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Abstract

Bulk FInFET has advantages of heat dissipation, wafer cost, process
compatibility and extendibility of conventional planar MOSFET technologies. The
combination of recess channel array transistors (RCAT) technology and triple-gate in
bulk silicon prove excellent SCEs control ability. It owns superior subthreshold slope
(~70 mV/dec) and DIBL characteristics in simulation works. Due to the fully depleted
fin channel, the subthrehold voltage is modified by not only channel doping but also
the fin width and fin height. The saddle-like FINFET structure shows good immunity
of electric characteristics of recess depth variafion and reverse body bias comparing to
RCAT structure. To integrate with DRé:;M_é'process, the leakage current must be
suppressed. With higher channe_] doping, |t reduces the loss current and subthreshold
slope. By adopting LDD in S/D région,'the bénd-to-band-tunneling generation is
smaller. Also, increasing the thickness of gate-to-drain oxide, can help the leakage
suppression a lot but only a slightly control ability sacrifice.

A Si-cap/Ge/Si pFET structure based on 90-nm node for future high-speed
transistor application is simulated. The Si-cap is assume to be relax and Ge layer is
fully strained. For 90-nm node planar control-Si device, HALO implantation is

necessary to reduce the SCEs. The Si-cap/Ge heterostructure results in the holes

confinement in the quantum well, which provide better control ability comparing to



control-Si device. The BTBT model for Ge is analyzed and put into simulation. The
leakage due to smaller bandgap of Ge is examined by different Si-cap thickness and

Ge layer thickness.

Keywords: MOSFET, Bulk FInFET, Threshold Voltage, Quantum Well
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Chapter 1

Introduction

1.1 Advantage of MOSFET Scaling Down

Computing capability has increased dramatically over the decades, enabled by
significant advances in silicon integrated circuit technology led by the continued
miniaturization of the MOS transistor. The rapid progress in the semiconductor
industry has been driven by improved cireuit performance and functionality together
with reduced manufacturing ¢osts.'Sisice the 1960s, the number of transistors that can
be inexpensively placed on an integratéd'?irp}iit is increasing exponentially, doubling
approximately every two years:[1], wh:i\:é.h is depic.ted in Figure 1.1 [2]. While
Moore’s law only describes the rate. of increasejin transistor density, reduction of the
physical MOS device dimensions has improved both circuit speed and density in the
following ways: a) Circuit delay time decreases with a reduction in gate length as a
factor of ~1/k (x > 1), allowing for faster circuits, b) Chip area decreases with ~1/x?
enabling higher transistor density and cheaper ICs. c) Switching power density ~ 1
constant; allows lower power per function or more circuits at the same power. Device

scaling has been a relatively straightforward solution thus far, but physical limits are

approaching, and new materials and device structures are needed to continue scaling


http://en.wikipedia.org/wiki/Transistors
http://en.wikipedia.org/wiki/Integrated_circuit
http://en.wikipedia.org/wiki/Exponential_growth
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1.2 Planar Bulk-Si MOSFET[ }Scalé-lng Cha.l.lenges

The planar bulk-silicon MOSFET_ has beer; the base of the semiconductor
industry over the last 40 years. People keep shrink the gate length to improve the
performance and reduce the cost of single device. However, the scaling of bulk
MOSFETs becomes increasingly difficult for gate lengths below ~20nm expected by
the year 2009. As the gate length is reduced, the channel potential influenced by the
source and drain increases relative to the gate, leading to significantly degraded

short-channel effects (SCE). This cause some drawbacks, a) increased off-state

leakage, b) threshold voltage (Vi) roll-off, and c¢) reduction of Vi with increasing



drain bias due to a modulation of the source-channel potential barrier by the drain
voltage, also called drain-induced barrier lowering (DIBL). In order to maintain the
relatively strong gate control of the channel potential in bulk devices, various
technological improvements such as ultra-thin gate dielectrics, ultra-shallow
source/drain junctions, halo implants and advance channel dopant profile engineering
techniques such as super-steep retrograde wells have been necessary. Each of these
technologies is now approaching fundamental physical limitations which may, in turn,
limit further scaling of device dimensions. In MOS devices, the gate dielectric
thickness is the single most important'device dimiension to enable device scaling and

has also been the most aggressively scéié;&,{)_i;e. However, gate dielectrics are already

s 4

[ ]

so thin that quantum mechanicﬁfl direct tﬁﬁneliflg through them results in significant
gate leakage currents below ~20A. The useof alternative high-x gate dielectric
materials can provide a small effective oxide thickness to maintain adequate gate
control needed for Lgscaling while providing a large physical barrier to gate-oxide
tunneling, thereby reducing gate leakage. Besides, in order to scale bulk-Si transistors,
heavy body doping is also necessary to eliminate leakage paths far from the gate
dielectric interface and to increase back-gate (substrate) control of the body. For
sub-100nm gate length devices, a strong halo implant is generally used to suppress

sub-surface leakage, but this tends to increase the average channel doping in small Lg



devices. High channel doping concentration, however, reduces carrier mobility due to
impurity scattering and increased transverse electric field, increases subthreshold
slope, enhances band-to-band tunneling leakage, and increases depletion and junction
capacitances. These factors may combine to significantly degrade device performance,
which is unwanted. In summary, how to increase on-current without those
disadvantages is our main goal trying to achieve.
1.3 General Background For Bulk FInFET

From previous section, it mentioned.that, to overcome the drawbacks of planar
MOSFTE scaling, new device strueture is needed. While two-dimension planar

devices almost reach it’s physical limif§;_f~g three-dimensional MOSFET structure is

proposed, which is called FinFET. FmFET is .one of the promising candidates for
device structure in sub-50nm technoiogy node.and beyond, because of its good cut-off
characteristics due to double gate mode operation. Generally, there are two kinds of
FinFET structure proposed, namely a bulk-FinFET fabricated on a bulk Si substrate
and SOI-FinFET on an SOI substrate . The bulk-FinFET is superior to the SOI-
FinFET in terms of wafer cost, process compatibility and extendibility of
conventional planar MOSFET technologies.

DRAMs need good Ioff characteristic to ensure enough data retention time. Hence,

a bulk FinFET is a promising candidate for sub-50 nm DRAM technology and some



of the implementations of FInFET for DRAM cell array are already reported [3] [4].

According the DRAMs roadmap [5], in sub-50nm node, FinFET will replace RCAT

and DRAMs is viewed as the first one who will adopt FinFET in their products. Thus,

in our simulation, the device was designed by the assumption of DRAMSs application.

Year 04 06 08 10 12

Node (nm) 80 65 50 40 30
Lithography ArF ArF Immersion F2 Immersion , EUV

Gate Wsix+Si WHSI W+WN / CoSix

Metal / IMD Al Al or Cu/ Low-K

D | Density 1Gb 2Gb/ 4Gb 4Gb/ 8Gb 16Gb ~

: Cell Structure RCAT FinFET

M | Capacitor MiS | MIM ( AHO/ HfO/ TiO2)

Tablelf DRAM roadmap 102012
A=W R
1.4 General Background For |Ge Quantum Well pFET
1 s ! y
. el |l .

As the industry aggressively scale transistors in'accordance with Moore’s Law to
sub-20nm dimensions, it becomes increasingly difficult to maintain the required
device performance. Currently, the increase in drive currents for faster switching
speeds at lower supply voltages is largely at the expense of an exponentially growing
leakage current, which leads to a large standby power dissipation. There is an
important need to explore novel channel materials that would provide us with
high-performance nanoscale MOSFETs. Due to their significant transport advantage,

high-mobility materials are very actively being researched as channel materials for

future highly scaled CMOS. Recent progress in epitaxial growth and demonstrations
5



of device application of Si-based hetero-junctions provide a foundation for the
foundation for the investigation of such hetero-structure MOSFETs. The use of
Si-based materials also allows one to take advantage of the maturity and world-wide
investment in Si processing technology. Modifying the mobility by the use of a
different material, as opposed to adjusting doping profiles, geometric design, or
vertical field in the channel, is advantageous because the performance gain will be a
multiplicative factor to the enhancement obtained by geometric scaling, without
compromising other device criteria such.as short channel effects. The strained Si,
SiGe, and even pure Ge provide the earrier mobility enhancement over bulk Si [6-9].

Recently, using strain in Si-based He"t'e}_@Tstructures has been the research and

industrial subject in enhancing earrier m-(:):bilit}./. Acthin Si layer grown on relaxed
Silicon-Germanium (Si1-xGex) will.be strained: since relaxed Sii-xGex has a larger
lattice constant than bulk Si. This produces enhanced in—plane carrier mobility in the
strained-Si, as well as band offsets between the relaxed Sii-xGex and the strained-Si,
which can be used for carrier confinement in advanced device structures. For
However, although the carrier mobility in strained-Si is enhanced, the enhancement
has limits. Tremendous drive current enhancement is impossible if only
strained-Si is applied. In addition, for a given doping concentration, hole mobility in

Si is significantly lower than electron mobility. The lower mobility is reflected in the



asymmetric design of CMOS logic circuits. Significant enhancement in p-MOSFET
performance will allow more symmetric design of CMOS logic circuits.
Ge epitaxially grown on a Si substrate is a promising channel material for
MOSFETs since bulk Ge exhibits a much higher mobility for both electrons and holes
as compared to Si. In addition, a theoretical calculation has shown that compressively
strained-Ge layer exhibits a drastic enhancement of hole mobility much higher than
that of unstrained Ge [10]. Recently, a hole mobility of 2700cm2/Vs at room
temperature has been reported [11] in a strained-Ge channel.
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Chapter 2
Physical Models

2.1 Introduction Of Numerical Simulator

For constructing and analyzing the three-dimensional Bulk FinFET device, the
Technology Computer Aid Design (TCAD) software products provided by Synopsys
corporation is applied. Sentaurus/ISE-TCAD software[1], which is a sophisticated
product, cover the entire range from progess. simulation over device and circuit and
systems simulation to complete package simulation. On the basis of three-dimensional
simulation, we adopted the 3-D simulait(')iif_i':gf Sentaurus/ISE-TCAD tools such as the
DEVISE as structure emulator andithe D];S.SIS as de\;ice simulator. The DEVISE of
Sentaurus /ISE-TCAD helps us to (;,onstruét the physical FinFET structure, impurity
profile, and mesh definition. Then, the DESSIS of Sentaurus/ISE-TCAD can include
many device physical models combined with continuity equation and solve it by
finite-element method (FEM). The solution can help us to analyze the electric
characteristics of FInFET device. This chapter describes physical models used in the
DESSIS of Sentaurus/ISE-TCAD for FinFET structure. It is because DESSIS

incorporates advanced physical models and robust numeric methods for the

simulation of most types of semiconductor device ranging from very deep submicron



Si FinFETs to large bipolar power structures. To make the simulation more
convincing, we need to clarify about the model we use in FinFET structure. The
physical models of FinFET described in this chapter are transport equations,
quantization model, mobility models, and generation-recombination models.
2.2 Transport Equations

The transport equations describe the carriers tranferring phenomena in the interior
of semiconductor. The classical semiconductor equations including the Poisson
equation, continuity equations, and current densities equations are displayed in section
2.2.1 and 2.2.2. The consideration for deviceloperation at different temperatures is

presented in section 2.2.3. Finally, in ségtlon 2.2.4, the manipulation of transport

equations covering semic_?o_nd_ucto-r:- and contact metal is presented.
2.2.1 Governing Equationé For Device Physics
The three equations governing charge transport in FInFET devices are the Poisson
equation, electron continuity equation, and hole continuity equation. The Poisson
equation is:
V2p = =2 [p(x) - n(x) + Nj(x) — Nz ()] 2.1
This equation specifies the electrostatic potential and the electric field within the
device. Here ¢ is the electrostatic potential, € is the electrical permittivity, q is the
electronic charge, n is the electron density, p is the hole density, N is the number of

10



ionized donors, and N3 is the number of ionized acceptors. The electron and hole

continuity equations are:

0 1

== Vo —Ra + Gy (2.2)
dp _ 1

="V~ Ry +Gp (2.3)

Where R, and R, are the electron and hole recombination rate, G, and G, are
the electron and hole generation rate. J,, is the electron current density. J,, is the hole
current density.
2.2.2 Drift-Diffusion Equation

The drift-diffusion model of a semiconductor 1s frequently used to describe
semiconductor devices. It provides a’;‘)'t:?_@gr:.ful description of microscopic particle
transport on the phenomenological _leveliv:\-vher.e current densities for electrons and
holes are given by:
Jn = —NQ, VP, (2.4)
Jp = —PAR, VP (2.5)
Where p, and p, are the electron and hole mobilities, and @, and @, are the
electron and hole quasi-Fermi potentials.
2.3 Mobility Models

The carrier mobility in a MOSFET channel is significantly lower than that in bulk

silicon, due to additional scattering mechanisms. Section 2.3.1 describe how these

11



models combine together. And the following sections list the model we use separately.
In the simplest case, the mobility is a function of the lattice temperature. The so-called
constant mobility model described in section 2.3.2, which is due to phonon scattering,
should only be applied for un-doped materials. For doped materials, the carriers are
scattered by the impurities. This leads to a degradation of the mobility. Section 2.3.3
introduces the models that describe this effect. Moreover, models that describe the
mobility degradation at interfaces, for example, the silicon—oxide interface in the
channel region of bulk FinFET are introduced. in section 2.3.4. These models account
for the scattering with surfage phonens and surface roughness. Finally, the models
that describe mobility degradation in hi’g'lx'_}:-g'lgg.tric fields are discussed in section 2.3.5.
2.3.1 Mobility Models C_,om_blin;iioh

Mobility model is one of the mos.t important physical models in device simulation.

If more than one mobility model is activated, the different mobility contributions are

combined according to the following scheme — different bulk and surface

mobility contributions are combined following Mathiessen’ s rule:

LS SO SO SO R (2.6)
[ Hb1 b2 Hs1 Hs2

If the high field saturation model is activated, the final mobility is computed in two
steps. First, the low field mobility is determined according to (2.6). Second, the
final mobility is computed from a (model-dependent) formula as a function of a

12



driving force F :

H = f(low + F) (2.7)
2.3.2 Mobility Due to Lattice Scattering (Constant mobility
model)

The constant mobility model assumes that carrier mobility is only affected by
phonon scattering and, therefore, dependent only on the lattice temperature:
eonst = Hy(5o) ™Y (2.8)
Where y;, is the mobility due to bulk phenon scattering, T is the lattice temperature.
The vy of electrons and holes are 2.5 afid 2.2, respectively.

2.3.3 Doping-Dependent Mo.bi'i_fty...begradation (Masetti Model)

In doped semiconductors, scattering of :t‘:ile cérriers by charged impurity ions leads
to degradation of the carrier mobiiity. Sentaurus Device supports two models for
doping-dependent mobility. The default model used by Sentaurus Device to simulate
doping-dependent mobility in silicon was proposed by Masetti et al. [1]. The Masetti
model is:

Pc

Hdop = Hmini1 exp (_ N_l) +

Hconst~Hmini2 K1
mini2 _ (2.9)
Ehe P

where N; = N, + Ny denotes the total concentration of ionized impurities.
2.3.4 Mobility Degradation At Si-Insulator Interface
The model for carrier mobility in silicon inversion layers and in the bulk of the

13



semiconductor is the one which mostly affects the accuracy of the results of the

terminal current calculation in two- and three-dimensional (2-D, 3-D) MOSFET

simulation programs. It is because that in the inversion layer of a bulk FinFET, the

high transverse electric field forces carriers to interact strongly with the Si—insulator

interface. The carrier scattering is subjected to acoustic surface phonons and surface

roughness. The models in this section describe mobility degradation caused by these

effects. The surface contribution due to acoustic phonon scattering has the form:

Nia

B CRD

Mac = 7+ =75, 7% (2.10)
ac — g Fi 3(ﬂ)k
and the contribution attributedto surface.roughness scattering is given by:
F, : E“ .

) FL L&

Msr = (56— + 7)‘1 - | | '3 || : (2.11)

where the reference field Fi¢f L | V/cmrensures-a unit-less numerator and F, is the

transverse electric field normal to the semiconductor-insulator interface. These

models can be combined with this form:

l=i+£+£ (2.12)
[ Hb Hac Usr

—X

where D = exp (l ) ( xis the distance from the interface and 1. is a fit parameter)

crit
is a damping that switches off the inversion layer terms far away from the interface.

In the Lombardi model [2], the exponent A in (2.11) is equal to 2.

2.3.5 High Field Saturation

In high electric fields, the carrier drift velocity is no longer proportional to the
14



electric field strength, instead, the velocity saturates to a finite speed. In our work, we
apply Canali model for the description of this effect [3]. The Canali model originates
from the Caughey—Thomas formula [4], but has temperature-dependent parameters,

which were fitted up to 430 K by Canali et al. :

w(F) = —How ———  (2.13)

[1+(“‘1)°S—‘;V:)B]1/ B
where p, - denotes the low field mobility. And F = |Vq,|, for the gradient of the
Fermi potential V..
2.4 Quantization Model
With the progress of device scaling, somefeatures of current MOSFETs (oxide
thickness, channel width) have reacﬁe"c'%fg.qgéntum mechanical length scales. That
means the wave nature of elec.tyons and }Ifc-)les. .can make significant difference from
classical charge inversion theory. The most basic quantization effects in MOSFETs
are the shift of the threshold voltage and reduction of the gate capacity due to less
energy levels in the inversion region. To include quantization effects in a classical

device simulation, a simple approach is to introduce an additional potential to the

classical density formula:

Epn—Ec—A

n = N.exp ( T )

(2.12)
where n is the electron density, T is the carrier temperature, ky, is the Boltzmann

constant, N, is the conduction band density of states, E. is the conduction band
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energy, and Eg, is the electron Fermi energy. When using Fermi statistics, the
exponential function in is replaced by a Fermi integral of order 1/2. The density
gradient model is numerically robust, but still increasing the computation time. It can
be applied to MOSFETs, quantum wells, SOI structures, and bulk FinFET, and gives
a reasonable description of terminal characteristics and charge distribution inside a
device. It can describe both 2-D and 3-D quantization effects. Although for channel
width larger 10 nm, the effect of quantum is relative small.[5] In order to obtain more
correct density distribution in the channel; we can still apply the density gradient
model as our reference in some simplé'testing.

2.4.1 Physical Model Descriﬁt"i"_f.__é;]_...'

For the density gradient model [6] [7],-:-A can be.expressed in terms of a partial

differential equation:

yh? V2y/n

— (o2 1 2] —
A= {V logn+2(Vlogn)}— p—

12m

(2.13)

Where h = h/2 7 is the reduced Planck constant, m is the DOS mass, and 7 is a fit
factor. The density gradient model increases the current through the semiconducting
potential barriers. However, this effect is not a trustworthy description of tunneling
through the barrier. To model tunneling, use one of the dedicated models that
Sentaurus/ISE provides. To suppress unwanted tunneling or to fit tunneling currents
despite these concerns, consider using the modified mobility model according to:
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w= “1:+§t (2.14)
where | is the classical mobility, py,, is a fit parameter, and y = max (0, n/nc -
1). Here, n. is the ‘classical’ density.

2.5 Generation and Recombination

The fundamental generation and recombination of Shockley-Read-Hall (SRH) and
Band-to-band tunneling(BTBT) model are both applied.

2.5.1 Shockley—Read—Hall recombination (SRH)

To account for excess electrons and holes recombination, one can assume there is
an allowed energy state, called a “'tarp”, Withi.l’l the forbidden bandgap. The trap can
capture electrons and holes with alm(;sf égual probability. The balance equation for
each trap yields a Shockley-Rgad-Hlalll (SRH) rate.. The individual characteristic
properties of generation—recombina.tion centersidepend strongly on the technology.
Therefore, they are usually lumped together in quantities like the effective electron

and hole lifetimes, ending up with one effective single-level SRH rate. In

Sentaurus/ISE, the following form is implemented:

2

SRH _ np-nj
R "~ tp(n+ny)+Ty(p+p1) (2.41)
with
E
n; = n;exp (ﬁ) (2.42)
and:
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Py = mexp () (2.43)
where E; is the difference between the defect level and intrinsic level. The silicon
default value is E; = 0. The minority lifetimes T, and T, are modeled as a product
of a doping-dependent, field-dependent, and temperature-dependent.

2.5.2 Band-To-Band Tunneling Model (BTBT)

The reduction of the junction leakage current of MOSFETsS transistors becomes a
crucial issue in the forth coming generation of devices. Besides the junction current
which depends on the drain-to-bulk voltage;.an additional leakage current is generated
in the Drain in the vincinity of thesSurface When a high Drain-to-Gate voltage is
applied. This Gate Induced Drain Leaka’-g,e .(.GIDL), which has become one of the
most limiting factor on advanced double-:;:)-xide. devices, can even be larger than the
channel off-current of long devices.. It is_crucial; especially to DRAM circuit design.

Both GIDL and junction leakage are relate to band-to-band tunneling. To show
both of the leakage phenomena, we need to apply band-to-band tunneling model in
our simulation. Band-to-Band-Tunneling (BTBT) GIDL has been considerably
studied [8]-[14] and is now available in most state-of-art MOSFET public domain
models.

In our work, we applied Hurkx model as tunneling model. The Hurkx band-to-band
tunneling model [15] is implemented to provide a complete range of commonly used
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band-to-band tunneling models in Sentaurus/ISE. The tunneling carriers are modeled
by an additional generation—recombination contribution. In the Hurkx model, this

contribution is expressed as:

B-Eg(T)**
Eg(300K)15F

G=-A-D- (FEO)P - exp (— ) 2.2)

Where F is the electric field, Fy=1V/m, and:

_ __np-nf
(n+n;)(p+n;)

A—la) +«a (2.2)

For o = 0, it gives the original Hurkx model. a = —1 gives only generation, and
a = +1 gives only recombination. For.many other BTBT description model, they
describe tunneling by means ofl ageurrent ‘density, which are only suitable for
post-processing calculations and céﬁggt_'..be incorporated into the continuity
equations. Hurkx model avoid .tl_;is dga'wb;:c:k. Also, from the equation, we know that
Hurkx model will degenerate to noﬁnal SRH model under low electric field, which is
physics sophisticated.
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Chapter 3
Simulation Study Of Bulk FInEFT

3.1 Motivation

For applying in DRAMs, the MOSFET need good Ioff characteristic to ensure
enough data retention time. Hence, a bulk FinFET is a promising candidate for sub-50
nm DRAM technology and some of the implementations of FInFET for DRAM cell
array are already reported [1] [2]. FinEET, structure exhibits excellent subthreshold
characteristics. In this chater; we perform thesimulation with a saddle-like FinFET
structure (S-Fin) [3] on bulk Si subsfré%.__fqr sub-50 nm deep trench DRAMs and
compare it with a recess channel array trari;istor (RCAT) structure. In this chapter, the
author will examine and discuss thése fundamental characteristics with recess depth,
fin width and fin height, and negative body bias variation. Also, the author compare
the characteristics between S-Fin and RCAT.

3.2 Device Structure

A saddle-type structure is depicted in Figure 3-1. The U-shape channel and side
gate is the combination of RCAT and triple gate FinEFT technology. Gate length (Lg)
and width (W) are both 40 nm. The gate oxide thickness (Tox) is 4 nm according
ITRS roadmap and the channel fin height is 10 nm. The effective channel length is
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Leff = Lg+2H. For trench DRAMs technology, a large junction depth is demanded to
reduce the parasitic resistance between the trench capacitance and the 3D transistor
(Figure 3-1(b)). Therefore, the access time can be lower. However, GIDL current is
considerable due to the large overlap between gate and storage node. To reduce the
amount of GIDL current, a lateral decay of the source/drain doping profiles (Figure
3-1(c)) is adopted. The negative substrate bias (-0.5V) is applied to keep a reverse
bias between the substrate and the bottom plate of the deep trench capacitor. Although
applying p+ poly-gate can adjust the Vth, but it also produces higher GIDL due to the
higher band bending near the interface. ThuSpa<n+ ploy-gate is used that we can
benefit from its lower GIDL. In this péﬁé_?;_gharacteristics of device are simulated by
TCAD simulator [4]. We activated be;nd-:t:;-baﬁd model (BTBT) [5] to evaluate the
GIDL current in the critical regions \.Vith high electric field.

It is also important to know that this kind of structure can be realize in fabrication
process [1]. First, the groove-like RCAT channel and the fin structure to the channel
width direction were formed. While the damascene-FinFET(D-Fin) [6] is constructed
by etching only the field oxide and the recess channel array transistor (RCAT)
structure is formed by etching only the active silicon, the saddle-like bulk FinFET
(S-Fin) is prepared by etching both of the active silicon and the field oxide. The
well-rounded corner profile of fin was obtained. The fin height can be controlled to be
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40nm. A 70nm DRAM technology was used for the device evaluation. A
damascene-FinFET (D-Fin) and an RCAT were also fabricated by controlling the
dry-etching condition. In our work, we perform both S-Fin and RCAT structure. The
RCAT structure is with the same dimension like S-Fin but just remove the double

side-gate.
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3.3 Threshold Voltage, DIBL Definition
3.3.1 Threshold Voltage Definition
The Vi, model of the conventional planar MOSFETs with long-channel length and

wide channel width is expressed like [7]:

Vin = Vg + 20 + 0 (3.1)

0X

where Vgg and @p are the flat-band voltage and Fermi potential, respectively. Ny,
Xdep»> and Coy are the body doping, channel depletion length under the gate, and gate
capacitance, respectively. Equation (3.1).is based on the linear operation region. Here,
we ignore oxide charge to simplify the modeling ferm. But for fully-depleted devices,
the channel width may be much less tﬁéé__’f-ﬂj._e:.depletion length. Thus the equation for

threshold voltage can be expressed like:

gqNpW
2Cox

Vin = Vg + 20 + (3.2)
This form doesn’t consider QM effect near the Si/Oxide interface, yet. But for
consideration of more accuracy, QM effect should not be ignored.
3.3.2 Drain Induced Barrier Lowering Definition

Drain induced barrier lowering or DIBL is a secondary effect in MOSFETs
referring originally to a reduction of threshold voltage of the transistor at higher drain
voltages. The origin of the threshold decrease can be understood as a consequence of

charge neutrality: the Yau charge-sharing mode [8]. The combined charge in
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the depletion region of the device and that in the channel of the device is balanced by
three electrode charges: the gate, the source and the drain. As drain voltage is
increased, the depletion region of the p-n junction between the drain and body
increases in size and extends under the gate, so the drain assumes a greater portion of
the burden of balancing depletion region charge, leaving a smaller burden for the gate.
As a result, the charge present on the gate retains charge balance by attracting more
carriers into the channel, an effect equivalent to lowering the threshold voltage of the
device.

3.4 Bulk FINFET Recess Depth

3.4.1 Introduction

. T}

The depth of recess channel (H) 1s n’ilati-\‘:/:e to .effecti\./e channel length by 2H+Lg.
With fixed Lg, the larger H can incréase the effective channel length.
3.4.2 Threshold Voltage Variation With Recess Depth

Figure 3-2 shows the RCAT and S-Fin threshold voltage versus the recess etch
depth with a Vds=0.05V. The S-Fin shows relative small variation of threshold
voltage with the recess depth comparing to RCAT. A Vy, of RCAT is 0.225V with
depth varying from 30nm to 60nm. And A Vy, of S-Fin is only 0.015V with the same
variation range. It means S-Fin is less sensitivity of recess depth variation and better

process margin in the recess depth.
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Figure 3-2 Vy, of REAT and,S-Firrwith different recess etch depth

3.5 Fin Width and Fin HeightVariaiton

E-ﬂ '
M

For three-dimension fully-depleted fin structure, the fin width and fin height are
important factors for the performance.

Figure 3-4 shows the threshold voltage and drain-induced barrier lowering (DIBL)
characteristics versus fin width. Figure 3-5 is threshold voltage and drain-induced
barrier lowering (DIBL) characteristics versus fin height. For devices with
full-depleted (FD) channel, threshold voltage is mainly adjusted by fin width and fin
height. As the fin width increases (Figure 3-4), the control of side-gate decreases,

which causes the degradation of DIBL. As the fin height increases (Figure 3-5), the
27



control of top-gate decreases, which also causes the degradation of DIBL. The saddle
fin structure shows a good DIBL behavior even though fin height, fin width, and

recess depth change.
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Figure 3-3 Vi, and DIBL characteristics v.s the fin width.
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3.6 Bulk FInFET Reverse Body Bias
3.6.1 Introduction . %

This reverse body bias is conventionally used to prevent any forward bias of the
source-body junction due to circuit noise on the bitline or body, which could cause
injected electrons from the source to diffuse to a capacitor node diffusion.
3.6.2 Threshold Voltage Variation With Reverse Body Bias

Figure 3-6 body bias dependency of RCAT and S-Fin cell array transistor. From the
figure, the body-tied S-Fin shows negligible body bias dependency compare to RCAT

structure. The body bias of DRAM device has been used to increase the off state
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performance of the cell transistor. On the contrary, it also increases the junction
leakage current of the storage node. Therefore, it is a great advantage that the body

bias of S-Fin can be reduced without losing its performance.

Figure 3-5 Vi, of RCAT and S-Fin with different body bias.

3.6.3 DIBL Variation With Reverse Body Bias
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Comparing to RCAT, DIBL of S-Fin is much less which shows a very good SCEs
elimination. Also, from Figure 3-7, we see that the S-Fin is less sensitive in DIBL
with body bias variation. To reduce the leakage, the reverse body bias should rise up.

But that will also increase the SCEs in RCAT and degrade the DIBL. For S-Fin, the
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DIBL is almost constant comparing to RCAT, which means it owns better potential to

suppress the leakage without sacrifice too much control ability.
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Figure 3-6 DIBL .(')f RICAT andl'Sl-.Eiﬁ with different body bias.
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Chapter 4

Leakage Analysis of Bulk FInNFET

4.1 Introduction

The reduction of the leakage current of MOSFETSs has become a important issue in
the forth coming generation of devices. The leakage current will increase the
consumption of power in logical circuit. In DRAMs technology, the requirement for
leakage current is less than 1 fA/ per,eellrin order to maintain the charge state in
capacity. There are two major leakage pathé in the MOSFETSs besides subthreshold
leakage (Figure 4-1). One is the juﬁf:‘gigp leakage, ‘current, which depends on the
drain-to-bulk voltage. The other leakqgé;;ﬁ;rept is g_enerated in the vicinity of the
surface of drain region when a high draiin-‘;(:)--gate yoltage 1s applied. This gate induced
drain leakage (GIDL), which has become one of the most crucial limitations on
advanced devices, can even be larger than the channel off-current of long devices.
Band-to-band-tunneling (BTBT) GIDL phenomenon has been considerably studied
[1]-[6] and is now available in most state-of- art MOSFET simulation. Usually, the

BTBT current become ignorable when the electric field is comparable to 1IMV/cm.

Under low electric field, it is trap-assisted tunneling (TAT) which dominate and is
temperature dependent.

The carriers responsible for GIDL originate in the region of the drain that is
overlapped by the gate, and GIDL occurs when the gate is set to zero or negative

(nMOSFET) and the drain is at positive voltage. A large electric field then exists
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across the oxide, which must be supported by the charge in the drain region. For
nMOSFET, the tunneling will create holes in the forming depletion region as shown
in Figure 4-2(b). However, as the holes (minority carriers) arrive the surface to form
the inversion layer, they will immediately swept laterally to the substrate as shown in

Figure 4-2(a). Hence, the depletion region under the oxide in the drain will not form
the inversion layer but form a deep depletion layer.

Saddle-like bulk FinFET exhibits a large area of drain-to-gate overlapping region.

It is 130-nm for junction depth in order to integrate with trench capacity. It is crucial

to reduce the leakage generate in this region.

e ﬁ#@ﬁ%%w

Source (n+) Drain (n+)

Substrate (p+)

Figure 4-1 Conventional planar MOSFET leakage path (1) PN junction leakage

(2) subthreshold leakage (3) GIDL

34



D Gate Oxide
Ec

Ev

Ev Ec
Figure 4-2(a) lateral band diagram Figure 4-2(b) gate-to-drain band diagram

4.2 GIDL and Junction Leakage

We turn on BTBT model in tl_l_é dfai_n re"g;ion'- and the substrate below the drain

e

region. For saddle-fin structurgé_jur.l'é;c%n\leal?g%é 1§ ire;?yitable when comparing to SOI
structure. However, the jun_'ction'-leakf e’i-jg ¢h smaller than GIDL in our case due
to the large overlap betweeﬁ géie,%gdisl ora%% n {13 _'-_..L
Figure 4-3 is the electric ﬁled dlstrlbutlon and BTBT generation of saddle-fin
structure. Due to the 10nm overlappiﬁg of side-gate and drain region, the electric field
extends away from the interface of top-gate and drain region. That will also increase
the BTBT current. Since the drain region is heavily n” doping (1e19 cm™~1e20 cm™),
and substrate doping is lel7 cm™, the depletion region would mostly drop in the
substrate region. That means the p-n junction leakage can be induced mostly in the
substrate region.
With little subthreshold leakage (by channel doping), we contribute the major
leakages p-n junction leakage current and GIDL current. In Figure 4-4, we extract p-n

junction leakage current from total BTBT current. In saddle-fin structure, the p-n

junction leakage is two-order smaller than total BTBT current. That means, in
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off-state, GIDL dominate the leakage current. To reduce the leakage effectively, we

need to reduce the GIDL current.
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Figure 4-4 BTBT current v.s Vg. Junction leakage current (JLK)
1s extracted from total BTBT current.
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4.3 Channel Doping

For substrate doping concentration le-17 c¢m™, the depletion length is about
100-nm. If the effective channel length is less than the depletion length, the device
may punch-through under zero bias. It will increase the leakage current and degrade
the DRAM cell retention time.

Figure 4-5 shows that, with 3¢18 cm™ channel doping, the leakage is 4X less than
zero extra channel doping case(remaining 1e17 cm™. The SS will improve due to less

punch-through.

~5=13e18 cm” channel doping
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$ + o~/ channel doping
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Figure 4-5 Id v.s Vg with and without channel doping

4.4 Lateral and Vertical LDD Doping
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Figure 4-6 show 2-D prolife of key transistor region. For Figure 4-6(a), LDD
doping profiles with a peak at the top of S/D region and gradually down (Z-direction),
which is vertical doping in Z-direction. The doping distribution is from 7e19 cm™to
lel7 em™ within 130-nm. For Figure 4-6(b), LDD doping profiles with minimum at
the interface of gate oxide and drain (X-direction). The doping distribution is
from7¢19 cm™ to 7el8 cm™ within 60-nm.For Figure 4-6(c), LDD doping profiles
with minimum in the center of S/D region (Y-direction). The doping distribution is
from7e19 cm>to 1el8 cm™ within 20-nm.

From Figure 4-7, with LDD doping, it c.an reduce. 10X leakage current under
Vds=1V. For vertical doping in Z-direc’tiéﬁ_,'__';ill.though it,can also reduce the leakage, it

I
| |

suffers from smaller I,n when the others /don’t sacrifice too much Iy,
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45 Tox thickness

To reduce the electric field is the most efficient way to reduce the BTBT current.
The oxide thickness between gate and source/drain is set to be 4-nm,6-nm ,and 8-nm
while the thickness of side-gate oxide remaining 4-nm. Figure 4-8, the I of 6-nm is
almost 30x lower than I.¢ of 4-nm. For oxide thickness 8-nm, the I is with the same
order of 6-nm. Both of the I,¢ (6-nm,8-nm) are met the requirement of less 1fA/cell
for DRAMs. The subthreshold slope slightly degrade with oxide thickness (Figure

4-9).
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Figure 4-9 Subthreshold slope with different gate-drain oxide thickness.
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Chapter 5
Simulation Study of Heterojunction Effect

on Ge Quantum Well pFETs

5.1 Introduction
5.1.1 Advantage of Germanium MOSFET

With the demand for higher drive current, the scaling of MOSFET devices keep
proceed to get further improved performanee: But. for conventional Si-based
MOSFETs, the scaling dimension is appraachmg its'physical limits. It’s time to seek
for new materials which can __intcgrate;.into the FET structure. As depicted in
Tablel.1, comparing to Si, MOSFETS on bulk germanium (Ge) substrate offer higher
mobility for electrons and superior mobility for holes. Additional advantages of
germanium include high density of states (DOS) in the conduction band and relatively
simple integration with silicon. That all imply Ge MOSFET could be the potential

candidate for high performance device application in the future [1].
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Mobility at 300K (cm?V-1s-1)
Semiconductor
electrons holes
Si 1500 450
Ge 3900 1900
GaAs 8500 400

Table 5-1 Bulk mobility for Si, Ge, and GaAs at 300K [2]
5.1.2 Issues Of Germanium MOSFET
Although bulk Ge MOSFETs have already shown the potential for high

performance MOS technology, its rg}rg :qprl}ta,infr_nent on earth and relative high cost
B N

@ = ’:'_
& .
still make the bulk Ge MOS\I’”ETJJI catlon asonable Moreover, as Table 1.2

lts in, mcreased source-drain (S/D)
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o
(@]
[4)}
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.

le 11:1‘10 con dexggades electrostatic integrity. In
addition, compared to Si, n- type d’opagts 1n gqrmamum have lower solid solubility

and diffuse rapidly, which make it difficult to achieve shallow junctions with

sufficiently low sheet resistance.

Bandgap (eV) 1.12 0.66
Dielectric Constant (g,) 11.9 16

Table 5-2 Bandgap at 300K and dielectric constant of Si and Ge

Till now, the most practical and economical ways to implement a high mobility Ge

layer would be to form an ultra-thin Ge-rich epi-layer on top of a Si substrate. Why?
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Recently, the dual channel (strain-Si and strain-Ge) [3] and Ge channel [4] on relaxed
SiGe buffer structures have proved significant electron and hole mobility
enhancements, but it still suffer from the disadvantages of threading dislocation defect,
rough surface, and high cost of the substrate. In contrast, the ultra-thin Ge epitaxially
grown directly on Si with compressive strain has the advantages of high mobility,
relatively low cost and compatibility with conventional CMOS process.

And, there is a serious problem affecting Ge MOSFET structure: Germanium oxide
has long been known as more complex and less stable than silicon oxide. Germanium
oxide exists in a number of stoichiomeétry (Ge@x)and erystal structures (amorphous,

hexagonal, tetragonal) which depend on f;ég‘i_dation conditions and processing history

I

[ ]

[5] [6]. And, germanium oxidé _?c_om;monl-}:l- is .é mixture of these various forms and
inter-conversion is possible during .process'ing.or exposure to ambient conditions [7]
[8]. Hexagonal and amorphous germanium oxides are water soluble while the
tetragonal form is insoluble. Thus, it says that the Ge native oxide is very unstable and
become the main impedance for Ge application. To overcome this issue, an ultra-thin
Si-cap is grown on Ge quantum well to passivate the Ge surface. The Si-cap can be
served as a passivation layer to facilitate further gate dielectrics growth. The Ge
channel MOSFETs were then formed as this Si/epi-Ge/Si structure.

The strained Si, SiGe, and even pure strained Ge layer provide the carrier mobility
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enhancement over bulk Si [9-12]. Furthermore, there are several advantages we can

observe from the Si/epi-Ge/Si structure:

(1) The pure Ge channel can possess intrinsically high carrier mobilities and avoid
alloy scattering (SiGe).

(2) The type-II band alignment between Ge and Si forms a deep quantum well for
holes in the Ge channel and the channel is away from the oxide by the Si-cap
spacing. Therefore, Coulomb and surface roughness scattering induced by the
oxide surface are reduced.

(3) Compressive strain in the Ge channel will splitthe valence-band degeneracy and
reduce the in-plane effeetiye mass. :.=

Those factors will further increase |the :Iv;)le rﬁobility from the intrinsic Ge bulk

hole mobility. Besides the advantagé of high mebility of Ge pFETs, there is drawback

we can’t ignore. Germanium has both a narrower bandgap and smaller effective mass
than silicon, which may easily induce BTBT current. Large band-to-band tunneling

(BTBT) leakage currents can ultimately limit the scalability of Ge pFETs. In our

simulation, we applied BTBT model and try to seek a way to reduce the leakage

current.

5.2 Device Structure

Fig. 5-1 shows the device structure of the strained-Ge channel pMOSFET. The gate
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length is ~90-nm with effective channel length is ~38-nm, the physical gate oxide is

1.2-nm, the Source/Drain depths is ~50-nm with extension depth is~20-nm, and the

gate workfunction is set to be 4.15 eV. Due to a large valence band edge offset at the

heterojunction between the unstrained Si and the Ge quantum well, the inversion

carriers formed in the Ge quantum well. The holes of pFETs are confined in the Ge

quantum well layer to form the buried channel, and the characteristics of the Ge

quantum well pFETs vary from that of the conventional structure of Si MOSFETs.

tox=1.2nm
Si cap 2nm
Ge layer
Source Drain 2nm~6nm

Bulk: 1E18 cm3 (Phosphorus)

Figure 5-1 Ge pFET structure
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For very short-channel MOSFET, more highly impurity doping region near the two
ends of the channel are beneficial to the suppression of short-channel effect, since
they help compensate charge-sharing effects from source-drain fields. For pMOSFET,
this can be implemented by a moderate-dose n-type implant carried out together with
the p" source-drain implant (Figure 5-2). We compare Si/Ge/Si device with control-Si

by different doping profiles (w/ HALO and w/o HALO).

| T A ot s nium_ —————— 1

Lg=33nm LDD Lg=38nm LDD

0.06
X

}*&i{ﬁou‘t HALO profile

.
Q6
>

el

. 0 , .
Figure 5-2 Doping@?ﬁ%f Fﬁw i\

_'.}-'I- f}:::":"
Y

{55
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5.3 Physical Models and?grjéfnetgrs

All the device simulations for the Ge quantum well pFETs and control Si pFETs
are carried out by DESSIS, a two-dimensional (2D) numerical device simulator.
Because the lattice constants of the pure Si and Ge are mismatched by 4%, the strain
effect has to be considered. The Ge layer is assumed to be fully compressively
strained on Si substrate, and the Si-cap is thus unstrained. Due to the band offset
between Si-cap/epi-Ge/Si substrate, the quantum Ge well forms, which leads to the
Ge buried channel of pFETs. Because the device has a relatively thin oxide and high
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level of channel doping, some physical dimensions of the pFETs (oxide thickness,
Si-cap thickness and Ge quantum well thickness) have reached the quantum
mechanical length scales. Therefore the wave nature of electrons and holes can no
longer be neglected. We apply 1D Schroedinger model to simulate the quantum
mechanical effect and analyze the impact of Si/Ge heterojunction on pFETs.
Both the Si-cap and Ge quantum well thicknesses are critical issues in understanding
and analyzing the characteristics of Ge pFETs.

For the pFETs investigated in the study, the Ge channel is assumed to be fully
compressively strained on Si substrate; and the/Si=cap is thus unstrained. This leads to
the type II Si/Ge heterojunction betweéﬁ"_gifga.p and strained Ge. According the strain
calculation, he band offset for _f_AE;:Iis -019 .eV aﬁd for AEv is -0.76 eV. That
makes the bandgap of Ge 0.55 eV (Figure 5-3). |

We also consider the band-to-band-tunneling effect in Ge pFET. Due to smaller
bandgap of Ge, it is assumed there is serious BTBT leakage current at off-state.

Figure 5-4 shows that the experimental BTBT generation rate of Ge is much higher

than Si. For Hurkx BTBT theoretical model:

G = —A-D F o, B - Eg(T)"?
- ) rexp Eg(SOOK)1-5F)

At T=300K, the F, is the key factor to determine the magnitude of BTBT generation

rate. In Figure 5-5, F,=6.4 MV/cm can fit the experimental data well. And F, of Si
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1s 22.5MV/cm as default in DESSIS.

Ec A

dEc=0.19eV

Eg=0.55eV 4 Ec
2
Ev 0
Eg=1.12eV
dEc=0.76eV
v v
Ev
Ge L .4 'Si Substrate

Figure 5-3 The schematic band alignrhent of'Ge/Si substrate
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Figure 5-4 BTBT generation rate vs. Electric Field. Si (indirect) has
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lowest BTBT rate while Ge (small bandgap & mass) is higher [13].
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Figure 5-5 BTBT generation rﬁte .with inverse of electric field

5.4 Results And Disc:ljs_éion_
5.4.1 Substhreshold Slope Modification of pFET

For short-channel device, increasing channel doping can help reduce SCEs. But at
the same time, the high channel doping will increase the impurity scattering, which
results in mobility degradation. A HALO implantation is applied to suppress the SCEs
as mentioned previously. From Table 5-3, for control-Si without HALO will
significantly degrade the substhrehold slope since the substrate doping is only lel8
cm™. For substrate doping with this magnitude of order, the depletion length is about

33-nm. That means, without HALO implantation, the two ends of channel with 38-nm
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gate length may punch through. But in Si/Ge/Si structure, the high hole concentration

under 2-nm silicon cap play a role to maintain a good substhrehold slope without

HALO implantation.

Lg =38nm pFET

w/o QM effect w/ QM effect
; Device Doping Profile  SubthresholdSlope  Subthreshold Slope
tructure [mV/decade] [mV/decade]
w/ HALO 76 84
Control-Si
w/o HALO 90 98
5i/Ge/Si w/ HALO 86 84
2nm Ge layer w/o HALO 86 83

Table 5-3 Subthresﬁdﬁ slop i #’ gé-‘hﬁol Si and Ge pFET
A WA ) oy
under dlfferg__r}i?\ d‘i),:z " e, -“\-IT'

The electron and hole concentration peak are at silicon-oxide interface under

classical model. But if we apply quantum-mechanism model, the carrier concentration

reach its maximum a little distance under silicon-oxide interface. And it goes to nearly

zero at the interface due to boundary condition of wave function, as show in Figure

5-4. Thus, the effective gate oxide thickness is slightly larger than the physical

thickness. This cause the decrease of Cox. As make the substhreshold-slope

degradation for control-Si shown in Table 5-3. For Si/Ge/Si structure, the allowed
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density of state in quantum well will reduce under quantum mechanism consideration
(Figure 5-5). The lower carrier density confined in quantum well will slightly improve
the substhreshold-slope and avoid the shift of peak position. In conclusion, the Ge
well will provide higher concentration which can compensate the charge-sharing
effect. For small gate length, it can benefit from the Si/Ge/Si structure which can

replace the HALO implantment.

— 5x10™
& 3.73x10:em> - Control Si pFET
“@Vg=-15V, Vds=-1V | g:
N, 3 8
< 2 —e=classical 1%
; O
Q o)
> o 3 1%18
) Ec X 2.
B <
C ~
w o} - 2x1§18
2
Ev
4 1x10"™
-2 = 0
0.00 Distaan@l( um) 0.02

Figure 5-6 Hole density distribution of control-Si device
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Figure 5-7 Hole density distribution of Ge pFET device
5.4.2 Cap Thickness Variation
Influence of Si-cap layer thickness ong_gpFET are depicted in Figure 5-8. It is
_ S
observed that the leakage current i_ncr;eélses- :E-IS thé Si-caﬁ becomes thicker. The
simulation is first assumed there is ﬁo BTBT model. Figure 5-9 explains the
correlation between the leakage current and the Si-cap layer thickness. At off state , if
the Si-cap layer thickness is thicker, the valence band at the heterojunction will be
closer to the Fermi level, that is, there are more holes at the Ge channel with thicker
Si-cap thickness. On the other side, the thinner Si-cap layer thickness shows that the
valence band at the heterojunction is far away from the Fermi level with fewer holes
at the Ge channel. As a result, without BTBT model, the thicker Si-cap cause lager
off-state current.
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Figure 5-8 The normalized current characteristies'of Ge pFET with different cap
thickness without BTBT model.
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Figure 5-9 Band diagrams for the hetefostmctufe of (a) thinner Si-cap (b) thicker
Si-cap, showing more holes arejcbhﬁned in Ge QW for thicker Si-cap

Moreover, for thicker Si-cap, the Ge quantum well confines less holes and thus the
Vth moves toward more negative voltage for 2-nm Ge layer pFET, which is shown in
Figure 5-10. But by considering the BTBT model in these device simulations, we find
that increasing the thickness of silicon cap will decrease the leakage current. The
result is contrast to non-BTBT simulation. For BTBT, it is highly related to the
electric field. For thicker Si-cap, the maximum electric field in the Ge channel is
smaller than the thinner Si-cap. As a result, the leakage current will be suppressed
with the increasing of Si-cap thickness.
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Figure 5-10 Vth yariation'with silicon'éap. thickness in Ge pFET
at Vds=-0.05V. The thickness'of Ge layeris fixed at 2nm.
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Figure 5-11 I variation with silicon cap thickness in Ge pFET
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5.4.3 Ge layer Thickness Variation

Another condition for Ge pFET is the fixed Si-cap with different Ge thickness. The
smaller bandgap of Ge forms a quantum well between the Si-cap and the Si substrate.
The energy states in the quantum well can be solved by the coupling of Schroedinger
equation and Poisson equation through self-consistent process. From Figure 5-12, the
narrower quantum well has higher energy level comparing to wider quantum well.
The higher energy level increase the bandgap in the channel direction which will
decrease the tunneling probability due to the larger forbidden path. Also, the narrower
quantum well contains less available states, whieh means the quantized effect is more

significant.

=W
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As shown in Figure 5-13, the heterojunction Ge pFET can effectively suppress the
BTBT leakage by more than three order of magnitude with small Ge layer thickness
(1-nm). For thickness larger than 4-nm, it reveals large leakage but increasing slowly.
For thickness smaller than 2-nm, the leakage can be effectively suppressed due to the
quantum confinement.

In conclusion, there are three main factors dominate the leakage current under
small Ge thickness (1-nm):

1. Smaller channel width

2. Less quantization states

3. Larger bandgap due to stronger qlia'ﬁ:t_iz_at.i.on

1E-4
Cap=2nm -
J—
1E-5 "
~ 1E-6F
< 5
= [ a
2 1E7E
1E-8
F |
1E_9 [] " [] " [] " [] " [] " []
1 2 3 4 5 6

Ge thickness (nm)

Figure 5-13 I ¢ variation with Ge layer thickness with fixed cap-2nm.
61



5.5 Reference

[1]C.C. Yen, B. J. Chow, F. GAO, S.J. Lee, M. H. Lee, C. -Y. Yu, C. W. Liu, L. J.
tang, and T. W. Lee, “Electron Mobility Enhancement Using Ultra thin Pure Ge on Si
Substrate,” IEEE Electron Device Lett., vol. 26, no. 10, pp. 761-763, 2005.

[2] S. Sze, Physics of Semiconductor Devices, 2nd Ed., New York: Wiley, 1981.

[3] M. L. Lee and E. A. Fitzgerald, “Optimized strained Si/ strained Ge dual channel
heterostructures for high mobility P- and N- MOSFETs,” IEDM Tech. Dig., pp.
429-432, 2003.

[4] H. Shang, J. O. Chu, S. Bedell, EP. Gusev., P.-Jamison, Y. Zhang, J. A. Ott, M.
Copel, D. Sadana, K. W. Guarini, and MLpong, “Selectively formed high mobility
strained Ge PMOSFETs for high}perfolrme:r;l:ce CMOS,’; IEDM Tech. Dig.,
pp-157-160, 2004.

[5] A. Satta, T. Janssens, T. Clarysse, E. Simoen, M. Meuris, A. Benedetti, . Hoflijk,
B.De Jaeger, C. Demeurisse, and W. Vandervorst, "P implantation doping of Ge:
diffusion, activation, and recrystallization," J. Vac. Sci. Technol. B, vol. 24, no. 1, pp.
494-498, Jan./Feb. 2006.

[6] O.J. Gregory, L.A. Pruitt, E.E. Crisman, C. Roberts, and P.J. Stiles, "Native oxides

formed on single-crystal germanium by wet chemical reactions," J. Electrochem.

Soc.,,vol. 135, no. 4, pp. 923-929, Apr. 1988.

62



[7] K. Prabhakaran and T. Ogino, "Oxidation of Ge(100) and Ge( 11) surfaces: an
UPS and XPS study," Surf Sci., vol. 325, pp. 263-271, Mar. 1995.

[8] W.A. Albers, E.W. Valyocsik, and P.V. Mohan, "Tetragonal germanium dioxide
layers on germanium," J. Electrochem. Soc., vol. 113, no. 2, pp. 196-198, Feb. 1966.
[9] Q. Ouyang, X. Chen, S. P. Mudanai, X. Wang, D. L. Kencke, Al F. Tasch, L. F.
Register, and S. K. Banerjee, “ A Novel Si/SiGe Heterojunction pMOSFET with
Reduced Short Channel Effects and Enhanced Drive Current,” IEEE Trans. Electron
Devices., vol. 47, no. 10, pp. 1943-1949, Oct. 2000.

[10] A. Rahman, A. Ghosh, and M| Lundstroﬁ, “Assessment of Ge n-MOSFET by
Quantum Simulation,” in [EDM Tech.. D1§;, 2003, pp: 471-474.

[11] H. Shang, J. O. Chu, X. Wa_pg, I} | M ié[oonéy, K Lee, J. Ott, K. Rim, K. Chan,
K.Guarini, M. Ieong, *“ Channel Design and Mobil.ity Enhancement in Strained
Germanium Buried Channel MOSFETs, ” in 2004 Int. Symp. VLSI Tech. Dig., 2004,
pp- 204-205.

[12] K. Rim, J.L. Hoyt, and J. F. Gibbons, “Fabrication and analysis of deep
submicron strained-Si n-MOSFETs,” IEEE Trans. Electron Devices, 2000, vol. 47, pp.
1406-1415, no. 7, July 2000.

[13] Donghyun Kim, Tejas Krishnamohan, Lee Smith, H.-S. Philip Wong, Krishna C.
Saraswat, “Band to Band Tunneling Study in High Mobility Materials : I1I-V, Si, Ge

63



and strained SiGe”, Device Research Conference, 2007 65th Annual, pp.57-58.

64


http://www.ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4373616

Chapter 6

Conclusions

6.1 Summary

The research studied in the first part of this thesis focuses on the novel 3D
bulk(body-tied) FiInFET. TCAD tool [Synopsys Sentaurus TCAD Simulator] was
used for all simulation works in this thesis. With the aid of TCAD, we show that the
saddle-fin posses excellent control ability.in sub-50nm region, which greatly reduce

the SCEs. Also, comparing to the RE@AT stru.cture, the saddle-fin is less sensitive to
the recess depth and the reverse body blanghe excellent Ion/IOffratio is preferred by
DRAMs. In our work, we assume'that thg ..bulk FinFET can first be implemented at
the trench DRAM technology. To feduce the, parasitic resistance of the buried-strap
channel, the junction depth is 130-nm. The long junction depth induces a high GIDL
current due to the large gate/drain overlapping. With lateral LDD doping profile on
source/drain, it is proved that the GIDL can be reduced without too much I,
degradation. Morever, the GIDL current can be further suppressed by increasing the
thickness of gate-drain oxide.

The second part of the thesis is the pFET with Si/Ge/Si structure. The higher hole

mobility make it suitable for future high-performance devices. But the smaller
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bandgap will induce higher BTBT leakage current in off-state. With shrinking the
thickness of Ge layer, substhrehold slope and the leakage current decrease. For the
38-nm device, which corresponds to 90-nm technology node, we show that the Ge
layer can substitute for HALO implantation due to the high hole density confined in
the Ge quantum well.
For the task to find the suitable design rule of devices, we try to approach it in the
following two ways:

(1) The saddle-fin eases the short-channel effect by geometrically extending the
channel into trench.

(2) The Si/Ge/Si pFETSs adopt higﬁ ni’gbﬂlty material to increase the

performance and we show that it beneﬁis from the-Ge quantum well structure.

6.2 Future Work
In the simulation of device structure and material modification, several terms are
worth further investigation:

1. Although the saddle-fin exhibits good electrical properties, such as low DIBL
and SS, there are some emergent issues need to be solved. One of the main challenges
in bringing FinFETs into manufacturing is the difficulty to reduce the series resistance.
The use of thin silicon channels in devices and FinFETs needed for control of SCE

66



implies that these devices suffer from severe series resistance. As the scaling down of
effective channel length, it becomes more worse. While the use of raised source/drain
technology can reduce the resistance of the extension region, and
wrapped-around-contact technology eventually should be developed to enhance the
performance of the devices.

2. The strained Ge can be integrated with new device structures such as SOI and
double gate MOSFETs. By incorporating strained Ge into SOI or double gate devices,
enhanced device performance is expected. with better short channel effects and
scalability. However, these yariation§ of the'device structure and material require

more theoretical work in order to undéf?’gpd the cartier transport, such as phonon

scattering, surface roughness sc_att_ering,. Coulomb:: scattering, etc. Moreover, to
identify the position where BTBT happens-will help us to scheme a method to

suppress the leakage in the future.
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