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SUMMARY

With the continual scding of the channd length and the gate didectric thickness of
conventional metal oxide semiconductor (MQOS) transigtors, it has become increasngly
difficult or complex to form highly activated ultra-shallow junctions and near depletion-free
polycrystdline silicon (poly-S) gates that meet the stringent requirements of the internationd
technology roadmap for semiconductors. Thisis in spite of extensve development work in
the ion implantation and dopant activation technologies. In this project, a nove technique
known as laser therma processing (LTP) was employed to fabricate ultra-shdlow p*/n
junctions and advanced poly-S gate stacks for ultralarge scde integration  technologies.
LTP of ultrashdlow junctions typically involves the pre-amorphization of the slicon surface,
followed by the meting of the amorphized regions (and the substrate) using a pulsed excimer
laser. The extent of dopant diffusion is controlled by the melt depth and an extremely high
degree of dopant activation is achieved upon recryddlization. To study the impact of LTP
on the depletion of carriers at the poly-Si gate/gate oxide interface (poly-depletion), single
or dud-layer capacitors with ultra-thin gate dielectrics were fabricated by subjecting as-
deposited amorphous silicon gatesto laser irradiation.

In this work, the dopant profiles were analyzed by secondary ion mass spectrometry
(SIMS). Microgtructura information was provided using transmisson eectron microscopy
(TEM) and crystd defects were studied by Rutherford backscattering spectrometry (RBS).
Capacitance-voltage (C-V) measurements and time-dependent didectric  breakdown
(TDDB) studies were conducted to investigate the degree of gate-depletion and gate oxide
reliability after LTP. The results show that LTP can form highly activated ultra-shdlow p'/n

junctions with step-like dopant profiles. These characteristics are in sharp contrast
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compared to the junctions formed by spike ragpid thermd anneding (RTA). In addition, as
evident from RBS and TEM results, LTP can virtudly anned dl the crystd damage thet is
created by the pre-amorphization implant. It is further demongtrated that trangent enhanced
diffuson of boron occurs during a post-LTP annedl due to a supersaturation of excess
interditids in the end-of-range region. This enhanced diffuson can be sgnificantly
suppressed when the mdt depth is extended beyond the amorphous layer.

The dectricd data indicate that LTP, when combined with a pos-LTP anned,
increases the carrier concentration (up to ~63% for arsenic-doped gates) at the poly-Si
gae/gate oxide interface. Thus, the LTP + RTA process readily reduces the poly-depletion
effect. SIMS depth profiles clearly show an increase in dopant concentration near the
gate/gate oxide interface for samples that were subjected to LTP prior to the gate activation
annedl. For p'-gated capacitors, a reduction in poly-depletion is achieved without
observable boron penetration. TDDB studies show an improvement in gate oxide rdiability
after LTP a high fluences. It isthus concluded that L TP, with a near-zero thermd budget, is
a promising technique to fabricate ultra-shalow junctions as well as to process advanced

poly-Si gate stacks for future generations of semiconductor devices.
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CHAPTER 1
INTRODUCTION

1.1 Background

The 2001 internationa technology roadmap for semiconductors (ITRS) projects
source/drain extenson (SDE) junctions to be 22-36 nm, with sheet resstance, Rs of less
than 460 W/O for advanced (< 75 nm printed gate length) complementary meta oxide
semiconductor field effect trandstors (MOSFETS) [1]. Reducing the channd length of a
MOSFET is the most appropriate way to increase the drive current and circuit dendty.
However, this is often accompanied by a reduction in threshold voltage and an increase in
the sub-threshold leakage current [2]. Hence, in order to minimize short channd effects and
to confine the dectric field profile in the channd region, the vertica junction depth (c;)
should be scaled down appropriately [2]. The main chdlenge in the formation of ultra-
shdlow SDE junctions is the optimization of c; to achieve low series resstance with good
transstor turn-off performance [2, 3]. Referring to Fig. 1.1, the total series resstance, Rt
comprises the contact resistance due to the slicide (Ry), sheet resistance of the doped layer
(Rs), spreading resistance where the carrier path turns toward the channd Ry) and the
voltage dependent accumulation resistance where the gate overlaps the junction, Ry [See
Egn. (1.1)]. These parameters are in turn dependent on the doping profile, degree of dopant

activation and ¢; [2]. A reduction in Ry Will lead to an increase in the drive current.

Riot = Reo + Rs + Ry + R (1.1)
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Figure 1.1 Schematic showing the components of the tota series resstance.

However, it has become increasingly difficult and complex for the conventiond ion
implantation and dopant activation technologies to fabricate junctions with the desired
characteristics due to the well-known tradeoff between c¢; and R [2-4]. This tradeoff is a
direct consequence of the physicd limits imposed by the diffuson and solid solubility of the
dopant atoms in slicon. Furthermore, these technologies do not produce junctions with the
ided “box-shaped” profiles that meet the requirements of ITRS [1]. Such condraints have
led a recent study [5] to conclude that continud junction scaling of c; to less than 40 nm
would result in little to no performance gain. This is because any improvement in short
channel effects due to reduced charge sharing is offset by a large increase in externd
resistance. Compared to n'/p junctions, ultra-shdlow p*/n junctions using boron ion
implantation are more difficult to form due to channeling of boron ions and trandent
enhanced diffuson (TED) of boron during post-implantation anneding [2-4, 6, 7]. TED is
mainly caused by the interaction of boron atoms with the excess intertitia's generated during
ion implantation. It has been demongtrated that TED is significantly suppressed by reducing
the implantation energy to sub-keV energies [6-8]. Besides reducing the energy of the ion
implantation, TED can dso be minimized by peforming an optimized sub-amorphizing
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implant and by reducing the thermd budget of the pogt-implantation anned [3, 6, 9]. The
function of the sub-amorphizing implant is to reduce channding of the dopant ion (such as
B"), and to create a vacancy-rich region for the provision of vacancies to recombine with
the interdtitids produced by the dopant ion implantation, thereby resulting in less excess
interdtitids that can contribute to TED [9).

Previous studies have shown that when the ion implantation energy is low enough for
TED to be dmost negligible, a diffusvity enhancement factor of gpproximeately four ill
exigts [10Q]. In this case, boron enhanced diffusion (BED) is believed to be responsble for
the diffuson enhancement. Agarwad et al. [10] have shown that BED is driven by the
interdtitials produced in the boron-containing slicon layer during the anneding process when
the boron concentration exceeds a threshold of afew atomic percent. The importance of the
control of annedling ambient is emphasized by the observation of oxygen enhanced diffuson
(OED). The presence of oxygen during anneding will lead to oxide growth on the slicon
subgtrate. During oxide growth, interdtitia defects are injected into S, resulting in increased
boron diffuson into bulk slicon [11]. The need for ultra-shdlow junction fabrication has led
to the development of new processes such as ultra-low energy ion implantation, spike rapid
therma anneding (RTA), gas immersion laser doping (GILD) and laser thermd processing
(LTP) [2, 12-14]. Among these, LTP is the most promising technique because it produces
abrupt, highly activated and ultra-shalow junctions.

The advantages of LTP are (i) “near-zero” therma budget (since laser pulses last only
for tens of nanoseconds), (ii) extent of dopant diffuson is controlled by the melt depth (with
negligible diffusion in the adjacent solid subgrate), and (iii) rapid quench rae (metastable

process). This dlows active dopant concentrations to exceed the solid solubility limit [13,
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14]. The disadvantages associated with LTP are (i) low throughout, (ii) differentid
absorption of laser light across patterned sructures, and (iii) deectivation/diffuson of the
dopants during post-L TP annedl steps.

Another criticd aspect of MOSFET scding is the depletion of cariers a the
polycrystdline slicon (poly-S) gate/gate oxide interface [15-18]. After doping the poly-Si
gae, aRTA isusudly performed to activate the gate dopants. However, the anneal may be
insufficient to drive the implanted impurities down the entire depth of the gate. Consequently,
aportion of the poly-Si gate nearest to the gate oxide will be depleted of carriers (poly-
depletion), which degrades the device performance [16]. With reference to p-MOSFETS,
athough the temperature and/or time of the gate activation anneal can be increased to
reduce the poly-depletion effect (PDE), extendve diffuson of boron may occur such that
boron diffuses through the thin gate oxide into the channd. This phenomenon is known as
boron penetration. It is well known that boron penetration causes threshold voltage

ingtabilities and deteriorates gate oxide rdiability [16-18].

1.2 Scope of the Project

This project involves the fabrication (usng LTP) and characterization of ultra-shdlow
p'/n junctions and advanced poly-S gate stacks for ultralarge scde integraion
technologies. For the formation of ultra-shdlow junctions, sllicon substrates were firs pre-
amorphized by Si* or Ge'. Boron ions were then implanted using ultralow energy ion
implantation. Comparisons were made between the dopant profiles of laser-processed and
spike rapid therma annedled samples. Further work was done to investigate the crystd

qudity after LTP, and how resdua defects affect the enhanced boron diffuson during a
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post-L TP anned. The ultra-shalow junctions were mainly characterized usng secondary ion

mass spectrometry (SIMS), transmisson eectron microscopy (TEM) and Rutherford

backscattering spectrometry (RBS). To study the impact of laser irradiation on PDE, MOS

capacitors with ultra-thin gate oxides were fabricated usng LTP. Single or dud-layer poly-

S gated capacitors were processed after the as-deposited amorphous silicon (a-S) gates

were exposed to laser irradiation. Detaled characterizations of the gate stacks/capacitors

were carried out using capacitance-voltage (C-V) measurements, SIMS, TEM and time-

resolved reflectance (TRR) measurements. The mechaniam of the improvement in PDE after

LTP (for both n" and p"-gated capacitors) is e ucidated based on the results.

1.3 Objectives

1.

To determine the effect of ramp-up rates of spike RTA on dopant redistribution and
compare the dopant profiles with those obtained after conventional RTA.

To invedtigate the effect of different laser fluence on junction depth after LTP and
compare the dopant profiles with those obtained after spike RTA.

To examine the crysta quality or resdua defects after LTP and check the effect of these
defects on the boron diffusivity enhancement during a post-L TP annedl.

To invedtigate the effect of a meta capping layer on the melt characteridtics of a gate
stack during LTP.

To study the effect of LTP on dopant activation at the poly-Si gate/gate oxide interface,

with and without an additiona rapid therma annedl.
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1.4 Organization of the Thesis
The organization of the thess and a brief synopgs of the various chapters of this thess

are provided asfollows.

Chapter 1. Introduction
This chapter covers some introductory informeation pertaining to the subject matter of this

study. It also describes the scope and objectives of this project.

Chapter 2: Literature Review
This chapter provides the background and relevant theories of ultrashadlow junction
formation, laser interaction with materids and the poly-depletion effect. It dso gives a

detailed review on the subject matters of this study based on earlier works,

Chapter 3: Experimental
This chapter describes the experimental setup and the sample preparation methods. It dso

includes the test methodol ogies and the smulation procedures used in this work.

Chapter 4. Smulation of Laser Irradiation on Silicon
This chapter shows the results from the smulation of the laser interaction with slicon using
the SLIM software. These results (eg. melt depth vs. time, heating and cooling rates)

provide some basic understanding of the LTP and the melt phenomenon.

Chapter 5. Formation of Ultra-shallow Junctions Using Laser Thermal
Processing

This chapter describes and compares the two most promising techniques that can be
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employed to form ultrashdlow p*/n junctions. For each technique, the discussion will
include the andyses of the junction depth, the abruptness of the junction, and the sheet

resistance of the boron-doped layer.

Chapter 6: Annealing of Crystal Defects by Laser Thermal Processing
This chapter discusses the effect of LTP on the annedling of crysta defects. The role of the
excess interdtitids in the EOR region in the enhanced diffuson of boron during a post-LTP

RTA isaso reported.

Chapter 7: Phase Transformations During L TP of Gate Stacks
This chapter presents the results and relevant discussons pertaining to the phase
transformations during LTP of gate stacks. It begins with the determination of the effect of a
TiN/Ti cap layer on the melt characteristics of poly-Si. The second part of the chapter

discussesin detail the data obtained from TRR measurements.

Chapter 8: Reduction of Poly-depletion Using Laser Thermal Processing
This chapter reports the eectricad results obtained from single or dud-layer poly-S gated
capacitors. The effect of LTP on reducing poly-depletion is interpreted from C-V data and

SIMS profiles. In addition, the effect of LTP on the gate oxide rdigbility is presented.

Chapter 9: Conclusions
This chapter summarizes the mgor results and findings, and provides conclusions based on
these findings in the light of the objectives of this project. Recommendations for further

experimental work are dso given.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter begins with an overview on the formation of ultra-shalow junctions and
transient enhanced diffusion, and proceeds to cover the relevant theories on laser interaction
with materids. 1t dso covers the poly-depletion effect and ways to prevent boron
penetration. In generd, the chapter gives a detailed review on the subject matter of this

study based on earlier works.

2.2 lon Implantation

For more than 15 years, ion implantation has been the method of choice for doping
semiconductor devices [2, 7]. One of the complications that can arise during ion
implantation is channding, and this occurs when the ion velocity vector is parale to amgor
crystd orientation [7, 19]. In this Situation, some ions may travel consderable distances with
little energy loss since nuclear stopping is not very effective, and the dectron dendity in a
channd is low. Once in a channd, the ion will continue in that direction, making many
interna collisonsthat are nearly eagtic until it comesto rest or de-channels,

Channeling is more pronounced when implanting light aloms on axis into a heavy
matrix and can produce a sgnificant tail on the dopant distributions [6, 7]. Thus, off-axis
implantation with atypicd tilt angle of 7° is performed to avoid thistail. However, the effect
of tilt angle is found to be dmog negligible for ultra-low energy ion implantetion [6]. In fact,

Foad et al. [6] have demonstrated that channeling of B till occurs when the implantation
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energy decreasesto aslow as 1 keV.

Owing to the larger molecular weight of BF, as compared to boron, BF," may aso be
used for ion implantation to form shalow junctions. This method decreases the depth to
which the B atoms are implanted because the fluorine atoms damage the surface and reduce
boron channeling. Moreover, sincethe B* ion only acquires 11/49 (ratio of the mass of *'B
over "B*F,) of the energy of BF,", it does not penetrate deeply into the silicon substrate
[7, 19]. However, this technique has severd disadvantages. For instance, it was found that
the fluorine atoms retard boron activation and aso reduce the rate of recrystdlization of the
amorphous region [20, 21]. Furthermore, the use of BF," for the SDE implantation would
imply that BF," is dso implanted into the gate. It follows that the presence of fluorine in the
gate would enhance boron penetration into the channd as compared to pure boron implants.
This was explained by the increase in boron diffugvity through the poly-S gate and gate
oxide [18, 22]. Ancther method to minimize channding is to disorder the crystd lattice prior
to implantation. Thisis achieved by pre-amorphizing the S surface with ions such as Si* or
Ge'" [21, 23]. One major drawback of this technique is that the amorphous region must be
recrystdlized, and resdud defects such as end-of-range (EOR) loops may remain after
anneding [23, 24]. In order to remove these defects completely, it is necessary to anned at
a higher temperature; this however will cause undesirable dopant diffuson into the slicon
substrate [25)].

Germanium is normdly preferred over slicon for the pre-amorphizing implant (PAI)
because a lower dose is required for Ge™ implantation to form a continuous amorphous
layer. In addition, Ge" implantation is known to produce a sharper amorphous/crysdline

(&lc) interface. This hdps to inhibit the nucleation of hairpin didocations during annedling and
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thus results in less extended defects and less leskage [21, 24]. Recent sudies have shown
that the degree of boron activation is greater for Ge™ PAI as compared to Si* PAI [26, 27].
Thisis largely due to the strain compensation provided by the larger Ge atoms in the slicon
matrix. Hence, more boron atoms (which are smdler than S) are able to move into
subgtitutionad dtes during annedling [26] and become activated. The conditions for ided
shdlow junction formation are that the implanted boron profile should be confined within the
amorphous region, and that the find junction should completely contain the defects formed
at the previous a/c interface [25, 28].

The junction depth can aso be reduced by implanting the dopants through a thin (~20
nm) screen layer such as dlicon dioxide [7, 19]. It has been proposed that this sacrificid
layer randomizes or reduces the ion velocities before entering the crydd, thus minimizing
channding effects. Another reason for using a screen oxide layer isthat the implanted dopant
profile can be moved closer to the S surface [ 7]. The problems associated with this method
are. () oxygen may be “knocked on” into the substrate and (ii) some dopants will be
trgpped in the oxide film resulting in dose loss [23]. Alternaivdy, ultra-shdlow junctions can
be obtained by usng polyatomic (such as decaborane, ByoH14) cluster ion implantation [29,
30]. This technique produces ions with low equivaent energies because the kinetic energy of
the cluster is shared between the congtituent atoms. The concept used in BygHi4 cluster ion
implantation is Smilar to that of the BF, ion implantation except that it does not include the

fluorine molecule that is deleterious to the gate oxide.
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2.3 Rapid Thermal Annealing

Rapid thermd anneding (RTA) is often employed to anned the primary crysdline
damage caused by ion implantation as well as to activate the implanted dopants, i.e., to
move the dopants to subdtitutiona lattice Stes [2]. If the S substrate was pre-amorphized,
RTA isas0 used to recrystdlize the amorphous layer that normadly extends up to the surface
[7]. This recryddlization process initiates from the underlying substrate and regrowth
proceeds toward the surface via solid phase epitaxy (SPE). Dopant activation is obtained by
the conventiond “soak” or the “spike” anned method. A typica soak anned profile involves
ramping up to a target temperature of 1000 °C, with a soak time of about 10 s, then
ramping down at a rate of ~75 °C/s [2, 6]. On the other hand, spike RTA utilizes much
higher ramp-up rates (as high as ~400 °C/s) and reduces the soak time to << 1 s[12, 14].
In this way, higher temperatures can be reached while maintaining a low therma budget.
Ealier works have shown that spike annedls produce shdlower junctions with superior
dopant activation efficiency [3, 31] as compared to soak RTA. It has been reported that
shdlow junctions with extremely low leakage currents can be formed by a two-step anned
process [2]. Firdly, alow temperature (~500-600 °C) furnace annedl is used to anned the
implantation-induced defects. This is followed by a high temperature RTA to activate the
dopants[32].

Previoudy, “thermal budget” was represented by the product of time, t and the
temperature, T. More precisdly, in present non-isotherma systems, the therma budget
should denote the area under the t-T curve [33]. Although severd therma budgets can be
used to describe the same time-at-temperature to produce shdlow junctions, idedly we

should anned a the highest temperature possible for the shortest duration [25].
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2.3.1 Transent enhanced diffusion

In recent years, dgnificant progress has been made in quantifying the physicd
processes involved in trandent enhanced diffuson (TED) [4, 34-38]. During TED, the
diffusvity of boron may be thousands of times gregter than the intrindc vadue for a short
period of time [36]. The following gives a brief account on TED: when a dopant is
introduced into the dlicon subgrate via ion implantation, the process will inevitably result in
implantation-induced damage (Frenkd pairs consgting of vacancies and interdtitids) in the
dlicon subgrate. During the initid phase of annedling, as the implanted dopant atoms begin
to occupy subdtitutiond Stes, most of the vacancies and interditids recombine, leaving
behind a net excess of interditias with a dose gpproximately equd to that of the implant [4,
35, 39]. These excess interdtitids (El) quickly coalesce into metastable clusters/extended
defects. This is the well-known “+1” mode of Giles [39] and has been shown to be an
useful gpproximation for modeling dopant diffuson. Upon further anneding, the extended
defects dissolve and release excess interdtitials that cause the enhanced diffusivity of dopant
atoms (such as B and P) which diffuse ether principdly or in pat by an interditid(cy)
mechaniam in dlicon [40]. Since the enhanced diffuson is driven by excess interditids, it is
therefore a “trangent” process that lasts until the defects dissolve or are annihilated a a
defect-sink such asthe surface [2].

Basaed on theoreticd cdculaions, the activation energy of the increase in junction
depth is found to be negative when boron diffusion is dominated by the dissolution of
interdtitial-type defects [34, 35]. Thisimpliesthat if TED is alowed to run to completion (i.e.
complete dissolution of extended defects) a 750 °C, the resulting junction will be deeper

than if it was formed at 1000 °C [3, 34]. Thisis the primary reason why high-temperature
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spike annedls with fast ramp-up rates are being adopted for ultra-shdlow junction formation.

For the range of implantation dose and energies required to fabricate SDE, Agarwal
et al. [3] haveilludtrated that a point of diminishing return is quickly reached as ramp-up rate
increases. This means that when the ramp-up rate is increased to above a certain value,
further reduction in junction depth is inggnificant. This is due to the limited practicd ramp-
down rate (~70-90 °Cl/s) of the anned. Also, for spike anneds with ultrafast ramp-up
rates, the implant damage may not be anneded out during the ramp-up portion, hence TED
is delayed from the ramp-up to the ramp-down portion of the thermd cycle [3]. After short,
or low-temperature anneds (e.g. 750 °C at 15 ) following implantation of doses grester
than 10™/cn? but less than the amorphization threshold, extended defects are observed to
be primarily of the {311} type. These conds of interditia agglomerates located on the
{311} habit plane and dongated in the <110> direction [4]. Thisindicates that the source of
interditids for TED isthe dissolution of the{ 311} defects that were formed during the initid
dage of anneding. However, it was found that boron TED can aso occur in the absence of
{311} defects, suggesting that there may be more than one source of interdtitids [37]. For
high-dose boron ion implantation, it is believed that boron-intertitid clusters (BIC) are the
source of interditials for the enhanced diffusion [38].

In the case where S was pre-amorphized, a different kind of defect evolution occurs
[36, 40]. It is well established that after PAI, there exigs a highly damaged region in the
crysdline materid just beyond the a/c interface [4]. This EOR damaged region contains a
upersaturation of interdtitial point defects generated during implantation. During the early
gtage of anneding, EOR loops (with asmadl fraction of {311} defects) are formed and they

continue to grow at the expense of the {311} defects. Upon further anneding (at sufficiently
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high temperatures), these EOR loops dissolve and release excess interditids that induce
boron TED [2, 41]. An excdlent review on the mechanism of trandgent enhanced diffuson

has been treated in detaillsby Stolk et al. [4].

2.4 Laser Thermal Processing
2.4.1 Excimer lasers

Excimer lasers are afamily of lasersin which light is emitted by a short-lived molecule
that consists of one rare gas atom (e.g. Argon, Krypton or Xenon) and one halogen atom
(e.g. fluorine or chlorine). In practice, excimer lasers are excited by passing a short, intense
electrical pulse through a mixture of gases containing the desired eements. Normdly, more
than 90 % of the mixture is a buffer gas (e.g. neon) that does not take part in the reaction
[42]. Electrons in the discharge transfer energy to the gases, breaking up halogen molecules
and reaults in the formation of eectronicaly excited molecules. These molecules reman
excited for a few nanoseconds and drop to the ground state, emitting a photon in the
process. The most developed class of excimer lasers is the rare gas-hdide lasers such as

ArF, KrF and XeCl with wavelengths of 193, 248 and 308 nm, respectively [42].

2.4.2 Light absor ption mechanism and optical properties of silicon

There are a few mechanisms whereby light can be absorbed by semiconductors [43-
45]. The absorption (and the heating) mechanism of the lattice depends gregtly on the
energy of the photon (hn) and the band gap energy (E;) of the semiconductor (e.g. S). In
generd, photons with energies larger than the band gap are readily absorbed into the surface

regions of the semiconductor. The energy of these photons is transferred to the eectronic
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system of the substrate, which in turn is transferred to the lattice in a time much shorter than
the pulse duration [43]. The resultant energy is then utilized to heet (or even mdlt) the surface
layer such that the temperature of the underlying materid is not sgnificantly raised. Since the
lasers (XeCl and KrF laser) used in this work produce photons with energies (m ~4 eV
and ~5 eV, respectively) larger than the band gap energy of S (E; ~1.12 €V), we will only
congder the absorption mechanism in the case when n > E;.

For dlicon, the edge of the vdence and conduction band is located at different points
in momentum, k space. An dectronic trangtion (by optica excitation) between them usudly
requires the assstance of a phonon to supply the additional momentum. Such a process is
known as indirect trangition and may occur in two ways [46]: (8) An eectron in the vaence
band absorbs a photon and make a trangtion to an intermediate state in the conduction band
of essentidly the same wave vector [45]. Subsequently, a phonon from the lattice is
absorbed and the eectron trandts to the conduction band (refer to Fig. 2.1). (b) The photon
may excite an eectron from a vdence band dtate directly beow the conduction band
minimum, with the hole being tranderred to the vdence band maximum by phonon

absorption. The find date isthe samein both cases [46].

»
»

\‘/\_/
(b)

(&)

Figure 2.1 Schematic band diagram of an indirect band gap materid. The heavy arrows
symboalize () indirect and (b) direct trangtion [45].
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Upon relaxation from a higher energy state in the conduction band, an dectron trangts
back to the valence band and causes a multi-phonon cascade to be emitted in the process
[46]. According to the therma model, the phonon emisson process results in the transfer of
energy to the lattice and raises its temperature [43, 44]. It should be noted that direct
trandtions are dso possble in indirect band gap materias [45], provided that the photon
energy isufficently high [47].

In generd, since opticd wavdengths, | are consdered large compared to atomic
distances, the response of a homogenous materid to the light wave can be described in
terms of averaged macroscopic quantities such as the complex refractive index, m = n + ik
[44, 45]. The red part n (refractive index) gives the ratio of the phase velocities in vacuum
and in the materid, and the imaginary pat k (dso known as the extinction coefficient)
describes the damping of the light wave. A useful measure of the thickness required for the
occurrence of dgnificant attenuation of the incident radiation is the optical asorption length,
a™ where a is the absorption coefficient of the materia. For norma beam incidence, the

reflectivity, R and a arerelated to n and k by [44, 45].

(n+1)? + k2
a-= 4ok (2.2

Figure 2.2 shows the room temperature reflectivity and absorption coefficient of
cryddline slicon (c-S) as a function of wavelength. These are computed from the n and k

values at various photon energies from the literature [48, 49). It can be seen that for | <
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360 nm, a isin the order of 10° cm*, which is severa orders of magnitude grester then that
atl > 540 nm. Hence, it is dedrable to use lasers with | < 360 nm for efficient heating of
the subgtrate by optical absorption such that the laser energy densty (fluence) needed to

met the S surfaceis not extremey high and can be easlly achieved in practice.
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Figure 2.2 Reflectivity and absorption coefficient of ¢-S at room temperature.

2.4.3 Heat flow calculations

The transformation of eectronic excitation into heet energy has been well established
for the laser irradiation on metals and semiconductors. It is generdly accepted that the
absorbed light is indantaneoudy converted into heet that diffuses according to the
conventiona heeat diffuson equation [43, 50]. For amplicity, it is assumed that the laser
beam travels dong the z-axis and the target composition is homogenous in this plane. After
adding a source term that depends on space and time, t to the conventiona heat equation,

the one-dimensiond heet transfer equation becomes:
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= 2 zian- Riglentaz) (9

r(T)C(T) 1t =

where T = temperature, r (T) = dendty, C(T) = specific heat capacity, K(T) = thermd
conductivity, R = reflectivity of the substrate, a = absorption coefficient of the substrate
materia, and lo(t) = laser intengty upon reaching the substrate surface.

As shown in Egn. (2.3), the interaction of lasers with materids is a complex
phenomenon and can be affected by a variety of parameters. A lot of effort has been made
to obtain numericd solutionsto Egn. (2.3) to determine the temperature distribution profiles
and the mdt kinetics during laser processing [43, 45]. The surface thermd field induced by
pulsed laser irrediation of S is not due to heat diffuson done, but aso depends on the
penetration depth of the laser light [45, 51]. The laser heating process is affected by the

absorption length, a™ and the heet diffusion length, Ly = ‘/2Dhtp where t, is the laser

K

pulse duration and D,, =
r(T)C(T)

is the therma diffusivity. There are two limiting cases,

depending on whether Ly > a™ or Ly <a™ For Ly > a™, the laser pulse behaves like a
surface source such that the average increase in the surface temperature as a function of time

isgiven by [51]:

DT(t) » & '2' (1) \/ D“th (2.4)
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WhenlL; <a?

(1- Rly(t)a exp(-azt,
rc

DT(t) » (2.5)

For @248 nm laser irradiationon c-S with t, =23 nsat T = 300 K, Ly ~2 um and
a™ ~5.6x10° um. This indicates that the conduction of hest into the subgirate after surface
absorption plays an important role during LTP. The opticd (&t | = 248 nm) and
thermophysica properties of ¢-S and amorphous silicon (&) are shown in Tables 2.1 and
2.2, respectively. These are obtained ether directly from the literature or through a best-fit
procedure of literature experimental data [48-57]. In order to smplify the hest-flow
cdculations, the solid-gtate reflectivity and absorption coefficient are typicaly assumed to be
condant with temperature. The smplification for a is justified because the absorption
coefficient of S a a wavelength of 248 nm is so high (@ > 10° cm™) that it is believed that
any changesin a with temperature is inggnificant [50]. It is noted that the absorption

coefficient of dliconat | =308 nm iswithin the same magnitudeto that a | = 248 nm.
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Table2.1 Opticd (at | =248 nm) and thermophysical properties of ¢c-S.

Properties c-Si Comments
Mdlting paint, Te (K) 1683 From [48, 51, 52]
Bailing point (K) 3538 From [48]
Thermd conductivity, | 1585/T*?? (for T<1371K) | From[53, 54] and derived
K¢ (W/icm K) 0.221 (1371 < T < 1683 K) from [48, 55]
1.4 (T > 1683 K) From [53]
Volume hesat capacity 1.99 + 2.54x10°T — From [54] and derived
(JenT K) 3.68x10%T? (for T < 1683 K) from [48]
2.49 (T > 1683 K) Calculated from [56]
Reflectivity, R 0.67 (T < 1683 K) From [48, 54] and calculated
from [49]
0.70 (T > 1683 K) From [45, 57]
Absorption coefficient, 1.81x10° (T < 1683 K) From [54] and calculated
a (cmb) from [48, 49]
1.93x10° (T > 1683 K) Calculated from [57]
Latent heet of mdting, 4192 From [53] and derived from
L. (Jen) [51, 52]
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Table2.2 Opticd (at | =248 nm) and thermophysical propertiesof a S.

Properties a-Si Comments
Méting point, T (K) 1420 From [52, 58, 59]. A range
of vaues can be found.
Therma conductivity, 0.018 (T < 1420 K) Average vaue from room
temperature to mdting point
Ka (W/cm K) P IR
[51, 52].
1.4 (T > 1420K) From [53]
Volume heat capacity 2.06 + 2.64x10°'T — AssumingCandr of &S is
(JenPK) 3.82x10%T? (for T < 1420K) |  10% greater and 6% less
than c-S regpectively [51,
60].
2.49 (T > 1420 K) Cdculated from [56]
Reflectivity, R 0.55 (T < 1420 K) Cdculated from [49]
0.70 (T > 1420 K) From [45, 57]
Absorption coefficient, 1.40x10° (T < 1420 K) Calculated from [49]
a (cmb) .
1.93x10° (T > 1420 K) Cdculated from [57]
Latent heat of mdlting, 3076 Derived from [51, 52]
La (JenT)

One important property of &S is that it exists as a unique phase and melts a a
discrete temperature that is 225 + 50 °C lower than the meting point of crysdline S [58,
59, 61]. Thisisdueto the fact that &S isin ahigher free energy state compared to c-S and
that the transformation from the amorphous to liquid state is a firg-order phase transtion
[58, 62]. It was further suggested that this trangtion is possible because it involves a change

in bonding from the covadent, anorphous phase with four-fold coordination to the metalic
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liquid phase with (11 to 12)- fold coordination [58]. It should be recognized that this kind of
phaese trangtion will only occur during very rapid heating conditions, otherwise the
amorphous phase will recryddlize directly in the solid phase [50]. Another important
property of aS is that its therma conductivity (Ky) in the solid Sate is very low, with an
average vaue (from room temperature to meting point, T,) of 0.018 W/cm K. Thisvdue is
between one and two orders of magnitude smaller than the temperature dependent (K) of

c-Si for temperatures below 1420 K [51, 52].

24.4 Laser irradiation of an a-Si overlayer on c-Si

Important ingght into the kinetics and thermodynamics of the phase transformations
involved in LTP has been obtained from earlier investigations on laser irradiation of aSi [43,
59, 61-64]. In generd, the structurd changesinduced by laser irradiation of an aS layer on
c-Si can be characterized by three cases. Case I: the laser fluence, F is only dightly greeter
than the threshold fluence, Ey, for mdting a&S. In this case, the primary met (molten layer
produced directly by laser irradiation) does not penetrate through the entire &S layer.
Typicdly, large-grained (LG) poly-S will be formed at the near surface region followed by
fine-grained (FG) poly-S in the underlying region [Fig. 2.3 (b)]. The fraction of the LG
region will increese @ the expense of FG region with increasng fluence - a result of
explosve crystdlization [50, 59]. Explosve crystdlization is a complex solidification process
whereby the decay of the amorphous phaseis accelerated by the feedback of the latent heeat
that is rleased during crydalization. At low energy densties where the laser does not mdt
the entire amorphous layer, the liquid S (I-S) will solidify as poly-S and releases latent heat
in the process [50, 59].
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Figure 2.3 llludraion of the structura changes induced by laser irradiation of an aSi
overlayer on c-S.

Under this condition, previoudy unmelted &S thet is adjacent to the newly crystdlized
phase gets heated to a temperature greater than T, and begins to mdt. This new liquid,
however, is severdy undercooled and will recrysdlize dmost immediatdy, rdeasng more
latent heet that drives the melt even deeper into the &S layer. Thus, a propagating buried
liquid layer (secondary mdt) is formed and the process becomes sdf-sustaining [63, 64].
The secondary mdt is findly quenched by either conduction of heat away from the mdt
interface or by reaching the alc interface [61]. During the establishment of the secondary
melt, the primary mdt continues to solidify (as LG poly-S) toward the surface. Thompson
et al. [59] have observed that the depth a which poly-S is formed is sgnificantly greater
than the maximum penetration depth of the primary mdt, confirming the presence of a
secondary mdlt.

Casell: E isjug sufficient for the primary melt front to reach the alc interface without

meting the underlying ¢S subgtrate [Fig. 2.3 (c)]. Single-crysdline dlicon is thus formed

Y. F. Chong 23



vialiquid phase epitaxy (LPE), usang the underlying subgirate as a template [43]. In theory,
this regrowth process should produce crystds with reasonably good quality [50]; however it
has been reported that resdua defects such as microtwins and stacking faults exi in the
cryddlized layer [65]. Case Ill: a even higher energy dendties, the primary mdt front
penetrates beyond the alc interface [Fig. 2.3 (d)]. In this case, Sngle-crystdline slicon is
a0 formed upon solidification [43, 66]. The mdting of a part of the crystdline substrate
adjacent to the amorphous layer ensures the epitaxia growth of a nearly defect-free crystd
with minimum “quenched-in” interdtitias [67]. Such a cryddlization process is possible since
S, unlike metds that usudly dip when quenched a high cooling rates, has a high yidd
strength [62].

There exist a special case where &S can be formed directly following laser-induced
melts (even on crysdline substrates) [68, 69]. This normdly requires beser pulses of both
short in duration (afew nanoseconds or less) and low fluence such that the cooling rates are
extremdy high and that the solidification velocities exceed a critical vaue [64, 69).
Amorphization occurs when the atoms at the liquid/solid interface do not have sufficient time

to undergo the Structura rearrangements necessary for epitaxia growth [43, 45].

2.4.5 Dopant incor poration during rapid solidification

The man advantage of LTP is that it offers the feashility to form abrupt, highly
activated and ultra-shdlow junctions due to its extremely rapid heating and cooling rates in
the nanosecond regime [13, 14, 70-73]. Thus, the thermd budget is minimized (near-zero)
while providing proper dopant activation for the implanted species. Since the process does

not reach thermd equilibrium, the concentration of dectricdly active dopants can actudly
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exceed the solid solubility limit [14, 71]. If the S substrate is melted to a depth greater than
the range of the implanted ion, the dopants will be incorporated subditutiondly into the
regrown epitaxiad S lattice. As a result, the sheet resstance decreases sgnificantly [66, 73].
Severd theories have been deveoped to explan the non-equilibrium diffuson and
segregation of the dopant species a high solidification velocities. The most successful theory
incorporates the idea of “solute trapping” to explain the increase in dectricd activation [43].
Dopant incorporation into the lattice at high concentrations is proven to be a direct result of
solute trapping during solidification [43, 74]. This means that if the time that is required to
regrow one or more monolayer of atoms during solidification is dgnificantly shorter than the
resdence time of the impurity a the interface, the dopant has a high probability of being
incorporated into the growing solid [43].

Another factor that contributes to the high degree of dopant activation upon laser-
meting is the near-unity interface segregation coefficient, k; of the common dopants (e.g. B,
Pand As) during LTP [45, 71]. In the theory of crysta growth, k; is defined as the ratio of
the solute concentration in the growing solid to that in the liquid at the liquid/solid interface. If
ki = 1, the solute is entirely incorporated into the bulk solid and no segregation to the surface
occurs. When k; deviates from unity, segregation effects begin to manifest themselves by an
accumulation of impurities in front of the advancing liquid/solid interface [43, 44]. Ealier
sudies on laser anneding have shown that for the common dopants, only avaue of k; » 1
gives satidfactory fits of amulated dopant profiles with profiles obtained experimentaly [43].
Sincethe equilibrium k; vaues of these common dopants are lower than 1 (equilibrium k; of
B, Pand Asis 0.8, 0.35 and 0.3 respectively [43]), these observations provide evidence of

the highly non-equilibrium crystdlization process of LTP.
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2.5 Alternative Approachesto Form Ultra-shallow Junctions

Researchers have suggested that ion implantation into an dready formed slicide layer
is aviable route for ultra-shalow formation since virtudly dl the ions stop within the slicide
layer and do not penetrate into the S. The junctions are formed by the out-diffusion of the
implanted species into the S substrate [19]. Thus, no implant damage is created and the
leskage current in the junction is diminated. This technique is dso known as glicide as
diffuson source (SADS) [75, 76]. Based on the literature, shallow junctions can dso be
fabricated usang rapid thermd diffuson (RTD) of dopants. Usami et al. [77] have reported
that such junctions have excdlent eectricd characteristics and are nearly defect-free. P-
doped or B-doped films are first deposited onto the wafer by spin coating, followed by the
thermd diffuson of the dopants in a furnace. After the diffuson of P or B, the spin-on films
are removed by etching.

Plasma immergon ion implantation (PII1) is another technique to form ultra-shdlow
junctions [2]. This process is different from the conventiona ion implantation because the
implanter accderating column, mass andyzing magnets and ion beam optics are dl not used
[2, 78]. The wafer is Smply placed in a process chamber adjacent to the plasmaion source
with a negative bias gpplied to it. The advantage of Pl includes the capability to implant
high doses a very low energies with high throughput [78]. Gas immersion laser doping
(GILD) is one dternative for shdlow junction fabrication [79, 80]. The sample is usudly
immersed in a dopant gas ambient and doping occurs upon mdting of the S surface by a
laser beam. Adsorbed dopant gas species pyrolyze and diffuse into the molten S layer, and
dopants are incorporated into dectricdly active Stes upon epitaxid regrowth [80]. Recently,

a“sub-mdt” laser anneding process has been suggested for the formation of heavily doped

Y. F. Chong 26



ultrashdlow junctions in boron-implanted slicon [81]. This technique uses laser irradiation
to activate the boron atoms without melting the substrate, followed by a low temperature
RTA to anned the implantation-induced damages. In this way, boron diffuson is minimized

and areasonably low sheet resstance is attained.

2.6 Carrier Depletion in Polycrystalline Silicon Gates

Modern CM OS processes generaly use poly-S as the gate material. One of the main
reasons for this is that poly-S dlows the integration of “dua-doped” gates. p- and n-type
poly-S gate for p-MOSFET and n-MOSFET, respectively. This is important because both
the p- and n-MOSFET can be maintained in the surface channd operation mode, which
helps to improve short-channel immunity [16, 82, 83]. The dua-gate process also enables
the fabrication of CMOS tranggtors with low and symmetric threshold voltages, which is
required for low-power gpplications. One mgjor challenge in advanced gate engineering isto
have adequate dopant activation across the gate to minimize carier depletion a the
gate/gate oxide interface, while preventing the gate dopants (especialy boron) from diffusing
through the thin gate oxide into the channd during the subsequent gate or source/drain
activation annedl [15-19]. The poly-depletion effect (PDE) for the dud-gate CMOS
devicesis ascribed to the fact that when the gate bias is gpplied to turn the trangstor on, the
electric field across the gate oxide not only inverts the substrate but also depletes the poly-Si

at the gate/gate oxide interface (see Fig. 2.4).
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Figure 2.4 Schematic showing the components of the total gate capacitance.

The depletion layer capacitance effectively increases the dectricd thickness of the gate
didectric by reducing the overdl capacitance of the gate stack and results in drive current
degradation [84, 85]. This is represented in Egn. (2.6), consdering that the totd gate
capacitance, Cig cOnssts of the oxide capacitance, Co in series with the subdtrate

capacitance, Cqp, and the gate electrode capacitance, Cyxe [84]:

=+ (2.6)

The poly-depletion problem is exacerbated when the depletion thickness becomes a
ggnificant fraction of the gate oxide thickness, e. g., for sub-0.1 pm devices with gae
didectric thickness less than 2 nm [16, 82]. For process smplicity, the gates are usuadly
doped by the same ion implantation step that forms the source and drain regions. When

combined with the typicd low thermd budget S/ID activation process, this doping method
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does not yield very high active dopant concentrations at the critical gate/gate oxide interface,
further leading to gate depletion problems. In order to reduce PDE, higher gate implant
dosage or annedling temperature/duration is required, and boron penetration through the thin
gate oxide is inevitably enhanced. Boron penetration will introduce negative fixed chargesin
the gate didectric and results in an increase in the charge trgpping rate in the gate oxide and
an increase in the interface State generation, thus degrading the gate oxide rdiability [16, 85-
87]. Boron diffuson through the gate didectric can also cause threshold voltage (Vy,) shifts
and Vy, mismatch [87-89]. These will result in scattered transstor parameters and make the
fabrication process less controllable.

Various techniques have been proposed to suppress boron penetration. Nitridation of
the gate oxide (using different therma cycles and/or annealing ambient) and the reduction of
fluorine incorporation during gate doping are effective in reducing boron diffuson through the
gate oxide [17, 18, 90, 91]. Implanting nitrogen into the gate and using crystalized & Si
gates are dso effective in retarding boron penetration [92-94]. However, excessive dosage
of N," will increase PDE instead because nitrogen combines with boron to form a B-N
complex and reduces the concentration of boron reaching the gate/gate oxide interface [92].
It was reported that larger poly-S grains can be obtained using amorphous S gates, thus
decreasing the number of grain boundaries available for excessve boron diffuson [93, 94].
Fiory et al. [95] have demondtrated that spike anneding with an optimized therma budget
can be utilized for poly-S gate activation with minimum boron penetration.

Recently, attention has aso been focussed on the use of polycryddline slicon
germanium (poly-SiGe) gates for high-performance CMOS devices [96-98]. Besides

having good compatibility with standard CMOS processing and enhanced mobility by the
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tuning of the gate work function, the main advantages of using poly-SiGe as a gate materid
are the low diffusvity and enhanced activation of boron atoms in poly-SGe, thereby
reducing boron penetration and improving carrier depletion in p-MOSFET. However, it is
more difficult to activate arsenic @oms in poly-SGe films and PDE for n-MOSFET
increases. As a reault, the performance of -MOS devices is degraded with increasing
germanium content in the poly-SiGe gates [97, 98]. Although metds are now being explored
as new gate materids, issues on integration and transstor design till remain [99]. Therefore,
nove technologies for gate activation are needed in conjunction with the fabrication of ultra

shdlow junctions for sub-0.1 um CMOS technologies.

2.7 Summary

In retrogpect, the main chalenge in ultrashdlow junction formation is to develop
dopant activation technologies that can minimize the trangent enhanced diffuson of boron
during thermd annedling, without compromising the electrica activation. Another concern is
the annedling of the implantation-induced crysta defects. It has dso been shown that the
carrier depletion at the critica poly-S gate/gate oxide interface plays an important role in the
transgtor’s performance. The above issues will be addressed in detail in the subsequent

chapters.
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CHAPTER 3
EXPERIMENTAL

3.1 Introduction
This chapter gives a decription of the entire experimentd setup and the sample
preparation methods used in this project. In addition, the test methodologies and the

samulation procedures employed in thiswork are included.

3.2 Smulation Studies

To modd the experimentd results, we use the smulation of laser interaction with
materids (SLIM) program [100] to smulate the therma effects of 248 nm laser beam
interactions with sllicon. Smulation of laser irradiation on ¢-S was performed using single-
layer SLIM, and for &S on ¢-S, the two-layer SLIM agorithm was employed. The
subdrate was set a room temperature initidly, and the energy digtribution profile (with
respect to time) of the laser beam was assumed to follow a Gaussan function with a full-
width a haf-maximum (FWHM) pulse duration of 23 ns. The parameters used for the
smulations have been shown in Tables 2.1 and 2.2. Smulaions of detalled implantation
cascades were performed with the Monte Carlo smulator, transport of ions in matter
(TRIM) [101] and the binary collison code implant smulaior (IMSIL) [102]. Other
smulation programs that were used will be discussed dong with the text in the subsequent

chapters.
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3.3 Formation of Ultra-shallow Junctions
3.3.11on Implantation

The substrates used were 200 mm Czochraski-grown n-type (100) slicon wafers.
Prior to B" implantation, some of the wafers were pre-amorphized using Ge™ or Si*
implantation. For the Ge"™ pre-amorphizing implantation (PAI) scheme, Ge™ was implanted
at 5 keV to adose of 1x10™/cn?. For the Si* PAI scheme, Si* was implanted a 10 keV to
a dose of 2x10™/cn? or 3x10™/cn?. Ultralow energy B* implantation was then
performed a 0.6 or 1 keV to a dose of 1x10"/cn?. In most cases, B' implantation at 1

keV was employed.

3.3.2 Dopant Activation
After the ion implantation of the dopant, the wafers were subjected to soak anneding,

pike anneding, or by LTP. Soak anneds were performed with conventiond RTA systems
a various temperatures and times in N, ambient. The soike RTA (with soak times< 1 9
was carried out at a target temperature of 1050 °C with ramp-up rates of 75 or 300 °C/s.
Laser thermd processing was performed with a 248 nm KrF excimer laser (Lambda Physk
LEXtra 50) in a controlled environment. The native oxide was not deliberately etched since
dlicon dioxide (SO,) is virtudly trangparent to 248 nm light [48], and it can dso act as a
protective capping layer during irradiation. The pulse duraion and the repetition rate of the
laser were gpproximately 23 ns and 1 Hz, respectively. After passing through an aperture,
the laser beam was directed by a mirror/lens system until it was focussed by a quartz lens
that was placed in pardld to the substrate. A schematic diagram of the gpparatus setup for

LTPisshownin Fig. 3.1. The degree of dopant activation was determined by measuring the
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sheet resstance of the samples using the four-point probe method.

mirror
\i

KrF excimer laser T Dlens
Y

beam homogenizer
> lens
sample — ™ .L
| | dage

Figure 3.1 A schematic diagram of the apparatus setup for laser thermal processing.

3.4 Gate Stacks With a TiN/Ti Capping L ayer

The samples, which comprise TiN/Ti/poly-S/SO,/Si, were prepared usng a
conventional 0.25 pm process flow. Firstly, 60 A of SO, was thermaly grown on p-type
(100) silicon subgtrates, followed by low pressure chemica vapor deposition (LPCVD) of a
layer of 2550 A poly-Si at 620 °C. BF," ions were then implanted a 30 keV to a dose of
3x10™/cn. Some of the samples were subjected to RTA at 925 °C for 30 s to anned the
implantation-induced damage. On these samples, ametal capping layer consisting of 400 A
of titanium (Ti) and 250 A of titanium nitride (TiN) were sputter deposited following a dilute
hydrofluoric acid etch to remove any native oxide on the poly-Si. All samples were
irradiated with a 248 nm KrF laser (Sngle pulse). After laser irradiation, the samples capped
with the TIN/Ti filmswere etched in a solution containing 1:1:5 NH,OH:H,O,:H,0 at 60 °C
to remove any unreacted metal.
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3.5 Advanced Gate Stacks/Capacitor Structures

MOS capacitor structures with single or dud-layer poly-S gates were fabricated on
p/p" or n/n” epitaxid (100) S wafers. The schematic of the cross-sections of the gate stacks
and the associated process flow are shown in Fig. 3.2. A standard multi-step boron or
phosphorous ion implantation (with a specific range of energies and dose) was performed
through a sacrificid oxide for p-wdl and n-wel formation, respectively. Immediately after
the remova of the sacrificid oxide, 18 or 26 A (measured by dlipsometry) of slicon
oxynitride was grown a 1000 °C in argpid therma oxidation (RTO) chamber. The ambient
used for the RTO was a NO-O, gas mixture. Following this, 600 A of undoped &S (gate
layer 1) was deposited at 550 °C by LPCVD. As the mdting point of aSi is ~250 °C
lower than that of ¢-S, a fluence window can be created such that the &S gate can be
meted without mdting the S substrate underlying the gate oxide. Another purpose of usng
aS gaesis to prevent uncontrolled dopant (especidly boron) channeling in the gate (or
even through the gate oxide) during ion implantation [103].

After the deposition of gate layer 1, B" (at 3 keV, 7° tilt, dose of 3.5x10"/cn) or
As' (at 15 keV, 7° tilt, dose of 6x10™/cn) ion implantation was performed to form p' or
n'-gated capacitors, respectively (polarity of the gate is the same as that of the well). The
wafers were separated into two groups. some wafers remained as-implanted, and some
were irradiated usng a XeCl excimer laser (| = 308 nm) with a pulse duration of ~24 ns.
Single-pulsed LTP was performed on the fird gate layer in a deanroom environment with
the laser beam homogenized over a 5x5 mm? spot and fluences cdibrated against the melt
threshold fluence of ¢-S. These samples will later be referred to as the “snglelayer”

capacitors.
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Figure 3.2 Schematic diagrams of the cross-sections of the gate stacks and the associated
process flow.
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On some of the laser-processed wafers and on the as-implanted wafers, a layer of
1000 A undoped a-Si (gate layer 2) was deposited at 550 °C by LPCVD after a standard
cleaning procedure to remove any native oxide. These samples will later be referred to as
the“duad -layer” poly-S gated capacitors.

It should be noted that the second gate layer was not implanted in this work. The
purpose of the additional &S depogition (gate layer 2) is to Smulate a conventiond CMOS
process flow to ensure that the gate stack is thick enough to block the dopants during the
subsequent degp S/D ion implantation. Another purpose is to reduce the extent of dopant
diffuson to neighboring devices (via connected gates) that have gates of a different polarity
[104]. Subsequently, RTA was carried out (for sngle-layer samples that did not receive the
LTP and dl the dud-layer samples) a various temperatures and times in N, ambient to
activate the gate dopants or for further activation (for the laser-processed samples). Most of
the samples (including the control samples) were rgpid therma annedled a 1000 °C for 5 s.
Following the deposition of 0.5 um of Al on poly-S, the gate e ectrodes were patterned and
etched. The wafers were then anneded in forming gas (10% H, in N,) at 390 °C for 20 min
to minimize interface trgps. Findly, dl wafers were sent for back-grinding to facilitate
electrica measurements.

Another set of blanket wafers was irradiated with the 308 nm XeCl excimer laser as
well. During LTP, in-situ time-resolved reflectance (TRR) measurements were conducted
to record the evolution of the surface reflectance of the irradiated surface using a 790 nm
probe laser with sub-ns resolution. The trangent surface reflectance (measured in V) is
andogous to the reflectivity of the film dack a a particular ingant. The probe laser was

focused a an incident angle of ~27° (with respect to the surface normd) to a spot size <
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100 umin diameter onto the center of the irradiated spot. The small probe size ensures that
the reflectance is measured over a homogeneoudy irradiated region. The duration of laser-

induced mdts can be determined from the reflectance traces obtained [105].

3.6 Materials Characterization
3.6.1 Secondary ion mass spectrometry

All dopant profiles in this work were andyzed by secondary ion mass spectrometry
(SIMS) using a Cameca IMS & ingtrument with a high-resolution magnetic sector mass
spectrometer. For positive SIMS analyses (positive secondary ion detection), O," was used
as the primary ion source. The primary beam current used was between 20 to 50 nA at a
net impact energy of 1 to 5 keV (depending on samples). For negative SIMS analyses
(negative secondary ion detection), Cs was used as the primary ion source. The primary
beam current used was 12 nA a a net impact energy of 3 keV. The primary ions impinged
upon the surface at an incident angle of ~56° and ~24° (with respect to the surface normd)
for O, and Cs" source, respectively. The typical raster area is 200x200 pm? or 250x250
pn?. Secondary ions were collected from the centra region (30 um in diameter) of the
Sputtered crater. A post-acceleration system is used to improve the yield of low-energy
secondary ions. All sputtered crater depths were measured using a Tencor Alpha-Step 500

sylus profilometer.

3.6.1.1 Determination of junction depth (from SIMS) after LTP
In generd, when andlyzing junctions that are formed by LTP (where the surface was

melted by the laser), the junction depth is typicaly regarded as the maximum met depth.
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Idedly, snce the impurity aoms can diffuse uniformly to the maximum mdt depth during
laser irradiation, it is expected that the samples would exhibit drupt dopant profiles after
laser melting. However, in redlity, the dopant profiles that are obtained by SIMS usudly
have doping tals and are not as aorupt as expected. This deviaion from abrupt junction
behavior can be attributed to 3 factors: (i) limited depth resolution of the SIMS instrument,
(ii) gpatia inhomogeneity of the laser beam, and (iii) non-abrupt amorphous/crystalline (alc)
interfaces for samples that were subjected to a pre-amorphizing implantation.

Depth resolution is often limited by ion-beam mixing and/or surface roughening during
SIMS analysis [106]. When the primary ion species (O," or Cs") bombard the target
surface, some of theseions are implanted into the target while others may be scattered back.
Such callisons not only cause the target atoms to be sputtered out but can dso push them
deeper into the target. This effect, together with surface roughening can cause the profile to
broaden, which can lead to inaccurate representation of the actuad depth profiles. As for
samples with PAI, the alc interfaces will not be atomicaly sharp due to ion mixing, especidly
for Si* PAI. Therefore, we believe that in generd, the junctions formed by laser mdting are
gtill considered to be adborupt (unless otherwise stated). Now, we shall illustrate how c; (after
lasar mdting) is determined from the measured dopant profiles. Figure 3.3 isa typical SIMS
profile that is obtained from a boron-implanted sample (with a n-type substrate) after laser
mdting. Assuming that the p'/n junction has a rather abrupt interface, the location of this
interface (i.e. the maximum mdt depth) is approximated to be the position where the dopant
concentration decreases by ~50% from its farly congant vaue. This criterion is widdy
accepted in the SIMS community to define the interface between two films. Hence, the

metdlurgicd junction depth of this sample is best represented by point X, which is ~36 nm
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from the surface.
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Figure 3.3 Determindion of the metdlurgicd junction depth (from SIMS) after laser
mdting.

3.6.2 Transmission eectron micr oscopy

Conventiond transmisson eectron microscopy (TEM) was employed to provide
microstructurd information and high-resolution transmisson eectron microscopy (HRTEM)
was used to observe lattice images. Both plan-view and cross-sectiond TEM (XTEM)
gpecimens were thinned to dectron trangparency usng standard grinding and polishing
procedures, followed by low-energy ion milling. The samples were then examined under a
Philips Tecnal F20 transmission electron microscope that was operating & an accderating

voltage of 200 kV.
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3.6.3 Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) was performed using 2 MeV He' ions
generated from a van de Graaff accelerator. All measurements were done a norma
incidence. The detector (for detecting the backscattered particles) was equipped with an
Oxford microbeam data acquisition system and was located at a scattering angle of 160° (or
an angle of gpproximately 70°) with the sample surface. Channding RBS was conducted by

digning the incident beam with the <100> axis of virgin slicon.

3.6.4 Atomic for ce micr oscopy

The morphologies of the as-implanted and annealed samples were andyzed by aomic
force microscopy (AFM). Measurements were carried out in norma ambient, usng the
AFM (by Digitd Instruments) in tapping mode in combination with tapping mode etched
dlicon (TESP) tips. The cantilever was oscillated near its resonant frequency as it scanned
over the sample surface. With this method, high-resolution images can be obtained without
inducing destructive frictiond forces. Topographic images were acquired by scanning over
an area of 1x1 pm? with a resolution of 512x512 data points. No further processing of the
images was peformed, except for the “flattening” procedure, which helps to diminate
artifacts that could be caused by the curvature of the piezo movements. The surfaces were
characterized by measuring the dimensons of the surface features and caculating the

average roughness (R,) and the root-mean-square roughness (Rims).
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3.7 Electrical Characterization

The capacitance-voltage (C-V) and current-voltage (I-V) characteristics were
measured usng a HP-4284A LCR meter a 1 MHz and a HP-4156B semiconductor
parameter andyzer. Capacitance values were recorded as the gate bias was swept from
subgrate inverson to accumulation. Gate leskage currents were measured when the
subgtrate was under accumulation. Constant voltage time-dependent dielectric breakdown

(TDDB) studies were conducted at room temperature to examine the gate oxide reliability.

3.7.1 Characterization of poly-depletion

In conventional MOS devices, the gate polarity is different to that of the substrate (or
the well if thereis awell implant). For instance, a p-MOS device typicaly has a p*-poly-Si
gate over a n-well. As mentioned in Chapter 2, the gate depletion effect occurs when the
substrate is in inversion. Therefore, aMOSFET structure should be required to observe the
gate-depletion effect from C-V plots. However, the fabrication of MOSFETS is a very
tedious, time-consuming and costly process.

In this project, we employ an effective testing method using two-termind capacitor
structureswith poly-S gates that have the same polarity as the well/substrate. That is, a p’-
gated capacitor (PCAP) will have a p*-poly-S gate on a p-type well/substrate. When a
positive gate bias is applied to the PCAP, the substrate is under depletion and the poly-S
gate is in accumulation. When the gate bias sweeps to a negative vaue, the subgtrate is in
accumulation and the poly-S gate is under depletion [108]. Therefore, the “accumulation”
capacitance, C4. is a measure of the degree of gate-depletion in PCAPs [109]. Similarly,

the PDE in n'-gated capacitors (on n-substrates) can be measured from Cy. vaues under
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positive gate bias. These can be obtaned esdly usng high frequency (HF) C-V
measurements. In this case, it is not necessary to conduct low frequency or quas-tatic C-V
measurements to measure the gate-depletion effect (normdly PDE is observed from the
response of the minority carriers a low frequencies [108]). Figure 3.4 shows the smulated
C-V plots of PCAP with different carrier concentrations a the poly-S gate/gate oxide
interface (NpoLy), for the same gate oxide thickness [110]. PDE can be clearly observed in
Fig. 3.4 when the substrate is under accumulation (higher NeoLy gives rise to less depletion

and hence higher Cy).
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Figure 3.4 Smulated C-V plots of PCAP of different gate doping concentrations, Neo,y
for the same gate oxide thickness.
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CHAPTER 4
SIMULATION OF LASER IRRADIATION ON SILICON

4.1 Introduction

This chapter shows the results from the smulation of the laser interaction with slicon
using the SLIM software. The results (eg. met depth vs. time, heating and cooling rates)
provide some basic understanding of the LTP and the met phenomenon. Further insights to
the laser therma process are provided when we use the two-layer SLIM program to

smulate the mdt characterigtics of an aS overlayer on c-S.

4.2 Interaction of Laser with Crystalline Silicon

The correlation between laser fluence, , maximum met depth and maximum surface
temperature for ¢-S (obtained from SLIM) is plotted in Fig. 4.1. It is clear tha the
maximum met depth varies dmogt linearly with fluence, which is in good agreement with the
observationsof Narayan et al. [53] in spite of the difference in laser wavelength used. The
increase in the maximum melt depth with fluence is a direct consequence of an increase in
therma energy generated in the subdtrate by the input light wave. From Fig. 4.1, it can be
seen that S barely mdts a 0.66 Jonr?, with a maximum surface temperature of 1411 °C
(dightly higher than T,). This indicates thet the threshold fluence for mdting ¢-Si, En(c-S) is

~0.66 Jcnt for 248 nm laser irradiation.
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Figure 4.1 Corrdation between laser fluence, maximum met depth and maximum surface
temperature for c-S (obtained from SLIM).

The smulated melt front profiles for c-S during laser irradiation with various fluences
are shown in Fig. 4.2. It can be observed that the met depth increases with time for laser
fluence greater than Ep(c-S). After the maximum met depth is atained, the mdt front
changes direction and the medt depth starts to decrease due to a reduction in loca
temperature with time. It is known that the ingtantaneous interface solidification velocity can
be determined from the derivative of met depth versus time plots smilar to the plots shown
in Fig. 4.2 [61]. For example, a 40 ns, the derivative of the curve representing E ~0.8
Jen? is ~398 nvs, indicating an extremdy high solidification/regrowth velocity upon

cooling.
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Figure 4.2 Smulated mdt front profiles for ¢-S during laser irradigion with various
fluences.

From Fig. 4.3, it can be seen that initidly, the surface temperature of S increases as
the duration of laser irradiaion increases and remains relaively unchanged (for £ £ 0.8
Jen). The surface temperature then declines continuoudy until the laser pulse is completed.
These plots complement the melt depth againg time plots in Fig. 4.2. For example, the
surface temperature of Si (for a fluence of 0.8 Jenf) is above T, from 22 to 45 ns. These
correspond to the times where the surface is molten in the initid and find stage of the melting
(seeFig. 4.2). For E ~0.7 Jen, the hesting rate can be estimated by calculating the Sope
of the near-linear region from 14 to 20 ns. This approximates to be 9.2x10™ °C/s for a
sngle laser pulse. It is important to note that such a heating rate can never be achieved by
conventiond RTA techniques. It can dso be inferred from Fig. 4.3 that the heeting rate
increases with fluence, but the average cooling rate decreases with fluence that is, the

surface region remains heated for alonger duration a a higher fluence.

Y. F. Chong 45



1400

1200

1000

800

600

400

200

Surface temperature (°C)

L. g o0 uop0 m0g
0 10 20 30 40 50 60 70
Time (ns)

Figure 4.3 Effect of laser fluence on the surface temperature of ¢-S during irradiation. Insst
figure shows that the surface temperature of S (for a fluence of 0.7 Jen?) falls to room
temperature after ~1800 ns.

The inset of Fig. 4.3 dso shows that for a laser fluence of 0.7 Jonr?, the surface
temperature of the S sample fals to room temperature after ~1800 ns, which istypica of a
thermd cycle of apulsed excimer laser. In practice, the highest frequency attainable for most
excimer lasersisin the range of ten to afew hundred Hertz [41], indicating that the minimum
time interva between 2 pulses is around 1 ms, which is much larger in magnitude than the
time taken for a complete laser-induced thermd cycle. This suggests that for multiple laser
pulses, the substrate will be cooled to room temperature after every pulse and hence there
should not be any “memory” effects. That isto say, the pulse frequency/repetition rate of the
laser beam has negligible effect on the thermd cycle or the hedting rate. This is true unless

thereisachange in materid property of the substrate.
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4.3 Interaction of Laser with an a-S Overlayer on c-Si

In this section, we perform smulation of laser interaction with an &S layer on ¢-Si
usng the two-layer SLIM program. This is based on a smplified hesting modd which
presumes that the mdlt front only advancesin one direction during mdting or solidification. In
addition, it does not take into account the complex effects of explosve crysdlization (see
Chapter 2 for details). In these smulations, the thickness of the amorphous layer was et to
be 280 A. Figure 4.4 shows the Smulated melt front profiles of asample with 280 A of a-Si
overlying ¢-S during laser irradiation a various fluences. As expected, the maximum melt
depth increases with fluence. It is dso noticed that a a substantidly high fluence of 0.83
Jen?, the melt front completely penetrates through the amorphous layer into the crystaline
substrate.

However, a plateau can be observed just before the melt front advances into c-S.
This agrees reasonably wdl with the experimentd findings of Thompson et al. [59] where
plateaus are ds0 shown in ther met depth vs time plots (derived from trangent
conductance measurements). The presence of the plateau can be interpreted as follows:
during laser irradiation, melting begins a the a S surface when the temperature exceeds T..
The mdt front continues to propagate into the uniform a-S layer at this reduced temperature
until it encounters the aSi/c-S interface. Since the temperature of the mdt is below T, the
met front must pause a this interface until sufficient energy is aosorbed from the laser to
increase the liquid temperature to T, [61]. Once the temperature & the |-S/c-S interface
exceeds T, and the mdt gains enough energy to overcome the latent heat of meting

cayddline S, the mdt front advances into the underlying c-S.
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Figure 4.4 Simulated melt front profiles for a 280 A aS overlayer on ¢-S during laser
irradiation at various fluences.

On the other hand, a § ~0.58 Jcn, the maximum melt depth is maintained at 280 A
(between 26.7 and 36.9 ns) during the laser irradiation. This shows that theoretically, it is
possible to melt the entire &S layer without melting the underlying subgtrate (in this casethe
subgtrate is ¢-S). This can be achieved by choosng a laser fluence such that the
temperature of the amorphous layer is raised above its melting point but below the mdting
point of the underlying crystaline substrate. In this way, a process margin is crested since
there is a fluence window in which the melt depth does not increase with afurther increase in
laser fluence. Thus, it has been proposed thet for the fabrication of ultra-shalow junctions
using LTP, thefind junction depth could be defined by the thickness of the amorphous layer
(or the pre-amorphization depth). This is because the melt depth can be precisdy controlled
by the pre-amorphization depth [71].

It should be noted that the actual aSi/c-S samples used in this work are prepared by
implanting ¢-S with heavy ions such as Si* or Ge" to amorphize the surface. These pre-
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amorphized samples have alot of crystd defects near the range of the implanted ions and
are gructurdly different from the ided aSi/c-S samples where the alc interface is clearly
defined. Hence, there are some concerns on the formation of extended defects after laser-
induced mdting and recrystalization [65, 67]. These will be discussed in detail in Chapter 6.
The above data dso show that by having an amorphous slicon layer overlying ¢-S, the
threshold fluence needed to melt the S substrate is reduced. Previoudy, a fluence of at least
0.66 Jecnt is required to melt ¢-Si (Fig. 4.1), but now, a fluence of 0.58 Jen¥ is able to
melt alayer of 280 A & S.

Figure 4.5 shows the smulated temperature digtribution profiles in the aS/c-Si
sample a different times during irradiation with afluence of 0.58 Jen. It can be seen that at
23.52 ns, the temperature within the amorphous layer is less than 1147 °C (T,), indicating
that the &S layer is not fully mdted yet. Mdting occurs progressively until the maximum
melt depth (corresponding to the amorphous layer thickness of 280 A) is reached, after
which the resultant medt depth is governed by the temperature in the subgtrate. As can be
seen from Fig. 4.5, the temperature at a depth of 280 A after 32.4 ns of the irradiation is
~1227 °C, which is greater than T, but less than T.. After 42.2 ns of the irradiaion, the
temperature profile is relaively lower than before (for depths <2400 A), with less than 180
A of the substrate having a temperature grester than T,. This results in a Sgnificant decrease

in the melt depth.
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Figure 4.5 Smulated temperature digribution profiles in the aS/c-S sample at different
times during irradiation with a fluence of 0.58 Jen.

4.4 Summary

In this sudy, we have smulated the mdt front and temperature distribution profiles for
both crystaline and pre-amorphized S during laser irradiation a 248 nm. It has been shown
that the heating rate (>1x10™ °C/s) can never be achieved by conventional RTA technicues.
The SLIM data show that theoreticdly, it is possble to mdt the entire amorphous layer
without melting the underlying crystdline substrate. This concept can be gpplied to the
anneding of ultra-shdlow p'/n junctions where the find junction depth is controlled by the

melt depth.
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CHAPTER S
FORMATION OF ULTRA-SHALLOW JUNCTIONSUSING
LASER THERMAL PROCESSING

5.1 Introduction

This chapter describes and compares the two most promising techniques that can be
employed to form ultrashdlow g/n junctions. The techniques are spike rapid thermal
anneding and laser therma processing. For each technique, the discusson will include the
andyses of the junction depth, the abruptness of the junction, and the sheet resistance of the
boron-doped layer. The last part of this chapter shows the effect of laser irradiation on the

modification of the surface morphology of boron-doped pre-amorphized slicon.

5.2 Effect of Surface Treatment on Channeling

Figure 5.1 compares the as-implanted boron SIMS profiles in pre-amorphized (10
keV, 2x10"/cn? Sit PAI) and ¢-S samples. BY was implanted to a dose of 1x10™/cn? at
0.6 and 1 keV respectively. For both implant energies, it is observed that the junction depth
(at a concentration of 1x10™ atomg/ent) of the pre-amorphized samples is less than that of
the crystaline samples, indicating that channdling of the boron ionsis largely ameiorated by
the PAI. In addition, the junctions of the pre-amorphized samples are more abrupt as
compared to the cryddline samples. This implies that the junctions formed after RTA of
pre-amorphized samples will have steeper latera abruptness, thus reducing short channe
effects [2]. The above suggests that a PAI surface trestment is necessary for the formation

of ultra-shalow p*/n junctions (for B" energies > 0.6 keV).
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Figure 5.1 Comparison of as-implanted boron SIMS profiles in pre-amorphized and c¢-Si
samples.

5.3 Effect of RTA Temperature on Sheet Resistance

The effect of RTA temperature (at a soak time of 10 s) on the sheet resstance, Rs is
shown in Fig. 5.2. The samples (pre-amorphized with 10 keV, 2x10"/cn? Si* PAI) were
implanted with 1 keV boron to a dose of 1x10*/ci?. It can be seen from Fig. 5.2 that the
sheet resstance decreases as the annedling temperature increases. This is attributed to 2
factors: (i) a grester degree of dopant activation and (ii) an increase in junction depth, c;
with an increase in annedling temperature. From Fg. 5.2, it can be inferred that in order to
achieve a reasonably high degree of dopant activation (i.e. low Rs), RTA should be

performed at temperatures in the range of 1000 °C to 1100 °C.
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Figure 5.2 Effect of anneding temperature (at a soak time of 10 s) on sheet resstance.
Samples were pre-amorphized with 10 keV, 2x10%/cn? Sit PAL.

5.4 Comparison of Spike Anneal with Soak RTA

The boron SIMS profiles of the pre-amorphized samples (10 keV, 2x10%/cn? Si
PAI) before and after rapid thermal annedling under various conditions are depicted in Fig.
5.3. It is noticed thet c; of the conventional soak annealed sample (at 950 °C for 10 9) is
comparable to that of the spike annedled sample with aramp-up rate of 75 °C/s. However,
the Rs of the soike annedled sample is consderably lower than that of the soak annedled
sample (294 W/O vs. 437 W/O). This is dso true for the spike anneded sample with a
ramp-up rate of 300 °C/s. The higher degree of dopant activation in the spike anneded
samples is primarily due to the higher anneding temperature reached, despite having
shalower junctions. Although a low sheet resistance was obtained for the sample that was
soak annealed at 1050 °C for 10 s, the junction depth is substantidly greater than that of the
pike annedled samples. These suggest that conventiond soak RTA is unsuitable for the

formation of ultra-shalow junctions for advanced CM OS processing.
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Figure 5.3 Boron SIMS profiles of the pre-amorphized samples before and after RTA
under various conditions.

For the spike annealed samples, it can be seen from Fig. 5.3 that there is a reduction
in junction depth from ~630 to ~580 A as the ramp-up rate increases from 75 °C/s to 300
°Cls. This reduction in c; is attributed to a lower thermal budget (for the sample with a
higher ramp-up rate) which reduces the tota integrated time spent by the wafer a the high
temperature (~950 °C to 1050 °C) regime [6]. Consequently, the intringc and enhanced
diffuson of the boron aoms is decreased, and a shdlower junction is thus formed.
However, as shown in Fig. 5.3, the Rs of the spike annedled sample with a 300 °C/s ramp-
up rate is dightly higher than that of the sample annedled with a ramp-up rate of 75 °Cls.
This could be due to the reduced residence time at the high temperature regime associated
with the higher ramp-up rate, resulting in a dightly lower degree of activation. The above

results clearly demondrate the advantages of using a high ramp-up rate spike RTA over
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conventiond soak anned, i.e. oike RTA dlows the use of higher annedling temperatures
while maintaining alow thermd budget. There seems to be a compromise of the fraction of
the activated dopants when the effective anneding time is decreased smply by increasing the

ramp-up rate.

5.5 Ultra-shallow P*/n Junctions Formed By LTP
5.5.1 Effect of different fluence conditions

Figure 5.4 shows the sheet resstance of a 1 keV boron-implanted sample (pre-
amorphized with 5 keV, 1x10™/cn? Ge") as a function of laser fluence. The samples were
subjected to a gngle-pulse irradiation from a 248 nm KrF laser. From Fig. 54, it is
observed that the sheet resstance decreases as fluence increases, indicating an increase in
dopant activation (as well as an increase in c¢;) with increesing fluence. However, the Rs
remains virtudly unchanged (at ~200 W/O) when the fluence is increased to a vaue above
0.52 Jen?. This implies that the dopants are dmost fully activated a such high fluence
levels. The high degree of dopant activation is attributed to the extremey high hesting
(>1x10"™ °C/s) and quenching rates of the laser process. As a consequence, the dopants are
engulfed in the subditutiond dtes during cryddlization (solute trgpping), with dopant

concentrations that can exceed the equilibrium solid solubility limit in Slicon.
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Figure 5.4 Sheet resstance of a 1 keV boron-implanted sample as a function of laser
fluence.

The effect of sngle-pulsed laser irradiation on the redidribution of boron aoms is
illustrated in Fig. 5.5. The most prominent feeture in Fig. 5.5 is the presence of sep-like
dopant profiles following laser anneding. These profiles are in sharp contrast to those
obtained after spike RTA, where the samples after spike RTA exhibit graded concentration
profiles. Thus, the junctions after spike anneds do not meet the specifications of ITRS,
which requires the latera abruptness of the junctions to be at least 5 nm/decade for sub-0.1
um CMOS devices [1]. However, the ~4 nm/decade latera abruptness of the 0.52 Jen?
laser-annedled sample can satisfy the ITRS requirement. For advanced CMOS
technologies, a nearly flat and abrupt profile is desred for the source/drain extension
junctions to confine the eectric field in the channd region under the gate and to reduce the
sub-threshold leakage current. In order to achieve a reasonably high degree of dopant
activation for the laser-anneded samples, the mdt depth should be large enough to

encompass the boron profile at 1x10™® atoms/cn .
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Figure 5.5 SIMS depth profiles showing the effect of sngle-pulsed 248 nm laser irradiation
on the redigtribution of boron atoms.

The formation of the abrupt junction can be explaned as follows. During laser
irradiation, the heet generated by the laser pulse causes athin layer of the S surface to mdlt.
Since the diffusivity of boron in the liquid phase (~10* cnrf/s) is about eight orders of
magnitude higher than that in the solid state (~10™ cnf/s at 1000 °C) [111], the boron
atoms gart to diffuse ingantaneoudy and become nearly uniformly distributed within the
molten Si. Diffuson stops exactly upon reaching the liquid/solid interface, thus forming an
abrupt junction [14, 71]. Since the mdt duration during LTP is typicdly in the tens of
nanosecond regime, it is believed that diffuson of boron in the solid adjacent to the
liquid/salid interface is negligible.

As shown in Fig. 5.5, the junction for the sample after laser annedling at 0.52 Jen? (c;
~300 A) is shalower than that of the spike annedled samples (refer to Fig. 5.2) by at least

280 A. The determination of c; after laser-induced melting has been discussed in Chapter 3.
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Furthermore, the boron concentration (see the flat portion of the SIMS profile) in this
sample is as high as 3.4x10%° atoms/ent, a value théat is greater than the equilibrium boron
solid solubility (~1.9x10%° atoms/cn® a 1100 °C) in silicon [112]. This is manifested as an
appreciable decrease in sheet resistance after LTP. For example, the R of the 0.52 Jen?
laser annedled sample (~200 W/O) is consderably lower than that of the spike anneded
samples (Rs ~294-308 W), despite a junction depth difference of at least 280 A. The
above results strongly indicate that due to the near-zero thermd budget of the laser thermal
process, single-pulsed laser irradiation can produce abrupt, highly activated and ultra

shalow p'/n junctions for sub-0.1 um CMOS technologies.

5.5.2 Lattice Strain

Previous work has suggested that the slicon lattice contracts when only boron is
subdtitutiondly incorporated into the lattice Sites after pulsed laser annedling [43, 45]. Thisis
due to the fact that the covaent radius of boron that replaces S aoms in the lattice is
subgtantidly smaller than that of the silicon atom. This contraction will give riseto latice sain
with a magnitude that is proportiona to the local boron concentration [45]. Hence, in order
to minimize the strain induced by the boron atoms (especidly after LTP), it is necessary to
incorporate atoms that have a larger covaent radius than slicon aong with boron to offset
the strain (a good candidate would be Ge). Strain compensation can be explained in a
quantitative way by using a“hard sphere’ mode [113]. Since each aom in the silicon lattice
is dtuated within a tetrahedrd comprisng four neighbors, the distance between two
neighboring atoms is referred as the tetrahedrd radius. The degree of drain, e (aso known
as the midfit factor) caused by the presence of an impurity atom in the lattice is thus
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dependent on itstetrahedrd radius, r; and the tetrahedrd radius of the silicon host atom, ro.
Therefore, e dso gives an indication of the amount of dopants that can be incorporated into

the subgtitutiona sites[113] and is defined by:

(5.1)

When more than one type of dopant is present, it is proposed that we define another
term called the effective srain, e, which takes into account the strain induced by the

individua dopant species.

Lo +or, 4. )‘ (52)

The tetrahedra radius and corresponding mifit factors[calculated usng Eqgn. (5.2)] of
various aoms in slicon are compiled in Table 5.1. It can be seen that the midfit factor of a
B-doped S lattice is reduced from 0.254 to 0.22 by the addition of Ge atoms. In this case,
since we have implanted the same dose (1x10™/cn?) of germanium and boron ions into
glicon, it is reasonable to assume that there are sufficient Ge atoms to offset the strain
induced by the boron atoms. The strain compensation effect that is provided by the larger
Ge atoms is probably one of the factors that causes the enhanced dopant activation after

laser annedling. It is noted that this is only an empirica concept that describes the physical
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arangement of impurity aoms in slicon and should not be taken as the sole factor in

determining the dectricd activity of the dopants [113].

Table 5.1 Tetrahedrd radius and misfit factors of various atomsin S.

Atoms Si Ge B Ge+B
Tetrahedra radius (A) 1.18 1.22 0.88 -
i 0 0.034 0.254 0.22

5.5.3 Effect of multiplelaser pulsesat a high fluence

Figure 5.6 compares the boron concentration profiles after laser irradiation with
successive pulses a a rdaively high fluence of 1.1 Jon? for the 1 keV boron-implanted
sample (pre-amorphized with 5 keV Ge"). The laser fluence employed (1.1 Jen?) is much
higher than whét is required to melt the pre-amorphized layer (which is ~116 A from TEM
observations), rendering a substantial portion of the underlying Si substrate to be melted as
well [100]. From Fig. 5.6, it can be seen that the boron SIMS profile after the first laser
pulse does not resemble the typicd “step-like’ profile obtained following laser anneding.
This result, coupled with the observation that the boron depth profile advances further into
the S subgtrate upon successve pulses, suggest that the boron atoms did not diffuse

uniformly to the maximum attainable met depth after the first pulse.
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Figure 5.6 Comparison of boron concentration profiles after LTP with successive pulses at
1.1 Jen.

As can be seen from Fig. 5.6, the maximum melt depth is estimated to be ~1750 A
snce the laser irradiation seems to have less effect on the dopant profile beyond 5 pulses. It
is postulated that the boron atoms do not have sufficient time to diffuse up to this maximum
melt depth when the firgt laser pulse was gpplied. This is probably due to two factors:
Firdly, the melt front is propageating into the solid a a velocity thet is much greater than the
diffusve velocity of the dopant (even in molten S). Secondly, when the primary melt front
reaches the maximum melt depth, the solidification front is moving in the oppodte direction
a arather high vdocity, thus “preventing” the B aoms to diffuse further. However, the
boron profile is able to advance into the silicon subsirate as the number of pulse increases.
This is attributed to the piling up of boron at the liquid/solid interface after each preceding
pulse. From Fig. 5.6, it is noticed that after 10 laser pulses, the “true’ maximum melt depth

has been reached, and the boron atoms would have diffused uniformly up to this depth.
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5.6 Modification of Surface Morphology by LTP

Figures 5.7(a) and (b) show the top-view AFM images of an asimplanted boron
sample (pre-amorphized with 5 keV Ge") and a sample after a 1050 °C, 10 s sosk RTA,
respectively. For the as-implanted sample, it is noticed that the surface is dmost featureess,
despite using a verticd scde of 1 nm (note that Figs. 5.7(a) and (b) share the same scdle
bar). This shows that the Ge" PAI has negligible effects on the surface morphology of
crystdline (100) slicon. From Fig. 5.7(b), it can be seen that the surface festures become

more defined after rgpid thermal annedling at 1050 °C.

@ (b)

Figure 5.7 Top-view AFM images of a (a) asimplanted sample (pre-amorphized slicon)
and (b) sample after RTA.

Smilar obsarvations have been made by Mohadjeri et al. [114], dthough the
roughening of their samples after annedling (at 1100 °C) is more dragtic. These features may
be atributed to the formation of dlicon monoxide and slicon dioxide during anneding
(assuming that there is residud oxygen remaining in the chamber). According to Mohadjeri

et al. [114], at theinitid Sage of the anneding, smdl isolated idands of SO, are formed on
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the sllicon surface. Asthe partid pressure of oxygen decreases with anneding time, parts of
the S surface that are not covered by the SO, clusters are etched by G through the
desorption of volatile SO species from the surface. As a consequence, the silicon surface
will experience locdlized etching, leading to the formation of the surface asperities observed.
In order to reduce surface roughness caused by localized etching, it has been proposed that
the oxygen partid pressure in the anneding ambient should be increased to above a certain
vaue such that the continud lateral growth of a protective layer of SO, is sustained [114].
The detalled mechanism of the competing effects of O, adsorption and SO desorption
under various oxygen partid pressures is beyond the scope of this work and will not be
discussed further.

The effect of laser irradiation on surface morphology is shown in Fig. 5.8. The scde
bar that is displayed is for Fig. 5.8(b). It is noted that the scae bar for Fig. 5.8(9) is the
same as that for Fig. 5.7 and is not shown. For the sample after laser irradiation a 0.52
Jen?, it is apparent that the general surface microgtructure does not vary significantly from
that of the rgpid therma anneded sample [Fig. 5.7(b)]. This clearly demondrates that the
laser annedl at 0.52 Jen? does not cause any severe physica degradation of the silicon
surface even though the mdting of the pre-amorphized slicon during LTP causes some
rearrangement of S atoms at the surface. As can be seen from Fig. 5.8(b), when the sample
was exposed to a higher laser fluence of 0.74 Jen?, the resulting morphology is entirdy
different to that of the rapid therma annedled sample and the 0.52 Jent |aser-processed
sample. An increase in laser fluence is andogous to a rise in surface temperature, thus

resulting in more surface asperities.
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Figure 5.8 Effect of laser irradiation on surface morphology. AFM image of a sample ()
after LTPa 0.52 Jen? and (b) after LTP at 0.74 Jen'.

The surface roughness measurements of the asimplanted sample and the samples
annedled under different conditions are computed in Table 5.2. It can be seen that the root-
mean-square roughness, Rys of the asimplanted sample has increased by ~49 % after
RTA a 1050 °C. The roughening phenomenon during RTA has been addressed above.
Thisresult isaso in good agreement with the data of Edrei et al. [115], where it was found
that the surface roughness of doped amorphous dlicon increased after RTA a various
temperatures.

Table 5.2 dso shows that the surface roughness increases as the laser fluence
increases, congstent with expectations. It is important to note that the Rys Of the laser-
annedled sample at 0.52 Jent (0.143 nm) is comparable to that of the sample after RTA
(0146 nm), confirming the smilarity in the surface morphologies between these two
samples. In terms of the surface morphology, it can be deduced that the optimized fluence

for LTPisabout 0.52 Jen?. Although an incresse in the laser fluence can lead to a decresse
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in sheet resstance (Fig. 5.4), it should be noted that this decrease in Rs is accompanied by
an increase in junction depth and surface roughness, which is undesirable from the device' s

point of view.

Table 5.2 Roughness measurements of the as-implanted sample and the samples anneded
under different conditions.

Samples Ra (nm) Rms (NM)
as-implanted (with Ge" PAI) 0.080 0.098
RTA (1050 °C, 10 9) 0.116 0.146
laser annesaled (0.52 Jen) 0.113 0.143
laser annealed (0.62 Jen) 0.119 0.155
laser annesled (0.74 Jen) 0.462 0.687
laser annedled (1.1 Jent) 0.732 0.965

Figure 5.9 shows atop-view AFM image obtained from a sample after laser anneding
a ahigh fluence of 1.1 Jen?. It is noted thet the vertical scale used in Fig. 5.9 is different
from that used in Figs. 5.7 and 5.8, whereby a lighter shade represents a greater height in
Fig. 5.9 as compared to Figs. 5.7 and 5.8. It gppears from Fig. 5.9 that some “ridges’ are
formed about 55 nm apart with a pattern reminiscent of percolation theory. The formation of
the ridges causes the surface roughness to increase by nearly one order of magnitude, with

respect to the as-implanted sample (refer to Table 5.2).
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It can be proposed that when the dlicon surface was exposed to laser irradiation at
such a high fluence, the melting was S0 extensive that apparently there was not enough time
to completely redistribute the materid at the surface upon solidification. This results in a
rough nanotexture that cannot be compromised in the fabrication of ultra-shalow junctions.
The dragtic increase in surface roughness after laser anneding a high fluences will have
adverse effects on the eectrical characteristics of semiconductor devices. For example, a
sgnificantly rough surface would result in areduction of the effective junction depth in certain
regions, giving rise to high leskage currents. Therefore, a low laser fluence should be used

whenever possblein the annegling of slicon samplesto avoid sgnificant surface roughening.

Figure 5.9 Top-view AFM image obtained from a sample after laser annedling & a high
fluence of 1.1 Jen?.

The three-dimensional AFM topographic plot of the as-implanted sample is depicted

in FAg. 510. As mentioned above, the surface is amog featurdess, with inggnificant
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undulations. Similarly, the three-dimensona AFM topographic plots of the samples after
LTP a 0.52 Jon? and 1.1 Jen? are shown in Fig. 5.11. The evolution of the surface
morphology of pre-amorphized slicon under different laser annedl conditions is clearly seen
by comparing Fig. 5.10 and Fig. 5.11 (see Table 5.2 for corresponding roughness values).
As can be seen from Fig. 5.11(b), the arrangement of the surface structures seems to follow
acertain periodic order after laser annediing a a high fluence. During laser annedling, surface
waves are generated on the silicon substrate beneath the native oxide. Due to the freezing of
the surface waves in the glicon mdt, ripple-like periodic structures are formed on the
surface [116]. It has been postulated that the periodicity of the surface waves is governed

by an empirica wave function [117].
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Figure5.10 Three-dimensond AFM topographic plots of the as-implanted sample.
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Figure 5.11 Three-dimensgonad AFM topographic plots of (a) sample after LTP a 0.52
Jent and (b) sample after LTP at 1.1 Jen?.

5.7 Summary

In this Chapter, we have shown that dthough spike RTA with high ramp-up rates can
be used to form shalow junctions, the dopant activation is limited by the solid solubility and
the resulting dopant profiles are usudly graded. In contrast, single-pulsed LTP can produce
abrupt, highly activated and ultra-shalow p*/n junctions. Thisis due to the near-zero thermal
budget of the laser process. A low-fluence LTP should be used whenever possble in the

anneding of slicon samplesto avoid significant surface roughening.
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CHAPTER 6
ANNEALING OF CRYSTAL DEFECTSBY
LASER THERMAL PROCESSING

6.1 Introduction

As we have pointed out in Chapter 4, the LTP process typicdly involves the pre-
amorphization of the silicon surface by implanting Ge" or Si*, followed by the mdting of the
amorphized regions without mdting the underlying substrate. However, there are some
concerns on the formation of extended defects after laser mdting and recrygdlization. In this
chapter, we shdl discuss the effect of LTP on the anneding of crysta defects. We aso
report the role of the excess interdtitias in the EOR region in the transent enhanced diffusion
of boron during a post-L TP RTA. A method based on melting beyond the amorphous layer
during the initid LTP step was found to be effective in controlling boron TED during the

post-L TP annedl.

6.2 RBS Studies of S SamplesWith Ge PAI

Figure 6.1 displays the channeled RBS spectra of the 1 keV boron-implanted sample
(pre-amorphized with 5 keV, 1x10%/cn? Ge") before and after laser anneding & 0.52
Jen?. The random and channeled RBS spectra of a perfectly crystaline virgin (100) silicon
substrate (reference sample) are dso shown for reference. The x-axis is the channel number
(with corresponding backscattered energy) and the y-axis is the normdized yield of the
backscattered He ions. The random spectra of the Ge™ pre-amorphized sample before and

after laser annedling are not shown because the backscattering yield of the dlicon substrate
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isvirtudly the same asthat of the reference sample. Referring to Fig. 6.1, the intendty of the
S surface peak for the as-implanted sample is distinctively greater than that of the reference
sample, indicating severe latice disorder in the surface region of the as-implanted sample. It
is believed that this damaged surface layer is completely amorphous, and is attributed to the
Ge" pre-amorphizing implantation. 1t can be further obsarved from Fig. 6.1 that the
backscattering yidd of the asimplanted sample is much higher than that of the virgin (100)
dlicon sample at depths below the damaged layer. This is because the passage of the
incident beam through the amorphous surface layer greetly enhances the dechanndling rate of

the He" (relative to the case where there is no pre-amorphizaion), resulting in arise in the

backscattering yield.
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Figure 6.1 RBS spectra of a virgin (100) slicon substrate and the Ge™ pre-amorphized
sample before and after laser annedling at 0.52 Jen'.
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The thickness of the amorphous layer can be estimated by the following method. First
of dl, therdio of r , to Ry, is determined, where r , isthe theemd vibrationa amplitude and
Rn, is the shadow cone radius that represents scattering parameters. This ratio is caculated
to be 1.61 usng known parameters from the literature. From the “universa” curve obtained
by Feldman et al. [118], ar /Ry, value of 1.61 gives the number of dlicon atoms/row thet
contributes to the slicon surface peak for the virgin dlicon sample as approximatdy four.
Sincetheintengty of the silicon peek for the as-implanted sample is ~4.74 times higher than
that of the virgin (100) slicon (Fig. 6.1), the surface peak for the as-implanted sample would
correspond to ~4x4.74 » 19 dlicon aoms/row. This vaue is then multiplied by the atomic
spacing (5.43 A) of dlicon dong the <100> rows. Therefore, the thickness of the
amorphous layer is estimated to be ~18x5.43 » 98 A (see TEM results |ater).

It isevident from Fig. 6.1 thet the intendty of the S surface peak for the as-implanted
sample is significantly reduced after laser annedling at 0.52 Jen?. In fact, the channeled
RBS spectrum for this sample coincides with the spectrum for the virgin (100) slicon
sample. There is Striking evidence that the pre-amorphized layer has recrygdlized to asingle
crystd with the same crystd orientation as (100) slicon after a Sngle-pulsed LTP at 0.52
Jen?. Since solid-phase regrowth kinetics is too Sow to explain this phenomenon [44], it is
believed that regrowth of slicon has occurred via liquid phase epitaxy (LPE) using the
underlying dlicon subdrate as a template [66]. Such an oriented crystdlization mechanism
can occur within the nanosecond regime of the laser irradiation because the velocity of the
crystalization front is consderably high (in the order of a few m/s) [45]. During LPE, the
dopants are dso incorporated into the lattice Sites of the regrown S and become eectricdly

active.
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The extent of cryddlization to a Sngle crystd is normaly measured by the minimum
yidd, Cnin, Which isthe ratio of the integrd of the channdled spectrum to the integrd of the
random spectrum just after the trailing edge of the S surface peak [45, 118]. In this study,
the area under evaluation is between channel 120 and 130 and the calculated Cin Values are

tabulated in Table 6.1.

Table 6.1 Caculated ¢, vaues of the reference sample and the Ge™ pre-amorphized
sample before and after LTP at 0.52 Jent.

Samples Cmin (%)
asimplanted (with Ge™ PA) 9.22
after LTP at 0.52 Jen? 3.62
virgin (100) Si 3.52

From Table 6.1, it can be seen that the ¢ i, of the 0.52 Jen? laser annedled sampleis
comparable to that of virgin (100) slicon (within experimenta errors), confirming thet the
amorphous layer has recrystdlized to a sngle crystd with a structure Smilar to that of (100)
dlicon An important feature to notice in Fig. 6.1 is the presence of a pesk a a
backscattering energy of ~1.62 MeV. This pesk is attributed to the backscattering of He'
from the heavier germanium atoms that were introduced into the sample during the PAI. The
backscattering yidd is low because the quantity of Ge aoms in the slicon matrix is rather
amndl. An amplified view of the Ge surface peak is diglayed in the inset of Fig. 6.1. It is
observed thet the intensity of this pesk decreases dragtically after LTP at 0.52 Jent. The

near-complete absence of the Ge surface peak provides further evidence that the LTP has
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indeed completely removed the disorder in the crydd lattice, and practicaly dl the
implanted germanium atoms are located at subdtitutiond pogtions in the S lattice after

epitaxia regrowth.

6.3 TEM Studiesof S Samples With Ge PAI

Figure 6.2 shows a cross-sectiond trangmisson electron micrograph of the as-
implanted sample (pre-amorphized with 5 keV Ge"). The surface has been bonded to an
epoxy layer for TEM sample preparation purposes. Below this epoxy layer, an amorphous
slicon layer of thickness ~116 A is distinguisheble, dthough some residud crystaline
gructure is just resolved a the alc interface. The dark band at the alc interface may be
asociated with the crystal damage/strain fidld induced by the Ge™ PAIL. From Fig. 6.2, it is
apparent that the amorphous layer is continuous, and it extends dl the way to the surface.
These reaults are in reasonable agreement with the channeled RBS data presented in Fig.
6.1, despite a dight discrepancy in the thickness of the pre-amorphization depth. This is
because for RBS, the thickness of the amorphous layer was deduced from the intensity of
the channeled surface peak. The accuracy of the result is therefore limited by severd factors;
mainly the unknown accuracy of the reference data used and the effects from the implanted

Ge atoms that were neglected in the andlyss.
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Figure 6.2 Cross-sectiond transmission eectron micrograph of the B* asimplanted
sample, pre-amorphized with Ge™ implantation.

Figure 6.3 shows a high-resolution transmission eectron microscopy (HRTEM) image
of across-section of the pre-amorphized sample that was irradiated at a laser fluence of 0.3
Jen. The presence of epitaxid structures that have grown from the crystalline substrate is
clearly observed, indicating that the laser irradiation has transformed the amorphous surface
layer into a Ingle aryddline layer. However, this regrown layer contains a high densty of
microtwins and stacking faults, and the origind alc interface is il vagudy visble. The dark
patches in the transmisson eectron micrograph could be attributed to the mass-thickness
contrast during TEM andyss. Although Jones et al. [65] have observed smilar residua
defects in thelr laser-crystalized sample, they did not ddlineate the defects usng HRTEM
(probably because the PAI layer in their sample is much thicker-27 nm). The result strongly
suggests that the pre-amorphized layer (and the crysta damage caused by the boron ion
implantation) is not completely annealed by the low-fluence laser therma process. Such

junctions typicadly have high junction leskage current and are not acceptable for the
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fabrication of advanced semiconductor devices [23].

epitaxia
structures

Figure 6.3 High-resolution XTEM image of a sample that was not completely anneded by
the 0.3 Jent laser irradiation. It is observed that some epitaxia structures have grown from
the crystdline subgtrate.

Based on previous studies [119, 120], it is found that the regrowth rate of slicon via
laser-induced solid phase epitaxy (at temperatures closeto Ty) is ~8.7x10° nmv/s. Hence, the
minimum time required to grow a~12 nm epitaxia layer usng SPE would be ~13.8 x10° s
» 14 us. This time scae is about three orders of magnitude greater than that of the laser
therma process (which is in tens of nanoseconds), indicating that the time available during
the LTP is not sufficient to cause epitaxial growth of such consderable extent in the solid
date Therefore, the epitaxia growth must have involved mass trangport in a liquid medium
(in this case, the medium is liquid Si). We can thus envisage the scenario whereby the 0.3
Jen? laser irradiation mets the entire amorphous layer such that the primary melt reaches,
but does not exceed the origind alc interface. Upon cooling, LPE occurs and results in the

Y. F. Chong 75



growth of the epitaxia structures as shown in Fig. 6.3. Theresdud defects/disorder shown
in Fg. 6.3 could be caused by the extremely high solidification velocity (but below the
amorphization velocity), which istypica of alow fluence laser therma process.

The lattice image of the as-implanted sample after laser anneding a 0.52 Jen? is
depicted in Fig. 64. The TEM image illustrates essentidly perfect recrysdlization
throughout the region of the origindly pre-amorphized layer. There is virtually no secondary
defect observed in the vicinity of the regrown crystal. These observations are in accordance
with the laser-induced liquid phase epitaxid process, as reported earlier. It is believed that
part of the underlying substrate contiguous to the amorphous layer was dso melted (mdt

depth is~300 A from Fig. 5.5) in order to result in the virtually defect-free crystdl.
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Figure 6.4 Latice image of the pre-amorphized sample after laser anneding at 0.52 Jent.
Recrygdlization has occurred throughout the region of the origindly amorphous layer.
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Further processing of the TEM image was done using the fast Fourier transform (FFT)
function to amulate the eectron diffraction pattern as would be obtained from the
recrystdlized region after LTP (shown in the inset of Fig. 6.4). The diffraction pattern
conggs of diginct spots with each spot representing diffraction from a plane of a single
crystd. This confirms that the amorphous layer has been recrysdlized to a sngle-crysdline

sructure.

6.4 TED of Boron During Post-L TP Anneal
6.4.1 Validation of theimplant smulator, IM SIL

It is well known that the end-of-range (EOR) region contains a supersaturation of
interditial defects that were generated during PAI. During subsequent therma annedling,
these defects may release excess interdtitids (El) that cause the enhanced diffusivity of
certain dopants (e.g. boron). Hence, it is important to understand the role of these excess
interditids in the trangent enhanced diffusion of boron during a post-L TP annedl. This was
done using the binary collison code implant smulator (IMSIL) [102]. In order to check the
vdidity of IMSIL, we compare the as-implanted boron profiles in (100) crystdline slicon
and amorphous slicon that were obtained from SIMS with smulated profiles from IMSIL
and TRIM. These profiles are shown in Fig. 6.5. In dl cases, the tilt angle and the dose of

the boron ion implantation is 0° and 1x10"™/cr?, respectively.
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Figure 6.5 Comparison of asimplanted 1 keV B profiles obtained from SIMS with
amulated profilesfrom IMSIL and TRIM. (8) inc-S and (b) in & Si.

All ISMIL smulations were performed with 20000 ions while a tota of 80000 ions
were run using TRIM. For the IMSIL smulaion of 1 keV B implant into &S on ¢-S, the
thickness of the aSi layer was assigned to be 350 A. This corresponds approximately to
the thickness of the amorphous layer created by a 3x10™/cn?, 10 keV Si* PAI (see Fig.
6.6). The TRIM profilesin Figs. 6.5(a) and 6.5(b) are the same since there is no option to
secify the crystdlinity of the subgrate in TRIM. A 17 A thick native oxide layer wes
included for the Smulation of 1 keV B implantation into (100) ¢-Si to have a better fit of the
IMSIL resultswith the actud SIMS profile. From Fig. 6.5, it is clear that the shapes of the
IMSIL “profiles’ (histograms) resemble closdly that of the experimental SIMS profiles for
both ¢-S and & S substrates. On the other hand, the TRIM profile drops off sharply at a
depth of ~2.2R;, probably due to the fact that the smulation code for TRIM is applicable

only to amorphous targets or random directions of a crystdline target [121]. The excellent
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agreement between the simulated and measured profiles for the 1 keV B" implant vadidates

theuse of IMSIL for the smulation of collison cascades during ion implantation into slicon.

Figure 6.6 Cross-sectiona transmisson electron micrograph of a sample that was pre-
amorphized with 3x10"/cn?, 10 keV Si'.

6.4.2 Simulations of implantation cascades

In the light of the previous section, we used IMSIL to smulate the detailed
implantation cascades of the 3x10™/cn?, 10 keV Si* PAI into ¢S, and the results are
shown in FHg. 6.7. The net profile of the excess interdtitias (El) is obtained by subtracting the
totd number of vacancies from the tota number of interdtitias that were generated during
implantation. It can be seen that the didtribution of excess interdtitids somewhat mimics the
smulated asimplanted S profile. As a comparison, the S ion digtribution profile obtained
from TRIM isdso included in FHg. 6.7. As expected, there is a discrepancy between the

IMSIL and TRIM profiles, especidly near the tail of the implant (i.e. beyond a depth of

~2.2R).
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Figure 6.7 Smulated profiles of the digtribution of ions and excess interditids for the
3x10%/cn?, 10 keV Si* PAI (as obtained from IMSIL and TRIM).

Since the PAI layer encompasses the entire boron prafile, it is generaly accepted that
the “interditids’ that were generated by the 1 keV B implant do not contribute to boron
TED. However, the digtribution of excess interdtitias induced by the boron ion implantation
can gill be extracted from IMSIL, and it is found that these excess interstitids are indeed
confined within the pre-amorphized layer. Hence, for this sample, the excess interdtitias in
the EOR region that will directly affect enhanced diffuson of boron during the post-L TP
RTA is solely contributed by the Si* implantation One smple way to determine the
presence of EOR defects is to subject the asimplanted sample (pre-amorphized with
3x10™/cn?, 10 keV Si*) to alow temperature RTA. As shown in Fig. 6.8, the presence of
akink a adepth of ~36 nm is clearly observed for a sample that was annedled a 700 °C

for 10 s The kink represents segregation of boron atoms near the origina alc interface,
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where there is a supersaturation of point defects. It gppears that the annealing condition is
not adequate to dissolve the boron cugters formed during ion implantation or during the

initid stage of the therma annedling process.
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Figure 6.8 SIMS profiles of 1 keV boron implanted into silicon (pre-amorphized with 10

keV Si*). The presence of akink at adepth of ~36 nm is clearly observed for a sample that
was annedled at 700 °C for 10 s.

6.4.3 Enhanced diffusion of boron during post-LTP RTA

Figure 6.9 depicts the SIMS depth profiles of boron after LTP at different fluences
and after a post- LTP (0.6 Jenf) rapid thermal anned a 825 °C for 30 s. This RTA
condition (thermal budget) was chosen based on the assumption that the subsequent thermal
cycdle that the sample would experience in conventiond MOSFET fabrication is the
dlicidation process. The abrupt junctions that are typicaly formed by LTP can be observed

from Fig. 6.9. For the sample annedled by 0.6 Jen? LTP, the melt depth is estimated to be
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356 A. This corresponds well to the thickness of the amorphous layer created by the 10
keV Si* PAI (see Fig. 6.6).

The result gives a clear indication that during LTP, the primay met front has
propagated through the entire amorphous layer, stopping at the origind alc interface. Based
on thefact that &S has alower mdting point than ¢-Si [58, 59], the pre-amorphized layer
can be meted without melting the underlying crystdline substrate. As pointed out by Tawar
et al. [71], the pre-amorphization depth can thus be used to define the fina junction depth
(just like in the case of the 0.6 Jen? LTP sample). However, as will be seen later, the

damage in the EOR region is not adequatdly anneded by the LTP done.
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Figure 6.9 SIMS depth profiles of boron after LTP at different fluence and after a podt-
LTP (at 0.6 Jen?) annedl. The PAI condition was 3x10™/cn?, 10 keV Si'.

When the 0.6 Jen? LTP sample is subjected to a post-L TP annedl at 825 °C for 30
s there is an agppreciable shift in the boron profile (Fig. 6.9). For example, & a
concentration of 1x10™/cn, the junction depth has shifted inward by ~260 A after RTA.
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This corresponds to a diffuson length («/ﬁ ) that is much greater than the equilibrium
diffuson length of ~8 A predicted using Fair's vaue for the intrindc diffusivity of boron
[122]. The source of this anomaous diffuson is the supersaturation of interdtitials in the EOR
region. By integrating the El profile in Fig. 6.7 (for the region ~200 A beyond the pre-
amorphization depth), the dose of interditids in the EOR region is cdculated to be
~3.9x10™/cn . At this dose, according to the “phase diagram” for {311} behavior by Stolk
et al. [4], {311} defects and EOR loops are expected to be formed during the initid (ramp-
up) stage of the anneding process. Upon further anneding, the unstable {311} defects
dissolve while the EOR loops grow into more stable structures. When the {311} defects
dissolve, they release excess interditials for TED. However, TED of boron has been
observed to occur in the absence of {311} defects [37], indicating that there may be more
than one source of interdtitids for boron TED. At this moment, a detailed understanding of

the evolution of defects during apost-L TP annedl is dill lacking.

6.4.4 Recrystallization of the pre-amorphized layer

The channdled backscattering spectra of the Si* pre-amorphized sample before and
after LTP are shown in Fig. 6.10. The random and channeled backscattering spectra of a
virgin (100) slicon sample are adso displayed for reference. The random spectra of the pre-
amorphized and laser annealed samples are amogt identicd to that of the virgin sample and
are not shown. From Fig. 6.10, it can be seen that the intengity of the slicon surface peak
for the pre-amorphized sample is greeter than that of virgin (100) S, indicating the presence

of damage near the surface of the pre-amorphized sample.
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Figure 6.10 Random and channeled backscattering spectra of a virgin (100) sllicon sample
and the Si* pre-amorphized sample before and after LTP at 0.6 Yo

However, there is a Sgnificant reduction in the intendity of the S surface peak after a
LTP at 0.6 Jen?. It is observed thet the channeled RBS spectrum for the 0.6 Jent laser-
annealed sample virtudly coincides with the spectrum for the virgin sample, indicating thet
the pre-amorphized layer has been completely annedled with a sngle-pulse laser anned at
0.6 Jenr?. 1t should be mentioned that this laser-regrown layer may contain residua defects
such as microtwins and stacking faults [65] that are not detected by RBS. Smilarly, EOR
defects cannot be easly detected using this technique. Hence, dthough RBS shows that the
pre-amorphized layer has been completely annedled, the EOR damage is not sufficiently
annedled by the nanosecond laser irradiation (as indicated by the boron TED during the

post-L TP annedl).
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6.4.5 Control of boron TED during post-L TP anneal

In order to suppress boron TED during the post-L TP annedling, it may be necessary
to extend the mdt depth to beyond the amorphous layer (over-meting) such tha the
interdtitia dose in the region adjacent to the laser-mdted layer is minimized. A new term is
proposed for this region; it is referred as the “next to end-of-range’ (NEOR) region. A
modd based on meting beyond the amorphous layer during the initid LTP gep is shown in
Fig. 6.11. Preferably, the dose of the excess interditids in the NEOR region (defined as
~200 A beyond the mdt depth) should be less than the threshold dose for {311} formation,
which is ~5x10%/cn? [123]. From the process margin standpoint, over-melting into the
subgtrate is rather undesirable but this is one adternative to minimize TED &fter LTP. Thisis
because EOR damage cannot be avoided if a PAI is performed. It should be redlized that
the mdt depth can il be controlled primarily by the fluence.

Figure 6.12 is aplot of the smulated interdtitid dose in the NEOR region (for the 10
keV Si* PAI sample) as a function of melt depth. It is assumed that the laser-mdted Si
recrystdlizes into a good-qudity crysta such that the excess interditids (if any) trgpped in
the regrown crystd do not have a sgnificant influence on the boron TED during subsequent

annedl.
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Figure 6.11 Schematics showing the effect of mdt front position on TED caused by EOR
defects. () Mdt front stops a former alc interface. (b) Mdt front penetrates into the
NEOR region.
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Figure 6.12 Plot of the smulated interdtitid dose in the NEOR region (for the 10 keV Si*
PAI sample) as afunction of melt depth.

From Fig. 6.12, it can be deduced that the laser needs to melt at least 630 A of Si to
achieve an El dose less than 5x10"/cn? in the NEOR region. This would result in a
concentration profile Smilar to that of the 0.78 Jent laser-processed sample as shown in
Fig. 6.9. Unfortunately, such a deep junction may have adverse effects on the performance
of short-channel devices. Moreover, it can be seen from Fig. 6.9 that after LTP, thereisa
dight decrease in boron concentration at the maximum melt depth. The result suggests that
the melt duration is not sufficient to uniformly digtribute the boron atoms within the melted
layer.

Therefore, it can be proposed to use a pre-amorphizing implant of a lower dose
and/or implantation energy to produce a shalower amorphous layer to control TED without
compromising the fina junction depth. Pre-amorphization of sliconis ill necessary in order

to prevent channding (as shown in Fig. 6.5 and to lower the threshold laser fluence
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required to melt the Si substrate [67]. The second point has aso been addressed in Chapter
4. From the XTEM micrograph shown in Fig. 6.2, it can be observed that the 5 keV Ge"
PAI had created an amorphous layer of approximately 116 A thick.

Figure 6.13 shows the smulated profiles of the implantation cascades of a 1x10™/cnr?,
5 keV Ge" PAI into c-S, followed by the implantation of 1 keV B with a dose of
1x10%/cn?. It is noticed that the boron profiles (both IMSIL and SIMS) of this sample are
smilar to that of the 10 keV Si* PAI sample (shown in Fig. 6.5), indicaing that this shallow
(~116 A) amorphous layer is adeguate to prevent most of the channding. Apparently, this
boron profile is not completely contained within the amorphous layer created by the 5 keV
Ge" PAI. Thus, in this case the excess interstitids generated by the 1 keV B implat

(beyond the 116 A PAI layer) may aso affect TED during subsequent thermal annedling.

1022 E T I T | T T T T T T T 3
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Figure 6.13 SIMS profile of boron and smulated profiles of boron ions and excess
interdtitial's that were generated by a1 keV B* implant and a5 keV Ge" PA.
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Figure 6.14 shows the smulated intertitid dose in the NEOR region (for the 5 keV
Ge" PAI sample) as a function of mdt depth, taking into account the excess interditials that
were generated by the 1 keV B implant. It can be obsarved that for melt depths greater
than 245 A, the interdtitid dose in the NEOR region would be less than 5x10™/cnf.
Therefore, it is expected that the transent enhanced diffusion of boron (especidly enhanced

diffuson arisng from the dissolution of {311} defects) be minimized for such melt depths.
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Figure 6.14 Plot of the smulated interdtitid dose in the NEOR region (for the 5 keV Ge"
PAI sample) as afunction of melt depth.

The boron SIMS profiles (in the Ge' PAIl sample) after LTP at 0.52 Jent and after a
post-0.52 Jen? LTP annedl (at 825 °C for 30 s) are shown in Fig. 6.15. The laser-induced
melt depth is estimated to be 290 A, corresponding to an interstitial dose of ~2.7x10™/cn?
in the NEOR region (extracted from Fig. 6.14). Furthermore, it is observed that a a

concentration of 1x10%/cn?, the junction has shifted only by ~30 A during the post-LTP
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anned. As this extent of boron diffuson is rather inggnificant, the junction mantans its
abruptness after the post-L TP annedl. Thisindicates that TED can indeed be suppressed by

over-melting into the subgtrate, consstent with our hypothess.
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Figure 6.15 Boron SIMS prdfiles (in the Ge" PAI sample) after LTP a 0.52 Jen? and
after a post-0.52 Jen? LTP RTA. Over-mdting into the substrate nearly eiminate boron
TED.

The near-complete absence of TED further suggests that the amount of “quenched-in”
interditials [124] in the recrygtdlized slicon (which can act as a source of interdtitids) is
negligble. This is probably due to the near-perfect liquid phase epitaxid regrowth of the
melted layer. The proposed mechanism on the control of boron TED during a post-LTP
anned isillugrated in Fig. 6.11(b). It shows that for a shalower PAI layer, the mdt front
can easly penetrate into the NEOR region with a melt depth that is comparable to that of

the deep PAI case. This reduces the dose of interdiitids that can contribute to TED during
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further annedling. The high resolution XTEM lattice image of the 5 keV Ge” pre-amorphized
sample after LTP at 0.52 Jen? was shown earlier (Fig. 6.4). It can be observed that the
laser-regrown layer is virtudly defect-free and does not contain any microtwins or stacking

faults, as opposed to what might be expected in the absence of over-mdting.

6.5 SUmmary

In summary, we have shown that dthough the amorphous layer in pre-amorphized
dlicon can be completely annedled by the nanosecond laser irradiaion, the EOR damage is
not sufficiently annedled. These EOR defectsin turn can cause boron TED to occur during a
post-L TP annedl. Since the EOR damage cannot be avoided if a PAI is performed, the mdt
depth should be extended to beyond the amorphous layer to minimize the dose of excess
intergtitiasin the NEOR region. We have demondtrated that by usng ashdlower PAI layer
(where channeling is 4ill prevented), the melt front can eedly penetrate into the NEOR
region with a melt depth that is comparable to that of the deep PAI case. Inthisway, even if
the initid boron profile is not completely contained within the amorphous layer, enhanced
diffuson of boron can be sgnificantly suppressed and the junction maintains its aruptness

after the post-L TP annedl.
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CHAPTER 7
PHASE TRANSFORMATIONS
DURING LTP OF GATE STACKS

7.1 Introduction

This chapter presents the results and relevant discussons pertaining to the phase
transformations during LTP of gate stacks (which consst of ether a poly-S/SO,/S
gructure or an aS/SO,/S dructure). It begins with the determination of the effect of a
TiN/Ti cap layer on the melt characteristics of poly-Si. The second part of the chapter
discusses the time-resolved reflectance (TRR) data obtained during the laser processing of
as-depodited amorphous slicon gates overlying an ultrathin gate didlectric. Based on the
results, possble mechanisms for the occurrence of these phase trandformaions are

proposed.

7.2 Effect of a TiN/Ti Cap Layer on the Mt Characteristics of Poly-Si

In arecent study, Verma et al. [125] have smulated the temperature profiles in the
gate and source/drain extenson (SDE) regions during the LTP of conventiond trangstor
structures and found that the degree of mdting in the gate is greeter than that in the SDE. As
aresult, the channel begins to melt before the SDE. They attributed this to the difference in
heat absorption and conduction between the gate structure and the SDE regions. The reason
is that the energy absorbed in the gate (which is greater than that in the SDE) cannot be
conducted away due to the presence of the hot SDE under it (which is adjacent to the

channd). Hence, the channel region melts before the SDE and dopant activation cannot be
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achieved without eectricdly shorting the source and the drain extenson. To circumvent this
problem, Verma et al. [125] proposed to deposit a thermaly conductive absorber layer
over the entire device to thermally “short” the gate and the SDE during LTP. In this way,
the energy absorbed in the gate can diffuse away to other parts of the device/substrate
efficiently and a process window whereby the SDE mdlts before the channdl is created [71].

In this work, the laser irradiation of gate stacks (prepared usng a conventional 0.25
pum process flow) was performed to study the effect of a metd capping layer on the melt
characterigtics of 255 nm poly-S overlying a 6 nm gate oxide layer. The results of the laser
irradiation on uncapped poly-S films are shown in Fig. 7.1. This figure compares the SIMS
depth profiles of an as-implanted sample, a sample after LTP a 0.68 Jen?, and a sample

after RTA at 925 °Cfor 30 s.

—A— "B (as-impl)
28 - -

—o— " Si, (as-impl)

—A— "0 (as-impl)

Counts/sec

. , .
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Figure 7.1 Comparison of SIMS depth profiles of an as-implanted sample, a sample after
LTP at 0.68 Jen? and a sample after RTA at 925 °C for 30 s (dl without metal capping

layers).
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The location of the gate oxide layer can be identified from the *°0* pesk, or from the
sudden incresse in 'B* counts at a sputtering time of ~390 s. This yield enhancement of
boron secondary ions (of nearly two orders of magnitude) is an artifact caused by the well-
known matrix effect [106]. Under the 0.68 Jcnt laser irradiation, the boron atoms have
diffused to a depth corresponding to gpproximately one hdf of the tota poly-S thickness,
this marks the extent of the laser-induced mdt. The high diffusvity of boron in liquid slicon
ensures diffuson only through the mdt with minimd redigtribution in the solid phase. In
contradt, the sample after RTA shows boron diffuson throughout the poly-S layer. This
shows that the extent of boron diffusion in the laser-irradiated sample is not as subgtantia as
that in the rapid therma annedled sample. It should be recognized that there exists a boron
peak in the sample even after RTA, suggesting that the 30 s, 925 °C RTA is not sufficient to
“dissolve’ the boron clusters trapped at the peak location.

The effect of irradiaing the sample with a TiN/Ti capping layer isilludrated in Fig. 7.2.
This sample received both the rapid therma anned (prior to metd depostion) and the
subsequent 0.68 Jen? LTP. Unreacted TiN and Ti (if any) were etched prior to SIMS
andyss. Both Ti and B are observed to have diffused through the entire poly-Si layer,
stopping at the SO, layer. Since such sggnificant diffuson can only occur in the liquid phase
[43], this result indicates the complete or near-complete mdting of the poly-S layer.
Furthermore, the boron profilein Fg. 7.2 shows substantid flattening near the origina poly-
S/SO, interface, reaching a levd ~5 times greater a the interface than following RTA

aone.
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Figure 7.2 Effect of usng a TiN/Ti capping layer on the digtribution of boron and titanium
aoms in slicon after laser irradiation a 0.68 Jonf. Extensve diffuson of B and Ti had
occurred.

However, as can be seen from Fig. 7.2, the Ti and B concentrations near the surface
region remain much higher than that near the S/SO, interface, indicating that the mdt
duration is too short to achieve a completely uniform titanium and boron concentration
profile. The non-abrupt Ti and B profiles near the sllicon/oxide interface are probably due to
ion-mixing effects during SIMS profiling [107]. As shown in Fig. 7.2, the pesk of the °O*
profile has dso broadened following laser irradiation. The broadening is attributed to the
roughening of the S/SO, interface during SIMS prafiling. This roughening is known to be
enhanced by the presence of a metdlic layer [106]; in this case the roughening is enhanced

by the TiS, surface layer that isformed during laser irradiation.
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The sgnificant increase in the met depth for the capped versus uncapped samples can
be explained by taking into account the effect of the enhanced optical coupling of the
TiN/Ti/poly-Si stack, thus increasing the net optical energy absorbed. Consider that the
laser light, upon impinging a homogeneous surface, follows the optical path as shown in Fg.

7.3.

lo

l/ Rl
1-R)lp optical energy absorbed,
lars = (1-R)lo - 1(2)

depth, 2

v_

I(2) = (1_-R)I0 exp(-az)

Figure 7.3 Schematic of the optical path of the laser light upon impinging a homogeneous
surface.

The correlaion between the incident energy, 1o and the net optical energy absorbed in

the materid, | .5 can be expressed as:

lavs = (1-R)lo - 12)
= (1-R)lo - (1-R) lpexp(-a2)

= (1-R)lo [1- exp(-a2)] (7.1)

In a multiple-layered structure such as the TiN/Ti/poly-S/SO,/S film dack, the

optical path of the laser light upon impinging the surface is rather complex (due to multiple
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congructive and dedtructive interference of light a the various interfaces). Therefore, we
need to employ a smulation program, the thin film opticd cdculator (TFOC) [126] to
determine the effective reflectivity, Ry of the gate stack. The results from TFOC are
compiledin Table 7.1. It can be seenthat at | = 248 nm, the effective reflectivity of the TiN

capped gate stack is goproximeately hdf that of the uncapped gate stack.

Table 7.1 Comparison of the optica properties and net energy absorbed in TiN and S.

Properties TiN/Ti capped | Uncapped
Effective reflectivity, Ry of gate stack 0.31 0.67
Absorption coefficient, a (cm?) of the 0.82x10° 1.81x10°

top 25 nm of materia

l s (in the top 25 nm of materid) ~0.60l, ~0.33l,
= (1-Ren)lo [1- exp(-a2)]

We then proceed to calculate the optical energy thet is absorbed in the gate stacks.
For smplicity, we compare the | 4 in the top 25 nm of materid of the capped versus the
uncapped (bare poly-Si) gate stack. Note that the thickness of the TiN capping layer is 25
nm. The absorption coefficient, a of TiN and c-S can be determined from Ref. [49, 127].
Usng Egn. (7.1), the 4 in the gate stacks is computed and the results are summarized in
Table7.1.

From Table 7.1, it is evident that the net optica energy absorbed (in the top 25 nm of
the materid) inthe TiIN capped sample is nearly twice that of the uncapped sample, which is

in accordance with expectations. It becomes clear that during irrediation, the TiN layer

Y. F. Chong 97



absorbs a large fraction of the incident laser energy, which is efficiently trandferred to the
underlying layers due to the high thermd conductivity of TiN. As a conseguence, the
temperature of the film stack is raised to atemperature above the medting point of Ti and ¢-
Si, but below that of TiN (3290 °C) and SO, (1713 °C) [48]. Hence, the Ti and poly-S
underlayers are amultaneoudy melted, with the TiN and SO, layers remaning intact.
Sufficient fluence is absorbed to mdt the entire poly-Si layer with the use of the TiN/Ti
capping layer.

Figure 7.4 is a cross-sectiond transmisson electron micrograph obtained from a
TiN/Ti capped sample after irradiation & 0.68 Jen?. Energy dispersive X-ray (EDX)
andyses (not shown) were performed to identify the various layers. The most prominent
festurein Fig. 7.4 is the presence of a farly uniform &S layer (~900 A thick) that is
adjacent to the SO, layer. There is virtudly no sgn of physca degradation of the oxide

layer, showing that it continued to provide agood barrier againg epitaxia growth.

0.1 um

e

Figure 7.4 Cross-sectiond transmisson dectron microgrgph obtained from a TiN/Ti
capped sample after irradiating a 0.68 Jent.

Y. F. Chong 93



The sability of the oxide layer is due to the (i) high mdting point of SO, and (ii)
negligible absorption of optical energy at 248 nm [48, 49]. The conversion of poly-S to &
S at the Si/oxide interface, coupled with the intact SO, layer supports the interpretation of a
melt reaching, but not exceeding the origind poly-S/SO, interface. Contrary to the
expectation that only poly-S should form following a complete mdt to the slicon/oxide
interface, digtinct regions of poly-S and a S are observed instead (Fig. 7.4).

The formation of &S reveds that the temperature of the supercooled molten S had
fdlen below the mdting temperature of amorphous slicon and/or the solidification velocity
had exceeded a certain value [50, 64, 69]. Either condition requires a high heat transfer rate
to the subgtrate. This is possible since the SO, layer, despite its poor therma conductivity,
is only 6 nm thick. It is wdl edtablished that in undoped S, the criticdl veocity for
amorphization is~15 m/s or ~12 m/sfor (100) or (111) surfaces, respectively [64, 69]. We
believe that in our samples, the solidification temperature and the growth dynamics are
substantidly modified by the presence of titanium atoms such that the critical amorphization
velocity is congderably reduced from the ~12-15 my/s criterion. An earlier study done by
Baeri and Reitano [128] has shown that this amorphization criterion can be reduced in Si-As
systems supersaturated with arsenic atoms.

Three possble mechanisms are proposed for the formation of the microstructures
shown in Fig. 7.4. In a conventiona growth mode, solidification Sarts a the oxide boundary
as the lowest temperature in the sysem. Due to the Ti impurities and supercooling,
nucleation of the amorphous phase dominates and solidification of &S proceeds toward the
surface. Segregation of Ti, and possibly boron, occurs a the moving I-S/aS interface a a

high interface velocity. As solidification proceeds, the thickness of the &S layer increases.
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This decreases the rate of heet transfer from the |- Si to the substrate (due to the low therma
conductivity of a&Si) and thus decreases the interface velocity. When the interface velocity
or the concentration of the impurities reaches a criticd level, nuclestion and growth of poly-
S occurs, initidly as fine grains and refining into large columnar-like grains. Explosve
cyddlization of the early-formed &S is suppressed by the Ti impurities Findly, the

remaning molten S and Ti react to form TiS,.

TiN

during LTP molten S (and Ti)

< gate oxide

substrate

(a)% (b)ﬂ (C)X
TiN Ti

TiN iN
aS t ! l
il 1 TiS, 1
NN NANNNN | ANANANANANANAY
substrate substrate substrate

Figure 7.5 Schematics illugraing the three possible scenarios for solidification (a)
conventiona growth mode. (b) reverse growth mode. (¢) combination of both modes. Dark
arrows indicate the direction of solidification.

The schemétic diagrams of the possible scenarios occurring during solidification upon

LTPof aTiN/Ti capped gate stack areillustrated in Fig. 7.5. The second potential scenario
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proposes a ‘reverse’ growth mode, where poly-Si grows from the surface toward the
dlicon/oxide interface. EDX andyss showsthat TiS; isformed only at the surface (Fig. 7.4)
despite the fact that Ti atoms had diffused to a much greater depth (Fig. 7.2). In the bulk of
the poly-S layer, the concentration of Ti is not high enough to form criticd stable nucle.
Since the mdting points of TiS, and severd other phases of TixSiy are higher than ¢-Si [48,
129], the TiS;; layer probably forms first in the early cooling process, nuclegting a the TiN
layer (which remains unmeted during irradiation). In turn, the TiS, layer serves as an
interface for poly-S nuclegtion, with solidification then proceeding from the surface inward.
The poly-S grows into the supercooled liquid and ultimately quenches into &S near the
slicon/oxide interface.

An intriguing dternative is a combination of both scenarios. The Structure shown in
Fig. 7.4 may be a result of two moving interfaces — one is a poly-S layer nuclested and
propagating from the surface, and the other an amorphous layer that nuclested at the S/S O,
interface and moved toward the surface. The position where the two propagating interfaces
findly meet isthe demarcation in Fig. 7.4 between the &S layer and the fine-grained poly-
Si. This complex scenario is possble since the diffused Ti can have very different influence
on the melting temperatures of the polycrystdline and amorphous phases [130, 131].

Figure 7.6 shows an XTEM image of a TiN/Ti capped sample irradiated a a
sonificantly higher fluence, 0.92 Jen?. In contrast to Fig. 7.4, the oxide layer is severely
deformed and the microgtructure near theorigind poly-S/SO, interfaceis poly-S instead of
aS. The deformation of the oxide suggests that the melt extended well into the subdtrate,

during which the thin oxide expanded and buckled under its own compressive stress.
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Figure 7.6 XTEM image of a TiN/Ti capped sample after laser irradiation at 0.92 Jen?.
The TEM micrograph shows that the oxide layer is severely deformed.

At weak spots in the oxide, fractures occur and seeded growth from the substrate
may occur. Even in the absence of the oxide failure, the cooling rate is reduced (due to the
higher fluence) and may be insufficient to nucleste the amorphous phase. In addition, Fg.
7.6 shows the presence of well-defined cell structures near the surface region. These
sructures are formed due to liquid/solid interfacid indabilities arisng from the titanium
segregation during rapid solidification. Similar observations have dso been made for In-Si
and Ga-S sysems after high-dose implantation of In” or Ga’, followed by laser anneding
[45]. The plan-view TEM image of the TiN/Ti capped sample after LTP a 0.92 Jen? is
shown in Fig. 7.7. The presence of cdl dructures that have resulted from a highly non-
eguilibrium solidification process is evident from Fig. 7.7. The interior of each cell should be
lowly-doped S, and surrounding each column is a thin cdl wal containing large

concentrations of the rgected titanium atoms.
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Cdl structures
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Figure 7.7 Plan-view TEM image of the TiN/Ti capped sample after laser irradiation at
0.92 Jen't.

7.3 ResultsFrom TRR M easur ements

In this section, single-pulsed LTP (= 308 nm) was performed on 600 A of as-
deposited amorphous silicon (gate layer 1) overlying 18 A of slicon oxynitride. The gate
layer 1 was implanted with B" or As” prior to laser irradiation. These samples will later be
referred to as the “sngle-layer” capacitors. During LTP, in-situ time-resolved reflectance
(TRR) measurements were conducted to record the evolution of the surface reflectance of
the irradiated surface. The trangent surface reflectance (measured in V) is analogous to the
reflectivity of the film stack at a particular ingtant. The melt duration (time difference between
the onset of meting and complete solidification) can aso be determined from the TRR

traces.
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7.3.1 Arsenic-doped single-layer a-Si gates

The typicd time-resolved reflectance traces obtained during the laser irradiation of
arsenic-implanted & S gates at different energy dengties are shown in Fig. 7.8. The numbers
beside the traces represent the respective laser fluences,  and the smdlest number denotes

the lowest fluence.
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Figure 7.8 Typicd TRR traces obtained during LTP of arsenic-implanted &S a various
fluences (0.10 Jent £ E £ 0.48 Jent).

For E £ 0.10 Jen?, meting does not occur since the increase (<12 %) in reflectance
is not sgnificant enough to indicate the presence of aliquid layer. The increase in reflectance
is ascribed to the lasar-induced hesting of the samples. For the 0.13 Jent |aser-processed
sample, thereis an ~32 % increase in reflectance for times between 23 and 42 ns. Based on
the literature [64, 132], such an increase in reflectance cannot be achieved by heating in the

solid state dlone. Therefore, we attribute this increase to the nuclestion of a liquid phase
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(onsat of mdting). From trace 2 in Fig. 7.8, it can be seen that the find vaue of the
reflectance, Ry of the sample upon 0.13 Jen? LTP is the same as the vaue before
irradiation, R;, indicating that crystdlization did not teke place. This implies that the primary
melt has solidified into &S (due to the steep temperature gradient at the low fluence), with
explosive crystdlization completey suppressed. Similar observations were made by Peercy
et al. [133] for &S samples formed by In" implantation. In contrast, when the fluence is
increased to 0.19 Jent and above, it is noticed from Fig. 7.8 that the value of R; is lower
than R.. Thisis characterigtic of an amorphous to crystaline phase transformation, suggesting
that bulk of the sample has solidified into poly-S (via explosive crysdlization) upon LTP at
E 3 0.19 Jent.

As the laser fluence increases progressivey, the maximum reflectance vaue, Ry Of
the samples dso increases, until it reaches the vaue that corresponds to the expected
reflectance of liquid dlicon, Riq. The intensity of the reflected probe beam does not reach
Riq a E < 0.48 Jent because the liquid layer created at the surface is thinner than ~3.5
skin depths of I-S. Note that the skin depth of |- S at the probe laser wavelength is ~9 nm
[57, 64]. It should be redlized that the TRR traces at E 3 0.57 Jen? (Fig. 7.9) show the
typicd “top hat” feature whereby mdt initiates at the irradiated surface and the surface
remains molten throughout the mdting process. It follows tha the primary met front
propagates to the maximum melt depth after which the motion of the liquid/solid interface
reverses direction and the mdt returns to the surface, resulting in a decrease in surface
reflectance. Sgnds (if any) that are reflected from the solidification front arisng from
explosve cryddlization ingde the sample are masked by the consderably thick, highly

reflective molten S layer at the surface.
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Figure 7.9 Pots of the trangent surface reflectance obtained during LTP of arsenic-
implanted & S at various energy dengties.

The sudden increase in the melt duration upon LTP a ~0.69 Jon? indicates the
trangtion from apartia to a complete met of thea S layer. It is known that upon complete
meting of the &S film (especidly on oxide i.e without ¢S seed layer), Sgnificant
supercooling of the liquid is usualy required before the onset of solidification [134]. Hence,
themolten S has to stay in liquid form for a longer period of time for solid nucleation to
occur. This would result in an aorupt increase in the melt duration. The results of the TRR
messurements are summarized in Figs. 7.10 and 7.11. These plots are derived from the
trangent reflectance traces. From Fig. 7.10, it can be seen that as the laser fluence
increases, the maximum reflectance vaue of the samples increases gradudly until it saturates
a ~0.083 V. The onsat of melting and the onset of full mdt are dso dearly seen from Fig.
7.11.
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Figure 7.10 Plot of the characteridtic reflectance vaues as a function of laser fluence for
asenic-implanted & S.
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7.3.2 Boron-doped single-layer a-Si gates

In this section, the anomaous met behavior during laser irradiation of boron-implanted
a9S isreported. The typica transent reflectance traces obtained during laser irradiation of
B-doped amorphous silicon at various fluences (E isin therange of 0.14 to 0.34 Jcnt) are
shownin Fg. 7.12. Smilar to the case of the arsenic-implanted & S samples, it can be seen
from Fig. 7.12 that the value of R; becomes lower than R, at E 3 0.20 Jen?, showing thet
bulk of the sample has solidified into poly-S after laser irradiation. An interesting fegture to
notein Fg. 7.12 isthe presence of “double humps’ in the TRR traces Sarting from E ~0.24
Jen?. The intengity of the second hump/pesk seems to increase with an increase in laser

fluence.
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Figure 7.12 Typicd TRR traces obtained during LTP of boron-implanted aS a low
energy densties (0.14 £ E £ 0.34 Jend).
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Figure 7.13 shows the tempord evolution of the reflectance of boron-implanted & Si
under laser irradiation at various fluences (0.42 £ E £ 0.94 Jent). At arather high fluence
of 0.81 Jen (trace 10), it is evident that appreciable melting has occurred. The melt depth
should be greater than 32 nm considering the subgtantiad melt duration. Although the TRR
trace gppears to exhibit the norma melt behavior, closer examination of the data reveds that
the double-hump feature is ill present in the TRR trace. This implies that there is no
continuous layer of molten S of ~32 nm (3.5 skin depths) thick a the surface during the

early stages of the laser irradiation.

T T T T T T T
0.08F M, WP .
E 0.07 .
(D)
o
[
8 0.06 .
Q
<
D
Q 005+ 4 7:042 §
& WY _ s 8:0.58
5 -—-- 9071
» 0.04+ —0—10:0.81
—11:0.89
______ 12:0.94 UYL e, e
08777717711
0O 10 20 30 40 50 60 70
Time (ns)

Figure 7.13 Tempord evolution of the reflectance of boron-implanted aSi under laser
irradiation at various fluences (0.42 £ E £ 0.94 Jenr).
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The presence of double humps in the TRR traces of Figs. 7.12 and 7.13 indicates
some anomadies in the mdt behavior of boron-implanted aSi during laser irrediation
(presence of aburied met [135]). Since the occurrence of a buried melt is not observed in
the arsenic-implanted samples (Section 7.3.1), we srongly believe tha the double-hump
features observed in the boron-implanted samples are associated with the implantation-
induced damageinthe &S layer.

It is known that microclugters of cryddline slicon may exis in the &S film even
though it was deposited in the “amorphous’ state [134, 136], suggesting that the &S film
may not be completely amorphous prior to gate ion implantation. Furthermore, Roorda et
al. [137] have shown that point defects analogous to vacancies and interdtitids in ¢-S dso
exig in aS. In the case of the As-doped samples, the dose of the arsenic implant
(6x10"/cn?) is high enough to further amorphize the as-deposited aSi film. On the other
hand, since the dose of the boron implant is below the amorphization threshold dose, the
boron implant only introduces damage to the a S film but not causng amorphization [138,
139]. This may explain the marked difference in the mdt behavior of boron and arsenic-
implanted &S samples.

Usng the TRIM program [101], we have amulated the ion profile of the 3 keV
boron implant and the result is shown in Fig. 7.14. The as-implanted boron SIMS profile is
aso overlad in Fg. 7.14. As discussed by Peercy et al. [133], the nucleation of a liquid
phase is likely to be caused by compositiona inhomogeneties. It is thus believed that above
a certain boron concentration (in this case ~1x10%° atomg/en® a ~3.5 skin depths), the
meting point of &S is sgnificantly depressed such that meting occurs a a lower fluence

compared to the regions with rdatively low B concentration.
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Figure 7.14 Comparison of an as-implanted 3 keV B profile obtained from SIMS with a
amulaed profile from TRIM.

The data presented in Figs. 7.12 and 7.13 can be explained as follows. Mdting
initiates at the surface and the melt front quickly move towards the region where the meting
temperature of &S is reduced (in the presence of high boron concentration) [61], giving rise
to the first reflectance peak. The decreasein reflectance after the firs maximum is reached
indicates that surface solidification has occurred (probably due to resdua impurities [64,
135]). The enthdpy released upon heterogeneous nuclegtion of the solid phase, coupled
with the additiond energy supplied from the laser source cause the primary mdt to
propagate deeper into the &S film and the reflectance increases. As a consequence, a

second pesk isformed and the time to reach complete solidificationis prolonged.
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As the fluence increases, the surface nucleation of met becomes more pronounced
and the initid mdt extends degper into the &S film, leading to an increase in the initid
maximum reflectance value. For E 3 0.58 Jen?, the primary melt first propagates to a
depth of ~32 nm, and the first reflectance pesk is attained a Riiq. However, this initid melt
front pauses a this depth before it gains enough energy to penetrate further into the aSi
layer (where the mdting point is not sgnificantly decreased). When the primary mdt findly
olidifies, it triggers a series of explosive cryddlization process, producing secondary melts
that trangport boron atoms along with it.

At suffidently high fluences € 3 0.71 Jen¥), it is dear from Fig. 7.13 that the
intengty of the second peak exceeds that of the first peak, and the reflectance leve
eventudly increases to Riq again. This indicates that the newly formed solid phase has
remelted during the later stage of LTP, suggesting that the surface I-Si solidifies into an
amorphous layer.

Another sdient feature in Fig. 7.13 is the abrupt increase in the mdt duration upon
LTP at 0.89 Jen? (trace 11); this marks the trangition from a partial to a complete melt of
the & Si layer. It should be recognized that this trangtion to full melt occurs a a much higher
fluence as compared to the case of the Asimplanted samples. This is attributed to the
amorphization of the as-deposited &S film as well as the large depression of the mdting
temperature of & S in the presence of high concentration of As atoms. This observation has
important implications when we use LTP to form single-layer poly-S gated capacitors with

different types of gate dopants.
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Figures 7.15 and 7.16 summarize the results of the TRR measurements done on B-
doped samples. From Fig. 7.15, it can be seen that R, remains relatively unchanged with
fluence, wheress R; decreases to a vaue lower than R, gtarting from E ~0.20 Jen?. Fig.
7.16 shows that the melt duration of the As-doped sample is consstently greater than that of
the B-doped sample. As explained earlier, the longer melt duration is related to the greater

degree of implantation-induced damage inthe &S layer during the arsenic implant.
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Figure 7.15 Plot of the characterigtic reflectance vaues as a function of laser fluence for a
boron-implanted a S film.
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Figure 7.16 Plot of the mdt duration as a function of laser fluence for a boron-implanted a-
S film. The plot for the As-doped sample is overlaid as a comparison.

7.4 TEM Studies of B-doped Single-layer a-Si Gates

Figure 7.17 is a cross-sectiond transmisson dectron micrograph of the boron-
implanted &S sample before laser irradiation The surface is bonded to an epoxy layer for
TEM sample preparation purposes. As can be seen, the gate oxide is virtudly athick line
separating the &S gate and the crystaline substrate, and the &S gate appears to be

featureless, consistent with expectations.
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Figure 7.17 Cross-sectiond transmisson dectron micrograph of a boron-implanted aSi
sampleprior to LTP.

Figure 7.18 shows a bright-fidld TEM image of a cross-section of the boron-doped
sample that was irradiated at a fluence of 0.45 Jen?. It is dear that for the bulk of the
sample, poly-S is formed upon solidification. However, it can be observed that near the

gate/gate oxide interface, there exists alayer which is amost featureless.
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Figure 7.18 Bright-fiddd TEM image of a cross-section of the boron-doped sample that
wasirradiated at afluence of 0.45 Jent.

This featureless layer is not likely to be the origind &S materid that is not melted
because the TRR results in Section 7.3.2 show that explosive crystdlization has occurred

after laser irradiation a E ~0.45 Jent, and that bulk of the sample has solidified into poly-
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Si. Therefore, the featureless layer could be very fine-grained crystdline structures that are
formed upon explosive crystalization at a high quench rate. It may even be areformed a-Si
layer dnce it is known that the termination stage of the explosve crystalization process is
extremey fagt. In addition, the possibility of the formation of a mixture of fine-grained poly-
S and &S cannot be dismissed. Smilar observations are made for a sample that was
irradiated a a dightly higher fluence of 0.55 Jen? (Fig. 7.19), except that the remnant “a
S” layer is thinner and less obvious, indicating that the cooling rate is not as high compared

to the sample after LTP at 0.45 Jcnt.

1O Firr)

Figure 7.19 Bright-fidld TEM image of a cross-section of the boron-doped sample that
wasirradiated at afluence of 0.55 Jent.

The XTEM images of a sample after LTP a 0.75 Jen?, 0.85 Jen? and 0.94 Jent
are shown in Figs. 7.20(a), (b) and (c), respectively. For the sample exposed to LTP at
0.75 Jent, the secondary melt has propagated to the gate/gate oxide interface, suggesting
that appreciable meting has occurred. For samples after LTP at 0.85 Jen? and 0.94 Jen',
It is observed that the poly-S grains are more well defined (columnar in nature) and the
grains extend from the surface to the gate oxide. These results are in excellent agreement
with our earlier interpretation of the TRR data.
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Figure 7.20 XTEM image of a cross-section of the boron-doped sample after LTP & (a)
0.75 Jent, (b) 0.85 Jent and (c) 0.94 Jent.

Figure 7.21 depicts a HRTEM image of a cross-section of the boron-implanted & Si
sample upon LTP a 0.94 Jenr?. It shows clear evidence of polycrystaline structures at the
gate/gate oxide interface. These structures resulted from the full melt process, whereby poly-
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S isformed upon solidification.

Figure 7.21 HRTEM image of a cross-section of the boron-implanted &S sample upon
LTPa 0.94 Jent.

7.5 Summary

We have demongtrated that a TiN/Ti capping layer can remarkably enhance the melt
depth of poly-S by virtue of the enhanced optical coupling. Our results clearly show that a
thick &S layer can be formed upon LTP in the presence of Ti. In addition, we report the
direct observation of the presence of buried melts during LTP of boron-implanted &S. The
phese transformation mechanisms are ducidated usng in-situ timeresolved reflectance
measurements. The marked difference in the met behavior of boron and arsenic-implanted
aS samples are asociated with the implantation-induced damage during gate ion
implantation. It is found that the melt duration increases substantialy when the &S film is
completely melted. These observations provide importat indghts into the phase

trandformation mechanisms upon LTP of gate stacks.
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CHAPTER 8
REDUCTION OF POLY-DEPLETION USING
LASER THERMAL PROCESSING

8.1 Introduction

It is now wel edtablished that one mgor chdlenge in advanced CMOS gate
engineering is to have adequate dopant activation at the gate/gate oxide interface to prevent
poly-depletion, while preventing boron from penetrating through the gate oxide. In this
chapter, dectrical results that are obtained from C-V and |-V measurements of single or
dud-layer gates are presented and discussed. In addition, the effects of LTP on the

digtribution of gate dopant atoms are investigated.

8.2 Results From P’-gated Capacitors (PCAP)
8.2.1LTP of single-layer PCAP

Figure 8.1 compares the high frequency (HF) C-V plots of the snglelayer PCAP
(with 18 A gate dielectric) after RTA and after LTP aone. Since the polarities of the gate
and the subgtrate are the same, the accumulation capacitance, C4 is used to measure the
degree of gate depletion (see Chapter 3 for details). From Fig. 8.1, it can be seen that the
carrier concentration at the gate/gate oxide interface, NeoL v, increases (as evidenced by an
increase in C4) as fluence increases. This is due to an increase in mdt depth and a
corresponding increase in the gate activation with fluence. However, the Npo_y for the laser-
processed samples (under the present fluence range) is not as high as that of the control

sample, which was subjected to a RTA process at 1000 °C for 5 s. Smilar observations
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are made for single-layer PCAP with 26 A gate oxide and thus the resilts are not shown.
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Figure 8.1 Comparison of high frequency C-V plots of snglelayer PCAP after RTA
(control sample) and after LTP done.

The boron SIMS profiles of snglelayer PCAP after laser irradiation at different
fluences are shown in Fig. 8.2. It is observed that for fluences less than 0.94 Jcnr?, boron is
present near the gate/gate oxide interface even though the primary melt does not reach the
gate oxide layer at such fluences (from the TRR datain Chapter 7). These profiles show that
explosve cryddlization has occurred ensuing the solidification of the primary mdt, and
boron is transported dong with the secondary met created. Since the duration of the
secondary melt is directly proportiona to fluence, the concentration of boron atoms near the
S/SO; interface increases with fluence (Fig. 8.2). The near-uniform boron concentration
profile across the poly-Si layer for the sample after 0.94 Jen? LTP is evident that the entire

aS film has mdted (i.e. complete melt is reached).
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Figure 8.2 SIMS depth profiles of boron in snglelayer PCAP &fter LTP a different
fluences.

From Fig. 8.2, it can aso be seen that the boron concentration at the gate/gate oxide
interface of the laser-processed samples (for E < 0.94 Jen¥) is lower than that of the
control sample. This corroborates the C-V data shown in Fig. 8.1. Furthermore, since the
explosive cryddlization process typicaly resultsin highly defective poly-S, the boron atoms
near the gate/gate oxide interface may not be adequately activated. This could be the reason
why Npoy Of the singlelayer PCAP after LTP done is lower than that of the control
sample. It should be noted that SIMS is not the most appropriate analyticad method to
observe the “boron penetration” phenomenon since there are ion-mixing effects during
SIMS prafiling. In addition, the ion-mixing effects are enhanced due to the condderably high

concentration of boron atoms at the surface and at the near-surface regions.
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8.2.2 Reduction of PDE in dual-layer PCAP

Figure 8.3 depicts the high frequency C-V plots of the dual-layer PCAP (with 18 A
gae didectric) after the standard rapid thermd anned or after a post-LTP RTA. The
reduction of poly-depletion after a post-L TP anned is clearly observed in the inset of Fg.

8.3, with the laser-processed samples having higher C,. vaues than the control sample.
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Figure 8.3 HF C-V plots of the dual-layer PCAP &fter the standard RTA or after a post-
LTP RTA. Inset is the enlarged view showing a reduction in PDE for the laser-processed
samples.

The reduction of PDE (or an increase in NpoLy) can be explained by congdering the
melt behavior of the samples. Upon LTP of sngle-layer &S gates, boron diffuses toward
the gate oxide via explosve cryddlization. However, these boron atoms may not be fully
activated; this is particularly true for boron near the gate/gate oxide interface. To form the

dua-layer PCAP, an additiond layer of a&Si (1000 A thick) was deposited onto the first
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gate layer. When this dud-layer PCAP sample is subjected to the post-LTP anned, the
RTA further digtributes (and activates) the boron atoms in both the first and second gate
layers and also activates the boron atoms near the gate/gate oxide interface that were
previoudy not activated by LTP done. As a result, there is a substantid increase in Npgy
for the samples that were exposed to LTP prior to the gate activation annedl.

The effect of the gandard RTA on the digtribution of boron aoms in the dud-layer
gaes is shown in Fig. 84. In order to ease the comparison of the dopant distributions
before and after RTA, the SIMS profiles of the dua-layer PCAP before it was subjected to
the standard annedl (i.e. after LTP and deposition of the second gate layer) are dso shown
inFig. 84 (a). From Fig. 84, it can be seen that the concentration of boron at the gate/gate
oxide interface is consgtently greater for samples that were subjected to LTP prior to the
gate activation anned. This shows that there are more dopants available for activation in the
laser-processed samples compared to samples after RTA aone.

For the dua-layer PCAP control sample, the presence of a boron pesk is observed
after the standard anned [Fig. 8.4(b)]. This immobile pesk may be attributed to the
formation of boron-interditid clusters during the initid stage of RTA (andogous to the
boron-point defect clustering in ¢-S), reveding that the RTA is not able to “dissolve’ the
boron-interdtitiad clugters. In contrast, no such peak is detected for the samples after LTP
+RTA, suggeding that the implantation-induced interditias are annihilated in the laser-
induced mdt. Thus, there are no excess interditids in the first gate layer to form boron
clugters during the standard anned. This adlows more dopants to reach the gate/gate oxide

interface during the post-L TP RTA.
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Figure 8.4 Boron SIMS profilesin the dua-layer PCAP (@) after LTP of the firgt gate layer

and (b) after RTA doneor LTP + RTA.
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It is evident from Fig. 8.4 (b) that a substantid amount of boron atoms from the first
gae layer diffuse to the second gate layer during the standard anned, thus doping the
second gate layer and making it dectricdly conductive. There is preferentid upward
diffuson of dopant atoms (i.e. toward the surface) than downward diffusion (i.e. toward the
gate oxide) due to alarge concentration gradient between the first and the second gate layer,
whichisessentidly undoped a Si.

The enhancement of boron countslyield at a depth of ~100 nm indicates the presence
of an interfacid oxide between the fird and second gate layer. This is ascribed to the
incomplete removd of the native oxide on the first gate layer prior to the depostion of the
second gate layer. Since the interfacia oxide is very thin and is not continuous (see below
for TEM andyss), it should not affect the eectricd characterigics of the gate stack.
Moreover, the substantiad amount of boron atoms that penetrates through the interfacid
oxide during the standard anned should cause sgnificant damage to the interfacid oxide

such that it no longer serves as a perfect dectricd insulator.

8.23 TEM studies of dual-layer PCAP

The bright-fild TEM image of a cross-section of the dua-layer PCAP before it was
subjected to the standard anned is shown in Fig. 8.5. The fird gate layer was exposed to
LTP a 0.85 Jenf before the deposition of the second gate layer (refer to Fig. 8.4 (a) for
the SIMS profile). The two gate layers are clearly delinested in Fig. 8.5, where it can be
seen that the firgt gate layer is polycrystaline silicon and the as-deposited second gate layer

isamorphous in nature.
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Figure 8.5 Bright-fild TEM image of a cross-section of the dua-layer PCAP before it was
subjected to RTA. The first gate layer was exposed to LTP a 0.85 Jent prior to the
deposition of the second gate layer.

Subsequently, this dua-layer p+ poly-Si gate stack was subjected to a 1000 °C, 5 s
rgpid therma anned. As shown in Fig. 86, there is no noticesble change in the
microgtructure of the firg gate layer after the sandard RTA. On the other hand, the second
gate layer has fully crygdlized into a poly-Si film. It is observed that the second gate layer
comprises a mixture of fine and large-grained poly-Si, with large-grained poly-S more
predominant. The SIMS profile of this sample was depicted in Fig. 8.4 (b).

Figure 8.7 shows a HRTEM image of a cross-section of the dual-layer PCAP after
0.85 Jen? LTP + RTA, focussing on the interface between the first and the second gate
layer. It is clear that an interfacid oxide exists between the first and the second gate layer,
and this interfacia oxide is very thin and is not continuous. The second gete layer does not
appear to be “crydaling’ under high-resolution TEM because the grain orientation of the

poly-Si is not digned with the eectron beam direction.
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Figure 8.6 XTEM image of the dud-layer p+ poly-Si gate stack after 0.85 Jen? LTP +
RTA.

Figure 8.7 HRTEM image of a cross-section of the dual-layer PCAP after 0.85 Jen?
LTP+RTA, focussing on the interface between the first and the second gate layer.

Figure 8.8 is a cross-sectiond transmisson eectron micrograph of the dud-layer
PCAP after RTA aone (control sample). From Fig. 8.8, it can be observed that the control
sample does not have a wdl-defined grain structure, but a rather non-uniform grain size
digtribution throughout the first and the second gete layers. Thisis largdy atributed to the

Y. F. Chong 127



random nuclegtion of ¢-S during cryddlization. Comparison of the gate microstructure of
the dua-layer PCAP processed under different conditions shows that the gate
microstructure plays an important role in the digtribution of boron aoms. As can be seen
from Fig. 8.6, the laser-processed sample has a regular columnar structure in the firg gate
layer as a result of laser-induced mdt and cryddlization. Such a gate microstructure
promotes the diffuson of dopants toward the gate/gate oxide interface via gran boundary

diffuson, leading to afurther reduction in poly-depletion.

Figure 8.8 Cross-sectiond transmission dectron micrograph of the dua-layer PCAP after
RTA aone (control sample).

8.2.4 Boron penetration in dual-layer PCAP

In order to investigate the effects of LTP and/or a high-temperature anneal on boron
penetration, the dua-layer PCAP (without LTP) were subjected to various anneding
conditions. The conditions were: RTA at 1000 °C for 10 s (twice the annedling duration of
the control sample a the same temperature) and RTA at 1100 °C for 5 s (same duration as

the control sample but a a higher temperature). The results are shown in Fig. 89. It is
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apparent that the flat band voltage, Vi of the 0.85 Jen? LTP + RTA dud-layer PCAP is
identicd to that of the control sample, whereas a dight Veg shift is observed for the sample
annedled a 1000 °C for 10 s. In contrast, arapid thermal anneal at 1100 °C, 5 s causes a
large positive Vg shift (=130 mV), indicating severe boron penetration. The absence of
observable Ve shift gives a clear indication that boron penetration is negligible even after

0.85 Jcn? LTP + RTA.

Capacitance (fF/um?)

D

2 |
-2.0 -1.0 0.0 1.0 2.0
V, (V)

Figure 8.9 C-V plots of dud-layer PCAP annedled under different conditions. RTA a
1100 °C, 5 s causes alarge positive Vg shift, indicating severe boron penetration.

From theinset of Fig. 8.9, it can aso be seen that for RTA done, C4. increases asthe
anneding duraion/temperature increases, with an accompanying increase in Npoy. This is
reflected in the SIMS profiles illudrated in Fig. 8.10, where it is observed that the
concentration of boron atoms near the gate/gate oxide interface increases with increasing

anneding duration/temperature. For the sample after RTA at 1000 °C for 10 s, a boron
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peak can 4ill be detected (with a lower peak concentration than the control sample),
indicating that the boron-interdtitid clusters still exist. These dugters are fully dissolved by the
1100 °C, 5 s anned. However, a large proportion of the boron atoms that are released
upon dissolution diffuses to the second gate layer. Fig. 8.10 dso shows that the boron
concentration near the gate/gate oxide interface is highest in the 0.85 Jen? LTP + RTA

sample, in accordance with expectations.
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Figure 8.10 Boron SIMS profiles of the dud-layer PCAP after vaious anneding
conditions.

Figure 8.11 compares the sheet resistance of the dud-layer p*-poly-S gates annedled
under different conditions. Although the Rs of the sample after 0.85 Jen? LTP + RTA is
comparable to that of the sample after the 1000 °C, 10 s RTA and is higher than that of the

sample after the 1100 °C, 5 s anned, it is condgderably lower than that of the control
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sample. Thisis due to the high degree of dopant activation in the first gate layer of the PCAP

by the laser process.

180

control

160 .

R, (ohm/sq)

140 .
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1000°C, 1000°C, 1100°C, 0.85J/cm’+
5s 10s 5s 1000°C,5s

Anneal Condition

Figure 8.11 Sheet resistance of the dud-layer PCAP annedled under different conditions.

8.3 Results From N*-gated Capacitors (NCAP)
8.3.1LTP of sngle-layer NCAP

The high frequency C-V curves of the NCAP (with 18 A gate didlectric) after RTA
(control sample) and after LTP at various fluences are shown in Fig. 8.12. It can be
observed that C,. of the laser-processed samples increases with an increase in the laser
fluence, §. It is clear that for E < 0.85 Jent, the samples after LTP have lower NpoLy than
the control sample, which received the 1000 °C, 5 s standard annedl. More importantly, the
Cac Vaue of the NCAP upon LTP & 0.85 Jent is substantidly higher than that of the
control sample, indicating a ggnificant increase in the degree of the gate activaion and

NpoLy inthissample. By fitting the measured C-V curve of this NCAP to smulated curves

Y. F. Chong 131



generated by a quantum mechanical C-V samulator [110], a good fit can only be obtained
when the smulaion does not condder the poly-depletion effect in the gate, with an
equivaent oxide thickness (EOT) of ~1.9 nm. This provides strong evidence that a near

“depletion-freg’ n-type poly-S gate has been formed upon a sngle-pulse LTP a 0.85

Jentf.
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Figure 8.12 HF C-V plots of the angle-layer NCAP after LTP at different fluences.

The C-V plots in Fig. 8.12 can be interpreted as follows: for < 0.85 Jen?, the
concentration of As aoms reeching the gate/gate oxide interface is insufficient to yidd a
NpoLy Vaue greater than the control sample. This aso applies to the case for the single-layer
NCAP after LTP a 0.75 Jen?, where complete melting is expected to occur for an As-
doped sample (from the TRR datain Chapter 7). Apparently, athough a full mdt is reached

upon laser irradiation a this fluence, the mdt duration may be insufficient to result in
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extensive dopant activation. In contragt, at a fluence of 0.85 Jen, the primary melt is able
to penetrate easly through the entire a S gate layer. Under this condition, the melt duration
is prolonged and the As atoms are evenly didtributed throughout the primary mdt (up to the
gate/gate oxide interface). These As atoms become dectricdly active upon crysalization,
with concentrations that are above solid solubility. As a result, a“depletion-free” NCAP is

formed.

8.3.2 Reduction of PDE in dual-layer NCAP

The HF C-V plots of the dud-layer NCAP after processing at different conditions are
depicted in Fig. 8.13. Smilar to the case of dud-layer PCAP, it is evident from Fig. 8.13
that the PDE is reduced for samples that were exposed to LTP prior to the gate activation

anned.

T I T I
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Figure 8.13 C-V plots of the dua-layer NCAP &fter RTA or after a post-LTP anneal.
Inset is the enlarged view showing areduction in PDE for the laser-processed samples.
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It should be redlized that the C for the NCAP that was processed at E ~0.85 Jen?
is reduced after the post-LTP RTA, indicating some deectivation of the arsenic aoms.
However, the C4 vaueis dill higher than that of the control sample (as shown in Fig. 8.13)
despite the As deactivation, suggesting that such afluence levd can 4ill be used for the LTP

of the dud-layer NCAP.

8.4 Effect of LTP on Electrical Oxide Thickness

After extracting the Npo y from the C-V data of both the dud-layer PCAP and
NCAP, the corresponding dectrical oxide thickness for a p-MOSFET or n-MOSFET in
inverson region (Tex-inv) can be determined [84], and the results are shown in Figs. 8.14

and 8.15, respectively.

=4 50 —
<L @
> %
= 08 40 &
T 0.8 F — >
X
8
c 0.6 =430 g.
@ i «— =
& o
o S
8 04l 120 2
- S

0.2 L 410

| |
0.55 0.65 0.75 0.85
L aser fluence (J/cm 2)

Figure 8.14 Effect of apre-RTA LTP on Te-inv and NpoLy for ap-MOSFET.
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Figure 8.15 Effect of apre-RTA LTP on Tox-inv and Npo y for an-MOSFET.

It is found that for the p-MOSFET, the 0.85 Jen? LTP + RTA process increases
NpoLy by ~47 % and reduces To-inv by ~1.1 A, both with reference to the control sample.
Asfor then-MOSFET, the Npo,y increases by as high as nearly 63 %. Such reductions in

PDE will incresse the drive current substantially.

8.5 Effect of LTP on Gate Oxide Integrity

Asthere will be some concerns regarding the gate oxide integrity after LTP (especidly
if a complete mdlt is reached), we have conducted 1-V measurements and time-dependent
dielectric breskdown (TDDB) studies under congtant voltage stressing for both the dud-
layer PCAP and NCAP. Figures 8.16 and 8.17 show the gate leskage current dendty, J,
versus voltage plots of the dud-layer PCAP and NCAP, respectively (control and the LTP

+ RTA samples).
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Figure 8.16 Comparison of J-V plots of dua-layer PCAP processed under different
conditions.
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Figure 8.17 Comparison of J-V plots of dual-layer NCAP processed under different
conditions.
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From Figs. 8.16 and 8.17, it can be seen that the gate leskage characteristics of the
dud-layer capecitors after LTP + RTA ae damilar to that of their respective control
samples, indicating thet the gate oxide qudity is not degraded after LTP.

Figures 8.18 and 8.19 show the Welbull plots of TDDB data for the control and the
LTP + RTA samples (dud-layer capacitors). As evident from these plots, the gate oxide
reliability is not compromised even after LTP a such high fluences. This is dso true for the
0.85 Jen? LTP + RTA dud-layer NCAP where a ful melt is reached. In fact, it can be
observed that the samples that have been subjected to apre-RTA LTP require alonger time
to reach breakdown, indicating an improvement in the gate oxide rdiability. The mechaniam
for this improvement is not wedl understood & this point in time. It is possble tha for the
laser-processed samples, the interface roughness of the poly-S/SIO, interface is reduced,

thus enhancing the gate oxide rdiahility.
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Figure 8.18 Welbull plots of TDDB data for the control sample and the sample after 0.85
Jen? LTP + RTA (dua-layer PCAP).
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Figure 8.19 Comparison of Weibull plots of TDDB data for the control and LTP + RTA
samples (dua-layer NCAP).

8.6 Summary

In summary, we have shown that LTP can be employed for the fabrication of highly-
doped poly-S gated MOS devices. We have successfully demongtrated that PDE in dud-
layer PCAP and NCAP with ultrarthin gate didectrics can be reduced considerably by
subjecting the wafersto LTP prior to the gate activation anneal. For PCAP, thisis achieved
without observable boron penetration. The proposed mechanism for theincreasein Npoyy IS
the diffuson of dopants toward the gate oxide via explosve crystdlization. For sngle-layer
NCAP, a “depletion-freg’ n-type poly-S gate dectrode has been formed when the laser
fluence is high enough to cause complete mdting. Congtant voltage TDDB studies show that

the gate oxide reliahility is not degraded even after LTP a high fluences.

Y. F. Chong 138



CHAPTER9
CONCLUSIONS

9.1 Introduction

This chapter summarizes the mgor results and findings, and provides conclusons
based on these findings in light of the objectives of this project. The important observations
in this work are primarily categorized into two sections, namely, the formation of ultra-
shalow junctions and laser thermd processing of gate stacks. Recommendations for further

experimenta work are aso given in the last section of the chapter.

9.2 Formation of Ultra-shallow Junctions

The fabrication of ultra-shallow junctions for advanced CMOS devices provesto be a
great chdlenge for the wafer fabrication industry. This is epecidly true when boron is used
as a ptype dopant. Although sgnificant channeling can be reduced when the ion
implantation energy is reduced to the sub-keV regime, the silicon subgtrate should preferably
be pre-amorphized to minimize channding. Spike anneding with high ramp-up rates has
been proposed to meet the stringent requirements for ultra-shalow junction formation due to
its lower therma budget as compared to conventional soegk RTA. However, junctions
produced by spike RTA are usudly graded and are not suitable for the fabrication of

source/drain extensons due to potentia short channe effects.
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On the other hand, laser thermd processing has shown great potentid to be a good
candidate in fabricating abrupt, highly activated and ultra-shdlow p*/n junctions. The
superiority of LTP over spike RTA has been illugtrated in Chapter 5. It is shown that the
sheet resstance of the laser-annedled sample is consderably lower than that of the spike
annedled sample, despite a junction depth difference of at least 200 A. This is ascribed to

the near-zero therma budget of the laser process.

As shown in Chapters 4 and 6, dthough it is possble to mdt the entire amorphous
layer in the pre-amorphized slicon without meting the underlying substrate, a high density of
resdud defects remains in the recrystdlized region. Furthermore, the EOR damage is not
aufficiently annedled. These EOR defects can cause boron TED to occur during a post-L TP
anned. Since the EOR damage cannot be avoided if a PAI is performed, the melt depth
should be extended to beyond the amorphous layer to minmize the dose of the excess
intergtitiasin the NEOR region. We have demongtrated that by usng ashdlower PAI layer
(where channeling is 4ill prevented), the melt front can eedly penetrate into the NEOR
region to reduce the excess intertitids in the NEOR region. In this way, enhanced diffuson
of boron can be sgnificantly suppressed and the junction maintains its abruptness after the
post-L TP anned. As evident from the RBS and TEM results, LTP can virtudly anned dl
the crystd damages created by the PAI by over-mdting into the substrate. The pre-

amorphized layer recrysdlizes to a Sngle-crystdline structure vialiquid phase epitaxy.
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9.3 Laser Thermal Processing of Gate Stacks

In this study, it is found that a TiN/Ti capping layer can remarkably enhance the melt
depth of poly-S by virtue of the enhanced opticd coupling. The results show tha the
solidification temperature and the growth dynamics ae substantidly modified by the
presence of Ti atoms. As a consequence, a rather thick aS layer is formed upon LTP.
Also, we report the direct observations of internal nucleation of melt during LTP of B-
implanted aS. The phase transformation mechanisms are eucidated usng in-situ time-
resolved reflectance measurements. It has been shown that B-implanted &S has very
different melting behavior compared to As-implanted & S.. Thisis because the a S film may
not be completely amorphous initidly and the B implant only introduces damage in the & Si

film but does not cause amorphization.

In addition, we have demongtrated that L TP can be used for the formation of highly-
activated poly-S gated MOS devices. It is shown that the poly-depletion effect in dud-layer
PCAP and NCAP with ultrarthin gate didectrics can be reduced considerably by subjecting
the wafers to LTP prior to the gate activation anned. For PCAP, this is achieved without
observable boron penetration. The proposed mechaniam for the increase in NpoLy IS the
diffuson of dopants toward the gate oxide via explosve crystdlization. This proposd is
SUbgtantiated by the dgnificant increase in the concentration of dopant atoms near the
gate/gate oxide interface after the post-L TP annedl. For single-layer NCAP, a “depletion-
free’ poly-S gate eectrode has been formed when the laser fluence is sufficient to cause
complete meting. Congtant voltage TDDB studies show that the gate oxide rdiability is not

compromised even after LTP a high fluences.
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9.4 Future Work
The investigations that were conducted in this project have opened up new avenues
for future research work. They include:

() Further optimization of the lasar anneding technique by vaying the subdtrate
temperature. Since the cooling rate of the LTP is controlled by the temperature
difference between the surface and the substrate, a higher substrate temperature
would result in a lower cooling rate. This reduces the thermd dress induced in the
subgtrate, especidly near the corners of the shdlow trench isolation (STI) regions.
Another advantage of alower cooling rate is to increase the melt duration to obtain
concentration profiles with better uniformity. However, the subgtrate temperature
should be maintained at below ~500 °C to avoid unnecessary solid phase epitaxia
growth.

(i) Thestudy of laser annedling of ultra-shalow n'/p junctions doped with As'- to evauae
the feaghility of completing the fabrication of different polarity (i.e arsenic and
boron-doped) MOS devices on the same wafer. Hence, in future, the annealing of
the D extensons of p-MOSFET and n-MOSFET will be carried out a the same
processing stage.

(i) Ddinegtion of junctions usng advanced techniques such as scanning capacitance
microscopy (SCM). The laterd distribution of dopants in semiconductor devices has
an increasing effect on the device characterigtics as the critica dimension decreases.
It is thus necessary to acquire the two-dimensiond (2-D) dopant profiles of actud
devices. Current SIM S technique can only provide one-dimensiond (1-D) profiling.

A few experimenta techniques have been explored to obtan 2-D information.
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Differentid etching of XTEM samples have yidded data in the mid 10" to 10%°
aoms/cnt range. However, this technique is very time consuming and difficult to
control. Hence, SCM has been developed to give a more accurate andysis on 2-D
dopant distribution.

(iv) Performing LTP on CMOS transstors and compare the eectrica characteristics of the
laser-annedled devices with tranators that are annedled by spike RTA. Indicators
of merits of LTP include the saturation current, sub-threshold leskage current and
the extent of Vy, roll-off.

(v) Laser thermd processing of poly-SiGe gates. It is known that poly-SiGe can be used
to tune the work function of the gate electrode. However, it is more difficult to
activate arsenic aoms in poly-SiGe compared to boron-doped poly-SGe films.
Hence the PDE for n-MOSFET increases with increesing germanium content. It
would be interesting to be able to obtain high dopant activation in  boron-doped
poly-SGe. It would be even more chalenging to activate arsenic-doped poly-SiGe
gaes usng LTP. The conditions of the LTP can be optimized to form both the p-
type and n-type poly-SiGe gates at the same processing stage. It is dso possible to

use complex schemes such as multiple laser pulses with varying fluences.
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