a deposition temperature of 400—650°C in the ambient
of O,. However, uniformity problem is found in the La,O; film and a silicate
interfacial layer is formed at the La,O5 interface [42]. The major advantage of
CVD s it is able to simply control the ratio of elements in tenary oxides, as reported
by Y. Ohshita, et al. the percentages of Hf and Si in Hf,_,Si,O, can be controlled by
varying the pressure, gas flows and temperature [43]. On the other hand, step
coverage is one of the disadvantages of CVD, perfect coverage of steps cannot be
obtained with aspect ratios larger than 10:1. Besides, relatively high temperature
(400-850°C) is necessary during deposition, which is not good for materials with
poor thermal stability such as rare earth oxides.

First known as atomic layer epitaxy (ALE) proposed in 1975 [44], it is developed
to atomic layer deposit (ALD) with a wider range of materials and became the most
widely used deposition method in actual application nowadays. The idea of ALD
modifies the reaction of CVD by separating the two precursors into different
containers. Figure 1.12 demonstrates a simple schematic diagram of an ALD
system, high speed valves are used to strictly control the gas flow so that one single
atomic layer can be deposited at a time. Therefore the thickness of the film can be
determined by the number of transition cycles precisely, resulting in high quality
film with excellent uniformity. The major disadvantages of ALD are (1) an inter-
facial low-k layer is still inevitable, (2) the poor stoichiometric control capability
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Table 1.3 Different types of ALD

L.-X. Qian

Type of
ALD Precursors Target material Temperature | Application
Catalytic (Metal)Cly, H,O Metal oxides >32°C High k dielectric layers,
ALD protective layers,
anti-reflective layers
Al,O3 MCly, H>O, Ti Al,O3, Metal 30-300°C Dielectric layers, insu-
ALD (OiPr)4, M(Et), oxides lating layers, passivation
layers
Metal M(CsHs),, Metal fluorides, 175-400°C Conductive pathways,
ALD (CH3CsHy)M organometallics, catalytic surface, MOS
(Thermal (CHj)3, Cu(thd),, | catalytic metals devices
chemistry) | Pd(hfac),, Ni
(acac),, Hy
ALD on Various gases BN, ZrO,, CNT, |25-100°C Insulative coating, opti-
particles polymer (polymer), cal and mechanical
particles 100—400°C | property modification,
(metal/ composite structures,
alloy) conductive mediums
Plasma/ Organometallics, Pure metals, 450-800°C | DRAM, MOSFET,
radical- MH,Cl,, metal nitrides capacitors
enhanced TBTDET, NH;
ALD

makes it difficult to deposit complex oxides with required doping concentration. Up
till now, many types of ALD are available due to different mechanisms, some
representative examples are listed in Table 1.3 [45-47].

Most of the precursors used in CVD and ALD tend to induce contamination to
the dielectric films, besides, the reaction between precursors and Si substrate is
inevitable, resulting in the formation of unstable low-k materials. Another tech-
nique called physical vapor deposition (PVD) including sputtering, evaporation,
and molecular beam epitaxy (MBE) is proposed to deposit transition metal/rare
earth metal oxides [48]. Argon or electron beam are used in PVD to sputter the
required material from the metal or oxide target to the wafer. Since no other
chemical is applied in PVD, much lower contamination from carbon, hydrogen
and chlorine can be achieved when compared with CVD and ALD. When a metal
target is used, oxygen ambient is necessary in order to deposit oxide dielectrics,
resulting in the formation of interfacial SiO, layer [49]. In addition, as long as the
target is metal oxide, after being sputter away from the target, the elements of
required material deposited on the wafer cannot be guaranteed to be the expected
ratio, i.e. the film obtained might be Y, O, instead of Y,0Os3, leading to a high density
of oxygen vacancies [50] that negatively impact the performance of the device as
discussed in the previous sections. Summing up, PVD has the advantages of low
contamination and compositional profile of the film, but owns the drawbacks of
poor conformality for large aspect ratio steps and high traps and/or interface states
density.
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1.4 Current Alternative High-k Dielectrics

1.4.1 Hf-based Oxides

As discussed, SiO, have already reached its physical limit as gate dielectric,
therefore, with relatively high k value, suitable band gap, and fewer reliability
problems than other high-k materials, HfO, gate dielectrics with metal gate is now
being applied in most of complementary metal-oxide-semiconductor field effect
transistors (CMOSFETs). However, as the defects and interface states still exist in
HfO, dielectric, plus the formation of crystalline structure of HfO, at low temper-
ature can provide pathways for leakage current and lead to dielectric breakdown
eventually, taking measures to make improvement in order to meet the requirement
of further scaled MOSFETs is necessary.

The first strategy proposed is nitrogen incorporation. As discussed in Sect. 1.2.4,
nitrogen is capable of passivating oxygen vacancies in high-k bulk and reducing
interface states, this is consistent with experimental results that better characteris-
tics including higher crystallizing temperature have been found in HfO, film, and
thus the performance of MOS devices has been improved significantly [51, 52].
However, since the N 2p states lies above O 2p states, doping nitrogen also means
decreasing band gap [53], besides, nitrogen-related traps might be induced [54], so
the concentration of nitrogen should be considered and well controlled.

A second method is doping other oxides to optimize the film and interface
quality, band gap offset, k value, as well as crystallization of HfO,. SiO,, Al,Os,
Ta,05, and La,03 as dopants are discussed in this section according to the existing
reports.

Since an unstable low-k SiO, interfacial layer always appears in the HfO,/Si
gate stack and cause negative effects on interface quality and k value, doping SiO,
into HfO, during the dielectric deposition is a feasible solution that inhibit the
formation of the interfacial layer and give rise to the crystallization temperature of
HfO, as well [55]. Also, doping nitrogen (HfSiON) can further improve the thermal
stability as mentioned above. Unfortunately, reduction of k value is an unescapable
consequence of doping SiO,, therefore, this trade-off should be considered when
selecting SiO, concentration.

Frequently, Al,O5 plays the role of improving the thermal stability of high-k
oxides. In the case of HfO,, the crystallization of HfO, and the out-diffusion of Si
from the substrate to the dielectric can be effectively inhibited by Al,O3 incorpo-
ration [56]. As confirmed by Ref. [56], with Al,O3 concentration of 33%, the
HfAlO, remains amorphous after post-deposition annealing at 900°C. Besides,
according to M. S. Joo, et al. HfAIO also has good compatibility with metal nitride
gate after PDA treatment at high temperature, as shown in Fig. 1.13 [57]. Another
effect of Al,Oj3 is to passivate oxygen vacancies, T. J. Park reported that oxygen
vacancies can be decreased by around 4% after Al incorporation [58]. Moreover,
the bandgap structures of HfO, and HfAIO are compared in Fig. 1.14 according to
Ref. [58], with Al incorporation, shallow defect states can be removed and thus the
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Fig. 1.13 TEM images of
(a) HfO, and (b) HfAIO on
Si after PDA treatment at
700°C [57]
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Fig. 1.14 Bandgap structures of gate stacks with (a) HfO, and (b) HfAIO as dielectric [58]

bandgap energy is increased, and the leakage current can be decreased accordingly.
However, similar as SiO,, the k value of Al,O5 (~9) is relatively low. In addition,
Bae et al. pointed out negative fixed charges that degrades carrier mobility are
introduced due to the accumulation of Al at the HfA1O/Si interface [59].

In order to improve the thermal stability of HfO, but meanwhile keep its
relatively high k value, Ta,O5 (k ~26) incorporation is proposed. It has been proved
by X. F. Yu, et al. that doping Ta,Os5 effectively enhances the crystallization
temperature of HfO,. Figure 1.15 compares the cross sectional images of HfO,
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Fig. 1.15 TEM images of
(a) HfO, and (b) HfTaO
films after high temperature
treatments [60]
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and HfTaO after a PDA treatment at 700°C and an activation annealing at 950°C,
obviously the crystal lines of HfO, are formed whereas HfTaO still remains
amorphous [60]. Besides, in Fig. 1.15, the low-k interfacial layer formed on the
surface of the HfO, sample is thicker than that of the HfTaO sample, implying that
Ta,O5 incorporation is able to inhibit the intermixing of the dielectric and the Si
substrate. Furthermore, in Ref. [60], the flat band voltage shift after high temper-
ature annealing is also studied as shown in Fig. 1.16. The boron penetration-induced
flat band voltage shift in HfO, film is dramatically suppressed by Ta,Os incorpo-
ration, indicating less defects and interface states.

Rare earth elements like La is also a promising candidate as dopant to improve
the properties of Hf-based high-k dielectric. Same as Ta,0Os, doping La,0O3 into
HfO, can also increase crystallization temperature meanwhile keep the relatively
high k value due to the high permittivity of La,O3 (above 20). A decrease of fixed
charge density in the oxide film can be found after introducing La,05 into HfO, by
Y. Yamanoto et al. because the dependence of flat band voltage (Vg,) on capaci-
tance equivalent thickness (CET) is very week according to Fig. 1.17 [61]. As
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Fig. 1.17 Vfb vs. CET of
MOS capacitors with
HfLaO, as gate

dielectric [61]

Fig. 1.18 Trap energy level
vs. applied electric field of
HfO, and HfLaO films [62]

0.5

0.0

Vi (V)

L.-X. Qian

—e—La 20%
—e—La 40%

-
N

Trap energy level (eV)
o
>

24
©

o
o

—e— HfO, (®=1.42eV)
—e—Hf ,La O (P=1.42eV)

"o

500 1000 1500 2000 2500

E112 (\Hcm)ﬂz

confirmed by C. H. An, et al. in Fig. 1.18, the intrinsic trap energies in HfLaOx films
are 1.42 eV, 1.34 eV, 1.03 eV, and 0.98 eV with La/(Hf + La) ratios of 0%, 42%,
57%, 64%, respectively, indicating a removing of shallow traps after doping La,0O;
[62]. In addition, the metal work function of MOSFETs with TaN/HfLaO, or
HfN/HfLaO, gate stacks can be tuned by varying the La concentration [63],
which is preferred in achieving relatively low Vth as mentioned in Sect. 1.2.3.
However, the major drawback of La,Oj; is its hygroscopic nature, if the La,0O;
possesses extremely high ratio in HfO,, the film will absorb moisture easily and
negatively influence the roughness of the dielectric and thus impact the carrier

mobility.
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1.4.2 Rare-Earth Oxides

Rare-earth oxide films are considered as promising candidates in varieties of
applications such as luminescent materials, catalysts, buffer and protecting layer,
constituents in oxide superconductors, and solid oxide fuel cell [64]. As dielectric
material, rare-earth oxides own advantages of relatively high k value (La,O3 ~
24-27,Y,03 ~ 12-18, Lu,O3 ~ 12-19, etc.) excellent chemical stability on Si, and
large band offset with Si. Besides, one other advantage that cannot be found in the
commonly used HfO, is the higher electron effective mass and barriers in some
rare-earth oxides can suppress tunneling current [65]. Unfortunately, the main
concern of rare-earth oxides is the hygroscopicity, leading to poor stability of the
film. In addition, formation of silicon-metal oxide mixtures or crystallized silicate
phases easily happens due to the diffusion of Si from the substrate, which is a sever
deterioration of the interface [66, 67].

Up till now, the most mature study on rare-earth oxides as gate dielectric is about
La,05 which will be discussed in this section as a representative of rare-earth
oxides. As mentioned, the hygroscopic nature of the rare-earth oxides is the main
concern in real application because during CMOS fabrication, wet processes and
exposing to air are inevitable, therefore, the effects of moisture absorption is an
important factor that influents the electrical properties of MOS devices. A moisture
absorption experiment of La,O3; was carried out and it was found that after being
exposed in the air for 12 h, La,O5 was totally replaced by La(OH); [68]. Roughness
of La,0; film before and after being exposed in air is compared in Fig. 1.19, the
surface roughness increases from 0.5 nm to 2.4 nm, one possible reason for which is
that the density of hexagonal La(OH); is smaller than that of hexagonal La,0s,
resulting in volume expansion, therefore, nonuniform volume expansion happens
due to the nonuniform moisture absorbing, leading to an increased roughness [68].

As for the influence of moisture absorption on the electrical properties of MOS
devices, it is controversial on the direction of Vg, shift. S. Guha et al. hold the
opinion that the replacement of 0>~ by OH ™ means an inducing of positive charges,
resulting in a negative shift of Vg, [69]. However, in Ref. [68], Vg, of MOS
capacitor with La,O3 as gate dielectric exhibits shift to the positive direction as
shown in Fig. 1.20, which is explained by the formation of OH™ that contains
negative charges during absorbing moisture. Moreover, Fig. 1.20 also illustrate the

12 hin air

()

12nm (a) Ohinair 12nm (b) 6h ir_\ air —
¢ —

Fig. 1.19 Roughness of La,O; film before and after being exposed in air [68]
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effect of moisture absorption on the hysteresis of C-V characteristic. Obvious
increment of hysteresis can be found after being exposed in air, indicating the
introduction of traps. Besides, leakage current of La,O3 is also found to be
increased by several orders after moisture absorbing [68].

Apart from the hygroscoticity of La,0s, the absorption of carbon dioxide during
post-deposition ambient exposure has also been reported [70], with reaction as
followed:

La>O3 +3CO, *>LCIz(C03)3 (1.15)

However, the effect of CO, absorption is found much weaker than that of
moisture absorption, and thus negligible.

Another concern of La,0O3 as dielectric that should be paid attention to is its k
value degradation due to the hygroscopicity of La,O5. Theoretically, the k value of
La,05 should be 20-30, but many literatures has reported much lower k value than
the theoretical value. As mentioned, La(OH); is formed after moisture absorption,
the k value of La(OH); can be calculated by the Clausius-Mossotti relationship:

k= (3V,, +8ra")/(3V,, — 4na") (1.16)

in which Vm is the molar volume and oT is the total polarizability. According to
the Shannon’s additivity rule, oT equals to 12.81A3 [71], and 71 A3 can be plugged
in as the value of V, [72]. Therefore, the k value of La(OH)j; is estimated to be ~10,
leading to an obvious degradation in the k value of La,0s.

In order to explain the reason that causes La,0O3 absorbs moisture, the concept of
Lattice Energy (LE) should be introduced here. LE is the energy required to break
the ionic bonds in an ionic lattice of a solid ionic compound and separate one
molecule into gaseous ions completely. It has been found that the LE of ionic oxides
is inversely proportional to the metal ion radius [73]. Meanwhile, smaller LE tends
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to promote the reaction of moisture absorption [74]. Therefore, since La owns the
largest ion radius among of the rare-earth metals, the LE of La,Oj3 is the smallest,
and thus make La,O5 has very weak hygroscopic tolerance, indicating that enhanc-
ing the LE of La,0j is the key point of suppressing its moisture absorption.

Doping other elements or oxides is the first idea, the dopant should own larger
LE. Being in the same group with La, Y has many properties similar to La except
that Y,O5 exhibits much lower crystallization temperature than La,O5 and thus able
to achieve much larger LE. It is expected that Y,O3 might be a promising dopant
and studies have been made on the properties of LaYO film. It has been reported
that La, ,YOj3 films with 40-70% Y concentration has much larger lattice energy
than La;O; and high k value can be obtained with nearly no degradation after
exposure, besides, MOS capacitor with La,_,Y,O3 as gate dielectric shows better
C-V behavior and smaller leakage current [68], indicating Y,Os; is indeed a good
choice for dopant to enhance the hygroscopic tolerance of La,0;. However, the low
crystallization temperature is usually not preferred. Apart from Y, Hf [75], Ta [76],
and Nb [77] as dopant to La,O3 have also been tried with improved properties
obtained.

Another idea is ultraviolet (UV) ozone treatment proposed by Ref. [68]. An
experiment has been carried out comparing the influence of different treatment after
La,05 depositing on surface roughness with result shown in Fig. 1.21. The
as-deposited sample and the 0.1% O, + N, sample show better moisture resistance
than the N, annealing sample is possibly due to the decrease of oxygen vacancies in
O, related ambient. Implying that the moisture absorbing tendency of La,O3; might
has some dependency on the density of oxygen vacancies in the film. It has been
reported that oxygen vacancies in oxide films can be passivated by UV ozone
treatment at room temperature [78]. It is well known that charge transfer between
La and O atoms tends to happen with the existence of oxygen vacancies and make
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the La—O bond more ionic, resulting in a decrease LE, so passivating oxygen
vacancies can suppress the moisture absorbing at the same time. Therefore the
N, + UV ozone treatment sample in Fig. 1.21 exhibit the best moisture resistance.
Besides the formation of low-k interfacial layer can also be prevented because there
is no need to provide high temperature.

1.4.3 Perovskite Structured Oxides

In recent years, perovskite structured oxide has received much attention for further
device scaling due to their extremely high k values, especially SrTiO; (STO) [79-81].
In Ref. [79], relatively good results are obtained with the experimental STO k value
of 45.2 and EOT of 5.4 A. However, the main concern of STO is about leakage
current due to its small band gap (3.2 eV) and conduction band offset with Si (~0 eV)
[82]. The first idea to solve this problem is adding an interfacial layer with wider band
gap, but usually a SiOy layer is formed at the STO/Si interface after the deposition.
This oxide layer with much larger band gap can be considered as a buffer layer to
decrease the leakage current, which has been confirmed by R. Droopad, et al [83].
Based on the drain current curves in Fig. 1.22, the mobility of nMOS- and pMOSFET
are 220 cm® V' s and 62 cm? V™' s respectively, which are impressive. And the
leakage current of these devices are also acceptable. But since SiOy is not as stable as
Si0, and might contains dangling bonds, the interface quality cannot be guaranteed
and thus impact the carrier mobility.

In order to further decrease the leakage current of MOS device with STO as gate
dielectric, the idea of doping Al into STO has been proposed to enlarge the band gap
and meanwhile passivate oxygen vacancies. It has been proved that after doping Al
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Fig. 1.23 Leakage current | ®m Aldoped A Undoped (firstsweep) O Undoped
of 90A-thick undoped and
20% Al-doped STO
dielectric on Si [84]
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with a ratio of 20%, the band gap of STO increases ~0.3 eV, and the leakage current
decreases significantly as shown in Fig. 1.23 [84]. In addition, after the first voltage
sweep, the leakage current of the undoped sample increases from 4 x 10~° A/cm?
to 8 x 107* A/em? at 1V, whereas no increment is found in the Al doped sample
(7 x 107'° A/cm?), indicating the oxygen vacancies are effectively passivated by
Al. However, the poor thermal stability of STO is a fatal drawback that will impact
the reliability of MOS device, so more studies should be made to achieve further
improvement.

LaAlOj; is another promising candidate with perovskite structure due to its large
band gap (5.6 eV), relatively high k value (~24), large band offset and thermal
stability with Si. High crystallization temperature of LaAlO5; has already been
confirmed (above 850°C) [85], besides, the formation of interfacial LaAlISiO,
layer can be effectively suppressed if the LaAlOj film is deposited in N, ambient
(LaAION) [86]. Being consistent with the discussion of nitrogen incorporation in
Sect. 1.4.1, LaAION performs better than LaAlOj; as gate dielectric of MOS device
as proved by W. F. Xiang et al. in Fig. 1.24 [87]. Obvious improvement including
higher k value, lower Vb and leakage current is achieved by the LaAION sample,
which should be attributed to the reducing of interface states density by nitrogen
and the more stable SiON interfacial layer than SiO, formed at the high-k/Si
interface.

The electrical performance and reliability of MOSFET with LaAlOj; as gate di-
electric has been studied by I. Y. Chang, et al [88]. Mobility of nearly 700 em?V's™!
and V, of 0.35 V can be considered as impressive results. The temperature reliabil-
ity of the device is illustrated by Fig. 1.25. It is well known that Vy, is affected by the
charges in the dielectric oxide and the states at/near the oxide/Si substrate as
expressed in Eq. (1.16).
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Fig. 1.24 Comparison of (a) C-V and (b) leakage current characteristics of MOS capacitors with
LaAlO; and LaAION as gate dielectric [87]
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Fig. 1.25 Variation of (a) V, and (b) mobility with the increase of temperature [89]

Vth - (I)ms + 21//3

vV 4€sqlllBNA Qf + Qot + Qm + Qit
+ - (1.16)
Cox Cox

where @, is the work function difference between the gate and the Si substrate,
Qs, Qo and Qy, are the densities of fixed charges, oxide traps, and mobile ionic
charges in the oxide layer, respectively, while Qit is the density of interface trapped
charges. Since @, Qf, Q,,, and Q;, are independent with temperature, the variation
of Vth— with temperature can be obtained by differentiating Eq. (1.17):

dV 1 dQ,, dyg 1 JesgNy
_ _ FBlyy —  (25TA 1.17
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Therefore, in the case of this section, the oxide density Q,, is the determining factor
of AVy,. In Fig. 1.25a, the temperature-dependent change rate of Vy, (IAVy/ATI) is
1.51 mV/K, larger than that of MOSFET with SiO, as gate oxide (1 mV/K), indicating
larger amount of oxide charges in LaAlOj3. On the other hand, the electron mobility is
proportional to T_s ¢ at high temperature, since the comparative value for device with
Si0; is T_; 75, conclusion of LaAlOj3 induces severer phonon scattering than SiO, can
be drawn [89].

To sum up, perovskite structured oxides have the drawbacks of small bandgap
and relatively poor thermal stability, nevertheless, they are attracting broad atten-
tion recently due to their extraordinary electronic and magnetic properties such as
extremely high k value, high-T, superconductivity, colossal magnetoresistance, and
multiferroic behavior. Apart from the STO and LaAlOj; introduced in this section,
materials like BaTiO3, BaTig s(Feg33Mo0q.17)03, S1,MgMoOQOg, etc. are being stud-
ied in varieties of areas such as memory, solar cell, and solid oxide fuel cell.
Therefore, more studies needs to be done to make further improvement in the
applications with perovskite oxides.

1.5 Applications

1.5.1 DRAM Cell Capacitors

It is well known that it is capacitor that DRAM uses to determine a bit value of 0 or
1 by whether the capacitor is charged or not. Since the capacitance of a parallel
capacitor with an oxide layer as insulator is calculated by:

_ k€0A
Ty

C

(1.18)

with the scaling down of the device, the capacitance (C) will inevitably
decreases with the decreasing of electrode area (A). However, a DRAM capacitor
must guarantee a minimum capacitance of ~ 25 f. per cell to provide enough sensing
margin and data retention time, so measures should be taken to increase C. In order
to achieve an EOT of less than 1 nm, high-k materials have to be introduced as the
insulating layer. Metal-insulator-metal (MIS) structured DRAM with Al,O; insu-
lator deposited by ALD is the first case with enhanced capacitance and relatively
low leakage current [90, 91]. After that, Ta,O5 has become the most widely used
high-k material and has been put in production due to its high k value, high
breakdown fields, good compatibility with Si and strong ability of charge
storing [92].

Besides, perovskites structured materials such as STO and BaSrTiO5 have also
been studied for the purpose of significantly increasing k value, however, as
discussed in Sect. 1.4.3, the inevitable interfacial SiO, layer is the fatal factor
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that impact the capacitance. Therefore, the replacement of MIS structure with
metal-insulator-metal (MIM) structure is proposed to prevent the formation of the
low-k interfacial layer. A record low leakage current density of 10~® A/cm” with
EOT of 0.4 nm have been obtained from the MIM DRAM with ALD deposited STO
as insulator and Ru as bottom electrode, which enables the scalability of DRAM to
the 3X nm mode [93]. Consequently, Al,O3 doped ZrO, and sandwich structured
(Zr0,/Al,05/Zr0O,) stack with TiN as electrode MIM DRAM are reported to be
able to achieve excellent reliability [94]. Figure 1.26 is a summary of the develop-
ment of DRAM, more new materials and structures are still being studied [95].

1.5.2 Nonvolatile Memories

Nonvolatile memory typically plays the role of secondary storage or long-term
persistence storage in modern electronic systems and evolves from read only
memory (ROM), electrically programmable ROM (EPROM), electrically erasable
programmable ROM (EEPROM) to flash memory. Flash memory has kept its
dominating position in recent years due to its small cell size and the ability of
operating program/erase more than 10° times with high reliability.

The first successful type is floating gate flash memory with control gate/inter-
poly dielectric (IPD)/floating gate (FG)/tunneling layer (TL)/Si substrate stack.
With the advantages of high program/erase speeds, low operating voltage and
low power consumption, floating gate flash memory has continuously scaling
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down to increase the data-storage density, however, a relatively thick tunneling
oxide (6—7 nm) and IPD layer (9—-10 nm) are needed to guarantee the reliability due
to the leakage caused by the possibility that charges stored in the floating gate
tunneling through the IPD and TL with the assistant of defects. Oxide/nitride/oxide
(ONO) stack or high-k materials as TL and/or IPD have been studied for a period to
solve the leakage issue [96]. Unfortunately, temperature instability is found in ONO
stack and the ionic defects (e.g. oxygen vacancy) in high-k materials tend to give
rise to varieties of reliability issues. Therefore, novel structures and/or materials
have to be investigated for further scaling.

Ferro-electric random-access memory (FeRAM) defines ‘0’ and ‘1’ by the
remnant polarization of ferroelectric dielectrics through the control of an external
field [97]. Pb(Zr,Ti;_,)O3 (PZT) and SbBi,Ta,0y (SBT) are the most widely used
ferroelectrics for FERAM. High random access operating speed and low power
consumption are the major advantages for FeRAM, but the rewriting operation after
each read process is a severe problem that cause extra consumption [97].

Another type of flash memory that makes use of high-k material is discrete
charge-trapping memory (CTM), in which ‘0’ or ‘1’ is defined by removing or
adding charges from the charge-storage layer. The typical structure of CTM is
based on the metal/oxide/nitride/oxide/Si (MONOS) gate stack, corresponding to
gate/blocking layer (BL)/charge trapping layer (CTL)/tunneling layer (TL)/sub-
strate stack, as shown in Fig. 1.27. The conventional SiN-based CTM has a trade-
off between high program/erase speeds and good data retention, so band engineer-
ing is needed. The blocking layer contact directly with Si substrate plays the role of
preventing the diffusion of carriers in the charge trapping layer back to the Si
substrate, so the choice of high-k material has criteria of large band gap, few defects
and trap in the bulk and at the interface, and good stability and compatibility with
CMOS technology. With large band gap (8.8 eV) and excellent thermal stability,
Al,O5 becomes the best choice for the blocking layer [14]. In order to further

@ Gate (b) Gate
Gate (metal) Gate (metal)
BL (oxide) Oxide Nanodots
Source CTL (nitride) Drain Source YY X xy Drain
T TL (oxide) T T TL (oxide) T
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Fig. 1.27 Schematic diagrams of (a) nitride-based and (b) nanocrystal-based charge trapping
memory
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vs. time duration for the devices in (a) [101]

increase the k value, compound dielectrics such as Gd™ [98], La™ [99], and Y
[100] doped Al,O; have been studied with improvements in program speed,
saturation window and breakdown characteristic have been made. An Al,O3/SiO,
double layer is another idea for the blocking layer to improve the device properties
due to the lower density of defects and larger barrier height of SiO,, which is proved
by H. Park et al in Fig. 1.28b, the SiO, layer effectively weaken the loss of stored
data [101].

In terms of the charge trapping layer, shallow-level trap density should be as low
as possible to maintain enough conduction band offset with the tunneling layer.
Various high-k dielectrics (e.g. La,O3, Y,03, ZrO,, Ta,Os, etc.) have been inves-
tigated to replace conventional SizN4 due to their deep-level traps and stronger
scaling ability [102—-105]. Recently, compound high-k materials as charge trapping
layer are widely being studied such as LaTiON [106], Nb doped La,O3 [107],
fluorinated STO [108], and Zr doped BTO [109].

Nanocrystals (NC) including Si, Ge, Pt, Au, etc. embedded in a dielectric matrix
is another promising medium for trapping charges in CTMs as shown in
Fig. 1.28b. Metal NCs own higher deep-level trap density and wider range of
work function than their semiconductor NCs counterparts, but their poor thermal
stability and contamination are fatal disadvantages [110, 111]. Therefore, high-k
materials start to be applied in NC based memories due to their high deep-trap
density and compatibility with MOS process, devices with Ga,05; [112], Al,O;
[113], TiAl,O5 [114], etc. as NC charge trapping layer exhibit excellent memory
properties.

Furthermore a bandgap-engineered (BE) barrier with an oxide/nitride/oxide
stack as TL consists of low-k and high-k has been investigated in order to maintain
good retention by enhancing the tunneling of carriers during the program/erase
operating and thus inhibit the charge loss in retention mode [115]. BE barriers using
Si3N4/Si0; [116] and HfO,/SiO, [117] etc. have already been tried.
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1.5.3 Novel Channel Materials
1.5.3.1 Ge

According to Eq. (1.4) in Sect. 1.2.1, the channel carrier mobility p is another
important factor that affects the drive current of MOS devices. Besides, as men-
tioned in Sect. 1.2.4, mobility degradation is inevitable when high-k dielectric is
applied on Si. The measure of replacing conventional Si substrate has been taken so
that the mobility issue can be solved, and thus further enhance the drive capability
of MOS devices. This replacement begins with strained Si and SiGe, but limitations
in mobility and Vy, still exists for the high performance and low power consumption
requirements in the future, and that is when Ge becomes attractive because of its
superior intrinsic electron and hole mobility. The comparison between Si and Ge
listed in Table 1.4 illustrates the advantage of Ge in mobility over Si.

High-k materials including HfO, [118], HfTiON [119], and LaTiON [120], etc.
have been tried with the highest k value of over 30 obtained, however, the main
challenges of Ge substrate with high-k dielectrics are poor high-k/Ge interface,
Fermi-level pinning near valance band, and the easily formed unstable and water-
soluble native oxide, so the interface quality still need to be improved. Post
deposition treatment is always a good choice to decrease the defects and/or traps
in the dielectric bulk and at the interface, which has been confirmed by Ref. [119]
and [121] using wet N, annealing and fluorine incorporation respectively. Besides,
it has been found that pulsed laser annealing is also capable of positively influence
the quality of the high-k film and the interface (Fig. 1.29) [122]. With no need of
high temperature, the risk of crystallization is also eliminated.

An ultrathin passivation interfacial layer is another method that is being widely
investigated. It is important to choose materials with large bandgap and good
thermal stability as passivation layer. Up till now, varieties of high-k oxides/
oxynitrides have been applied with improvement obtained, including Y,03 [123],
TaON [124], LaTaON [125], and GeSnOy [118] etc.

1.5.3.2 1II-V Compound Semiconductors
According to Table 1.4, Ge has much higher carrier mobility than Si, but the lower
breakdown field is not suitable for high-voltage applications. Meanwhile, although

the smaller band gap is preferable for low-voltage operation devices, large leakage

Table 1.4 Comparison of properties between Si and Ge

Mobility Saturation | Melting
(em’V_'s™h Breakdown | Band velocity point
Property | Electron | Hole field (V/cm) |gap (eV) |k value (10" ecm/s) | (°C)
Si 1350 500 3 x 10° 1.12 11.9 1.0 1415
Ge 3900 1900 |10° 0.66 16.0 0.5 937
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Table 1.5 Basic parameters of major III-V compound semiconductors
Electron mobility Hole mobility Band gap Lattice
Materials (em?V~1s7h (em?V~1s7h €eV) constant (A)
Si 1400 450 1.12 543
GaAs 8500 400 1.42 5.65
InAs 4 x 10* 500 0.37 6.03
Gayg 53Ing 47As 1.2 x 10* 850 0.85 5.87
InSb 7.7 x 10* 300400 0.17 6.48
InP 5400 200 0.35 5.87

current is also caused which will increase power consumption. Therefore, III-V
compound semiconductors with even higher mobility have been proposed and paid
much attention recently (Table 1.5 [41]). Among of the III-V compounds, GaAs
with electron mobility around five times than Si and larger band gap and breakdown
field has received most attention and is the most representative member up till now.

When high-k oxides deposited on GaAs (e.g. HfO,), the Ga— and As— dangling
bonds cannot fully saturated, mid-gap states will be induced by the partially
saturated bonds and cause Fermi-level pinning, meanwhile, the dangling bonds at
the interface might form unstable Ga—O, As—O, As—As, Ga—Hf, and As—Hf inter-
facial bonds during fabrication process. Therefore, similar with Ge, GaAs also
suffers from the easily formed unstable native oxide and high density of interface
states (D;,), mobility degradation and instability of devices, which makes surface
passivation of the GaAs surface the most essential factor of optimizing the perfor-
mance of MOS devices.

It has been found by F. S. Aguirre-Tostado et al. that sulfur passivation by
treating GaAs surface with (NHy),S is capable of reducing interfacial space charges
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[126]. With reactions [1.19] and [1.20] happens, Ga,S; and As,S;3 are formed at the
GaAs surface, thus decreases the Ga- and As-related vacancies [127].

(NH4),S + H,0 — 2NH, "+ S* + H" + OH™ (1.19)

2GaAs + 12H" + 65*~ — GayS; + AsyS; + 6H, (1.20)

In addition, post-deposition fluorine treatment can also effectively passivate
oxygen vacancies in high-k oxides and suppress the formation of GaAs native
oxide [128]. Figure 1.30 compares the C-V characteristics of GaAs MOS capacitors
with post- and pre-deposition fluorine treatment, the Vfb and Dit of the post
treatment sample is decreased significantly, overweighs a slightly loss in k value
probably due to the high bonding energy between metal atom and incorporated F
atoms [128].

Similarly, passivation layer is another effective solution of the poor interface
quality. With the same criteria of passivation layer on Ge, Si, Ge, AION, TaON,
nitride Ga;05(Gd,03), and LaTaON have been studied with improved performance
obtained [129, 130].

1.5.3.3 Metal Oxide Thin Film Transistor (TFT)

Tremendous efforts have been made in the past few decades on thin film transistors
(TFTs) because of its application in flat-panel display. Since the invention of TFT in
1962 using polycrystalline CdS as semiconductor material, the active layer of TFT
has developed from a-Si: H, poly Si, SnO,, and ZnO to meet the requirement of the
increasing display panel size, consequently, in order to further increase the mobil-
ity, TFT with amorphous InGaZnO (a-IGZO) deposited at room temperature as
channel material has been reported by Nomura et al. in 2004 with a mobility of
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structured IGZO TFT

~8.3 cm® V™' s [131]. Up till now, due to its advantages including high carrier
mobility compatible with large panel size display, good stability, low-temperature
fabrication process and high transparency, a-IGZO is still placed in the dominant
position as the channel material of TFT.

Figure 1.31 shows the two typical structures of IGZO TFT. The top contact
bottom gate structure (Fig. 1.31a) has simpler fabricating process with only one
mask needed for the source/drain electrodes. As for the top gate in Fig. 1.31b, since
there is no exposure of the IGZO surface, the device degradation can be signifi-
cantly inhibited. In order to meet the future requirement of low power consumption,
the subthreshold slope (SS) (defined and calculated by Eq. (1.21) should be
decreased so that the operating voltage range can be narrowed down [132]. That
is why the replacement of SiO, with high-k materials with larger Cox as gate
dielectric layer in TFT happens.

Tinl
Vas K n0<1+q—N’> (1.21)

d(loglp) q Cox
Dielectrics such as Al,O5 [133], HfO, [134], Y,O3 [135] and BaSrTiO [136]
have been studied but the degradation in carrier mobility mentioned in Sect. 1.2.4 is
still inevitable due to the large polarization of high-k oxides. In Eq. (1.21), Nt is the
trap density at/near the dielectric/a-IGZO interface which directly influences
SS. Hence, methods of suppressing current leakage, formation of defect-related
traps and interfacial reaction are still being explored to optimize the performance of
IGZO TFT. It is well known that the quality of high-k bulk and interface varies with
different conditions of post deposition treatment, and so does the performance of
the TFT. Experimental results show that both post deposition annealing (PDA) and
fluorine treatment are capable of optimizing the properties of the devices. L. X.
Qian et al. have done investigations on different annealing time and ambient of
a-IGZO TFT with HfLaO as gate dielectric, with results listed in Tables 1.6 and and
1.7 [137, 138].
According to Ref. [137] (Table 1.6), negative oxide charges can be effectively
reduced by PDA in O,, with acceptor-like border and interface traps removed as
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Table 1.6 Electrical properties of a-IGZO TFTs with different annealing time in O,

35

Annealing time (min) 0 10 30 60 120

oo (cm?V~1s7h 43 15.7 35.2 25.7 24.9

SS (V/dec) 0.310 0.231 0.292 0.378 0.350

Vi (V) 43 35 2.8 1.7 1.7

AVy (V) 1.8 0.4 —1.1 -2.1 -1.7
Ton/Togt 75x10°  [25x10° |52x10° [69x10° |62 x 10°
Cox (WF/cm?) 0.266 0.264 0.267 0.294 0.286
Table 1.7 Electrical properties of a-IGZO TFTs with different annealing ambient

Annealing ambient w/o (0)3 N, NH;

oo (€m?V ™~ 1s7h 43 15.7 35.1 19.3

SS (V/dec) 0.310 0.231 0.206 0.315

Vi (V) 43 35 33 1.9

AV, (V) 1.8 0.4 —0.03 —0.82
Too/Logt 7.5 x 10° 2.5 x 10° 5.1 x 10° 6.1 x 10°
Cox (uF/cm?) 0.266 0.264 0.241 0.275

well, so the electrical properties of the device is improved significantly after PDA
with saturation mobility increases from 4.3 cm* V™' 57! to 352 cm?* V™! s,
However, the influence of annealing becomes negligible beyond 60 min and a
decrease of mobility is found. As for Table 1.7, N, shows the most effective effect
of oxygen vacancies are filling together with electron concentration decreasing in
a-IGZO, and thus obtains the best electrical performance.

In addition, multicomponent dielectric is always a good choice according to the
discussion in several previous sections. Doping SiO, into Ta,Os5 for leakage
reducing and oxygen vacancy passivating has been investigated in Ref. [139], as
shown in Fig. 1.32, improvement in drive current, Vy,, leakage current and SS can
be found in the TaSiO sample when compared with the Ta,Os one. Furthermore,
multicomponent high-k dielectric such as HfLaO [137], LaTaO [140], and NbLaO
[77] have all been investigated and proved to be promising candidates. For exam-
ple, the saturation mobility as high as 39.8 cm® V™' s™! has been realized in the
fluorinated a-IGZO/HfLaO TFT [141], as exhibited in Fig. 1.33.

1.5.3.4 Other Novel MOS Devices

In planar MOSFET, even though the replacement of SiO, with high-k materials can
solve the leakage issue, problems caused by short channel such as drain-induced
barrier lowering (DIBL) is no longer negligible with the relentless scaling. Hence
the idea of multi-gate field effect transistor (MGFET) is proposed to increase the
effective channel area. FinFET, one type of MGFET has now been considered as
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Fig. 1.33 Transfer (a) and output (b) characteristics of the a-IGZO/HfLaO TFTs with or without
CHF;/O, plasma treatment [141]

the most desirable alternative to planar MOSFET due to its simple structure and
fabrication process with the simplified structure shown in Fig. 1.34 [142] and has
already been adopted in 22 nm technology node by companies like Intel and TSMC.

Same as planar MOSFET, high-k gate dielectrics are also needed to suppress the
increasing of leakage current as the devices scale down. FinFET with HfO, as
dielectric and Mo as metal gate with and without nitrogen incorporation into Mo
has been investigated by D. Ha, et al. with SEM image and transfer characteristic
demonstrated in Fig. 1.35 [143]. Low leakage current density is achieved for EOT
of 1.72 nm, and impressive Vth and SS are obtained. When comparing the I-V curve
of the samples with and without nitrogen implant into Mo, a Vy, shift of 0.45 V is
found, indicating a work function modification of Mo, however, the reduction in
work function by nitrogen of Mo on HfO, is lower than that of Mo on SiO, which is
probably due to the Fermi-level pinning and nitrogen diffusion into HfO, [143],
which needs future works to improve.
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Fig. 1.35 (a) SEM image and (b) I-V characteristic of HfO, FinFET [143]

[II-V compound semiconductors have also been applied as the substrate of
FinFET. For example, GaAs FinFET with Al,O3 as gate dielectric is fabricated
and evaluated in Ref. [144]. As shown in Fig. 1.36b, relatively large I,/ ratio
(2.54 x 10°), small Vy, (—0.25V), low SS (80 mV/dec at Vps = 1V), and weak
DIBL are exhibited by the sample, implying great potential of GaAs or other III-V
compounds based FinFET in device scaling in the future.

Recently, nano-materials such as graphene, carbon nanotubes, nanowires based
MOSFETS have attracted much attention due to their even higher carrier mobility
[145, 146]. As a representative, nanowire based FET will be introduced in the
section. ZnO nanowire FET with Al,O; as dielectric with the device
structure shown in Fig. 1.37a is investigated [147]. Carrier mobility can reach
127 cm®V ~! s7! when the thickness of Al,Os3 is 21.2 nm and the value decreases
with the increase of Al,Oj thickness which is probably caused by the decrease of
transconductance. The relatively low Vy, and acceptable leakage current plus the
high carrier mobility indicates the potential of ZnO nanowire FET with high-k as
gate dielectric, which has been proved by D. Yeom, et al. through the application in
NOT and NAND logic circuits [148].
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Fig. 1.37 (a) Schematic diagram and (b) SEM image of ZnO nanowire FET [147]

Fig. 1.38 Cross sectional

SEM images of the twin Qe A ;. ) oA
nanowire FET [149] o . i Nanowire channel
[win nanowires 10nm

Bottom aclive

In addition, impressive electrical properties have been achieved from the idea of
gate-all-around twin silicon nanowire MOSFET with the gate length of 30 nm
[149]. According to the experimental results, an on/off ratio of 10° has been
achieved, SS and DIBL are 71 mV/dec and 13 mV/V, implying the good immunity
of nanowire to short channel effect. Besides, the testing on hot carrier lifetime and
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Fig. 1.39 (a) TEM image and (b) carrier mobility at different temperature of GaN/AIN/AlGaN
nanowire [151]

the gate induced drain leakage current indicates its better reliability than that of
planar MOSFET. Therefore the twin nanowire is a promising structure and might be
improved by applying materials with higher k value. Similarly, III-V compounds
can also be considered as the alternative of Si substrate in nanowire based
MOSFET, for example, the vertical wrap-gated InAs/high-k nanowire gate stack
exhibits low D;; near the semiconductor conduction band [150], which is necessary
for achieving high carrier mobility.

Furthermore, III-V compound nanowires are suitable for high electron mobil-
ity transistors (HEMT). Y. Li, et al. has achieved extremely high mobility using
GaN/AIN/AlGaN radial nanowire [151]. MOCVD is used as the method of the
formation of the radial structure and ZrO, plays the role of gate dielectric. In
this work, the carrier mobility, on/off ratio and SS are 21000 cm? V7! s~ 107,
and 68 mV/dec, respectively. These excellent results opens up new opportuni-
ties for nanoelectronics and provide new thoughts of the development of MOS
devices.

1.6 Summary

In order to keep the trend of device scaling down, high-k is proposed as the
alternative of SiO, due to the approaching of the physical limit of SiO,. Since a
reversely proportional relationship exists between k value and band gap of mate-
rials, apart from k value, many factors including band gap, band offset with the
substrate, thermal and kinetic stability, etc. have to be considered when choosing
the suitable one. Hf- and La-based high k oxides have attracted most attention
recently, especially HfO, has already been put in to commercial applications.
However, similar to other high k materials, high density of defects and traps in
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the bulk and at/near the high-k/substrate interface and low crystallizing temperature
are still the main challenges of HfO, and La,0Os;. Therefore, post deposition
treatments such as thermal annealing and fluorine incorporation are necessary to
reduce the defects and traps. Besides, the idea of applying multicomponent high-k
materials is an effective way to improve the quality of high-k bulk and the interface,
and thus optimize the device performance. Ge and III-V compound semiconductors
like GaAs, InGaAs, etc. are expected to replace Si in the future for further mobility
increasing. However, their easily formed unstable native oxide and high density of
interface states when contact with high-k oxides leading to Fermi-level pinning and
mobility degradation still needs more future works.
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Chapter 2

Challenge of High Performance Bandgap
Reference Design in Nanoscale CMOS
Technology

Zhang Jun-an, Li Guangjun, Zhang Rui-tao, Yang Yu-jun, Li Xi, Yan Bo,
Fu Dong-bing, and Luo Pu

2.1 Introduction

Reference circuit is a critical block in analog and mixed-signal circuits such as A/D
converters, D/A converters or SOCs, and it can be used as an accurate reference
signal or a steady bias source. Based on the development of semiconductor tech-
nology, IC’s power supply voltage is becoming lower, so as the analog signal
swing. But the resolution demands (by data converters for an example) may be
constant, and that means the demand for reference signal is actually more critical.
Most of the reference circuit concentrates on its DC performance than its AC
performance, so the fast speed benefit from technology improvement had done
nothing to a reference circuit design. On the contract, there are many negative
effects in bandgap reference design caused by technology shrinking, such as low
source voltage, large temperature coefficient of on-chip resistors, low EARLY
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voltage, large drain leakage current, etc., that will cause a great challenge to
achieve a high performance bandgap reference circuit among a large temperature
variation range.

This chapter is arranged as follows. Sect. 2.2 discusses five negative effects of
nanoscale CMOS technology in bandgap reference design. Sect. 2.3 presents a
bandgap reference circuit implementation with measurement results and compari-
son. Sect. 2.5, conclusion.

2.2 Negative Effects of Nanoscale CMOS Technology
in Bandgap Reference Design

2.2.1 Voltage Headroom Decrease

As CMOS technology is shrinking, MOSfet’s power supply voltage is becoming
lower, as shown in Fig. 2.1, there are not enough voltage headroom to achieve the
conventional bandgap reference circuit.

To deal with this problem, many low voltage reference circuit schemes are
presented in recent published literatures [1-18]. Figure 2.2 shows the first kind of
low voltage bandgap reference circuit named current-mode bandgap reference [1]
which utilizes a reference current (temperature independent) and a resistor to
generate a reference voltage. The value of reference current and resistor can be
choosed freely, so the reference voltage output will not be limited by the source

Vrer = Iptar X R3 + Vig2
~ 1.2V

When VDD < 1.2V

MP1 j t MP2

Do not work!

Fig. 2.1 Conventional bandgap circuit
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Fig. 2.3 Fractional low voltage bandgap circuit

voltage headroom. The lowest source voltage of the example circuit is about
VgE + Vpsat Which can be lower than 1 V (regardless OTA’s limitation).

Figure 2.3 shows the second kind of low voltage bandgap reference circuit
named fractional bandgap reference [2] which utilizes a fraction of the P-N junction
voltage (Vgg) added a PTAT voltage (which is achieved by a PTAT current with a
resistor) to generate the reference voltage. The value of reference voltage is a
fraction of the conventional bandgap voltage (=~1.2 V), and it also can be lower
than 1 V. The lowest source voltage of the example circuit [13] is the minimum of
VRer + Vpsat With Vgg + Vpsar (regardless OTA’s limitation).

Figure 2.4 shows the third kind of low voltage bandgap reference circuit which
principle likes the output common voltage extraction in full differential operational
amplifier [3]. The common voltage of a PTAT voltage and a CTAT voltage will
achieve a temperature independent reference voltage if the opposite temperature
coefficient can be counteracted perfectly. The value of reference voltage is 1/2 of
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conventional bandgap voltage (0.6 V). The lowest source voltage of the example
circuit is the minimum of Vprat + VpsaTt With Vgg + Vpsat (regardless OTA’s
limitation).

MOSfet can be used to replace the bipolar transistor, because the threshold
voltage (Vry) has the similar temperature characters as P-N junction voltage
(VgEg). As shown in Fig. 2.5, MD1 and MD2 have been used to replace the bipolar
transistor [4]. Due to the threshold voltage of MOSfet is lower than P-N junction
voltage, the source voltage of reference circuit can be even lower. Figure 2.5 shows
that the current-mode bandgap reference circuit’s lowest source voltage is
Vru + Vpsar (regardless OTA’s limitation). Comparing with P-N junction voltage,
the threshold voltage of MOSfet is considered as unsteady, the variation range of
process corner is large, so some extra process step must be utilized to adjust it.
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There are many other architectures and methods of low voltage reference
circuit. Some method utilizes special devices (DTMOS [5]) and some others
utilize special technology (CMOS/SOI [6], hybrid with Germanium diode [7]).
In now days, the level of source voltage decreasing is slowed down, but the trend
is inevitable. In the future, some new architectures and methods would be
innovated continuously.

2.2.2 Large Temperature Coefficient of On-Chip Resistors

As shown in Fig. 2.1, the conventional bandgap reference circuit output a reference
voltage directly, and it can be expressed as Eq. (2.1):

R
Vier = R—3 VN + Vi (2.1)
1

When R; and R; use the same type of resistor, temperature coefficient of the
resistors will not affect the reference voltage (Vggg).

But the current-mode bandgap reference circuit can only get a reference voltage
through a reference current, and it can be expressed as Eq. (2.2) and Eq. (2.3):

VrlnN Vg
Irer = 2.2
REF R, + Ros (22)
Vrer = Irer X R3 (2.3)

Temperature coefficient of the Ry will directly affect the reference voltage
(Vrep). Current-mode bandgap reference circuit cannot obtain a high performance
reference voltage if the used resistor’s temperature coefficient are a large. On the
other hand, when utilize the conventional bandgap circuit’s reference voltage and a
resistor to generate a reference current, this reference current will be affected by the
resistor’s temperature coefficient too.

Unfortunately, all the on-chip resistors provided by nanoscale CMOS technol-
ogy have a large temperature coefficient. As shown in Fig. 2.6, the temperature
sweep simulation results of all the resistors which is provided by a 65 nm CMOS
technology.

As shown in Fig. 2.7, the smallest temperature coefficient on-chip resistor the
variation value is AR = 2.4% among —55 to 125°C which temperature coefficient
is about 133 ppm/°C. This temperature coefficient is still large compared with a
one-order bandgap reference.

As shown in Fig. 2.2, if R set as only the smallest temperature coefficient
on-chip resistor cannot achieve a high performance reference voltage.
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Fig. 2.7 The smallest temperature coefficient on-chip resistor

2.2.3 EARLY Voltage Decreasing

As CMOS technology is shrinking, MOSfet’s EARLY voltage is becoming lower.
As shown in Figs. 2.8 and 2.9, a PMOSfet V-I curve comparison between a 65 nm
CMOS technology and a 0.18um CMOS technology. It can be seen from Fig. 2.8
that in 65 nm CMOS technology EARLY voltage of PMOSfet with the smallest
gate length decreased sharply. It can be seen from Fig. 2.9 that in different
technology, even choosing the same transistor size the EARLY voltage is still
different.

The negative effect of EARLY voltage decreasing to a reference design is when
using one stage current mirror [8, 9, 14] (even cascode current mirror [13] which
needs more voltage headroom) with small gate length can not achieve an accurate
current replication. Even large gate length MOSfet (which means large Vry
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consumed more voltage headroom) also cannot achieve an accurate current repli-
cation here. The reason is that the drain voltage of MP2 is a P-N junction voltage
(VgEg), and the drain voltage of MP3 is expected to be a temperature independent
voltage (Vgrgg). Due to Vgg has a large variation range among —55°C to 125°C, and
with the EARLY voltage decreasing, one stage current mirror can not copy a
current accurately.

Figure 2.10 shows the method which utilizes one stage current mirror to generate
Vger. Figure 2.11 shows the MP2 and MP3’s drain current simulation result of
Fig. 2.10, the length of MP2 and MP3 is set as 2 pm. The replication error is very
large.

As shown in Fig. 2.12, a cascode current mirror is used for Irgr current
replication. MP4’s gate length is set as 2 pm too. The bias voltage of MP4 is
generated from a diode-connected PMOSfet with a drain current which has a certain
ratio with Ip,.

Figure 2.13 shows the MP2 and MP3’s drain current simulation result of
Fig. 2.12. The replication error is smaller than one stage current mirror, but for a
high performance reference circuit this accuracy level is not enough.
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2.2.4 Effect to DC Operation Points at Extreme Low
Temperature

Due to P-N junction voltage (Vgg) and MOSfet’s threshold voltage (V) all have a
negative temperature coefficient, and a low voltage design is difficult to maintain
suitable DC operation points in an extremely low temperature condition. Most of
the published literatures’ temperature range were not lower than —40°C [1-18].
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As mentioned in Sect. 2.2.1, all the lowest source voltages of the example
reference circuits are regardless OTA’s limitation. As Fig. 2.14 shows the lowest
source voltage must fulfil Eq. (2.4):

Vee + Vru_pa + Vpsar_pa + Vpsar_ps < Vpp (2.4)

This is much larger than Vgg + Vpsat (the lowest source voltage limitation
regardless of OTA), and the MOSfets of OTA may exceed the saturation zone in the
extreme low temperature, so the OTA must be carefully designed.
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2.2.5 Large Drain Leakage Current

Another negative effect in nanometer CMOS technology is the MOSfet’s large
drain leakage current. As shown in Fig. 2.15, a PMOSfet with a size as 300 nm/
60 nm, and the source voltage (Vs) is 1.2 V, and the drain voltage (Vp) is 0 V. The
gate voltage is swept from 0 V to 1.2 V in different temperature. The simulation
result shows that in the temperature of 125°C Vggis 0.2 V, the drain leakage current

is beyond 100 nA.

The negative effect of large drain leakage current to a reference design is mainly
the startup circuit. That because the start-up circuit will be designed as lower power
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as possible, the operation current of the startup circuit may be less than 1 uA. If the
leakage current and start-up circuit’s operation current are at the same quantity
level, the start-up circuit may lose its effectiveness, or the output state may be
flipped and then affect the reference circuit’s normal operation.

2.2.6 Summary

The discussed five effects caused by nanoscale CMOS technology are negative for a
high performance reference circuit design. The only positive fact caused by CMOS
technology shrinking is the higher manufacture accuarcy which means a smaller
element mismatch. But the quantitative level of mismatch improvement cannot
compensate all the negative effects. Furthermore, when a large temperature varia-
tion range is demanded, many reference circuits may not maintain a suitable DC
operating point at every process corner and source voltage corner, and that will
affect the circuit’s yield. So, to design a high performance bandgap reference circuit
among a large temperature variation range in nanoscale CMOS technology is very
difficult.

2.3 A Bandgap Reference Circuit in 65 nm CMOS

2.3.1 Circuit Implementation

Figure 2.16 shows the schematic of the presented bandgap reference circuit. The
bandgap core uses a classic low voltage bandgap architecture as literature [8], but
due to low threshold voltage NMOSfets are utilized, the OTAs can use a simple
architecture.

The principle of bandgap core can be explained as follows: MP1 and MP2 have
the same W/L, and the emitter area ratio of PNP1 to PNP2 is set as 64. The node
voltage V=V, because of the feedback of OTA1, and lets R; = R4, R3 = Rgs, so it
can get V3~V ,4~Vgg,. The drain current of MP1(and MP2) can be expressed as
Eq. (2.5):

_Vi-Vs Vs Ve —Vag Vi Vrln64 Vg

I + = =
b R, R +R; R, Ri+R; R, R +R;

(2.5)

When a suitable value of R|—Rj5 is set, Ip can be temperature independent. It
needs to be considered that the temperature coefficient of R;—R5 can not affect Ip’s
temperature characteristic if all the resistors are the same type (this will be verified
by the measured results in Sect. 2.3.2).
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Fig. 2.16 The presented bandgap reference architecture

The input common-mode voltage of OTA1 (V,/V,) is a fraction of Vgg,, and
this voltage must fulfil the Eq. (2.6):

Vi > Vpsar n3 + Vru v + Vpsar v
R3
Ry +R;

Veex = Vpsar n3 + Viune + Vpsar vz (2.6)

Vpsart 18 the drain-source saturation voltage of MOSfet. V/V, may not fulfil
Eq. (2.6) under extreme low temperature, to avoid this case, the input MOSfets of
OTA1 (MN1/MN2) are choosed as low threshold voltage NMOSfet. PMOSfet
input OTA also can be used here as literature [8], but in order to fulfil the output
voltage range of OTA, two stage architecture must be utilized.

As Fig. 2.16 shown, the presented reference voltage output and current output
circuit utilize the familiar architecture. OTA2 and OTA3 are used to obtain an
accurate current replication and high DC PSRR performance. The principle is that
let the drain voltage of MP3 and MP4 tracking MP1 and MP2 (and the gate voltage
and source voltage of MP1-MP4 are equal) can obtain an accurate current replica-
tion under every PVT corner even the gate length of MP1-MP4 are small.
Figure 2.17 shows the simulation result of current replication performance, com-
pared with Fig. 2.11 and Fig. 2.13, the accuracy of the current replication are
significantly improved.
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The input common-mode voltage of OTA2 and OTA3 (V4/Ve) is Vgga, s0 MN4
and MNS can utilize normal threshold voltage NMOSfet. The output voltage of
OTA2&OTA3 must fulfil the Eq. (2.7) and Eq. (2.8):

Ve > Vru_ps + Vpsar_ps + Vpsar _nsg

Vee2 2 Vru_ps + Vpsar_ps + Vpsar_ns (2.7)
Ve — Vrer 2> Vpsar_ps
Vrer < VBEs — Vpsar_ps (2.8)

Vrer is the reference output voltage. In order to fulfil the output voltage range of
OTA2&O0OTA3, the MP5 and MP6 are choosed as low threshold voltage PMOSfet.

As shown in Fig. 2.18, R¢ and R; have the opposite temperature coefficient
which is connected in series with suitable ratio to obtain a one-order temperature
independent characteristic. This series connection’s temperature curve also achieve
a curvature which is inverse to the curvature of reference current’s, as shown in
Fig. 2.19, so a weak curvature compensation effect for voltage reference can be
achieved.

Comparing with normal MOSfets, low threshold voltage MOSfets have many
disadvantages such as large parameter variation range under PVT corners, large
leakage current under very high temperature, inaccurate simulation model, etc. In
this design, low threshold voltage MOSfets are only used in the feedback loop, and
all those negative effects will be alleviated by OTA’s close-loop feedback.

2.3.2 Measurement Results and Comparison

Figure 2.20 shows the photograph of this bandgap reference, and the chip is
implemented in a 65nm CMOS technology, occupies 0.75 mm x 0. 67 mm
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including bond pads, bonded in a D16S package. Test equipments include: Agilent
34401 multimeter, Agilent N6705B DC power analyzer, and THERMOJET-ES
environmental testing apparatus.

Figure 2.21a shows the measured result of samplerl’s current output, and
Fig. 2.21b shows samplerl’s voltage output. When measuring the current output,
an external resistor is utilized to set the drain voltage of MP6 as similar as MP5’s,
and the external resistor is put outside of the temperature control box, so the
temperature coefficient of external resistor will not affect the temperature perfor-
mance of current output, and the measurement of current output’s PSRR (DC) also
utilizes this external resistor.

Figure 2.22a shows the measured DC power supply rejection performance of
samplers1’ current output under three temperature, and Fig. 2.22b shows the
measured DC power supply rejection performance of samplersl’ voltage output
under three temperature.
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Fig. 2.21 Measured result of the bandgap reference (samplerl). (a) Temperature performance of
current output. (b) Temperature performance of voltage output

Figure 2.23 shows the measured temperature performance of all 5 samplers’
current output as Vpp = 1.2 V.

As shown in Fig. 2.23, all the five samplers’ current output temperature curve is
symmetric, that because the reference current output’s temperature characteristic is
based on a ratio of one type of resistor as mentioned in Sect. 2.3.1.

Figure 2.24 shows the measured temperature performance of all 5 samplers’
voltage output as Vpp = 1.2 V.

As shown in Fig. 2.24, most of the five samplers’ voltage output temperature
curve is asymmetric, that because the reference voltage output’s temperature
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Fig. 2.22 Measured result of the bandgap reference (samplerl). (a) PSSR performance of current
output. (b) PSSR performance of voltage output

characteristic is based on two types of resistors in series connection. Good matching
for two types of resistors at only one time is nearly impossible, so a layout
optimization can be done in the next manufacture to trimming this temperature
curve, and an improved temperature performance can be expected.

Figure 2.25 shows the measured DC power supply rejection performance of all
5 samplers’ current output as T = 30°C.

Figure 2.26 shows the measured DC power supply rejection performance of all
5 samplers’ voltage output as T = 30°C.

Figure 2.27 shows the measured temperature performance of all 5 samplers’
current and voltage output as Vpp = 1 V.

From Fig. 2.27, when Vpp = 1 V, all the 5 samplers start becoming invalid as the
temperature below 0°C, and this is due to the unsuitable DC operation points.

Table 2.1 summarizes the measured performance.
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Fig. 2.23 Measured temperature performance of current output (5 samplers, VDD = 1.2 V). (a)
Temperature performance of current output. (b) Temperature coefficient of current output

Table 2.1 compares the measured performance of the bandgap reference with
several other published literatures’.

As shown in Table 2.2, because of low threshold voltage MOSfets are utilized,
temperature range of the presented bandgap reference is larger than all of the listed
literatures, and it can operate at the extreme low temperature (—55°C). The
temperature coefficient of voltage output is better than current output, that due to
the weak curvature compensation effect. DC PSRR also achieves a high perfor-
mance as OTAs are utilized.

2.3.3 Summary

The presented bandgap reference circuit is implemented in 65 nm CMOS. To
achieve a larger temperature range and a higher DC power supply rejection rate
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Fig. 2.24 Measured Temperature performance of voltage output (5 samplers, VDD = 1.2 V).
(a) Temperature performance of voltage output. (b) Temperature coefficient of voltage output

(PSRR), low threshold voltage MOSfet and operational transconductance ampli-
fiers have been utilized. A weak curvature compensation effect for reference
voltage’s generation have been achieved by two opposite temperature coefficient
resistors in series connection. The measured results shows that the bandgap refer-
ence achieves all the design targets.

2.4 Conclusion

In this chapter, the authors discuss five negative effects caused by CMOS technol-
ogy shrinking in high performance bandgap reference design, and then present a
bandgap reference circuit implemented in a 65 nm CMOS with both voltage output
and current output. The design includes three tips: first, low threshold voltage
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Fig. 2.25 Measured DC power supply rejection performance of current output (5 samplers,
T = 30°C). (a) Reference current output versus VDD. (b) DC PSRR performance of current
output

MOSfet have been utilized to obtain a suitable DC operating point at low temper-
ature. Second, OTA has been used to obtain an accurate current copy and a high DC
PSRR. Third, two opposite temperature coefficient resistors have been connected in
series to obtain a one-order temperature independent resistor which also achieves a
weak curvature compensation effect for reference voltage’s generation. The mea-
sured results shows that the reference circuit achieves a higher DC PSRR and a
smaller temperature coefficient, and the temperature range is —55°C to 125°C
which is larger than most of the published literatures.
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Fig. 2.27 Measured temperature performance of current and voltage output (5 samplers,
VDD = 1 V). (a) Temperature performance of current output. (b) Temperature performance of
voltage output
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Table 2.1 Measured performance of the bandgap reference

Specification

Measured results

Technology 65 nm CMOS (with low Vy, MOSfet)
Power supply 1.1-1.3 V (1.2 V typical)
Temperature range —55-125°C

VREF 468 mV

IREF 70 uA

temperature coefficient

As shown in Table 2.2

PSRR (DC)

As shown in Table 2.2

Power consumption (1.2 V)

0.488 mW

Die area (including bond pads)

0.75 mm x 0.67 mm

Table 2.2 Comparison

PSRR (DC)
Vob TR TC Process (room temp)
Literature v °C ppm/°C nm dB
[8] 0.98-1.5 0-100 15 600 ~41*
[9] 1.2 —25-125 119 1200 40@5KHz
[10] 1.4 —20-100 12.4 350 68@100Hz
[11] 1 -40t0125 |11 500 ~86.4°
[12] 0.75 —20to 85 40 130 ~86°
[13] 1.2 —40 to 120 4.5¢ 180 ~61*
[14] 0.9 0-100 19.5 250 ~30*
[15] 1.2/0.7 —40 to 120 147/114 180 ~33/43"
[16] 0.9 0-120 ~1030¢ 32 N/A
[17] 1.1 —40t0 125 |6 28 ~81.5"
This work (VRgr) 1.1-1.3 —55t0 125 30 (better) 65 60 (better)
45 (average) 56 (average)
This work (Irgr) 1.1-1.3 —55to 125 52 (better) 65 70 (better)

61 (average)

58 (average)

“Calculated from the literatures’ temperature curve vs supply voltage
®Calculated from the literatures’ line regulation, measurement result

“After trimming

dCalculated from the literatures’ temperature curve
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Chapter 3
Metal Oxide Semiconductor Thin-Film

Transistors: Device Physics and Compact
Modeling

Wanling Deng, Jielin Fang, Xixiong Wei, and Fei Yu

3.1 Introduction

Metal oxide semiconductor thin-film transistor (TFT) is poised to become a prom-
inent next-generation technology due to its high carrier mobility, good uniformity,
low process temperature, compatibility with rollable transparent electronic appli-
cations, etc. Similar to the conventional MOSFET devices, metal oxide semicon-
ductor TFTs can be also used in IC designs, for example, AMOLED line driver [1],
logical circuits [2], digital to analog converters (DAC) [3], RFID or near field
communication (NFC) applications [4], etc. Today, some new applications with
metal oxide semiconductor TFTs are emerging in electronic device markets, such
as intelligent wearable and textile integrated systems [5, 6], epidermal devices
[7, 8], artificial skins [9, 10], medical implants [11, 12], active matrix liquid-
crystal displays [13], and so on. These new applications are revolutionizing our
daily life.

Table 3.1 [14] gives a comparison of some important device properties for the
established TFTs, including amorphous silicon (a-Si), polycrystalline silicon
(poly-Si), organic semiconductors, and metal oxide semiconductors. As shown in
Table 3.1, metal oxide semiconductors TFTs present some outstanding advantages
on device properties like smaller manufacturing cost, larger scalability, lower
process complexity and temperature, and so on [14].

The first metal oxide semiconductor TFT was manufactured by Klasens and
Koelmans [15]. However, metal oxide semiconductor TFTs did not catch much
attention at that time. Until 1996, working as active layers in ferroelectric memory
TFTs [16], metal oxide semiconductors could reclaim new lives. The antimony-
doped SnO, (SnO,:Sb) TFTs were presented by Prins et al. [16], and at the same
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Table 3.1 Comparison between metal-oxide-based TFTs and other counterparts [14]

a-Si Poly-Si Organic Metal-oxide-based
Property TFTs TFTs TFTs TFTs
Mobility (cm?/Vs) 0.5-1 50-100 0.1-10 10-100
Integration of circuits Poor Good Poor Good
Uniformity Good Poor Good Good
Process temperature (°C) 150-300 350-500 RT-250 RT-350
Manufacturing cost Low High Low Low

time, the first indium oxide (In,Os) non-volatile memory TFT with ferroelectric
gate dielectric was shown by Seager et al. [17]. Up to 2003, the increasing
attention was paid to ZnO TFTs [18, 19], owing to the carrier mobility around
1-40 cm?/(Vs). The high carrier mobility guarantees metal oxide TFTs can be
employed into display backplanes. Furthermore, Nomura et al. [20] proposed an
indium gallium zinc oxide (InGaZnO) TFT in 2003, which demonstrated the
electron mobility of 80 cm?/(Vs). Recently, some other multicomponent metal
oxide semiconductor TFTs are prepared and excellent electrical performance is
obtained, such as zinc tin oxide (ZTO) TFTs [21], indium zinc oxide (IZO) TFTs
[22], and so on.

Comparing to the traditional MOSFET technology, metal oxide semiconductor
TFTs are mainly fabricated on insulating substrates (e.g. glass and plastic).
Of course, the use of the different techniques would lead to different device
properties. For example, Fig. 3.1 presents the schematic cross-section image
of the bottom-gate-structure a-IZO TFT on the polyimide (PI) substrate
[23]. A molybdenum (Mo) gate electrode was fabricated on the buffer layer with
200 nm thickness. Then, a stacked buffer layer of SiN,/SiO, as gate insulator film
was deposited by PECVD at 310°C with a total thickness of 300 nm. The indium
zinc oxide (In:Zn = 1:1, IZO) active layer was grown onto gate dielectric by RF
magnetron sputtering, having a thickness of 30 nm. After that, a SiO, layer
(200 nm) as etch stop layer (ESL) was deposited and patterned by dry-etch. The
Mo/Al/Mo stacked layers as the source/drain (S/D) electrodes were then sputtered
at room temperature and patterned by photolithography and wet etching. Finally,
the device was post-annealed at 350 °C for 30 min in O, atmosphere [23]. The PI
substrate was attached to glass carrier during the entire TFT fabrication first and
de-bonded mechanically from the carrier only when the device formation was
completed.

As we mentioned above, the flexible metal oxide semiconductor TFTs have been
considered to be one of the most important devices because of their widely applica-
tions in flexible AMOLED displays, e-Papers, soft electronic skins, wearable and
textile integrated devices, etc. The field of flexible electronics has attracted much
attention and presents us with a new mode of daily life. For the future flexible
electronic applications, more and more complex digital and analog circuits with
high TFT count will be included. Given the fact that the flexible TFT technology is
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Fig. 3.1 Cross-sectional view of the bottom gate a-IZO TFT on PI substrate [23]

going main-stream, compact model adequate for circuit simulators is urgently needed
to reduce the design cycle for developing industry standard devices and future use of
these devices in integrated circuits. Compact model is the interface between circuit
designers and device technology. A good compact model is required to accurately
capture all real-device effects and maintain high computational efficiency. In this
chapter, a compact model of metal oxide semiconductor TFTs is introduced, which is
a proper balance between accuracy and complexity. Surface-potential-based
approach is employed here, which is single-piece and give an accurate and continu-
ous description of surface potential and current in all operation regions.

3.2 Fundamentals of Metal Oxide-Based TFTs

Figure 3.2 presents the schematic structure of an n-type and un-doped metal oxide
semiconductor TFT, in which x is the perpendicular direction across the channel
thickness and y is the parallel direction along the channel. The device in Fig. 3.2 has
an inverted staggered bottom gate. In the amorphous oxide semiconductor thin film,
the trap states are classified as acceptor-like and donor-like states. Since the device
is assumed as n-type, donor-like trap densities can be neglected. As depicted in
Fig. 3.3, the energy-dependent acceptor-like density of states (DOS) over the
bandgap, i.e., g(E), is modeled by the superposition of deep and tail states in
exponential forms as [24]
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Silicon substrate

Fig. 3.2 Schematic diagram of an amorphous oxide semiconductor TFT
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Fig. 3.3 Distribution of DOS in logarithmic scale. The donor-like and acceptor-like states are
each approximated by the sum of two exponential

E—E E—E
g(E) = Npo exp< E C) + N exp( B C) (3.1
d

t

where E is the energy, Npo and Ny are the deep- and tail-state densities at the
conduction band edge E respectively, k is the Boltzmann constant, £, (E;= kT ) is
the characteristic energy for the deep trap states, and E, (E;=kT;) is the
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characteristic energy for the tail trap states. Note that, although the energy distri-
bution of deep state density may be either an exponential or a Gaussian form
depending on the fabrication processes, an exponential distribution is adopted
here [25].

The density of ionized acceptor traps (71,,,) is given as a function potential by

E('
Ntrap = J g(E)f(E)dE = Ndeep + Nail (32)
Ey

where Ey is the valence-band maximum, ng.., and n,; are the ionized trap
components for deep- and tail-states respectively. The function f(E) is the
occupation probability:

1

(3.3)

herein, Eyis the Fermi level and T is the temperature.
Following the gradual channel approximation, the one-dimensional Poisson’s
equation for potential ¢(x) along the vertical direction is described by [25]

o0 gi (fiee + Naeep + Miai) (3.4)

where ¢ is the electron charge, ¢,,, is amorphous oxide semiconductor permittivity,
and 7y, is the density of free charges. In Eq. (3.4), the impacts of free carriers,
localized deep states and tail states are taken into account.

We also assume that the potential ¢(0) and electric field at the back interface
(x = 0) are zero. Using Gauss’ law at the front interface (x = ¢,,,), we get

0
gaosa_f = *gaost = COX(¢G - ¢3) (35)

X=laos

where g =V,s — Vp,, Cox is the gate capacitance per unit area, V., is the gate-to-
source voltage, Vp, is the flat-band voltage, F is the vertical electric field at the
surface, and ¢, is the surface potential with ¢, = ¢(z,,,). In Eq. (3.5), the implicit
relation between ¢ and V,, can be obtained. However, due to the inclusion of
complicated functions in Eq. (3.4), a closed form of Eq. (3.5) with the analytical
approach is impossible. To accurately calculate the surface potential, a numerical
computation should be used.

Furthermore, to evaluate the drain current of metal oxide semiconductor TFTs, it
is possible to extend the Pao-Sah model [26] developed for crystalline silicon
MOSFETs. It uses a single expression accounting for both the drift and diffusion
components, and is valid in the all operating regions when the gate voltages are
larger than flat-band voltage. Hence, following such an approach, the drain current
(I4) 1s expressed as:
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14 J‘f’w Qi(p,Ven)

s = u— d 3.6
ds = M o dpdVe ¢ (3.6)

where yu is the effective mobility, V., is the channel potential (viz., quasi-Fermi
potential), W is the channel width, L is the channel length, Q; is the mobile charge
density per unit area depending on the surface potential, and V is the drain-to-
source voltage. In addition, ¢, and ¢, are the surface potentials at source and drain
ends, respectively, which are the solutions of Eq. (3.5) with V., =0 and V, =V,
respectively.

3.3 A Review of Core Compact Models for Metal
Oxide-Based TFTs

As the demands for novel applications of metal oxide-based TFTs aforementioned
increase rapidly, physics-based compact models are highly desirable to well predict
the performance in TFT-based circuits. The models must be physically based and
offer better computational efficiency than numerical alternatives. In this section, we
mainly provide a unified review of the recent compact models developed for metal
oxide semiconductor TFTs. Several research groups have important contributions
in this field, and their models will be introduced with a brief description of the
physical mechanisms.

In recent years, considerable attention has been drawn to the semiconductor
device models based on surface potential formulations. However, the surface
potential (¢,) is given by an implicit relation on the terminal voltages, which can
only be solved iteratively and leads to long computation times. Consequently,
regional approach with the approximate analytical solution of a local domain is
an efficient way and is widely adopted in modeling algorithm to derive the
asymptotic solution of ¢; or drain current. For example, A. Tsormpatzoglou et al.
[27] regarded DOS in the active layer as a Gaussian distribution of tail states near
the energy band, and neglected the free charge density (n5..). Note that the subgap
DOS used in [27] differs from Eq. (3.1). By reformulating Gaussian function as two
exponential formulas, the derivation of the surface potential can be distinguished in
two separated regions.

Unlike the work described above [27], M. Ghittorelli et al. [28] and L. Colalongo
[29] took ng.,. into account and assumed DOS as a tail exponential function, but
Ngeep Was negligible. Accounting for both multiple-trapping-and-release and per-
colation mechanisms, the drain current expression in terms of surface potential in
different regions was developed. Moreover, the work of [29] relies on a new
symmetric quadrature method called SQM, similar to the modulation of symmetric
linearization method (SLM) used in PSP model [30]. The basic of SQM is the
calculation of the induced mobile charge Q;, which is approximated by a second
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order polynomial in terms of surface potential at the center, i.e., ¢, = (¢ + Ps)/2.
Finally, based on the charge sheet model, the drain current can be easily obtained.

To explicitly solve the surface potential, an efficient method or known as the
effective carrier density approach was proposed in [24, 31]. Nevertheless, the
effective carrier density in the bottom of conduction band (see Ngpr in [31]) is
fixed to a constant in all the operation regions and independent to the gate voltage,
which is less physical for metal oxide-based TFTs. The work in [24] indicates that
Ngrr is equal to tail state density limited to the subthreshold region and free carrier
density limited to the above-threshold region. Using this regional approach and the
effective density method, the drain current can be deduced and unified through
Matthiessen’s rule.

From the above summary, it clearly indicates that a better model should consider
both localized trapped charge and free carrier in all the operation regions without
iterative evaluation. Our group [32] has utilized the effective charge density
approach to develop an analytical drain current model based on the explicit
calculation of surface potential with both deep and tail states. The proposed
model is inherently single-piece, and gives an accurate and continuous description
of surface potential and current in all operation regions including the transition.
Detailed derivation will be given in the next section.

Up to now, our discussion assumes that the metal oxide film is not degenerated,
and thus, the Fermi-Dirac statistic can be simplified by Boltzmann. However,
considering a reduced DOS of metal oxide materials, when the gate bias is above
turn-on voltage, it can push the Fermi level above the band edge. In this case,
Boltzmann approximation is not valid, and the charge concentration should be
described in a new form. In literature, only a few TFT models focus on the
degenerate conduction. M. Ghittorelli et al. [33—35] at the first time proposed an
analytical model that described the charge concentration in the degenerate regime
using Lambert W function.

Due to drain current is most sensitive to the small errors of surface potential, an
accurate and physic-based surface potential model is pressing needed. In the
following sections, an efficient solution to the surface potential is derived. Mean-
while, the drain current model is built based on the regional approach, which
combines the short calculation time of regional models and the high accuracy of
implicit single-piece models.

3.4 Drain Current Model for Metal Oxide Based TFTs

3.4.1 Models Accounting for the Non-degenerate
Conduction

In this section, an explicit and closed-form scheme for the surface potential
calculation is developed by including both exponential deep and tail states. As we
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mentioned above, Eq. (3.5) cannot be solved in a closed form. High accuracy of
surface potential ¢b; can only be acquired by using an iterative numerical approach
such as the Newton-Raphson algorithm. For compact TFT models, this poses a
severe computational burden. As a consequence, the effective charge density
approach is adopted here. The resulting DC and surface potential models give
accurate descriptions with single-piece formulas, and provide a better platform to
develop the advanced surface-potential-based model for the circuit simulation.

3.4.1.1 Derivation of Surface Potential

In amorphous oxide semiconductor (AOS) thin film, spherical overlapping orbitals
form the conduction band bottom, leading to a smaller DOS which is 2 or 3 orders
of magnitude lower than that of amorphous covalent semiconductors. Hence, Fermi
level pinning effect is eliminating [36] and the Fermi level is entering into the
conduction band. Carriers percolate among potential barriers in delocalized states.
Therefore, the transport mechanism is governed by the percolation conduction. This
also explains the high field-effect mobility values measured in metal oxide semi-
conductor TFTs [28]. Nonetheless, whenever we need a simple and efficient model,
the conduction band structure can be described by non-degenerate free-electron-
like band and the film is assumed to be non-degenerated [37]. In this case,
the calculation of the free carrier density and ionized acceptor traps in Eq. (3.4),
can be simplified by Boltzmann statistics. As a consequence, the integral in
Eq. (3.2) reads [32]

kT Ef +qp—qV,, — Ec qp
Hail = 10 G0 (2kT JE,) eXp( E, TXP\ (3.7)

kT Ef +q¢p —qV ., — Ec q¢
ver = Npo— =N @) (38
Mdecp = D0 G (kT Ey) exP( E, pexpl ) (38)

where Np = Npog; (;‘g 75, ©XP (Ef_Egd_qV“h ) when kT<E, and

Er—Ec—qV,
Ny = Nro— (fzg/E[)exp( = et "’) when kT < E,.

The free-electron density is given by

Nfree = NOEXP (Vi) (39)

T

where Vr is the thermal voltage kT/q, no :Ncexp<%>, and N¢ is

the effective density of states in the conduction band edge E.. Substituting
Egs. (3.7)—(3.9) into (3.4), we acquire the 1-D Poisson’s equation as [32].
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2
S8 ) () ()] o

Integrating Poisson’s equation once with the boundary condition (0¢/
0X)¢— =0, yields

0 2
- o) o)

et forn () ~1]}

(3.11)

where F is the vertical electric field, ¢ 4., = Ealq and ¢ = E//q.

In Eq. (3.11), the calculation of electric field at the surface (Fy) can be obtained.
The electric field in the accumulation layer can be expressed as a function of the
electrostatic potential ¢ and of the channel voltage V. Consequently, combining
Egs. (3.5) and (3.11), we get an implicit expression of the surface potential ¢, but it
cannot be solved analytically due to the inclusion of three exponential functions in
Eq. (3.11). To solve this problem, the effective charge density (7. approach [31]
can be used. Therefore, Eq. (3.11) is rewritten as

5 2
Fo(d)= \j g—qneﬁqs(,ﬁ |:exp (fﬁ») _ 1} ~ m exp (25#) = Aexp (Jﬁ)

(3.12)
where ¢e_ﬁ": (VT+ ¢deep + ¢tail)/3s A= A/ 2qngﬁ'¢¢ff/€aos’ and
F2
ne (¢) = ) (3.13)

g ()

Note that, n (¢5) [cm_3 ] is the basis of this model, which is a function of ¢, and
includes both the localized trapped charges and the free electrons. Applying
Eq. (3.12), the implicit surface potential function (3.5) can be re-expressed as [32]

ll()S ¢S .

Normalized form of Eq. (3.14) in terms of variables x; = ¢/ and x = p/osr
is
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XG — Xy = ATFTCXP (%) (315)

\V 2‘{€aosn<‘ff/¢eﬁ’

Cox
The normalized form of surface potential can be explicitly solved by using the
Lambert W function to yield the following expression:

Xg = XG — 2W0 |:ATlexp (XG)] (316)

where Arpr =

2 2

where W, is the principal branch of the Lambert W function [38], a special function
which is defined as the solution to the equation Wy(z) x exp [Wo(z)] =z. The
Lambert W function has already proved its usefulness in numerous physics appli-
cations. It can be found already incorporated into some circuit simulation tools [39].

In fact, the calculation of n,4 within A7y involves an initial estimate of surface
potential denoted by ¢,9. The following algorithm is used to obtain ¢y. As done in
[25], a distinction can be made between two different regions, namely the strong
accumulation region and the subthreshold region. In the subthreshold region, the
deep trapped charge density dominates Eq. (3.4). Using the regional approach,
Eq. (3.5) can be approximated as

CZOX(¢G - ¢ ) 2qgaosND¢dupeXp <¢f ) (317)
eep

When the device enters into the strong accumulation region, all traps are
occupied and the density of free charges dominates Eq. (3.4). We can get an
asymptotical expression of the surface potential as

Cox(bg — ,)° = 2qeaosnoV rexp (%) (3.18)

Equations (3.17) and (3.18) can be also solved by using Lambert W function to
get the explicit expression of surface potential restricted to different operational
regions

¢xd = ¢G 2¢d€€pWO [ ) eXp (21}(Z£1)>‘| (319)
¢sn = ¢G 2VT"VO [—GXP <2¢‘ST>:| (320)

herein, ¢, and ¢y, are the asymptotical results of surface potential in the subthreshold
and strong accumulation regions, respectively. Moreover, Ag, = \/2q¢€40s0/V1/Cox
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and Aoy = 1/2q€40sNp/ Beep /Cox. Although Eq. (3.19) is indeed an exact solution of

(3.17), having neglected the “—1” term as shown in Eq. (3.11) introduces a small error
around the flat-band voltage. This simplification was made before attempting the
solution of (3.19). If an accurate solution is really needed, it is easy to include the
“—1” term straightforwardly by modifying the solution to

(W)]. (3.21)

2 2

¢sd = ¢G + A0d¢deep - 2¢deepW0 {ﬂexp

Moreover, an additional term of A, is added to ¢ in Eq. (3.21) to guarantee the
surface potential becomes zero when ¢ approaches zero, which describes the ¢
behavior more accurately in the vicinity of V..

In the transition region between the above two operation regions, both terms of
free charge and trap states contribute to the band bending, and neither approximate
results work as they should be. Here, we use the following smoothing function to
link the different operation regions. The unified initial valuation of surface potential
used in n.4is obtained as

1 1
o™ | TJexplmg) + 1explm))

b0 = (3.22)

Here, m (for typical devices, m > 10) is a weight parameter to connect the
different asymptotical results.

It should be noted that when taking both deep and tail states into account, the
calculation of surface potential in Eq. (3.16) is explicit and accurate as a function of
gate voltage, but some millivolt errors are given due to the introduction of ¢y.
However, for a surface-potential-based compact model, high accuracy is desirable.
To further improve the accuracy in circuit simulation, the solution given by
Eq. (3.16) is refined by adding a correction term w, which is deduced from
Egs. (3.5) and (3.11), i.e.,

K
w=— (3.23)

"
Yw
L+ Ko

2 2 "
where Ko = —yy /Yy, yw = (b6 — Xstbor)” — {g”o”;F(xsqﬁeﬁ)} , ¥y and yy, are the
first- and second- order derivatives of yy, respectively.

Finally, the complete expression for the surface potential becomes
¢s :xs¢eff +a)(yW7y{)V7y;V)' (324)

Note that, the solution of surface potential from Eq. (3.24) is explicit and
accurate over a wide range of the gate voltage.
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To verify the proposed model, we have compared the surface potential solution
of (3.24) with numerical simulation of Egs. (3.5) and (3.11) in Figs. 3.4 and 3.5,
where the parameters used are listed in Table 3.2. As shown in Fig. 3.4, for the
smaller density of states (datal), the rise of curve becomes steeper, and the device
enters the accumulation mode in a lower gate voltage, i.e., threshold voltage
becomes smaller, which is consistent with the surface potential characteristics of
a-Si:H TFTs and poly-Si TFTs. In Fig. 3.4, the absolute error of the proposed
solution is also demonstrated, with the maximum absolute error about 5 x 107>
V. The nyzin Appr computed by Eqgs. (3.11) and (3.13) takes all the charge densities
into account. Therefore, an excellent accuracy is achieved for the subthreshold,
above threshold and transition regions over a wide range of the gate voltage.

In addition, Fig. 3.5 shows the surface potential characteristics with different V.,
that corresponds to different points in the channel, and good agreements with
numerical results can be also found.
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Table 3.2 Parameters used in simulation of Figs. 3.4 and 3.5

81

Symbols (Units) Values Symbols (Units) Values
Vi, (V) 0 Nc (em™) 4%10'®
tox (nm) 100 E;—Ec (eV) —0.5
Paeep (V) 0.17 Prait (V) 0.03

Npo (cm™3 eVl

1 x 10'° (datal)

Npo (em™3 eVl

1 x 10" (datal)

2 x 10" (data2)

Npo (em™3 eVl

3 x 10'® (data2)

Npo (cm™ eV
Ver (V) 0 (Fig. 3.4)

To show the relative dominance of each contribution in the electric field,
according to Eq. (3.11), F is simplified as

R =Fp)=1

ans

(Nfree +Ntail +Ndeep) (325)

where N = noVr [exp (“f—j) - 1} s+ Naeep = No®geepy {exp ( q&fi,,,) - 1] , and
Nrit = N1t {exp (%) — 1}. Figure 3.6 shows Ny, Neep, and Ny, versus ¢y,

where parameters are the same as in Fig. 3.4 except for Npg =2 x 10'7ecm eV,
Npo=5x10"%m>eV™"' and ¢,y When ¢, is large enough (i.e., the
above-threshold region), Ny related to the free charge density is the dominant
term in the electric field of Eq. (3.25). When the surface potential is small (i.e., the
subthreshold region), in Fig. 3.6 (a), Ny, associated with deep states has a
significant effect on (3.25), but in Fig. 3.6b where ¢,,; increases to 0.08 V,
Ngeep+Niqir is dominant which relates to both deep and tail states. Furthermore,
in the transition region, all the components of charges, including free charge and
trapped charge in deep and tail states, contribute to the electric field. As a result, the
dominant terms in the transcendental Eq. (3.5) are different depending on the trap
state parameters and the applied voltage. The application of the effective charge
density approach (3.14) is much more accurate to reflect the device physics,
because it takes the free charge, the ionized deep and tail states into account in
all the operation regions.

3.4.1.2 Derivation of Drain Current Model

As we mentioned above, Eq. (3.6) can be used to derive the I-V model. Therefore,
combining the effective charge density approach, the induced free charge in the
channel, i.e., Q; in Eq. (3.6), can be expressed as
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Substituting Eq. (3.14) into (3.26), yields

zft’ff _ Yoy
— znoqd)?ﬁch ¢G — ¢s ! _ ¢G B ¢s i 3.27
0/#) = sotbal (Yo _Be) T g(fo b 3.27
(b —Vr) \ A
_ 2n0q¢ VT _ pfigo
where a = A2y V1) and ff = Az

Meanwhile, differentiating Eq. (3.14) with respect to ¢, and using Eq. (3.14),
we get
dv e -1 2¢eﬁ‘
d¢s (¢G - ¢s)

(3.28)

Substituting Eqs. (3.27) and (3.28) into Eq. (3.6), the following expression for
drain current can be obtained [32]

w
lao =~ 5 P(da) = P(4,)] (3:29)
2, 20 ..V 2,
P(p) = 2;; (b — b 2(;;%; (b= )7 (3.30)

The drain current formula of Eq. (3.29) is a single-piece surface-potential-based
model available for all the operation regions above the flat-band voltage. Moreover,
if the influence of non-saturation characteristics [40] in saturation region is consid-
ered, from Eq. (3.29), the total drain current becomes

Lis = (14 Ve ) Laso (3.31)

where A is a fitting parameter accounting for non-saturation, and V. is the
effective drain-to-source voltage, viz., Vo= Vs — (P — bss).

The drain current model of Eq. (3.31) was directly verified by comparing with
the measured output and transfer characteristics of an a-IGZO TFT [41] with
W/L = 200 pm/2 pm in Fig. 3.7. Parameters used in simulation are listed in
Table 3.3. It should be noted that, similar to a-Si:H TFTs, the behavior of the
effective mobility of a-IGZO TFTs can be reproduced by a power function as
shown in Table 3.3. In Fig. 3.7, it can be clearly observed that this model gives
an accurate description for all values of gate voltage above Vg, even in the
transition between subthreshold and above-threshold regions, where both the drift
and the diffusion components contribute equally to the total drain current. This
accurate description is attributed to fully taking the single-piece ¢ vs .V, relation
into account.
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Fig. 3.7 Comparison of (a) transfer characteristics and (b) output characteristics, between model

Symbols (units) Values Symbols (units) Values
Vg (V) -3 Ne (em™) 4%10'
fox (nm) 100 E;—Ec (eV) —0.5
baeep (V) 02 Brair (V) 0.1
u(em*V='s™h 10.84%° A (VThH 0.02
Npo (em™ eV [4x107 | Ny (em™2evh) |[2x10"
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3.4.2 Models Accounting for the Degenerate Conduction

As the previous section described, with different chemical bonding, Fermi level
pinning effect is eliminated in metal oxide TFTs. The s orbitals spherical symmetry
leads to a reduced density of band tail states. The Fermi level enters into the
conduction band with the rise of gate bias, enabling electrons to transport in the
nonlocalized band states. Considering such intrinsic material nature, in this section,
Fermi statistic is applied instead of Boltzmann approximation, because the latter is
only valid for non-degenerate assumption. Meanwhile, for simplification, in con-
trast to the two exponential in Eq. (3.1), DOS distribution in the upper half of the

gap is assumed as a single exponential function, i.e., g(E) = Ny exp (E;ch)

For n-type semiconductors, the relationship between the free-electron density
and the Fermi level is given by

Er —Ec Nfree —3/2/free
A Y L 3.32
i " ( Ne > NG (3:32)

Taking degeneration into account, Eq. (3.32) can be straightforwardly rewritten
by means of W, function and reads

Npree (B, Ven) = Ne2V2Wy [Ro exp (%)} (3.33)

where Ry = exp (%T_V“) /2'3. Analogously, using Fermi-Dirac statistic, the

integral of (3.2), that is the trapped states density, can be expressed in a similar
form as [35]

# /T,
Nirap (P, Ven) = NTOHt{Z\/EWO {Ro exp (V_T):| } (3.34)

kT
sin (zT/T,)"

of charge concentration valid for both non-degeneration and degeneration. Model
verification is shown in Fig. 3.8. Parameters used in simulation are summarized in
Table 3.4. As we can see, the total value n,y, viz., the sum of n4.. and 7,4, is in
good agreement with the overall concentration which is numerically solved by
Fermi-Dirac integral equation. Moreover, the concentration based on Boltzmann
statistic is also plotted. Compared with the numerical results, we can clearly find
that although Boltzmann approximation is valid in non-degeneration, it overesti-
mates n,; when Eyexceeds Ec.

With the relationship Wy(x) exp(Wo(x)) = x, one can easily obtain dWy(x)/
dx = Wyx)/(x(1+Wy(x))), so the surface electric field can be derived from
integrating Eqgs. (3.33) and (3.34) with respect to ¢, i.e.,

where 0, = Equations (3.33) and (3.34) give a physics-based description
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¢s 2
q
F(¢s7 Vch) = J (nfree + nrrap)d¢
0 €aos (335)

= \JGWy(1+0.5Wy) + GW,T/T 1+ TW, /(T +T))]

herein Gy =2"NcqVi/eaoss G = 2"/ N 1,E, /€405, and Wy = W [Ro exp (3'—)] :

3.4.2.1 Derivation of Surface Potential

Combining Eq. (3.35) with Eq. (3.5), the implicit equation between ¢, with applied
voltage can be obtained. Similar to the case in non-degeneration, it cannot be
analytically solved because there is a square root of a polynomial about Wi.
Thus, further investigation is required. Fig. 3.8 points out the relative dominant
terms in the Eq. (3.35). As shown in Fig. 3.8, n,.,, is much larger ng,., when ¢; is
small, viz. a low gate voltage is applied and the transistor operates in the subthresh-
old region. On the contrary, when ¢ is large enough, corresponding to the strong
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accumulation region, 7., has a higher concentration than 7,.,. As a result, the
regional approach can be adopted to derive the asymptotic solution of ¢;.

In the subthreshold region, most of charge resides in the localized states, 7,4,
becomes dominant and ng.,. can be negligible. Furthermore, with moderate band
bending, E; < Ec — 2kT is satisfied in this region, and thus W (x) is approximated as
x. Equation (3.34) can be simplified as Eq. (3.7), viz.,

d) - Vch + ¢
Ntrap (d’v Vc/z) = NT()et exXp (Tqﬂ) (336)
where ¢ = (Ef— Ec)/q.
After the same calculation procedure mentioned above, one obtains
A ¢G / ¢ ra, + AT
d)sub = ¢G + AT¢rrap - 2¢rmpW() |:2T exXp <t2[7 (337)

where Ar = \/quaostH, exp [(—Vl,.h + ¢f0)/¢mp] /¢trap/C0X and ¢y, = kT /q.

In the accumulation region, the Fermi level moves toward the conduction band
bottom E. with the increasing gate biases. Therefore, the degenerate conduction
occurs and Boltzmann approximation becomes invalid. Neglecting n,, in
Eq. (3.35) and combing with Eq. (3.5), yields

b — by = can\| G W (1 + 0.5W,) /Cox. (3.38)

Equation (3.38) can be treated as a quadratic equation with variable W . With a
simple mathematical procedure, one obtains

Wi =14 /142 (g6 — 6,/ (2,G7). (3.39)

Unfortunately, Eq. (3.39) is still too complicated to derive an analytical evalu-
ation of ¢,. In order to make some reasonable approximations, we introduce
Ap=¢;—¢,, where ¢y, is the surface potential only accounting for free carriers
in non-degeneration with the expression as Eq. (3.20). In this way, Eq. (3.39) can be
rearranged as

W¢ =-1+ \/1 + 2Céx(¢G - ¢sn - A(ﬁ)z/(g(%ost)
~ 2CéX<¢G B ¢sn)2 4C?)X(¢G - ¢m)A¢
~oh \/1 Tae &2 Gy (3.40)

aos

aos

82 Gf 3me + 2Céx(¢G - ¢sn>2.

aos

=1+ \/1 + ZC%X(q&G B 4)511)2\/1 _ 4CéX<¢G B ¢m)A¢
&
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Here we neglect A¢® term since it is a relative small value. Further, only
considering the first order term, the second square root in Eq. (3.40) can be
simplified by using the Taylor expansion. Hence, one obtains

_ 2CéX(¢G B ¢m)A¢
82 GfA(z)

aos

W¢%—1+A0 1

(3.41)

where Ag = \/1 +2C2 (g — ¢m)2/(82 Gy). Following the discussions above,

aos

the difference between ¢, and ¢,, can be expressed as

A — €20:GrA0 (Ao — 1 = Wy)
2CéX (¢G - ¢sn + b)

(3.42)

Noteworthy, ¢y, is roughly equal to ¢ when V.,>¢, and thus, a tiny constant

b is introduced here to avoid the denominator term being zero. This approximation
is reasonable because in the accumulation region, ¢g—@,,»b is satisfied and b will
not actually modify the final results. In other words, the existence of b is only used
to refine the algorithm. Finally, one can obtain the normalized surface potential as
82 GfAO(AQ — 1) 82 GfA()W¢

aos aos
Xs

L 2ViChy (g — ey + D) 2ViChy(dg — by, + b)

+ Xon (3.43)

where x; = ¢,/V7, and x,,, = ¢,,,/Vr. We apply the exponential function and multiply
Ry to both sides of Eq. (3.43), i.e.,

€2 _GrAgW.
Ry exp(xs) = Ry exp(B)/exp aos AWy
2VrCox (g — ¢ + b)

(3.44)

_ e, GrAo(A—1) .. B )
here B —m—l-xm. Substituting Ry exp(x,) = W, exp(W,) into

Eq. (3.44), results in

2 GrA
W¢ exp W¢ 1+ > EaosIFA0
2VTC0X(¢G - d)sn + b)

= Ry exp(B). (3.45)

Thanks to this, Eq. (3.45) can be explicitly solved by using the Lambert
W function to yield the following expression
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_ fwGA
Wo [Ro exp(B) (1 + ZVTCZOX(¢G7¢xn+b)):|

a 1 + ‘c’%osc;fAO/[szcéX(qSG - ¢sn + b)] .

W, (3.46)

Hence we get the explicit expression of W, and according to (3.46), the surface
potential restricted to accumulation operation region is obtained as

bap = Vr(InWy + Wy, — InRy). (3.47)

To get a single piece formula, we use the following smoothing function to link
the different operation regions

_ ¢sub + ¢ab
1+ mlexp[(vgs — Vk)/mz] 1+ mleXp[(Vk - Vgs)/mZ]

&b (3.48)

where m; and m, are weight parameters to connect the different asymptotical
results. V; is gate voltage corresponding to the condition of equal values of ng.,
and 1,4, Viz.

Vi = Vg + Ve(InWy + Wy — InRy)

(3.49)
+ %\/GfWVk(] + OSWVk) —+ GtWVkT/T’[l + TWVk/<T + Tt)]
[0:¢

where

Wy = (Ne/N7oB)™7 /2v/2. (3.50)

To further improve the accuracy of obtained surface potential, corrections based
on the same exact formulation by using Schroder series [42] can be applied as
mentioned in Sect. 3.4.1.

To verify the proposed model, comparison between surface potential given by
Eq. (3.48) with numerical simulation is shown in Fig. 3.9, where model parameters
are the same as in Fig. 3.8. An excellent agreement is achieved with the maximum
absolute error about 2x 10~ V in the transition region. Moreover, the model with
non-degenerate assumption shows a discrepancy due to overestimation of charge
concentrations by using Boltzmann statistics when E;> E¢ — 2kT. This discrepancy
becomes larger with the rise of gate voltage. Thus, it indicates a more accurate and
physics-based surface potential model aforementioned is important, because the
current model is most sensitive to the small errors of surface potential.
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Fig. 3.9 Comparison of surface potential solution (solid lines) with numerical results (square) and
the results based on non-degenerate assumption (circle). Absolute error (dashed lines) is also shown

3.4.2.2 Derivation of Drain Current Model

By applying Gauss’ law to the insulator-semiconductor interface and only account-
ing for n,,,,, Eq. (3.5) becomes

b — s = gaas\/GthST/T’ [1 + TW¢/(T + T{)] /Cox. (3.51)

Hence, the induced free charge inside the active layer of metal oxide TFTs in the
subthreshold region, i.e., Q;, is given by

dg. (3.52)

0 — qJ(/zx Nc2\/§W¢
0 \JGWT [+ TW, /(T +T))]

The integral in Eq. (3.52) cannot be solved explicitly. When multiplying the

denominator by [1 +TW,/(T + T,)] =T/ ’ only a very small error may be induced
because W, is always a relatively small value compared to 1 in the subthreshold
region. As a result, Eq. (3.52) can be rewritten as

0, ~ 224N rx Wy dgp
CVG o wytPn L Twy ()T 3.53)
4V/2NCE,T ar

= G -T) {W¢T/T' [1+TWy/(T +T))] }
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Differentiating Eq. (3.51) with respect to ¢, one obtains

Vo |, 2E,C0X\/W¢T/T' [14+TWy/(T+T,)]

3.54
d¢S q \/G;saas Wzl) T/ ( )

Substituting Egs. (3.53) and (3.54) into Eq. (3.6), the drain current can be
expressed as

WNCE,T J¢.\-L T =,
Lap = AV2p——m— 't X Wyt [+ TW, /(T + T,
0= WU G, - T) { #7147 + 7]}
T,/T
2E,Cox {Wy" /" [1 + TW, /(T + T,)]} /d
- VGreaosW /T O
q t€aosVV ¢
(3.55)

The second term in the integral is too complicated to evaluate the currents.
Therefore, multiplying the second term by [1+TW,/(T + Tt)]72 and with some
simple mathematical procedures, the drain current expression in the subthreshold
region eventually reads

WNCE,Chy!

[sub ~ 4\/2“—
LG el (y — 1)

[fsub(qbsL) _fxuh(qsss)] (356)

where y = 2T,/T and

2
fsub(qss) = _% (¢G - ¢x)y + 24Et (d)G - ¢x)772' (357>

7y —2)

In the accumulation region, the free charge contributes to the band bending near
the surface. Neglecting 7., term and using Eq. (3.38), the induced free charge Q; is
written as

0; = Coxltb — ) = €aon/GrWis (1 + 0.5Wy). (3.58)

Differentiating Eq. (3.58) with respect to ¢;, yields

dv., . 2VrCoxy/ W¢ [1 + 0.5W¢]

4
d¢s iV Gf Eaos Wd)

Analogously, substituting Egs. (3.58) and (3.59) into Eq. (3.6), the drain current
in the accumulation region can be expressed as

(3.59)
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WNVrC
lace = 4V T () = Fp ) (3.60)
fE€aos
where
_ (ViCox ! > 42v 3.61
) = (g~ 3) (e = 0+ 2V, 361)

As discussed above, the drain current in the subthreshold and accumulation
regions is derived by different expressions. The limiting regions as well as the
transition can be connected by using a smoothing function, or known as
Matthiessen’s model [43]. Thus, /4, reads

Los = [(1/Laee)™ + (/1) "™ . (3.62)

According to [34], m; is a weight parameter which involves the influence of the
temperature on the transition between non-degeneration and degeneration. Also it
[34] indicates that ms is a function of both T and T,, which offers the relation as

m3 = 0.36y(y — 2). (3.63)

The current model is applied to an a-IZO TFT with inverted staggered bottom
gate structure, of which W/L = 20 pm/2 pm, Cpx = 41 nF/cm2 and other extracted
model parameters are summarized in the Table 3.4. As demonstrated in Figs. 3.10
and 3.11, the new model results are well consistent with the measured transfer and

5x1 Oﬁ et ]0_5
6
4x10° 10
= 1107
-5 - 3 .
5{.3“0 O measured data e : 3,
s —— model result /.’ J107° 3

2x107

A
1x10”

Fig. 3.10 Comparison of transfer characteristics between model results (curves) and measured
data (markers) with V4 = 0.1 V both in logarithmic and linear scales
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Fig. 3.11 Comparison of output characteristics between model results (curves) and measured data
(markers) with different V

output characteristics over a wide range of voltage bias. Meanwhile, in Fig. 3.10, it
shows the contributions of /,;, and /,.. on the total drain current. One can see that,
1,.. overestimates in the subthreshold region, because in the limit of low voltage
bias, Eresides within the tail states and carrier transport is controlled by multiple
trap and release events (MTR), viz. trap-limited conduction. Hence, in the sub-
threshold region, neglecting #,,,, will bring overestimation of free electrons con-
centration, and thus a larger /.. is observed. Analogous analysis is applied to the
strong accumulation region. At higher gate voltages, Er moves toward the E¢, and
percolation becomes dominant. As a result, /,, is far above measured data since it
only accounts for 7,.,, and ignores the contribution of ny.,.

3.5 The Effective Mobility Models

The determination of the mobility is one of the primary issues for the development of
metal oxide TFTs models. Similar to a-Si:H TFTs, in many publications [44], the
characteristics of the effective mobility of metal oxide semiconductor TFTs can be
reproduced by a power function. As we mentioned before, in the current-voltage
compact models of Egs. (3.29) and (3.62), the effective mobility () obeys a power
law. However, in contrast to a-Si:H TFTs, it is believed that the charge transport
mechanisms are governed by the multiple-trapping-and-release (MTR) in the sub-
threshold regime and the percolation in the strong accumulation regime [28]. In both
cases, the field effect mobility follows a power law [45].
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In the strong accumulation region, i.e., when E; exceeds the conduction band
edge, the carrier density is degenerate and has a week temperature dependence. In
this case, u is controlled by percolation. The basic concept of percolation conduc-
tion [46] is that there are different electron conduction paths that have different
carrier transport properties. Adler and co-workers assume that there is a potential
fluctuation above the mobility edge in amorphous semiconductor [46]. Therefore,
the potential barrier height leads to different conductance for electron transferring
over the potential barrier. As a result, the carriers in metal oxide semiconductor
move by finding the path of least resistance among the potential barriers [45]. Per-
colation conduction can be modeled by the potential barrier height and the coher-
ence ratio of average barrier width (Wp)-to-distance (Dg) [46—48].

When percolation conduction dominates, the gate voltage dependent y can be
approximated by [45]

2 Dg-Wg
S [_ By éq&;] Fre-v'CF) e

where yo is the band mobility and B* = [Céx/ (22'75€aosNCkT)]2[(DB_WB)/DB]-

As shown in Fig. 3.12, ¢p( is the average potential barrier height and op is the
variance. In addition, Vp is a percolation threshold voltage when Ey=E ¢, which can
be calculated by Poisson’s equation and Gauss’ law [45], i.e.,

Fig. 3.12 Energy-band
diagram of a metal oxide
semiconductor TFT [45]

. Emc

Ec

Ey

interface
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Er

- 1/2
(zqemj e (E7) + ey (Ef)]dEf>
Vp ~

3.65
Cox (3.65)

On the other hand, when the Fermi level resides within the localized tail states,
i.e., in the subthreshold region, carrier transport is dominated by MTR, which is
also called trap-limited conduction (TLC). In this case, the effective mobility can be
analytically expressed as [45]

_pexp| Lm0, (908 | ey, 20 (3.66)
H = Ho €Xp KT o kT)2 gs TH .
where A” is a constant related to the density of tail states and Vyy is the threshold
voltage.

Comparing with Eqgs. (3.64) and (3.66), we can find that these two equations are
very similar, which can be unified by a power law [45], i.e.,

p=K(Vg—Vrp) (3.67)

where K and 5 are the fitting parameters. It is interesting that, from Eq. (3.67), in
both trap-limited conduction dominance and percolation dominance, the gate
voltage dependent mobility follows a power law but with different coefficients.

In Fig. 3.13, Eq. (3.67) is used to fit the measured mobility data from the IZO
TFTs with W/L = 50 pm/30 pm, the detailed fabrication of which is described in
Sect. 3.1. When TLC is dominant, the values of K and 7, are extracted as 26.5 and
0.2, respectively. Meanwhile, at a higher V,, where percolation is dominant, the
parameters of K, and 7, are extracted as 46.4 and 0.02, respectively. Furthermore,
the transition point can be computed by using Eq. (3.65), viz., Vp = 7.5 V. In other
words, when V,; is decreased below Vp, TLC prevails. In contrast, when Vg
increases to Vp, the percolation becomes important.

3.6 Conclusions

This chapter introduces the physics-based compact models for metal oxide semi-
conductor TFTs. The fundamental issues related to the surface potential and current
characteristics are discussed and modeled. These compact models can be generally
categorized into either non-degeneration or degeneration based, but some similar-
ities exist among these models developed from the two different assumptions. The
accuracy of the models has been verified from the surface potential and drain
current comparisons with numerical simulations and experimental results. This
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Fig. 3.13 Drain-source current (I) and the effective mobility (u) as a function of Vg

chapter may provide a useful knowledge to readers who are engaged or interested in
the device physics, modeling, and circuit design of the increasingly important metal
oxide semiconductor TFTs.
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Chapter 4
AC Random Telegraph Noise (AC RTN)
in Nanoscale MOS Devices

Jibin Zou, Shaofeng Guo, Ru Huang, and Runsheng Wang

4.1 Introduction

As the aggressive device scaling down, the random telegraph noise (RTN) has
become as one of the most critical issues that hamper the development of future
VLSI technology [1-5]. This kind of low-frequency noise, which is attributed to
capture and emission of channel carriers by individual oxide traps in gate dielec-
trics, has been thoroughly studied with respects to: its origination [6—8], “atomistic”
device simulation [9], physical model [10, 11], process dependence [12], device
structural dependence [13, 14], etc.

Meanwhile, due to the long-tail distribution of RTN amplitude, RTN has already
been considered as an important source of dynamic variations in VLSI design
[15]. Many recent works indicate RTN can seriously impact on the performance
of VLSI circuits, such as SRAM, DRAM, PPL, etc. [16—18]. Still, except for several
experimental demonstrations on very particular circuits such as ring oscillators
[19, 20], most studies that try to combine the RTN interference to digital circuits
only rely on understandings from measuring RTN under conventional constant
voltage condition (DC RTN), which is also within a very limited device gate
voltage (VG) range. However, it should be pointed out that devices in digital
circuits actually operate under AC signals, which generally cover full-swing
range from GND to VDD. Thus, how RTN practically impacts on digital circuits
should be further studied based on full-swing AC experimental investigations. Yet,
this still remains a challenging question, due to the absence of a powerful technique
which enables RTN characterization under such AC operations.

In this chapter, a novel statistical technique for characterizing RTN under GND—
VDD full-swing digital operations, named as AC RTN [21-23], is presented and
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discussed with AC experimental details. This newly proposed AC RTN technique
demonstrates its unique capability of detecting trap behaviors and characterizing
RTN statistics exceeding the narrow RTN “detectable” window by the conventional
DC RTN method, which covers full-swing operation range from GND to VDD.
That is, even device is under VG voltage at GND or VDD, where RTN or trap
behavior is very challenging to be directly detected by DC RTN method, this AC
RTN technique can precisely monitor these possibly concealed trap behaviors. As a
result, this technique reveals the nature of RTN or trap behaviors under full-swing
AC operations, and further enables the study of practical RTN impact on digital
circuits working with actual AC signals.

This chapter is organized as follows. Firstly, how RTN can practically influence
digital circuit and why RTN should be studied with respect to AC signals are
discussed in Sect. 4.2. In order to characterize RTN under AC signals, the novel
AC RTN technique is presented in Sect. 4.3. Then, AC RTN statistics is discussed
based on experimental observations in Sect. 4.4. In Sect. 4.5, the implication of
practical RTN impact is discussed in terms of trap activity and trap occupancy rate,
as two important FoMs in the AC RTN study. Next, AC RTN technique is further
applied to different types of MOS devices including scaled multi-gate Fin-FETs
and planar MOSFETs in Sect. 4.6. The universal AC RTN characteristics are found
regardless of the different device structures and gate dielectric materials, revealing
the universal RTN or trap behaviors under AC full-swing operations covering
GND-VDD. Further in Sect. 4.7, the universality of AC RTN characteristics is
explained by a simple model based on interpretations of transient trap occupancy
rate under practical AC signals. Moreover, the details on the device-structure and
gate-dielectric-material dependence of AC RTN characteristics are compared in
Sect. 4.8. The discussions implement two important FoMs for circuit predictions:
trap occupancy rate (TOR) and trap activity (ACT). Simulations with experimental
results reveal the sensitivity of circuit performance to TOR and ACT. With the new
understanding of the physical trap properties under AC signals, practical RTN
impact on circuit functionality and signal-integrity are revisited by simulations of
SRAM and RO in Sect. 4.9. Finally is the summary and other open issues.

4.2 Potential Impacts of RTN on Digital Circuits

Before discussing the RTN characterization method under AC full-swing opera-
tions, how RTN can practically impact on digital circuits and how the impact links
to AC signals are discussed in the following two aspects.

4.2.1 On the Circuit Functionality

The most intuitive way that RTN influence on the digital circuit is disturbing the
logic criteria of ‘0’ and ‘1’ by its large noise amplitude. In some cases towards the



4 AC Random Telegraph Noise (AC RTN) in Nanoscale MOS Devices 101

distribution tail, the RTN amplitude can beyond 50%, which leads to the difficulty
in identifying logic levels of ‘0’ and ‘1°, and consequently results in the interference
on circuit functionality. It should be noticed that under AC conditions of devices
frequently switched between statuses of ‘ON’ and ‘OFF’ in digital circuits, RTN
interference during device ‘ON’ is inevitably modulated by the status of device
‘OFF’. 1t is because: firstly, the electrical field changes in the gate dielectrics can
have non-ignorable influence on the RTN or trap behaviors; and secondly, even the
device is biased at “OFF” status, it does not mean that the RTN or trap behaviors are
“OFF”. Thus, both “ON” and “OFF” statuses of the device that enabled by AC
signals affect the practical RTN impact on the functionality aspect of circuit
performance.

4.2.2 On the Circuit Signal Integrity

In majority cases, the RTN amplitude may not be large enough to cause direct logic
failure, and it would have little direct interference on the circuit functionality. When
device works at high gate voltage, i.e., in strong inversion region, RTN amplitude
can become quite small, compared to weak inversion or sub-threshold operating
regions [12]. However, it does not mean this RTN has no impact on circuit
performance at all. For instance, as a typical digital circuit of inverter buffer
shown in Fig. 4.1, although no direct or distinguishable RTN interference is
observed when device (NMOS) is biased at high voltage of VDD, RTN does affect
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Fig. 4.1 Although no distinguishable RTN behavior can be detected at high voltage of VDD and
low voltage of GND, RTN does affect digital circuit operation by reducing the transient current
during the switches of device operating conditions
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the transient or fan-out current during logic status changing. The lowered transient
current between circuit stages due to the presence of RTN results in enlarged RC
delay in circuitry. Also, as a result of the discontinuous current lowering by traps
capture and emissions, large jitter noise on signal rises and falls is expected. These
effects will further induce failures such as transient bit error in digital circuits.

In short, except for influence on circuit functional failure, RTN leads to influence
on the signal integrity aspect of circuit performance as well. Generally speaking,
this signal integrity interference is mainly modulated by both voltages of GND and
VDD in the AC signals, at which condition most of the trapping and detrapping
events are controlled.

Thus, for either two possible aspects of RTN impact on digital circuits, the full-
swing AC signal covering GND and VDD voltages play an important role in the
study of practical RTN impact on circuit performance.

4.3 AC RTN as a Characterization Technique

The traditional RTN measurement under constant voltage condition, named as DC
RTN here, is inadequate to characterize RTN or trap behaviors under AC signals.
Firstly, the DC bias cannot imitate the switching electrical field under AC opera-
tions, which definitely affects actual trap behaviors as previously discussed. Sec-
ondly, DC RTN method shows inefficiency in following conditions:

1. RTN or trap behaviors are not detectable at zero (GND) gate voltage by DC RTN
method, because drain current already approaches 0 A. This statement holds true
for almost all the possible RTNs and traps under discussion.

2. For most cases, RTN or trap behaviors cannot be clearly extracted at higher gate
voltage such as VDD, because the RTN amplitude drops to be either smaller than
the minimum resolution of current monitoring techniques, or to be small enough
buried in other noise at device “ON” status, making it hard to distinguish
captures and emissions of RTN behaviors. Also, there is another possibility
that at high bias voltage the capture and emission time constants of the RTN
differs significantly in time scale, challenging both time resolution and memory
depth of the monitoring oscilloscope or semiconductor analyzer, and making it
hard to extract continuous and reliable RTN sequences.

Therefore, the DC RTN method can be only implemented with a very limited
VG range, covering from over threshold voltage to somewhere less than VDD in
most cases. The typical value of this RTN “detectable” window is found to be
around hundreds of millivolt or less.

To overcome the shortcomings of the traditional DC RTN, the AC RTN tech-
nique that characterizes RTN behaviors under AC operation signals is proposed as
illustrated in Fig. 4.2. VG of device under test (DUT) is changed from DC constant
voltage to alternating AC signals as shown in Fig. 4.2a. In order to separately
investigate the influence of GND and VDD voltages on the trap behaviors, a
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measure or probe voltage of VG-meas. is simply inserted between the full-swing
range of GND-VDD to separate voltages. The VG-meas. is chosen to be within the
DC RTN “detectable” window, where the RTN behaviors can be easily observed
with distinguishable RTN amplitude and reasonable time constants. This particular
inserted voltage VG-meas. indirectly monitors RTN and reflects trap behaviors at
voltages of GND and VDD, which exceeds the “detectable” window in conven-
tional DC RTN measurements.

Therefore, as schematically shown in Fig. 4.2c upper figures, two types of AC
signals are generated for characterizing AC RTN. Type A: VG switches between
GND and VG-meas.; Type B: VG switches between VG-meas. and VDD. Since the
rise and fall times are chosen to be short enough for both types, RTN are mostly
expected to be observed at condition of VG = VG-meas. The schematic of RTN
embedded in the AC response of drain current (Ip) is shown in the middle part of
Fig. 4.2c. Based on this approach, effective RTN information can be further
extracted in lower part of Fig. 4.2c.

Figure 4.3 is a typical experimental demonstration of this approach. The DUT is
a SOI FinFET. With both types of AC RTN tested at different frequencies, the raw
drain current outputs of DUT under AC signals are shown in the middle parts,
where the embedded RTN behaviors can be clearly observed at VG-meas. for both
types. The upper and lower parts of Fig. 4.3 correspond to the de-embedded I, at
higher voltage and lower voltage of the AC signals separately. For Type A (B) AC
RTN, upper (lower) parts of Fig. 4.3 represents the extracted I at VG-meas., where
reliable RTN information including RTN amplitude, effective capture time con-
stant 7, and emission time constant 7z, can be extracted for further study. Also, as
expected, within the lower (upper) parts of Type A (B), which represent the Ip
extracted at GND (VDD), no distinguishable RTN is detected. It should also be



104 J. Zou et al.

TYPE A: 30Hz TYPE B: 30Hz TYPE A: 1000Hz TYPE B: 1000Hz

A85ww% [W»W .
M 4.80 10 porn it S A g Ao

0.05
486 4.86
~0 [t
4.80 WML‘MM 4.80 MM

0.025 [} 0.025

486
480

ogu

hme (s)

Fig. 4.3 Typical experimental results of two types AC RTN methods at different frequencies.
Upper figures denotes the de-embedded current at higher voltage of AC signals (for Type A AC
RTN, it is VG-meas.; while for Type B, it is VDD). Lower figures are the de-embedded current
measured at lower voltages (type A AC RTN as GND; while type B AC RTN as VG-meas.). It is
found that only at middle voltage of VG-meas., RTN behaviors can be observed clearly, for both

types

noticed that although RTN not detected during periods of GND and VDD, trapping
and detrapping behavior would not stop at such conditions. The similar results of
AC RTN method can also be obtained in planar MOSFETSs, which will be also
discussed and compared in this chapter.

4.4 Experimental Results and Discussions of AC RTN

After extracting RTN information by the proposed two-type method at different
frequencies, AC RTN results can be obtained. As shown in Fig. 4.4, for the same
RTN under discussion, RTN information at VG-meas. is extracted for both types of
AC RTN method. Apparently, the AC RTN statistics largely derive from DC RTN
statistics as the frequency increasing. For both types, time constants of RTN change
dramatically with frequency. The trends of time constant changes in AC RTN are
symmetric for Type A and Type B. That is, at higher frequency, emission time
constant 7. in Type A becomes smaller significantly; while in Type B, the one that
decreases is 7.. Yet, as shown in Fig. 4.5, RTN amplitude does not show clear
frequency dependence.

The results imply that, with unchanged RTN amplitude, the RTN or trap
behaviors can be modified symmetrically by the voltages of GND and VDD in
AC signals, in terms of capture and emission time constants. This effect should be
considered in the studies that try to link RTN and circuit impact together.

In order to investigate the detailed RTN behavior changes under the AC RTN
method, RTN time constants of two types are extracted as a function of frequency,
as illustrated in Fig. 4.6. For Type A AC RTN results, 7, seems to be independent of
frequency (Fig. 4.6a). And as expected from Fig. 4.4, 7. drops dramatically with
increasing frequency (Fig. 4.6b). The results of Type B exhibit opposite or sym-
metric trends with z.-dependent (Fig. 4.6¢) and z.-independent (Fig. 4.6d) of the



4 AC Random Telegraph Noise (AC RTN) in Nanoscale MOS Devices 105

DC

< 4.86 486 <

= 480 ) | ) ) 280 =

L 0 2 4 6 r (s) 10 12 12 6 2
ACTYPEA ACTYPE B

e T T OO g Iy O T 0 g O e
%ﬁgmwmrwwm‘nwwmmm ‘ TR MHML [ — IJﬂ:;‘;E’:

- ::ggl T ”””mmm""u H””““H Hl I ” 30HZ JUJ“ Il H“\ %H | M” L lJIlIJI :::g -
436} AP O e 18 W 0 O ..
6

4.80 4.80
0 8

6 8 0 .4
time (s)

4
time (s)
Fig. 4.4 Upper figure: DC RTN measurement results. Lower figures: de-embedded RTN infor-
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AC frequency. Also, it is clearly observed that 7. of Type A and 7. of Type B shows
much weaker voltage dependence at higher frequency than at DC and
low-frequency cases.

These results can be understood by detailed observations on the trapping and
detrapping events embedded in the AC RTN measurements. Figure 4.7 shows the
typical trapping and detrapping events embedded in drain current at VG-meas. of
two-type AC signals, which can be directly observed. However, when the device is
biased at GND or VDD, there may also be trap behaviors which cannot be directly
detected, but can be indirectly inferred by comparing two adjacent cycles of AC
signals. If there is status discontinuity at the end of the first AC cycle and the
beginning of the second AC cycle, there must be concealed trapping and detrapping
events between these two adjacent cycles, either on GND or VDD period
in-between. The actually existent trap behaviors here under discussion do affect
the impact of RTN on circuits. And the principles of trapping and detrapping on
GND and VDD should be studied carefully.

With various capture and emission scenarios defined by up/down and blue/red
arrows in the caption of Fig. 4.7, it can be statistically concluded from Fig. 4.7 as:
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Fig. 4.7 Detailed observations of AC RTN experimental results. Drain current at GND or VDD
are not shown in this figure, which is same as the middle part of Fig. 4.3. Down arrows: captures
(trapping). Up arrows: emissions (detrapping). For simplicity, the bottom voltage in AC signals
(GND in Type A and VG-meas. in Type B) are named as the low voltage (LV), while the top
voltage (VG-meas. in Type A and VDD in Type B) are named as the high voltage (HV) of the AC
signals. Trapping and detrapping events that occur at HV are marked by blue arrows, while events
at LV are red arrows. Statistical results can be concluded at different frequencies
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1. At low frequency, nearly all capture and emission processes effective for
gathering RTN information, are controlled by voltage of VG-meas. for both
types.

2. At middle frequency, capture and emission processes can be both controlled by
either high voltage (HV) or low voltage (LV) of the AC signals. (All kinds of
arrows can be found for both Type A and B at middle frequency).

3. At high frequency, HV of AC signals dominates the capture process (all down
arrows are blue), while LV controls the emission (all up arrows are red).
Therefore, the statistical changes of time constants observed in Figs. 4.4 and
4.6 can be explained as follows:

(a) Covering all frequency range, HV (VG-meas.) in Type A dominates all the
cap-ture events. Thus, capture time 7. extracted from HV (VG-meas.) keeps
unchanged with frequency as previously discovered in Fig. 4.6a.

(b) HV (VG-meas.) in Type A only dominates emission time 7. at low fre-
quency. It is the LV (GND) in Type A that really controls z. at high
frequency (which is a much smaller z.), resulting in the 7. drop as a function
of frequency in Fig. 4.6b.

(c) For Type B AC RTN results, the symmetric trapping and detrapping princi-
ples are found compared to Type A, explaining the symmetric time constant
trends as a function of frequency in Fig. 4.6¢, d. The only difference in Type
B is: HV is VDD; while LV is VG-meas.

(d) Based on (1)—(3), because the constant voltage of GND (VDD) controls 7,
(z.) of Type A (B) at higher frequency, these 7., (z.) of Type A (B) will have
no de-pendence on middle voltage of VG-meas. That’s why 7. (z.) of Type A
(B) shows little gate voltage dependence at higher frequency, as shown in
Fig. 4.6a, d.

To further verify these explanations, Fig. 4.8 put the extracted 7. (z.) from type
A (B) AC RTN at high frequency, into the VG-dependence plot of 7. and 7.
extracted from DC RTN method. The DC RTN “detectable window” is tested to
be as wide as possible. However, it is clearly seen that the window around several
hundred of millivolt cannot cover the full signal swing of GND-VDD.

As expected, the 7. (z.) of AC RTN matches the extrapolation of DC RTN
win-dow at the GND (VDD) point. This confirms the conclusion that the 7. (z.) of
AC RTN at high frequency obtained by the proposed AC RTN characterization
method is actually the 7, (z.) at GND (VDD), which is blind from conventional
method. Thus it strongly supports that, the AC RTN statistics is the combination of
VDD-controlled-z, and GND-controlled-z, in practical digital circuits with full-
swing high-frequency AC signals.

Therefore, the proposed AC RTN technique demonstrates its unique capability
of characterizing RTN statistics out of the RTN “detectable” window. Actually,
other than GND and VDD, this trap behavior detecting technique is compatible
with any other voltages out of DC “detectable” window.
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Fig. 4.8 Emission time extracted from high-f Type A AC RTN and capture time extracted from
high-f Type B AC RTN, plotted in traditional DC RTN measurement results as a function of
operating voltage. AC RTN . and 7. perfectly locates the reasonable extrapolation region of DC
results, confirming the capability of AC RTN for extracting RTN behaviors out of traditional DC
RTN observable window

4.5 RTN FoMs for Digital Circuit Applications

From the above discussions, it is well understood that RTN behavior derivate
largely from AC to DC case: under actual full-swing GND-VDD operations, both
time constants of 7z, and 7z, will be changed from the value extracted by DC RTN.
These changes also reveal that under AC operations, the trap physical properties of
trap occupancy rate and trap activity will be much different from DC case. Thus,
trap occupancy rate and activity, as two figures of merit (FoMs) of RTN charac-
teristics, can be extracted and implemented for studying the practical RTN impact
on circuits, as discussed in the following part.

4.5.1 Effective Trap Occupancy Rate

The effective trap occupancy rate (TOR, or named trap occupancy probability) is
defined as the following equation, literally means the average rate of trap being
occupied:

Te

TOR = (4.1)

Te + T¢

Intuitively, if a trap has larger TOR, the impact of this trap on digital circuits will
be consequently larger. The circuit will suffer more functional failures under the
condition that the trap averagely spends more time on the “trapped” status.
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From the understanding of the results above, it can be inferred that the TOR of
RTN under AC signal depends on the actual capture time constant at HV (VDD)
and emission time constant LV (GND) of this AC signal, which can be very
different from the DC case:

Te_GND

£ TORpe = ——aw0 (4.2)

TORye = ——
Te_GND + Te_vDD Tevpp + Tevpp

Thus, the TOR obtained by the AC RTN technique has practical significance for
evaluating RTN impact on circuit functionality performance.

4.5.2 Apparent Trap Activity

The characteristic time constant of trap (or, RTN) can be expressed as:

TcTe

(4.3)

Tirap =
! Te + T¢

Then, the trap activity (ACT, or named RTN activity) is defined as how many
trapping and detrapping events per unit time (second):

1 e+ Te
ACT = — = %™ (4.4)

Ttrap TcTe

From Fig. 4.4 we can understand there is a huge difference for trap activity at DC
and AC cases, and the ACT would be much higher for AC cases. Mostly, from the
AC RTN measurement, the difference is larger than ten times. And for some cases,
the difference is approaching 100 times. (As will be shown in the Sect. 4.8). This
means that in the real case of AC operations for digital circuits, the trap is much
more active than the previous thoughts. And it will definitely make differences for
circuit evaluations. Generally, this trap activity is an important factor when ana-
lyzing circuit signal integrity performance as a function of time. For example, the
jitter noise characteristics of digital circuits is actually much worse than predictions
based on DC RTN, due to the faster trapping and detrapping behaviors under AC
operations.

The circuit-level applications of these two FoMs of AC RTN will be revisited
with further discussed in Sect. 4.9.
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4.6 Universal AC RTN Characteristics

With help of the inserted measuring voltage of VG-meas. inside the full-swing
GND-VDD AC signals, the AC RTN technique can be separated into two types:
Type A with AC signals from GND to VG-meas.; and Type B with AC signals from
VG-meas. to VDD.

It has been shown above that this two-type AC RTN characterization method has
the capability to characterize RTN or trap behaviors out of the conventional DC
RTN “detectable” window, especially under practical AC operating conditions of
switching between GND (zero) voltage and VDD voltage, where the RTN or trap
behaviors are dominated but cannot be directly detected.

In this section, the proposed technique is applied to devices with different
structures and different gate-dielectric materials for further comparison and inves-
tigations. As shown in Fig. 4.9, 7. and 7, from AC RTN measurement are extracted,
with three kinds of devices as DUTs: multi-gate FinFETs with SiO, gate dielectrics;
planar MOSFETs with high-k metal-gate (HKMG) stack; planar MOSFETs with
SiON gate dielectrics. It is found that all these time constants exhibit the same
trends:

1. 7. (7.) extracted from Type A (B) shows weak AC frequency dependence, while
they exhibits strong voltage dependence regardless of the frequency.

2. 7. (z.) extracted from Type A (B) are strongly frequency dependent, while they
show clear voltage dependence only under low frequency.

These typical observations of AC RTN characteristics can be phenomenologi-
cally explained based on detailed observations of each trapping and detrapping
processes as described in Sect. 4.4. In short, it can be summarized as: at low
frequency, both capture and emission are controlled by the middle voltage of
VG-meas.; while at high frequency, emissions are dominated by low voltage
(LV) of GND, captures are mostly controlled by high voltage (HV) of VDD.
Actually, in AC RTN technique, the capture (emission) time constant extracted at
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Fig. 4.9 Extracted capture and emission times of RTN for three different devices: FinFET,
HKMG planar-FET, SiON planar-FET. Similar trends are discovered, revealing the universal
AC RTN characteristics and the feasibility of the proposed AC RTN characterization technique
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high frequency can be regarded as the capture (emission) time constant at HV (LV).
As for middle frequency case, the results will be somewhere in-between low and
high frequencies. These similar trends obtained from different device structures
with different gate dielectric materials prove the wide applicability of the proposed
AC RTN technique. Meanwhile, the universality of the AC RTN characteristics
shown in Fig. 4.9 also indicate the unified physical mechanisms of the trap response
to AC signals, which are independent of the device types.

4.7 A Simple Model for AC RTN Statistics

Although the universal AC RTN characteristics in these devices can be experimen-
tally explained by the detailed observations, deep understandings with a unified
physical model on trap response to AC signals is required to describe the AC RTN
or trap behaviors regardless of the device types.

Firstly, DC trap occupancy rate of a single trap under a constant voltage of VX is
defined as the average rate of a trap being trapped, and it can be expressed as:

TeVx
Pvx = (45)

Tevx T Tevx

where 7.y, and 7.y, represents the emission and capture time of RTN under
constant voltage of V.
Also, under VX, the averaged time constant of RTN can be denoted as:

TevVxTceVx
Ty = ————— (4.6)
Tevx T Tevx

Given that the RTN behaviors, i.e. the trapping and detrapping behaviors follow
the Markov process [24, 25], the transient occupancy rate (defined as the trap
occupancy rate at a certain time, p(t)) under switching AC signals (as shown in
Fig. 4.10) can be described with an exponential decay towards the DC trap
occupancy rate under high voltage (HV) case or low voltage (LV) case:

t T
Puv + (P1 — Prv)exp <_THV)’O <t < 5
p(t) = (4.7)
t T
prv + (P2 — pry)exp (——>7 ) <r<0

8%

where T (= 1/f) denotes the AC period. p; represents the transient occupancy
rate at —T, 0, T, 2T, .. ., 2nT; while p; is the transient occupancy rate at —T/2, T/2,
3T/2, ..., 2n+1)T/2.
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Fig. 4.10 The trap occupancy rate at a certain time is defined as transient trap occupancy rate p(t).
It is a function of the DC trap occupancy rate at high voltage (PHV), DC trap occupancy rate at low
voltage (PLV) and the AC frequency f or period T

Together with the boundary conditions of AC cycles in Fig. 4.10:

p(-3) =r(3) w0 =p0) (48)

The averaged transient trap occupancy rate TOR at HV and LV can be expressed
as a function of frequency or period:

T/2 T0

p(t)dt, TORLy = 2fJ p(t)dt (4.9)

TORyy = ZfJ /
—-T/2

0
which is a monotonous function that saturates at high frequency.

At high frequency, if T is much smaller than zyy, 7 v, then from Eq. (4.7)), the
probability at boundaries can be derived as:

T T
Pl =) =puv + (P —puv)exp| ——) =2
2 2THV

(4.10)
T T
p\—5) =pw+ P2 —pwlexp(5— | =p
2 ZTLV
It can be obtained that p; equals to p, at high frequency case.
Thus, at high frequency, Eq. (4.9)) can be expressed as:
TORpyy =TORLy =p, =p; (4.11)

Equations (4.10) and (4.11) implies that at high frequency, the transient trap
occupancy rate degenerates to a constant value, which is independent of frequency,
and will be modulated only by HV and LV voltages under discussion. Here the
degenerated transient trap occupancy rate is in consistence with the trap occupancy
rate defined in Eq. (4.1). From the derived TOR in Eq. (4.11), the trap can be
described as entering a stable status, which is just similar as the DC RTN case with
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a stable or constant trap occupancy rate. AC stable status and DC stable status of the
trap can have different TOR values, according to Eq. (4.2). And we define this
difference as ratio of TOR:

TORsc(v &Lv)@high f
TORpc

TORratio = (4 12)

Further based on Egs. (4.8) and (4.10), TOR at high frequency is solved as:

TORAcuveLy)@highf =p, =p, =
Prv
Ly THY (4.13)

For the majority of traps with reducing capture time and increasing emission
time as gate voltage increases, 7.y and 7.; v is much smaller than 7z v and 7.y,
and Eq. (4.13) can be simplified as:

. Te
TORAc(Hv&L\/)@hlghf = WiL‘;HV (414)
[2 C

From this equation, the time constants of this RTN under discussion can be
understood as: emission time constant equals to 7.y capture time constant equals to
7.yv- Therefore, this physical model based on averaged transient occupancy rate
calculation is in consistence with the phenomenological conclusion obtained by
experimental observations in Sect. 4.4: under high frequency AC operations,
capture and emission processes are controlled by HV and LV separately, and the
corresponding time constant equals to 7.gy and e y-.

It should be noticed that, for Type A AC RTN, VG-meas. is HV; while for Type
B AC RTN, VG-meas. is LV. Different parameters in TOR should be chosen to
understand the trend of extracted time constants in Fig. 4.9, especially for the high
frequency cases.

In order to further verify the developed physical model, a RTN with trap
behavior distinguished at both HV and LV is investigated as the extracted time
constants shown in Fig. 4.11. In this particular case, the same RTN can be
extracted and analyzed on both HV and LV at the same time. From HV
(LV) we can get a constant 7.yv (zeLv), While the 7. v (t.yv) apparently depends
on frequency. What is interesting and also as expected is that the capture time
7.Lv (emission time 7.gv) extracted from LV (HV) finally equals to 7.gv (7eLv) at
high frequency. This observation confirms the results predicted by both the
phenomenological explanations (Sect. 4.4) and the physical model (Eq. (4.10))
that the 7. (z.) extracted from AC RTN technique @high-f just equals to 7.gv
(zeLv) extracted from HV (LV).
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Furthermore, only with DC and the high-frequency extracted results as initial
parameters to calculate the transient trap occupancy rate, this physical model agrees
well with experiments for the whole range of frequency covering from the DC to
high-f cases. The overlaps of the model and data lines in Fig. 4.11 ensure the
validity of this physical model.

4.8 Technology Dependence of AC RTN Characteristics

The universal behavior of AC RTN characteristics can be well understood from
both phenomenological explanation and the above physical model. Yet, the AC
RTN characteristics for different device structures and gate-dielectric materials
should be discussed more carefully in terms of two important FoMs for circuit
applications based on the physical RTN or trap property: trap occupancy rate TOR
and trap activity ACT, as defined above.

The trap occupancy rate represents the average rate of a trap being trapped
during DC or AC operations. TOR here is calculated by the actual emission and
capture time measured under DC or AC signals. And the trap activity is defined as
the number of trapping and detrapping events per unit time (second), shown in
Eq. (4.2). Similar as TOR,;;, defined in Eq. (4.12), ACT,;;, is defined as the ratio of
ACT between AC and DC cases.

ACT and TOR for three device types are extracted and shown in Fig. 4.12 for
further comparison. Firstly, it is observed that although ACT at AC condition all
increases dramatically compared to ACT at DC condition, the extent of the
increase, i.e., ACT,,;, shows significant differences (Fig. 4.12a). ACT,,;, of
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FinFET is much larger than planar MOSFETs. From the results in Fig. 4.9, we can
understand the reason for this observation: 7z, and 7, of RTN in FinFET drops faster
as a function of frequency than the planar MOSFET cases, resulting in larger
differences between AC-high-f and DC ACT. And the reason for the relatively
smaller 7. (controlled by HV) and z. (controlled by LV) of RTN in FinFETs at
higher frequency can be understood by the stronger HV and LV voltage dependence
of time constants in FinFETSs, which is due to the thin-body structure that enhances
the quantum confinement effects [14, 26].

On the other hand, as shown Fig. 4.12b, although TOR of three cases all drops,
TOR,,;;, does not show distinguished difference for FinFETs. Actually, TOR, .,
may vary within a large range, due to the diversity of the traps under discussion
[27], which will also be addressed in the future work. Unless the time constants of
the trap are not sensitive to HV and LV of the AC signals at all, the TOR,,;, will be
smaller than 1 for most cases.

Thus, although the AC RTN characteristics generally shows same trends, the
important FoMs for evaluating practical RTN impact on digital circuits could differ
a lot in terms of TOR and ACT for different device types.

4.9 Understanding RTN Impacts on Digital Circuits

In this section, the practical RTN impacts on digital circuits are revisited, with the
two FoMs of TOR and ACT.
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From the above results, we know that the motivation and application of the
proposed AC RTN characterization technique is to practically evaluate the RTN
impacts on two aspects of digital circuit performance: functionality and signal
integrity. If a RTN as a large amplitude, it can disturb the original designed
functionality seriously by inducing ambiguity between logic state ‘0’ and ‘1.
Practically, the trap occupancy rate TOR represents how often the trap is trapped
or to what extent the trap has possible disturb to circuit functions. Thus, the RTN
impact on circuit functionality naturally depends on TOR. On the other hand, even
if the RTN does not necessarily damage the logical functions of circuits, it will
induce additional delay or timing uncertainty due to the continuous trapping and
detrapping behavior (ACT property) of the traps, which lowers the current between
circuit stages and disturbs the signal integrity aspect of the circuit performance.
Consequently, this signal integrity study naturally links to the FoMs of ACT.
Therefore, practical impacts of RTN on digital circuits are discussed regarding to
TOR and ACT separately as follows.

4.9.1 Understanding RTN Impacts on Circuit Functionality
with TOR

Based on the new observations and the derived physical trap property of TOR,
firstly we examine the practical RTN impact on functionality aspect of digital
circuits. A typical 6-T SRAM cell (Fig. 4.13a) is implemented in this approach
with 16 nm PTM model [28] for evaluations at advanced technology node.

Because the random nature of RTN, even though one RTN at a single device in
the SRAM structure is not large enough to be responsible for a function failure, lots
of possible RTNs at different devices will. In this section, every device in the
SRAM structure is considered to possess one RTN. And the model of RTN is a
Voltage Controlled Voltage Source (VCVS) with RTN time constant specifications
according to the practical AC RTN results as shown in Fig. 4.13b. This schematic in
Fig. 4.13c describes that the circuit failure of SRAM could be mainly caused by the
trapping processes of multiple RTNs at the same time. Also, Fig. 4.13c schemat-
ically shows that the TOR of traps under discussion will manipulate the circuit
functional failures significantly.

Functional impact of RTN is discussed in term of read failure probability of the
standard 6-T SRAM cell. According to the previous work [24], there will be a
constant probability of read-failure induced by RTN within a wide range of power
supply VDD, which is defined as the read failure probability of SRAM. After
testing more than 105 read-after-write cycles in total, the read failure probability
is plotted as a function of TOR selected for modeling the RTNs. Apparently, the
read failures of SRAM has a strong dependence on the TOR of RTN or traps. This
result further indicates that there would be large error in circuit functional perfor-
mance prediction if only applying the TOR results obtained from conventional DC
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RTN methods. For example, if the tested TOR,,;;, is 0.1, the actual read failure
probability under AC operations could be much differed from the DC RTN based
predictions. The circuit performance predictions are quite sensitive to the TOR
under discussion.

4.9.2 Understanding RTN Impacts on Circuit Integrity
with ACT

As discussed in Sect. 4.2, under conditions that RTNs do not exhibit large ampli-
tude that causes functional failure, they will still impact the signal integrity aspect
of circuit performance. And this aspect of impact is evaluated by investigating the
frequency performance of a 5-stage ring oscillator (Fig. 4.14a). For simplification,
each inverter is designed with a RTN on the NMOS. Because the timing or
frequency performance of the ring oscillator will be strongly related to the RTN
amplitude during the signal switching between GND and VDD, the VCVS model
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applied in this paper considers both the dynamic voltage dependence of RTN
amplitudes and the larger trap activity under AC signals in digital circuits.

Since five different RTNs are chosen from the experimental result pool for
practical simulations, there could be total 2° = 32 oscillating frequencies as
shown in Fig. 4.13a. And the Fig. 4.13b are the eye diagram of for all possible
cases the can be generated from this ring oscillator, with the comparison of
conventional constant RTN model and the proposed VCVS RTN model. From
Fig. 4.13Db, it can be observed that jitter variation range is larger for the AC RTN
case due to the dynamic VCVS RTN model considerations. Actually, the larger
jitter noise range quantitatively depends on RTN amplitude profile as a function of
device operation condition, which will be comprehensively studied in the
future work.

Furthermore, the normalized probability density functions (PDF) of the jitter
noise as a function of time are extracted in Fig. 4.13c. Other than the larger jitter
variation range which is in accordance with Fig. 4.13b, the probability density
function of jitter noise with the AC RTN results (higher trap activity) is much larger
than that based on DC RTN (lower trap activity). (ACT ., is chosen to be around
50X as shown in Fig. 4.12). This confirms that during GND-VDD full-swing
operations, there will be much more frequent trapping and detrapping processes,
and result in larger jitter noise in terms of PDF, due to the highly activated trap
response to AC signals. Therefore, physical trap property of ACT reflects the
practical RTN impact on signal integrity aspect of circuit performance, which
may be predicted with large error if only considering DC RTN characteristics.

This section only provide a simple introduction on the RTN impacts on digital
circuits. For more comprehensive studies, please refer to [29, 30].

4.10 Summary and Other Open Issues

In this chapter, a special AC RTN characterization technique is proposed to detect
RTN or trap behaviors which are usually concealed out of the conventional DC
RTN “detectable” window. Results obtained by AC RTN technique reveal that
RTN statistics under practical AC operations largely derivate from constant voltage
measurement (DC RTN) case. Although RTN amplitude is not frequency depen-
dent, the RTN time constants drop dramatically as frequency increasing, which
should be considered in the evaluation of RTN impact on digital circuits. Based on
detailed observation of experimental results, principles of trapping and detrapping
behaviors are revealed: the capture and emission time constants of the RTN under
discussion are controlled by high voltage (VDD) and low voltage (GND) of the AC
signals separately. The results also indicate that, evaluating practical RTN impacts
on logic circuits is not reliable solely based on DC RTN characteristics. With the
important FoMs of RTN trap occupancy rate and trap activity obtained from AC
RTN technique, it is possible to predict RTN impacts on functionality and signal
integrity aspects of digital circuits.



120 J. Zou et al.

With the newly proposed AC RTN characterization technique, AC RTN char-
acteristics are investigated with different devices. With the physical model based on
transient trap occupancy rate, the universality of AC RTN characteristics, which is
regardless of device structures and gate-dielectric materials, is well explained. The
detailed differences for RTN response to AC signals are discussed in terms of trap
occupancy rate TOR and trap activity ACT. The results based on AC RTN
understandings and simulations indicate: circuit performances are quite sensitive
to TOR and ACT; and evaluating RTN impacts on digital circuits is not reliable if
only considering DC RTN characteristics. With the AC RTN characterization
technique and the corresponding results, it is possible to predict the practical
RTN impact on functionality and signal integrity of the digital circuits.

There are still some open issues remained for RTN, such as, understanding RTN
amplitude from microscopic modeling (e.g., [8, 9, 11, 31-33]), origin of the
switching oxide traps (e.g., [34, 35]), metastable defect states (e.g., [34-37]),
connections between RTN and BTI (e.g., [8, 37, 38]), careful data analysis of
RTN measurements (e.g., [24, 25]), design solutions against RTN (e.g., [39]),
complex RTN (e.g., [40—42]), etc., which require further studies.
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Chapter 5
Passivation and Characterization
in High-k/III-V Interfaces

Shengkai Wang and Honggang Liu

5.1 Merit of III-V Channels

The tremendous growth in semiconductor technology has been based on the
well-behaved Si-SiO, system. In 1965, Gordon Moore, co-founder of Intel, saw
the future. His prediction, now popularly known as Moore’s Law, states that the
number of transistors on a chip doubles approximately every 2 years. Up until now
this “law” has been followed by evolutionary progress of the basic technology. For
the last decade, pure geometrical scaling has failed to deliver the expected benefits
in terms of performance and power consumption, and industry has gradually moved
to innovation-driven scaling, bringing to market chips based on the likes of strained
silicon-on-insulator, high-k/metal gate technology and tri-gate devices. Now
researchers everywhere are foreseeing that in the coming years, silicon—regardless
of its form—will probably fail to meet the ultra-low power consumption targets
imposed by the exploding demand of ‘Mobile-Everywhere’ applications. This
progress has reached its limit. The main lever for power scaling is the operating
voltage of the chips. The target is to trim this from 0.8 to 0.9 V, which is where it
stands today, down to 0.5 V. This cut in operating voltage must go hand-in-hand
with a maintaining of the drive-current for the transistors, in order to ensure no
reduction in performance. But realizing this will not be easy. It will require the
charge carriers in the transistor’s channel—either electrons or holes, depending on
the particular transistor—to travel far faster from the source to the drain. Today,
increases in the charge carrier velocity in silicon often result from the application of
very high levels of strain in the material, but the opportunities for further gains are
now minimal.
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Tabl.e~ 5.1 Bapdgap an.d Materials Bandgap pe (cm?/Vs) Hh (cm?/Vs)
mobility for Si and typical -
. Si 1.12 1500 450
III-V materials
GaAs 1.42 8500 400
InGaAs 0.74 >10,000 400
InP 1.34 5400 200
GaSb 0.73 3000 1000
InSb 0.17 >70,000 800

What is possible is that the next revolution in the semiconductor industry will
come from the introduction of compound semiconductors as channel materials. As
listed in Table 5.1, electron and hole mobility in silicon are just 1500 cm® V' s~!
and 450 cm? V™' s, respectively, and far higher values are promised by switching
to carefully selected III-V compounds. For example, the electron mobility in
InGaAs is in excess of 10,000 cm? V! sfl, while hole mobility in GaSb can hit
1000 cm® V~! s7!' [1]. Using these materials to form the n-type and p-type
transistors for CMOS chips would be a promising solution for future high perfor-
mance logic application.

5.2 Brief History of II1I-V MOSFET

III-V MOSFETsS concept has been considered for over 50 years. In 1965, Becke and
White from Radio Corporation of America reported the first GaAs MOSFETs
[2]. When III-V MOSFETs first developed, the major issue was lack of high quality
thermodynamic stable gate dielectrics. Unlike Si-SiO, interface, the native oxides
of III-V produce much more interface traps, which makes it difficult to bend Fermi
level into inversion mode. In the early 1960, some researchers attempted to use the
native oxides of GaAs as gate dielectric. However, due to the compound nature of
GaAs, its native oxide is a mixture of Ga,O3;, Ga,0, As,O3, As,Os, strongly
increasing the complexity in using its native oxide as dielectric. In order to find
some alternative oxides as gate dielectric, researchers tried to use SiO,, SiNj,
SiON, and Al,O5; [2-5]. However, limited by the deposition method, most
dielectric materials at that time required high temperature, causing severe interface
degradation by forming arsenic oxides or vacancies.

In late 1970s, besides physical vapor deposition (PVD) and chemical vapor
deposition (CVD), molecule beam epitaxy (MBE) technique has been used for
dielectric films deposition on GaAs, such as AlGaAs [6]. In 1978, Dingle et al.
made the first enhancement mode high mobility III-V transistor by using AlGaAs/
GaAs superlattice [7] and lead to the invention of high electron mobility transistors
(HEMT) in 1980 [8]. Then, GaAs HEMT has been commercialized and widely used
in telecommunication, aerospace technology and military purpose. Compared with
mature HEMT technology, the unsolved dielectric/III-V interface problem pushes
the research of III-V MOSFETs technology away from the main stream until 1987,
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Fig.5.1 Typical C-V characteristics of (a) n-type and (b) p-type samples measured in quasi-static
mode and at various frequencies between 100 Hz and 1 MHz

when the sulfur passivation technology was verified to be effect on GaAs by Bell
Lab [9]. This breakthrough brought III-V MOSFETs back, and many researchers
started to find solutions for dielectric/lII-V systems.

In 1995, a milestone was achieved by Passlack and Hong et al. from Bell Lab.
They have made the field-break work by depositing crystalline GaGdO5; (GGO)
onto GaAs (100) using MBE [10]. For the first time, the Fermi level of GaAs has
been bent to inversion mode, as depicted in Fig. 5.1. Since low interface trap density
(D) has been obtained by GGO epitaxy, encouraging people to continue the
research in crystalline oxides on III-Vs (not limited to GGO). Now, there are still
several teams are working on crystalline oxides on III-Vs, such as Hong’s team in
National Tsinghua University, the team from Freescale, and Ye and Gorden teams
in Purdue University and Harvard University [11-13].

In 2001, another milestone has been reached in the history of III-V MOSFETs.
Wilk and Ye et al. from Bell Lab first delivered atomic layer deposition (ALD)
technology into the formation of high-k dielectrics on GaAs, opening a new era for
III-V MOSFETs. Later after that, Ye et al., for the first time, demonstrated a III-V
compound semiconductor MOSFET with the Al,O; gate dielectric grown by ALD
[14]. By using alternating pulses of Al(CH3); and H,O precursor in a carrier N, gas
flow, the thickness and uniformity of deposited oxide layer was well controlled at
angstrom level. Growth of ALD-Al,O3 process results in an abrupt interface with
the GaAs substrate, as illustrated by the high-resolution transmission electron
microscopy (Fig. 5.2). The oxide layer appears as a desirable amorphous form,
while the GaAs exhibits clear lattices. The ALD process removes the native oxide
and excess As on GaAs surface, resulting in a very thin Ga-Oxide interfacial layer.
This process is now commonly acknowledged as “self-cleaning” effect. Compared
with traditional sputtering, MBE, and CVD methods, ALD has many advantages,
such as good uniformity, accurate in thickness control, low cost, and compatible for
III-V processes. The above-mentioned advantages of ALD method attracts more
and more researchers into the field of III-V MOSFETsS, such as researchers from
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Fig. 5.2 (a) ALD deposited Al,O; on GaAs, no native oxide visible at the Al;03/GaAs interface
due to the “self-cleaning” reaction during ALD deposition. (b) A typical ALD deposition system,
which is small in size and low cost in thin film deposition

MIT, Intel, IMEC, Purdue, U. Tokyo, UT-Dallas, UT-Austin, Harvard, NUS,
IMECAS, and so on, making ALD to be the most popular method for high-k
deposition on III-V substrates and strongly pushing the performance of III-V
MOSFETs to higher level. For example, in 2008, Ye’s group demonstrated
a high-performance inversion-type enhancement-mode InGaAs MOSFET with
maximum drain current exceeding 1 A/mm [15]. In 2013, Gu et al. demonstrated
high performance gate-all-around (GAA) nanowire MOSFETs with equivalent
oxide thickness (EOT) of 1.2 nm using ALD [16]. In 2013-2014, Kim et al.
have made progress in high performance extremely thin-body (ETB) InAs-OI
MOSFETs using ALD high-k dielectrics, obtaining high I,, and Gy, max
of >2 mA/pm and ~2 mS/pm [17, 18].

Besides dielectrics/III-V interface problems, III-V MOSFETs also confronts
with some other challenges from the aspects of (i) integration with Si,
(ii) metal-contact resistance reduction, (iii) limited in density of state for channel
carrier, (iv) building of non-planar structure, (v) device reliability, etc. In the past
10 years, albeit significant progresses have been achieved in the above aspects, this
chapter cannot cover all the details about them, and only focuses on the passivation
and characterization of high-k/III-V interfaces.

5.3 Passivations in High-k/III-Vs

Building a high quality high-k/ITI-V gate stack is regarded as the most important
issue in I[II-V MOSFETs study. In this section, we want to share our experiences
in high-k/III-V gate stack engineering by taking some specific examples in
passivations and characterizations of high-k/III-V interfaces.
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5.3.1 ALO3/InP MOS Capacitors with Pre-gate Sulfur/
Nitrogen Passivations

To evaluate the gate stack quality of a MOSFET, in most cases, it is not necessary to
fabricate a real MOSFET device. As an alternative, fabricating a simple Metal-
oxide-semiconductor (MOS) capacitor structure is enough for use and much con-
venient in process flow.

In this subsection, MOS -capacitors were fabricated on n-InP substrates
(3-5 x 10" cm™3, supplied by AXT). After organic cleaning using acetone, and
alcohol (5 min each), wafers were cleaned by sequential immersion in 10% HCI
solution for 1 min, 25% NH4OH solution for 5 min. After that, some samples were
rinsed in 20% (NH,4),S, solution for 15 min at room temperature to remove the
native oxide and passivate the surface, denoted as S-passivation. While for some
other samples, after the cleaning process and skipped the S-passivation process,
these samples, denoted as N-passivation, were directly transferred into the ALD
deposition chamber to receive in-situ 50 W plasma nitridation at 200°C using
activated NH; gas [19]. Immediately after S-passivation or N-passivation, a low
temperature process was then applied for gate dielectric deposition: 3 nm of Al,O;
was deposited on the substrate at a temperature of 200°C using a Beneq TFS-200
ALD system with successive cycles of tri-methyl-aluminum and H,O precursors.
After that, in situ post deposition annealing (PDA) at 200°C for about 10 min in
vacuum was performed for further dielectric densification and purification. Al
metal gate contacts (~200 nm) were e-beam evaporated to form MOS capacitors
having an area of 7.85 x 10~ cm?. After that, post metallization annealing (PMA)
treatments were performed at several temperatures ranging from 250 to 350°C in N,
for 30 s, respectively. Then, backside ohmic contact was fabricated by Al evapo-
ration. 3 nm ALD Al,O5; were deposited at 200°C followed by the deposition of Al
as gate electrode. The fabrication process flow of the MOS capacitors is schemat-
ically shown in Fig. 5.3.

Q@ InP(100) (lightly doped n-type 3~5E15)

I HCI&NH,OH cleaning | Al I

NH,),S, Passivation 25% for 15min Al,O
25A 2v3

or N* Plasma Nitridation
I ALD-AlL,O4 deposition @ 200°C

Al gate electrodes (® 200um)

Q Post metallization annealing
(250~350 °C for 30s)

O Al back contact

Fig. 5.3 The fabrication process flows of the MOS capacitors with S-passivation and
N-passivation
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Fig. 5.4 Cross sectional TEM images of Al/Al,O5;/InP MOS capacitors with different interface
passivation processes (a) w/o Passivation, (b) S-Passivation, (¢) with N-Passivation

To further confirm the structure of the above MOS capacitors, the cross-sectional
TEM images of the above samples with the detailed dielectric thickness are shown
in Fig. 5.4.

Although 3 nm Al,O3 was initially deposited, the total dielectric thicknesses are
all over 4 nm. The overgrowth in dielectric thickness is attributed to the existence of
1.1 nm-thick AlO, layer between Al top electrode and ALD-Al,O3 due to the redox
reaction by assuming that the interfacial layer thickness between Al,O5 and InP for
the without passivation one is negligible [20]. Therefore, by subtracting 1.1 nm
from the total thickness, the interfacial layer thickness for S-passivation and
N-passivation ones are estimated to be around 0.2 nm and 0.7 nm.

Among various electrical characterizations of a MOS capacitor, capacitance-
voltage (C—V) measurement is the most popular and effective one in probing the
oxide charge types, interface trap density and distribution, amount and types of bulk
traps, dielectric reliability, and so on. For a typical C—V measurement, it contains
three steps. The measurement sequence of C—V curves of Al,O5/InP stacks is
schematically listed below, as depicted in Fig. 5.5.

In the first step, by sweeping the gate voltage from depletion to accumulation,
fresh C-V is obtained. In C—V measurement, fresh C—V contains the original
information of gate stack. In fresh C—V, it is reasonable to assume that most traps
are neutral; therefore, the flatband voltage (Vgg) shift from ideal C—V curve should
be attributed to the charge in the stack. In our case, the charge should be fixed
charge, and the influence of mobile charge (Na*, K*, etc.) could be neglected,
because the mobile charge contamination has been strictly eliminated. Figure 5.6
shows the 1 MHz fresh C-V curves of AlL,Oz/InP MOS capacitors without
passivation, with S-passivation and with N-passivation measured at room temper-
ature (RT), 200 K, and 140 K, in which Vg is extracted by calculating the flatband
capacitance (Cgg) using the following equations:
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Fig. 5.6 Fresh C-V curves of Al,O3/InP MOS capacitors without passivation, with S-passivation
and with N-passivation measured at RT, 200 K, and 140 K
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Combine Egs. (5.1) and (5.2) and assuming Cx ~ Cj.x, We have

Cmax

Crp =
14 Cmax/ \/ Nqueseo/kBT

where C, is the dielectric capacitance, N is the substrate doping concentration,
Lp is the Debye length, e is the electron charge, € is the permittivity of free space,
tox 18 the dielectric thickness, €., is the oxide dielectric constant, € is the semicon-
ductor dielectric constant, kg is Boltzmann’s constant, and C,,,, is the maximum
capacitance at 1 MHz in accumulation. Note that the Cox here is not simply
determined by assuming t,, = 3 nm and &,x = 8 for Al,O3, because of the AlO,
layer between Al,O; and the Al electrode, which reduces the total C,4. By applying
Eq. (5.3), it is possible for us to calculate Cgg directly without considering €, and
tox- Concerning the assumption of C,x =~ Cpax in Eq. (5.3), Cphax can never reach Cgy
values because InP has a low conduction band density of states, which leads to a
deviation in Vgg calculation [21].

In RT case, compared with the Vgg value from the ideal C—V characteristic
(—0.31 V by theoretical calculation), all the samples show positive shift of Vgg
value. In specific, the capacitor with N-passivation shows least Vg shift, then the
S-passivation one, and the one without interface passivation show the largest Vgg
shift. If we do not consider the impact of interfacial dipole, the positive shift could
be mainly ascribed to the existence of negative fixed charge. By changing the
temperature to 200 K and 140 K, although Vgg of ideal C-V is positively shifted,
the trend of Vgg shift remains identity. To further quantitatively investigate Vgg
shift against temperature among the three capacitors, the data are re-plotted in
Fig. 5.7.

On the basis of the results in Fig. 5.7, the Vgg shift seems to be independent of
temperature, verifying that such Vgg shift should mainly result from the negative
fixed charge originally existed in the dielectric but not from the trap, because trap/
de-trap behavior is a temperature dependent process.
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In the second step, by linearly sweeping the voltage from O to 1.5 V with step of
0.1 V, and holding at each point for 1 s, all the traps are filled with electrons.
In our case, the electrical field across the Al,Osz is estimated to be about
1.5 V/Anm = 1.5 x 10°°MV/4 x 10~ cm = 3.75 MV/cm. Compared with the
breakdown filed of our Al,O3 (>7 MV/cm), this field is just nearly half of that, thus
could be reasonably assume to be enough for electron injection and sufficiently low
without causing additional traps. Therefore, in the third step, on the basis of the
above assumption, the total oxide traps (N,,) and border traps (Ny,) could be
roughly extracted from the difference between fresh C—V and the backward C-V,
and the difference between forward C—V and the backward C—V (hysteresis) using
the following equations, respectively:

1

Nrot = 5JCback(V) - C_)"resh(v)dv (54)
1

Nht = 5jchack(v) - Cfm(v)dv (55)

where Cpacic (V), Cresn (V) and Cg,, (V) are capacitance from backward C-V,
fresh C—V and forward C-V curves, respectively.

Figure 5.8a, b show the temperature dependence of total traps (N;,) and border
traps (Ny,) for the above samples, N-passivation is proved to show lowest trap
amount than S-passivation and w/o passivation ones, in which similar trend are
observed in both total traps and border traps. In detail, the amount of both total traps
and border traps are reduced after interface passivation, and the capacitor receiving
N-passivation show better effect in reducing oxide traps. Concerning the interface
trap density (D;,) in the MOS capacitors, there are several method to extract that,
such as conductance method, charge pumping, Terman method, and Castagn-
é-Vapaille method. For high-k/InP system, since the bandgap of InP is
large enough, response of minority carrier can be easily distinguished from the

(a) (B)g 6e10”
14x10" | w/o-Passivation PMA@350
12x10° f » w/o-passivation
- il | 0\0
‘e 1 0x10" | 'E
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= O\. =4.0x10" F
Zisono' z %
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Fig. 5.8 Temperature dependence of (a) total traps (N, and (b) border traps (Ny,) for Al/Al,O3/
n-InP MOS capacitors with S- and N-passivation and without passivation
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D;; response due to their different time constant. Therefore, in this case, Castagn-
€-Vapaille is one of the most convenient and effective method [22]. The Dy
distributions as a function of energy within semiconductor bandgap were derived
from the formula

Dit =

C,,x< Cif/Cox Ciy/Cox ) (5.6)

AP \1 =Cy/Cor 1= Cif/Coh

where Dit is in cm ™2 eV, A is the electrode area, C,x 1s the oxide capacitance,
Cir is low frequency capacitance, Cy¢ is high frequency capacitance, and q is
electron charge. By measuring the C—V curves at high-low frequencies (1 MHz—
1 kHz), the corresponding D;, could thus be extracted.

Figure 5.9a—c illustrate the multi-frequency bi-directional C—V curves at room
temperature. Compared with the without passivation sample, both S-passivation
and N-passivation ones show improved C-V characteristics with less frequency
dispersion and hysteresis, indicating both S- and N-passivation are effective in
reducing the Dit and oxide traps. Figure 5.10 shows the D;, distribution profiles
extracted by Castagné-Vapaille method for S-passivation and N-passivation sam-
ples. For both samples, the extracted D;, shows a peak at E;+0.3-0.4 eV and a tail,
which extends into the InP conduction band. This trend is similar to the observa-
tions by Galatage et al. N-Passivation shows higher D;; in the bandgap but lower D;
inside the conduction band (CB). At present, the reason of such distribution is
mainly attributed to the difference in anion coordination number of N and O, and
further investigation is still needed to understand the detailed mechanism.
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Fig. 5.9 The bi-directional C-V curves for samples with different interface passivation processes
at room temperature (a) w/o passivation. (b) S-passivation (¢) N-passivation
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If we evaluate the results in Fig. 5.10 based on the standard of SiO,/Si interface,
the minimal Dj, in the order of 2 x 10" cm™2 eV ™' for S-passivation sample is
acceptable when compared with the D;; value of N-passivation one. However, D;
under high electrical field, which is mainly extracted from the capacitance
frequency dispersion in accumulation region, still needs further improvement.

Concerning the origin of the frequency dispersion in accumulation in high-k/
III-V system, explanations are many, such as series resistance, border traps,
disorder induced gap states or Maxwell-Wagner effect [12, 23, 24]. In our case,
it is able to draw conclusion that series resistance effect is not the main reason
because frequency dispersion with exact the same magnitude has been observed
from a 350°C PMA treated Al/Al,O3;/n-InP capacitor with high doping level
(~5 x 10" em ™), and also no ®” angular frequency dependence can be observed
here, as depicted in Fig. 5.11.

To probe the mechanism of capacitance frequency dispersion in accumulation
region, besides passivating the interface with various termination species, thermo-
dynamic control of the process is also an effective way. Therefore, Al/Al,O3/InP
MOS capacitors with PMA temperatures ranging from 250 to 350°C in N, for 30 s
were prepared. Figure 5.12 illustrates room temperature frequency dependent
bi-directional capacitance-voltage curves for samples with 3 nm-Al,O5 dielectrics
without PMA and with PMA temperature of 250, 300, and 350°C, respectively. The
corresponding Vgg are extracted to be 0.51, 0.29, 0.27 and 0.44 V from the C—V
characteristics measured at 1 MHz. The C-V characteristics for PMA samples
measured at 140 K are shown in the insets. Note 100 Hz C—V was not reliable for
the capacitor without PMA due to a large dissipation factor (>1) during the
measurement, while for all the other measurements, dissipation factor are less
than 0.1.

Compared with the initial stack without PMA treatment, the ones with PMA
treatment show negative shift of Vg, indicating that PMA treatment is effective in
reducing the negative charge. Moreover, compared with the capacitor without
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PMA, the ones with PMA treatment show small capacitance frequency dispersion
near Vgg, indicating PMA treatment is effective in reducing the D;,. However,
frequency dispersion in accumulation capacitance is different for each sample.
Apparently from the insets, similar C—V behavior with relatively small frequency
dispersion are observed at accumulation region for 250 and 300°C samples, and
almost no frequency dispersion is observed for all the three samples in the depletion
region. Concerning the accumulation capacitance difference between the 350°C
PMA sample and the other ones at 1 MHz, we are inclined to believe that the
increasing of accumulation capacitance could be attributed to the coupling of some
border traps distributed inside the oxide with very small time constant and thus even
cannot be fully frozen out at 140 K, which agrees well with the distributed circuit
model proposed by Chen et al. [23]. For 250 and 300°C PMA cases, low temper-
ature measurements indicate that these devices exhibit true accumulation, and the
room temperature C—V measurements are not dominated by trap response.

To quantitatively discuss the effect of PMA treatment against D;, Castagn-
€-Vapaille method is employed. The energy distributions of D;, extracted for no
PMA and 250, 300, 350°C PMA for the ALO;3/InP interface are depicted
in Fig. 5.13. Moreover, compared with the no PMA capacitor, which shows a
flatten distribution from mid-gap to conduction band edge with magnitude of
1.5-25 x 10"? cm™2 eVﬁl, the ones received PMA treatment show obvious
improvement in interface quality with Dit magnitude of 1.2-6 x 10" cm 2 eV ™!
across the upper bandgap, where the 300°C PMA sample demonstrates the lowest
average D;, with a minimum value of 1.2 x 10" cm~? eV~ near the mid-gap. For
the trap density inside the conduction band extracted from the accumulation region,
the 350°C PMA sample show much higher D;, than the 250 and 300°C ones.

On the basis of the above results, low PMA temperature has been proved to be
effective to reduce the capacitance frequency dispersion as well as keep the
minimal Dy in the range of 1-4 x 10" cm 2 eV ", In order to further understand
the detailed mechanism about the above trend, thermal desorption spectroscopy
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(TDS) and x-ray photoelectron spectroscopy (XPS) measurements were performed.
Figure 5.14 illustrates the TDS spectra of various desorption species (mass numbers
of 2, 18, 31, 41-43, 51-53, 113, 115) from the Al/Al,O5 (3 nm)/InP stack without
PMA treatment. Note mass numbers corresponding to 41—43 and 51-53 here are
ascribed to the signal from carbon series contaminations (denoted by open sym-
bols), and M/z=2, 18, 31, 44, 113 and 115 are regarded as H,, H,0, *'P, CO,, ' °In,
and '"’In, respectively. Although 200°C in situ PDA treatment has been performed
immediately after Al,O3 deposition, water desorption with a peak temperature
(denoted as P1 in Fig. 5.14) still exists. This is attributed to the water absorption
in terms of Van der Waals way during the exposure before metal evaporation. By
elevating the annealing temperature to 250°C, a peak related to *'P desorption
exists (denoted as P2 in Fig. 5.14), together with desorption of carbon series
contaminations. When annealing temperature goes up to 300°C, a peak which
comes from H, (denoted as P3 in Fig. 5.14) appears, together with desorption of
carbon series contaminations. While by further increasing the temperature to over
350°C, signal related to *'P, '"*In and '"In drastically increases, implying the
decomposition of the InP substrate in terms of atom emission. Therefore, on the
basis of this result, it is concluded that controlling the processing temperature below
350°C during device fabrication to avoid the negative effect caused by atom
emission from InP substrate will be important to realize high-performance devices.

To further confirm what happens inside the stack, looking into the Al,Os/InP
interface by XPS is very effective. The chemical composition of the Al,O5 (3 nm)/
InP interface and the effect of annealing were investigated by XPS. Figure 5.15a
shows the In 3ds/, and Fig. 5.15b shows the P 2p core level spectra for 3 nm Al,O3
on an n-InP substrate. The In 3d spectra are deconvoluted into four parts including
InP substrate, In,O3, a combination of In(PO5); and InPO,4, and an InP-Oy state with
binding energy separations of 0.5 eV, 1.1 eV, and 1.7 eV from the bulk InP peak.
The P 2p core level spectra are deconvoluted into InPO,, In(PO5); and P,Os with
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Fig. 5.15 (a) In 3d and (b) P 2p core level spectra for samples with varying ultra-high vacuum
annealing temperature for 30 s, respectively. Smoothed raw data are plotted in dotted lines. The In
3d spectra are deconvoluted into four parts including InP substrate, In,O3, a combination of In
(PO3); and InPOy, and an InP-Oy state with binding energy separations of 0.5 eV, 1.1 eV, and
1.7 eV from the bulk InP peak. The P 2p core level spectra are deconvoluted into InPOy, In(PO3)3
and P,Os with binding energy separations of 4.7 eV, 6.6 eV and 7.4 eV from the InP bulk peak,
respectively

binding energy separations of 4.7 eV, 6.6 eV and 7.4 eV from the InP bulk peak,
respectively [25]. In Fig. 5.15a, by elevating the annealing temperature, the peak
related to In-O decreases and fully eliminated after 300°C, meanwhile the signal
from InPO, and In(POs3); is also found to be the smallest when compared with the
other annealing temperatures. Moreover in Fig. 5.15b, although the trends of InPO,
and In(POs3); are hard to be described individually, the total intensity of the
oxidized states shows first a decrease and reaches its minimum at 300°C, followed
by an increase with further increasing the annealing temperature. In specific, this
trend could be obviously reflected from the shift of intensity of P,Os against
annealing temperature. By taking Dj, characteristics as well as the TDS spectra
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above into consideration, these observations are found to be quite consistent with
each other and could be well explained by considering the trade-off between the
phosphorus-related desorption below 300°C and oxide generation above 350°C
from interfacial reaction.

At first, after the high-k deposition and 200°C in situ PDA treatment, there are
still some carbon contamination and residual P,Os existed at the surface, interface
and inside the dielectrics. These contamination and residual phosphorus oxides are
harmful to electrical behavior of the MOS capacitor in the direction of causing
capacitance frequency dispersion, large Dy, and higher leakage current density.
When PMA treatment is applied at relatively low temperature (250-300°C), the
carbon contamination and residual phosphorus oxides are effectively removed from
the stack while the oxide generation from the interfacial reaction is negatively
small. However, when PMA temperature becomes higher than 350°C, compared
with the reduction of contamination and residual phosphorus oxides, the generation
of interfacial oxide becomes much dominant, resulting in the net degradation of the
high-k/InP interface.

5.3.2 ALO3/GaSh Gate Stacks with Post-gate CF,
Passivation

Among all of the III-V materials, gallium antimonide (GaSb) is an attractive
channel material for p-MOSFET application because of its high hole mobility
over Si. Recently, various pre-gate interface passivation techniques have been
developed in GaSb gate stack, such as in-situ hydrogen plasma exposure, sulfur
passivation, and amorphous Si passivation. These surface passivation techniques
can effectively reduce the interface state densities [26—28]. To further eliminate the
bulk defects, fluorine (F) incorporation into the high-x gate dielectric on Si, Ge, and
III-V semiconductors, has been widely investigated. By forming strong metal-F
bonds, high-k dielectric on Si, Ge, InGaAs and InP substrates are effectively
passivated. At the same time, the formation of high binding energy bonds, such
as Si-F and Ge-F can improve the interface quality [29, 30]. Therefore, following
the scheme in Sect. 5.3.1, in this subsection, the impact of post-gate CF, passivation
on Al,O5/GaSb is investigated.

N-type GaSb (100) wafers with a doping concentration of ~2 x 10'7 cm ™ were
used for MOS capacitor fabrication. All wafers were sequentially immersed in
acetone, ethanol and de-ionized (DI) water to remove organic contamination,
finally dried by compressed N, blowing. The native oxide was removed by a cyclic
rinsing between diluted HCI and DI water. After that, an Al,O5 gate dielectric layer
of about 10 nm was then deposited by ALD at a substrate temperature of 300°C.
Some samples were transferred to reactive ion etching (RIE) chamber, a mixed flow
of CF,4 (50sccm) and O, (S5sccm) gas was introduced to fluorinate the sample for
3 minutes. Control samples without CF, plasma treatment were also fabricated as



5 Passivation and Characterization in High-k/III-V Interfaces 139

08 T T T T T T T
(a) W/O PMA, W/O CF. 08F (b) W/ PMA , W/O CF.
0.7k
? - L -......“.-.::,’M | ,,g 0.7+ m."."‘- o
sl P E S osh " v
3 osh P Fo i 3 e e )
s > i ® 05} e
2 F - & - 1KHz o 4 v = 1KHZ
04 - +-10KHz 4 C 4 o 10KHZ
£ . n 100KHZ E o4 ! w 100KHz
3 1 "“' v 500KHZ o P b v SO0KHz
% 03} ” ‘4 —4— 1MHZ i 5 03k S ] — MHZ
o o o ot
02 i 0.2t M
rR— o 1 2 2 1 0 1 2
Voltage (V) Voltage (V)
0.9 r T T r
osl (C) W/ PMA , W/ CF.
< orf i
_§_ I
lh 0.6 E
Y o5t
g s 4
E 04
~ L
2 o3} )
o L
0.2
2 -1 0 1 2
Voltage (V)

Fig. 5.16 C-V characteristics of MOS capacitors for samples (a) with neither CF, plasma nor
PMA treatment (W/O CF4, W/O PMA), (b) with PMA treatment only (W/O CF,, W/ PMA) and (c)
with both CF, plasma and PMA treatment (W/CF,, W/PMA)

references. Post deposition annealing (PDA) was then performed at 350°C in N,
ambient for 30 s. After electron beam evaporation of Ti/Au gate electrodes, PMA
was selectively performed at 300°C in N, ambient for 30 s. Finally, about 200 nm
Al film was deposited on the back side of GaSb substrates for ohmic contact.

Figure 5.16a—c show the room temperature frequency dependent C—V curves of
the samples without any treatment, with PMA only, and with both CF, plasma and
PMA, respectively. As shown in Fig. 5.16a, bumps are observed in the inversion
region even at high frequency and large frequency dispersion exists in accumula-
tion region. After PMA, as depicted in Fig. 5.16b, the response is observed in the
moderate frequency and the frequency dispersion decreases, indicating improved
interface quality. As shown in Fig. 5.16c, the C-V characteristics are further
improved for the samples with both CF, plasma and PMA treatment. Compared
with the samples without any post-gate treatment, the frequency dispersion in
accumulation region has reduced from 10.3% to 4.9%, which indicates a better
interface.
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In order to evaluate the D; distribution, Castagné-Vapaille method was used. As
shown in Fig. 5.17, reduction of D;, was achieved by PMA and post-gate CF, plasma
treatment. For the MOS interface with both post-gate treatments, a D; value of
6.5 x 10'? cm™2 near the valence band edge was obtained, while 8.5 x 10" cm™2
for with PMA only sample and 1.24 x 10'® cm ™ for the one without any treatment.
The reduction of D;; by PMA can be explained by the mechanism, that an enough
thermal energy rearranges the bonds at the Al,O5/GaSb interface and dangling bonds
throughout the film are passivated. Figure 5.17 shows the gate leakage current
characteristics of samples with and without CF, plasma treatment. In the accumula-
tion region, samples with CF; plasma treatment exhibit lower leakage currents,
indicating the reduction of trap assisted tunneling. With the F atoms incorporation,
defects states at Al,Oz/n-GaSb interface were further passivated.

The high frequency (1 MHz) C-V hysteresis characteristics of 10 nm
Al,03/n-GaSb gate stack with and without post-gate treatments are illustrated in
Fig. 5.18. A large hysteresis (~310 mV) is observed for sample with neither PMA
nor CF, plasma treatment. After PMA, the hysteresis is reduced to ~160 mV, and
sample with both PMA and CF, plasma treatment shows a smaller hysteresis
(~110 mV). The reduction of hysteresis for sample with post-gate treatment is
related to the “border traps”, which can reveal the slow traps in high-k film near the
interface region with the substrate and/or interface region between the high-k film
and the interfacial oxide. The ANy, of the MOS capacitors with different postgate
treatments are shown in Fig. 5.19. It is clearly observed that PMA and postgate CF,
plasma treatment can effectively decrease the ANbt. The sample with neither CF,
plasma nor PMA treatment shows a largest ANy, of 6.25 x 10'' cm ™2, while
5.26 x 10'"" cm ™ for samples with both postgate treatments. Therefore, the slow
traps in Al,Oj3 are decreased by using the PMA and postgate CF, plasma treatments.

In order to understand the effect of post-gate CF, plasma treatment on the
properties of Al,O5 gate dielectric, XPS analysis was performed. Figure 5.20a, b
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Fig. 5.18 C-V hysteresis characteristics of 10 nm Al,05/n-GaSb gate stacks (a) W/O CF,4, W/O
PMA, (b) W/O CF,, W/PMA and (¢) W/CF,, W/PMA
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