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Abstract

With the continuing scaling-down to nanometer regime of metal-
oxide-semiconductor (MOS) deyice:will increase parasitic resistance of
gate, source and drain. As a.resultymetal silicide has been developed used
in deep submicron application for reducing the parasitic resistance and to
improve device performance: In'nanometer MOSFET fabrication, this
silicidation process requires considering to suppress short channel effect
(SCE) when forming the ultra shallow source and drain junction. In this
thesis, Sallow junction formation and low thermal budget control are
important for advanced device manufacturing. We combined the concept
of implant into silicide (IIS) and solid phase epitaxial regrowth (SPER) to
achieve both requirements. For M/S junction with 2" RTA 60s, P
implantation samples shows more like ohmic contact behaviors than BF,"
implantation samples. Based on the IIS dopant segregation pile-up at
interface and SPER, our experiment would achieve the high dosage
activation and using low temperature annealing, and combine the I-V and

C-V measurement to know SPER behavior. After SPER process finished,
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samples may cause defect formation and dopant deactivation

phenomenon with higher thermal budget treatment above 450°C for

N-sub and 500°C for P-sub.
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Chapter 1

Introduction

1.1 General background

With the continuing scaling-down to nanometer regime of metal-
oxide-semiconductor (MOS) device, resulting in large packing density and
increased complexity on the chip. Hence, the line width of interconnects
becomes narrower and thus,iincreases. the interconnect resistance.
Complementary metal-oxide- semiconductor. (CMOS) device with gate
length down to 0.1um will increase parasitic resistance of gate, source and
drain, resulting in a lower switching speed and more power consumption.
Therefore, the parasitic resistance’ between the metal and the source/drain
becomes significant relative to other resistance in the circuit. Metal silicide
has been widely used in deep submicron application for reducing the

parasitic resistance and to improve device performance.

According to the 45nm CMOS technology node of Intel’s high-k/metal
gate announcement, as shown in Fig. 1.1, gate dielectric and gate electrode
are using high-k and metal material, respectively. In this thesis, we employ
characteristic of metal silicide to form shallow junction which combined the
concept of implant into silicide (IIS) and solid phase epitaxial regrowth
(SPER). Future generations of CMOS technology have very strong

requirements for junction activation level, abruptness, and depth control [1].



In other words, shallow junction formation is important beyond the 45nm

CMOS node.

1.1.1 Silicide process technology

Metal silicide are often used on source/drain junction, gate and local
interconnects to reduce the series resistance of the device, lead to higher
switching speed for the device [2-3]. silicide is formed by solid-state
reaction between a metal and Si. The metal-Si reaction is much faster than
the metal-SiO, reaction. Hence, the silicide formation is a self-aligned
process because of silicide forms merely in regions where Si is exposed. As
a result, silicide technology is compatible with conventional CMOS process
since no extra mask is needed in the' self-aligned process. Before metal
deposition to minimize the amount-of native oxide because the solid-state
reaction is very sensitive to““impurities such as oxygen at the metal-Si
interface or in the metal itself [4]. It has to be concerned about thermal
process environment. Annealing must be done in a furnace with a low
background concentration of oxygen to ensure that the metal does not
oxidize during silicide formation. In actual, it is ensure to achieve low
oxygen concentration in rapid thermal annealing (RTA) chamber than in

furnace [5].

Silicides formation by solid state reaction often consumes contamination
and defects at the original metal-Si interface, resulting in low contact
resistance for ohmic contacts. Therefore, some critical drawbacks associated
with the silicide process. Overly surface defect and contamination or doping

can suppress silicide formed, resulting in higher sheet resistance and



non-uniform silicide thickness. During high temperature annealing will
cause silicide prominent and junction leakage current. For silicides on
polysilicon gates, grain growth in the polysilicon can occur resulting in
threshold voltage shifts or gate oxide leakage. Those issue as shown in Fig.

1.2.

Recently, many silicide have been discussed to use to improve device
performance, such as PtSi,, TiSi,, CoSi,, MoSi,, WSi, and NiSi and so on.
Some of the silicide such as TiSi;, CoSi, and NiSi is widely used in
integrated circuit (IC) process. Compare the characteristic between Ti, Co
and Ni silicides as shown in Table 1.1. For TiS1, and CoSi, have low
resistivity and rather high thermal stability so that widely used in silicides
application. Nowadays TiS1, and CoSi, can not become the trend because of
it has critical issue limit their development to future nanometer regime.
Below, some unique properties, ‘and problems associated with the most

common silicides are discussed.

1.1.2 TiSi, process

There are two phase of TiSi,, corresponding to different crystal structures.

The C49 phase formed at first with high resistivity(60 — 300 1 ohm-cm)
whereas the C54 phase with low resistivity(15 — 35 (2 ohm-cm). However,

we hope to obtain C54 phase with low resistivity. TiSi, 1s generally formed
with a two-step annealing process because of Si is the dominant moving
species during silicide formation, which results in excessive lateral silicide
and bridging formed during over high the first annealing temperature.

Another explained is that the conversion to the low resistivity phase of C54



i1s nucleation limited, requiring high thermal budget to ensure complete

conversion [6].

TiSi, has need two-step annealing to eliminate bridging effect (as show in
Fig. 1.3) and complete conversion to C54 phase. In addition, as the line
width less than 0.2um, the sheet resistivity of TiSi, increase with decrease

line width. Generally, the first annealing at 600 - 700°C with nitrogen

ambient result in formation phase of C49 of TiSi,. Nitrogen diffusion into
the Ti will form TiN/TiSi, bi-layer rather than TiSi, along. TiN would block
the lateral diffusion of Si which is used to prevent bridging. Then, second
annealing is performed at a higher thermal budget to convert the TiSi, to the
low resistance C54 phase. In addition, Ti is very effective reducing native

oxides in contact, because of the high solubility of oxygen in Ti [7].

1.1.3 CoSi, Process

Although the resistivity and thermal stability of CoSi, similar to TiSi,.
Unlike TiSi,, the sheet resistivity of CoSi, is insensitive to decrease line
width [8]. The CoSi, is generally formed at first step which is a low

temperature anneal (400 - 500°C) to form the Co-rich silicide to reduce
lateral silicide formation. Then a more high temperature anneal (600 - 800°C)

to form CoSi, with low resistivity.

Compared with the process windows of CoSi, is less than the TiSi, which
is a possible alternative to TiSi, for silicide applications. However, high Si
consumption during the formation of CoSi, silicide is a major drawback for

the nanometer process. This is limits the scaling for CoSi, to achieve



shallow junction. In addition, CoSi, is sensitivity to interfacial oxide,
consequently generally capping a passivation layer to prevent oxidation
[9-10]. When the device dimensions are scaled down and pattern density is
increased it is important to minimize the stress induced by silicide formation
because dislocations will be generated when the stress exceeds. Beside

CoSi, can be used as a diffusion source to form shallow junctions [11].

1.1.4 NiSi process

Recently there has been great interest in using NiSi for nanometer regime
application. Ni-silicide has been identified as the best candidate for
nanometer regime for main advantage are listed below: (1) low resistivity

(15-16pQ-cm), (2)low silicidation ‘temperature (350-700°C ), (3)low Si

consumption (0.82x Ty;si), 14) Formation controlled by Ni diffusion, (5)
Low film stress (6x10° dyn/cm’);

Nickel silicide has a low electrical resistivity which is comparable to those
of TiSi, and CoSi,. The sheet resistance of NiSi is relatively insensitive to
the line width of the silicide [12]. The NiSi has a lower formation
temperature than TiSi, and CoSi,. The conventional NiSi silicide usually
formed by one-step rapid thermal annealing (RTA) process. Hence, excess
silicidation was found with one-step RTA NiSi leading to insensitive to
line width of sheet resistance, increased diode leakage, and lower diode
breakdown issues. To avoid excess silicidation formation was using to
two-step RTA NiSi for CMOS applications. NiSi silicidation formed has
three main regime, Ni,Si, NiSi and NiSi, phase. The two peaks in the

standard deviation curve are indicative of Ni,Si-NiSi and NiSi-NiSi, phase



transformation (as show in Fig. 1.4), respectively [13]. At temperature lower

than 300°C, Ni,Si formed which the resistance is higher. When the
annealing temperature between 300-400°C, the silicdie formed is Ni,Si or

mixture of Ni,Si/NiSi. The lower resistive NiSi is the stable phase for

temperatures ranging between 400 and 600°C. At temperature higher than
700°C, NiSi transform to NiSi, phase with agglomeration which is two to

three time higher compared to the resistivity of NiSi phase. Therefore, NiSi
has lower formation temperature than TiSi, and CoSi, with resistivity, which

compatible to High-k dielectric for future device fabrication.

NiSi has lower Si consumption than CoSi, and TiSi, that effective reduce
spiking shallow junction to obtain’lower reverse bias leakage current. If
dominant moving species is .51, the movement of Si atoms into metal film
causing CMOS device fail,-such as TiS1;. Moreover, Ni is the dominant
moving species during formation-NiSi-process, which effectively reduce the
bridging phenomenon. Actual film stress can affect the electrical properties
of device. NiSi has characteristic of lower film stress to reduce dislocations

generated, junction leakage and gate oxide leakage.

1.1.5 Implant into silicide (I1S)

The implant into silicide (IIS) processes has been investigated for shallow
junction formation. The IIS process consists of implanting dopants into
silicide or metal layer and the subsequent thermal annealing to form a
silicide-contacted shallow junction [14-17]. The IIS scheme in particular is
of much benefit to the formation of shallow junction. This is because metal

silicides have a larger nuclear stopping power than silicon for the implanted

-6 -



dopant ions and thus can reduce the channeling effect; in addition, the
junction formed by the IIS scheme can be almost free of implant damage,
which is mostly confined in the silicide layer. And dopant segregation
phenomenon can pile up the dopant concentration profile at the
silicide/silicon interface after thermal annealing, it has a potential to form a
better ohmic contact. Thus, the post-implant annealing temperature can be
lowered while shallow junctions with superb characteristics can be obtained.
Moreover, the silicided junction is conformal to the silicide/silicon interface,

and thus the possibility of junction penetration by the silicide is reduced.

1.1.6 Solid phase epitaxial regrowth (SPER)

For high performance deviee applications, it is important to overcome the
doping solid solubility limitéd by the conventional RTA at high temperature
for reducing the resistance of soutce and drain. The use of low temperature
solid phase epitaxial regrowth hasibeen‘demonstrated in recent years as an
alternative to the high temperature anneal method for junction formation.
The SPER works on the principle that dopants in an amorphous Si region
will activate to a level above the equilibrium solid solubility during
crystalline regrowth. The SPER main advantages are the above equilibrium
solid solubility dopants, good control junction depth, conventional high
temperature was superseded and compatibility with high-k and metal gate
thermal budget requirements. The main drawback of SPER is related to the
relative high density of interstitial defect band at end-of-range (EOR) after
the annealing, due to the relatively low thermal budget of the low
temperature SPER anneal [18-20]. These EOR defects are not what we want,

which result in increased junction leakage current.



1.2 Motivation

In the advanced integrated circuit technology, the channel length of
MOSFET has been scaled down which require to reduce junction depth of
source and drain minimize short channel effect. Into nanometer regime, the
performance and electrical properties of CMOS will to support more
difficulties. In next generation, high-k/metal gate stack technology is
promising become to trend beyond the 45nm CMOS device, although it is
need to be overcome more issue. The conventional junction of S/D required
activation at high temperature annealing, but higher thermal budget will
cause to affect the dopant concentration, profile and the high-k dielectric
crystallized. However, low temperature activation is required that formation
ultra shallow junction for future CMOS technology. The formation shallow,
abrupt, and activation junction s one of the main challenges for future

minimize transistor dimension [21],

The Hf-base is possible alternative candidate for high-k dielectric in near
term. The high-k dielectric will be crystallized at high temperature process,
result in the gate leakage current increased. Since thermal reliability is
playing an import role for high-k/metal gate stack, so we lead in NiSi to
form metal gate material because of the NiSi has low and wide process
windows. It is not only low process windows moreover would be to employ
characteristic of NiSi to formation shallow and activation junction. In
addition, the NiSi is a good diffusion source which the silicide as diffusion
source (SADS) process has been proposed for the formation of silicide

contacted shallow junction [22].



In parallel with the gate dielectric engineering to improve the thermal
reliability of high-k dielectric, we are interesting in the project about low
temperature activation. If the process temperature after gate dielectric
formation can be lowered, the issue of high-k dielectric crystallized in
process integration can also be minimized. We combined the concept of
implant into silicide (IIS) and solid phase epitaxial regrowth (SPER) to
control junction depth and junction activation. To make silicides with
shallow junctions are to implant dopant through a deposited metal layer or
silicided layer, called the implant into silicide. SPER works on the principle
that dopants in an amorphous silicon region will activate to a level above

the equilibrium solid solubility during crystalline regrowth.

These two methods lower the dopant activation temperature through the
concept of change the surface energy of silicon and pile up the dopant
concentration in NiSi/Si intetface by dopant segregation and/or higher the
solubility of the dopant in Si.through the Si re-crystallization process.
Details about these two methods with our experiment will be discussed in

the following chapters.

1.3 Organization of the Thesis

In this thesis, we concentrate our efforts on the activation of B and P
implant through silicide by RTA process. However, studies the fabrication
and characterization of the NiSi contacted NiSi/p'n and NiSi/n'p shallow
junction diodes and NiSi/n'n and NiSi/p p ohmic contact formed by implant

into silicide.

In chapter 1, brief introduction metal-silicide technology history evolution

-9.



and the motivation of this thesis are mentioned.

In chapter 2, Formation of NiSi/p'n, NiSi/n'p Shallow Junction and
NiSi/p'p, NiSi/n'n Metal-Semiconductor (MS) Junction.

In chapter 3, present Electrical Characteristics and Physical Properties of
NiSi/p p, NiSi/n'n Metal- Semiconductor (MS) Junction Using Implant Into
Silicide.

In chapter 4, discuss Electrical Characteristics of NiSi/n'p, NiSi/p n ultra

shallow Junction Using Implant Into Silicide.

In chapter 5 is conclusions and future works.
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Chapter 2

Formation of NiSi/p™n, NiSi / n"p Shallow Junction and
NiSi/p*p, NiSi/n'n Metal-Semiconductor (MS) Junction

2.1 Introduction

Conventional p-n junctions were formed by ion implantation dopant into
Si substrate followed by high temperature furnace annealing for dopant
activation and implantation -damage annthilation. Therefore, channeling
effect and high temperature :dopant diffusion limit the formation of shallow
junction. This is particularly important for the p+n junction because boron is
a light element and diffuses fast in; silicon. Consequently, low temperature
activation technique is more important in nanometer regime. In recent years,
many advanced junction formation techniques have been studied, such as,
preamorphization [1, 2, 3], low energy implantation [4, 5], gas-immersion
laser doping (GILD) [6, 7], decaborane (B4H;¢) implantation [8, 9], implant
into silicide (IIS) [13-16] and solid phase epitaxial regrowth (SPER) [17-21].

These new methods are briefly reviewed as follows:

(1) Pre-amorphization of silicon substrate before dopant implantation
Pre-amorphization has been widely used to control the channeling
behavior of implanted dopant atoms. After the pre-amorphization of the

silicon substrate surface layer, dopant implantation was performed followed
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by crystal regrowth and annealing process for the junction formation. Many
heavy atoms have been used as pre-amorphization species, such as Si and Ge.
Solid phase epitaxial (SPE) scheme can be used to regrow the crystal from

the amorphous layer at a temperature as low as 550 C. The growth rate

depends on the element used for pre-amorphization as well as the dopant
implanted following the pre-amorphization. A careful annealing process is
needed to annihilate the massive defects and dislocation induced by the

pre-amorphization.

(2) Low energy ion implantation

This is an extension of the conventional ion implantation technique. The
implantation energy is lower than 1 keV and the implantation dose is
typically from 1x10" to 5x10™* ¢m™,-The major disadvantage of this method
is that no commercial implantation system of such a low energy ion beam is

available for high throughput'mass:production with reasonable cost.

(3) gas-immersion laser doping (GILD)

The gas immersion laser doping (GILD) process is a candidate technology
for shallow junction formation. Gaseous dopant precursors (BCl;) are
chemisorbed on the silicon surface, and partially incorporated during the
melting / recrystallisation of the Si top layer induced by an UV laser pulse
(A = 308 nm, pulse duration » 25 ns) [10]. The resulting thickness and
dopant concentration of the doped layer depend on the laser energy density
and the number of chemisorption / laser-induced incorporation cycles (up to
200). For the GILD technique both to eliminate the problems associated with
ion implantation, and the unwanted diffusions that occur during the dopant

activation anneals. Hence, GILD both have issues of Non-equilibrium phase
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transformations and Strong dependence of recrystallized structure on the

applied energy density.

(4) decaborane (B4H,() implantation

For CMOS scaling to nanometer region, particularly PMOSFET
fabrication becomes more serious due to the difficulty of low energy boron
ion implantation for source/drain (S/D). It can suppression of the boron
diffusion which is caused by both transient enhanced diffusion (TED) and
thermal diffusion (TD) that occur during the activation annealing. Therefore,
implant boron atoms by conventional ion implantation is difficulty.
Decaborane implantation technology has been proposed using boron cluster
[11, 12]. The cluster contain n borén'atoms, only one charge per cluster is
required to accelerate n boron atoms.: Clusters can be transported at
relatively high energy for shallow junction, due to low impact energy per
boron atom. Decaborane are-contains 10 -boron atoms where the energy per
boron atom is about 1/11 that of the energy of the molecule. Therefore,
decaborane technology can to achieve forms a shallow junction with a low
temperature RTA to prevent thermal diffusion after deep S/D formation with
a relatively high temperature RTA to maintain a high gate capacitance (Cgox)

and low contact resistance (R.).

About above-mentioned methods, consideration high cost, massive
defects and dislocation induced, high throughput mass production with
reasonable cost and instrument and so on problems that make us inclined to
use simpler, less damages and reach high dopant activation technology such
as IIS and SPER. IIS and SPER technology were already discussed in

chapter 1. Therefore, we conduct these two kinds of technology to formation
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shallow junction in the experiment. IIS and SPER have played an important
role while formation shallow junction in the future. IIS and SPER process
potential advantages are more simples and effectively enhance activation
than other method for formation of shallow junction. Briefly discuss
advantages for IIS and SPER process. First, metal silicides have a larger
nuclear stopping power than silicon for the implanted dopant and thus can
reduce the channeling effect. Second, to formation shallow junction can
greatly reduce ion implantation damages, due to ion implantation damages
almost stay in the metal silicide. Third, silicides/silicon interface has thin
amorphous silicon during silicidation process, in this time, we employ
characteristic of SPER to raise dopant activation for shallow junction. In
conventional process often make to pre<amorphous step which will increases

more damages for shallow junction:

In this chapter, we investigate fabrication of NiSi/p+p, NiSi/n'n MS

junction and NiSi/p+n, NiSi/n+p shallow junction. We would combine the
dopant pile-up characteristic of 1IS at interface and the ability of SPER to

achieving the formation of shallow junction.

2.2 Experiment procedures

Samples were fabricated on p-type/n-type (100) oriented Si wafers. After
a standard RCA clean process. Following, a 300 nm isolation oxide was
grown on the wafer by wet oxidation at 1000°C for 35 min. The active arca
regions were defined by the photolithography and etched by BOE (buffered

oxide etchant) solution. Next, standard clean was used again to fully remove
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the contamination. Following, a 200 A Ni deposited on the wafer in a Dual
E-gun Evaporation system with a base pressure of less than 2x107 torr,
using a Ni target in vacuum ambient with a deposition rate of about 0.8- 1.2
A/sec. After the Ni film deposition, the samples were rapid thermal annealed

(RTA) at 400°C for 30 sec in N, ambient to form NiSi. The unreacted Ni

film was selectively etched using a solution of H,SO, : H,O, =3 : 1 at

75~85°C for 45 sec. Then, the sample of NiSi were implanted with BF, /P"

jons at an energy of 20 to a dose of 5x10" cm™. We deposited Ti on NiSi
with lift-off technology. Before samples were coated the Ti 50nm by Dual
E-gun Evaporation system which used photolithography to define the
four-point probe measuring pads, next to removed PR by ACE. Samples
were deposited TaN 150nm by, DC sputtering system on backside. Finally,
followed by rapid thermal anneal (RTA) at 450 to 600°C for 60 sec in N,

ambient for the activation dopant, as shown in Fig. 2.1. Process recipe is

listed in Table 2.1 and Table 2:2.
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Chapter 3

Electrical Characteristics and Physical Properties of NiSi/p™p,
NiSi/n"n Metal- Semiconductor (MS) Junction Using Implant

Into Silicide.

3.1 Surface morphology by AFM inspection

In 1986, Binning et al. introduced another apparatus for surface
characterization in atomic scale, the atomic force microscope (AFM). Since
it can be applied to any types:of material and environment, AFM has thus
been used widely in surface characterization. Owing to its atomic scale
resolution capability, AFM-is also“powerful equipment for nano-structure
fabrication. We want to inspect the surface morphology of NiSi/ Si
interface by AFM. Because of the roughness between the NiSi/ Si interface
related to the junction leakage. We want to know the impact on roughness

of temperature.

Fig. 3.1 AFM image shows NiSi/Si interface morphology by 2" RTP
annealing (a) 400°C (b) 500°C (c¢) 600°C (d) 700°C for 30 sec. Samples
(n-type substrate, phosphorous doped) without 2™ RTA and with 2" RTA
30sec at different temperatures (400, 500 ,600, and 700 ‘C) are prepared.

The AFM inspection results for these samples (Area: 10 £ m x 10 ¢z m), and

all RMS values are around 1nm. For the 2™ annealing sample, the interface

roughness at 700°C 30sec is smoother than others sample. Therefore 2™
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annealing may improve interface roughness.

3.2 Electrical measurements

The electrical properties of the silicide-contacted shallow junction diodes
fabricated by the IIS scheme are dependent on a number of factors, including
the dopant activation level, implantation damage recovery, silicide/silicon
interface roughness, and the distance between the silicide/silicon interfaces
to the junction position. All of these are closely related to the energy and
dosage of the dopant ion implantation as well as the dopant activation ability
and the drive-in diffusion duringsthé'Subsequent annealing process; this is
especially important for the:case of low:. thermal budget and low energy

implantation for the IIS scheme.
3.2.1 I-V measurements

The current transport in metal-semiconductor contacts is mainly due to
majority carriers, in contrast to p-n junction, where the minority carriers are
responsible. Fig. 3.2 shows four basic transport processes under forward bias.

The four processes are explains as following:

(1) Transport of electrons from the semiconductor over the potential barrier
into the metal that the dominate process for Schottky diodes with
moderately doped semiconductors such as Si with Np < 10"7cm”

operated at moderate temperatures.

(2) Quantum-mechanical tunneling of electrons through the barrier height.

This is important for heavily doped semiconductors and responsible for
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most ohmic contacts.

(3) Recombination in the space-charge region (SCR) that identical to

recombination process in a p-n junction.

(4) Hole injection from the metal to the semiconductor that equivalent to

recombination in the neutral region [1].

With the SCR width being proportional to N2, it is obvious that highly
doped semiconductors have narrow SCR widths. For metal-semiconductor
contacts with narrow SCR widths, electrons can to easy tunnel from the
metal to the semiconductor and from the semiconductor to the metal. The
conduction mechanisms for a metal to n-type semiconductor are illustrated
in Fig. 3.3. For lowly doped semiconductors the current flows as a result of
thermionic emission (TE) as show m:Fig. 3:3(a) with electrons thermally
excited over the barrier. In‘the mtermediate doping range thermionic-field
emission (TFE) dominates. The carriers are thermally excited to an energy
barrier where the barrier is sufficiently' narrow for tunneling to take place.
For high doped densities, the barrier is sufficiently narrow at near the bottom
of the conduction band for the electrons the tunneling directly, know as field

emission (FE) [2].

Fig. 3.4 shows the forward Ip-Vp characteristic curves of the NiSi/Si
junction diode with 2™ RTA 60 sec by (a) BF,  implantation and (b) P*
implantation. We observe the activation of P" implantation is more linear
than BF," implantation, comparison between (a) and (b). Therefore, the P
implantation curve presents the ohmic contact the linear curve to pass through
2" RTA 60 sec. The forward currents rise along with the annealing

temperature, nevertheless, after 550 °C and 500°C maximize starts to reduce

-23 -



along with the temperature rise for BF," and P implantation. According to
the extrapolation: NiSi/Si interface damage is recovered and roughness

repaired at 500 ‘C~550 “C. This is assumes that as a result of the formation

of dislocation above these temperature. In this temperature, forward bias
currents are actually decreases. Some atoms that were already on

substitutional site are believed to precipitate on or near these dislocations

[3].

Fig. 3-5 shows Ip-Vp characteristic curves of the NiSi/Si junction diode
with 2" RTA 60 sec by (a) BF," implantation and (b) P* implantation. The
Ip-Vp characteristic curves approximate linear for P implantation. We knew
schottky contact turns ohmic contact after the annealing process. Fig. 3-6
Forward bias current density-versustannealihg temperature for the NiSi/Si
junction diodes fabricated with'(a) BE; and (b) P" implantation at various
annealing time. Forward bia$ currentdensity drops along with the time and
the temperature rise. High thermal budget may promote interface state, causes

the tunneling current is reduction [4-5].
3.2.2 Reverse leakage current density

Fig. 3-7 shows the reverse bias current density (JR) versus annealing
temperature for the NiSi / Si junction diodes with an area of 0.0009 cm® (300

x 300 um) measured at a reverse bias of —2 V. The reverse bias current

density (JR) is determined by directly dividing the measured current by the
diode’s area. Roughness of the silicide/Si interface in a shallow junction
may lead to the formation of localized Schottky contacts or the
agglomeration-induced local silicide spiking, resulting in the increase of

reverse bias current. After annealing at temperature above 550 C 60 sec
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with BF," implantation, reverse bias currents are actually decrease. We
extrapolation the roughness of NiSi/Si interface related to junction leakages.
With temperature rise the roughness of NiSi/Si interface is smoother, there is
sufficient thermal budget to recovery defect and without agglomeration

occur [6].
3.2.3 Current-Temperature measurement

We can obtain the activation level of M/S junction from
current-temperature measurement. Fig. 3.8 and Fig. 3.9 shows the Ip-Vp
characteristic curves of the M/S junction diode with 2" RTA 60 sec by BE,"
implantation and P" implantation which measure temperature at 25, 45, 85
and 105°C, respectively. The BF, implantation curve presents the schottky
contact to pass through 2" RTA 60 sec.at room temperature measured. The
schottky contact characteristic conversion to-ohmic contact characteristic
with measure temperature rise. For RTA-450 and 500°C samples by BF,"
implantation, are tend to thermionic emission characteristic due to the
current of M/S junction is sensitive to temperature. About RTA 550 and
600°C samples by BF, implantation are trend to filed emission
characteristic. The current of P implantation samples are insensitive to

temperature, therefore, have ohmic contact characteristic besides RTA

450°C sample.

3.2.4 C-V measurement

The capacitance-voltage (C-V) technique relies on the fact that the width of
a reverse-biased space-charge region (SCR) of a semiconductor junction

device depends on applied voltage. This SCR width dependence on voltage
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lies at the heart of the C-V technique. The C-V profiling method has been
used with Schottky barrier diodes, p-n junction, MOS capacitance, and

MOSFETs.

In this experiment, the results is not good to C-V measurement for us
expect, however, other samples (as shows as Fig. 3.10.) can reach this
expectancy which NiSi were implanted with BF, /P" ions at an energy of 20
and 10 k eV to a dose of 1x10" c¢cm™. We extrapolation is capacitance of
measure to bulk region for not good samples. In other words, N'N/P'P
junction is so abruptness that depletion region occur near MS junction,
consequently to measure C-V is not linear on reverse bias. Although we lack
data of C-V measurement to estimation junction activation level, but only to
know the different characteristics of -V measurement with different 2™
RTA temperature should be contributed-to the different in contact resistance.
And P’ implantation samples shows-mere-like ohmic contact behaviors than

BF," implantation samples.

3.3 References

[1] S. M. Sze, Physics of Semiconductor Devices, 2nd €d., John Wiley &
Sons, Taipei, (1981).

[2] D. K. Schroder, Semiconductor Material and Device Characterization,

2" ed., John Wiley & Sons, (1998).

[3] S. Wolf, and R.N. Tauber: “Silicon processing for the VLSI era”, second
edition, Lattice press, Vol. 1, Chapter 10, 2000.

-26 -



[4] F. Deng, R. A. Johnson, P. M. Asbeck, S. S. Lau W. B. Dubbelday
T.Hsiao and J. Woo, J. Appl. Phys. 81, 8047, (1997).

[5] J. Chen, J. -P. Colinge, D. Flandre, R. Glllon, J. P. Raskin, and
D.Vanhoenacker, J. Electrochem. Soc. 144, 2437, (1997).

[6] B. S. Chen and M. C. Chen, IEEE Trans. Electron Devices 43, 258,
(1996).

-27 -



Chapter 4

Electrical Characteristics of NiSi/n"p, NiSi/p'n ultra shallow

Junction Using Implant Into Silicide.

4.1 C-V Measurement
4.1.1 C-V Measurement Introduction

The effective dopant activation estimated- that silicide dopant segregation
and pile-up at interface by:capacitance-voltage (C-V) measurement. The
measured capacitance was made up-through three different capacitances in
series, contain silicide/silicon”junction capacitance, P-N junction depletion
capacitance and backside contact capacitance. In silicide/silicon junction
capacitance part, base on chapter three we can know where more likely to
ohmic contact behavior. Consequently, we think that have high dopant
concentration in silicide/silicon interface result in large capacitance. Let us
can neglect the silicide/silicon capacitance in our analysis. About backside
contact capacitance part, because of the area of contact is occupy wafer size
which is larger than P-N junction area, therefore we also neglect backside
contact capacitance term in our analysis [1]. As a result, the mainly
measured capacitance was depletion capacitance and the model was shows
in Fig. 4.1. The depletion-layer capacitance per unit area is defined as C; =
dQ/dV, where Q is the incremental depletion charge on each side of the

junction upon an incremental charge of the applied voltage dV [1]. For
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one-side abrupt junctions, the capacitance per unit area is given by:

qgsNB

iTw o 2kT 1
W 2(Vbi -V ‘q) ( )

where V is positive/negative for forward/reverse bias. Rearrange the above

Eq.(1):

2kT
L2V =T )
_ q

c’  geN, 2)

J

It is clear from Eq.(2) that by plotting 1/C”. versus V, a straight line should
result from a one-sided abrupt junction-as shows in Fig. 4.2. The slope gives
the impurity concentration- of the ‘substrate (Ng), and 1/C> =0 gives

(Wyi-2kT/q). Rearrange the above Eq.(2), we can obtain impurity

concentration at depletion layer edge.

2 dv
N,(W)=
(W) qgs[d(l/Cz)] 3)
We know Yy,; equation:
KT . N,N
Vi =7 In r/:_zD (4)

Rearrange the above Eq.(4) which we can obtain the interface doping density

can be estimate as following [2]:
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_ i aVnid/KT
N, = N € for N-type (5)
D
or
2
n.
_ i aWhid/KT
Ny = N € for P-type (6)
A

4.1.2 Result and Discussion of C-V

The substrate doping density can be obtained from the different C-V data.
We used Eq.(3) to plot the relationship between depletion capacitance and
reverse bias voltage as shows insFig. 4.3 and the building voltage of N'/P
and P*/N junction can be obtained from. 1/C>-V curve where 1/C’=0 as
shows in Fig. 4.4. From lincarly 1/C*V curve implies that the linear
abruptness junction is obtaihed."The results -combined Eq.(3), Eq.(5) and
Eq.(6) to estimate the doping densityi’'of N'/P and P'/N interface from
average substrate doping density and building voltage as shows in Fig. 4.5

[3]. About above the results, at temperature above 500°C, doping density

and building voltage of N'/P and P'/N interface are decrease with the
temperature rise. The results were not conformed to us expect. Because the
C-V measurement was measure the N'/P and P'/N junction interface,
therefore, the junction interface went away from M/S junction interface with
the annealing temperature increase as shows in Fig. 4.6. Moreover, the
doping concentration was started to activation from the pile-up interface of
MS junction. The measured result would exhibit the junction interface
characteristic so that the higher temperature annealing showed the lower

doping density.
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4.2 1-V Measurement

4.2.1 1-VV Measurement Introduction

For analyze the junction forming behavior, -V measurement are adapted.

The measuring sweep voltage was from forward bias to reverse bias for

N-sub and P-sub samples. From the I-V curve, we could estimate the ideal

factor by:

v
I[= I{e”’” —1}

Rearrange the above Eq.(7):

qv
kT
= Is{e" } asqV >> nKT

or

N oV
KT o(InJ)

(7)

(8)

)

Where n is called the ideality factor. The value of 1 is close to 1, when the

forward current is dominated by diffusion current and is close to 2 when

forward current is dominated by depletion recombination current. When

both the diffusion current and recombination current are similar, the 1 is

between 1 and 2.
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4.2.2 Result and Discussion of I-V

The ideality factor can be determined from the slope of the linear segment
of the I-V curve plotted on semilogarithmic coordinates [4]. The current
range took to between 0.4 and 0.04 for N-sub samples which were between
-0.4 and -0.04 for P-sub samples. The ideality factor of N'/P and P'N
junction are exhibited in Fig. 4.7. The ideal factor would be affected by
below factors: (1) contact resistance (2) generation-recombination current (3)
substrate series resistance (4) high level injection. For the contact resistance,
because high activation in junction, the MS interface would conversion from
schottky contact to ohmic contact. For series resistance, cross to IR voltage
bias of neutral region usually is smaller than KT/q so that can neglect this
factor. And take current range:does noet.the high level injection region so this
does not dominate reason. We extrapolate the dominated factor might be due

to defect induce generation-recombination-current.

The on-off ratio as J,, (at Vg = 1V) and J¢ (at Vg = 2V) of N/P and P'N
diode are exhibited in Fig. 4.8. The reverse bias current is the minimum at

2" RTA 450°C 60s and 500°C 60s treatment for N-sub and P-sub samples.

Because exist defects in NiSi/Si interface result in higher reverse bias
current. The defects may be derive from NiSi/Si interface (amorphous region)
where is not entire recrystallized due to low thermal budget or low activation

like at 2™ 450°C for P-sub samples. With increasing 2" RTA temperatures,

the SPER process continuous going, and the J,¢ currents decreased, but

SPER process is completely at 2™ RTA 450°C and 500°C 60s treatment for

N-sub and P-sub samples. The point of SPER process is completely to hold

the most high on/off ratio. Although, the forward bias current is not mainly
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factor for on/off ratio, but can be observed by the relative ideality factor
which has the minimum ideality factor due to the forward bias is dominated
by the diffusion current. After SPER is finished, with increasing 2" RTA
temperature, the reverse bias current will be reduces. The defect induce this
results, due to SPER would be activation to a level above the equilibrium
solid solubility during crystalline regrowth. While provide more thermal
budget would be some atoms that were already on substitutional site are
believed to precipitate on or near these dislocations after super-saturation.
Another may be reason, dislocations start to form at the temperature range

from 500 to 600°C [5], itself or by some defect induced dopant deactivation

at the P'/N and N'/P interface. The reverse bias current is mainly factor to

affect on/off ratio at RTA temperature 550°C to 600°C for BF," implantation,

as show in Fig. 4.8(a). We extrapolation ‘the defects start to dissolve in EOR

regime at RTA temperature 600°C, result in the reverse bias current to drop.

Another possible reason, because the behavior of junction is trend to
Schottky-like region with doping layer width decrease under the fixed
dopant concentration. Therefore, the reverse bias current will reduce due to

the behavior is trend to PN-like at RTA temperature 600°C .

The current of PN junction was determined by minority carrier diffusion.
However, the current of Schottky barrier diode was determined by
thermionic majority carrier overcome potential barrier. The typical of
generation current density of silicon PN junction is approximately 107
A/cm?, nevertheless, this is less than that of 2-3 order for the reverse current
density of Schottky barrier diode, as shows as Fig. 4.9. In addition, threshold
voltage of Schottky barrier diode is less than that of PN junction, as shows

as Fig. 4.10 and Fig. 4.11. We clearly to know have Schottky barrier diode
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characteristic with low energy and dose of ion implantation, due to high
energy and dose of ion implantation to cause amorphous silicon region to

deepen.

4.3 Activation Energy Measurement

The temperature dependence of reverse junction current Iz can provide
insight into the leakage mechanism. The temperature dependence of reverse

current Iy 1s given by

I, oc T exp(-E, /KT) (10)

Where E, is activation of the-junction, k 1s the-Boltzmann constant, and T is
the temperature at measurement. The value of Ea can be extracted from the
slope of the semilogarithmic plot of log(Ig/F’) versus 1000/T. The value of
E, i1s close to the bandgap of silicon E, when the reverse current is
dominated by the diffusion current and will be close to E, /2 when the

reverse current is dominated by the generation current [6].

Fig. 4.12 shows the Arrhenius plots for the NiSi/P'N and NiSi/N'P
junction fabricated by BF,  implantation and P" implantation. The
measurement was conducted at 2V reverse bias. Fig. 4.13 shows the
activation energy of NiSi/ P'N and NiSi/N'P junction versus RTA
temperature. We can observe E, is close to E, at the SPER process is
completely (450°C for N-sub, 500°C for P-sub samples) among all samples,
which the reverse current is dominated by minority carrier diffusion current.

After the SPER is finished, the E, is reduces with the temperature increase,
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and the reverse current is dominated by generation current. Compare Fig. 4.8
and Fig. 4.13, can to explain before extrapolation: because some atoms hold
sufficient thermal budget that were already on subsitiutional site are to
precipitate induce defects after super-saturation. The defects may be derive
from amorphous region where is not entire recrystallized due to low thermal

budget or low activation like at 2" 450°C -500°C for P-sub samples.
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Chapter 5

Conclusions and Future Work

In this thesis, we have been investigated the activation of B and P
implant into silicide (IIS) by RTA process. With the device scale down, the
shallow junction would be important because shallow junction formation can
effectively suppress short channel effect (SCE). P* implantation samples
shows more like ohmic contact behaviors than BF, implantation samples
about P'/P and N'/N junction. Based on the IIS dopant segregation pile-up at
interface and SPER, our experiment would achieve the high dosage
activation and using low temperature .annealing, and combine the I-V and
C-V measurement to know SPER behavioer of IIS method. We could find the
best recipes for the device :fabricationin the: future. After SPER process
finished, samples may cause defect formation and dopant deactivation

phenomenon with higher thermal budget treatment above 450 and 500°C.

With increasing 2™ RTA temperatures, the SPER process continuous going,
and the Jog currents decreased, but SPER process is completely at 2" RTA
450°C and 500°C 60s treatment for N-sub and P-sub samples. The point of

SPER process is completely to hold the most high on/off ratio among all
samples in this study. All in all, we achieved our purposes by means of the

experiment and the results were beneficial.

In order to improve the shallow junction properties, we could make some
experiments to revise it in the future. We could use Spreading Resistance
Profiling (SRP) to check the junction depth and the doping density.
According to the actuality junction depth, we could also know that our

fabricated junction does conform to the shallow junction condition or not. In

-36 -



addition, we could also find the optimum value of annealing temperature. As
long as the doping activation density and leakage current can attain our
expectation at low annealing temperature, we can replace the high

temperature fabrication.
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Fig. 1.2 Schematic of issue associated with silicide process.
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Resistivity | Silicidation Silicon Moving Film
(uQ-cm) | Temperature | Consumption | Species Stress
(dyn/cm?2)
(C)
TiSi, | 12-15 800-950 0.9x T Si 1.5x10"
CoSi - 375-500 0.91xT Si -
CoSiy. 18 550-900 1.04x.T Co 1.2x10"
NiSi 15-16 350-700 0.82x T Ni 6x10°
NiSi, 35-50 700-850 - Ni -

T stands for thickness of silicide formed

Table 1.1 Compare the characteristics of Ti, Co and Ni silicides.
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Fig. 1.3 With/without bridging phenomenon of metal silicides.
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Top View

S10,

Fig. 2.1 Process flow of P'/P, N'/Nsand P'/N and N'/P junction samples
of silicide contact for I-V and'C-V electrical properties measurement.

Implanted ion 1st RTA 2nd RTA
P substrate | BF,"/20 keV/5E13 cm™ | 400°C/60 450 ~ 600°C
P*/20 keV/5E13 cm™ sec 60 sec
N substrate | P*/20 keV/5E13 cm™ 400°C /60 450 ~ 600°C
BF,"/20 keV/5E13 cm™ sec 60 sec

Table 2.1 Process recipe of P'/P, N'/N and P"/N and N'/P junction by IIS
scheme.
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Implanted ion 1st RTA 2nd RTA

P substrate |BF,"/28 keV/5E15 cm™| 400°C /60 sec 450 ~ 600°C
60 sec

N substrate | P*/43 keV/5E15 cm™ | 400°C /60 sec 450 ~ 600°C
60 sec

Table 2.2 Process recipe of P'/P, N'/N and P'/N and N'/P junction at
backside by IIS scheme.
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Fig. 3.3 Depletion-type contacts to n-type substrates with increasing
doping concentrations. The electron flow is schematically indicated by
the electrons and their arrows.
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Fig. 3.5 The Ip-Vp characteristic curves of the M/S junction diode with
2" RTA 60 sec by (a) BF," implantation and (b) P* implantation.
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Fig. 3.6 The forward bias current density versus annealing temperature
for the NiSi / Si junction diodes fabricated with (a) BF," and (b) P"
implantation at various annealing time.
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Fig. 3.7 The reverse bias current density versus annealing temperature
for the NiSi / Si junction diodes fabricated with (a) BF," and (b) P"
implantation at various annealing time.
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Fig. 3.8 The Ip-Vp characteristic curves of the M/S junction diode with
2" RTA 60 sec by BF," implantation and measure temperature at 25, 45,

85 and 105°C, respectively.
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Fig. 4.12 Arrhenius plot for NiSi/Si interface (a) P*/N junction fabricated
by BF," implantation. (b) N'/P junction fabricated by P’ implantation.
The measurement was conducted at 2V reverse bias.
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