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MOSFETSs

by JONGCHUL YOON

In device design of sub-20 nm metal-oxide-semiconductor field-effect transistors (MOS-
FETs), an accurate analytical current model including an effect of source and drain series
resistance becomes important. To investigate the effects of the series resistance, the cur-
rent driving capability is calculated for planar bulk, fully-depleted silicon-on-insulator
(FD SOI), and multigate (MG) MOSFETSs using the international technology roadmap
for semiconductors (ITRS) data. We find that the effect of the series resistance becomes
larger year by year, and the change of the resistance effect due to the structure change

is small.

An analytical model for saturation drain current including the higher order terms
of the series resistance effect is derived to improve the accuracy of the model and un-
derstand the physical meaning of the effect of higher-order terms, and simulated. As
a result, the higher order terms are important for analyzing the effect of the series re-
sistance as gate length decreases. The resistance ratio of the source resistance to the

channel resistance is dominant factor in device design for sub-20 nm MOSFETs.

We investigate the structural dependence of the series resistance on saturation drain
current in sub-20 nm technology nodes. The reduction rate of the saturation drain
current due to the effect of the series resistance is calculated in planar bulk, FD SOI,
and MG MOSFETSs in high-performance (HP), low-operating-power (LOP), and low-
standby-power (LSTP) technologies. We know that the reduction rate of the saturation
drain current depends on the structure change of MOSFET. The dominant factor for
the reduction rate of saturation drain current is the ratio of the series resistance to the
channel resistance in HP technology. The dominant factor for the reduction rate of
saturation drain current is the ratio of the overdrive voltage to the supply voltage in
LOP technology. The dominant factor for the reduction rate of saturation drain current

is the resistance and the voltage ratios in LSTP technology.
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Chapter 1

Introduction

1.1 MOSFET Miniaturization

Very-large-scale integration (VLSI) technology has been evaluated and developed to
get the benefits of miniaturization such as higher density, higher circuit speed, and lower
power dissipation. To evaluate and develop VLSI technology, the scaling of metal-oxide-
semiconductor field-effect transistor (MOSFET) is indispensable as a part of comple-
mentary metal-oxide-semiconductor (CMOS). MOSFET miniaturization has focused
on short channel effects (SCEs) and gate controllability to get required performance for
scaled MOSFETs.

We discuss the SCEs according to MOSFET miniaturization. The scaling down to
several-micrometers channel-length MOSFETSs is possible by development of process
techniques such as lithography and ion implant. Below sub-micro channel length, the
barrier height in channel region is lowered even more when a high voltage is applied to
a drain electrode, resulting in further decrease of the threshold voltage.[1] This effect
is called drain-induced barrier lowering (DIBL). Due to DIBL, the threshold voltage
exponentially drops as a channel length shrinks.[2] DIBL is one of SCEs. SCEs lead
to deteriorate the characteristics of MOSFET, the suppressing of SCEs is an indispens-
able problem to improve transistor performance in device design. In device design, the
structure of MOSFET is optimized to keep SCEs under control at very small regime.
A kind of the method to keep SCEs under control was proposed by scaling down the
vertical dimensions (gate oxide thickness, junction depth, etc.) along with the horizontal
dimensions, while also proportionally decreasing the applied voltages and increasing the
substrate doping concentration (decreasing the depletion width).[3, 4] For 1 yum channel

length MOSFETS, the constant scaling theory introduced by R. H. Dennard.[5] Below
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1 micrometer level, the constant scaling theory was not allowed by the threshold fluctu-
ation problem due to the temperature variation of threshold voltage and SCE problem
due to the nonscalability of the junction built-in potential. To address these problems,
the generalized scaling theory using the electric field scaling parameter was proposed for
a quarter micrometer MOSFET.[6] In addition, there are problems associated with the
with electric fields that occur in short channel devices, namely reduced avalanche break-
down voltage. At sub-micro regime, while the halo doping can be used to improve the
device threshold and punch through behavior, it can also cause the peak drain electric
field to increase and thus decrease the breakdown voltage.[7] The threshold voltage can
be adjusted by channel doping such as uniform channel doping and retrograde channel
doping. These doping technics in channel region have some disadvantages. The disad-
vantages are the degradation of the carrier mobility in channel region and the increase
of the subthreshold leakage. To alleviate the mobility degradation, high mobility ma-
terials such as strained Si, InGaAs, and Ge are proposed.[8] Moreover, when voltage is
applied to the drain electrode, a high electrical field is generated in the drain region.[9]
As carriers pass this region, carriers gain energy from the electrical field and become hot
carriers. Some hot carriers are injected into the gate oxide. The other carriers generate
electron-hole pair by impact ionization and some generated carriers flow substrate. This
phenomenon changes the threshold voltage and the transconductance. To avoid this
phenomenon, lightly doped drain (LDD) technique was used. Due to LDD structure,
impact ionization in the channel is decreased, which reduces substrate hole current and

hot electron-induced threshold voltage instability.[10]

We discuss the gate controllability on MOSFET miniaturization. Since the gate has a
better control to the channel, the thickness of the gate oxide also needs to be scaled when
the gate length is scaled.[11] In 100 nm gate length MOSFET, the thin gate oxide below
2 nm leads to increase the tunneling leakage current such as gate-source, gate-drain, and
gate-substrate leakages.[12] Moreover, dopant penetration from the poly Si gate through
thin SiO film occurs.[13] In order to address these issues, high-x materials have been
proposed to replace the gate oxide.[14] Many challenges with high-x integration have
included threshold voltage pinning, mobility degradation due to soft optical phonons,
and poor reliability.[15-17] The structure of MOSFETS has been advanced to accomplish
the intended goal as the channel length shrinks below 100 nm regime. Silicon on insulator
(SOI) is proposed as a new structure of MOSFET to suppress the SCEs and substrate
leakage current.[18] SOI MOSFETSs are able to control SCEs through the usage of a
buried oxide (BOX) layer in substrate region. As the structure changes from planar
bulk MOSFET to SOI MOSFET, the key point of immunity to SCEs changed from
the source and drain shallow junction to thinning of the channel region and buried

oxide layer.[19] In other words, the controlled region by the gate electrode is reduced to
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suppress the SCEs in SOI MOSFET. In extremely scaled MOSFET below 20 nm gate
length regime, two important modification types of the classical MOSFET structure,
fully depleted (FD) SOI and multi gate (MG) MOSFETSs have been researched and
developed. A double gate (DG) MOSFET and FinFET belong to the MG MOSFETs.
The planar bulk, FD SOI, and MG MOSFETs are shown in Fig. 1.1. By using a few
nm silicon film on a BOX layer as shown in Fig. 1.1b, FD SOI structure has good
performance immunity to SCEs.[20, 21] In additional, lower operating voltage and lower
doping concentration in channel region lead to improve mobility due to less coulomb
scattering and lower vertical field in extremely scaled FD SOI MOSFET. Moreover,
the thin buried oxide gives threshold voltage adjustment through controlled back gate
bias for undoped body UTB FD SOI MOSFET.[22] In double gate (DG) MOSFET
and FinFET, to improve gate controllability and device performance with low operating
voltage more effectively, MOSFET needs to have the gates on two or more sides of the
channel region as illustrated in Fig. 1.1c. It means that not only the thinning of the
channel region but also the addition of the gate electrode as a controller of the channel

region.

We discuss challenges of MOSFET miniaturization into nanoscale regime. Recently,
namely ultra thin body (UTB) FD SOI and MG MOSFETSs are proposed as the ad-
vanced MOSFET structures according to the international technology roadmap for
semiconductors (ITRS) reports.[23] Actually, tri-gate MOSFET is used as 22 nm logic
technology.[24] Despite the advantages of FD SOI and MG structures, there are a few
challenges such as the leakage current problems[25], reliability problem due to the vari-
ation of the threshold voltage[26], and the non-negligible effect of the source and drain
series resistance[27]. It is difficult to get both high performance and low leakage cur-
rent despite of the change of MOSFET structure in nanoscale regime. ITRS reports
have been proposed three types of CMOS device; high performance (HP), low operating
power(LOP), and low standby power technologies. The HP technology uses the short-
est gate length in order to achieve the higher drive current. A higher leakage current
is also allowed in HP technology. To reduce the operating power of device, the LOP
Technology uses a longer physical gate length and a thicker gate oxide compared to the
HP technology. For the LSTP, the main target is to achieve transistors with the lowest
leakage current at off state. The reliability problems have occurred by the variation of
device parameters such as the threshold voltage and work function. The causes of vari-
ability are equipment stability, lithography stability, mechanical stress, and microscopic
perturbation. The reducing of the source and drain series resistance is confronted with
geometrical limits in the advanced MOSFETs due to the small cross sectional area of

the fin extension to connect the channel and the source or drain regions.[28] In addition,
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FIGURE 1.1: Structures of the conventional and advanced MOSFETs. (A) Planar
Bulk, (B) FD SOI, and (C) MG MOSFETs; DG MOSFET and FinFET.
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extremely scaled devices are operated in low supply voltage to minimize the power con-
sumption. The effect of the source and drain series resistance becomes a non-negligible
factor in the device design. We focused on this unavoidable problem in sub-20 nm
advanced MOSFETs.

1.2 Source and Drain Series Resistance

Source and drain series resistance is the resistance in source and drain regions and
around their regions such as interface between source (or drain) and metal for transmis-
sion line in circuits and overlap region between the gate and source (or drain) region.
In a conventional MOSFET, source and drain series resistance can be divided into four
components as illustrated in Fig. 1.2.[29] In Fig. 1.2, R, is contact resistance, Rg, is
sheet resistance of the source and drain region where the current flows uniformly, Rg, is
spreading resistance, and R,. is accumulation resistance. The contact resistance is the
resistance in interface region between source-drain and the top metal (or silicide). The
sheet resistance is the resistance of source and drain region where the current flows uni-
formly. The spreading resistance is associated with current spreading from the surface
layer into a uniform pattern across the depth of the source-drain. The accumulation re-
sistance is the resistance in the gate-source (or -drain) overlap region where the current

mainly stays at the surface.

According to scaling down the gate length, the junction depth of the source and drain
has also to be reduced in concert with the other dimensions to control SCEs.[30] In sub-
micrometer gate length regime, there exists an unavoidable intrinsic series resistance
associated with the structure of MOSFET because this resistance is not scaled down
proportionally with device size.[31] It is important to reduce the series resistance in
several structure such as LDD, extended source drain since this resistance has direct
influence on the current-voltage characteristics of MOSFET. LDD structure is proposed
to suppress the hot carrier effect.[32] LDD structure leads to increase the resistance in
drain region.[33] Device performance influenced by SCEs is improved but the source
and drain series resistance becomes increasingly important due to very shallow source
and drain junctions.[34] The extended source and drain have used to improve SCEs and
decrease the series resistance. In the extended source and drain structure, the source and
drain series resistance can be divided into four components as illustrated in Fig. 1.3. In
this structure, the series resistance is added source and drain extension resistance and
the spreading resistance due to the extended region as compared to the planar bulk

structure. The series resistance in the extended source and drain and LDD structure is
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FIGURE 1.2: Schematic representation of source structure and the series resistance
components in the planar bulk MOSFET.
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FIGURE 1.3: Simple schematic representation of source structure and the series
resistance components in the extended source and drain structure.
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partially due to silicon properties such as the solid solubility of dopants, and some tech-
nological limitations such as the non-abrupt junction profile of the source and drain.[29]
This issue is progressed by adopting raised source/drain due to the improvement of thin
film deposition technique such as atomic layer deposition (ALD).[35] However, in ad-
vanced MOSFET, this technique does not work owing to small cross sectional area of

the source and drain extension.

To get required performance in extremely scaled MOSFETSs, the structure of MOS-
FET is changed from the conventional MOSFET to FD SOI and MG MOSFETS as illus-
trated in Fig. 1.4. Figure 1.4 shows experimental structures of the advanced MOSFETs.
The marked regions in red are the extended source and drain regions for connection
between source (or drain) and the channel regions in all structures in Fig. 1.4. FD SOI
and DG MOSFET contain the extremely thin extended source and drain regions due to
small thickness of SOI (Tsor). In tri-gate FET or fin field-effect transistor (FinFET),
the tall and narrow extended source and drain regions are formed to get a high device
performance. These extend regions in the advanced MOSFET lead to a higher source
and drain series resistance due to the bottleneck effect in these regions. In FD SOI
MOSFET, the source and drain series resistance can be divided into four components as
illustrated in Fig. 1.5. A thin channel region used for good short channel control results
in a larger source and drain series resistance due to small cross sectional area of the
source and drain extension. The length of the extended regions is increased by the aug-
ment of the sidewall length (Lgy,) due to reducing of the capacitance between the gate
and source. In MG MOSFETsS, the source and drain series resistance can be divided into
four components as illustrated in Fig. 1.6. Moreover, the power supply voltage reduces
to reduce power consumption. Therefore, the impact of the series resistance on drain
current becomes non-negligible factor in a sub-20nm gate length regime. To consider

this problem, the series resistance effect is modeled in the drain current models.

1.3 Analytical Drain Current Model

There are numerical current model and analytical current model for MOSFET. The
numerical current model provides precise solutions from complicated equations by using
a computer. On the other hand, analytical current model for MOSFET consists of
physical parameters such as voltages, lengths, velocities, mobility, and so on. It provides

a simple way to understand, analyze, and design MOSFET.

A physically based continuous short-channel model was proposed including the effects

of the channel length modulation, DIBL, low field surface mobility, the source and drain



Chapter 1. Introduction

20 nm

(B) DG MOSFET][37]

5

(¢) Tri-Gate FET[38]

FIGURE 1.4: Experimental Structures of the advanced MOSFETs. (A) FD SOI
MOSFET, (B) DG MOSFET, and (C) Tri-Gate MOSFET.
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FIGURE 1.5: Schematic representation of source structure and the series resistance
components in FD SOI MOSFET.
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resistance, and impact ionization current for deep sub-micron MOSFET.[39] In this
model, inclusion of the source and drain series resistance is possible through the mobil-
ity term[40]. However, this procedure of including the series resistance through mobility
becomes poor as the resistance is above 150-200 2 owing to the used assumption. There-
fore, the mobility term in this model can be partially accepted to apply to more shorter
gate length MOSFET.[41]

An engineering model included the effects of velocity saturation, and gate-threshold
voltages independent was proposed for several micrometers of gate-length MOSFET's.[42]
This saturation drain current was modified to consider the effects of source and drain
series resistance in deep submicrometer for LDD MOSFET.[43] A semi-empirical satu-
ration drain current model[44] was proposed including an empirical mobility models[45].
For extremely scaled device, an empirical mobility model and SCEs such effects as
DIBL, channel-length modulation (CLM), avalanche enhanced body effect (AEBE), and
substrate leakage current in the saturation current and the threshold voltage[46] are
added.[47] This model was modified again to include structure dependence for FD SOI
and MG MOSFETSs.[48] This model has used in ITRS technical reports as a model for
assessment of CMOS technologies and roadmaps (MASTAR).[49] However, it is difficult
from this model owing to information lack of the series resistance effects to understand
and analyze accurate effects of source and drain series resistance for extremely scaled
device. It is necessary to optimize and design for low power device. Therefore, the
saturation drain-current model including the higher order effect of the source and drain

series resistance becomes important in a sub-20nm gate length regime.

1.4 Purpose of this work and Organization

The purpose of this work is to give feedback on device design for sub-20 nm advanced
MOSFETSs by analysis results of the device simulation. The device simulation is based
on analytical drain-current model. We will investigate the effect of the source and drain
series resistance on device characteristics and parameters of the drain-current model
in the saturation region to clarify the resistance effect on future devices. To improve
an accuracy of the drain-current model, a saturation current model including the high
order effect of the source and drain series resistance will be derived. It provides the
understanding of physical meaning of effect of the series resistance, and the direction
of device optimization and development through the analysis of an analytical model
derived here. Sub-20 nm planar bulk, FD SOI, and MG MOSFETSs apply to derived
model in HP, LOP, and LSTP technologies.

This thesis has been organized into six chapters.
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Chapter 2 focuses on the analytical saturation drain-current models. We introduce
the past analytical models including the effect of the series resistance. Then, analytical
model including higher order effects of the series resistance for saturation drain current

is derived. We briefly introduce the o power model used for circuit simulation.

In Chapter 3, the effects of source and drain series resistance on device characteristics
are investigated for sub-20 nm MOSFETs. The current driving capability is calculated
for several structures such as planar bulk, FD SOI, and MG MOSFETSs by using the
ITRS data. In order to investigate the effects of source and drain series resistance on the
device parameters such as the channel length modulation coefficient and the saturation

drain current, the drain current is simulated by using the circuit simulation.

In Chapter 4, we discuss a reduction in saturation drain current by the source and
drain series resistance in the sub-20 nm technology node. To improve the accuracy of
the model and understand the physical meaning of the effect of higher-order terms, an
analytical saturation drain current model including an effect of higher-order terms of the
series resistance will be derived, and simulated using ITRS data. Through the analysis
of the results, an effect of higher-order terms of the saturation drain current and the

relationships between physical parameters and the current reduction will be discussed.

In Chapter 5, we investigate the structural dependence of the source-and-drain series
resistance on saturation drain current for planer bulk, SOI, and MG MOSFETsS in sub-20
nm technology nodes. To investigate the structural dependence, the reduction rate of the
saturation drain current due to the effect of the series resistance is calculated in CMOS
logic technologies. The reduction rates and expansion components of the saturation
drain current are discussed to clarify the relationships between physical parameters and

the current reduction.

Finally, the key points of this dissertation are summarized in Chapter 6.



Chapter 2

Analytical Model for Saturation

Drain Current

This chapter begins with an introduction of the past analytical models including
the effect of the series resistance. Then, analytical model including higher order effects
of the series resistance for saturation drain current will be derived in section 2.2. To
investigate the effect of the series resistance on model parameters by circuit simulation,
a simple current model for circuit simulation is used the a power model. This model

will be introduced in section 2.3.

2.1 Analytical Current Model Including the Effect of the

Series Resistance

An engineering model was proposed for several micrometers of gate-length MOSFETs.
[42] This analytical current model includes the effects of velocity saturation, and gate-
threshold voltages independently. The drain current of this analytical current model in

the saturation region can be shown:

VsatCOXW(V(,;S - VT)

I = 2.1
Dsat(] 1 + ECLe/(V(/}S _ VT)’ ( )
where
2
B, = 20t (2.2)
Heff

where vg,t is saturation velocity, Coy is gate capacitance per unit area, W is device width,
Vi.g is gate to source voltage without the effect of source and drain series resistance, V

is the device threshold voltage, and L. is the device electrical channel length. This

14
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saturation drain current was modified to consider the effects of source and drain series
resistance in deep submicrometer for LDD MOSFET.[43] To consider dependence of gate
voltage, body bias, gate oxide thickness, and channel doping concentration, an empirical

mobility model[45] was proposed using a single parameter as follows:

540
1.85°?
1+ (58)

A semi-empirical saturation drain current model[44] was proposed including the empir-

Heft = (2.3)

ical mobility model. Moreover, this semi-empirical model includes the first order Taylor
expansion of source and drain series resistance using V(/;s = Vs — Ipsat R according to

the equivalent circuit in Fig. 2.1 as follows:

(2.4)

IDsat(Rs) = IDsato <1 _ 41iDsat01ls Dsat04ls > ’

Vas =V Vas — Vr + Esat Let

where, Ipgato is the saturation current in Eq. (2.1) when source series resistance Ry is
0, Egat is vertical channel field, Leg is the channel length, Vg is gate to source voltage
including the effect of source and drain series resistance, and Vr is the threshold voltage.
In the range of 0.025 - 0.5 pm gate length, it is necessary to consider mobility degradation
due to doping concentration in channel region and SCEs such effects as DIBL, channel-
length modulation (CLM), narrow channel effect (NCE) avalanche enhanced body effect
(AEBE), and substrate leakage current in the saturation current and the threshold
voltage. The drain current model for saturation region was introduced including these

effects as follows:[48]

IDsatO

IDsat - 1 _ 2IDsaLtOI%S IDsatORS ’ (25)
Vas—Vihon | Vas—Vin,ont+EcLel(1+d)
1 (V(/}S — Vin on)QEc
Ipeato = = f1eiiConx ’ , 2.6
Dsat0 2:U’eﬂ‘ O: el (Vés _ %h7on) _|_ Le]EC(]. + d) ( )
de qNen/2esi1(20p — Vi) /qNen (27)
2C0xel (20F — V1) ’ '
kKT . [ Na\?
2¢p = — In ( Ch) , (2.8)
q ni
£8i02
C = 2.9
oxel Toxel ) ( )
£8i02
Toxel = Tphysli + Darkspace + Polydepb (210)
€actual

where Vip on is threshold voltage including the SCEs, Lg is electric gate length, E. is

electric field corresponding to velocity saturation voltage as in Eq. (2.2), Ryq is the
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I
Vbs !

FIGURE 2.1: Equivalent circuit including the intrinsic MOSFET and the series
resistance.
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source series resistance (Rgq/2 = Rs = Ryq), ¢ is the electric charge, k is the Boltzmann
constant, T is absolute temperature, £g; is the silicon permittivity, esios is the silicon
oxide permittivity, €actual 1S the permittivity of high-x material as a gate oxide, V}, is
an applied substrate voltage, Ng, is channel doping concentration, n; is intrinsic carrier
concentration, and Ty is thickness of high-x material as a gate oxide. To consider
the effective gate length including the quantum effect, dark space Darigpace is assumed
as 2-4 A. Poly depletion Pilydept is assumed as 4 A. This model has used in model for
assessment of CMOS technologies and roadmaps (MASTAR).[49] To consider mobility
degradation, an actual effective mobility[47] takes into account acoustic phonon and

surface roughness effects as a function of the effective transversed field at surface as

follows:
Hsrac
_ Merbac 2.11
flefl Hsr + Mac ( )
cm? _29 | MV
sy |:V.S:| = 1450Eeff. |:CH1:| s (212)
cm? 03 | MV
Mac |:\/ij| = 330Eeff. |:(jn’1:| y (213)
%, Vi Wi 2
Eeff _ Ggs + thon 9 FB + ¢F ‘ (214)
6Toxel 6Toxel

To consider SCEs in short channel device, this model was developed using a threshold
voltage according to the voltage-doping transformation (VDT) technique.[48, 50] The
threshold voltage including the effects of reverse short-channel effect (RSCE), SCE,
DIBL, CLM, and NCE can be expressed as follows:

‘/th,on = Vvth,off + 003V7 (215)
Vthpg:VthooJrRSCE—SCE—DIBL—NCE, (2.16)
1
Vihoo = VFB + 2¢F + V/2e51qNg (20F — Vis), (2.17)
oxeot
\/2€SinB(2¢F — VBs) Nen
RSCE = —1 2.18
COX NB ) ( )
SCE = 0.64§j x EI x g, (2.19)
kT Next N,
b4 = —In <t2‘3h> , (2.20)
q nj
DIBL = 0.855 x EI x Vpg, (2.21)
Eox
i TOXT e
NCE = 8120 der (2.22)

o
Eox W2 7
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2eg
Tier = 20r — W} 2.23
dep chh ( d)F b)’ ( )
X'Q T 1 Tde
ElI=(1+ 2 > oxe 2.24
< Lel2 Lel Lel ( )

where, Neyt is doping concentration in source and drain extended region.

Gate length shrinks into nanometer regime, UTB FD SOI and MG MOSFETSs are
proposed as the advanced MOSFET structures. In these advanced structure, effective
transverse field is changed by ultra thin body and multi gate. In addition, SCEs are
suppressed by changing of MOSFET structure. To take into account effects of structure
change, it is necessary to modify the effective transverse field and EI. For FD SOI
MOSFET, E.g and EI are defined as follows:

Ve V- Vi 204 — U
B — < Gs+ Vo, Vip + 2¢d BOX) ’ (2.25)
6Toxel 6Toxe1
NapTs
YRox = LGP sub (é,P bub, (2.26)
ox
2eg; N,
Toiy = —(Tsi + 3Thox) + 1| (T + 3Tpox)? + 520 VA o (2.27)
gNcp  Ngp
Tsi?/ 2) Toxel Tsi + ANThox
El=(1+ : 2.98
( Le12 Lcl Lel ( )

where Tg; is thickness of silicon body, Tiox is thickness of buried oxide, Ngp is doping
concentration under the BOX, and Ny is accepter concentration. For MG MOSFET, the
effective transverse field and threshold voltage have an additional term due to coupling

between both gates. E.g and EI are defined as follows:

Vas + Vr VEB + 2¢q — Ysup
Eop = —2 , 2.29
off < 6Toxel 6Toxel ( )
kT KT 1 (#r+1)
Ugup = g — 20F — — |In [ = - —Coxe 2 , 2.30
SUP = ¢d — 2¢F . (q2 e (2.30)
T812/4> Toxel Tsi /2
EFlI=11+ . 2.31
( Lel2 Lel Lel ( )

For nanoscale MOSFET, the analytical model used in MASTAR includes the ef-
fect of quantum ballistic transport[51]. To reflect quasi-ballistic enhanced transport in
highly scaled MOSFETSs, the saturation current is multiplied by the effective ballistic

enhancement factor.
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2.2 Analytical Model Including the Higher Order Effect of

the Series Resistance

The effect of the series resistance in saturation drain current can be examined by
using an equivalent circuit in Fig. 2.1. The equivalent circuit consists of an intrinsic
MOSFET, a source resistance, and a drain resistance as the series resistance. The drain
current flows through the drain resistance, the channel, and the source resistance. At
that time, a voltage drop occurs owing to the resistances. Therefore, internal voltages

(Vg Vbg) are given by[l, 52, 53]
Vis = Vas — I - Rs, (2.32)

Vis = Vbs — Ip - (Rs + Rp), (2.33)

where Rg and Rp are the source and drain resistances per unit gate width, respectively.
From Eq. (2.32), the saturation drain current is reduced by the gate-voltage drop (Ipsat -
Rs) because of the source resistance. The saturation current equation solved by using

the quadratic formula can be expressed as follows:

—B —VB?—-4AC

Ipsat = 3 2.34

Dsat 54 (2.34)
1 2

A= SherCox B liS + Rs, (2.35)

B = —[Vat + LaEe(l + d) + pei Cox Ec Rs V], (2.36)

(2.37)

1
C= §lueﬂr CoxEc Vg2t 5

where Vg is the overdrive voltage (Vgs — Vih,on) and Ipsas is the saturation drain current
per unit gate width including the effect of the series resistance. Equation (2.34) becomes
complicated owing to the fact that it contains a root term. To analyze the physical
meaning from the complicated form of Ipg,t, the Taylor expansion is used. Ipg,t including

the higher-order terms of Rg can be rewritten as follows:

Ipsat = IDsatO(l + a1 Rs + CLQRg + G3Rg + CL4R§ + O(Rg))a (238)

oa—2
ar = I, , 2.39
1 Dsat0 ( Vgt ) ( )

202 — 6a + 5
az = I]%sato ( V2 ) ) (240)
gt
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502 — 2002 + 28a — 14

as = I]%sat() ( V3 ) , (2.41)

gt

14a* — 7003 + 13502 — 120 + 42

a4 = I]%sato ( V4 ) (242)

gt

v

o= gt (2.43)

Vet + LaEo(1+d)’

Equation (2.38) is the 4th-order approximated analytical current model. A Ist-order
approximation of Eq. (2.34) is identical to the semiempirical saturation drain current
model equation[54] in Eq. (2.4). Each term of Eq. (2.38) can be divided into three

components by using a channel resistance (Re, = Vaq /Ipsato) as follows:
Rs Vad
Rg = =" -2 2.44
R ? Ve ?
aRi==2] [22¢) [222-6a+5], 2.45
= () 219

3 3
azRE = ( s ) . (Vdd> : <5a3 —20a” 4 28a — 14), (2.46)
Rch Vgt

4 4
asRE = ( Fs > : <Vdd> : (14a4 — 7003 + 1350% — 1200 + 42). (2.47)

We investigate the physical meaning of the components. The first components are ratios

of the source resistance to the channel resistance. The second components are ratios of
the supply voltage to the overdrive voltage. The third components are functions of Vg,
Le, E., and d. As the degrees of terms increase, the degrees of the first and second
components increase. We can obtain the explicit forms of the saturation current model

including the effect of the series resistance.

2.3 A Simple Analytical Current Model for Circuit Design

A simple analytical drain current model was proposed for circuit design.[55] The

model can be expressed as follows:

w
Ipsar = 7—B(Vas — Vru)", (2.48)
EFF
In = Ins = Ipsat(1 + AVbs), (Vbs > Vbgar: Saturation Region), (2.49)

Vbsar = K(Vas — V)™, (2.50)
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,(Vbs < Vpgar: Linear Region), (2.51)

\% \%
Ip = Ip3z = Ips <2 DS ) DS

~ Vbsar/ Vbsar
where Lgpp is an effective channel length, Vpgar is a drain saturation voltage, A is
a channel length modulation, parameters K and m control the linear region charac-
teristics, and parameters B and n determine the saturated region characteristics. It
expresses a current-voltage characteristic in saturation region for short-channel devices
using the parameters including SCEs despite a simple form. A is related to the finite
drain conductance in the saturated region. In this thesis, this model will be used for

circuit simulation instead of the analytical model introduced in section 2.2.



Chapter 3

Effects of Source and Drain

Resistances on Analytical Model
Parameters for 20 nm MOSFET's

Since the reduction of development costs and faster time to market in the prototype
is made possible from the circuit design, circuit simulation has been used in the circuit
design. To improve the analysis of circuit operation and the prediction accuracy of cir-
cuit characteristics, it is necessary to improve the accuracy of analysis model for the
circuit simulations. Therefore, the source-drain resistance affects the device character-
istics according as miniaturization advances, it is necessary to consider a model with
good accuracy considering the effect of the source-drain resistance in designing a circuit
using a novel device structures. The A-Vi model was proposed in 20 nm gate length
MOSFET.[56] This model includes the Vz dependence of A in intrinsic region. However,

the effect of source and drain resistance on parameters is not analyzed in detail.

In this chapter, the effects of source and drain resistances on model parameters are
researched by circuit simulation using the a power model without the dependence of
V@ in intrinsic region. In section 3.1, the effects of source and drain resistances are
investigated as a function of year and structure. In section 3.2, an effect of source and
drain series resistance on the device parameters is investigated. Section 3.3 gives a

summary of this chapter.

22
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3.1 The effects of source and drain resistances

Table 3.1 shows the values of device parameters of HP logic technology requirements[57]
as a function of year and structure from ITRS 2009. In Table 3.1, L, is the gate length,
Vpp is the supply voltage, V; ¢t is the saturation threshold voltage for a nominal gate
length transistor with drain bias set equal to Vpp, Iqsat is the NMOSFET source cur-
rent per micron of device width, at 25 ° C, with the drain bias set equal to Vgq and with
the gate, source, and substrate biases set to zero volt, Ryq is the maximum allowable
parasitic series source plus drain resistance (i.e., total resistance for the two sides) per
micron of MOSFET width.

According to this prediction, the size of the MOSFET, the gate length especially is
steadily reduced, it reaches down to 20 nm or less in 2013. Parameter values can be
roughly sorted by the structure of the three types. The planar bulk as a conventional
MOSFET, UTB FD SOI as a SOI MOSFET, and MG is used as a generic DG MOSFET
and FinFET. The effects of Rg and Rp can be investigated using the equivalent circuit in
Fig. 2.1. Source resistance Rg and drain resistance Rp is connected an intrinsic part and
the external terminal applied Vpg and Vgg. When the internal voltages in an intrinsic

part of MOSFET are defined as V{}q and V{.g, the following equations are obtained.

V]SS =Vps —Ip- (RS + RD), (3.1)
Vs = Vas — Ip - Rs, (3.2)
Rsp = Rs + Rp. (3.3)

The drain current Ip is a function of the voltage Vg and V})q in the intrinsic part. The
circuit characteristics are determined by the saturation drain current. The saturation
current is characterized by overdrive voltage (Vas — Vrm). In order to investigate the
effects of Rg and Rp on circuit characteristics, the ratio of the overdrive voltage to the

supply voltage is calculated by Eq. (3.4).

Vés — Vrn

- (3.4)

The ratios of the overdrive voltage to the supply voltage are shown in Fig. 3.1 as a
function of the structure according to Table 3.1. In the case of the calculation, we used
the following equations as a channel width W of the MOSFET.
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F1GUrE 3.1: Current driving capability versus production year for several structures.
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Ip = Id,sat -W. (35)
Ry
Rsp = Wd (3.6)
VTH = Tt,sat- (3'7)
Ves = Vop. (3.8)

In Egs. (3.5)-(3.8), Iqsat is the saturation current per micron of device width, Ry is
the parasitic series source plus drain resistance per micron of MOSFET width, V; ga¢ is
the saturation threshold voltage for a nominal gate length transistor with drain bias set
equal to Vpp. It is assumed that drain resistance Rp and the source resistance Rg are

equal. Vg is included the effect of Rg because of the use of Eq. (3.2).

In Fig. 3.1, we found that the ratio of the overdrive voltage decreases as the produc-
tion year pass in any structure. The ratio of the planar bulk is 61.2% in 2009 drops to
51.3% in 2015. Characteristics recover temporarily by changing the structure, the ratio
of UTB FD-SOI and MG are 59.4 and 61.7% in 2015, respectively. However, the ratios
of UTB FD-SOI and MG are down 51.6 and 41.6% in 2019 and 2024 even the structure

of these, respectively.

The threshold voltage is changed as the structure and production year change. There-
fore, the ratios of the overdrive voltage are also included the varying effect of Vg not
only the effect of the source-drain resistance. To investigate the effect only of the source-

drain resistance, the following equation excluded the effect of the threshold Viy,

Vs — Vru

) 3.9
Vas — Vru (39)

is calculated. In Eq. (3.9), Vg is the intrinsic gate voltage, Vag is the applied gate

voltage. The results are shown in Fig. 3.2.

In Fig. 3.2, the ratios remain constant at about 85% until 2012 in planar bulk, but
then begin to fall from 2013, to 81.8% in 2015. The ratio drops every year both UTBFD-
SOI and MG, first one is down from 84.1% in 2013 to 77.2% in 2019 and the other one
is down from 82.7% in 2015 to 67.7% in 2024, respectively. Moreover, the characteristic
continues to become worse as the structure changes, the properties are not recovered,
the effect of Rg becomes important in any given year. From the above, the effect of the
source-drain resistance due to the difference of the structure is small, and we found that

the effect increases as the miniaturization progresses.
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FIGURE 3.2: Current driving capability without effects of Vg versus production year
for several structures.
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3.2 The effects of Rs and Rp on MOSFET characteristics

In a 20 nm gate length MOSFET, we investigated the impact of the source-drain
resistance on the characteristics of the MOSFET. The a power model[58] is used as
MOSFET model analysis of the intrinsic part. The saturation drain current of the «

power model is simply expressed from Eqs. (2.48) and (2.49) as follows[59]
Ip = Insato(1 + AoVig), (3.10)

w
IpsaTto = fB(V(’;S — Vru)®. (3.11)

The saturation current Ipsato does not include the effect of the source and drain resis-
tance. In Egs. (3.10) and (3.11), L is the gate length, W is the gate width, )¢ is channel
length modulation (without the effect of Ry and Rp), and, B and « are the parameters
related to the saturation region. The model parameters are used the extracted mea-
sured values[54] from the Ip-Vp characteristics of 20 nm nMOSFET[56]. The extracted

parameters are shown in Table 3.2.

The model equations are incorporated into a circuit simulator, and the drain current
is determined by the circuit simulation of the equivalent circuit in Fig. 2.1. According to
the determined drain current, we analyzed the model parameter A and Ipgat including

the effect of the source and drain resistance. The model equation is used as
Ip = Ipsar(Rs, Rp)(1 + A(Rs, Rp)Vps), (3.12)

where, Ingar(Rs, Rp) and A(Rg, Rp) are the saturation current and the channel length
modulation including the effect of the source and drain resistance, after this, these are
described as IpgaT and A. We analyzed Rg and Rp varies from 0 to 100 2. « is known
to enter the region of 0.8 - 1.1 from 2 as the gate length is miniaturized. To investigate
the gate voltage dependence of the effects of the source and drain resistance on the
parameters Ipsat and A, « is assumed 2 for the long channel MOSFET and 1 for the
short channel MOSFET. The other parameters except o are same as in Table 3.2.

When o« = 2 and Rp = 0 2, the channel length modulations determined from the
analysis results as Rg changes are shown in Fig. 3.3. To investigate the dependence of

a, A is analyzed in the same manner as a« = 1. The results are shown in Fig. 3.4.

In Fig. 3.3, when Rg = 10 ©, X\ is 0.8897 and 0.8712 at Vgog = 0.6 Vand Vgg = 1.0 V,
and when Rg = 100 Q, X is 0.8374 and 0.7136 at Vgs = 0.6 V and Vgg = 1.0 V,

respectively.
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L(m) 2x107°
W (m) 1x10°6
B 1.469 x 107
a 0.8885
Ao(1/V) 0.8961
Vru(V) 0.4267

TABLE 3.2: Extracted model parameters.
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FI1GURE 3.3: Channel length modulation coefficient A versus gate voltage for long

channel devices (a = 2).
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In Fig. 3.4, when Rg = 10 §2, A is 0.8724 and 0.8725 at Vgg = 0.6 V and Vgg = 1.0V,
and when Rg = 100 Q, X is 0.7078 and 0.7173 at Vgs = 0.6 V and Vgg = 1.0 V,
respectively. The differences of (Vs = 0.6) and (Vg = 1.0) are calculated by following

equation.
A(Vas = 1.0) — A(Vas = 0.6)]
A(Vgs = 0.6)

AN = (3.13)

The Rg dependence of equation (3.13) shows in Fig. 3.5.

In Fig. 3.5, when o = 2, as Rg increases, the difference of A increases too, and
the difference of that is 15% at Rg = 100 . However, when o = 1, the ratio of the
difference is 1.4% at Rg = 100 Q even if Rg increase. In other words, there is no gate
voltage dependence when o = 1. Therefore, the influence of the source-drain resistance
on the channel length modulation becomes independent of the gate voltage as the gate

length shrinks.

Then, we calculate the relative error Alpgat of Ipgat by the following equation.

|IpsaT(Rs) — Ipsat(Rs = 0)|
AT = 3.14
DSAT Tosar (Rs = 0) (3.14)

The results AlpsaT are shown as « is 2 and 1 in Figs. 3.6 and 3.7, respectively.
Alpgar is found to change to a linear function in both cases o = 2 and o = 1. Therefore,
the influence of the source-drain resistance on the saturation drain current of is the

unchanged linear function as the gate length decreases.

3.3 Summary

The importance of source-drain resistance was tested for effect on the characteristics
of the MOSFET to become increasingly important in the design and development of
new device structures in the future. We calculated the ratio of the overdrive voltage
to the supply voltage as a function of the MOSFET structure. The change of that due
to the structure change is small, we found that the effect of the source-drain resistance
becomes larger every year. The effects of the source and drain series resistance on the
MOSFET characteristics were investigated using circuit simulation. As a result, the
influence of the source and drain series resistance on the channel length modulation was

found to be independent of the gate voltage the gate length is reduced.
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Chapter 4

Higher-Order Effect of
Source-Drain Series Resistance on

Saturation Drain Current in
Sub-20 nm MOSFET'Ss

In the traditional planar bulk MOSFETSs, extended source and drain regions with
shallow junction and higher doping concentrations have been used to prevent not only
the short-channel effects but also the increase of the sheet resistance.[34] The extended
source and drain series resistance was modeled in an early study of Kim et al.[60, 61] Low
series resistance is required for CMOS technology to keep up with downscaling.[62—64]
In device design and development for advanced MOSFETS, drain current reduction due
to the series resistance becomes a critical issue as CMOS technologies are scaled deeper
into the nanoscale regime.[27, 65-67] The series resistance has been important issues for
modeling I-V characteristics of the extremely scaled MOSFETs. Many works [54, 68—
74] have modeled the effects of the series resistance on I-V characteristics. Analytical
current models are approximated using the Taylor expansion of the series resistance.
The models have been researched and analyzed at the saturated current region in the

works. However, higher order effects of the series resistance are not mentioned in detail.

In this chapter, we investigate a reduction in saturation drain current by the source
and drain series resistance in the sub-20 nm technology node. We describe model pa-
rameters of sub-20 nm MOSFETs and simulation methods. The reduction rate of the
saturation drain current owing to the effect of the series resistance is calculated by using

the derived analytical current model in section 2.2. An effect of higher-order terms of
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the saturation drain current and the relationships between physical parameters and the

current reduction are discussed.

4.1 Simulation

To investigate the saturation drain current including the effect of the series resistance,
the reduction rate of Ipg, is calculated as a function of the gate length. The reduction

rate of Ipgyt is defined as follows:

|IDsat - IDsat0| : (4'1)
IDsatO

where Ipgato is the saturation drain current without the effect of the series resistance
calculated using Eq. (2.6) and the saturation drain current including the resistance effect
Ipsat is calculated using Eq. (2.34). Values of the parameters used in the simulated

devices are shown in Table 4.1.

Ly and Vyq are chosen from the ITRS 2007.[23] ITRS publishes annual reports fo-
cusing on various technologies, such as HP technology, LSTP technology, and LOP
technology in the logical device technology. The supply voltages are 1.1, 1.0, and 0.8 V
in HP, LSTP, and LOP technologies, respectively. In the LOP technology, the focus is
on reducing operating power dissipation. To effectively reduce the power dissipation, the
supply voltage is minimized. By decreasing the supply voltage, an increase in spreading
resistance is induced.[29] The LOP technology is chosen in this simulation according to
the minimum supply voltage. The source resistance per unit gate width is calculated

under the assumption that Rg is one-half of Rgp. Vgt is given by
Vet = Vaa — Vinon, (4.2)

Vvth,on = ‘/t,sat + 0037 (43)

where Vip on is the saturated threshold voltage used for on-state current calculation.
Vin,on is modified by adding 0.03 V to a saturated threshold voltage V; sat.[49] The satu-
rated threshold voltage V; sat is used for the extrapolation of channel leakage current for
Vas = 0 and Vpg = Vgq. Lel, peft, Ec, and d are calculated by using the MASTAR[49]
results. The model for the assessment of CMOS technologies and roadmaps (MAS-
TAR) is an analytical model used in ITRS. Co is identical to the electronic gate-oxide
capacitance Cyy clec in the result of the MASTAR.



Chapter 4. Higher-Order Effect of Source-Drain Series Resistance on Saturation Drain
Current in Sub-20 nm MOSFETs

38

TABLE 4.1: Values of the parameters used in the simulated devices.

(nm) 32
(nm) 21.6
(- pm 95
(fF/pm) 18.8
(em?V~1s~1) 491
(MV /cm) 4.48
(V) 0.8
(V) 0.294
(V) 0.506

0.334

28
19.2
95
23.9
581
3.79
0.8
0.296
0.504
0.245

25
17.5
95
25.9
957
3.94
0.8
0.289
0.511
0.241

22
16.4
95
27.9
607
3.62
0.7
0.259
0.441
0.224

20
15.1
95
30.6
985
3.76
0.7
0.246
0.454
0.217

18
13.4
95
30.8
582
3.78
0.7
0.249
0.456
0.242
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4.2 Results

Figure 4.1 shows the results of Ipgato and Ipsat calculated using Eqgs. (2.6) and (2.34)
as a function of the gate length, respectively. Differences between Ipgato and Ipsat
increase from 131 to 332 pA/um as the gate length decreases from 32 to 18 nm. As
the gate length decreases, both saturation drain currents increase except for the 22 nm
MOSFET. The drain current of the 22 nm MOSFET decreases since the supply voltage
changes from 0.8 to 0.7 V.

Figure 4.2 shows the reduction rate of Ips,y described by Eq. (4.1) as a function
of the gate length. The reduction rate increases from 15.8 to 24.0% as the gate length
decreases from 32 to 18 nm. As the gate length decreases from 32 to 28 nm, the reduction
rate increases from 15.8 to 19.6%. The largest gap of the rates between generations is
between 32 and 28 nm generations. For 18 and 20 nm MOSFETSs, the rates are 24.0
and 23.8%, respectively. The rates are almost constant below 20 nm. The gate voltage
drop depends on Ipg,t and Rg, as shown by eq. (2.32). Rg is 95 Q- ym in the 18 - 32
nm gate length range. Thus, the gate voltage drop and the reduction rate depend on
Ipsat- The reduction rate should also decrease for the 22 nm MOSFET. By comparing
Fig. 4.1 with Fig. 4.2, the current drop does not depend on only Ipg,¢ and Rg.

To investigate the effect of higher-order terms, we calculated the absolute Nth-order
terms using eqs. (2.44)-(2.47). The results of the Nth-order term are shown in Table
4.2 as a function of the gate length. The 1st- and 3rd-order terms have negative values.
Using Table 4.2, we calculated the ratio of the Nth-order term to the sum of all absolute

order terms. The ratio is defined as

7|4QNR5‘ . (4.4)
> i1 laiRg|

Figure 4.3 shows results of the component ratio as a function of the gate length.
The component ratios of 1st-order terms decrease from 80.7 to 68.6% as the gate length
decreases from 32 to 18 nm. The component ratios of 2nd-order terms increase from 15.6
to 22.0% as the gate length decreases. The component ratios of 3rd-order terms increase
from 3.0 to 7.1% as the gate length decreases. In particular, for 2nd-order terms, the
component ratios are over 20% for 22 nm and below MOSFETs. As the gate length
decreases, any effect of higher-order terms becomes important for analyzing the effect

of the series resistance.
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FIGURE 4.1: Saturation drain current without the effect of the series resistance
(squares) and saturation drain current including the effect (circles) as a function of
the gate length.
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TABLE 4.2: Calculated results of absolute Nth-order terms (anRY).
L, (nm) 32 28 25 22 20 18
aiRs (x107Y)  1.88 244 265 285 3.14 3.17
axRE (x107%) 3.64 6.07 7.14 826 10.0 10.2
( )
(x107%)

asR3 (x107%) 0.709 151 1.93 240 3.20 3.26
asRY  (x10™ 1.39 3.78 522 6.99 102 105
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4.3 Discussion

To investigate the physical reasons underlying the reduction rate increase, expansion
components of the Nth-order term are compared with the reduction rates. Table 4.3

shows the calculated expansion components of the Nth-order terms (anRY).

Figure 4.4 shows the expansion components of the 1st-order term and the reduction
rates as a function of the gate length. The expansion components are normalized by
that of the 32 nm MOSFET. The normalized first component increases from 1 to 1.84
as the gate length decreases from 32 to 18 nm. As the gate length decreases from 32
to 28 nm, the first component increases from 1 to 1.35. For 18 and 20 nm MOSFETS,
the first components are 1.84 and 1.82, respectively. The first components are almost
constant below 20 nm. The increases in first components follows that in reduction rate.
The second and third normalized components are about 1 at all gate lengths. There
is no dependence on the gate length in the second and third components. The second
component is the ratio of the supply voltage to the overdrive voltage. In other words,
the supply voltage and the overdrive voltage are well scaled in these gate length regions.

Below 32 nm MOSFETS, the first component is a dominant factor in the reduction in

I Dsat-

Figure 4.5 shows normalized first components of higher-order terms and the reduction
rates as a function of the gate length. The first components increase as the gate length
decreases. The increases in first components follow that in reduction rate, as in the
case of the lst-order terms. The second and third components are almost constant as
a function of the gate length, as in the case of the 1st-order terms. The difference in
first component between 32 and 18 nm increases from 0.84 to 2.39 for the 1st-order and
2nd-order terms such an increase grows as the order increases. As the degree of the
order term increases from 1 to 4, the values of the higher-order terms decrease since the

unnormalized values of the first components decrease, as shown in Table 4.3.

As shown in Fig. 4.4, the increases in first components follow that in reduction rate.
The first component is the ratio of the source resistance to the channel resistance. Since it
is assumed that the source resistance is constant in this work, the reduction in saturation
drain current is inversely proportional to the channel resistance. The channel resistance
is proportional to Ipgatg owing to the fact that the supply voltages are 0.7 and 0.8 V.
In Eq. (2.6), Ipsato is a function of pef, Cox, Vat, Ec, and Le. The effect of Ly - E. is
insignificant, since E. - L¢ is sufficiently small to ignore. The overdrive voltage drops by
0.05 V below 22 nm MOSFETSs. The gate capacitance and the effective mobility are the
most effective parameters in the saturation drain current (Ipgato). As shown in Fig. 4.2,

the largest gap of the rates between 32 and 28 nm generations can be explained
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TABLE 4.3: Calculated expansion components of Nth-order terms (anRS ).

L, (nm) 32 28 25 22 20 18
First component 0989 1.34 148 1.57 1.80 1.82
a1Rs Second component (x1071) | 1.58 1.59 1.57 1.59 1.54 1.55
Third component 1.20 1.15 114 1.14 1.13 1.12
First component 0.978 1.78 219 248 3.24 3.31
asR3 Second component (x107%) | 2.50 2.52 245 2.52 238 2.40
Third component 1.49 135 1.33 1.32 1.30 1.28
First component 0.968 238 3.24 390 583 6.03
asR3  Second component (x107%) | 3.95 3.99 3.85 4.00 3.67 3.73
Third component 1.86 1.59 1.55 1.54 1.50 1.45
First component 0.957 3.19 4.79 6.14 10.5 11.0
asR§ Second component (x107%) | 6.24 6.33 6.02 6.34 5.66 5.78
Third component 2.32 1.87 181 1.79 1.72 1.66
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the reduction rates (solid line) of Ipg,t as a function of the gate length.
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by the fact that high-k dielectric materials are available as the gate insulator. Below 20
nm, problems of interface properties and compatibility of the high-k materials limit the

decrease in equivalent oxide thickness (EOT) < 0.7 nm.

4.4 Summary

We investigate the saturation drain current reduction by the source and drain series
resistance in sub-20 nm MOSFETs. The current reduction is calculated by using the
derived analytical current model including the higher-order terms of the series resistance.
As a result, the reduction rate increases from 15.8 to 24.0% as the gate length decreases
from 32 to 18 nm. The ratios of 1st-order and 2nd-order terms change from 80.7 to 68.6%
and from 15.6 to 22.0% as the gate length decreases from 32 to 18 nm, respectively. We
find that the higher order terms are important for analyzing the effect of the series
resistance as the gate length decreases. From the analysis of the normalized expansion
components, the increase in the ratio of the source resistance to the channel resistance
leads to that in reduction rate. This implies that the resistance ratio of the source
resistance to the channel resistance is a dominant factor in device design and development
for sub-20 nm MOSFETsS.



Chapter 5

Structural Dependence of Source
and Drain Series Resistance on

Saturation Drain Current for
Sub-20 nm MOSFET'Ss

The continuous scaling has major problems such as SCEs and leakage currents. These
problems can be suppressed by structural changes from planer bulk to FD SOI and MG
MOSFETSs such as tri-gate, gate all around MOSFETs, and FinFET.[75-78] In these
advanced MOSFETs, as the fin or channel regions are extremely scaled, tall and narrow
extended source and drain regions are formed. The extended regions lead to higher
source and drain series resistance.[27, 79, 80] Effects of the series resistance on drain
currents increase as supply voltages decrease to reduce the power consumption.[29, 81]
Therefore, the effects of the series resistance on drain currents becomes a non-negligible

factor in sub-20 nm gate-length regime.[53, 65]

In this chapter, we investigate the structural dependence of source and drain series
resistance on the saturation drain current for planner bulk, SOI, and MG MOSFETSs in
sub-20 nm technology nodes. We describe model simulation methods and parameters
of sub-20 nm MOSFETs. A reduction rate of the saturation drain current owing to
the effect of the series resistance is calculated in CMOS logic technologies. The reduc-
tion rates and expansion components of the saturation current are discussed to clear

relationships between physical parameters and the current reduction.

49



Chapter 5. Structural Dependence of Source and Drain Series Resistance on Saturation
Drain Current for Sub-20 nm MOSFETSs 50

5.1 Simulation

The saturation current including the effect of the series resistance is compared with
the current without the effect to investigate the resistance effect on the saturation current
for bulk, SOI, and MG MOSFETSs. The reduction rate of the saturation current is defined
as follows:

| IDsat — IDsato

5.1
IDsatO ( )

where Ipgato is the saturation drain current without the resistance effect calculated
using Eq. (2.6) and the saturation drain current including the resistance effect Ipgay is

calculated using Eq. (2.38).

Values of the parameters used in the simulated devices are shown in Table 5.1. L,
and Vyq are chosen from the ITRS 2007.[23] ITRS publishes annual reports focusing on
HP, LOP, and LSTP technologies in logical devices. The source resistance per unit gate

width is calculated under the assumption that Rg is one-half of Rgp. Vy is given by
Vet = Vaa — Vinon, (5.2)

‘/th,on = Vt-:,sat + A‘/a (53)

where Vinhon is the saturated threshold voltage used for on-state current calculation.
Vih,on is modified by adding a modified model parameter AV to a saturated threshold
voltage V gat-[49] AV is assumed to be 0.03 V. The saturated threshold voltage V; gat is
used for the extrapolation of channel leakage current at Vgg = 0 and Vpg = Vyq. EOT
is the equivalent oxide thickness. K}, means the effective ballistic enhancement factor
in ITRS. Lei, pesr, Ec, d, and EOT are calculated by using the results of the model for
the assessment of CMOS technologies and roadmaps (MASTAR)[49]. It is an analytical
model used in ITRS. Cy is identical to the electronic gate-oxide capacitance Ceoy glec in
the result of the MASTAR. In the MASTAR, the source and drain resistances Rgp were
used as the source resistance. However, one-half of the source and drain resistances is
used as the source resistance in this work. The reduction rates of the saturation current
are calculated for bulk, SOI, and MG MOSFETs in HP, LOP, and LSTP technologies.

A key transistor performance of the requirements is the intrinsic switching frequency
(1/7 =1/CV) for device scaling in the ITRS reports. Scaling targets of this parameter
are 13 - 17% improvement per year. In HP technology, to scale the device with the
improvement, the scaling of the gate oxide thickness is important. However, the gate
leakage current due to direct tunneling increases exponentially as the gate oxide thickness
decreases below 1.2 nm. Therefore, the gate leakage current density is a critical issue.

EOT is set as thin as possible with the tolerable gate leakage current density. As the
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structure of MOSFETs changes the planner bulk to the SOI or MG MOSFETSs, the
requirement of EOT increases from 0.55 nm at the planner bulk to 0.60 nm at the SOI
or 0.80 nm at the MG MOSFETSs because the gate electrodes are performed more than
one side. To compensate this loss, the carrier mobilities in channel regions increase 265,
327, 416 cm?V~—1s™! for the bulk, SOI and MG MOSFETs as the structure changes,
respectively.In LOP technology, to scale the device with the low operating power, the
lowering of the supply voltage is the most effective way to decrease the dynamic power
consumption. In order to keep the reasonable saturation current with the lowest sup-
ply voltage (= 0.7 V), the threshold voltage has to be reduced as small as possible.
The threshold voltage is reduced by the more effective gate control as the structure of
MOSFET changes. This merit enhances the overdrive voltage. The overdrive voltages
increase from 424 mV at the planner bulk to 452 mV at the SOI or 463 mV at the
MG MOSFETs. In LSTP technology, to scale the device with the low standby power,
the suppression of the off-state leakage current is important. To achievement the low
leakage current needs to increase the threshold voltage. It follows the supply voltage to
guarantee the reasonable overdrive voltage. However, the thickest EOT (1.2 - 1.4 nm)
influenced by the smallest requirement of the gate leakage current density get worth the
device performance. As the structure changes, this demerit can be suppressed by the

improvement of the carrier mobility in the channel region.

5.2 Results

Table 5.2 shows the calculated saturation currents and the reduction rates of the
current for bulk, SOI, and MG MOSFETs in HP, LOP, and LSTP technologies.

Figure 5.1 shows the reduction rates of the saturation current influenced by the series
resistance for bulk, SOI, and MG MOSFETSs in HP, LOP, and LSTP technologies. In
HP technology, the reduction rates are 29.0, 25.3, and 22.1% for bulk, SOI, and MG
MOSFETS, respectively. In LOP technology, the reduction rates are 23.8, 21.5 and 20.7%
for bulk, SOI, and MG MOSFETS, respectively. In LSTP technology, the reduction rates
are 17.5, 16.7, and 16.6% for bulk, SOI, and MG MOSFETS, respectively. The reduction

rate decreases in all technologies as the structure of MOSFETSs is advanced.

Differences of the reduction rates compared with each structure are different for each
technology. Figure 5.2 shows difference of the reduction rates between each structure
in HP, LOP, and LSTP technologies. The differences of the reduction rates between
bulk-SOI, bulk-MG, and SOI-MG are 3.7, 6.9, and 3.2% in HP technology, respectively.
The differences of the reduction rates between bulk-SOI, bulk-MG, and SOI-MG are 2.3,
3.1, and 0.8% in LOP technology, respectively. The differences of the reduction rates
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between bulk-SOI, bulk-MG, and SOI-MG are 0.8, 0.9, and 0.1% in LSTP technology,
respectively. The differences of the reduction rate are largest in HP technology. The
differences of the reduction rate between bulk-SOI and bulk-MG are above 2%, that
between SOI-MG is below 1% in LOP technology. The differences of the reduction rates
are below 1% in LSTP technology. The reduction rate of the saturation drain current
depends on the MOSFET structure in HP and LOP technologies. The reduction rate
rarely depends on the MOSFET structure in LSTP technology.

5.3 Discussion

To investigate the physical reasons underlying the reduction rate decrease as the
MOSFET structure changes, expansion components of the saturation current influenced
by the series resistance are analyzed. The expansion components normalized by bulk
MOSFET are compared with the other components of SOI and MG in HP, LOP, and
LSTP technologies.The calculated results of the expansion components are shown in
Table 5.3.

Figure 5.3 shows normalized expansion components of the saturation current includ-
ing an effect of the series resistance in HP technology. Normalized first components for
SOI and MG are 0.96 and 0.86, respectively. Normalized second components for SOI
and MG are 0.98 and 1.01, respectively. Normalized third components for SOI and MG
are 0.96 and 0.93, respectively. Normalized first components for SOI and MG struc-
tures decrease compared with bulk structure. Normalized second and third components
for SOI and MG structures are almost constant compared with bulk structure. In HP
technology, the ratio of the series resistance to the channel resistance is the dominant
factor in the reduction rate of the saturation current. The ratio decreases owing to con-
stant series resistance and increase of the channel resistance (R, = Vad/Ipsato) as the
MOSFET structure changes bulk to SOI and SOI to MG. The saturation current and
gate oxide capacitance decrease owing to increase of the gate oxide thickness. Required
gate oxide thickness increases as the MOSFET structure changes bulk to SOI and SOI
to MG to control the gate leakage current.

Figure 5.4 shows normalized expansion components of the saturation current includ-
ing an effect of the series resistance in LOP technology. Normalized first components for
SOI and MG are 0.97 and 0.97, respectively. Normalized second components for SOI and
MG are 0.94 and 0.92, respectively. Normalized third components for SOI and MG are
0.97 and 0.94, respectively. Normalized second components for SOI and MG structures

decrease compared with bulk structure. Normalized first and third components for SOI
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TABLE 5.3: Calculated expansion components of 1st-order terms in HP, LOP, and

LSTP technologies.

High Performance

Low Operating Power

Low STandby Power

Bulk SOI MG Bulk SOI MG Bulk SOI MG
First component 0.31 0.30 0.27 0.17 0.16 0.16 0.07 0.09 0.10
Second component 1.16 1.14 1.17 1.65 1.55 1.51 239 1.89 1.93
Third component 1.13 1.09 1.05 1.14 1.10 1.07 124 1.11 1.09
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and MG structures are almost constant compared with bulk structure. In LOP tech-
nology, the ratio of the over-drive voltage to the supply voltage is the dominant factor
in the reduction rate of the saturation current. The ratio decreases owing to constant
supply voltage and increase of the overdrive voltage as the MOSFET structure changes
bulk to SOI. The overdrive voltage increases owing to decrease of threshold voltage by
enhancement of gate controllability. The ratio of voltages is sensitive because the sup-
ply voltage is the smallest compared to other technologies. As the MOSFET structure
changes SOI to MG, the ratio of voltages is almost constant owing to the effect of the
gate controllability.

Figure 5.5 shows normalized expansion components of the saturation current includ-
ing an effect of the series resistance in LSTP technology. Normalized first components
for SOI and MG are 1.32 and 1.32, respectively. Normalized second components for SOI
and MG are 0.79 and 0.81, respectively. Normalized third components for SOI and MG
are 0.90 and 0.88, respectively. Normalized first components for SOI and MG structures
increase compared with bulk structure. Normalized second and third components for
SOI and MG structures decrease compared with bulk structure. In LSTP technology,
both the ratio of the series resistance to the channel resistance and the ratio of the over-
drive voltage to the supply voltage are the dominant factors in the reduction rate of
the saturation current. However, the reduction rate depends on the MOSFET structure

rarely because the structural dependence is canceled by multiplying each component.

Requirements of the MOSFETSs as the structure changes are different in each tech-
nology. A key transistor performance of the requirements is the intrinsic switching
frequency for device design in Table 5.1. In HP technology, the MOSFETSs are focused
on the highest switching frequency. The transistors have both the highest device perfor-
mance and the highest gate leakage current density to improve the channel resistance.
The ratio of the series resistance to the channel resistance is the main factor in the
saturation current. Therefore, the ratio of the series resistance to the channel resistance
is important in the reduction of the saturation current by the series resistance. In LOP
technology, the MOSFETSs are focused on reducing of the operating power dissipation
by controlling the gate leakage current and the operating current. The transistors have
lower performance and lower leakage current. To effectively reduce the power dissipa-
tion, the supply voltage is minimized. The ratio of the over-drive voltage to the supply
voltage is the main factor in the saturation current. Therefore, a ratio of the over-drive
voltage to the supply voltage is important in the reduction of the saturation current. In
LSTP technology, the MOSFETSs are focused on the gate leakage current and the off-

state current. The transistors have both the lowest device performance and the lowest



Chapter 5. Structural Dependence of Source and Drain Series Resistance on Saturation
Drain Current for Sub-20 nm MOSFETSs 61

1.6
1.4
1.2 F
1.0 &

0.8 | o
0.6

0.4}F  Low Standby Power

- [0 First Component
02F e Second Component
-+ ’l:hird Component

Normalized Components

Bulk SOI MG
Structure of MOSFET

0.0

FIGURE 5.5: Normalized expansion components of the saturation current including
an effect of the series resistance in LSTP technology.
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gate leakage current of all. The lower voltage and higher resistance ratios are main factors
in the saturation current. Therefore, the voltage and resistance ratios are important in

the reduction of the saturation current.

5.4 Summary

We investigated the structural dependence of the series-resistance effect on the satura-
tion currents in sub-20 nm MOSFETSs. The saturation currents including the resistance
effect were calculated using the analytic current model for bulk, SOI, and MG MOS-
FETs. The calculated saturation currents were compared with the intrinsic saturation
currents to calculate reduction rates of the saturation current in HP, LOP, and LSTP

technologies.

In HP technology, the reduction rates are 29.0, 25.3, and 22.1% for bulk, SOI, and MG
MOSFETS, respectively. In LOP technology, the reduction rates are 23.8, 21.5 and 20.7%
for bulk, SOI, and MG MOSFETS, respectively. In LSTP technology, the reduction
rates are 17.5, 16.7, and 16.6% for bulk, SOI, and MG MOSFETS, respectively. The
reduction rate of the saturation drain current depends on structures of the MOSFETs
as the structure of MOSFETSs changes. In HP technology, a ratio of the series resistance
to the channel resistance is the dominant factor in the reduction rate of the saturation
current. It is important to consider not only reducing of channel resistance by high
mobility material but also reducing of the source resistance. In LOP technology, a ratio
of the over-drive voltage to the supply voltage is the dominant factor in the reduction
rate of the saturation current. It is important to consider not only reducing of the
supply voltage but also reducing of the overdrive voltage. In LSTP technology, both the
resistance and voltage ratios are dominant factors because the structural dependence
is canceled by multiplying the lower third component, the lower voltage and higher
resistance ratios. It is important to consider the canceling by multiplying resistance

ratio and voltage ratio.
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Conclusions

In device design of sub-20 nm metal-oxide-semiconductor field-effect transistors (MOS-
FETSs), an effect of source and drain series resistance on saturation drain current becomes
important. To investigate the effect of series resistance, we derived an analytical model
for saturation drain-current including the higher order effect of the source and drain
series resistance for a sub-20nm gate length MOSFETs. Past analytical model includ-
ing the effect of series resistance and the derived analytical model were introduced. To
investigate the effect of the series resistance on model parameters using circuit simula-
tion, the a power model as a simple current model for circuit simulation was introduced

briefly.

The importance of source-drain resistance was tested for effect on the characteristics
of the MOSFET to become increasingly important in the design and development of
new devices for the future. We calculated the ratio of the overdrive voltage to the
supply voltage as a function of the MOSFET structure. The change of that due to the
difference of the structure is small, we found that the effect of the source and drain
resistance becomes larger every year. The effects of the source-drain resistance on the
MOSFET characteristics was investigated using circuit simulation. As a result, the
influence of the source and drain resistance on the channel length modulation was found

to be independent of the gate voltage the gate length is reduced.

We investigate the saturation drain current including the higher-order terms of the
series resistance. The reduction rate of the saturation drain current influenced by the
series resistance increases from 15.8 to 24.0% as the gate length decreases from 32 to
18 nm. To investigate the higher-order terms of the series resistance, we calculate
component ratios of the higher order terms. The component ratios of lst-order and
2nd-order terms change from 80.7 to 68.6% and from 15.6 to 22.0% as the gate length

decreases from 32 to 18 nm, respectively. We find that the higher order terms are

63
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indispensable for analyzing the effect of the series resistance as the gate length decreases.
From the analysis of the normalized expansion components, the increase in the ratio of
the source resistance to the channel resistance leads to that in reduction rate. This
implies that the resistance ratio of the source resistance to the channel resistance is a

dominant factor in device design and development for sub-20 nm MOSFETs.

We investigate the saturation drain current including the effects of the series resis-
tance for sub-20 nm bulk, SOI, and MG MOSFETs in HP, LOP, and LSTP technologies.
A reduction rate of the saturation drain current by the series resistance is calculated.
In HP technology, the reduction rates are 29.0, 25.3, and 22.1% for bulk, SOI, and MG
MOSFETS, respectively. In LOP technology, the reduction rates are 23.8, 21.5 and
20.7% for bulk, SOI, and MG MOSFETsS, respectively. In LSTP technology, the reduc-
tion rates are 17.5, 16.7, and 16.6% for bulk, SOI, and MG MOSFETsS, respectively. The
reduction rate of the saturation drain current depends on the change in MOSFET struc-
ture. In HP technology, the dominant factor in reduction rate of the saturation drain
current is Rs/Rcy. It is important to consider not only reducing of channel resistance
by high mobility material but also reducing of the source resistance. In LOP technol-
ogy, the dominant factor in reduction rate of the saturation drain current is Vgq/Vg. It
is important to consider not only reducing of the supply voltage but also reducing of
the overdrive voltage. In LSTP technology, the dominant factors in reduction rate of
the saturation drain current are Rs/Rq, and Vgq/Ve. It is important to consider the

canceling by multiplying resistance ratio and voltage ratio.
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