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Abstract

When the pattern size of device continugusly. narrows for CMOS transistor, the issues of
gate leakage and contact resistance are more important. Depending on the high-k dielectric
material research, low temperature process is a trend. In our experiment, to reduce the contact
resistance, we adopt the metal silicide technology. Nickel material is used be our silicide film
due to its low electrical resistance and low silicon consumption. Additionally, we combine the
concept the implant into silicide (11S) technique and solid phase epitaxial regrowth (SPER) to
fabricate the shallow junction at low temperature. As a result, NiSi-silicided shallow junctions
are fabricated by BF,"/P* implantation into a thin NiSi silicide layer, follow by rapid thermal
annealing (RTA). In this thesis, the thermal stability of NiSi-silicided shallow junctions is
investigated with respect to their electrical characteristics by 1-V measurement and C-V
measurement. We introduced the additional thermal process after the junction formation. the
annealing temperature around 550°C is the widest process for junction formation in our
experiment. And the dopant de-activation phenomenon and dopant segregation effect are

discovered. Finally, when additional annealing temperature above 550°C, the defect formed in



Si itself dominated the leakage current of samples, and below 550°C, the dopant de-activation

dominated it.
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CHAPTER 1
Introduction

1.1  General background

Transistor dimensions, including junction depths, are scaled aggressively each
technology generation to sustain Moore’s Law, as showed in Fig. 1.1, enabling higher
densities, better transistor performance, and increased functionality. When the pattern size of
device continuously narrows, for MOS transistor, the thickness of the gate dielectric becomes
too thin to operate under one voltage. When the device size less than 0.1 1 m, we must use
the high-K dielectric to replace the SiO; being gate dielectric for the better performance (refer
to Fig. 1.2). Additionally, there _are other. problems at this generation, such as the
short-channel effect, the high series resistance.of the interconnection, and the shallow junction
formation. To reduce the parasitic resistance of the source/drain contacts, a salicide process is
required. The metal-silicide-related technology has become an integral part of sub-micro
devices for reducing the parasitic resistance, which would improve the device and circuit
performance.

Nowadays, the researches of the high-k material are popular. However, conventional
technology for junction formation at source and drain requires high temperature process. It
would affect the high-k materials, because the high-k materials will crystallize at high
temperature [1]. In addition, high temperature activation process will prevent shallow
junction formation at S/D. Because of above reasons, low temperature process is a trend. In
this thesis, we study the mechanisms of shallow junction formation at the silicide/silicon
interface, which combines the concept of implant into silicide (11S) and solid phase epitaxial
regrowth. Additionally, the materials of silicidation are also very important for the device
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performance.
1.1.1 salicide technology

The incorporation of metal silicides is quite necessary as we meet the basic
requirements for contact metallization: low specific resistivity, low contact resistivity to both
n- and p- type silicon, high thermal stability and good processibility. For the various
generations of MOS devices, the contacts technology have evolved from the so-called
POLYCIDE (it means silicdes deposited on the poly-Si) to today’s standard salicides
(self-salign silicided).

A salicide structure consists of a metal silicide formed atop the lines of polysilicon that
make up the gates and the local interconnects, It is also form on the source/drain regions. The
salicide on the source/drain regions can reduce the sheet resistance of the path between the
metal contact and the channel edge: The salicide technology has an advantage that it can be
formed without any extra mask. A salicide process is ‘executed as follows [2]:

1. The metal which used-to form'the silicide IS deposited on silicon.

2. The wafer is heated and the metal reacted with silicon to form the silicide

3. The unreacted metal is selectively removed by using an etchant that does not
attract the silicide, the silicon substrate, and the SiO,. Then, the salicide process is
completed.

Among the metal silicides, TiSi,, CoSiy, and NiSi have been widely studied due to their
good thermal stability and low electrical resistivity. TiSi, has been the most studied due to its
wide usage for CMOS metallization. CoSi, began to replace the TiSi, at a gate length of 0.25
«m and below. This replacement is due to increasing difficulties in forming low-resistivity
TiSi, as the dimension grew smaller. The CoSi,technology is mature by now, however, it is
anticipated that NiSi will take over for CMOS technologies when gate length at 70 nm and

below.



1.1.1.1 Titanium Silicide

TiSiy is known to occur in two different crystallographic structures, C49 and C54 TiSiy,
and latter is a stable phase. Therefore, C54 TiSi, is desired for the electronic devices, not only
due to its stability, but also due to the fourfold lower resistivity than C49 TiSi,, the resistivity
of C49 TiSi, is around 60-80 ohm-cm, and that of C54 TiSi, is only around 15-20
ohm-cm [2]. TiSi, can reduce native oxide layers, making the TiSi,-contacted shallow
junction exhibits low contact resistance. When it is used being the gate electrode, it is an
effective getter for the hydrogen atoms, and this improves the hot-electron reliability [3].
However, some drawbacks of Ti have been reported that Ti may react with the implanted
dopant to form the metal compounds, and this will prevent the shallow junction formation [4].
The grain size of TiSi, has to be larger than 0.2 4 m to achieved lower resistance. When the
gate line width is smaller than 0.2 gzm, TiSi, application would be in trouble. And TiSi, has
bridge effect (as show in Fig 1.3), the creep-up phenomenon during the formation of TiSi,
between the gate and the source/drain during-annealing process, causing the device failure [5].
1.1.1.2 Cobalt Silicide

CoSi; is another attractive material for salicide process. The cobalt (Co) is transformed
to CoSi, by a two step process. Co and Si are reacted to form CoSi at 450°C first. After
removing the unreacted Co, a second thermal step at 700°C is performed for the CoSi,
formation. The CoSi, offers the benefits of lower resistivity, lower thermal budget, and higher
thermal stability than TiSi,. Furthermore, bridging effect is not a problem for CoSi,. But it
still has some disadvantages. Cobalt is very reactive and forms cobalt oxide easily when it
contacts with air or moisture, so it often needs passivation layer. And the formation of CoSi,
consumes a relatively larger amount of Si to achieve an equivalent silicide sheet resistance

than other silicides, as discussed in [3].



1.1.1.3 Nickel Silicide

In recent years, NiSi is another promising candidate to replace the CoSi, for the
contact metal in submicron device applications. [6], some main advantages of NiSi are listed
as follows:

1. NiSi has a lower formation temperature than TiSi, or CoSis.

2. NiSi has a low electrical resistivity.

3. NiSi has a low Si consumption.

4. NiSi also doesn’t have the creep-up phenomenon [7].
Because of the high solubility of Ni in Si, NiSi can be formed at low temperature(~400°C)[8]
and low activation energy of about 1.5 eV [9]. NiSi has a slightly lower resistivity (10-15 «
ohm-cm) than both C54 TiSi, and CoSi, (15-20 1 ohm-cm) have. There are two reasons
contribute to the lower consumption- of Si. First, the Si density of NiSi is lower than that of
CoSiy, and this attribute makes-the_reduction.for Si-consumption more then 10%. Second,
because the resistivity of NiSi is-lower-than-that of CoSi,, for the same sheet resistance, the
thickness of NiSi film can be thinner. NiSi can-be formed at narrower poly lines than cobalt
silicide is, and it doesn’t show a resistance increasing for narrow lines. All in all, NiSi film
has the properties of low NiSi/Si contact resistance, wide process window (for example, even
for a narrow Si line down to 100 nm width, NiSi can be formed at low annealing temperature
400°C for 30 s [10]), and low film stress [11]. The main hurdle in using NiSi for contact
metallization and local interconnection has been the poor thermal stability, if the NiSi suffered
above 650°C, NiSi film might agglomerate which would produce leakage current [12].
Fortunately, the annealing temperature we adopt are below 650°C, the agglomerating problem
of NiSi film can be ignored. Because of above reasons, NiSi film is the most suitable
materials for our study. The comparison of the characterization of the Ti, Co and Ni is listed at

Table 1.1.



1.1.2 Low Temperature Activation Technique

Because of the introduction of high-k materials in CMOS process, convention shallow
junction formation technique isn’t suitable for this generation. Nowadays, there are three
primary techniques for dopant activation at low temperature, which are solid phase epitaxial
regrowth (SPER), implant into silicide (I1S), and diffuse silicide source (DSS). In our
experiment, we combined the concepts of the SPER technique and 1IS technique for our
samples. So we will give a brief introduction for these two techniques.
1.1.2.1 Solid phase epitaxial regrowth (SPER)

When we use low temperature process for junction formation, the dopant activation is
an important issue. In recent years, recrystallization of implanted amorphous silicon layer has
been demonstrated for complete activation of dopants at lower temperature [13]. That is
so-called SPER(Solid phase epitaxial regrowth) teehnique. SPER technique is pre-amorphous
crystal silicon to amorphous type by implanting heavy ion, and Ge ion is often used be the
implant ion. After the implantation for_junction, the dopant almost remain in amorphous
region and when annealing process’is performed, dopant activation will be achieved a level
above the equilibrium solid solubility during crystalline regrowth. For example, for the boron
ion implanted into amorphous layer, during regrowth, dopant incorporation to substitutional
sites is far higher than the equilibrium solid solubility at that temperature for the case of
crystalline Si. This is likely due to a lower activation energy arising from the lack of a
kick-out mechanism, as required in crystalline Si. The advantages of SPER are the
suppression of channeling effect, the relative high dopant activation than conventional dopant
activation, and compatibility with metal gate and high-k low thermal budget requirements.
The thermal annealing is needed to recrystallize the amorphous layer and to electrically
activate the dopant. And if the annealing temperature is high enough (above 700°C), it can
recovery end-of-range (EOR) defects. The EOR defects are Is (self-interstitials) in excess
precipitate forming extended defects, such as defect clusters and dislocation loops, which is
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presented at the amorphous/crystalline interface during amorphization.
1.1.2.2 Implant into silicide (11S)

The implant into silicide (11S) technique is another alternative to fabricate the shallow
junction with low thermal budget. In the IIS process, the dopants are implanted into the
silicide, and then they diffused into the underlying substrate after activated annealing. This
technique offers several advantages. First of all, the junction formed by IIS is almost free of
implant damage and channeling effect, since the metal silicides have a larger nuclear stopping
power than silicon has, the damages are almost confined in the silicide region. And the
obtained junction is uniform to the silicide/silicon interface, this will reduce the possibility of
junction penetration [14]. Finally, because of the dopant segregation phenomenon, the dopant
will pile up at the silicide/silicon interface to form a high concentration profile, which results
in low contact resistance. It has potential to form better onmic contact. Since the low thermal

budgets for I1S, it is suitable for the high-k material and the process of the sub-micro devices.

1.2  Motivation

When the device dimension scales down into the nano-device generation, the
performance of CMOS has some problems such as gate-leakage and poly depletion. To
conquer these problems, introduction of new materials is a tendency. Metal/high-k gate stack
technology is a promising structure since it provides both low gate-leakage and minimal poly
depletion effect [15]. For the high-k dielectric, hafnium based material is a promising
candidate. But it can’t tolerate high temperature process, because it will crystallize at high
temperature as description at sectionl.1l. If the high-k dielectric is crystallized, the
gate-leakage current will increase dramatically. Therefore, the thermal reliability of high-k
dielectric is the main drawback need to be overcome. Since the thermal reliability is playing
an important role for Metal/high-k gate stack technology, we use the NiSi as the contacting
material due to its low temperature process window. Additionally, for the implant into silicide

6



(I1S) technique that NiSi is a good diffusion source has been purposed for formation of
silicide contacted shallow junction.

Beside the low temperature of silicide formation, we hope the process temperature
after gate dielectric formation can also be lower. We combine the concept of implant into
silicide (11S) and solid phase epitaxial regrowth (SPER) to control junction depth and junction
activation. The IIS can minimize the implant damage and the SPER make the dopants which
are in the amorphous silicon region active to a level above the equilibrium solid solubility
during crystalline regrowth.

There are many studies showed that the PN junctions fabricated by 11S technique have
good performance, such as low reverse current, low contact resistance, high activation energy
[16], and been integrated in MOS device [17]. In our previous work, we successfully achieved
high level activation at low temperature annealing ( around 450°C ~650°C) [18,19].
Nevertheless, in the back-end thermal condition of. CMOS processes, there are some thermal
processes near around these temperatures,.too..For example, a nitride layer is often used be
the passivation layer to prevent phosphorus.from PSG diffusing into the activation area,
PECVD nitride deposited at temperature around 580°C. And forming gas annealing are often
around 450°C.[20] How the post IIS thermal treatment affects the device’s performance is
what we want to know. In our study, we introduced the additional thermal process after the
junction formation which is done by 11S, and discussed the deactivation behavior of dopants.

The high activation level can be achieved at low temperature by using these
techniques. And we want to know more information about shallow junction formation such as
the thermal stability of device’s performance and the deactivation behavior of the dopants.

The more details with our experiment will be discussed in the following chapters.

1.3 Organization of thesis
In the thesis, we contribute our efforts on the thermal stability of the PN junction
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which is done by IIS technique. And we study the fabrication and characterization of the NiSi/
p*n and NiSi/ n*p samples.

In chapterl, it is brief introduction about metal silicide technology history, implant
into silicide technique, solid phase epitaxial regrowth technique, and the motivation of this
thesis.

In chapter2, it is the fabrication of the NiSi/ p"n and NiSi/ n*p shallow junction which
were done with the variation of dopant dose and annealing temperature.

In chapter3, it is the discussion of the electrical characterization of the NiSi/ p'n and
NiSi/ n*p shallow junction which were heavily implanted samples.

In chapter4, it is the discussion of the electrical characterization of the NiSi/ p'n and
NiSi/ n*p shallow junction which were lightly implanted samples.

In chapter5, It is conclusion,and future work.
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Chapter 2
Device fabricated and theory of measurement

2.1 Introduction

For the traditional p-n junctions, it was form by implanting the ion into silicon substrate
and then activated by high temperature furnace annealing. There are some drawbacks of
conventional methods, such as channeling effect, high temperature dopant diffusion, and high
thermal budget. These effects limit the shallow junction formation. Additionally, furnace
annealing is not suitable for the commercial fabricated processes due to its low output. In
recent years, low temperature activation technigque. is more important in nanometer regime.
Many researches of advanced -junction formation are performed, it includes the BsHio
implantation [1, 2], low energy implantation_[3], gas-immersion laser doping (GIDL) [4, 5],
implant into silicide (11S) [6, 7, 8], and.solid phase epitaxial regrowth (SPER) [9-11]. About
low energy ion implantation, the major drawback of the method is that no commercial
implantation system of such a low energy ion beam is available. And for the GILD technique,
it eliminates the problems associated with ion implantation, and the unwanted diffusions that
occur during activation process. However, GILD has issues of non-equilibrium phase
transformations and high dependence of recrystallized structure on the applied energy density
[12].

In this experiment, we adopt implant into silicide (11S) and solid phase epitaxial regrowth
(SPER), both techniques are discussed in chapter 1. They are potential processes for shallow
junction formation. About the implant into silicide (11S), the metal silicide has large nuclear
stopping power than silicon due to the amorphous type of silicide, so it can effectively reduce
the channeling effect. And it also reduces the damage of the implantation, due to the damage
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is almost remained in the silicide region. For the solid phase epitaxial regrowth (SPER)
technique, silicide/silicon interface has thin amorphous layer during silicidation process, it
raise the dopant activation for shallow junction. Finally, to avoid the high dopant diffusion,
we use the rapid thermal annealing (RTA) to replace the furnace annealing.

In our previous work, we studied the mechanism of implant into silicide technique, and
we got some information, such like how the SPER affects the activation process, and
achieving high level activation at low annealing temperature [13, 14]. The more information
we want to know is the thermal stability of our devices. In our experiment, we adopt variation
implant doses (heavily implanted samples and lightly implanted samples) and additional
thermal processes after device formation (i.e. 3 RTA and 4™ RTA).

In this chapter, we investigate fabrication of NiSi/p*n and NiSi/n*p shallow junction with
different conditions discussed at.above article.~We would combine the dopant pile-up
phenomena of 1IS at interface and the ability of SPER to achieving the formation of shallow
junction. We also introduce the-theory 0f measurement. In our previous work, we got the
samples we fabricated were abrupt junctions, so'we adopt the abrupt junction physics theory
in this thesis, such like 1-V measurement and C-V measurement. Moreover, in order to realize
the activation mechanism of implant into silicide technique, we introduced the SIMS
(Secondary lon Mass spectrometry) measurement. However, some samples in this experiment
don’t show the characteristics of abrupt junctions, but the linear junctions, hyper junctions or

otherwise. We will discuss about this phenomena.

2.2 experimental procedures

Samples are fabricated on n-type/p-type, (100)-oriented silicon wafers. After standard
RCA cleaning, a 500nm field oxide was thermally grown by wet oxidation at 1000°C for
90min. Active regions were defined by photolithography and etched by BOE (buffer solution
etchant) solution. To reduce the series resistance of measurement, we have to form the ohmic
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contact of backside of device, the backside of p/n type wafers were implanted with BF,*/P**
at an energy of 20keV to a dose of 5x10™°cm™, followed activated annealing with 900°C
60sec by RTA system. Next, Stand clean was used again for removing the contamination. A
nickel (Ni) film of 20nm thickness was deposited in Dual E-gun Evaporation system with a
base pressure of less than 2x10® Torr, using a Ni target in vacuum ambient with a deposition
rate of about 0.08-0.12 nm/sec. After Ni film deposition, all samples were treated 1* RTA 400
‘C 30sec in N2 ambient to form nickel monosilicide (NiSi). And the unreacted Ni film was
selectively etched by a solution of H,SO,4: H,0,=3:1 at 75-85°C for 1min. After above steps,
the active regions and NiSi silicide were completed. Then the n*p and p*n junction diodes
were formed by P*"* implantation and BF,* implantation into/through the NiSi silicide. The
P** implantation was performed at an energy of 20keV to a dose of 5x10cm™ (lightly
implanted sample) or a dose of 5x10™cm™ (Heavily implanted sample). And the BF,"
implantation was performed at af energy 6f 20keV to-a dose of 5x10™cm™ (lightly implanted
sample) or a dose of 5x10°cm“(heavily implanted sample ). Next, we deposited Ti on NiSi
with lift-off technique. First, we “used. photelithography to define the four-point probe
measuring pads, and we deposited Ti 50nm by Dual E-gun Evaporation system (the condition
of Ti deposition is the same with that of Ni deposition). After the Ti deposition, we removed
PR by Acetone, and the Ti film was patterned. Then all samples were deposited TaN 150nm
by ULVAC Sputter system with a base pressure of less than 6x10” Torr (the ambient gas ratio
is Ar : N2=19:1) on backside. Finally, followed by variation thermal annealing process (2™
RTA: 400°C-650°C for heavily implanted samples and 450°C-600°C for lightly implanted
samples, 50°C per step) 60sec in a N, For additional thermal process, heavily implanted
samples were added an extra 3" RTA process and 4™ RTA process at the same temperature
used in 2" RTA. And lightly implanted samples were treated by 3™ RTA or longer 2" RTA
(i.e. samples were treated by 2" RTA 450°C-600°C 120s) process. The fabricated processes
and top view as shown in Fig. 2.1, implant conditions and annealing process details are listed
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in Table 2.1 and Table 2.2.

2.3 Measurement system

We adopted the methods of Current-Voltage (I-V), Capacitance-\oltage (C-V) and
Current-Temperature (I-T) to characterize the junction diodes. I-V and C-V characteristics of
the junction diodes were measured using the semiconductor parameter analyzer HP-4156C

and HP-4284, respectively.

2.4 Theory of measurement
2.4.1 SIMS measurement

Secondary ion mass spectrometry is very powerful technique for the analysis of
impurities in solids. The technique relies on removal of material from a solid by sputtering
and on analysis of the sputtered ionized species. Most of sputtered materials consists of
neutral atoms and cannot be analyzed.-Only_the ionized atoms can be analyzed by passing
through an energy filter and a mass spectrometer. But SIMS determines the total impurity
density, not the electrically active impurity density. Even it only affords the doping profiles,
this is still very helpful for our experiment. For the electrically active impurity density, we
adopted the C-V measurement.
2.4.2 C-V measurement

We adopted the capacitance-voltage measurement to analysis the junction interface. The
measured capacitance consists of three parts in series, silicide/silicon capacitance, junction
depletion capacitance and back contact capacitance. In silicide/silicon junction capacitance
part, according to the literature [13], silicide/silicon junction had ohmic contact behavior. A
high dopant concentration at M/S interface would result in large capacitance. So we can
neglect the silicide/silicon capacitance term in our analysis. For the back contact capacitance,
the area of the capacitance is almost about the full wafer size, it is bigger than that of abrupt
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junction capacitance. Therefore, the capacitance of back contact can also be neglect in
capacitance-voltage analysis. Consequently, the main measured capacitance is dominated by

junction depletion capacitance. The depletion-layer capacitance per unit area is defined as
C,;=dQ/dV , where Q is the incremental depletion charge on each side of the junction upon
an incremental charge with the applied voltage » . The space charge distribution of the

one-side abrupt junction is showed in Fig. 2.2. For one-side abrupt junctions, the capacitance

per unit area is given by:

c =5 _ ANy 1)
ow 2KT
2(\/bi -V -—)
q
where V is positive/negative for forward/reverse bias, Rearrange the above Eq.(1):
2kT
1 2(\/bi -V _7)
q

oz N (2)

j qgs B

it is clear from Eq.(2) that by plotting 1/C* versus V, a straight line should result from a
one-side abrupt junction as shows in [Fig. 2.3::The slope gives the impurity concentration of
the substrate (Ng), and when 1/C*=0; ‘the medical point on x-axis means (Y, —2kT /q).
Rearrange the above Eq.(2), we can obtain the impurity concentration at the depletion layer

dege, as showed below:

2 dv
NB(\N)—q—%[W]- (3)
We know ‘¥, equation:
KT , N,N
Yy, = q In :]_2 . (4)

Rearrange the above Eq.(4) which we can otain the interface doping density can be estimated

as following [15]:

2

_ W0/ kt
NA - NI e for N-type (5)
D
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or

Wy /KT
Np :N_Ie o for P-type (6)
A

We obtained the electrically active impurity density by Eq.(5) and Eq.(6). We measured the
C-V data by HP-4284, the measuring sweep voltage was from reverse bias to forward bias for
N-sub and P-sub samples.
2.4.3 1-V measurement

For directly determining the junction behavior, we used the I-V measurement to analysis
the electrical characteristic of samples. The measuring sweep voltage was from forward bias
to reverse bias for both type samples. From the I-V curve, we noticed the Jor (A/cm?) current

densities for both type samples. It exhibit the junction quality of the samples.
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Chapter 3
Heavily implanted samples

3.1 1-V and C-V measurement Results of M/P*/N junction
3.1.1 Brief introduction

Before the discussion of our experiment, we should know some information. According
to our previous works [1, 2], SPER process is started from M/S interface into silicon substrate
with temperature increasing (the illustration is showed in Fig.3.1). For the heavily implanted
samples (M/P*/N), the SIMS measurement (refer to Fig.3.2) indicated the implantation peak is
in the silicon and the thickness of NiSi filmsis-around.20nm. And we discovered that when the
second annealing temperature is-below 550°C; the activated behavior is dominated by SPER
mechanism. Contrarily, if the temperature is.above 550°C, bulk activation takes place. I-V and
C-V measurement results of the device treated ‘with three different thermal conditions (case
1: 2" RTA 60sec, case 2: adding 3" RTA 30sec after 2™ RTA, case 3: 4" RTA 30sec is added
after case 2, as showed in Table.2.2).
3.1.2 Analysis of M/P*/N junction

Fig.3.3 shows the I-V measurement and effective doping density extracted by C-V
measurement of M/P*/N samples. The reverse bias current density is extracted at V=2V and
divided by sample area. In case 1, the SPER process is likely completed at 2" RTA
temperature 550°C due to its highest on/off ratio than other samples (the more details are
discussed in [1]). With temperature range below 550°C in all cases, because the SPER process
is not completed, the reverse bias current density decreases with the annealing temperature

increasing in all cases. On the other hand, the reverse current is lowered with more RTA times
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at that range. This is easy to explain: because the SPER process is continuous going, the more
thermal treatment; the higher activation level (refer to Fig.3.3 (b)). When the RTA time
increases, the PN junction towards the heavily doping region, the higher effective doping
densities it activates, the lower defects if faces. As a result, the samples in case 3 have lower
reverse current density than the samples in case 2 with the same temperature treatment. Also
the samples in case 2 have better performance comparing to the samples in case 1 with the
same annealing temperature. In all samples (case 1, 2 and 3), the devices in case 2 treated at
RTA 550°C have the lowest reverse current in this study. This might due to the SPER process
is more close to the completion. Moreover, the leakage currents of samples in case 2 are lower
than that of the samples in case 1 above 550°C . According to the literature [1], bulk activation
dominated the samples above 550°C, due to the resistance dramatically decrease at that
samples. The improvement of devigés in case2 treated with higher temperatures (600°C and
650°C) might due to the bulk activation and SPER ‘process are simultaneously occur: When
the bulk activation takes place, the SPER process continuously operates. Because the more
RTA times, there are lower defects-in.the space charge region lead to the reverse current
decrease in case 2. By the way, the junction position of samples in case 2 maybe is deeper
than other samples (in case 1 and case 3) at 550°C, the bulk activation took place early, as
showed at Fig. 3.3 (b). As a result, it implies that case 2 maybe is the best process condition
for junction formation by IIS technique in our experiment. In case 3, reverse current
dramatically increases above 550°C and it is higher than that of samples in case 1. Some paper
pointed that de-activation of dopant maybe occur at higher temperature [3], but in C-V
measurement, the result doesn’t change too much. It might be explained that during longer
annealing times (i.e. 60sec+30sec+30sec), some defects such like dislocations generated at

these temperatures [2, 4].

3.2 1-V and C-V measurement Results of M/N*/P junction
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3.2.1 Brief introduction

The SIMS measurement is showed in Fig. 3.4, it exhibits that the implantation peak is in
the silicide layer for heavily implanted samples (M/N*/P). Therefore, in this series of M/N*/P
samples, the junction activation might be mainly affected by both silicide assisted dopant
activation and SPER process (there was an amorphous layer in silicide/silicon interface). The
additional thermal treatment of M/N*/P samples are the same with M/P*/N samples: case 1:
2" RTA 60sec, case 2: adding 3 RTA 30sec after 2" RTA, case 3: 4" RTA 30sec is added
after case 2, also showed in Table.2.2.
3.2.2 Analysis of M/N*/P junction

I-V measurement and C-V measurement (effective doping density) of M/N*/P junction
are showed in Fig. 3.5. according to literature [1], in case 1, the devices treated by annealing
temperature 550°C got the best performance comparing to other samples, such that the lowest
reverse current, the highest on/off ratio andthe-lowest-resistance. We supposed that the SPER
process is likely completed in the samples_in-case-1 at annealing 550°C, it is similar to
M/P*/N samples. For samples in case 2, the reverse current densities are lower than that in
case 1 at lower temperatures. It is showed that the SPER process isn’t completion at lower
temperature in case 1, the samples get lower leakage current with adding additional thermal
treatment (i.e. more annealing time 30s). This can be extrapolated by some factors, such as the
silicide/silicon interface recrystallized (i.e. junction re-growth and extending) and more
impurities migrated into lattice sites (doping activation). In M/P*/N samples, case 2 (RTA
60s+30s) is the best condition of devices, but it is not the same in M/N'/P samples. The
samples in case 2 having the lowest leakage current at 550°C is similar to case 1, but when the
temperature above 550°C, the reverse current becomes worse in case 2 (it is also worse in case
3). The phenomenon is also discovered in the M/P*/N samples in case 3. It can be explained
that the defects in silicon are generated at these temperatures. For case 3 in M/N*/P samples, it
has a different behavior comparing to M/P*/N samples at 400°C: The leakage current
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increases dramatically. This phenomenon can not be explained by defects formation, because
defects often formed at higher temperatures. Even that defect formation induces leakage
current increasing at 400°C is true, this phenomenon should be discovered in M/P*/N samples,
but we did not. This could be explained by dopnat de-activation. The lower temperature
samples added; the lower solid solubility phosphorous has [5]. After long time annealing, the
atoms which were already on lattice sites precipitate by super-saturation. The precipitation
could induce defects formation near the junction interface to generate leakage current.
Additionally, because of the higher active doping density of M/N*/P samples than that of
M/P*IN samples (as showed in Fig. 3.5 (b)), it makes the dopant de-activation of M/N*/P
samples easier to be observed than that of M/P*/N samples. Since above two factors, we only
found it in M/N/P samples. Finally, for case 3, though it is not a good process condition for
samples due to its large leakage current, we still'discover some information about the samples.
The samples treated at 500°C have the lowest. reverse current in case 3. The SPER process
seems to be completed at lower temperature with longer annealing time (in case 3).

We found some C-V measurements of M/N'/P samples in case 3 were distorted. This is
implies some junctions have other kinds of junction behavior rather than abrupt junction. Two
C-V distortions we found as showed in Fig. 3.6. Type 1 distortion (Fig. 3.6 (a)) has lower
densities near N+/P interface at P-type substrate (it’s more like linear junction behavior rather
than abrupt junction), and it is found in the samples treated at 600°C and 650°C. Type 1
distortion could be understood by introducing the concern of dopant diffusion. When the
samples experienced additional thermal process, phosphorous diffused into boron-doped
substrate and activated. It would make the substrate counter-doped. Therefore, though the
quantity of phosphorous which diffused into substrate is not a lot, it still affects the P side of
M/N*/P when using C-V measurement method. Type 2 distortion (Fig. 3.6 (b)) has higher
densities near N*/P interface at P-type substrate (or hyper junction like behavior) and it is only
found at 600°C . We extrapolate that the pile-up phenomenon induces this distortion. When the
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thermal process proceeding, the boron diffuse from substrate to M/S interface and pile up at
the interface. After junction formation, if the position of junction is not deep enough, we will
discover the type 2 distortion. However, if the assumption is true, the distortion should also be
found at other samples. We will discuss about it. First, for M/P*/N samples, we didn’t
discover this phenomenon. This is might due to the implantation peak of boron is in the
substrate (as showed in Fig. 3.2), so the pile up of the phosphorous is most in the P* region
and is not significant in the N side. On the other hand, for M/N*/P samples, why do not all
samples have type 2 distortion? Although boron is faster diffuser than phosphorous under the
same condition, but the implantation profile of phosphorous has a higher doping density
gradient due to phosphorous is a heavier ion than boron, so phosphorous has a deeper diffused
region. Therefore, in most case, the pile up of boron is most in the N* region. However, when
the samples experienced the additional thermal annealing, phosphorous might be de-activated
and the pile up of boron appears-in the P side..AS a result, the type 2 distortion takes place in

these samples.
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Chapter 4
Lightly implanted samples

4.1 Brief introduction

In this chapter, we will discuss the thermal stability of lightly implanted samples.
Interestingly, we discovered the thermal stability of lightly implanted samples is very different
with that of heavily implanted samples. The process condition of samples was showed in
Table. 2.1 and Table 2.2; the samples were formed by BF," implantation and P* implantation
at an energy of 20keV to a dose of 5x10*cm™. The thermal treatment conditions are showed
as follows: case 1: 2" RTA 60s; case 2: 2'-RTA 120s; and case 3: added 3™ RTA 60s after

case 1.

4.2 1-V and C-V measurement results'of M/P*/N samples

Fig. 4.1 shows the reverse current with different RTA temperature of M/P*/N samples.
For case 1, it seems that the SPER process is best completed at 450°C (more details were
discussed at literature [1]), and leakage current increases with temperature increasing. The
increasing of leakage current at 500°C and 550°C could be explained by the postulation of
the dislocation formation of Si [2]. For case 2, the samples should suffer same high defect
levels due to the little difference of leakage current of all samples. According to the C-V
measurement, the junction formed by case 2 might be linear junction like, we extrapolate that
after long annealing times (120sec), because boron is fast diffuser, the implantation profile
distorted (more smooth). The gradient of impurity concentration is small, and the width of

space charge region is wide. Therefore, the sample in case 2 has a little difference of leakage
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current with each other. It seems that the case 2 is not the best process condition of junction
formation. For case 3, the case 1 with 3" RTA for 60s, the Jost becomes worse at 450°C and
500°C. This is similar to that of heavily implanted samples, hence dopant de-activation which
discussed in chapter 3 might be the reason. When the temperature increases, the leakage
current gets improvement. The improvement might be contributed to the recovery of some
defects which generated in the previous thermal treatments.

It is very different for C-V measurement results between lightly implanted samples and
heavily implanted samples. In heavily implanted samples, the C-V distortion is founded only
for M/N+/P samples treated at case 3 above 600°C. However, in lightly implanted samples,
the abrupt junction behavior is hold only for M/P+/N samples treated at case 1. The C-V
distortion of samples treated at case 2 and case 3 are showed in Fig. 4.2, there is only one kind
C-V distortion (linear junction behawvior like) forlightly implanted samples. It is similar to the
type 1 distortion for heavily implanted samples. When the thermal treatment proceeded, the
implanted carriers not only diffused fromP* to N region but also activated there. According to
the thermal condition of C-V distortion.for lightly implanted samples and heavily implanted

ones, this C-V distortion is easy to be found with a long-term thermal treatment.

4.3 1-V and C-V measurement results of M/N*/P samples

The plot of reverse current versus RTA temperature is showed in Fig. 4.3. It exhibits
obviously that the annealing temperature 500°C is the best thermal condition for M/N*/P
samples in each case. Additionally, dopant de-activation under and defect generation above
500°C lead the Jos increasing is similar to the results of the heavily implanted samples. And
the samples treated at 600°C in case 3, the recovery of defects is observed. As a result, we
can conclude that thermal treatment at 500°C is the widest process window for M/N*/P
samples.

The C-V distortion is also found in M/N*/P samples, it included type 1 distortion and

23



type 2 distortion (as showed in Fig. 4.4) that we met in heavily implanted samples. The linear
junction like behavior (as showed in Fig. 4.4 (a)) is most found in the samples treated by case
2 and case 3 (except for 600°C). We thought that dopant diffusion and counter-doped might be
the reason for type 1 distortion as discussed in previous chapter. And the hyper junction like
behavior (as showed in Fig. 4.4 (b)) is only found in the samples treated in case 3 for 600°C.
interestingly, type 2 distortion is found in M/N*/P samples (both heavily implanted samples
and lightly implanted ones) treated at 600°C for 120s (120sec or 60+30+30sec). It might
imply that the activation behavior of phosphorous is the main influence for type 2 distortion,
such like the diffusion coefficient and other physical characterizations of phosphorous.
Comparing with heavily implanted samples and lightly implanted samples, we got the
lightly implanted samples are more unstable than heavily implanted samples. This is might
due to low dose implantation has.more un-uniform impurity distribution, slower diffusing
speed and faster activated rate, leading to un-uniform junction behavior (linear junction

behavior, hyper junction behavior or otherwise).
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Chapter 5
Conclusions and Future Work

In our experiment, we studied the research of the thermal stability of heavily implanted
samples and lightly implanted samples. For M/P*/N samples of heavily implanted ones, the
annealing temperature 550°C for 90s was the best condition for junction formation. For
M/N*/P samples of heavily implanted ones, it also had the best performance of leakage
current at annealing temperature 550°C. When samples experienced the case 3 condition
(60+30+30sec), the dopant de-activation phenomenon was found at 400°C due to low solid
solubility and long annealing time. As‘a'result, when temperature above 550°C, the defect
formed in Si itself dominated the-leakage ecurrent; on-the other hand, the dopant de-activation
dominated the leakage current below 550°C. And this extrapolation was also met in lightly
implant samples. There were two.C-V distortions-in our experiment. Type 1 distortion is
linear junction like behavior, and it was obviously discovered in long annealing terms. The
origin of this distortion can be contributed that the implanted ions diffused into the lightly
doped side of junction and induced the counter-doped. Type 2 distortion was only found at
M/N*/P samples at 600°C, it seemed to imply that the implanted phosphorous is a key point of
this distortion. The distortion which had hyper junction like behavior is might due to dopant
segregation effect, and is related to the substrate and implanted dopant characteristics such as
diffusion coefficient and dopant de-activation. Finally, we discovered that lightly implanted
samples had less thermal stability, since its less uniform dopant distribution than heavily
implants ones. The performance of samples in case 2 is very different with that of samples in
case 3, it exhibited that even at the same annealing time and temperature, the dopant

activation behavior and defect distribution are different to each other. Additionally, not only
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the annealing time affected performance lot, but also the heating and cooling time is very
importance for shallow junction formation.

In order to improve our experiment, getting the optimum process condition is necessary.
According to above article, we should study the best thermal condition, it included the heating
time, annealing time, cooling time and optimum temperature. And we can use Spread
Resistance Profile (SRP) to check the dopant activation and junction depth. According to the
actual value, we could know whether our fabricated junction is shallow junction or not. As
long as the dopant activation and leakage current level can achieve our expectation at low

temperature process, we can replace the high temperature fabrication.
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Talbe 1.1 the comparison of metal silicide

Resistivity Silicon Moving Film Stress

(# ohm-cm) consumption | Species (dyn/cm2)
TiSi, 15-20 0.9xT Si 1.5x10"
CoSi, 15-20 1.04xT Co 1.2x10"
NiSi 10-15 0.82xT Ni 6x10°

T means the thickness of silicide
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Table 2.1 the implantation condition

Implanted for Backside
junction implantation
P substrate p* BF,"/20KeV
20KeV/5E13 5E15
30KeV/5E15
N substrate BF,'/ P*/20KeV
20KeV/5E13 5E15
50KeV/5E15

Table.2.2 the annealing process conditions

1st RTA 2nd RTA 3rd RTA 4th RTA
Heavily 400°C/30 sec | 400°C-650°C | 400°C-650°C | 400°C-650°C
implanted 60 sec 30 sec 30 sec
sample (Casel) (Case2) (Cased)
Lightly 400°C/30 sec | 450°C-600°C | 450°C-600°C
implanted 60 sec/120sec 60 sec
samples (Casel/2) (Cased)

34




interface

Higher annealing
temperature

Fig.3.1 Illustration of dopant activation. The P/N junction interface becomes deeper
away from M/S interface with 2" RTA temperature.
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Fig. 3.4 SIMS profile of heavily implanted phosphorous sample (M/N*/P) [1]
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Fig. 4.1 Reverse current density (1-V method) for lightly implanted M/P*/N samples
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Fig. 4.2 Only one kind of C-V distortion for lightly implanted M/P*/N sample treated at RTA
600°C (a) 120s and (b) 60s+60s (both linear junction like)
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Fig. 4.4 There are two kinds of C-V distortion for lightly implanted M/N*/P samples treated at
RTA 600°C (a) 120s (linear junction like) and (b) 60s+60s (hyper junction like)

44



e

Dk b

g

AR Lo #gL L op
S TF
DETH T A AR 215 5L

SR N S LE 3

(RFL L&A~ RL LT &)
Bl 833108 483 1T oL
(A4 LT EANT AL L= EAND)

IR RS IR AL 9 Tl - S D SR W R S ¥
TRAPMATY

Research of Thermal Stability of-Shallow Junction between Nickel

Silicide and Silicon using-tmplantinto'Silicide Technique



	封面.pdf
	論文內頁.pdf
	論文整合版_前文_.pdf
	論文整合版_研究內容_.pdf
	詩帆個人簡介.pdf

