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Effects of Carbon lon Implantation on NiSi Thermal

Stability and Si-C Formation

Student: Tzu-Hsin Luo Advisor: Dr. Bing-Yue Tsui
Department of Electronics Engineering and Institute of Electronics
National Chiao Tung University
Abstract

In this thesis, we use carbon plasma immersion ion implantation (CPIII) and low
temperature carbon ion implantation as carbon implantation source. We applied the two
processes on the application of increase NiSi thermal stability and Si-C formation.

On the research of CPIII, first we find the leakage current of N*P junction after CPIII
process didn’t increase. This result is beneficial for application on junction structure.
After CPIII at 5 keV for 1 minute, the agglomeration temperature of NiSi thin film
without arsenic doping could increase to 800 ‘C. But on the arsenic doped sample,
CPIII could not increase NiSi thermal stability. We also find CPIII will deposit a
carbon thin film on the surface during process, if the carbon film is too thick after all
ion implantation process, it will affect the formation of NiSi. The result of CPIII
application on Si-C formation is not ideal, the substitutional carbon density of sample
that performed CPIII at 3 keV for 5 minutes then annealing at 650 ‘C for 120 sec is
only 0.301 %. That is because the surface amorphous layer produced by CPIII is not
thick enough and the level of amorphous is low.

The benefit of low temperature carbon ion implantation is it can produce thick
amorphous layer with high amorphous level after process. After implantation at 7kev
with a dose of 5x10™ cm™ on a -15°C chuck, the surface amorphous layer is about 49
nm and is near totally amorphous. We also find the implanted phosphorous profile

after annealing would be shallower than the profile of as-implanted sample. This



characteristic is beneficial for application on ultra-shallow junction fabrication. On
the NiSi thermal stability application, we find low temperature carbon ion
implantation could not improve thermal stability of phosphorous implanted NiSi film,
which is similar to CPIIl. We find low temperature carbon ion implantation is
promising on Si-C formation application because it can produce thick and high quality
surface amorphous layer after process. We perform low temperature carbon ion
implantation with different energy ~ dose and chuck temperature and try to find the
ideal implantation condition. From the result we find implantation energy at 7keV
with a dose of 5x10*° cm is the most ideal condition. We also try different annealing
condition including first step annealing temperature ~ time and second step annealing
method to find the ideal annealing condition. For first step annealing, temperature at
750 °C for 120 sec is the ideal condition. If the temperature is too high or the time is
toolong, the density of substitutional carbon would decrease. Second step annealing
time should be very high to increase carbon-solid state solubility in silicon under
supersatuation state, but the annealing duration time should be much shorter than 1
sec or the substitutional carbon density will decrease, too. The time duration of PLA is
only about 25 ns for each shot, which is a promising second step annealing technique.
Finally, by combine the optimized process condition, sample implanted at 7keV with
a dose of 5x10™ cm™ on a -15°C chuck after first step annealing at 750 “C for 120
second and second step annealing using PLA at energy 350 mj/cm? for 5 shots, the

substitutional carbon density can reach 1.091%.
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Chapter 1

Introduction

1.1Why Using Carbon lon Implantation Process

CMOS technology is the predominant technology in very large scale integrated
circuits now. Willing to approach the benefits like high device density, high operation
speed, low power consumption, and low cost, scaling down has become the most
important topic in CMOS technology for decades. As the device shrinks beyond 32nm
technology node, scaling down becomes more challenging and difficult. It requires
new materials and new processes to overcome those physical limitations imposed by

the traditional ones.

Carbon is known to be one of the consequential elements in silicon wafers. To
reduce the negative impacts brought by carbon, the carbon density in silicon wafers is
demanded to be lower than 1ppm in silicon device manufacturing processes for a long
time. From the late 1980s, several benefits of carbon ion implantation in silicon
substrate have been found in some researches. The first benefit is the carbon atoms in
silicon substrate can getter metal atoms like Au and Cu effectively, thus reduce the
leakage current brought by metal contamination and improve the yield in IC
production. According to the research of H. Wong et al., the amounts of gettered Au
by 1x10'® cm™ of carbon ion implantation is 510" cm™ which is higher than the Au
atoms which were gettered by oxygen (2.3x10'% ¢cm™), nitrogen (4x10'* cm™), and
BF,(4x10'> ¢cm™) ion implantation [1]. The second benefit is the carbon atoms in the
substitutional site of silicon substrate can capture interstitial silicon atoms effectively,

and reduce the secondary defects caused by ion implantation processes which will



increase junction leakage current [2, 3], and improve the performance of devices.
Furthermore, interstitial silicon is also one of the main reasons of why Transient
Enhanced Diffusion (TED) happens in the junction area. Ultra-shallow junction is an
important demand to avoid short channel effect in CMOS technology. But even by
using low energy ion implantation technique to implant the dopants extremely close to
the surface, the dopant distribution will be broadened by TED during the dopant
activation process. By incorporating carbon into substitutional site, carbon can reduce
the TED effect by capture of interstitial silicons, and help to realize ultra-shallow
junction at source and drain area [4, 5].

Recently, another two important applications of carbon ion implantation process
have been developed. They are using carbon ion implantation to improve the thermal
stability of nickel silicide and implanting carbon into source and drain area to form
silicon carbide as stressor [6~10]. - The stressor can increase electron mobility in
n-channel MOSFET, and improve device performance. These two applications are the
main topics of this thesis, and the background and current status will be explained in

the following sections.

1.2Improve Nickel Silicide Thermal Stability by
Carbon Implantation

As MOSFETs scale down, comes by the increase of the parasitic resistance of
the source and drain area. This issue will limit the turn-on current of MOSFETs. In
order to reduce the series parasitic resistance, the salicide (self-aligned metal silicide)
process technique has been used in high performance ICs since 1980s. Beyond 90nm
process node, nickel becomes the standard material for salicide process. Comparing to

2



the other kind of metal silicides, nickel silicide has several benefits like low resistivity,
low temperature process, less silicon consumption during silicide formation, and no
narrow line effect and bridge effect [11]. Although there are many benefits for nickel
silicide, there is a major drawback. It is about the thermal stability issue. When the
process temperature is high, the agglomeration of nickel silicide will happen.
Agglomeration will make the nickel silicide film un-continuous and increase the value
of sheet resistance. High process temperature will also induce the nickel silicide phase
transformation from NiSi to NiSi,. There are two main drawbacks of NiSi,, the first
one is the silicon consumption during NiSi, formation is twice of the silicon
consumption during NiSi formation. Second, we can see in Table 1-1 that the
resistivity of NiSi, is higher than the resistivity of NiSi. If phase transformation
occurs the sheet resistance will inerease. Thus, raising the thermal stability of nickel

silicide becomes the main subject for realizing NiSi contact structure.

In 2004, S. Zaima et al. found that when Ni film deposited on P"-Si0.996Co.004, the
agglomeration temperature and phase transform temperature will both increase [6]. V.
Machkaoutsan et al. reported that as the number of substitutional carbon increases, the
thermal stability of nickel silicide will be better [7]. In summary, high density of
carbon in silicon substrate can improve the thermal stability of nickel silicide

significantly.

On the application of SiC stressor, in early stage, most researches use Low
Pressure Chemical Vapor Deposition (LPCVD) technique to epitaxially grow Si;4Cy
layer on silicon substrate. The drawbacks of LPCVD SiC technique are the expensive
cost of the process, low throughput, and non-repeatable process performance [9].
Recently, some research found that carbon ion implantation is a simpler and low cost
technique to form Si; 4Cy layer on silicon substrate [8~10]. And the number of carbon

3



atoms in silicon substrate is easier to be controlled by ion implantation compared to
the LPCVD method. Low energy carbon ion implantation can make most of the
implanted carbon near the Ni/Si surface, it is expected that improvement of thermal
stability can be achieved. Table.1-2 compares the difference between Si-C

formation by CVD and carbon implantation method.

1.3Source/Drain Stressor Formation by Carbon
Implantation

Scaling is a useful solution to increase device speed and integrated circuit
density. As scaling becomes more and:more difficult, another solution to increase
device performance is necessary. Improving channel carrier mobility by source and
drain stressor is one of the solutions which have been applied in recent years. By
using different materials to form stressor on the source and drain area, it can provide
tensile or compressive strain to the channel. Using materials like SiGe [12~16] and
compressive SiN liner [17, 18] as source and drain stressor can provide compressive
stress to the channel, it will increase hole mobility and reduce electron mobility so
that it is used on P-MOSFET. On the other hand, using SiC or tensile SiN liner
[19~23] as source and drain stressor can provide tensile stress to the channel, it will
increase electron mobility and reduce hole mobility so that it is used on N-MOSFET.
Figure 1-1 shows the difference in stressor materials and stress directions between

P-MOSFET and N-MOSFET.

As has been mentioned, SiC source and drain stressor is a promising approach to
increase N-MOSFET channel mobility. The Si;Cx has a relaxed lattice constant

Sycreared = Sy — 2A4F%+ 0.5705x* [24], which is smaller than the lattice

4



constant ag; of single crystal silicon. When a Si;..Cx layer is grown on Si, the Si;,Cy
lattice is compressed vertically and stretched horizontally. In that way, the lattice

constant age of SiC on the growth direction is further decreased. The value is
. 5, .
Sgye = ':E'H':,:-el aed — aﬂ} # [1 - ?-5-} +ag [25], where C,;; and C,, is the

stiffness constants. Figurel-2 shows that the smaller vertical lattice of Si; Cy interacts
with the adjacent Si lattice, it will induce a lateral tensile stress to the channel [26].
The stress will contribute to electron mobility increase and improve N-MOSFET

performance.

Many research found that the number of C_, (atomic percentage of the
substitutional carbon in Si lattice) is an important factor that effects the enhancement
of electron mobility induce by the SiC stressor. To increase the Cgyy, value becomes
the main topic to improve the Si-C Source & Drain stressor process. Using LPCVD to
growth epitaxial SiC is one of the methods to form the Source & Drain Si-C stressor.
In the research of T. Y. Liow et.al, the Cyyp can achieve 2.3% by using LPCVD
method [27]. Although high €_; value can be achieved by LPCVD method, it still
has several drawbacks like low throughput and non-repeatable process performance
[9]. And, the Source & Drain recess process before stressor growth increases the cost

and complexity of the device process.

Carbon ion implantation has been applied to Si-C source & drain stressor
formation process recently. The benefit of carbon ion implantation is that it only
needs two process steps, carbon ion implantation and thermal solid-phase epitaxial
(SPE) treatment, to form SiC stressor. The source & drain recess process is not in
need. This advantage makes carbon ion implantation a cost-effective and simpler
process for Si-C stressor forming. Carbon ion implantation also has some advantages

such as high throughput and it can suppress the TED effect of dopants to realize
5



ultra-shallow junctions. The €., value that a process can produce is controlled by
two important factors: the thickness and amorphous level of the surface amorphous
layer after carbon ion implantation [9]. When monomer implantation is used, the
carbon ion isn’t heavy enough to form a totally amorphized layer on the Si surface.
Ge PAI (Germanium pre-amorphous implantation) is suggested to be integrated with
monomer Carbon carbon ion implantation to form the SiC stressor [10]. Ge ion
implantation before carbon ion implantation can produce an amorphous layer on the
Si surface, compensates the drawback of monomer carbon ion implantation. In the
work of N. Nishikawa et.al, by using Ge PAI and monomer carbon ion implantation,
the €, can be raised to 1% after SPE annealing [10]. Although the Ge PAI process
can produce good quality amorphous layer on the Si surface, it will make the process
more complex and increase the «cost. Cluster-carbon ion implantation process is
another method to form SiC stressor; it uses &= H; as ion source instead of monomer
carbon ion. Since ©- H- has heavy mass, cluster-carbon ion implantation process has
self-amorphizing capability, it can produce-amorphous layer on the Si surface without
extra PAI process. In the research of S. M. Koh et.al, by using cluster-carbon ion
implant and proper anneal treatment can fabricate a SiC stressor which has a €

sl

density of 1.1% [11].

1.4CPIIl and Low Temperature lon Implantation

As mentioned in the previous section, carbon ion implantation has several
promising applications in semiconductor device fabrication. But there are still some
short comes on the traditional carbon ion implantation technique like it could not
create a good quality amorphous layer with only monomer carbon ion implantation.
The other short come is the traditional type of ion implanter could not provide implant

energy lower than 20keV. It makes the carbons can only locate at deeper region of the
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silicon substrate, and makes no benefit to the device structure at the surface region of
the substrate. Plasma immersion ion implantation (PIII) and low temperature ion
implantation are two kinds of ion implantation technique which can overcome the
short comes of the traditional ion implantation, and were used as carbon implantation
technique in this thesis. These two techniques are described specifically in the
following paragraphs.

1. Plasma Immersion lon Implantation (P111)

Plasma immersion ion implantation is a surface deposition technique, which
applies high voltage pulsed DC or pure DC power to extract the accelerated ions from
the plasma and targeting the ions into the wafer placed on the sample holder. Figl-3 is
the schematic diagram of a PIII system, the holder is in a vacuum chamber which is
connected to a high voltage powersupply and insulated from the chamber wall. When
the process begins, the substrate is applied with a negative bias, the electric field
drives electrons away from the substrate and forms a Debye sheath layer. The Debye
sheath layer contains only positive ion -and-noelectrons in it. The biased substrate will
accelerate the ions in the Debye sheath layer and implant the ions into the wafer on
the holder.

The benefit of PIII process is that the implantation energy is controlled by the
voltage of the pulsed DC signal, so the dopants can be implanted into the shallow
region of the object surface by very low implantation energy. And because the object
is totally immersed in the plasma, so PIII can implant high density of dopants into the
wafer in a relatively short time compare to traditional ion implanter. In that way, the
throughput of implantation process can be increase.

Several applications of PIII has been implemented by researchers. Using
nitrogen PIII process to improve the surface property of stainless steel is one of the

applications. By performing NPIII process, the surface hardness of stainless steel can
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be improved [28, 29]. Another important application is performing oxygen PIII on the
metallic biomaterials which are used on medical purposes such as osteosynthesis
plates used in jaw or skull surgery. After OPIII treatment, the biocompatibility of the
biomaterials will be improved [30~34]. Diamond like carbon (DLC) film forming is
another application of PIII [35~37]. The DLC film has a high hardness and Young’s
modulous, a good wear and abrasion resistance and a low friction coefficient. So it
can be used in semi-conducting, biomedical, automotive and aerospace industries.
And PIII is a promising way of efficiently forming DLC film on object’s surface.
PIII has several applications on semiconductor device fabrication. First, because
PIII can do low energy ion implantation, it can be used on ultra-shallow junction
fabrication. In the research of C.A. Pico et al., PMOS is successfully fabricated by
using BPIII process [38]. PIII is also used on sidewall doping of trench structure [39].
Since PIII has immersion type doping characteristic, the sidewall doping of high
aspect ratio trench structure is easier by using PIII. /Nitrogen PIII can use on suppress
thermal hillock formation in aluminum: metallization [40], or improve the electrical
characteristics of high-k gated MOS devices [41].
In this thesis, we used carbon PIII process to implant high density and low energy
carbon ions into the shallow region of the Si substrate. Considering the benefits of
PIII mentioned in the previous paragraphs, PIII might be a promising technique to do

Carbon implant on silicon substrate in our expectation.

2. Low Temperature lon Implantation
The amorphous layer thickness and the level of amorphization are the two most
important factors to affect the number of substitutional carbon atoms. Using
traditional ion implanter to do carbon ion implantation with the chuck at room

temperature or higher temperature is not easy to produce an amorphous layer with
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enough thickness and amorphous level. For that reason, it needs Ge PAI process
before traditional carbon ion implantation and will increase the cost and complexity of

the process [42].

Low temperature ion implantation has been developed for several years. By
putting wafer on a low temperature chuck, the temperature of the target wafer is lower
than that in the traditional ion implanter. Low temperature wafer contains less thermal
energy than high temperature wafer, in this way the effect of self-anneal mechanism
during carbon implantation could be reduced [43]. This phenomenon is benefit for
SiC stressor formation because it helps to produce thicker and higher amorphization
level amorphous layer, which helps to increase the number of substitutional carbon

atoms.

1.5The Organization of this Thesis

The organization of this thesis is ‘described below. Chapter 1 introduce the
applications of carbon implantation and raises the main topics of this thesis - using
carbon implantation to improve NiSi thermal stability and to form SiC Sourse &
Drain stressor precisely. Chapter 2 describes the process procedure of sample
preparation and device fabrication, and the electrical and material analysis methods.
The carbon implantation techniques are also introduced. Chapter 3 describes how
carbon implantation affects the NiSi thermal stability. The agglomeration effect and
phase transformation effect are both included. The electrical characteristics of the n'-p
junctions with carbon incorporation are also discussed in this chapter. Chapter 4
illustrates how the annealing condition and carbon implantation condition affects the

C_,, - Chapter 5 summarizes the results and conclusion this thesis, and also gives



suggestions on the future research directions.
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Table 1-1

The comparison of standard characteristic between NiSi and NiSi,

Silicide | Resistivity(uQ-cm) | Stable | Nmof Si | Nmof | Barrier Film
on Si | consumed | resulting | height stress
upto | pernmof | silicide | ton-Si | (dyne/cm)
(C) metal pernm | (eV)

of metal
NiSi 14-20 ~650 1.83 2.34 0.67 6x10°
NiSi 40-50 X 3.65 3.63 0.66 X
Table 1-2

and by Carbon ion implantation

The comparison between Source & Drain Si-C stressor forming by CVD

CVD

Carbon Implantation

Recess etching

Need S/D recess etch

No S/D recess etch

requirement
Process performance Non-trepeatable process Repeatable process
reproducibility performance performance
Surface amorphous layer

No surface amorphous

Require surface amorphous

requirement layer requirement layer
Process throughput low high
Process complexity complex easy
Process cost high lower
Existence of interstitial Yes Yes

Carbon
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Fig.1-1 The difference on stressor material and stress direction between P-MOSFET
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Chapter 2
Experimental Procedure

2.1 Carbon lon Implantation Methods

2.1-1.Carbon Plasma Immersion lon Implantation (CPIII)

The PIII system used in this thesis consists of process chamber, electrical power
system, vacuum system, and gas providing system. Fig.2-1 shows the whole PIII
equipment. The process chamber is a chamber with sample chuck at the bottom and
an antenna to light the plasma on. A valve control panel is linked to the chamber to
control all the valves linked to the process chamber. Fig.2-2 shows the control panel
of the valves. Fig.2-3 and Fig.2-4 show the electrical power system, it includes a DC
power supply and a DC pulse signal source. The vacuum system includes two pumps
and one pressure meter. One pump:-is for the first step vacuum to make the pressure
down from air pressure, the other pump is a turbo pump which can make the chamber
pressure down to 107 torr. The gas ‘providing system includes CH4 gas source and a
gas flow meter.

At the beginning of the process, we put the wafer on the sample chuck. Then we
use the vacuum system to make the chamber pressure down to 107 torr. After the
process pressure reached, CHy4 gas is pour into the process chamber with a flow rate of
50 scem. DC power supply is turned on to light on the plasma with a value of 150V.
In the final step, DC pulse signal is applied to the chuck and the carbon ions are
implanted into the silicon substrate, the process pressure is about 1.2 x 107 torr.

2.1-2. Low Temperature lon Implantation

The low temperature ion implanter used in this thesis is model iPulsar produced

by Advance Ion Beam Technology Co. (AIBT). The allowed implantation energy

range is 100 eV — 40 keV and the dose range is 1x10" to 5x10' ions/cm®. Tilt angle
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is from 0° to 45° and the twist angle is from 0° to 360°. Since the implanter is an
equipment designed for 12-inch wafer process, we use a 12-inch wafer as wafer
holder, and attach 6-inch wafer on it, then put the holder on the chuck to perform ion
implantation.

The iPulsar system contains one focused ion beam 2D mechanical scan system
and one uniform strip shape ion beam 1D mechanical scan system, can provide
various kind of implantation, especially low energy ion implantation. The cold wafer
e-chuck in the iPulsar system is a special equipment, and is one of the major
differences compare to conventional ion implanters. During the process, the chiller is
flowed through the e-chuck and makes the chuck temperature low, the lowest
temperature that e-chuck could achieve is -20 °C. The backside gas flow between the
wafer backside and chuck is contrelled to conduct the heat. Low temperature e-chuck
can lower the temperature of wafer, and can provide several process benefits. Those

benefits will be discussed in the following chapter.

2.2 Sample and Device Fabrication

2.2-1.Nickel Silicide Thermal Stability Sample

Six-inch-diameter p-type (100) silicon wafers with nominal resistivity of 15~25
Q-cm were used as substrates. The PIII was performed at 3 keV and 5 keV, and the
implantation time is 1 min and 5 min. The samples are labeled in the form of xKyM,
where the xK indicates the implantation energy is at x keV and the yM indicates the
plasma immersion time is y min. After PIII, the 3K5M and 5K5M samples accepted
additional arsenic ion implantation at 30 keV to a dose of 5x10" c¢cm™. Then, all
samples were dipped in diluted HF solution with (H,O : HF = 50 : 1) to remove the

native oxide on sample surface. A 10-nm-thick Ni film was deposited by an E-gun
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system. The process pressure is 6x107 torr and the Ni deposition rate is 0.5A/sec.
After Ni deposition, samples were cut into small pieces and were annealed in N,
ambient by a rapid thermal annealing (RTA) system at temperatures ranging from 500
C t0 900 °C for 30seconds. The unreacted Ni was selectively etched by a mixture of
H,SO,4 : H,O,=3:1.
2.2-2.Substitutional Carbon Density Sample

Six-inch-diameter p-type (100) silicon wafers with nominal resistivity of 15~25
Q-cm were used as substrates. The low temperature ion implantation was performed
at chuck temperature of 5°C or -15°C. The implant energy is at 3 keV, 5 keV, 7 keV,
and 9 keV. The implantation dose is controlled to 2~5x10"> cm™. The implantation
conditions of samples are labeled in the form of energy/dose. For the samples
implanted at 5°C chuck temperature the implantation conditions are 3 keV/5x10"
cm™ ~ 5 keV/5x10" cm™ and 7-keV/5x10" cm?. For the samples implanted at -15°C
chuck temperature, the implantation ¢onditions-are 7 keV/5x10"° cm™ ~ 7 keV/8x10"
cm™ ~ 9 keV/5x10" cm™ and 3 keV/2x10"-em™+ 5 keV/3x10" cm™+ 7 keV/3x10"
cm™. Then all the samples accepted additional phosphorous ion implantation at 17
keV to a dose of 510" cm™. After phosphorus ion implantation, the samples were
cut into small pieces and two steps of annealing process were performed for SiC
formation. In the first step, samples were annealed in N, ambient by a rapid thermal
annealing (RTA) system at temperatures ranging from 650 “C to 850 °C for 90 to 180
secs. In the second step, some of the samples were annealed in N, ambient by a RTA
system at temperature of 1000°C for 1sec second. Some samples were annealed by a
pulse laser annealing (PLA) system. A 248nm KrF excimer laser was used as laser
source, the laser energy is 350 mJ/cm’, the pulse duration is around 25 ns/shot and the
number of shots ranges from 5 to 20.

The same process steps were also performed on the CPIII samples to evaluate the
17



substitutional carbon density of the CPIII process. The carbon ion implant condition is
3K5M and the annealing temperature is 650°C and 750°C for 120 secs.
2.2-3.N"P Junction Fabrication

In this experiment, the active region is defined by the typical LOCOS process.
After active region definition, carbon was implanted followed by dopant implantation.
Finally the junction structure was annealed at different annealing conditions. The
detailed process steps are described as follows.

First, we use six inches p-type silicon wafer with nominal resistivity of
15~25Q-cm as substrates. After RCA clean, we use horizontal furnace to grow dry
oxide 35 nm and nitride 150 nm. Use lithography process to define active region. (No
PR on the field oxide region), then TEL 5000 is used to remove the dry oxide and
nitride on the field oxide region.-After active region definition, PR is removed by
Mattson asher, then dip SPM for 10 minutes to remove the residual PR. After dipped
in SPM, 550 nm wet oxide is grown on the field oxide region by horizontal furnace,
then dip hot H;PO, for 60 minutes to remove nitride on active region then dip HF for
350 sec to remove pad oxide. Grow 35 nm wet oxide by horizontal furnace then use
HF dip 350 sec to remove wet oxide, this step is used to avoid white ribbon effect.
Use PIII to do Carbon implantation, the implantation condition is (energy/time)
3keV/Imin ~ 3keV/5min ~ 5keV/1min ~ 5keV/5min > some of the samples are without
Carbon implantation, they are used as control samples. After CPIII process, do As
implant at energy 30keV with a dose of 5x10"°/cm?, which is the common condition
of Source/Drain doping. After all implantation step, use AG610i to do 650°C~750C
120secs first step annealing, some of the samples do 800°C 30secs second step

annealing. The schematic diagram of this process is in Fig2-5.
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2.3 Material Analysis and Electrical Measurement

Several Material Analysis techniques include XRD ~ SEM ~ SIMS and TEM were
used in our experiment. Electrical measurement of blanket sample sheet resistance
and the forward bias and reverse bias characteristics of CPIII junction structure were
performed, too.

XRD analysis has two main purposes in this experiment. The first one is to find
out the nickel silicide phase transformation temperature. The second purpose of XRD
is to calculate the number of substitutional carbon by using the rocking curve method
proposed by P. C. Kelires in 1997 [13]. This model can calculate the atomic
percentage of the substitutional carbon in Si matrix (Cgyp) by the lattice constant
difference (Ad) obtained from the XRD rocking curve. The detail is introduces in the
next paragraph. First, the lattice constant difference -Ad between Si and Si;.<Cx could
be obtained by the XRD rocking curve result. The lattice constant of Si; «Cx on the
growth direction a. can be calculated by

a, = ag + &d (ag = 54314])
After obtained the value of a., the value of relaxed lattice parameter a, can be

calculated by

Gy
ay = [Ea_ —-a )+ (1+ 2—)] + 3,
Cip
Finally the value x of Si; \Cx can be extracted by solving the following Equation
8, = 85 — 2439 + 0.5705x°
Scanning Electron Microscope (SEM) is used to inspect the surface morphology
of the carbon implanted nickel silicide samples after annealing at different conditions.
The surface continuity and the level of agglomeration can be observed by SEM
inspection. Secondary Ion Mass Spectrometry (SIMS) is used to analysis the depth

profiles of carbon and phosphorus atoms in samples after ion implantation and
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annealing. Transmission Electron Microscopy (TEM) is used to observe the
microstructure of samples. It can help to figure out the thickness of amorphous layer
and the level of amorphization.

For electrical measurement, the sheet resistances of all blanket samples were
measured by four point probe. The forward bias and reverse bias junction
characteristics were measured by the semiconductor analyzer of model Agilent

4156C.
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Fig.2-1  The process environment and equipment of PIII
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Fig.2-2  The control panel of process:chamber. valves
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Fig.2-3  The DC power supply of electrical power system
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Fig.2-4  The DC high voltage power supply of electrical power system
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9. Carbon implantation
l l l l ' by PIII.

10. As” implantation.

11. Annealing by RTA.

Fig.2-5  The process flow of junction fabrication
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Chapter 3
Carbon Plasma Immersion lon Implantation

3.1 Introduction

Plasma immersion ion implantation (PIII) is an ion implantation method which
uses plasma as implantation source. Because the immersion type nature of plasma,
PIII has the benefit of high throughput[44]. And because it’s implantation energy is
provided by DC pulse signal, PIII can implant the dopants into the shallow region of
the object with very low energy. PIII has been applied in several purpose like metal
surface treatment ~ medical biomaterial surface treatment, and diamond like carbon

(DLC) film forming on surface of object.

In this part of experiment, we use PIIl as carbon ion implantation source. First,
we discuss the basic characteristic of CPIII silicon substrate. Second, the electrical
characteristics of the CPIII junction will be analyzed. Then the thermal stability
improvement of CPIII NiSi/Si structure is discussed, both without N doping and with
N" doping samples are included. In the last part, silicon carbide (Si-C) forming of

CPIII samples is performed.

3.2 Basic Material Analyses of CPII1l on Si Substrate

In this part, TEM was used to analyze the surface condition of the implanted
silicon surface and SIMS was used to measure the depth profile of the carbon
distribution after carbon plasma immersion ion implantation. Fig3-1 and Fig3-2
shows the SIMS result of the carbon implanted silicon substrate, we can find that if
the implantation time is 15 minutes, the effective carbon dose could achieve

1.52x10"cm™ and most of the implanted carbons are located in the top 50 nm from
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the surface of the substrate. When the implantation time decreases to 5 minutes, the
effective carbon dose is 2.515x10'°cm™ and the implanted carbons are mostly located
at the region which is near the surface. Fig3-3 is the TEM result of 3K5M CPIII
sample, we can see that there is a 32nm thick amorphous layer on the surface of

silicon substrate.

Since too many carbon implanted into silicon will deactivate other dopants and
increase the interface contact resistance [45]. The suitable carbon dose in the silicon

substrate should be between 1x10° c¢cm™ and 1x10° c¢cm™.

Base on all the
experimental data, the carbon implantation time will be controlled less than 5 minutes

in the following experiments, which is expected to produce better experimental

results.

3.3 CPII1 Junction Analysis

In this part, we perform revetse bias leakage current analysis and forward bias
ideality factor analysis on the basic N'P junctions with carbon PIII process. This
experiment can tell us the CPIII process will do harm to the junction electrical

characteristic or not.

3.3-1.Reverse Bias Leakage Current

In this sub-section, we will discuss two main subjects. The first one is the impact
on reverse bias leakage current brought by different implantation energies or times,
under the same SPE annealing condition. And the second one is the impact on reverse
bias leakage current brought by different SPE annealing conditions, under the same

implantation energy and time.

1. Impact of carbon implant time and energy
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From Fig 3-4 and Fig 3-5we can observe the reverse bias leakage current
measurement results, we can find that the difference in leakage currents between
different carbon implantation conditions is very small. The samples with SkeV
implantation energy have slightly smaller leakage current in comparison with the
samples with 3keV implantation energy under the same implantation time. Under the
same implantation energy, the samples with 5 minutes carbon implantation have
smaller leakage current than the samples with 3 minutes carbon implantation. Those
leakage current differences are within one order of magnitude, which is not evident.
We can also find that, although the process of carbon implantation may create some
defects in the substrate, we can find that the leakage current of carbon implanted
samples don’t have evident difference from control samples. In some implantation
conditions like SK1M and 5K5M with annealing at 650 °C for 120 sec , the leakage
current is even slightly smaller than the control sample. This result is possibly caused
by the implanted carbon atoms in the substrate: Carbons in the substrate can repair the
secondary defects caused by ion implantation by capturing Si interstitials, and further

reduce the leakage current brought by secondary defects [46].
2. The impact of SPE annealing condition to reverse bias leakage current

From the measurement results shown in Fig.3-6, Fig.3-7, Fig.3-8, and Fig.3-9,
we can find that the effect of annealing on different carbon implantation condition is
the same. First, we compare the leakage current of the 650 ‘C/120 sec one-step
annealing samples with that of the 650 °C/120 sec + 800 C/30 sec two-step annealing
samples. It is found that the leakage current of the two step annealing samples are
apparently smaller than the leakage current of the one-step annealing samples in every
carbon implantation conditions. The cause of this phenomenon may be due to the

thermal budget provided by the one-step annealing is not enough to repair all the
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defects produced by the ion implantation process, and the second annealing step can
provide more thermal energies to repair the defects and reduce the leakage current
[47]. Second, we compare the leakage current of the two-step annealing samples with
different first step annealing temperatures. It is found that the samples with 750 °C
first step annealing have the lowest leakage current, the samples with 700 “C first
step annealing have the second low leakage current, and the samples with 650 C
first step annealing have the highest leakage current. The cause of this result is
probably the same as the cause that makes the difference of leakage current between
the one-step and the two-step annealing samples. As the first step annealing
temperature increases, the thermal energy that can repair the defects increases, too. So

the leakage current is lower as the first step annealing temperature increases.

We list the reverse bias leakage current of junction with a DC bias 3V under
different CPIII condition and annealing condition in Table 3-1. In summary, as the
thermal energy provided by the annealing process increases, two-step annealing
process will obtain lower leakage cutrent in-.comparison with the one-step annealing
process. And the leakage current will be lower if the temperature of the first step

annealing increases.

3.3-2.Foward Bias ldeality factor Analysis
Two main subjects are discussed in this sub-section. The first subject is the
impact on the forward bias ideality factor brought by different implant energies or
times, under the same SPE annealing condition. The second one is the impact on the
forward bias ideality factor brought by different SPE annealing conditions, under the

same implantation energy and time.
1. Impact of carbon implantation time and energy

Table 3-2 lists the ideality factor of junctions with different CPIII conditions and
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annealing conditions. It is observed that different carbon implantation conditions do
not make evident impact on ideality factor. Although the ideality factors of the SK1M
samples are smaller than the ideality factors of the 3K5M samples in every annealing
condition, the differences are only around 0.1. That is, the effect of the carbon
implantation condition is not evident. We also compare the ideality factor difference
between the carbon implanted samples and the control samples. The carbon
implantation will not increase the ideality factor evidently, and if the carbon
implantation condition is SK1M, the ideality factor is even slightly smaller than that
of the control samples. The reason may be the same as that has been mentioned before,
although carbon implantation process may create more defects, but the implanted
carbon can also repair part of the defects by the mechanism of capturing interstitial
silicon [48].
2. Impact of SPE annealing condition

From the measurement result . we can find that under every carbon implantation
conditions, the ideality factors of the two=step annealing samples are smaller than the
ideality factors of the one-step annealing samples. Among the two-step annealing
samples, we can find that the sample with higher first step annealing temperature has
smaller ideality factor. It is postulated that both of the results are because as annealing
time or temperature increases, the sample can absorb more thermal energy to repair

the defects and makes the ideality factor smaller [49].

In summary, samples with two-step annealing will have smaller ideality factor.

Higher first step annealing temperature will make ideality factor smaller.
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3.4 Impact of CPIII on NiSi/Si Structure

In this section, thermal stability of the NiSi/Si structure after performing carbon
PIII process is examined. First, the thermal stability of the pure NiSi/Si structure is
discussed and used as reference, then the thermal stability of the carbon PIII NiSi/Si
structure is discussed. Both NiSi/Si structure with N* doping and without N™ doing

are included.

3.4-1. Pure NiSi/Si Structure

From the sheet resistance value of the samples shown in Fig. 3-10, the resistance
value of NiSi is very stable when the annealing temperature is lower than 700°C . This
indicates that agglomeration and phase transformation do not occur when the
annealing temperature is not higher than'700°C. From the SEM images in Fig.3-11(1)
~Fig.3-11(3), it is also found that the surface of the sample is smooth when the
annealing temperature is not higher than 700°C. This indicates that agglomeration
does not occur. As the annealing temperature inereases to 800°C, the sheet resistance
increases obviously. This result indicates that agglomeration and/or phase
transformation occurs. From the SEM image shown in Fig.3-11(4), it is observed that
the nickel silicide surface agglomerates and some holes appear. From the XRD
spectra shown in Fig.3-12, it is observed that the phase of nickel silicide transforms
from NiSi to NiSi, when the annealing temperature increases to 900 °C. Fig.3-11(5)
shows that the agglomeration is very sever, there is no continuous nickel silicide film

on the surface.

In summary, pure NiSi can form stable nickel silicide thin film when the
annealing temperature is not higher than 700 ‘C . Agglomeration and phase

transformation occur at temperatures higher than 800°C .
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3.4-2.CPII1 NiSi/Si Structure without Arsenic Doping

Fig.3-13 shows the sheet resistance values of the 3K1M and 5KIM CPIII
samples after annealing at various temperatures. It is surprised that the sheet
resistance values of the 3K 1M CPIII samples are all higher than 160Q/L1 in the whole
annealing temperature range from 500°C to 900°C. On the contrary, the 5K1M
samples exhibits better thermal stability than the reference samples shown in the
previous sub-section, i.e. the non-carbon implanted samples.

Fig.3-14 shows the XRD spectra of the 3K1M samples. There is no nickel
silicide formed in the temperature range from 500°C to 700°C. As temperature
increased to 800°C and 900°C, evident peaks with respect to NiSi, phase are
observed. But, in Fig.3-15, SEM inspection observed that when the annealing
temperature increases to 800°C and 900°C, the surface agglomerates severely. Since
the NiSi; is totally not continuous, the sheet resistance value is very high.

Fig.3-17 shows the surface morphology-of the SK1M CPIII samples inspected by
SEM. Even when the annealing‘temperature “increases to 800 °C, the surface
agglomeration is very slight. Only a few pin holes occur on the surface and the nickel
silicide film is continuous. The XRD spectra of the SK1M samples are shown in
Fig.3-16. The NiSi, phase observed on the 700°C annealed sample indicates that
means phase transformation occurs. As annealing temperature increased to 900°C, the
sheet resistance increased to a very high value. From the SEM micrograph, we can see

the surface agglomeration is very severe which results in the high sheet resistance.

3.4-3.CPIII NiSi/Si Structure with Arsenic Doping
The effect of As doping on the thermal stability of the CPIII NiSi/Si structure is
evaluated. After CPIII, all samples accepted additional As™ ion implantation at 30keV

to a dose of 5x10" cm™. Sheet resistance measurement ~ XRD and SEM were done to
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analysis the thermal stability.

Fig.3-18 shows the sheet resistance results of the 3K1M, 3K5M, 5K1M, and
SK5M CPIII samples. It is found that the 3K1M CPIII sample has stably low sheet
resistance around 12€/[1 to 15Q/L1 when the annealing temperature is in the range of
500°C to 700°C. As the annealing temperature increases to 800°C, the sheet resistance
increased to 124 Q/[. This means that agglomeration occurs. When the annealing
temperature further increases to 900°C, the sheet resistance is 92.08Q/[], which is
lower than the value of the 800°C annealed sample. The cause of this phenomenon
may be explained as followed. The nickel silicide phase transformation speed is
slower when annealing temperature is 800 C, the nickel silicide film partly
agglomerates before phase transformation, so the sheet resistance is high. When the
annealing temperature increases t0°900°C, the phase transformation speed is higher.
NiSi phase can transform to NiSi,-phase before severe agglomeration occurs, so the
extent of agglomeration is slighter than that-on-the 800°C annealed sample, and the
sheet resistance is lower. The SEM micrographs shown in Fig.3-19 proofs the
agglomeration on the 800°C annealed sample is more severe than that on the 900°C
annealed sample. This observation confirms previous hypothesis.

The sheet resistance results of the SK1M CPIII sample are similar to the results
of the 3K 1M CPIII sample. That means the agglomeration and phase transform on the
samples are similar. The surface morphology of the 3K1M and 5K1M CPIII samples
inspected by SEM are shown in Fig.3-19and Fig.3-20, respectively. It is observed that
both 3K1M and 5KIM samples has very smooth surface without agglomeration
when the annealing temperature is 500°C and 600°C. This observation matches with
the sheet resistance results. As the annealing temperature increases to 700°C, both
3K1M and 5K1M samples reveal pin holes on part of the surface. Since most part of

the surface is still continuous, the sheet resistance does not change significantly. From
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the SEM micrographs shown in Fig.3-19 and Fig.3-20, the surface morphologies of
the 3K1M and 5K1M samples are very similar at every annealing temperatures, this
result is consistent with the sheet resistance result.

The sheet resistance values of the 3K5M and 5K5M PIII samples are very
different from the 1 minute CPIII samples. When the annealing temperature is 500°C
and 600°C, the sheet resistance values of both 3K5M and 5K5M samples are between
160 /01 and 200 Q/0]. The surface morphologies of both samples are shown in
Fig.3-21 and Fig.3-22. It is observed that the surface of both samples were smooth,
which implies that the high sheet resistance value is not due to agglomeration. The
XRD analysis reveals that there’s no nickel silicide formed on sample surface when
the annealing temperature is 500°C and 600°C, as shown in Fig.3-23. As the
annealing temperature increases t0 700°C, NiSi, forms so the sheet resistance
decreases. However, the SEM images shown in Fig.3-21 and Fig.3-22 show that the
silicide film significantly agglomerates when-the annealing temperature increases to
700°C, so the sheet resistance is still around 130Q/C]. In the 800°C annealing case,
the agglomeration is severer, so the sheet resistance further increases. When the
annealing temperature increases to 900°C, because the phase transform speed
increases as mentioned before, the agglomeration is slighter than the 800°C annealed
sample, so the sheet resistance is lower.

The experimental results of the CPIII NiSi/Si structure are summarized as
follows. In the CPIII process, CH4 plasma was used as implantation source. The CHy4
plasma contains some low energy (< 100eV) radicals, those radicals deposited on the
surface and formed a carbon thin film. This carbon film will affect the forming of
nickel silicide. In addition, the DC pulse signal was not a perfect square wave. In the
rise time and fall time regions, the voltage changed with time and created some low

energy ions. If the energy of ions is lower than 100eV, the ions might pile up on the
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surface and form a carbon film [50]. In the TEM micrograph shown in Fig.3-3, no
carbon film is seen clearly because the carbon atom density on the surface is near the
silicon atom density as the SIMS result shows (Fig3-1 and Fig3-2). The contrast
between silicon substrate and carbon film is very close, so the carbon film could not
be clearly identified. On the samples without arsenic doping, when the annealing
temperature is between 500°C to 700°C, nickel silicide couldn’t form on the 3K1M
CPIII sample because of the existence of the carbon film. Until the annealing
temperature increased to 800°C, the nickel silicide could form. The 5K1M CPIII
samples have thinner carbon film on the surface because the carbon implantation
energy was higher, and the nickel silicide formation was not affected. On the samples
with arsenic doping, since the 3K1M and 5K1M CPIII samples has thinner carbon
film, the high energy arsenic doping could remove-or destroy the surface carbon film.
In this case, NiSi could form on the surface when the annealing temperature is as low
as 500°C. The 3K5M and 5K5M CPIII samples-have thicker carbon film because the
process time is longer. For that reason, arsenic doping could not remove all the carbon
film and the nickel silicide could not form on the surface when the annealing
temperature is between 500°C and 600°C. However, arsenic doping still reduce the
carbon film thickness, and NiSi, could form when the annealing temperature is 700°C.

It is also observed that the thermal stability of the CPIII NiSi/Si structure is
better than that of the pure NiSi/Si structure. The agglomeration temperature
increased to 800°C and the phase transform temperature is between 700°C and 800°C.
However, after arsenic doping, the thermal stability of the CPIII NiSi degrades. The
agglomeration temperature reduces to 700°C and the phase transform temperature is
lower than 800°C. The cause of this effect is the doped arsenic. Since arsenic atom is
bigger than silicon, after implanted into silicon substrate, arsenic will change the

interfacial energy between nickel silicide and silicon. High energy implanted arsenic
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will also interact with silicon and nickel in the nickel silicide, the nickel will diffuse to
the substrate and the silicon may form SiO, with the residual oxygen in the annealing

environment. All the effects will lower the nickel silicide thermal stability [51].

3.5 Si-C Forming by Using CPI1I

In the last section of this chapter, we discuss the silicon carbide (Si-C) formation
on the CPIII samples after SPE annealing. Fig.3-24 shows the XRD rocking curves of
the 3K5M CPIII sample after annealing at 650°C and 750°C for 120 sec. When the
annealing temperature is 650°C, there is an evident Si-C peak on the XRD rocking
curve. The angle difference between the silicon reference peak and the Si-C peak is
0.075°. After calculated by the Kelires.model [24], the percentage of the substitutional
carbon is identified to be 0.301%, which is not high enough to be a S/D stressor
material. As the annealing temperature increased to 750°C, there’s no SiC peak on the
XRD spectrum, which indicates the there’s almost no carbon in the substitutional site.
From the XRD result750°C annealed 'sample is wider than that of the 650°C
annealed sample. This phenomenon indicates there are more interstitial carbons in the
750°C annealed sample [52].

It is known that the amorphous layer thickness and the level of amorphization are
important factors for the Si-C forming. Since CPIII use monomer ion as implantation
source, it could not create good surface amorphous layer on the 3K5M CPIII sample
surface if the dose is not high. Although use high dose CPIII could create amorphous
layer on the surface like we saw in Fig.3-3, but the number of interstitial carbon will
increase as dose increased. Too much interstitial carbon will also affect the formation
of SiC. So after SPE annealing, the density of substitutional carbon is still low. The
PIII equipment is not in a cleanroom, it might induce some impurity comtamination to
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the silicon substrate and affect SiC formation, too. When the annealing temperature

increases to 750°C, there’s almost no carbon atoms at the substitutional sites because
the thermal energy provided by the annealing process move the carbons out of the

substitutional site and increase the number of interstitial carbons [8].
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Table.3-1  The reverse bias leakage current of junction with a DC bias 3V under

different CPIII condition and annealing condition (N'P)

split NoC 3keV1imin | 3keVS5min | SkeVImin | SkeV5min

650°C 120sec 3.95x10° | 7.78x107 | 3.51x107° | 6.27x10° | 1.59x10”

650°C 120sec&800°C 120sec | 3.25x107° | 3.49x1071° | 1.64x107'° | 2.01x107'" | 8.68x107"°

700°C 120sec&800°C 120sec | 6.82x107™" | 1.08x1071° | 5.14x10" | 8.75x10"" | 8.51x107"!

Table.3-2 The ideal factor of junction under different CPIII condition and

annealing condition (N'P)

split NoC" | 3keVimin | 3keV5min | SkeVImin | SkeV5min
650°C 120sec 1.45 1.51 1.57 1.49 1.42
650°C 120sec&800°C 120sec | 1.21 1.24 1.29 1.16 1.23
700°C 120sec&800°C 120sec | 1.17 1.19 1.21 1.09 1.13
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Chapter 4

Low Temperature Carbon lon Implantation

4.1 Introduction

Low temperature ion implantation process is performed by putting wafer on a
low temperature chuck to make the wafer temperature low. Low temperature wafer
contains less thermal energy, thus the self annealing effect during implantation
process can be reduced. In this way, the surface amorphous layer created by low
temperature ion implantation will have better quality than that created by ion
implantation at room temperature or higher temperature. High quality amorphous
layer can improve the crystalline quality of substrate after annealing, and is beneficial
for Si-C forming.

In this chapter, we use low temperature ion implantation to implant carbon ions.
The basic characteristic of low temperature carbon ion implanted silicon substrate is
examined. Then we combine low temperature and low energy carbon ion
implantation on NiSi/Si structure, and discuss its impact on NiSi thermal stability. In
the final part, different experimental conditions are investigated to find the best

condition for Si-C forming.

4.2 Basic Material Analysis

We performed SIMS and TEM on the sample with carbon implanted at 7 keV
and a dose of 5%10"° cm™. The chuck temperature was -15°C during ion implantation.
After carbon implantation, additional phosphorous ion implantation at 17 keV to a
dose of 5x10'> cm™ was performed. Both the as-implanted sample and the samples
annealed at 750°C for 120 sec were analyzed. Fig.4-1 shows the SIMS depth profiles
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of carbon and phosphorus atoms of the as-implanted sample. It is observed that most
of carbon atoms are located at the region between 25nm to 30nm from the surface.
And the phosphorouses are located at the region between 18nm to 30nm from the
surface. Fig.4-2 shows the SIMS depth profile of carbon and phosphorus of the 750°C
annealed sample. The carbon profile is nearly the same with that of the as-implanted
sample. In Fig.4-3 we compare the phosphorous depth profiles of annealed sample to
the as-implanted sample. After annealing, the concentrations of phosphorous in the
region between 25nm to 43nm and between 49nm to 78nm significantly decreases and
the concentrations of phosphorous in the region between 16nm to 24nm and between
44nm to 48nm increases evidently. In the deeper region of the silicon substrate, the
number of phosphorous increased for less than one order.

The change of depth profiles-indicates that phosphorous atoms diffuse from the
original location toward the: shallower region of the silicon substrate. The
concentration of phosphorous in the tail region didn’t increase significantly, which
means the phosphorous diffusion to the substrate is not affected by carbon. B. J.
Pawlak et al. reported that the implanted carbon in the silicon substrate can catch Si;
(interstitial silicon) to form Si-C cluster and reduce the number of Si; [53]. As the
number of Si; decreases, the interstitial assisted transient enhanced diffusion (TED)
will be suppressed and the depth of dopant diffused to the substrate will be reduced.
We can also find that the concentration of phosphorous in the original carbon rich
region significantly decreases after annealing, and the phosphorous distribution is
shallower than the as-implanted distribution. This observation can be explained by a
model which is similar to that proposed by B. J. Pawlak. In typical case, the Sii
distributed near the Si surface will diffuse toward to Si surface because the free Si
surface acts efficient Si; sink, while the Si; distributed deeper than the project range

(Rp) of the implanted ions will diffuse toward the Si substrate because of the
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concentration gradient. With carbon ion implantation, some of the Si; in the carbon
rich region tends to diffuse toward the bulk will be caught by carbon. The Si; assisted
TED on phosphorus would be suppressed. Therefore, the depth of phosphorus
becomes shallower. In the region between Si surface and the R, of phosphorus, the
concentration of Si; does not affected by carbon effectively. The upward diffused Si
stream results in the increase of phosphorus near Si surface. This characteristic might
be applied to ultra shallow junction fabrication, is one of the benefit of carbon ion
implantation process.

Fig.4-4 shows the TEM image of 7 keV/5x10" cm™ low temperature (5°C)
carbon implanted sample. We can observe that the surface amorphous layer thickness
is about 49nm to 50nm and is near totally amorphous. The boundary of amorphous
layer and silicon substrate is clear but not very smooth. Fig-4.5 is the TEM image of 7
keV/5x10" em™ low temperature (-15°C) carbon implanted sample. We can find its
amorphous layer thickness is 49 nm to 50-nm which is very similar to the 5C
implanted sample. The amorphous layer-is-totally amorphous, and the boundary of
amorphous layer and silicon substrate is complete and smooth, it means the level of
amorphous is higher than the amorphous layer of 5°C implanted sample but the
difference is not very significant. The TEM image of 7 keV/5x10"° cm™ low
temperature (-15°C) carbon implanted sample after annealing at 750°C for 120 sec is
showed in Fig.4-6. We can observe that the amorphous layer thickness reduced to
about 22nm.after annealing, and the layer between amorphous layer and the 49nm
deep region were recrystallyzed. The result indicates that during the annealing process,
surface amorphous layer were recrystalized and formed SiC from the bottom of
amorphous layer. As the recrystalized layer extended to the R, of phosphorous
implant which is about 22nm deep from the surface, it stop recrystalize because the

project range defect of phosphorous revealed. We can also clearly see there’s two
61



defect layer, one is project range defect of phosphorous on the boundary of
amorphous layer and recrystallyzed layer and is about 22 nm to 23 nm deep. The
other one is secondary defect at the boundary of recrystallyzed layer and silicon
substrate, and is about 49 nm to 50 nm deep. This is match with the phosphorous
profile peak we observed in the SIMS result, which indicates that after annealing
phosphorous in the carbon-rich region would diffused with the Si;, and trapped by the

two defect layer.

4.3 Thermal Stability of NiSi/Si Structure

In this section, the thermal stability of NiSi/Si structure after performing low
temperature carbon ion implantation process. will be discussed. The samples were
heavily doped by phosphorus ion-implantation at 17 keV to a dose of 5x10'° cm™,

Fig.4-7 shows the sheet resistance tesults of the 3 keV and 5 keV low
temperature (5 °C) carbon implanted NiS1/Si-samples, results of samples with no
carbon implantation are also shown for reference. It is found that both 3 keV and 5
keV samples have stable low sheet resistance of around 20 Q/[1] to 25 /L1 when the
annealing temperature is in the range of 500 C to 600 C. From the SEM images of
the 3 keV samples shown in Fig.4-8(1) and Fig.4-8(2) and the SkeV samples in
Fig.4-9(1) and Fig.4-9(2), we can see that the surface is continuous and smooth,
which means agglomeration didn’t does not occur. As the annealing temperature
increases to 700°C, the sheet resistance of the 3keV sample increased to 36 Q/[1. This
means that agglomeration and/or phase transformation occurs. The agglomerated
surface of the 3 keV sample can be observed in the SEM image in Fig.4-8(3). The
sheet resistance of the 5 keV sample is still low when the annealing temperature

increases to 700°C. Fig.4-9(3) shows the SEM image of the 700 °C annealed 5 keV
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sample. It is clear that agglomeration has not occurred. When the annealing
temperature increases to 800°C, the sheet resistance values of both the 3 keV and 5
keV samples increase significantly to around 75 Q/O] to 80 Q/[1, which means severe
agglomeration occurs at this temperature. As the annealing temperature further
increases to 900 °C, the sheet resistance values of both samples slightly decreased to
around 66 Q/O0 to 69 Q/O, which is lower than the values of the 800°C annealed
samples. The cause of this phenomenon may be the same as what we have mentioned
in the previous chapter. When annealing temperature is 800 ‘C, the nickel silicide
phase transformation speed is slow. Before phase transformation, the nickel silicide
film partly agglomerates, so the sheet resistance is high. The phase transformation
speed is higher when annealing temperature increases to 900 °C. NiSi phase can
transform to NiSi, phase before severe agglomeration occurs at such a high
temperature, so the extent of -agglomeration is slighter than that on the 800 °C
annealed sample, and the sheet resistance is-lower.. The SEM images of the 3 keV
samples shown in Fig.4-8(4)~Fig:4-8(5) ~and the 5 keV samples in
Fig.4-9(4)~Fig.4-9(5) can proof that the agglomeration on the 800 ‘C annealed
sample is more severe than that on the 900 “C annealed sample.

In summary, low temperature carbon ion implantation did not affect the NiSi
thermal stability when phosphorous was implanted. The cause of this effect is similar
to the arsenic doped CPIII sample. Phosphorous will change the interfacial energy
between nickel silicide and silicon after implanted into silicon substrate, since
phosphorous atom is bigger than silicon. High energy implanted phosphorous will
also interact with silicon and nickel in the nickel silicide, nickel will diffuse to the
substrate and the silicon may form SiO, with the residual oxygen during the annealing

process. The effects will lower the nickel silicide thermal stability [24]. We can also
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find the agglomeration temperature of 3keV sample is decreased to under 700 °C, and
5keV sample is remained at 700 “C. That is because the carbon-rich region in 3 keV
sample is shallower than in 5 keV sample. Since the phosphorous in carbon rich
region will diffuse out from carbon-rich region, the phosphorous diffused from the
carbon-rich region of 3 keV sample would locate at shallower region than in 5 keV

sample, and make more effect on the NiSi film, decrease the thermal stability.

4.4 Si-C Formation

In this section, we discuss the Si-C formation on the low temperature carbon ion
implanted silicon substrate. Both implantation conditions and annealing conditions are
discussed. The Si-C formation results: areralso compared with those of the CPIII

sample.

4.4-1.Effect of Implantation Condition
At first, we control the samples with the same annealing condition and then
discuss the effect of ion implantation conditions including energy, dose, and chuck
temperature on Si-C forming.
1. Effect of Implantation Energy
We perform carbon implantation at chuck temperature 5°C and implantation
energy from 3 keV to 7 keV, and at chuck temperature -15°C and implantation energy
at 7 keV and 9 keV. The 5°C samples were annealed in N, ambient at 700 C for
120sec, and the -15 °C samples were annealed in N, ambient at 750 “C for 120 sec to
form Si-C.
From the XRD rocking curve results shown in Fig.4-10, we find that the
differences in angle between Si and Si-C peaks increase from 0.125 to 0.185 as the

implantation energy increases from 3 keV to 5 keV. When the implantation energy
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increases to 7 keV, the difference further increases to 0.28. After calculation using the
Kelires model [24], the atomic percentage of the Cyy, (substitutional carbon) is only
0.501% at 3 keV and as the energy increases to 5 keV, the Cyy, increases to 0.743%.
The Cqyp increases to 0.973% as the implantation energy further increases to 7 keV.
From these results we can see that the Cgy, increases as the implantation energy
increases. In Fig.4-11 we compare the results of the 7 keV and 9 keV samples, the
Cub increases from 1.027% to 1.047 %. This difference is not significant.

The reason for the above results might be due to the difference in amorphous
layer created by different implantation energies. In the research of K. Sekar et al., they
found that the Cgyy, will increase as the surface amorphous layer is thicker or the
amorphous level is higher [54]. When energy increases from 3 keV to 7 keV, the
amorphous layer thickness becomes thicker and level of amorphous becomes higher,
so the Cgy, increases obviously: But when the energy increases from 7keV to 9keV,
since the surface is nearly totally amorphous when the energy is 7 keV, the amorphous
layers created at 7 keV and 9 keV don’t have evident difference, therefore, the Cgy,
don’t have much difference.

2. Effect of Implantation Dose

To study the implantation dose effect, we fixed the carbon implantation
temperature at 5°C and implantation energy at 7 keV while the dose were controlled
to 5x10"° cm™ and 8x10"° cm™. The samples were annealed in N, ambient at 750°C
for 120 sec.

From the XRD rocking curves shown in Fig.4.12, it is found that the Cy, slightly
increases from 1.037% to 1.127% when the dose increases from 5x10" cm™ to
8x10" cm™. But the Si-C peak of the 8x10" cm™ sample is broader and the peak
intensity is lower than that of the 5x10'"> cm™ sample. The differences in the Si-C

peaks indicate the crystalline quality of the Si-C is better in the 510" cm™ sample.
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The Si reference peak of the 8x10"° cm™ sample is also broader than that of the

5x10" ¢cm™ sample, that means there are more interstitial carbons in the 8x10" ¢cm™

sample. Comparing the R, (sheet resistance) values, the value of the 8x10" cm™
sample is 391.7 Q/00 and the value of the 510" cm™ sample is 258 Q/C. The
significantly higher R, value of the 8<10" c¢m™ sample supports the poor crystalline
quality of this sample.

Since the solid state solubility of carbon in silicon is very low [55], most of the
implanted carbons are at interstitial sites. When carbon dose increases from 5x10"
cm” to 8x10" cm?, the amount of carbon incorporated into the interstitial site
increases significantly. These interstitial carbons will form interstitial carbon defects
[56] and increases the R value, the two effects are detrimental to S/D engineering. In
summary, higher carbon dose can slightly increase the Cgwp. But considering the
negative effects brought by the large amount of interstitial carbons, carbon dose
should not be higher than 5x10'>cm?,

3. Effect of Chuck Temperature
The effect of chuck temperature at 5°C and -15°C is examined. The
implantation condition fixed at 7 keV to a dose of 5x10" ¢cm™. The samples were
annealed in N, ambient at 750 °C for 120 sec.

Fig.4-13 shows the XRD rocking curves. It is observed that when the chuck
temperature decreases from 5°C to -15°C, the Cgy only slightly increased from
1.027% to 1.046%. From the TEM image shown in Fig.4-4 and Fig.4-5, we can
observe that the amorphous layer on the surface of 5°C carbon implanted sample and
on the surface of -15°C carbon implanted sample are very similar. The amorphous
layer thickness and level of amorphization does not have significant difference.

This phenomenon may be due to two reasons. The first one is that as the chuck
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temperature is 5°C, the Si surface after implantation process has been almost totally
amorphized, so as the chuck temperature decreases to -15°C, the characteristic of
surface amorphous layer would not change significantly. The second reason is that the
6-inch wafer wasn’t directly contact to the chuck, but attached on a 12-inch holder
during the implantation process. The mentioned temperature of either 5°C or -15C
are measured on the chuck, but after heat conduction through the holder, we could not
control the temperature of the wafer surface precisely. The actual temperature
difference on sample may be less than the difference on chuck in practical. So the
surface amorphous layer created at 5°C and -15°C chuck temperatures are similar,
and the Cy, after annealing are similar, too.

From the TEM image of 5 °C and -15 “C sample in Fig.4-4 - Fig.4-5, we can
confirm our explanation in the previous paragraph. The surface amorphous layer
thickness is very similar with a‘value of 49 nm to 50. nm. Compare the roughness of
boundary between amorphous layer and silicon substrate, we can find the boundary of
-15 °C sample is smoother and clearer than-5-°C, that means the level of amorphous
is higher. For that reason, the Cqy, density of -15 “C sample after annealing is higher
than 5 °C sample.

4.4-2. Effect of Annealing Condition

In this sub-section, the effect of annealing conditions including one-step

annealing, two-step annealing, and annealing temperature will be discussed.
1. First Step Annealing Temperature

The ion implantation condition used to study the effect of annealing temperature
is chuck temperature 5 °C, implantation energy 7 keV, and implantation dose 5x10"
cm™. The samples were then annealed in N, ambient by RTA at 650 °C to 850 °C for
120 sec.

It has been listed in Table 4.1 that the Ry value decreases as the first step
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annealing temperature increases. The XRD rocking curves shown in Fig.4-14 indicate
that the Cyyp increases from 0.88% to 0.973% as the first step annealing temperature
increases from 650°C to 700°C, and the stronger Si-C peak intensity on the 700°C
sample indicates better crystalline quality. As the annealing temperature increases
from 700°C to 750°C, the Cyy, does not increase again but the Si-C peak intensity on
the 750°C annealed sample is higher than that of the 700°C annealed sample. This
result indicates that although the density of substitutional carbon does not increase but
the crystalline quality can be improved as the annealing temperature increases to
750°C. When the annealing temperature further increases to 800°C, the Si-C peak
nearly merges with the silicon reference peak. This means the density of substitutional
carbon is very low. Increasing the annealing temperature to 850°C, the Si-C peak
totally disappears, and the Si peak broadens. It means that there is nearly no
substitutional carbon and the number of interstitial carbon increases dramatically.
During the thermal annealing ‘process;-the thermal energy provided by the
annealing process affects the implanted carbons in two mechanisms [54]. The first one
is to make the interstitial carbons incorporate into the substitutional site. The second
one is to make the substitutional carbons diffuse into the interstitial site. When the
annealing temperature is under 750°C, the first mechanism dominates in the process.
For that reason, as temperature increased from 650°C to 750°C, the Cgy density
increased and the crystalline quality became better. But after the temperature is
increased to 800°C or higher, the second mechanism starts to dominate, although
some of the interstitial carbons diffuse into the substitutional site, but more carbons
are tend to diffuse into the interstitial site. That makes the Cgy, density deceased as
temperature increased to 800°C or higher, and the number of interstitial carbon

increased at the same time. The highest solid state solubility of carbon in silicon is at
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the temperature of the melting point of silicon, which is 3.5+0.4x10"" cm™, it is only
about 7x10™*% which is very low [57]. Most of the implanted carbons were on
interstitial site before annealing. During the SPE annealing process, the carbons were
driven into substitutional site and reach supersatuation state by the thermal budget
provided by annealing process. But if the thermal budget is too much, the sample will
become thermal equilibrium again, the substitutional carbons in supersatuation state
would driven to the interstitial site and the number of Cg,, would decreased to solid
solubility, which is a very small number.

In summary, at 650 ‘C to 750 °C, the Cyy, increases as temperature increases
and the crystalline quality will also be improved. As the temperature increases to
800 °C or higher, the Cyy, decreases as temperature increases. Thus, 750 ‘C would
be the most suitable first step«annealing temperature within the implantation
conditions studied in this thesis.

2. First Step Annealing Time

The carbon implantation condition used to study the effect of annealing time is
chuck temperature -15 °C implantation energy at 7 keV, and implantation dose to
5x10"° ¢m™. The samples were annealed in N, ambient by RTA at 750 °‘C for 90 sec
to 180 sec.

According to the experimental results listed in Table 4-2, the R, value decreases
as the first step annealing time increases. Fig.4-15 shows the XRD rocking curves, it
reveals that for the 90 sec and 120 sec annealing times, the Cgy, both about 1.04%.
The Si-C peak intensity of the 120 sec sample is higher than that of the 90 sec sample.
As the annealing time further increases to 150 sec, the Cgyyp does not increase, but
slightly decreases to 1.01%. For the 180 sec sample, the Cg, further decreases to
0.992%.

The sheet resistance decreases as the annealing time increases because the higher
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thermal budget provided by the longer annealing time can activate more dopants and
lower the sheet resistance. The Cgy, are almost the same when the annealing time is
90sec and 120 sec. This implies that the solid-phase epitaxial growth has completed in
90 sec so that as the annealing time increases to 120 sec, the Cgy, does not increases
significantly. Additional thermal budget can repair residual defects produced by
implantation process, so the crystalline quality can be further improved. When the
annealing time increases to beyond 150 sec, the additional thermal budget cannot
increase the Cqy, but make some substitutional carbons diffuse into the interstitial site.

In summary, as the first step annealing temperature is 750 °C, the annealing for
90 sec to 120 sec can produce the highest Cq,,. And the 120 sec annealing can make
crystalline quality better. As annealing time exceeds 120 sec, the Cgy starts to
decrease. According to these results, 120 sec is the best first step annealing time.

3. Second Step Annealing Condition

In order to further increase the Cgp, the feasibility of high temperature second
step annealing is examined. In this experiment, carbon implantation was performed at
chuck temperature -15°C and implantation energy 7 keV. The samples were annealed
in N, ambient by RTA at 750 °C for 120 sec as the first step annealing. Two kinds of
second step annealing were performed on different samples. The first one is annealed
in the N, ambient by RTA at 1000°C for 1 sec in N, ambient. The second one is PLA
at 350mj/cm’ with 5 shots.

From the sheet resistance values listed in Table.4-2 and Table.4-3, after 1000 C
/1 sec second step annealing, the sheet resistance deceases significantly. In the case of
using PLA for the second step annealing, the sheet resistance does not change by the 5
to 20 shots of PLA process. According to the XRD spectra shown in Fig.4-16, after
the 1000°C/1sec second step annealing, the Si-C peak totally disappears, which

indicates no substitutional carbon. Fig.4-17 shows the XRD rocking curves of the
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PLA sample with 5 shots of laser pulse. It is calculated that after PLA, the Cgyyp
doesn’t decrease but slightly increase from 1.046% to 1.091%.

The result can be explained by the following reason. By monitoring the
temperature curve of 1000 °C/1 sec second step anneal, we find the sample was
annealed at temperature higher than 900°C for about 7 sec to 8 sec. Although the high
temperature increase the carbon solid state solubility, the further thermal budget will
drive the carbon atoms out of the substitutional sites. In the case of PLA, the laser
pulse can melt the silicon surface. SiC formed in the SPE process will not melt due to
its high melting point, and other carbons will incorporate into substitutional site to
increase the Cgy, density [58]. That’s because the pulse duration is very short (25ns),
after 5 shots of laser pulse, the effective annealing time is less than 125 ns, there’s no
further thermal budget to drive the substitutional carbon out of the substitutional site.
In the research of K.Sekar et al;; they find mili-second flash anneal can increase Cgyp
density, too [8]. So we speculate that the annealing time of second step anneal should
not be longer than milli second.

In summary, suitable second step anneal can help to increase Cgyp. But the
annealing time should not be longer than milli-second. Otherwise, the further thermal
energy will drive the carbon atoms out of the substitutional site. PLA or Flash
annealing is the ideal choice for the second step annealing technique.

4.4-3. Comparison of Si-C Forming by CPII1 and Low
Temperature Carbon Implantation

In this last subsection, we compare the Si-C formation results by the low
temperature carbon implantation technique with the results by the CPIII technique.
For the low temperature carbon implantation technique, the sample with chuck
temperature at 5°C, carbon implantation energy 3 keV, and the dose to 5x10" cm™ is

selected. For the CPIII technique, the sample with 3 keV/5 minutes CPIII process is
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selected. Both samples were annealed in N, ambient by RTA at 650 °‘C for 120 sec.
we choose the annealing condition because in the previous chapter we find annealing
temperature at 650 °C can create significant SiC peak in XRD, with temperature
higher than 750 °C, the SiC peak disappear. So we choose 650 °‘C as annealing
temperature in this comparation.

Fig.4-18 shows the XRD rocking curves, it is observed that the low temperature
carbon implantation sample exhibits significantly larger difference in the positions of
Si and Si-C peaks. . After calculation by the Kelires model, the Cgy of the low
temperature carbon implantation sample is 0.654% and that of of the CPIII sample is
only 0.301%. The Si-C peak intensity of the low temperature carbon ion implantation
sample is also higher than that of the CPIII sample.

These differences between the two ion implantation methods are related to the
surface amorphous layer created during the implantation process. The CPIII technique
uses CHy as the carbon ion source, it provides monomer carbon ion. The mass of the
monomer carbon ion is light so it is not easy to produce good quality amorphous layer
on the Si surface at room temperature or higher without high implantation dose. The
low temperature carbon implantation technique uses low temperature chuck in the
process, the low chuck temperature can reduce the self-annealing effect of silicon
wafer and create better quality amorphous layer on the surface. Furthermore, the
cleanliness of the low temperature ion implantation equipment is much better than the
CPIII equipment. The low temperature implanter is a production tool for 12" process
and is installed in cleanroom while the CPIII equipment is an academic tool and is
installed in general laboratory. The other species except C and H may be also
implanted into the Si substrate and will deteriorate the re-crystallization of the
amorphous layer. Therefore, the low temperature ion implantation technique can

result in higher atomic percentage of the substitutional carbon.
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Table.4-1  The sheet resistance value of carbon implanted silicon substrate after

Si-C formation ( 1)

650°C 700°C 750°C 800°C 850°C
120secs 120secs 120secs 120secs 120secs

3keV (57C) 139.5 134.7

5x10" cm™

5keV (5C) 185.5 177.9

5x10" cm™

TkeV (5C) 292 270.5 258 238 173

5x10" cm™

TkeV(-15C) 255

5x10" cm™

TkeV(-15C) 391

8x10" cm™

9keV(-15C) 327

5x10" cm™

Table.4-2  The sheet resistance ‘value of carbon implanted silicon substrate after

Si-C formation (1)

750°C 750°C 750°C 750°C 750°C 120secs
90secs 120secs 150secs 180secs +
1000°C 1secs
TkeV(-15C) 267 255 247 241 125
5%10" ecm™
TkeV(-15C) 391 213
8x10" cm™
9keV(-15C) 327 132
5%10" ecm™
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Table.4-3

The sheet resistance value

Si-C formation (1)

of carbon implanted silicon

substrate after

750°C 750°C 750°C 750°C
750°C 120secs 120secs 120secs 120secs
120secs + + + +
350mj 350mj 350mj 350mj
Sshots 10shots 15shots 20shots
TkeV(-15°C) 255 254 248 244 242
5x10" cm™
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Fig.4-2  SIMS depth profile after 7keV/-15°C/5%10" cm™ low temperature carbon

ion implantation (750°C /120secs annealed)
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Fig.4-4 The TEM image of 7keV/5x10".cm™ low temperature (5°C) carbon

implanted sample
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Fig.4-5 The TEM image of 7keV/5%10% em™ low temperature (-15°C) carbon

implanted sample
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Fig.4-7 The sheet resistance ‘value of implant energy 3keV and SkeV low
temperature carbon implant and pure NiSi samples with annealing

temperature 500°C-to 900°C, annealing time 30secs. (with P)
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Fig4-8 The SEM images of 3keV/5x10" cm™ low temperature (5°C) carbon
implantation NiSi samples with annealing temperature 500°C to 900°C,

annealing time 30secs. (with P)
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Fig.4-9 The SEM images of 5keV/5x10" cm™ low temperature (5°C) carbon
implantation NiSi samples with annealing temperature 500°C to 900°C,

annealing time 30secs. (with P)
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Fig.4-10 The XRD rocking curve patterns of low temperature carbon implant
samples, with 5°C chuck temperature at a-dose of 5x10"° cm™ . The implant
energy ranged from 3keV to 7keV. The samples were annealed with

temperature 700°C for 120secs.
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Fig.4-11  The XRD rocking curve patterns of low temperature carbon implant
samples, with -15°C _chuck temperature at a dose of 5x10"° cm™ . The
implant energy ranged from 7keV to 9keV. The samples were annealed

with temperature 750°C for 120secs.
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Fig.4-12  The XRD rocking curve patterns of low temperature carbon implant
samples, with -15°C 'chuck temperature and 7keV implant energy. The dose
was 5x10” cm™® and 8x10” em”. The samples were annealed with

temperature 750°C for 120secs.
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Fig.4-13  The XRD rocking curve patterns of low temperature carbon implant
samples, with 7keV implant energy at a dose of 5x10" cm™. Chuck
temperature is 5°C and -15°C .The “samples were annealed with

temperature 750°C for 120secs.
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Fig.4-14  The XRD rocking curve patterns of low temperature carbon implant
samples, with 7keV implant energy at a dose of 5x10" cm™. Chuck

temperature is 5°C. The samples were annealed with temperature 650°C

to 850°C for 120secs.
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Fig.4-15 The XRD rocking curve patterns of low temperature carbon implant
samples, with 7keV implant energy at a dose of 5x10" cm™. Chuck
temperature is -15°C. The samples were annealed with temperature

750°C for 90secs to-180secs.
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Fig.4-16
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The XRD rocking curve patterns of low temperature carbon implant
samples, with 7keV implant energy at a dose of 5x10" cm™. Chuck
temperature was 5°C . The samples were annealed with first step

temperature annealing 750°C for 120secs, and one of the sample were

performed 1000°C second step annealing for 1 second.
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Fig.4-17
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The XRD rocking curve patterns of low temperature carbon implant
samples, with 7keV implant energy at a dose of 5x10" cm™. Chuck
temperature was 5°C . The samples were annealed with first step

temperature annealing 750°C for 120secs, and one of the sample were

performed PLA second ‘step  anneal at energy 350mj/cm’, number of

shots is 5.
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Fig.4-18
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The XRD rocking curve patterns of low temperature carbon implant

sample (3keV/5x10"7_cm?/5°C) and CPIII sample (3keV/5min). The

samples were annealed with temperature-650°C for 120secs.
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Chapter 5

Conclusion

5.1 Summary

Carbon plasma immersion ion implantation can implant large amount of carbon
into silicon substrate in a short time. The SIMS depth profile indicates that the
effective dose after 15minutes CPIII process can achieve 1.52x10'%cm™ and most of
the implanted carbons are located in the top 50 nm from the surface of the substrate.
From the TEM image we can find there’s no evident amorphous layer on the surface.
We perform CPIII on N'P junction structure at energy 3keV ~ 5keV for Iminute
Sminutes, and we find the CPIII process would not increase junction leakage because
implanted carbon can can repair the secondary defects caused by ion implantation by
capturing Si interstitials, and further reduce the leakage current brought by secondary
defects. As CPIII applied to NiSi/Si structure without arsenic doping, we find SK1M
CPIII process can improve the agglomeration temperature to 800°C. In the case of
arsenic doped NiSi/Si structure, we find CPIII could not increase NiSi thermal
stability because arsenic atom will change the interfacial energy between nickel
silicide and silicon. As CPIII applied to Si-C forming, we find the Cy, density of
3K5M CPIII sample after annealing at 650 “C for 120 sec is only 0.301 % which is a
very small value. That’s because the quality of surface amorphous layer is an
important issue to increase Cgy, density. CPIII use monomer ion as carbon source, so
under the energy of 3keV, it could not produce good quality amorphous layer on the
surface so the Cy,, density is low after annealing.

Low temperature carbon ion implantation can create good quality amorphous

layer on the surface with low energy. From the TEM image we can find carbon
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implantation at 7 keV with a dose of 5x10"> ¢cm™ and chuck temperature at -15 °C
can create about 49nm thick high quality amorphous layer. After annealing at 750 C
for 120 sec, we find the phosphorous will diffuse out from the carbon-rich region and
the phosphorous profile will be shallower compare to as-implanted sample. That’s
because the Si; in the carbon-rich region will diffuse to the shallower or deeper region
of silicon substrate. The Si; diffuse to the deeper region will be trap by Si-C clusters
and reduce the interstitial-assisted diffusion, and the Si; diffuse to the shallower region
will make phosphorous diffuse with it and make the profile shallower. As low
temperature carbon implantation applied to phosphorous doped NiSi/Si structure, we
find it could not improve NiSi thermal stability, that’s because phosphorous atom will
change the interfacial energy between nickel silicide and silicon. As low temperature
carbon implantation applied to Si-C forming, we find as the implant energy is under
7keV, Cyyp density will increase as.energy increase, that’s because higher energy can
produce thicker amorphous layer with higher quality. The surface is near totally

amorphous when implant energy is 7keV; so-higher energy could not make significant

-2

b

Csup density difference. As carbon dose increased from 5x10" cm™ to 8x10" cm
the Cqy density did not increase significantly, that’s because the surface is totally

amorphous when dose is 5x10" cm™

, so higher dose won’t make significant
difference on surface amorphous layer. The solid state solubility of carbon in silicon is
very low even under supersatuation state, most of the implanted carbon is interstitial,
too much carbon dose could not increase Cgy, density effectively but will increase the
number of interstitial carbon and make the crystalline quality worse. Annealing at 750
‘C for 120 sec was found to be the best first step annealing condition in our
experiment, more thermal budget will make the silicon substrate back to thermal

equilibrium and decrease the Cg,, density. Second step annealing temperature should

be higher than first step to increase the Cqy, density in super-satuation state, and the
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duration time should be less than Isec. If the duration time is too long, too much
thermal budget will decrease the Cqy, density. PLA for 5 shots at energy 350mj/cm’
can increase Cg density from 1.046% to 1.091%, it indicates that PLA is a promising
process to perform second step Si-C formation annealing. Finally, we find low
temperature carbon ion implantation can produce higher Cyy, density after Si-C
formation compare to CPIII, that’s because low temperature carbon ion implantation

can produce thicker surface amorphous layer with high quality.

5.2 Future Work

For CPIII process application on improve NiSi thermal stability, surface carbon
thin film will be an important issue which. affects NiSi formation, so the process
condition should be optimized to reducé the carbon film. In the case of N* doped
NiSi/Si structure, the relationship between N* dopant condition and carbon dopant
condition should be figure out. How'to lower the ¢ffect of N™ dopant to surface NiSi
and help carbon to increase thermal stability is a good direction to research. On the
application of Si-C formation, surface amorphous layer quality is the main subject to
conquer. Combine PAI process or low temperature implant technique with CPIII
might be promising methods.

For low temperature carbon ion implantation, the application on increase NiSi
thermal stability faced the same issue with CPIII. The research of how to lower the
effect of N* dopant to surface NiSi and help carbon to increase thermal stability is in
need. On the application of Si-C formation, the annealing condition could be further
improved. The condition of PLA as second step anneal need to be optimized, and
other kind of annealing technique like flash anneal or spike anneal could try to use as

second step anneal, too. Those research of annealing is necessary for Si-C forming
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and could be applied to samples implanted by different carbon implantation process.
The integration of Si-C stressor formation on source and drain region of

MOSFET is the final target of the research. The high sheet resistance of Si-C stressor

will decrease the devise performance and the benefit of Si-C stressor. The NiSi

formation on source and drain region may solve this problem. Those subjects are all

important for future research.
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