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Abstract

A Study on the Characteristics of

aNovel 0.1nm Asymmetric MOSFET

by
Chang- Soon Choi

a the
Department of Electrical and Electronic Engineering
The Graduate School

Yonsa Universty

The difficulties, limitations and some physical phenomena of deep sub-
micrometer MOSFET are explained based on the previous research, and
several structural approaches for overcoming such limitations is described.
With asymmetric MOSFET, the improvement of device performance without
sacrificing short channel characteristics and reliability are achieved. The
design difficulties of asymmetric MOSFETs in 0.1lnm regimes are also
examined. In order to reduce these design difficulties, a new doping scheme,
Sdlf- Aligned Asymmetric Structure (SAAS), is proposed for 0.1mm MOSFET

technology and its device characteristics are analyzed. The proposed structure
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enables the source, drain and channel to be designed independently without
additional lithography steps. SAAS with lateral asymmetric channel and
highly doped source extension improves driving capability and short channel
behavior without sacrificing hot carrier reliability. Based on the results of
hydrodynamic device smulation over a wide range of process conditions, it is
shown that highly doped asymmetric halo provides enhanced velocity
overshoot and suppressed draininduced barrier lowering (DIBL). By
employing asymmetric highly doped source extension, the degradation of
driving capability is suppressed that can be caused by the increased parasitic
resstance in highly doped asymmetric hao.

Keywords. MOSFET, Asymmetric structure, Self- Aligned,
Veocity overshoot, Device smulation, Scaing CMOS,
Short channd effect, halo doping

-Viii-



Chapter 1. Introduction

For more than 30 years, silicon Metal Oxide Semiconductor Field Effect
Transistor (MOSFET) device technologies have been improved at a dramatic
rate. A large part of the success of MOSFET device is due to the fact that it can
be scaled to increasingly smaler dimensions, which results in high
performance and integration. The ability to improve performance consistently
while decreasing power consumption has made Complementary MOS
(CMOS) architecture the dominant technology for integrated circuits (1C). The
scaling of the CMOS transistor has been primary factor for improving device
performancein IC [1].

As device dimensions have been continuously reduced, the scaling of
MOSFET approaches the physical limits associated with device characteristics
as referred in Table 1. In 0.1nm regime and below, however, the non
equilibrium carrier transport has received significant attention because it is
directly related to the improvement of driving capability and transconductance.
As the carrier trandt time becomes comparable with the energy-relaxation
time, the carriers do not have enough time to reach equilibrium with the
applied electric field by scattering. These phenomena described above cause
the velocity overshoot and, thus the improvement of driving capability is
achieved [2-3]. Another main concern of scaling down to 0.1mm regime is
suppression of short channel effects [4]. Therefore, creating the shallow

source/drain extension and using halo doping for improved short channel



characteristics have been used in present CMOS industry. However, the
adverse effect caused by substantially increased parasitic resistance in shallow
lightly doped drain (LDD) extension with halo doping severely degrades the
device performance. To overcome such limitation highly doped drain
extension is required, but this gives negative influence on the hot carrier
reliability and punchthrough resistance.

One attractive way to improve device performance without sacrificing
reliability and short channel behavior is adopting new structures, asymmetric
MOSFET structures, which have been investigated extensively in recent years
[5-10]. They have an inherent advantage that source and drain regions can be
designed independently, even though they need additional masks and complex
layout steps. It makes the device design more suitable for improving the
driving capability while maintaining the hot carrier reliability and the short
channel behaviors.

Several types of asymmetric structures have been proposed and
experimentally demonstrated. Asymmetric LDD structures with the heavily
doped deep junction at the source side while lightly doped extension at the
drain side have been proposed to reduce the parasitic resistance at the source
side [5-6]. However, it is difficult to employ such structures to sub-0.1nm
MOSFET because the short channel effects are worsened due to the absence of
the LDD extension at the source side. Lateral Asymmetric Channel (LAC)
structures have been proposed in order to take full advantage of the velocity

overshoot and suppress the short channel effects [7-11]. It has nonruniform



channel doping profile with a localized pileup region next to source extension
as a result of asymmetric halo. As the channel length is scaled down below
0.1mm, the asymmetric halo doping concentration must be increased in order
to fully suppress Drain Induced Barrier Lowering (DIBL) and to provide the
acceptable threshold voltage. However, it causes serious degradation of device
performance due to the increased parasitic source resistance caused by the halo
induced charge compensation [12]. In addition, the fabrication processes of
previously reported asymmetric structures have poor feasibility in sub-0.1nm
regime because they require additiona masks and precise dignments.

In this thesis, a novel Self-Aligned Asymmetric Structure (SAAS) without
the problems mentioned above and its fabrication process are presented and it
is verified that the SAAS provides many advantages for improving device
performance while maintaining good short channel behavior and rdiability.

In Chapter 2, the investigation of scaling below 0.1mm MOSFET is
described. And the previously reported MOSFET structures and asymmetric
MOSFET structures, which are regarded as ultimate structures at scaling limit
[4], are presented and investigated based on severa papers and simulation
analysis. And, advantages and disadvantages of the asymmetric structures are
presented. In Chapter 3, a new structural approach, SAAS, is presented and its
fabrication process is aso described. In Chapter 4, the device characteristics
are discussed by comparing SAAS with the previously reported asymmetric
structures, and the reasons for improvement of device performance in SAAS

are explained.



Table 1. Thelimitations for scaling MOSFET below 0.1mm

Scaling Valuesat | Limiting factor for further scaling

Parameter Lc=0.1nm

Gate Length 0.1mm Cost of lithography

Junction Depth 30nm Resistance of diffused layer
Oxide thickness 2.3nm Direct tunneling leakage
Substrate Doping 10"%cm™ Junction leakage

Supply Voltage 1.2v Lower limit of V¢
Threshold Voltage 0.4V Subthreshold leakage




Chapter 2. Deep sub-micrometer MOSFET Structures:
Design and Characterization

2-1. Velocity Overshoot in 0.1nm MOSFET

In recent years, extensive studies have been devoted to the 0.1mm
MOSFET design and characterization [1,4]. Even though the supply voltage is
continuously scaled down according to the channel length, the lateral electric
field shows a large gradient in the channdl from the source to the drain in
0.1nm gate dimension. The large electric field gradient causes the electron
trangit time to become comparable with the energy relaxation time. Therefore,
the electrons do not have enough time to reach equilibrium with the lattice by
insufficient phonon scattering. The phenomenon mentioned above makes the
electrons to be accelerated to the velocities higher than the saturation velocity.
It has been termed the velocity overshoot, which is one of the most important
physical phenomena for the practical point of view because it is directly
related to the improvement of driving capability in sub-0.1mm MOSFET [2-3].
Some studies have shown that experimental measurements of trans-
conductance are higher than the theoretical maximum transconductance that
can be reached in the case where the electron drift in equilibrium with their
velocity being limited by the velocity saturation effect. Fig. 1 shows the
electron velocity overshoot effect comparing with velocity saturation in 0.1mm

MOSFET.
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If the velocity overshoot can be controlled, the performance of ultra-short
channel MOSFET (~0.1nm) can be improved with the respect to the
performance of long channel MOSFET. In order to take full alvantage of
velocity overshoot in 0.1nm channel, the importance of the electric field at the
source end of the channel was suggested by hydrodynamic simulators [7-8].
Consequently, the velocity overshoot effect should be considered in 0.1mm

MOSFET design for the improvement of device performance.

2-2. Scaling the MOSFET below 0.1nm

The scaling of silicon MOSFET channel lengths to 0.1mm and below has
recently attracted great interest. Many works have been done approaching this
problem from both the experimental and theoretical points of view. Severa
important issues must be considered when scaling MOSFET's channel length
down to 0.1mm regime as follows [13-15].

(1) The short channel effects which cause severe degradation of the
subthreshold characteristics and an unacceptable dependence of
threshold voltage on channd length, as shown in Fig. 2.

(2) Thelower limit on the threshold voltage (V1) and supply voltage (Vpp)
imposed by the requirement of noise immunity margins.

(3) The lower limit on oxide thickness (Tox) imposed by direct tunneling
which degrades the device characteristics as briefly explained in Fg. 3.

(4) The limitations due to hot carrier effects including hot carrier



generation, injection, and trapping which reduce device lifetime and
reliability, as schematicaly shownin Fg. 4.

(5) The limitation due to band-to-band tunneling which degrades the Gate-
Induced Drain leskage (GIDL) characterigtics asillugtrated in Fig. 5.

(6) The maximization of intrindc device performance.

(7) The minimization of parasitic effects such as those due to parasitic
resistance and capacitance associated to source/drain junction

(8) The minimization of process complexity and cost

If requirements and limitations listed in (1)-(7) are to be met, a new scaling

approach are needed. The scaling of conventional structure, requiring an

increase of channel doping and reduction of oxide thickness and supply

voltage, is expected to become undesirable as the channel length scales below

0.1nm due to the following limitations.

1

2)

Conventional  MOSFET requires channel doping approaching or
exceeding 10'%cm® in order to limit short channel effects. Such high
doping concentrations are likely to cause severe degradations of device
performance due to impurity scattering and reduced carrier mobility.
Furthermore, the source-substrate and drain-substrate junctions become
highly doped pn junctions and act as tunnel diodes. Thus the isolation of
source/drain with substrate cannot be maintained.

Additional limit is imposed by (3) above. On the basis of experimental

results, the ultimate lower limit for SIO» thickness is expected to be 2.3nm.



3) The supply voltage reduction needed in conventiona structure is limited
by noise immunity margins as stated in (2). In this regard, we did not
investigate in details on the actual lower limit for the threshold voltage
because it is dependent on specific application. For logic applications, we
expect that Vry = 0.3V is a lower limit for a subthreshold swing of 80-
100mV/Dec [16]. On the other hand, in DRAM applications, the threshold
voltage in the memory cell transistor should be around 1V regardless of
feature size, density and supply voltage in order to suppress the
subthreshold leskage current [17].

Thus, redlization of sub-0.1mm MOSFET requires a new structurd
approach that improves the device performance and the short channel
characteristics, while maintaining gate oxide thickness (Tox), supply voltage
(Vpp), and channel doping constant for Lg < 0.1nm. To overcome these
limitations listed in 1)-3), severa research papers have been extensively
published for the development of new MOSFET structure [ref]. For the
candidates of sub-0.1nm MOSFET, double gate structure, elevated
source/drain  structure, asymmetric structure have been proposed and
experimentally demonstrated. In this thesis, the device characteristics of
asymmetric structure have been focused and extensively studied using

smulation methodsin 0.1nm regime.
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2-3. Nove Structuresfor 0.Lnmm MOSFET technology

2-3-1. Double gate MOSFET structure

The schematic cross-section of double gate MOSFET is shown in Fig. 6. It
has the extremely shallow source/drain junctions made by the inversion layer
for the suppression of short channel effects. The source/drain inversion layers
is formed by the second polysilicon gate electrode placed over the first gate
electrode of MOSFETSs. Due to the high resistance of the source and drain
layer composed of the inversion layer, the drain current is two or three orders
of magnitude smaller than the conventional MOSFET, but the short channel
effects can be fully suppressed because of extremely shallow source/drain
junction [18]. (The depth of the junction is estimated to be 10-1nm, depending

on the second gate bias.)

2-3-2. Elevated source/drain MOSFET structure

Fig. 7. shows the schematic cross-sections of several Elevated
Source/Drain MOSFET structures (E-S/D) [19-21]. It has been reported that
elevated source/drain is effective in allowing both junction depth reduction
and leakage control of silicided junctions. Due to the small parasitic resistance
at the source/drain extension, the device performance of ES/D is superior to
that of conventional MOSFET. Although E-S/D has been regarded as a
candidate of the ultimate structure of MOSFET at the practical scaling limit,

its process complexities, such as self-alignment problems, have delayed its



employment in deep sub-micrometer technology [19-20]. Recently, the new E-
S/D shown in Fig. 7(b) was proposed in order to solve the self-alignment
problems. And it was reported that the structure was very effective in the

improvement of device performance without increasing GIDL current [21].

-13-
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2-4. Asymmetric structuresfor 0.1mm MOSFET technology

2-4-1. Background

The most widely used device structure in a recent scaded MOSFET
technology is the Lightly Doped Drain (LDD) structure which was firstly
introduced in 1.25mm MOSFET. Although this gives the suppressed hot carrier
generation at the drain side, the saturation current level of LDD MOSFET is
reduced due to the increased parasitic resistance at the source extension [13].
This makes simultaneous optimization of the device performance and hot
carrier reliability difficult to achieve in symmetrical design. Therefore, the
separation of source engineering and drain engineering in asymmetric
MOSFET structure is essentially important to achieve the high performance
and reliability. In this section, several types of asymmetric MOSFET structure
are presented. And their advantages and disadvantages on the device
functiondity and the manufacturability are briefly explained.

2-4-2. Asymmetric channel structures

Fig. 8(a) shows the schematic crosssection of Lateral Asymmetric
Structure (LAC) NMOSFET. For 0.1mm MOSFET technology, this structure
has been proposed and introduced to Silicon on Insulator (SOI) in order to
achieve the improved driving capability and hot-carrier reliability. It has
laterally non-uniform channel with alocalized pileup region next to the source

junction as a result of asymmetric halo after gate electrode formation. It has

-16-



the high electron velocity at the source end of channel, indicating velocity
overshoot, which is created by the localized highly doped channel at the
source side. As device dimensions are scaled down, he asymmetric halo
doping concentration must be increased in order to fully suppress DIBL and to
adjust threshold voltage. However, it severely degrades the device
performance due to the increased parasitic source resistance caused by the halo
induced charge compensation Consequently, highly doped halo cannot be
used for the improvement of device characteristicsin 0.1mm regime [7-11].

2-4-3. Asymmetric LDD

Fig. 8(b) shows the schematic cross-section of Asymmetric LDD structure
NMOSFET. The structure having a heavily doped deep junction at the source
side while lightly doped extension at the drain side shows that the
improvement of driving capability has been successfully achieved while
maintaining acceptable hot carrier reliability. Because of the reduction of
parasitic resistance at the source side, the driving capability and the circuit
speed are dramatically improved. However, it is difficult to employ such
structures to sub-0.1nm MOSFET because the short channel effects are
worsened due to the absence of the LDD extension at the source side [5-6].

2-3-4. Process complexities of the asymmetric MOSFET structures

Although these structures have several advantages on the device

performance and reliability, their fabrication processes have a poor feasibility

-17-



in a CMOS process. For example, in asymmetric channel structure, the process
using shadowing effects of a large tilted angled ion implantation after gate
electrode formation consumes additional masking steps to form an asymmetric
halo [7]. In addition, the process requires the aignment of a photoresist mask
to the transistor gate with a precision better than the gate length in asymmetric
MOSFET structures [6]. Fig. 9 schematically illustrates the process difficulties
of asymmetric structuresin 0.1nm MOSFET fabrication process.

In this thesis, Self-Aligned Asymmetric Structure (SAAS) without the
problems mentioned above is proposed [22]. And it is verified that the new
lateral-doping scheme of SAAS provides many advantages on the device
characteristics including driving capability, short channel characteristics, and

hot carrier reiability.

-18-
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Chapter 3. New Structural Approach:
Self-Aligned Asymmetric Structure

3-1. Proposed Fabrication Processfor SAAS

The key fabrication steps for nchannel SAAS MOSFET are schematically
shownin Fig. 10. After 38  thick gate oxide is grown on (100) p-type wafer,
polysilicon foly-Si) is deposited for gate material. Poly-Si is doped with
POCI, and the pad oxide is deposited on the poly-Si. Next, the pad oxide on
the gate-source area is etched away using lithography and dry etching process.
Nitride film is deposited and etched to forma sidewall as shown in Fig. 10(C).
In sidewall formation, the thickness of nitride film determines the poly gate
length. This sidewall masking technique has been employed in 0.1mm
MOSFET technology and reported to have better uniformity of line-width
compared with e-beam lithography [23]. After the exposed poly-Si is
anisotropically etched, the highly doped source extension is formed by As® (1
x 10'°cm?, 10keV) implantation. The asymmetric halo implantation with BF,*
(2x 108%cm?, 65keV, 25°) is performed to make lateral asymmetric channel
profile. In order to prevent damages during the subsequent steps, nitride is
deposited for capping the source region and etched by dry etching or CMP
until the pad oxide reveals as shown in Fig. 10(E). After the pad oxide &
etched, the exposed poly-Si is etched by dry etching. The lightly doped drain

extension is formed using As' (5x 10%%cm, 10keV) implantation. The
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remaining nitride is removed by H,PQ. After the 1000A sidewall formation,

the deep source/drain junctions are formed with As" (6x 10%°cm?, 40keV)
implantation  followed by rapid thermal annealing (1050°C, 10sec). The
following process steps are identica to those of the conventional MOSFETS.

As discussed above, we use only one lithography step for gate-source
definition (Fig. 10(B)). Therefore, the proposed fabrication process for SAAS
is expected to solve the self-alignment problem without additional masks, and
independent optimization of the channel and the source/drain regions is

possible for high performance and reidbility.

3-2. Device Design

To optimize the SAAS design idea for high performance and reliability,
extensive simulations are performed using the process simulators, TSUPREM -
4 [24], which employs the point defect diffusion and the Dual Pearson
implantation models. It has been reported that the point defect diffusion model
reasonably predicts the ion implantation induced damages. And Dual Pearson
distribution has been found to work well for modeling dose-dependent

implantation profile [25].

The schematic cross-section of ntype SAAS MOSFET used for simulation
analysis is given in Fig. 11(a). The structure is similar to the conventional

MOSFET except for asymmetric LDD and asymmetric channel. Fig. 11(b)



shows the simulated two-dimensional doping profile of SAAS. Fig. 11
indicates that SAAS has the asymmetric channel profile along the S-SO,
interface. It aso has the highly doped source extension in opposition to the
lightly doped drain extension. From these figures, SAAS differs from the
conventional MOSFET structures in that it has localized highly doped channel
next to the highly doped source and gradually lowered channel at the lightly
doped drain.

The structural concepts of SAAS are expected to show the following

several advantages on device characteristics in deep sub- micrometer MOSFET.

1) Highly doped source may alleviate increased parasitic resistance caused
by the highly doped halo which is employed to control the threshold
voltage and to suppress the subthreshold leakage. By reducing the
parasitic resistance at the source side, the improvement of saturation
current is successfully achieved. In addition, the degraded short channel
effects in highly doped source (asymmetric LDD) can be reduced by
adopting the asymmetric halo [7].

2) In the drain side, lightly doped drain extension and gradualy lowered
channel are expected to effectively suppress the hot carrier induced
reliability problems. Moreover, with asymmetric channel, the Vr control
can be obtained by adjusting asymmetric halo doping concentration,
therefore, it allows to maintain a lower doped well concentration under
the drain pn junction. Thus, drain junction leakage current and junction

capacitance can be effectively reduced.



3) High built-in electric field created by the doping concentration gradient
of the asymmetric channel improves the non-equilibrium carrier
transport, velocity overshoot, at the source side [7,10]. This should
benefit the driving capability and the circuit operation speed. Therefore,
the device performance of SAAS is likely to be higher than that of
conventional structure.

4) As previoudy mentioned in Chapter 2, increasing the halo dose in LAC
structure results in the degradation of driving capability because the halo
interacts with LDD doping, which causes the increased parasitic
resistance. In SAAS, much higher doped halo can be used with the help
of highly doped source, as mentioned 1). Because the doping
concentration gradient of SAAS is much larger than that of the reported
structure, SAAS enables the velocity overshoot to be more enhanced.
Therefore, SAAS with higher carrier velocity is expected to have larger
driving capability than thet of LAC structure.
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Chapter 4. Simulation Analysis and Discussion

4-1. Simulation M ethodology

4-1-1 Smulation Model Descriptions

In order to demonstrate the advantage of this new structure on higher
performance and reliability compared to previously reported conventional and
asymmetric structures, the numerical ssimulations are performed using well-
known two-dimensional device simulator, MEDICI, which employs
LSMMOB, FLDMOB, INCOMPLE, CONSRH, and AUGER models [26].

LSMMOB, which represents Lombardi surface mobility model, is used for
better calculating the surface scattering in MOSFET's inversion layers. It was
reported that thismodel could be applied to the carrier mobility not only in the
inverson layer but aso in the bulk slicon [27].

The carrier mobility can be written,

, -1
el 1 1u

M =gt (4-1)
e, m, My

where my is the carrier mobility limited by the scattering with surface
acoustic phonons, m, is the carrier mobility in bulk silicon, and my is the
carrier mobility limited by the surface roughness scattering. The detailed
model descriptions are presented in [27].

FLDMOB, whichrepresents Caughey-Tomas expression for both electron



and hole mohility, is used for calculating the parallel field dependent mobility
in MOSFET s inversgon layers.
The modd can be written,

_ ms,
m, = 6 BETAN ~VBETAN (4-2)
@_+ m,nEH,n 9 Q
A g Vsat - p
g no 2 H
_ M5,
mp - é BETAP ul/BETAP (4'3)
&+ gms b '?n, p QO i
= | y
S &V s

where ms, » and my, , are the low field mobilities and W™ and ™ are the

saturation velocities for electrons and holes, respectively. E, is the

component of electric field paraled to the current direction. EBETAN and
BETAP are the fitting parameters which can be extracted from experimenta
data taken in appropriate experimental conditions. Values for v and v, are
computed by default from the following expression. In these simulations
BETAN=2.0, BETAP=1.0, \*=1.035" 10’cm/s, and ** =1.035" 10’cm/sare
sdected for the silicon materid.

247 10’
1+0.8 @(paelg
2600 g

Vop(T) =

(4-4)

INCOMPLE is used for calculating the incomplete ionization of impurities
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after ion implantation for the channel and the source/drain region. Although,
for the case of long-channel device (which are formed by high energy ion
implantation), full impurity ionization may be assumed, incomplete impurity
ionization model is employed in these short channel device simulations with
appropriate degeneracy factors for the conduction and valence bands GCB and

GVB,
N D

Ny = - (4-5)
1+GCB ep&m ™ Fo 0
e kT
N
N, = . (4-6)
——
1+ GVB exngATFpg
1%}

where Bb=Ec-EDB and Ea=EAB+E, are the donor and acceptor energy
levels, respectively. Np and Na are net compensated n-type and p-type doping,
respectively. In these simulations GCB=2, GVB=4, EDB=0.044eV,
EAB=0.045¢eV are sdlected for the silicon materid.

Net electron and hole recombination models in the continuity equations are
essentially required for calculating the electrical behaviors of semiconductor
device. In these smulations, CONSRH and AUGER models are used for
better calculating the recombination (U). CONSRH represents Shockley-Read-
Hall recombination model with concentration dependent lifetime. And
AUGER represents Auger recombination mode!.

Thatis,



U=U,=U,=Ug +Ure. (4-7)

n P
where,
pn- ng
Ugy = Z N , N
toan+n expgwcyﬂ Sp+n expge—ETRAP
pg—l ie & KT % ng ie & KT %
U g =AUGN(pn®-nng) + AUGP(np” - pni,) (4-8)

In the above, ne is the effective intrinsic carrier concentration and t, and
tp are the electron and hole lifetimes, which are dependent the impurity
concentration in CONSRH model. The parameter ETRAP represents the
difference between the trap energy level E and the intrinsic Fermi energy E
(i.e, ETRAP = E-E), and AUGN and AUGP are specified constants. ETRAP
= 0eV, AUGN = 2.8 10°3'crr/s, AUGP = 9.9° 10'%?ci/s are selected for the

Slicon materid.

4-1-2. Device Sructures for Smulation Analysis

Fig. 13 and Table 2 give the schematic cross-sections and the main device
parameters for the structures considered in this works. For fair comparison, all
structures have the effective channel length of 0.1nm, the punchthrough
stopper of B* (3x 10™%cmi?, 40keV), the substrate doping of 1x 10* cm® and
the threshold voltage of about 0.38V. For all structure, As" implantation for the
formation of heavy deep junction (6x 10*°cmi?, 40keV) and thermal annealing
condition (1050°C, 10sec) have been kept identical. The device fabrication



parameters of the structures are compared in Table 3. A-Chan and A-Dran
represent the asymmetric nMOSFETs with asymmetric channel and
asymmetric drain, respectively. It should be noted that the two different halo
doses (5" 10*2cm?, 2° 10%cm®) are selected for investigating the influence of
halo doping concentration on the device characteristics in asymmetric drain
(SAAS) and symmetric drain (A-Chan) structures. Conv represents the
conventional NMOSFET with the uniform channel. The uniformly doped
channels in the case of Conv and A-Drain structures are formed by the
threshold adjustment implantation (BF,*, 5x 102cm2, 90keV) before the gate
oxidation. The process conditions mentioned above are kept the same for all
the structures while the asymmetric channel and the source/drain related

process conditions are changed as shown in Table 3.
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Table 2. Device process parameters of the compared structures used for simulation

analysis
Device Process Parameter Values
Oxide Thickness (tg) 38 A
Substrate Doping Concentration 1x 10" cm™
Punchthrough Stopper 3x 10°cm™, 40keV, B
Heavy Junction lon Implantation 6x 10"°cm?, 40keV, As”
Annealing Condition 1050°C, 10sec
Sidewall thickness 0.1nm
Effective Channel Length 0.1~0.5mm
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Table 3. Main features of the compared structures used for simulation analysis. Uniform
channel is formed by BFR,* (5" 10cm?, 90keV) mplantation before the gate oxidation.
Asymmetric channel is formed by BF," (5 10*cm?or 2 10"3cm? , 65keV, 25°) implantation
only at the source side. As" implantation for the formation of source/drain is performed with

10keV energy and 0° tilt.

LABEL Source Channel Drain
Asymmetric
SAAS (2E13) 1" 10"%cm™ (n+) a4 5 10°cm™ (n-)
2" 10%cm™ (p+)
mmetric
SAAS (5E12) | 1" 10%cm? (n+) Ay 5 10"%cm” (n-)
5 10%%cm? (p-)
mmetric
A-Chan (2E13) 5 10"°cm™ (n-) Ay 5 10"°cm™ (n-)
2 10%%cm™ (p+)
Asymmetric
A-Chan (5E12) | 5 10"%cm™ (n-) > 5 10°cm? (n)
5 10%%cm™ (p-)
Uniform
A-Drain 17 10%cm? (n+) 5 10%cm? (n-)
5 10"%cm™ (p-)
Uniform
Conv 5 10%%cm? (n-) 5 10%%cm? (n-)

5 10%cm™ (p)




4-2. Comparison SAASwith other asymmetric structures

4-2-1. Short Channel Characteristics

Fig. 13 shows the linear region threshold voltage (Vp=0.1V), Vr, extracted
from the calculated Ip-V data, as function of the effective channel length for
the SAAS and compared structures. As shown in Fig. 13, the asymmetric
channel structures (SAAS, A-Chan) do not experience the V4 roll-off effect
even in the 0.1mm dimension because the localized high boron concentration
a the source side resultsin the reverse short channel effect [28]. On the other
hand, the uniform channel structures (A-Drain, Conv) have serious Vr roll-off
effects, because they suffer from severe charge sharing effects.

Fig. 14(a), (b) shows b-V¢ characteristics as a function of the effective
channel length for SAAS and Conv, respectively. It is shown that the
subthreshold characteristics of the asymmetric channel structure (SAAS) are
independent of the effective channel length, while those of the uniform
channel structure (Conv) are not. In the asymmetric channel structures, the
localized high boron concentration at the source end of channel makes the
structures show the same subthreshold characteristics regardiess of the
effective channel length [29]. Therefore, SAAS with channel independent
subthreshold characteristics will have improved device performance without
increasing the subthrehold current.

Fig. 15 shows the DIBL characteristics of these structures. In these

simulations, DIBL is defined as the horizontal shift of gate voltage (Vo) at 10”7



A/mm of subthreshold current (Ip) when the drain voltage (Vp) is increased
from 0.1V to 2.0V. The uniform channel structures have worse DIBL
characteristics than those of the asymmetric channel structures. In these
structures, A-Drain with the highly doped source shows the worst DIBL
characteristics. This result ensures the fact that asymmetric LDD have the
degraded short channel characteristics [5-6]. In the asymmetric channel
structures, the DIBL is well controlled due to the large potential barrier
generated by the highly doped channel next to the source extension, which
limits the spread of the depletion region from drain to source.

Fig. 16 shows the surface potential distributions of the structures along the
channel. The large potential barrier as mentioned above is clearly observed in
the asymmetric channel structures. It can be seen that the barrier height
depends on the doping concentration of asymmetric halo, and thus, DIBL will
be further suppressed if higher doped hao is adopted in the case of SAAS.
From these results, highly doped asymmetric halo is needed to effectively
suppress DIBL.
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4-2-2. Driving Capability

Fig. 17 shows the simulated 1p-Vp characteristics for SAAS and compared
structures. We can clearly observe higher current driving capability of SAAS
than those of any other compared structures. Fig. 18 shows the influence of
asymmetric halo dose on the driving capability in SAAS and AChan. It is
shown that A-Chan with higher dose halo implantation results in the
degradation of driving capability. On the contrary, the driving capability of
SAAS s enhanced by higher dose hao implantation.

To explain the reason for the enhancement of driving capability in these
structures, we simulated the electron velocity and the electric field along the
channel using hydrodynamic simulator with energy balance equation, which
has been reported to reasonably predict the enhancement of driving current
caused by the velocity overshoot [3].

Fig. 19 shows the average electron velocity of SAAS and compared
structures along the interface. For the asymmetric channel structures, the
electron velocity rises rapidly at the source side and it causes the velocity
overshoot phenomenon. Fig. 20 shows the electron density of SAAS and
compares structures along the interface. The current density of drain currents
can be smply written as,

J=-gnv (4-9

where q is the magnitude of electronic charge, n is the eectron
concentration and v is the effective electron velocity. Since the electron

density of the asymmetric channel structure is dightly lower than that of



uniform channel structure as shown in Fig. 20, the origin of the improved
driving capability in asymmetric structures (SAAS, A-Chan) is attributed to
the high carrier velocity at the channel next to source. Furthermore, SAAS
with higher doped halo further enhances the electron velocity at the source
side. This result indicates that the halo dose is closely related to the electron
veocity.

Fig. 21 shows the influences of halo dose on the electron velocity along
the channel. From this figure, it is known that the electron velocity at channel
depends on the channel profiles, not the source/drain. As the halo dose
increases, the electron velocity at the source aso increases. As shown in Fig.
18, the highly doped halo results in the improvement of driving capability in
SAAS, which can be explained by the enhancement of electron velocity. On
the contrary, A-Chan shows the decreased driving current level as the halo
dose increases. This isbecause the halo interacts with LDD doping and causes
the source resistance to be increased, which is a key factor for the saturation
current levels [12]. It makes the A-Chan undesirable for scaling down to
0.1nm regime while maintaining adequate short channel behaviors. In other
words, increasing the asymmetric halo doping in order to suppress the short
channel effects and to enhance the velocity overshoot results in the
degradation of driving performance in conventional (Symmetric) drain
structures. However, SAAS is less senditive to such effects because of having

the highly doped asymmetric source extension with low paragitic resstance,
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Fig. 22 and Fig. 23 show the simulated lateral electric field profiles and net
doping concentration along the interface for SAAS and compared structures,
respectively. It can be seen that the electric fields of asymmetric channel
structures are much higher those of uniform channel structures at the channel
next to the source, while the electric fields of uniform channel structures
exceed those of the asymmetric channel structures at the drain end of channel.
In the asymmetric structures, the high electron velocity as seen in Fig. 19 is
due to the large electric field and its gradients produced by the localized highly
doped channel next to the source extension as shown in Fig. 23. The inset of
Fig. 23 is the magnification of the net doping concentration at the source side.
The figure shows that the net doping of A-Chan is much lower than those of
other structures. This means that the parasitic resistance at the source side is
increased due to the charge compensation. As a result, the symmetric drain
structure (A-Chan) is not advantageous in the respect of driving capability if
highly doped halo is employed, which was already discussed and shown in Fig.
18. On the contrary, SAAS has the highest net doping level at the source side
in the compared structures. The reason is that highly doped source as well as
highly doped channel promises high net doping concentration. Consequently,
SAAS with high net doping at the source extension is effective in alleviating
the increasing parasitic resstance caused by the highly doped halo.
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4-2-3. Hot Carrier Reiability

Fig. 22 indicates that the magnitudes of the drain eectric fields in
asymmetric channel (SAAS, A-Chan) structures are approximately 22% less
than those of uniform channel (A-Drain, Conv) structures. It is because the
gradudly lowered channd at the lightly doped drain as shown in Fig. 23
results in the decreased lateral electric field at the drain side. Since the hot
carrier degradation is exponentially dependent on the electric field at drain,
SAAS with the lower electric field at the drain junction is expected to
effectively suppress the hot carrier generation Fig. 24 shows the smulated
effective impact ionization rates (Isyy/Ip) of SAAS and compared structures,
which take into consideration the nonlocal effects with energy balance
equation. The asymmetric channel structures have a relatively lower effective
impact ionization rate compared with uniform channel structures for the same
effective channel length due to their low electric field at the drain side. In
consequence, gradually lowered channel in asymmetric channel structures is

very effectivein reduction of hot carrier induced degradations.
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Chapter 5. Conclusion

The difficulties and limitations of deep sub-micrometer MOSFET are
explained based on the previous research, and several structural approaches for
overcoming such limitations are described.

Using the asymmetric doping scheme, significant improvements in device
characteristics can be obtained. Asymmetric LDD structures are effective in
improving device performance due to the low parasitic resistance at the source
extension, even though they have the degraded short channel behaviors. The
stabilized threshold voltage and the channel independent subthreshold
characteristics are successfully achieved in LAC structures. And, they aso
give rise to improvement of device performance. The origin of the improved
driving capability in LAC structure is attributed to the high carrier velocity at
the channel next to source. However, the trade-off between the enhancement
of velocity overshoot and the increase of parasitic resistance exists for
asymmetric channel structure formed by the asymmetric halo. Moreover, the
difficulties of fabrication process in asymmetric structure are worsening as
devices are scaled below 0.1mm.

For overcoming the trade-off, disadvantages and process complexities,
Sdf-Aligned Asymmetric Structure (SAAS), which have asymmetric drain
with asymmetric channel, has been proposed for 0.1nmm MOSFET technology.
The main advantage of proposed structure is that source, drain and channel to

be designed independently without additional lithography steps. By
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hydrodynamic simulations, it is shown that SAAS with higher doped halo
fully enhances the velocity overshoot and completely suppresses the
subthreshold leakage current. The highly doped source in SAAS dleviates the
increasing parasitic resistance caused by the highly doped halo induced charge
compensation. Therefore, the device performance of SAAS is superior to that
of the previousy reported MOSFET structures under the same device
parameters. Another important advantage of SAAS is the suppression of hot
carrier induced degradation. It is because the gradually lowered channel in
SAAS results in the reduced drain electric field. Consequently, this new
structure should enable MOSFET devices to be more successfully scaled to
sub-0.1nm dimension for improving device performance without increasing
process cost.

This thesis work is mainly focused on the simulated device characteristics
discussed by comparing the new structure with the previously reported
dructures. The experimenta verification of SAAS remains as future works.
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