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Abstract

As CMOS device scaling to nanometer regime, the conventional device would
meet many challenges to scaling. The Schottky barrier (SB) FET becomes one of the
promising structures and has better scalability: However, the on-current of SB FETs is
limited by the Schottky barrier at source-side.~The Modified-Schottky-Barrier (MSB)
FETs have been proposed to improve the SB. FETs performance. Therefore, the effects
of the parameters of the MSB region on device performance and series resistance
optimization were simulated by TCAD tools.

According to the simulation results, the MSB FETs can be classified into two
groups. One is conventional-like devices, and the other one is SB-like devices. For the
conventional-likes devices, the high doping concentration and thick thickness of the
MSB region would thinner the Schottky barrier thickness at the source side and
increase the tunneling current. Therefore, the total conductance is dominated by the
gate field induced channel potential barrier lowering. In contrast, for the SB-like
devices, the MSB region with lower doping concentration and thin thickness is easily
depleted by gate bias. Therefore, the Schottky barrier resistance dominates the total

conductance. However, as the device scaling down, the thick MSB thickness would
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degrade the device performance due to the reduction of effective channel length. Thus,
the MSB region with thinner thickness and high doping concentration is needed. On
the other hand, the drain-induced-barrier-lowering (DIBL) has to be considered for
short channel device. According to the simulation results, the DIBL increases as the
MSB doping concentration increases. The optimized conditions for tri-gate MSB
FETs with channel length = 32 nm are the MSB thickness = 3 nm and the MSB
doping concentration = 3 x10" cm™.

The contact resistance is the major part in total resistance. The MSB FETs utilize
the high doping concentration at the silicon and silcide interface to reduce the contact
resistance. Various silicide thickness structures were used to increase the contact area
and reduce the contact resistance. For the conventional-like devices, the optimized
silicide thickness is about half of:the silicon thickness. For the SB-like devices, the
optimized value is about 10 nm-due to the tunneling-current is concentrated at the Si
surface; therefore, the increase of silicide-thickenss would not provide additional
tunneling current. For tri-gate MSB EETs,. the optimized value of planar contact is
about 30~35 nm (nearly fully-silicided structure) due to the sidewall channel effect.
The optimized value of wrapped contact is quarter of the fin width. However, the
on-current and subthreshold swing shows the same silicide thickness dependence. The
tradeoff between on-current and subthreshold swing has to be considered.

The external loading method was used to extract the series resistance of
simulated and real devices. For the conventional-like device, this extraction method is
suitable. But for the SB-like devices, this method can not be applied. The extracted
series resistance from simulation devices is 160.01 Q-pm and the specific contact
resistivity is lower than 5.5 x10™® Q-cm? (meet the requirement of ITRS roadmap).
The extracted series resistance from contact resistance test structures is about 1~3 kQ-
«m and the specific contact resistivity is 6 x107 Q-cm®. The contact resistivity of
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real devices is one order higher than that of the simulatresulted device. The reason
may be that the MSB doping concentration is not high enough as expected. The real
devices still exhibits a very conventional-like property due to the thicker thickness. It
is estimated to be about 10nm. The MSB region of the real devices can be conjectured
by the comparison of simulation results and then to improve the process condition to

optimize the device performance.
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Chapterl

Introduction

1-1 FInFETs

To achieve the benefits such as high performance, high device density, low
operation voltage, and low cost, the dimensions of CMOS devices are continued to
scale down for several decades. As devices scaling down, the short channel effect
(SCE) becomes the major issue to influence device performance. There are several
methods to alleviate SCE such as raising the substrate doping concentration, forming
ultra-shallow source/drain junction, and reducing the gate dielectric thickness [1].
However, the SCE of conventional’planar CMOSis still a significant limitation in the
sub-45nm technology node. It is clearly claimed that new device structures and new
materials will be needed to satisfy the.device.and circuit requirements [2]. Several
non-classical structures such as Ultra-thin body (UTB) silicon-on-insulator (SOI)
MOSFETs [3-4], double-gate (DG) FETs [5], tri-gate FETs [6], (2-gate FETs [7], and
gate-all-around FETs [8] have been invented to increase the gate controllability and to
suppress the SCE. On the other hand, high-dielectric constant (high-k) dielectrics have
been employed to reduce effective oxide thickness (EOT) and gate leakage current
[9-10]. Fig.1-1 presents these new device structures as the promising structures for
device scaling.

Most of the non-classical structures use silicon-on-insulator (SOI) substrate to
improve SCE. The bottom oxide layer (BOX) can also reduce the parasitic
capacitance [11]. Using the thin-Si film results in reduction of drain-induced barrier
lowering (DIBL), nearly ideal subthreshold swing, lower off-state leakage current,

and higher driving current on short channel device. However, for the UTB SOI
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MOSFETs, as the silicon layer thickness (tsij) becomes less than the inversion-layer
thickness of bulk MOSFETs, the device performance would be restricted because of
quantum effects such as mobility degradation, threshold voltage increase, and
inversion layer capacitance increase [12]. In addition, the channel length has to be
three times larger than the tg; in order to maintain fully depletion of the Si layer under
gate control [13]. As the ts; scaling down, the fabrication and the uniformity of
ultra-thin SOI wafer would be challenges.

Multi-gate FETs (MuGFETs) have better gate-controllability than conventional
planar MOSFETs. In this case the ts; can be thicker than that of the UTB SOI
MOSFETs at the same channel length. For DG FinFETs, the silicon body thickness
would be scaled down to ~ L.g/2 [14]. Fig.1-2 presents the required silicon body
thickness versus gate length for different structure [7], [15]. Moreover, MuGFETSs
may have higher driving current, for exampley tri-gate FETs have the top and sidewall
gates to increase the effectiver chahnel-width, without increasing the layout area.
Therefore, MuGFETs become the 'most. potential structure beyond the 45nm

technology node.

1-2 Modified-Schottky-Barrier MSB FETs

Although MuGFET is expected to be the most promising structure beyond 45nm
technology node, some technical challenges such as source/drain shallow junction
formation, reduction of source/drain and gate electrode resistance, and the
source/drain lateral diffusion still exist [16]. Schottky-barrier (SB) MOSFETs have
some advantages such as a superior scaling ability due to the abrupt source/drain
junctions and low extrinsic parasitic resistance and process compatibility with current

CMOS technology [17-18]. The Schottky barrier at source side can also improve the



drain induced barrier lowering (DIBL) and SCE [19]. In SB MOSFETs, the
source/drain regions have been replaced by metal silicides typically. The on-current
depends on the schottky-barrier height (SBH) at source-side. Therefore, silicides with
low SBH were preffered such as PtSi for p-type MOSFETs and ErSi, or YbSi for
n-type MOSFETs [20-22]. However, the complementary silicides for n-type and
p-type MOSFETSs suffers from the complex fabrication process. It has been reported
that the SBH must below 0.1eV in order to compare with conventional MOSFETs
[23]. In addition, the low SBH at drain side results in high off-state leakage current
due to carrier tunneling [24]. Therefore, the on/off states for SB MOSFETs are both
inferior to those for conventional MOSFETs.

In order to reduce the effective SBH, dopant-segregation (DS) technique [25-27]
and implant-to-silicide (ITS) technique [28-29] have been proposed to form modified
Schottky barrier (MSB) FETs. Using these methods,-the silicon and silicide interface
would have a dopant segregation layer which-could lower the SBH effectively. It has
been approved that the MSB not only reduce the effective SBH at source side but also
reduce of the tunneling leakage current form drain side [30]. Therefore, MSB FETs

have attracted more attention in recent years.

1-3 Parasitic resistance

As CMOS device scaleing down, channel resistance decreases as gate length
reducing. Therefore, parasitic resistance becomes more considerable and even limits
device performance. In 1986, K. K. Ng and W. T. Lynch reported that parasitic
resistance includes contact resistance, source/drain sheet resistance, spreading
resistance, and accumulation resistance; besides they calculated the relationship

between device structure and parasitic resistance [31]. In 2002, S. D. Kim reported



that analysis of series resistance for CMOS scaling to nanometer regime [32]. Sheet
resistance would reduce dramatically by using silicide technology at source/drain
regions; therefore, it can be ignored. The overlap and contact resistance would
dominate the total resistance as device scaling to nanometer, as shown in Fig.1-3. The
overlap resistance includes the accumulation resistance and spreading resistance (at
gate to source/drain overlap region). Fig.1-3 presents that the contribution of overlap
resistance would be the same as gate length decreasing. However, the contribution of
contact resistance would increase because of the contact area shrinking. Therefore, the
contact resistance would the major part to total series resistance in deep submicron
devices.

Beyond 45nm node, MuGFETs are the most promising structure to suppress SCE.
MuGFETs use the sidewall to increase the effective channel width and to improve the
gate-controllability. However, the.shrinkage- of .channel width leads to a smaller
contact area which will cause higher-Contact-tesistance. If the contact resistance is
larger than channel resistance, the {CMOS sealing down is meaningless. Therefore,
how to reduce the parasitic resistance effectively is an important issue. The
optimization of parasitic resistance for the UTB SOI MOSFETs has been proposed. It
depended on the extension length and the doping profile of source/drain junction [33].
However, it is difficult to achieve the optimized doping profile with current CMOS
technology.

Reducing barrier height and increasing contact area are direct and effective
methods to decline contact resistance. Recently, elevated source/drain structure by
selective epitaxial-growth has been proposed to reduce the series resistance by
increasing the thickness of the source/drain region after spacer formation [34-35];
nevertheless, this method results in higher gate-source/drain capacitance and

influences the signal delay time. On the other hand, recessed source/drain structure
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have the same advantage of increasing source/drain thickness but without increasing
gate-source/drain capacitance [36-37]. The recessed source/drain structure showed
good SCE immunity than the raised source/drain, but the process is more complex and
harder to scale down.

Mehmet C. Ozturk used SiGe source/drain junction by selective epitaxial-growth,
the SiGe source/drain reduced the parasitic resistance dramatically due to the smaller
bangap and higher solid solubility in SiGe [38-39]. Besides, SiGe source/drain also
provided the channel stress to enhance the device performance [40]. It should be
noted that NiSi/SiGe system has poor thermal stability, so the thermal process after
Ni-silicidaiton should be careful.

The parasitic resistance issue also exists at MSB FETs. Hence, in this thesis, we
focus on the parasitic resistance of'tri-gate MSB EETs. The effect of Schottky barrier
height, MSB thickness, MSB deping concentration as well as the source/drain contact

structure on the parasitic resistance will’bednvestigated.

1-4 Thesis Organization

In the first chapter of this thesis, we briefly review the challenges as device
scaling such as SCE, parasitic resistance, and shallow junction. Accordingly, we
choose MSB FETs as the research target to study the device performance by varying
the parameters related to the parasitic resistance.

In chapter 2, the device structure parameters and physical models used in
numerical simulation are shown clearly. The fabrication process of tri-gate MSB FETs
and Quasi-Vertical Kelvin structure for MSB contact resistance measurement are
described.

In chapter 3, we use the simulation tool of Sentaurus-TCAD to study the effect of



MSB junction on device performance [41]. In order to keep the benefits of SB FETs,
the MSB junction can be not too conventional-like. Thus, the device optimized with
respect to various parameters such as MSB thickness, MSB doping concentration,
silicide thickness, silicide work-function, and source/drain contact structure.

In chapter 4, the external loading method is used to extract the series resistance
of MSB FETs [42]. The validity of this method is evaluated by numerical analysis at
first. The MSB MOSFETs with different process conditions are then used to verify the
numerical simulation performed in chapter 3.

Finally, in chapter 5, we summarize the importance observation and make
conclusions of this thesis. Some future works worthy to study continuously are

recommended.
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(b)
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Fig.1-1 Schematic figures of (a) UTB SOI FETs, (b) DGFETs, and (c) Tri-gate FETs.
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Chapter 2

Experimental Procedure

2-1 Numerical Analysis on Modified-Schottky-Barrier (MSB)

FETs

2-1-1 Device Structure

To study the effect of MSB junction on device performance, Sentaurus-TCAD
tool was used to simulate. The device structure was defined by DEVISE. In this thesis,
fully-depleted MSB-SOI FETs and Tri-gate MSB-SOI FETs were studied. For
fully-depleted MSB-SOI FETs, 2-D structutes were used, as shown in Fig.2-1. The
fixed device parameters includes.Silicon thickness ty; = 50 nm, gate oxide thickness tox
=5 nm, channel length L, = 0.35 ptm, substrate doping concentration Ny, = 10" ecm™.
The variable device parameters ‘are MSB doping concentration Nysg, MSB thickness
tmss, silicide work-function WFy,, and“silicide thickness ty. For tri-gate MSB-SOI
FETs, 3-D structures were used, as shown in Fig.2-2. For tri-gate MSB structure, the
device parameters are similar to those for the fully-depleted MSB-SOI FETs. In
additional to those parameters, two kinds of contact schemes at source/drain region
were studied to optimize the series resistance. One is the top contact, and the other
one is the wrapped contact, as shown in Fig.2-3. The tri-gate MSB-SOI FETs device

was also used to evaluate the scalability and device optimization.

2-1-2 Physical Model on Numerical Analysis
DESSIS in Sentaurus-TCAD is used for electrical simulation, and declares

physical models and physical parameters. Bandgap narrowing model, recombination
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model, quantum mechanics model, and mobility model are included [41]. The
QCVanDort model was selected to consider the quantum effect of the inverted
channel. For mobility model, three components were considered. The first one is
“Doping Dependence,” which means the mobility would degrade as doping
concentration increasing. The second one is “High Field Saturation,” which means the
mobility would be saturated at high electrical field. The last one is “Enormal,” which
means the mobility would be affected by the vertical electrical field.

At silicide and silicon interface region, the nonlocal tunneling model was used.
This model can be applied to contacts and interfaces [41]. In this thesis, silicide sheet
resistance can be ignored because it contributes very low percentages of the total
series resistance. Thus, silicide contacts were used to study the effect of silicide work-
function on device performance. In this nonlocal tunneling model, tunneling current
includes thermionic current over the Schottky barrier and tunneling current through
the Schottky barrier. The tunneling curreat,depends/on gate voltage by modulating the

tunneling width at source-side, as shown.in Fig:2-4.

2-2 Device Fabrication

2-2-1 MSB FETs

Device fabrication started on boron-doped 6-inch SOI wafer with low doping
concentration around 1x10" c¢m™. The nominal Si layer and buried oxide layer
thicknesses were 50 nm and 150 nm, respectively. The active regions (including S/D
region and Si fins) were defined by i-line stepper lithography and plasma etching. A 5
nm thick SiO, was grown by thermal oxidation as the gate dielectric, and a 150 nm
thick undoped poly-Si was deposited as the gate electrode. For p-FET, poly-Si gate

was doped by BF," at 50 keV to a dose of 5x10" ¢cm™ and dopant activation was
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performed by rapid thermal anneal at 900 ‘C for 20 seconds. For n-FET, poly-Si gate
was doped by P3;" at 45 keV to the same dosage and dopant activation was performed
by rapid thermal anneal at 1020 ‘C for 15 seconds. Once again, gate regions were
defined by i-line stepper lithography and plasma etching as shown in Fig.2-5(a). After
800 “C gate re-oxidation, a 40nm thick nitride was deposited to form the spacer, as
shown in Fig.2-5(b). In order to avoid the serious lateral growth of nickel silicide,
2-step Ni silicidation method was used [28]. After 30 nm thick Ni deposition by a dual
E-gun system, Ni reacted with Si to form Ni-rich silicide at 300 ‘C for 45 min. The
unreacted Ni can be selectively removed by H,SO4+H,0, mixture. The pnd step anneal
at 600 C transformed Ni-rich silicide to NiSi. After the self-aligned silicide formation
process, the devices became Schottky-barrier FETs as shown in Fig.2-5(c). The MSB
junction was formed using the implant-to-silicde (IT'S) method, and the silicide region
was doped by BF," at 10 keV to-a dose of 5%x10"'cm* for p-type device and by P3;" at
45 keV to the same dosage for n-type-device.-Einally, a psot-ITS annealing at 600°C
for 30 min was performed to let dopants pilesup at silicon and silicide interface to

form the MSB junction.

2-2-2 Contact Resistance Test Structures

It has been reported that the MSB FETs with a high doping concentration region
at the silicide and silicon interface can improve device performance significantly than
that of SB FETs. But the actual doping concentration of this MSB layer can not be
analyzed by secondary ion mass spectroscopy (SIMS). The contact resistivity of the
silicide/silicon interface with MSB layer also can not be extracted by the conventional
test structures. Therefore, two kinds of test structure were designed and fabricated to
extract the contact resistivity.

The first one is the multi-junction structure as shown in Fig.2-6. It can be
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fabricated simultaneously with the MSB FETs. Silicon wires were defined during the
definition of the active regions. The width and height of silicon wires are 0.4/0.5/0.8
um and 40~50 nm, respectively. Then, p-type silicon wire was doped by BF," at 25
keV to a dose of 1x10"* cm™ and n-type silicon wire was doped by P3;" at 15 keV to
the same dosage. The dopant concentration of the doped Si wires is about 1x10"™ cm™.
The purpose of this doping process is to reduce the silicon sheet resistance. However,
the doping concentration should not be too high to affect the MSB doping
concentration. The poly-Si gate pattern was used to define the un-silicided silicon
regions with various lengths. The nickel silicide regions were separated by the poly-Si
gate pattern after Ni-salicide process. After ITS process, the 600°C/30 minutes
annealing let dopants pile-up at the silicon and silicide interface to form the MSB
junction. The total resistance of the test structure.includes silicide resistance, silicon
resistance, and silicide/silicon centact resistance. Ry = Rsiticon + 2 X Re. The silicide
sheet resistance can be ignored.-By varying-the length of the silicon regions, the total
contact resistance can be extracted.

The second test structure is Quasi-vertical Kelvin structure and the layout is
shown in Fig.2-7. The fabrication process is identical to that of the multi-junction
structure. The structure parameters include silicon wire width a (0.4/0.5/0.8 pm),
voltage sensing electrode width b and ¢ (0.5 um). The parameters d and e should be as
small as possible and they depend on the process capability. They are 0.1um in this
thesis. The parameters of f and g are two times of b and ¢, respectively. Because of the
SOI substrate, the current flow in this planar structure is identical to that of the
Vertical Kelvin Structure developed in 1986 [43]. During measurement, the current
flows from electrode I; to I; and measures the voltage different between electrode V,
and V3i. As a result, the contact resistance can be derived by V,3/114. The parasitic error

depends on parameters d and e. The e value should be O for ideal structure; however,
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it is limited by the process error. In this test structure, € = 0.1pum and the error from n’
region resistance (the doping concentration of n” region ~ 10'® cm™) is about 900Q). In

order to verify the real contact resistance, the n” region resistance should be excluded.
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Fig.2-3 Two kinds of contact schemes: (a) planar contact (b) wrapped contact
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Chapter 3
Numerical Analysis on MSB (Modified-Schottky-Barrier)

FETs

3-1 Introduction

As CMOS scaling, the conventional MOSFETs have many challenges to be
overcome, such as short channel effect (SCE), drain-induced barrier lowering (DIBL),
and abrupt ultra-shallow junction. Therefore, Schottky barrier (SB) FET becomes the
promising device for better SCE and DIBL. The ideally abrupt source/drain junction
is benefit for scaling down. The soutce side Schottky barrier dominates the device
performance in SB-FETs. In order to enhance the on=current in SB FETs, The silicide
materials with lower Schottky barrier height have been investigated. However, when
the Schottky barrier is too low, the advantage of*SCE and DIBL would vanish. In
order to improve the SB-FETs performance, the Modified Schottky Barrier (MSB)
FETs were proposed. As mentioned in chapter 1, the MSB FETs with n* region (for
n-MOSFETs) results in the effective Schottky barrier lowering effect and improve the
on-current. Also, the off-current can be reduced. Therefore, the MSB FETs have
attracted more attention and become the promising structure for scaling. However, the
parameters of the source/drain resistance clash with that of device performance
generally. Therefore, in this thesis, we use the parameters including MSB doing
concentration, MSB thickenss, silicide work-function, and silcide thickenss to obtain

the effect on device characteristics and optimized the MSB region.
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3-2 Fully-depleted MSB FETs

3-2-1 Effect of MSB doping concentration and MSB thickness

The SB and MSB FETs devices as shown in Fig.2-1 were used to simulate the
effect of MSB doping concentration (Nysg) and MSB thickness (tmsg) on device
performance. In these devices, the spacer length was defined to be 0 nm so that the
device performance would be better than that with positive space length [44].

The transport mechanism of SB FETs includes the carriers transporting by
thermionic emission and tunneling through the Schottky barrier. Therefore, the
on-current is strongly dependent on the Schottky barrier at source-side. The on- and
off-state band diagrams of SB FET are shown in Fig.3-1(a) and (b), respectively. In
order to enhance the SB FETs performance, the silicide with low Schottky barrier
such as ErSi, for n-type and PtSi.for p-typerhave been proposed. In Fig.3-1(c), various
silicide work-functions were simulated to understand-the effect of barrier height. It is
obtained that the on-current and-subthreshold-swing can be improved by decreasing
the silicide work-function (decreasing the Schottky barrier for electron). Besides, the
off-current can be suppressed by increasing the barrier for hole.

For MSB FETs, the on- and off-state band diagrams are shown in Fig. 3-2(a) and
(b), respectively. This n* region would reduce the effective Schottky barrier height at
source side at on-state and provide an effective barrier thickness at drain side to
reduce the leakage current at off-state.

For the MSB FETs, this n* region influences the device characteristics critically.
Thus, various values of Nysg and tysg were defined to observe the MSB junction
effects. Fig.3-3 presents the transfer characteristics of MSB FETs with tysg = 5 nm
and varied Nysg. The off-current could be reduced as the Nysp increases. Fig.3-4

shows the simulated conduction band energy. At Vg = -1V, the n* region would not be
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depleted by gate voltage for higher Nysg. Therefore, the n* region provides an
effective barrier to hole and reduces the tunneling probability as is expected in
Fig.3-2(b). In addition, the on-current is enhanced by increasing Nysg due to the
effective Schottky barrier lowering effect. Table3-1 shows the electrical
characteristics of MSB FETs with various Nysp.

For the MSB FETs, it has been observed that there are two slopes in subthreshold
region when the Nysp is low [45]. The simulation results confirm this as Nysp = 5%
10" or 1x 10" ecm™. Fig.3-5(a) presents the transfer characteristics of the MSB FET
with tysg = 5 nm and Nysgp = 5% 10'® cm™. The subthrehold swing (SS) shows two
segments characteristic. At Vg = -0.2 V (SS is 67.8mV/dec), the conduction band
diagram shown in Fig.3-5(b) indicates that after tunneling through the Schottky
barrier, carriers encountered the.channel potential barrier. In this case, the total
conductance is dominated by the gate field induced channel potential barrier lowering.
That is, the subthreshold characteristic follows-the same thermal emission mechanism
as the conventional MOSFET. On the other hand, at Vg = 0.2 V (SS is 238.5mV/dec),
the conduction band diagram shown in Fig.3-5(c) indicates that the MSB region is
depleted and the channel potential barrier is vanished by gate bias so that the Schottky
barrier resistance dominates the total conductance. In this case, the SS is determined
by the gate field induced effective Schottky barrier height lowering and a high value
SS is observed.

When the MSB region has high doping concentration, for instance, Fig.3-6
shows the conduction band diagram of MSB FETs with Nysg = 5% 10" ¢cm™ and tMSB
=5 nm, the MSB region would not be depleted even at gate bias equal to 1 V and the
thermal emission across the channel potential barrier dominates the device
performance. As a result, the MSB FETs with high MSB doping concentration exhibit

the conventional-like characteristics.
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Next, the effect of tysg on device performance was simulated. Fig. 3-7 presents
the transfer characteristics of MSB FETs with Nysg = 5% 10" ¢cm™ and varied tMSB.
Even with high MSB doping concentration, the device performance becomes SB-like
when the tysp is not thick enough. The MSB FETs with tysg = 1 nm does not have
obvious improvement due to the MSB region is too thin and easily to be depleted. In
contrast, MSB FET with thicker tysg = 5 nm and with Nysg = 5% 10" cm™ presents
conventional-like behavior. According to this discussion, the MSB FETs with thick
tmsg or high Nysg would have conventional-like behavior. On the contrary, the
behavior would become more SB-like with thin tysg and/or low Nysg.

Fig. 3-8 presents the on/off current correlation of MSB FETs with various MSB
parameters. It is observed that as the Nysg or tysg increases, the SB-like
characteristics would be suppressed. Choosing. appropriate Nysg and tysg can

effectively suppress the off-current and enhanee the on-current.

3-2-2 Effect of silicide thickness

In order to reduce the series resistance, various ty at source/drain silicide region
were simulated to identify the optimized source/drain structure. Fig.3-9 presents the
on-current with various ty. For devices with higher Nysp, the optimized tyis 20nm.
The tunneling current and electrical potential are used to figure out the reason.
Fig.3-10 presents the two-dimensional tunneling current distribution at source side
with various ty. As the ty increasing, the tunneling current through sidewall interface
increases. However, at the bottom interface, the tunneling current decreases as ty
increases. Fig.3-11(a) and (b) show electron-tunneling density through bottom and
sidewall with various ty;, respectively. The total electron tunneling through the bottom
and sidewall interface can be obtained by integrating the electron-tunneling density

along the vertical-direction (y-direction) and lateral-direction (Xx-direction),
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respectively. Table3-2 summarizes the integrated results with various ty.

Fig.3-12(a) and (b) present the electron density at on-state with ty= 10 and 40
nm, respectively. The electron density at channel region is concentrated at the Si
surface, i.e. the inversion layer. The thickness of inversion is around 10nm [46]. If
electrons tunnel through bottom side, they must flow along the sidewall MSB region
at first to enter the channel region. The equivalent circuit is shown in Fig.3-11(c).
According to this equivalent circuit, the series resistance along the thin sidewall MSB
region increases as the ty; increases so that the bottom current decreases. It should be
noted that as the ty; exceeds the inversion layer thickness, the electrons tunnel through
the low part of the sidewall interface also have to flow along the thin MSB region.
The current density decreases rapidly as the ty increases. Due to the increase and
decrease of sidewall current component and bottom current component, the optimum
tm value occurs at 20nm.

However, for devices with-lower Nysps-the trend of on-current with various tyis
totally different. The on-current décreases as-ty increasing. Fig.3-13(a) presents the
tunneling current at sidewall. It is observed that the tunneling current is concentrated
at the surface 10 nm. The effective contact area at sidewall does not increase as ty
increases. Besides, the tunneling current at sidewall is similar with the distribution of
carriers at channel [46]. The electron-tunneling density at sidewall is exponential
decay along the vertical-direction. Also, the distribution of carriers in inversion layer
is also an exponential function of depth as shown in the insert in Fig.3-13(a). Since
SB-like behavior dominates the low Nysg device; electrons are hard to tunnel into the
depletion region of the channel region. Therefore, increasing ty does not increase
sidewall current component. For ty=10 nm, the electron-tunneling density shows a
hump at about 10 nm depth due to the corner enhanced electrical field. Fig.3-13(b)

presents the electron-tunneling density at bottom interface. The decrease of bottom
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current as ty increase is explained by the series resistance between the bottom
interface and the inversion layer. In addition, for tyy = 10 nm, the electron-tunneling
density at bottom interface is extremely higher than that with various ty due to the

corner induced electrical felid effect.

3-2-3 Effect of silicide work-function

In previous sections, the silicide material is assumed to be NiSi and has a
work-function (WFy) of 4.6eV. Nickel silicide can be applied to n-FETs and p-FETs
and can reduce the complexity during fabrication. However, as the device scaling, the
contact resistance must meet the ITRS roadmap and then dual silicide technique may
be unavoidable. Hence, in this section, WFy is varied to evaluate its effect on device
performance.

Fig.3-14(a) and (b) present-the transfer characteristics with various WFy. For the
devices of tysg = 1 nm, the effect of 'WEy-is-notable. As the WFy; decreasing, the
transfer characteristics become more conventional-like. However, for the devices with
tmss = 3 nm, the transfer characteristic is very conventional-like behavior even if the
WEFy equals to 4.6 eV. Decreasing the WFy has little improvement on device
performance.

Fig.3-15 compares the on-current versus ty; with various WFy. The tysp is 3nm.
With low WFy;, the MSB device performance becomes conventional-like. Therefore,
the on-current trend is the same as that shown in section 3-2-2.

In summary, MSB region and WFy affect the device performance. These MSB
devices can be classified into two groups. One is conventional-like devices as the
MSB region has thick tyspg or high Nysg or the WFy; is low enough for electron. For
the conventional-like devices, the optimized silicide thickness is tyy = 20nm. The other

group is SB-like devices, the drain current would degrade as ty increases due to the
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sidewall contact area can not provide an effective current path.

3-3 Tri-gate MSB FETs

In this section, tri-gate MSB FETs were simulated. The device parameters are
similar to those used in section 3-2. For the tri-gate MSB FETs, the gate length is

equal to 32 nm. Short channel effect and 3D effect are simulated especially.

3-3-1 Effect of MSB thickness and MSB concentration

First, the effects of Nysg and tysg on device performance were simulated.
Fig.3-16 presents the transfer characteristics of devices with tysg = 3 nm and various
Numsg. As the Nysp increases, the on-cuirrent imcreases and the off-state leakage current
decreases because the effective Schottky barrier thickness at source side is reduced by
the MSB region. The subthreshold swing almost does not change with Nysg. It is
noted that the threshold voltage ‘decreases 0.2V as the Nysg increases from 1x10"
cm™ to 5x10" cm™ because of the short channel effect. The doping concentration of
Si layer is only 1x10" cm™. Increasing the Nygg will increase the depletion width of
the source/drain junction. Therefore, the channel is easier to reach the fully-depletion
condition and the threshold voltage is reduced.

Fig.3-17 presents the transfer characteristics of devices with Nysg = 5%10" cm™
and various tysg. The subthreshold swing increases as the tysg increases because of
the reduction of effective channel length. In these devices, the gate length is fixed at
32 nm so that the increase of tysg will decrease the effective channel length and then
affect the device performance obviously. Therefore, in order to maintain the device
performance, the MSB region with thick tysp is not suitable for short channel devices.

As we know, the conventional device has a serious problem with
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drain-induced-barrier-lowering (DIBL) as device scaling. For SB FETs, the potential
barrier at source side will be pinned by the Schottky barrier so that better DIBL
performance is expected. Therefore, SB FETs would have better scalability than
conventional device. For MSB FETs, the DIBL effect may be degraded. Fig.3-18
shows that the DIBL increases as Nysg increases. The DIBL is 66.7 and 166.7 mV/V
as Nysp equals to 1x10" and 5%10" cm'3, respectively. When the Nysp is too high,
the device becomes very conventional-like and the benefit of better DIBL
performance disappears. Thus, the trade-off between on-current and DIBL limits the
device performance. Fig.3-18(b) presents the DIBL versus on-current for MSB FETs
and conventional device. The optimized condition is at Nysg = 3%x10" cm™ and the
DIBL is 100 mV/V. The conventional device parameters are shown in Fig.3-18(c). It
is obtained that the DIBL can be improved extremely by the MSB FETs than
conventional device.

Fig.3-19 presents the effect lof WEy-on device performance. The result is
similar to that shown in Fig.3-14. The transfercharacteristic is very conventional-like
behavior as the WFy; equals to 4.6 eV with high Nysg and thick tysg. Decreasing the
WFEy just slightly increase the on-current. The subthreshold swing is not changed by
WFy because the subthreshold conduction is dominated by the thermal emission
across the channel potential barrier.

According to the above discussions, higher Nysg and lower WFy improve the
on/off state performance. However, the suppression of Schottky barrier property leads

to the DIBL problem.

3-3-2 Effect of Contact Scheme
In this section, two source/drain contact schemes were evaluated. One is planar

contact and the other one is wrapped contact. Fig.3-20 presents the on-current and
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subthreshold swing as a function of ty. For the planar contact, the optimized ty is
around 30-35nm, i.e. nearly fully silicided (FUSI) source/drain structure, as shown in
Fig.3-20(a). This result is different from that in the top-gate MSB FETs. For the
tri-gate device, there are top and two sidewall channels; therefore, the tunneling
current from the lower part of the sidewall interface can flow into the sidewall
channels instead of flowing through the thin MSB layer and then to the top channel.
Therefore, the on-current increases as ty increasing. The subthrshold swing slightly
increases as ty; increases because of stronger drain coupling effect. For tysg = 5 nm
and nearly FUSI source/drain structure, the subthrshold swing would be over than 100
mV/dec, which can not meet the ITRS roadmap).

The wrapped contact scheme provides larger contact area than planar contact
scheme. Fig.3-20(b) presents the on-current and subthreshold swing as a function of
tm. The optimized ty is about quarter of the fin width. The fin width is 20 nm in this
simulation. For wrapped contact scheme,-the- tunneling current from the sidewall
contacts can flow into sidewall channels directly: Since the inversion layer thickness
is about 10 nm, the on-current increases with the increase of ty; until the ty+tysg close
to the inversion layer thickness. However, when the ty+tysg exceeds to half of the fin
width, the MSB region would shrink and the MSB resistance increases to degrade the
on-current. The subthreshold swing shows the same ty dependence with that of the
on-current. Therefore, the trade-off between on-current and subthreshold swing must

be considered.

3-3-3 Overlap/Underlap
In this section, the spacer width (Wy,) was changed to study the effect of
underlap and overlap of gate to source/drain silicide. For SB FETs, the gate and

source/drain overlap is needed to avoid unexpected potential barrier between silicide
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and inverted channel. For MSB FETs, this problem is also existed. Therefore, for the
device with the largest underlap of 5nm, the MSB region is just at the gate edge to
avoid this issue. Fig.3-21 presents the transfer characteristics of the devices with
various W,. For overlap devices (W, are negative), the subthreshold swing degrades
greatly due to the reduction of effective channel length. It is clear that the silicide
lateral growth is an importance parameter for short channel devices. If the silicide
lateral growth is too much, the reduction of effective channel length degrades the
device performance. In contrast, if the silicide lateral growth is too short, the high
sheet resistance issue also degrades the device performance.

The results shown in Fig.3-21 were simulated at the fixed physical gate lenth so
that the effective channel length defined as the distance between the two MSB edges
changes with Wy,. In order to exclude the effect of.change of effective channel length,
Fig.3-22 shows the transfer characteristics simulated-at fixed effective channel length.
That is, the physical gate length was adjusted-with the W,. The on-current and the
subthreshold swing increase slightly as.the overlap thickness increases. With overlap,
an accumulation layer will be formed at MSB surface by gate field to reduce the series
resistance of MSB region. The Schottky barrier thickness can also be modulated by
the gate field to reduce the carrier injection resistance. Both effects improve the
on-current. However, increasing the overlap, channel potential would be affected by
drain potential so that the subthreshold swing degrades. At off-state, the underlap
device presents better performance than overlap devices. The reason is that the gate
field suppresses the drain-side Schottky barrier thickness to increase the leakage
current for overlap devices. On the other hand, for the underlap devices, the Schottky

barrier is out of gate electrode and is not affected by gate bias.
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Table3-1 The electrical characteristics of MSB FETs with tysg = Snm and varied

NMsB.
Nwmss Ion (£ A) Lotr (A) Vi (V) S.S.(mV/dec)
@Vg=2V | @Vg=-1V
5x10"%(cm™) 11.72 2.99x10™" 0.343 67.8
1x10"”(cm™) 16.75 4.07x10™"* 0.112 63.0
5x10"(cm™) 62.8 1.23x10™" -0.04 61.9

Table3-2 The tunneling current by integrationat bottom and sidewall from Fig.3-12(a)

and (b).
ty (nm) 10 20 30 40
Bottom 6.99x10% 4.89x10% 3.23x10% 2.34x10%
Integrate

Sidewall 9.57x10% 1.47x10% 1.18x10% 1.26x10%

Integrate

Total 1.626x102°  1.959x10”  1.503x10”  1.494x10?

31



(a) (b)

, . Source i Channel , Drain
Source ! Channel @ Drain i ;
1 ! 1 ]
1 : :
¥y @ : !
¢ N @ - E |
b |
_O bep
«—o0 %
(©)
4F SB FETS
10
] N_= 110" criv®
r D
10°f V=50 mV
E I
32 10°F o .
= r LS o 4 Silicide Work-function
5 107f ‘o, Z&AﬁA 5 436V
t 1 ()
8 i' .. o 44¢eV
c . wf % X\
'® 10 ] o ...
a) 1 DDD o....i
10§ Sl
1 "
10'15 F 1 1 1 1 1
-2 -1 0 1 2
Gate voltage (V)

Fig.3-1 (a) and (b) are the on- and off-state band diagrams for SB FETs. (c) The

transfer characteristics of SB FETs with various silicide work-function.
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equivalent circuit at source side in MSB FETs devices.
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Chapter 4

R4 Extraction on MSB (Modified-Schottky-Barrier) FETs

4-1 External Loading Method

In 1983, S. T. Hsu presented the external loading method to determine series

resistance and x factor of MOSFETs [41]. The drain current (Ip) of MOSFETs in
linear region is given by:
I,= K‘{[VG -V, —%VD jVD} for Vp << (Vg-V1) (1)
where x = WuCy/L, W is channel width, L is channel length, p is carrier mobility,
and C,x is gate capacitance. In*Eq. (19)3the . mobility is constant mobility model
without gate bias effect, and the-series resistance is not considering.

However, as we knew, “the =series=-resistance would degrade the device
performance due to a voltage drop at'source/drain region. In this case, the voltage
drop in channel is reduced as shown in Fig.4-1. Therefore, considering about the
series resistance effect (Rs and Rp at source/drain side), the drain current at linear

region from Eq. (1) could be expressed as:
1
I, = K‘{VG —V, I, (R +R,)—§[VD —1,(R; +R, +R,)]}[VD —1,(Ry +R, +R)]

, where R| is loading resistance at source side 2)

Choose suitable loading resistance (R)) to satisfy the following condition,
Vo=V, =(V,12)>>(I,/2)|R, —Rs —R)| (3)
Eq. (2) can be simplified as

1
I, = {VG -V, —EVD}[VD —I,(Ry+R, +R,] . 4)
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After some manipulations the following result is verified,

K(VG _VT _;VDJ
I, =

1+ (R, +RZ)(VG -V, —;VDJ

—>

1 R +R N 1
1 v 1
P P »r(VG -V, —2VDJVD

, where R, =R¢+R, and Rr represents the total external resistance of this

®)

MOSFET. From Eq. (5), it is observed that ID'1 is a linear function of R;. Thus, from
the plot of In" versus R, with Vg as a parameter, a family of parallel straight lines is
obtained. The slope of these straight lines is equal to V', and these straight lines

intersect the R; axis at Rjo(Vg), where
1 -1
-R,(V,)=R, +K'_1(VG -V, —EVDJ (6)

From Eg. (6), the R, (V) is a linearfunction ‘of [Vg—VT—(VD/2)]'1. The slope of this
straight line is x£ ! The intersection of the straight line at Ry, axis gives Rr. Therefore,
from the R, (Vg) - [Vg—VT—(VD/Z)]'1 plot, the series resistance (Rt) and £ factor can
be extracted. The external loading method provides a simple method to extract the

series resistance from single device.

4-2 R4 extraction on Simulation device

4-2-1 Conventional SOI device

The accuracy of applying the external loading method on SOI devices was
examined by the Sentaurus-TCAD tool simulation. The conventional SOI device was
used at first, and the structure of conventional device is shown in Fig.4-2. By using
external loading method to extract series resistance, a loading resistance at source side
is needed. In the simulation device, source electrode was serially connected by a
loading resistance.

Fig.4-3(a) presents the Ip" - R, plot. The slope of these straight lines is equal to
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20 V'l, which is equal to VD'1 as expected. The Rj,(Vg) are obtained from Fig.4-3(a)
by extrapolating. Then, Fig.4-3(b) presents the Rj,(Vg) versus [Vg—VT—(VD/Z)]'1 plot.
The slope of this straight line is 1173.75 VA" and the mobility calculated from this
value is 432 cm? V-sec. The series resistance extracted by the intersection at the Ry,
axis is 200.9 Q-pm.

The drain current of the device is calculated from Eq. (5) using the extrcated Ry
and x values to check the accuracy of this extraction method. Fig.4-4 shows the
simulated and calculated transfer characteristics. The calculated values are well fitted
with the simulated results. The calculated points are slightly higher than the simulated
results because the calculation ignores mobility degradation at high gate bias.

Fig.4-5 presents the on-current and the extracted series resistance with various ty.
The optimize ty for the highest on-current and the'lowest series resistance are equal to
20 nm. The series resistance with.tyy 20 nm.is 173.6 Q-um. Moreover, the trend of
on-current is native proportional-to thetrend-of series resistance as expected. Table4-1
summarizes the detailed values of ‘the.series-fesistance, mobility, and on-current at

gate bias of 2 V with various ty.

4-2-2 Conventional-like MSB FET

From the results of chapter 3, MSB FETs can be classified into two groups. One
is conventional-like device, whose MSB region would not be depleted even at high
gate bias. The other one is SB-like device, which has conventional-like behavior at
low subthreshold region while the Schottky barrier dominates device perfromagnce at
high gate bias because the MSB region is totally depleted. In this section, series
resistance of conventional-like MSB FETs is extracted and discussed. SB-like MSB
FETs will be discussed in the next section.

The simulated MSB FET has parameters of tysg = 5 nm, Nysg = 5%10" cm'3,
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and WFy = 4.6 eV. Fig.4-6(a) presents that the Rjo(Vg) versus [VG—VT—(VD/Z)]'1 plot
shows an excellent linearity. The slope of this straight line is 1241.06 V?A™. This
extrapolated intersect at the Rjo(V) axis is 172.06 Q. Therefore, the mobility is 409
cm? V-sec and the series resistance is 172.06 Q-um. Substituting the extraction values
of Rt and k£ into Eq. (5), the calculated transfer characteristic exhibits excellent
agreement with the simulated result as shown in Fig.4-6(b). Hence, the external
loading method can be applied to conventional-like MSB FETs.

Fig.4-7 compares the on-current and series resistance with various ty. The
optimized ty is 20 nm and series resistance is 160.01 Q-um. The series resistance of
the MSB FET with FUSI source/drain structure, i.e. tyy= 45nm, is 220 Q-um, which
translate to a specific contact resistivity of lower than 5.5x10® Q-cm? This value is
close to the requirement of ITRS.teadmap [2]. That means tysg = 5 nm and Nysp =
5%10" cm™ are acceptable parameters for sub 45nm technology nodes. Besides, the
trend of on-current is consistent with—the—trend” of series resistance. Table4-2
summarizes the detailed values of ‘the.series-tesistance, mobility, and on-current at
gate bias of 2 V with various ty.

Table4-3 lists the series resistance of the MSB FETs with various tysg and WFy.
As the WFy; equals to 4.4 eV, the series resistance is inversely proportional to tysg. In
this case, the tunneling resistance is higher than the resistance of MSB region.
Increasing the tysg results in the thin-down of the effective Schottky barrier thickness.
However, when the WFy; reduces to 4.3 eV, the series resistance becomes proportional
to tmse. The tunneling resistance is lower than the resistance of the MSB region. The
resistance of the MSB region increases as tyisg increases so that the series resistance

increases with the increase of tysg.
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4-2-3 SB-like MSB FET

The MSB FET with tysg = 3 nm, Nysg = 5x10'"” em™, and WFy = 4.6 eV
becomes SB-like device. Fig.4-8(a) shows the ID'I— R; plot. It is observed that the
slopes of these straight lines are not equal to VD'I. Fig.4-8(b) shows that the Rjo(Vg) is
not linear proportional to the [Vg—VT—(VD/2)]'1. Therefore, the external loading
method can not be applied to the SB-like MSB FETs. Fig.4-9 presents the transfer
characteristics and transconductance (gy,) of the simulated device. It is observed that
the transfer characteristics consist of the effects of channel potential and Schottky
barrier. The reason why the external loading method can not be applied is still under
studying.

In order to estimate the series resistance of the SB-like devices, the series
resistance is defined as the totalresistance subtracted by the channel resistance.
Fig.4-10 shows the variation of the series resistance: as gate bias increases. Because
the Schottky barrier resistance dominates-the-series resistance, the series resistance is

affected by the gate bias induced effective Schottky barrier lowering.

4-3 R 4 extraction of real devices

4-3-1 MSB FET

The real MSB FETs were fabricated by the process flow describe in chapter 2. In
order to fabricate MSB FETs with different conditions of the MSB region, two
post-ITS annealing conditions were used. For the conventional-like device, the
post-ITS annealing was performed at 600°C for 30 minutes. Fig.4-11 shows the
typical transfer characteristic and g,,. The transfer characteristic is very similar to that
of the conventional devices. Therefore, it could be confirmed that the tysg and Nysp

are sufficient to reduce the effective Schottky barrier height.
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The external loading method is then applied to extract the series resistance of the
experimental device with channel length = 5 um and channel width = 1 um.
Fig.4-12(a) shows that the R;,(Vg) versus [V(;—VT—(VD/Z)]'1 plot has an excellent
linearity. The slope of this straight line is 27656 V?A™. This straight line intersects the
Ri(Vg) axis at 3161.4 Q. Therefore, the series resistance of this device is equal to
3161.4 Q-um and the mobility is 261.9 cm? V-sec. The mobility is lower than the
simulated results because of additional scatterings due to interface roughness and
oxide charges. If the extracted series resistance is explained as the contact resistance,
i.e. ignore the resistance of probing system, resistance of source/drain silicide,
resistance due to current crowding, etc., the specific contact resistivity is calculated to
be about 6x107 Q-cm”. The actual value should be lower than 6x10” Q-cm? but is
higher than the requirement of ITRS roadmap ‘for future application. Fig.4-12(b)
compares the transfer characteristic calculated from the extracted parameters with the
directly measured characteristic: It is-shown-that the calculated results have a great
agreement with the measured results:. This-agreement confirms that the external
loading method can be applied to conventional-like MSB FETs. Table4-4 summarizes
the extracted series resistance of devices with different L/W ratios. The series
resistances distributes in the range of 1~3 kQ-um. The series resistances of real
devices are one order larger than simulation results. The reason may be the doping
concentration at silicide/silicon interface is not as high as 5x10' cm™.

On the other hand, as the post-ITS annealing time is reduced to 30sec, the device
exhibits SB-like behavior as shown in Fig.4-13(a). In this case, the Ri(Vg) versus
[V(;—VT—(VD/Z)]'1 plot becomes nonlinear and the series resistance can not be extracted
properly. This nonlinear phenomenon is consistent with the simulated result discussed

in section 4-2-3.
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4-3-2 R, extraction by test structure

In this sub-section, the specific contact resistivity of the silicide/MSB region is
extracted from the test structures proposed in chapter 2. For the multi-junction
structure, four-terminal measurement is used. Current flows from electrode 1 to
electrode 4. Electrode 2 and 3 were used to sense the voltage drop across the two
junctions. The total resistance contains silicon sheet resistance and two times of the
contact resistance (Riota1 = Riilicon + 2% R¢). Structures with various silicon lengths (Lsg;)
were measured and the contact resistance can be extracted from the extrapolated
intersection at Ry axis of the linear Ry-Ls; plot. Fig.4-14 presents the measured
Riotal - Lsi plot. The large variation at the same Lg; is due to the deviation of silicide
lateral growth [30]. For larger fin width, the silicide region consists of multiple grains.
The multigrain structure results in‘a nonuniform silicon/silicide interface. Therefore,
for different structure with the-same process-condition, the silicide lateral growth is
not identical which results in the deviation-of-Lsg;. This issue can be improvement as
the fin width can be reduced to about 50 nam ‘because the silicide would become
bamboo structure. Although deviation of Ry, is large, a linear trend is still observed.
The contact resistivity is estimated to be about 3~4x107 Q-cm” from Fig.4-14. This
value is consistent with that estimated from the series resistance of MSB FETs
(section 4-3-1).

The other test structure is the Quasi-vertical Kelvin structure. Fig.4-15 presents
the current and the voltage difference of this structure. The extracted Rc is about 3.3
kQ for fin width equals to 0.5 um. To exclude the error of n™ sheet resistance (the
detailed discussion in chapter 2), the actual contact resistance is about 2.4 kQ and the
contact resistivity is about 4.8x10” Q-cm”. The contact resistivity agrees with that in
multi-junction structure. In these test structure, the extracted contact resistivity is lager

than the required value in ITRS roadmap. The reason is the MSB doping
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concentration is not high enough as expected. Therefore, the way to raising the doping
concentration at silicide/silicon interface must be studied continually to meet the

requirements.
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Table4-1 The comparison of extracted values for conventional SOI FETs with varied

M.
ty (nm) 10 20 30 40
R (Q) 200.9 173.6 212.9 282.9
¢ (cm? V-s) 432 430 431 431
In (VE@2V) | 6.21x10° | 6.45x107 6.14x107 5.59x107

Table4-2 The comparison of extracted values for MSB conventional-like FETs with

varied ty.

tv (nm) 10 20 30 40 45

Ry () 172.06 160.01 190.79 220.94 215.13

¢ (cm®V-s)| 408 418 427 431 431

Ion (Vg@2V)| 6.05x107 | 6.38x10” | 6.25x10” | 60.1x10” | 6.09x107
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region condition and WFy;.

tmse (nm) 2 3 5
WFy (eV)
4.3 91.14 99.51 107.74
4.4 137.65 12726 | 121.30

ratios.

Table4-3 The comparison of extracted values for MSB FETs with varied MSB

Table4-4 The comparison of extracted values for MSB FETs with various L/'W

L/W (um) 5/1 2/1 171 0.8/1 0.6/1
R (€2) 3161.4 1868.4 1735.8 1667.5 3055.5
2166.2 2309.9 1468.1 1232.1 -
3239.7 2723.2 953.54 - -
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Fig.4-1 Equivalent cireuit of a MOSFET.

| _ . ]

SOl (Si) ,

Ngp =5x101° cm-3 Ng,, =1x10"7 cm-3

Fig.4-2 The simulation structure of conventional SOI device.
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Fig.4-3 (a) 1/Ip versus Rj, of the conventional SOI FETs. (b) Rj,(Vg) versus

[Vg—VT—(VD/Z)]'1 characteristics of the conventional SOI FETs.
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Chapter 5

Conclusions and Future Works

5-1 Conclusions

In this thesis, the effect of MSB region on devices performance was evaluated by
2-dimensional and 3-dimensional TCAD simulation. The MSB FETs can be classified
into two groups. One is conventional-like device with high doping concentration or
thick thickness of the MSB region. The MSB region thinner the Schottky barrier
thickness effectively at source side; therefore, the on-current is increased and the
channel resistance dominates the device performance. The other one is SB-like device,
the MSB thickness is thin or the doping concentration is low. This MSB region would
be depleted by gate bias easily which results‘in feckless of this MSB region. As device
scaling down, the MSB region- with..thicker thickness would degrade the device
performance due to the reduction of effective channel length. Therefore, the MSB
region with high doping concentration and thin thickness is needed for short channel
device. However, the drain induced barrier lowering (DIBL) is another issue for short
channel device. According to the simulation results, the DIBL would increase as MSB
doping concentration increases. Therefore, a tradeoff between on-current and DIBL
should be considered. The suitable parameters for the device with channel length = 32
nm are MSB doping concentration = 3x10' ¢cm™ and MSB thickness = 3 nm. In this
case, the DIBL is equal to 100 mV/V. The conventional device with the same
source/drain doping concentration and effective channel length shows DIBL equal to
226.7 mV/V. Therefore, the MSB FETs have better DIBL behavior than conventional

device.
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For the short channel device, the underlap/overlap structures were simulated to
obtain this effect on device performance. For the overlap structure devices, the
reduction of effect channel length would degrade the device performance and reduce
the gate controllability. However, the underlap structure devices have a series
resistance issue as the MSB region is not overlapped with gate. Therefore, the silicide
lateral growth becomes an important issue for MSB FETs. The spacer length and the
silicide formation condition are the parameters for silicide lateral growth.

For the study of source/drain resistance, the source/drain structures with various
silicide thicknesses are used to increase the contact area. For the conventional-like
devices the optimized value equal to 20 nm (about half of the silicon thickness). On
the other hand, for the SB-like devices, the resistance increases as the silicide
thickness increasing. The reason ig-the tunneling current concentrated at the channel
surface; therefore, the effective-contact arca would not increase as silicide thickness
increases. For tri-gate MSB FETSs, two contact,schemes were studied. One is planar
contact, and the optimized value shifts.to deeper silicide thickness which compares
with that of the planar MSB FETs. It is caused by the sidewall channel effect. The
other one is the wrapped contact, the optimized value is about quarter of the silicon
fin width. In addition, the trends of on-current and subthreshold swing are the same;
therefore, the tradeoff between on-current and subthreshild swing must be considered
during device design.

The external loading method was used to extract the source/drain resistance. For
the simulated devices, this method can be applied in the conventional-like devices.
The extracted series resistances are consist with the on-current. For the MSB FETs
with MSB doping concentration = 5x10" c¢m™ and thickness = 5 nm, the series
resistance equals to 160.01 Q-pum and the contact resistivity lower than 5.5x10™

Q-cm? (regard series resistance as contact resistance). This value is close to the
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requirement of ITRS roadmap. However, this device would suffer the DIBL problem.
Therefore, in order to meet the ITRS roadmap, the lower silicide work-function
material is needed to reduce the series resistance. For the real devices with
conventional-like behavior, the external loading method is also suitable. The contact
resistivity is about 6x107 Q-cm?, which is larger than expectation due to the MSB
doping concentration is not high enough. On the other hand, this extraction method
can not be applied to SB-like devices.

First time to extract the contact resistivity at the MSB region of sidewall surface
by theses two test structure. The specific contact resistivity received from the contact
resistivity test structures is about 3~5x107 Q-cm?. This value is consistent with that
estimated from the extracted series resistance of MSB FETs. The value is larger than
that of ITRS requirement. Therefore, how to raising the MSB doping concentration is

still needed to be improved.

5-2 Future Works

In this thesis, the MSB region parameters are not considering about the doping
gradient of the MSB region. In this thesis, the constant doping concentration in the
MSB region was used to simulate and it is the ideal case. However, the doping
gradient issue would become more and more serious for short channel device.
Therefore, the doping gradient must be considered to obtain the effect on device
performance and the scalability of the MSB region.

From the simulated results, the silicide lateral growth is an importance factor on
device performance for short channel devices; therefore, the silicide formation
condition must be optimized. For the lateral growth issue, the transmitted electron

microscopy (TEM) can be used to obtain the optimized condition. And for the
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source/drain structure of partially silicide also need to control the silicide formation
condition. For Tri-gate MSB FETs with wrapped contact, the spacer at the sidewall of
source/drain region is a big problem to fabricate an ideal wrapped contact. There are
many process conditions still need to be investigate.

In the series resistance extraction section, the external loading method can not be
applied for the SB-like device. The detailed reason is still studying and the method to
extract series resistance on SB-like device is another topic to study. For the contact
resistance test structure, the silicon width is too larger to cause the multigrain
structure. In order to receive the actual contact resistivity, the silicon width should be
scaled down to around 50 nm. For the Quasi-vertical Kelvin structure, the process
error also limits the accuracy of the contact resistivity. How to create a structure with

[IPh]

e” parameter in Fig.2-7 equal to (0:is still needed to study.
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