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ABSTRACT

Complementary Metal-Oxide-Silicon (CMOS) technology has gained a great deal of
attention in the decade of VLSI (Very Large Scale Integration) in the 1980s. As the
CMOS devices continue to scale down, many problems such as poly depletion effect,
stress induced leakage current etc. have arised leading to the reduction in the device
performance. The objective of this work is to reduce the poly depletion effect
occurring in deep submicron CMOS devices and at the same time suppresses boron
penetration through the thin gate oxide. The study focused on optimising the spike

annealing process on nitrided gate oxide of the 0.13-¢m CMOS devices.

The work began with the simulation on the fabrication process of CMOS devices
using different parameters of implant dosage, implant energy, implant angle and heat
treatment. After successful simulated outcomes have been obtained, experiments were
conducted based on the parameters used in the simulation work. The Source Drain
Rapid Thermal processing (SD-RTP) using the spike annealing technique was
adopted as the heat treatment process on the polysilicon layer. The samples were then
characterized electrically using four-point probe and structurally using Secondary lon

Mass Spectrometry (SIMS) and Focused Ion Beam (FIB).

Results showed that peak temperature has a bigger influence in controlling the dopant
activation in the poly gate compared to ramp-up rate. As evident in SIMS profile,
boron concentration in the polysilicon that had been subjected to spike annealing at
the peak temperature of 1080°C was found to be uniform. Uniform distribution of
boron will reduce the poly depletion effect. FIB image showed that polysilicon
treated to a higher peak temperature or longer annealing duration, has larger grain
size. It is believed that with larger grain size, boron activation is increased due to the
reduced ability to absorb interstitials. Moreover, dopant segregation at the grain
boundaries is also decreased. As a conclusion for 0.13-um CMOS devices, spike
annealing at an optimum peak temperature of 1080°C is recommended to replace the
existing RTP process to reduce the poly depletion effect and at the same time,

suppressing the boron penetration.
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ABSTRAK

Teknologi CMOS telah beroleh banyak perhatian pada dekad VLSI pada 1980an.
Apabila saiz peranti CMOS semakin mengecil, banyak masalah seperti kesan susut
poli, arus bocor terangsang dan lain-lain timbul menyebabkan penurunan dalam
prestasi peranti. Objektif penyelidikan ini ialah untuk mengurangkan kesan susut poli
yang berlaku dalam peranti submikron CMOS dan pada masa yang sama menahan
penembusan boron melepasi get oksida yang nipis. Kajian memfokus kepada
mengoptimumkan proses sepuhlindap puncak keatas oksida get nitrida bagi 0.13-um

peranti CMOS.

Penyelidikan bermula dengan simulasi keatas proses fabrikasi peranti CMOS dengan
menggunakan parameter berbeza bagi dos penanaman, tenaga penanaman, dan sudut
penanaman dan rawatan haba. Selepas berjaya memperolehi keputusan simulasi,
eksperimen dijalankan berdasarkan kepada parameter yang digunakan dalam kerja
simulasi. Pemprosesan terma kejut sumber parit (SD-RTP) dengan teknik sepuhlindap
puncak digunakan sebagai rawatan haba keatas lapisan polisilikon. Sampel
kemudiannya dicirikan secara elektrik dengan penduga-empat-titik dan secara struktur

dengan spektrometer jisim ion sekunder (SIMS) dan bim ion fokus (FIB).

Keputusan menunjukkan bahawa suhu puncak mempunyai pengaruh yang lebih besar
keatas pengaktifan pendop dalam get poli berbanding dengan kadar kenaikan
sepuhlindap. Terbukti dalam profil SIMS, kepekatan boron dalam polisilikon yang
dikenakan sepuhlindap pada suhu 1080°C telah didapati seragam. Taburan boron yang
seragam akan mengurangkan kesan susutan poli. Imej FIB menunjukan bahawa
polisilikon yang dirawat pada suhu puncak yang lebih tinggi dan tempoh sepuhlindap
yang lebih lama, mempunyai saiz butiran yang lebih besar. Dipercayai bahawa
dengan saiz butiran yang lebih besar, pengaktifan boron meningkat disebabkan oleh
penurunan keupayaan untuk resapan pendop secara selitan. Tambahan pula,
pengasingan pendop di sempadan butiran akan turut berkurang. Sebagai kesimpulan
untuk peranti CMOS 0.13-um, sepuhlindah kejut pada suhu puncak optimum 1080°C
dicadangkan untuk mengganti proses RTP yang tersedia bagi mengurangkan kesan

susutan poli dan pada masa yang sama, menahan penembusan boron.
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Chapter 1: Introduction 1

CHAPTER 1

INTRODUCTION

1.1 Background of CMOS Devices

Complementary Metal-Oxide-Silicon (hereafter abbreviated as CMOS) technology
has acquired a tremendous amount of interest in the decade of Very Large Scaled
Integration (hereafter abbreviated as VLSI) in the 1980s. The great interest is because
CMOS, when compared with N-type MOSFET (hereafter abbreviated as NMOS), has
much lower power, comparable speed, slightly poorer density but better reliability.
The major advantage of using CMOS is the low power dissipation. In a VLSI circuit,
too many devices exist and they run very fast. As a result, more power is dissipated
from each device and even more power is dissipated from a chip. Current packaging
technology limits power dissipation at a few watts per chip to avoid high temperature
induced reliability problems. Sophisticated packages are being developed, but at a
great expense. Even CMOS, with its inherent low power characteristics is now
pushing the limits of thermal packaging (Kamins, 1998). The cross-sectional view of

the simple CMOS device is shown in Figure 1.1.

Figure 1.1, Simple CMOS device cross-sectional view.
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In the early development, most gate electrodes for MOS were made from aluminum,
which was deposited after the source, and drain regions were doped. However, in this
case aluminum gate must overlap the source and drain region by at least one
alignment tolerance. This can cause a significant Miller feedback capacitance between
the gate and the drain resulting in a reduction in the circuit speed. The Miller effect is
a way of dealing with a situation where the voltages at both ends of a capacitor
change at the same time, either independently or dependently. In certain circuits,
instead of taking into account what actually happens with the voltage, it is equivalent
to having a larger capacitor. Polysilicon gates have much smaller Miller effect
because the source and drain are self-aligned. So, polysilicon is used only after the
Chemical Vapor Deposition (hereafter abbreviated as CVD) method has been
developed. The ability of polysilicon to be oxidized and its compatibility with further
high-temperature processing has allowed development of complex device structures
employing several layer of polysilicon. As a conductor, polysilicon can be used to
interconnect devices, allowing more flexible layout than obtained with only aluminum
interconnections. Polysilicon can also be used for high-value resistors, thus further

reducing the chip area (Sze, 1985).

1.2 Objective

As the critical dimensions of semiconductor MOS transistor are continually scaled
down to deep-submicron for higher levels of integration and performance, poly-
depletion effect and boron penetration through thin gate oxide have became more
severe. In order to reduce poly-depletion effect and to suppress boron penetration,
researchers have attempted several methods however none had claimed highly
successful in reducing these two effects (Bin Yu et al,, 1998). On the other hand,
having a heavily doped gate can lead to boron penetration resulting in large threshold
voltage shift, large charge trapping rate, degradation of p-channel subthreshold slope
and poor reliability of the devices (Lurng Shehng Lee ez al., 1998). Boron penetration
is caused by thermal diffusion of boron through the gate oxide. To reduce boron

penetration, source drain rapid thermal processing (hereafter abbreviated as SD-RTP)
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duration and temperature need to be reduced further. However if the time and
temperature is reduced too much, low activation (less than the solid solubility) can
arise. Spike annealing is widely used now in the wafer fabrication industries as a
replacement for SD-RTP. Spike annealing is a special RTP process with faster ramp-

up rate and zero dwell time.

Here, the goal of the research work i1s to optimize the spike annealing process
parameters for the 0.13-um micrometer channel CMOS devices in Silterra (M) Sdn
Bhd. In Silterra, the wafer fabrication factory mainly fabricates chips designed by
customers. There is a need to study activation of the dopant in the polysilicon after the
heat treatments because higher concentration of activated dopant in the polysilicon
can actually reduce the polydepletion effect. At the same time, boron penetration

through the thin insulator gate oxide layer has to be prevented.

1.3 Scope of the Work

The work is mainly focused on optimizing the process recipe for 0.13-pm CMOS

devices to reduce the polydepletion effect and suppress boron penetration.

In this work, process simulation software is used to get the optimized process recipe
for 0.13-um CMOS devices. The software comprises of 2 types of tools known as
TSUPREM 4 for the process simulation and MEDICI for device characterization. An
example of the simulation window is shown in Figure 1.2. TSUPREM 4 has been
adopted from the SUPREM 3, which was developed at Stanford University in the
1980s. MEDICI is a 2-Dimensional finite element Poisson equation solver developed
at Stanford University in the 1980s. This physically based process simulator can
predict the outcome that result from specified process sequences. Simulation has been
very important for the reason that it is always quicker and cheaper than performing
experiments. It also provides information that is difficult or impossible to measure.

The simulation software is also based on mathematical calculations such that finer
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grid (Figure 1.3) is needed for accurate result. After obtaining a better grid, an
experiment can be planned and executed. Effect of different process condition in ion
implantation, annealing, deposition and etching was studied by using TSUPREM 4.
Figure 1.4 shows an example of the editing the implantation process. MEDICI was
used to do the device electrical characterization, namely Current-Voltage (hereafter
abbreviated as I-V) and Capacitance-Voltage (hereafter abbreviated as C-V)
characterization. In simulation, different implantation parameters such as dopant
species, implant doses, implant energy, implant tilt and rotation angle can be changed.
Different thickness of deposition can also be done, as well as different annealing
conditions. Simulation software also have the function to check the cross-sectional
view of the devices (Figure 1.5), dopant distribution profile, junction depth, well
1solation, sheet resistance and etc. MEDICI can calculate the threshold voltage and
drain current. It can also check the electrical flow lines, leakage region, electric field,

plot the I-V curve, plot the C-V curve and many more.
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Figure 1.5. Example of the simulation visual result using Taurus Visual.

After the simulation, an experiment with the optimized process parameters from the
results was planned and executed to optimize the process parameters with the
objective to reduce polydepletion effect and suppress boron penetration. In this
experiment, wafers were run through the processes such as oxidation, implantation,
deposition and annealing. Through the experiment, we can get the exact result
because some of the new process recipes such as spike annealing, grain boundary
diffusion rate and etc have not yet included in the simulation calculation. After that,
structural and electrical characterizations were carried out to study the effect of the

new process recipe.
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For a process recipe to be industrially accepted, a physical experiment needs to be
conducted by introducing the new recipe into the process flow of the device
fabrication. This involved measurement on 0.13-um Metal Oxide Silicon Capacitor
(hereafter abbreviated as MOSCAP) where C-V can be extracted and depletion

thickness can then be calculated.

1.4 Organization of the Thesis

This thesis is organized into five chapters.

Chapter 1 provides an introduction to the CMOS devices, motivation of this work,

and an outline of the thesis.

Chapter 2 focuses on the problems encountered during the process of downscaling
CMOS. A review of other works in reducing the polydepletion effect and boron

penetration is also given in this chapter.

Chapter 3 describes the theory of the processes and characterization techniques.
Processes such as oxidation, ion implantation, diffusion/annealing and deposition are
explained. Characterization techniques like Secondary ITon Mass Spectrometry
(hereafter abbreviated as SIMS), Focused Ion Beam (hereafter abbreviated as FIB)
and Four-Point Probe (FPP) are the three characterization techniques used in this

work.

In chapter 4, the experiment procedure for this work has been elaborated. This chapter
will cover all the experimental processes involved, equipments utilized and

characterization test conducted.

Chapter 5 focuses on the result, discussion and conclusion. In this chapter, the

simulation and experiment results are given. Here, interpretation is made based on the



Chapter 1: Introduction 9

observation of the structural and electrical analysis. Conclusions of this work and

recommendation process parameter made to Silterra are also described in this chapter.
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CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Gate Poly Depletion and Boron Penetration

Present deep submicron CMOS technologies including the 0.13-pm modes always use
polysilicon as gate material. The polysilicon should be degenerately doped; however,
due to processing circumstances, insufficient doping concentration and/or insufficient
activation can lead to the formation of a depletion layer in the gate, causing a non-
negligible voltage drop. This voltage drop in the gate reduces the effective gate
voltage available to create inversion in the channel, and therefore reduces the device

performance.

v

(+) (-)

nt poly-gate  Si0, p-tvpe sub,

Figure 2.1. Band diagram of a poysilicon-gate depleted N-channel MOS capacitor
(Reproduced from Choi Changhoon, 2002)
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All device characteristics, i.e. charge/transcapacitance and drain current/trans-
conductance are affected especially when using thin oxide thickness. Consider the
band diagram of an n-polysilicon gated n-channel MOS structure biased into
inversion as shown in Figure 2.1. Since the oxide field is in the direction, which
attracts negative charge toward the gate, the bands in the n"-polysilicon bend slightly
upward near the surface. The field depletes the surface of electrons and forms a thin
space-charge region in the polysilicon layer, which lower the total capacitance as
given by:
1 1 1

LI .
C Cox Cy C

(Eq2.1)

dep
Where Cox = Oxide capacitance
Csi = Silicon substrate capacitance

Caep = Depletion capacitance

Typical low-frequency C-V curves in the presence of this gate depletion effect are
shown in Figure 2.2. The maximum inversion capacitance is less than Cpy, and the
higher the polysilicon doping concentration the less pronounced is the gate depletion

effect.

C/Cox

I Npoly decreases

)

Ve (V)

Figure 2.2. C-V curves of N-channel MOS capacitors in the presence of polysilicon
depletion effects. (Reproduced from Choi Changhoon, 2002)
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It has been understood that increasing the poly doping will reduce the poly-depletion
effect, but the doping is limited by other considerations, such as boron penetration
through the thin gate oxide and dopant uniformity. The work reported by Choi Chang-
Hoon (2002) showed how the dopant profile and gate geometric influence the

polydepletion effect.

The potential drop (V}) in the presence of the poly-depletion effect is represented in
Figure 2.3. When the gate is doped by ion implantation, the dopant distribution as a
function of position from the top of gate to the gate oxide direction can be represented
as in Figure 2.4. Since the dopant density and carrier concentration vary with position,
a built-in electric field exists leading to built-in depletion. Under thermal equilibrium,
since there is no current flow, the built-in field (E;) in a p-type poly-gate can be
expressed as (Muller and Kamins, 1986):

d. dN
E :_t_iﬂz_ﬂ_l_ Ny dd):ﬂ A

* dx g N, dx g N,

(Eq.2.2)

where N4 = active dopant concentration
q = eclectron charge
k = Boltzman constant
T = absolute temperature

potential

\ IVP: potential drop in poly

depletion area

polystlicon

g .
mxideulcnn

Figure 2.3. Potential distribution of MOS from the top of the poly-gate to the silicon
substrate considering poly-depletion effects. (Reproduced from Choi
Changhoon, 2002)
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A potential drop (A4V,;) is established at the interface due to the graded dopant
distribution between x; and x;, which can be approximated as:

kTN
AV, =9, —¢, =——In—4 (Eq. 2.3)

Al
When N changes from 10%° to 10" cm™ (from SIMS profile for spike anneal at peak
temperature 1000°C), the potential drop is about 0.12 V from equation (2.3) even
without any gate bias, which is on the order of the threshold voltage for sub-micron
MOSFETs. This additional potential drop across the polysilicon gate (4V,;) does not

contribute to gate bias, so it reduces transistor current.
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Figure 2.4. Non-uniform, graded impurity distribution and corresponding energy-
band diagram (Reproduced from Choi Changhoon, 2002)
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For boron-implanted polysilicon subjected to RTP at 960-1150°C, the carrier mobility
is higher than after furnace annealing at the same temperatures. This finding is
explained by a nonuniform impurity distribution inside grains and by the related
decrease of carrier scattering at the grain boundaries. At the lowest temperature
(840°C) the impurity peak does not change from the position in the as-implanted
process, a process sandwiched between ion implantation and annealing. At higher
temperatures, diffusion of impurity atoms into polysilicon would be initiated. At
1080°C, impurity profiles become flat throughout the polycrystalline layer. The
uniform doping level is retained up to 1200°C. This is the temperature range where
the experimental carrier concentration fits the clustering model. It also means that at
that temperature range, the average grain size is large enough to minimize segregation

at grain boundaries (Borisenko et. al, 1997).

The dopant distribution in the poly is complicated by the implant and heat treatment
steps, and by the poly grain size. So, various studies are needed to understand this

problem.

Boron penetration becomes a major issue in the fabrication of deep submicron PMOS
device with P poly doping and thin gate oxide. The boron penetration can cause the
shifts of flatband voltage (Vrg), the distortion of C-V curves, the increase of
subthreshold swing (S) and leakage current, and the deterioration of the gate oxide
quality. Therefore, boron penetration should be eliminated to keep the desired
performance of the surface-channel device. The boron penetration effect is
characterized by the amount of flat band shift in the C-V curves of a MOS capacitor.
Figure 2.5 shows the flat band voltage increases (shifts to the right side) when boron

penetration increases.
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Figure 2.5. High-frequency C-V curves of a MOS Capacitor for different boron
penetration level. (Reproduced from Cao Min et. al, 1998)

2.2 Methods Attempted by Other Researchers

As silicon devices are continuously scaled to smaller sizes, gate oxides becomes
thinner, polydepletion effect and boron penetration effect have become more severe.
Polysilicon, although is easy to manufacture, it also causes a lot of problems to
CMOS devices. Researchers have been trying to find alternative gate materials to
replace polysilicon. Poly-Si;«Ge, has been introduced into Thin Film Transistor
(hereafter abbreviated as TFT) devices since early 90s. Lee Wen-Chin ef. al. (1998)
and Yu Bin er. al. (1998) menticned that with the germanium content of = 20%, both
PMOS and NMOS have the least poly depletion effect. It is because of the higher
active dopant concentration observed. In these papers, the authors used conventional
Low Pressure Chemical Vapor Deposition (hereafter abbreviated as LPCVD) system
to grow poly-Si;.«Ge,. The results obtained are as follows;
1. For both types of devices, the thinner the gate oxide, the more will be the
capacitance reductton in the inversion region. This is because a higher

electric field will cause more depletion near the poly/SiO, interface.
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2. For NMOS devices, less polydepletion effect (determined by the capacitance
reduction in inversion region) was observed for germanium content of 20%;
while for PMOS, resistance to polydepletion effect increase as germanium
mole fraction increases.

3. For NMOS devices, a threshold voltage (V,) is not affected by germanium
content whereas for PMOS, the more germanium contents, the less boron

penetration, which means less V; shift.

In the work reported by Ponomarev er. al. (2000), it was mentioned that boron
diffusion in poly-SiGe is slower, while arsenic and phosphorus diffusions are faster
than in poly-Si. These differences are increasing with germanium fraction. At the
same time, boron activation is higher in poly-SiGe while arsenic is more difficult to
activate in poly-SiGe, especially when the germanium percentage rises above = 50%.
These facts suggest that poly-SiGe allows for good dopant activation in p-type gates,
while for higher germanium mole fractions n-type gate activation becomes
problematic. In order to reduce this problem at NMOS, Rhee er. al. (2001) has
introduced a Ge-redistributed poly-Si/SiGe stacked gate (hereafter abbreviated as
GRPSG). GRPSG can improve the current performance of PMOS without the
degradation of NMOS. In this method, thin poly-SiGe (20% - 40% germanium) and
poly-St capping layers were in-situ deposited by LPCVD using GeH, and SiHy. Then,
N* poly implantation and annealing for germanium distribution were performed.
N-type dopants such as phosphorus and arsenic can enhance the germanium diffusion
into poly-Si more than boron. After the annealing for germanium redistributed,
different germanium concentration was obtained at the gate/oxide interface between
NMOS and PMOS. The current performance of the NMOS with GRPSG with low

germanium content { < 5%) was not degraded.

Lin Chih-Yung et. al. (1995) reported the use of amorphous/polysilicon gate electrode
in BF,-implanted poly-gated P-MOSFET’s to suppress the boron penetration. SIMS

analysis clearly shows that fluorine prefers to accumulate in the layer of amorphous
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silicon. The retardation of boron diffusion is therefore achieved by trapping of
fluorine in the amorphous layer of stacked amorphous/polysilicon (hereafter
abbreviated as SAP) p-type gate due to a lower diffusion rate of fluorine in the
amorphous silicon layer. Polysilicon depletion effect did not become severe by
introducing the amorphous silicon. In addition, using the gate structures does not
degrade gate oxide reliability. But Yu Bin et. al. (1998) noticed that the depletion in
amorphous silicon is slightly more severe than polysilicon. The result indicated that
amorphous silicon reduces the gate dopant diffusion but increases gate depletion after

rapid thermal annealing (hereafter abbreviated as RTA) more than 1000°C.

Besides using alternate gate materials and changing gate microstructure, researchers
also did a lot of studies in gate doping. Sun W.T. er. al. (1995) reported that
phosphorus or arsenic co-implant in p-poly-gate can prevent boron penetration. In the
paper, a comprehensive study of the phosphorus dosage and annealing condition
dependencies of boron penetration and poly-depletion is presented. The experimental
results show that the boron penetration in BF, implanted poly-gate is significantly
reduced as the dose of co-implanted phosphorus increases. The phosphorus dose
about 1.5 x 10" cm™ in p*-poly gate can effectively retard the penetration of boron in
BF; 3 to 5 x 10" cm? doped poly gate under 900°C, 60 min annealing (30 min
reflow anneal, and 30 min post-contact implant anneal). The performance of boron-
penetration-free phosphorus co-implanted p*-poly gate MOSFETs is also shown to be
much better than the device with boron-penetration. In arsenic co-implanted p-poly
gate, 1t also appears that arsenic co-implant would also retard boron penetrating
through thin gate oxide. However, boron penetration becomes very severe when

annealed at higher temperature for longer time.

In the work reported by Kuro: et. al. (1995), nitrogen implantation into polysilicon
gate was introduced. In these papers, authors claim that nitrogen implantation can
reduce the problem of boron penetration. It is because the nitrogen implanted into the

polysilicon gate is segregated into the gate oxide during heat treatment after
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implantation. The nitrogen in the gate oxide film can act as a barrier layer for boron
penetration and reduce the random failures of gate oxide films under highly doped
polysilicon gates. Yu Bin et. al. (1997) mentioned that a nitrogen dose of 5 x 10" cm™
is the optimum choice at implant energy of 40 KeV in terms of the overall
performance of both p- and n-MOSFET’s. The suppression of boron penetration is
confirmed by the SIMS profiles to be attributed to the retardation effect in polysilicon
with the presence of nitrogen. SIMS profile showed that nitrogen peak and boron peak
is at the same location. It is believed that nitrogen peak in the bulk poly-Si is mainly
responsible for the suppression, since the boron diffusion is retarded in the bulk. High
nitrogen dose (1 x 10" cm™) results in polydepletion and increase of sheet resistance
in both unsilicided and silicided p* poly, degrading the transistor performance. Chao
T.S. er. al. (1997) is using nitrogen co-implanted with boron method to suppress the
boron penetration. In this method, it was found that nitrogen combines with the boron
to form a B-N complex. This B-N complex can retard the penetration of boron itself
and it was identified by X-ray photoelectron spectroscopy (hereafter abbreviated as
XPS). The optimum dosage of nitrogen should be 1 x 10" em™. Excessive amount of
the nitrogen concentration will increase sheet resistance, Ry and polydepletion effect.
In the work reported by Liu C. T. et. al. (1996), nitrogen was implanted into silicon
substrate prior to the growth of gate oxides. From the SIMS profile, the nitrogen peak
1s observed to be in the gate oxide and boron concentration falls off right before the

nitrogen peak. No boron is seen beyond the oxide layer.

Apart from implanting nitrogen into polysilicon or silicon substrate, annealing in
nitrogen ambient can also be used to establish a nitrogen diffusion barrier at the
interface of the poly-Si and oxide. Yu Bin ez. al. (1998), Han L.X. et. al. (1995) and
Chao T.S. er. al. (1997) mentioned that thermally nitrided oxide or reoxidized nitrided
oxide in NO, N,O or NH; ambient can act as a diffusion barrier for boron. However,
H atom residues during the NH; nitridation reduce the resistance to hot carrier
stressing, introduces a large number of interface traps and fixed oxides charge. This

contributes to 1 by Flickers noise. An additional reoxidation process needs to be done
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to reduce the H atom. Hence, the NHj nitridation process 1s too complex to implement
in a real production line. Therefore, a nitridation process on the oxide surface without
H incorporation has started to be used. But between N;O and NO, NO is the preferred
ambient. It is because N>O based oxides require a much higher thermal budget for
sufficient nitrogen concentration. Han L. K. er. al. (1995) reported the use of rapid
thermal NO-nitrided SiO, as an alternate oxynitride with enhanced boron diffusion
barrier properties while maintaining a low thermal budget and H-free nature of the
processing ambient. In this method, thermal oxides are grown at 1050°C in pure
oxygen followed by in-situ nitridation at 1000°C in pure NO ambient, finally received
an in-situ nitrogen anneal at 1050°C. Results show that NO-nitrided SiO,, as
compared to conventional thermal SiO;, exhibits much higher resistance to boron
penetration and also reduce polydepletion effect. It is believed to be due to the
incorporation of nitrogen in the dielectric during NO nitridation. In the work of Xiang
Qi et. al. (2000), ultra-thin nitride/oxynitride stack gate dielectric was formed by the
thermally growing of oxynitride followed by SisN4 deposition. Pre-doped gates for
both N- and P-MOS devices (P-doped for NMOS and N-doped for PMOS) are
employed to minimize poly depletion and maximize drive currents. The result shows
that the stack gate dielectric has strong boron penetration resistance, which allows
pre-doped for both type devices to minimize poly depletion and improve device

performance.

Boron diffusion and activation is normally controlled by the annealing process after
the implantation. To prevent boron penetrating through thin gate oxide, one can
optimize the annealing parameters to get the optimize boron activation and diffusion
in polysilicon gate. Fiory et. al. (2000) reported that when choosing ion implants and
thermal budget for the polysilicon gate engineering in deep submicron devices, the
following conditions must be met:
(i) The activation of implanted dopants (usually boron for PMOS and arsenic or
phosphorus for NMOS devices) should be high across the gate in order to

minimize the poly-depletion effect and to maximize the device speed;



Chapter 2: Background and Literature Review 20

(i1) Boron penetration through the thin gate oxides (which causes threshold
voltage shifts in PMOS devices) should be minimal; and
(iii))  Lateral diffusion (which cause cross-doping in connected gates) should be
minimal.
These goals are difficult to achieve, since electrical activation of dopants in poly-Si
entails rapid grain boundary diffusion and slower diffusion within grains. Fiory et. al.
(2000) used spike annealing to avoid boron penetration through gate oxide. It is
because of sufficient rapid grain boundary assisted diffusion of boron in
polycrystalline silicoen films where high carrier concentration could be achieved by
utilizing high temperature annealing, since the concentration of boron in solid solution
increases with temperature. It is concluded that spike annealing can increase effective
diffusivity of boron in polysilicon of up to 200 times greater than in crystal silicon.
The activation of boron also increases based on the lower sheet resistance of the
polysilicon after spike annealing. In the work of Yu Bin er. al. (1999), laser thermal
process (hereafter abbreviated as LTP) was introduced. LTP has 3 attractive features:
1. "Zero” thermal budget. Laser pulses last a few nanoseconds, which is about 8
orders of magnitude shorter than rapid thermal processing. Thermal diffusion of

dopants 1s almost negligible.

[SS]

Metastable process without dopant solid solubility limit. This allows active dopant

concentrations larger than 10> em™ to be achieved,

3. Local selective heating of specific regions of silicon wafer. No thermal budget is
added to Vj/retrograde channel/halo profiles.

Although the results show the sheet resistance is lower, activation of the dopants

occurs during LTP. But the gate-depletion effect is not significantly changed by LTP.

Unfortunately, LTP could not be made into production process yet. The main problem

faced is the non-uniform heating.

From the literature review work, the polydepletion effect and boron penetration effect
are well understood. Based on the literature and equipment availability in Silterra, the

spike annealing and NO gate oxide have been chosen as the main focus in this work.



Chapter 3: Theory of Processes and Characterization Techniques 21

CHAPTER 3

THEORY OF PROCESSES AND CHARACTERIZATION
TECHNIQUES

3.1 Processes

In this experimental work, several processes were adopted. These processes are
oxidation, chemical vapour deposition, ion implantation and annealing. The theory of

the processes is discussed in the following subsections.
3.1.1 Oxidation

Oxidation of silicon is a thermal process to grow an oxide layer. This process is easily
achieved by heating the silicon substrate to temperatures typically in the range of 900
- 1200°C. Oxidation can divided into wet or dry oxidation, depending on the
atmosphere in the furnace. The atmosphere in the furnace can either contain pure
oxygen or water vapour. Both of these molecules diffuse easily through the growing
Si0; layer at these high temperatures. Oxygen arriving at the silicon surface will react
with silicon to form silicon dioxide. The chemical reactions that take place are either
Si+0, — Si0o,
for so-called dry oxidation or

Si+2H,0 — Si0, +2H,
for wet oxidation.

Due to the stoichiometric relationships in these reactions and the difference between
the densities of Si and SiO,, about 46% of the silicon surface is "consumed" during
oxidation. That is, for every 1 um of SiO, grown, about 0.46 pm of silicon is

consumed (see Figure 3.1).
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Figure 3.1. Oxidation process on silicon.

3.1.1.1 Oxide Growth Kinetics

The growth of silicon dioxide only involved surface reaction. However, after the layer
of SiO; is getting thicker, the arriving oxygen molecules must diffuse through the

growing Si0; layer to react with the silicon surface.

"Deal/Grove" model (Puchner, 1996) is used to explain the oxide growth kinetics.
This model is generally valid for temperatures between 700 and 1300°C, partial
pressures between 0.2 and 1.0 atmosphere, and oxide thickness between 0.03 and 2
um for both wet and dry oxidation. To understand this model, please refer to Figure

3.2, and let:

C, = concentration of oxidant molecules in the bulk gas
C, = concentration of oxidant molecules immediately adjacent to the oxide surface
C, = equilibrium concentration of oxidant molecules at the oxide surface

C; = concentration of oxidant molecules at the Si/Si0; interface
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Figure 3.2. Deal/grove model for oxidation.

Note that: 1) Cy > C; (due to depletion of the oxidant at the surface)
2) C; > C, (due to the solubility limits of SiO,)

The oxidizing species (oxygen or water vapour) are flowed from the bulk gas to the
gas/oxide interface with flux F; (where flux is the number of molecules crossing a
unit area per unit time). The species are flowed diffuse through the growing oxide
toward the silicon surface with flux F5, and react at the Si/Si0O; interface with flux F’.

Mathematically:

F; = flux of oxidant from gas to surface
F=H/(C,-C) (Eq3.1)
where H, = the gas phase mass transfer coefficient.

F; = flux through the oxide layer

dC

where D is the diffusivity of the oxidant molecule in SiO; and C is the concentration.

Assumed a linear concentration gradient inside the oxide layer, then:

(C(i - CI )
y

F,=D (Eq 3.3)
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where y is the current value of the oxide thickness.
Finally:

F,=K xC, (Eq 34)
where K, = the rate constant for the surface chemical reaction.

Now let’s look at F; more closely. By Henry’s Law:

C,=HxP and
C*=HXP, (Eq 3.5)

where H is Henry’s Law constant, C* is the equilibrium concentration of oxidant
molecules in the bulk SiO;, and P and P, are the partial pressures of the oxidant
molecules adjacent to the SiO; surface and in the bulk gas, respectively. From the

Ideal Gas Law:

P,
C,=—= and
kT
P
€= (Eq 3.6)

where k is Boltzman’s constant and T is the temperature in degrees K. Therefore, F;

can be re-written as:

F=H(C, -C)=H (—Pg ——R“)
PoTe e T e T kT

H H, c*x C
F = £ P —-P -—_ 8z _ "o Eq 3.7
! kT(g ‘) kT(H H) (437
F =h(C*-C,)

where h = H/HKT. At steady state, all three fluxes should be equal. In other words,

F, = F, = F, under these conditions:
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1+ 2)c*

Co=—% DK - (Eq3.8)
(4= 22
hoD

If the oxidation growth rate depends only on the supply of oxidant to the Si/SiO;
interface, it is said to be diffusion controlled. Under this condition, D is close to zero.

Therefore:
C=0and C,=C*

If, on the other hand, there is plenty of oxidant at the interface, the growth rate
depends only on the reaction rate. This situation is called "reaction-controlled.” In this
case, D approaches infinity, and:

*
c-c =% (Eq 3.9)

K
l §
(+h)

To compute the growth rate itself, let N; be the number of oxidant molecules per
cubic ¢cm incorporated into the oxide layer. Then, the differential equation can be
written as below:

d KC*

— = F = K XC, = H

dt Nl (y) 3 § i KS KY * y

+—+——
h D

(Eq 3.10)

)

Under the boundary condition that y = 0 when ¢ = 0, first order differential equation

can be solved as:

v + Ay =B(t+T) (Eq 3.11)
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Where

11
A=2d(—+—
(K h)

8

*
B 2DC
Nl
- i+ Ayi)
B

and yi is the initial oxide thickness. For short times, the growth rate is reaction

limited, and the oxide thickness is approximately:
B
y=—/;(t+T) (Eq 3.12)

For longer times, growth is diffusion-limited, and the approximation used is:

y=+Br (Eq 3.13)

A and B are constants which correspond to the oxidation conditions (i.e. - temperature

and wet or dry) (Puchner, 1996).

3.1.1.2 Oxidation Reactor

Figure 3.3 shows a simple oxidation reactor system. Here the wafers were held in a
vertical holder with pure water being pumped through. The water vapour was made
from the reaction of hydrogen and oxygen gases. The temperature of the furnace was
increased to 750°C to let the reaction of the water vapour on the wafer surface to form
surface oxygen and hydrogen gas. Nitrogen gas will purge into the oxidation reactor
after the formation of SiQ,. The wafer will be annealed to let the nitrogen to react

with oxygen layer, forming an oxynitride layer.
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Figure 3.3. Simple diagram of oxidation reactor.

3.1.2 Chemical Vapour Deposition (CVD)

CVD is an extremely popular way to deposit thin film layers in integrated circuit
manufacturing. The process is controlled by two factors namely the diffusion of gases
to wafer surfaces and the reaction of the gases on the wafer surfaces. Typically the
CVD process is designed in such a way that deposition is limited by only one of the
two factors, and is independent of the other. The mathematics of gaseous diffusion
and chemical reactivity in furnaces are very difficult and not fully understood.
Therefore it is critical for integrated circuit manufacturers to develop standard,
repeatable recipes (gas flows, temperatures, deposition time, etc.) and avoid deviating

from them.

For better uniformity, LPCVD is used. Deposition rate in an LPCVD process is
limited by gaseous diffusion. For uniformity, it is critical to have uniform gas flow to
all wafers in an LPCVD fumnace. LPCVD typically operates at a much higher

temperature (up to 1000°C) than atmospheric pressure CVD (hereafter abbreviated as
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APCVD). Polysilicon and most dielectrics are deposited by LPCVD. Typical LPCVD

process pressures are from 0.1 to 1.0 torr.

3.1.2.1 Polysilicon Deposition Mechanism

Polysilicon is deposited by pyrolyzing silane between 575°C and 650°C in a low-
pressure reaction:
SiH , (g)— Si(s)+2H,(g)

Either pure silane or 20 to 30% silane in nitrogen is bled into the LPCVD system at
pressure of 0.2 to 1.0 torr. For practical use, a deposition rate of about 10 to 20
nm/min is required. The properties of the LPCVD polysilicon films are determined by
the deposition pressure, silane concentration, deposition temperature and dopant
content. The deposition rate is defined as below

Thickness of Film A )

Deposition Rate = - -
Time to grow  Min

3.1.2.2 LPCVD Furnace

An LPCVD furnace is shown in Figure 3.4. A typical LPCVD system composes of a
chamber and vacuum pump, source gas inlet controls, heating and temperature
controls. The source gas is depleted (consumed) as it travels the length of the tube,
often the temperature is increased toward the rear of the tube to help compensate for

the decreased gas concentration.
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Figure 3.4. LPCVD Furnace for polysilicon deposition.

3.1.3 Ion Implantation

fon implantation is the introduction of ionized dopant atoms into a substrate with
enough energy to penetrate beyond the surface. The most common application is
substrate doping. The common dopants that are used in the ion implantation are
shown in Table 3.1. The use of 3 to 500 KeV implant energy for dopant ions is
sufficient to implant the ions from 100 to 10,000 A below the silicon surface. These
depths place the atoms beyond any surface layers of 30 A native SiO,, and therefore
any barrier effect of the surface oxides during impurity introduction is avoided. The
depth of implantation, which is proportional to the ion energy, can be selected to meet

a particular application.

The major advantage of ion implantation technology is the capability of precisely
controlling the number of implanted dopant atoms. Upon annealing the target (heating

to eclevated temperatures of approximately 600-1000°C), precise dopant
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concentrations between 10 x 10" to 10 x 10*' atoms/cm’ in the silicon are obtained.
Furthermore, the dopant’s depth distribution profile can be well controlled. Some

common dopants for silicon are listed in the Table 3.1 below.

Table 3.1:  List of dopants commonly used in semiconductor doping.

Donors (Electron-increasing Dopants) Acceptors (Hole-increasing Dopants)
Group V elements Group IIT elements
P s
As In
Sb Al

Silicon, being an element from Group IV of the Periodic Table of the Elements
(Appendix A), has four valence electrons. In an undoped silicon crystal, each atom
shares these electrons with its four nearest neighbours via covalent bonding (see
Figure 3.5). Dopant atoms can be either as "donors" or "acceptors.” Donors normally
elements from Group V increase the electron concentration in the silicon, whereas

acceptors normally elements from Group III increase the hole concentration.

Shared valence electron

V\ Semiconductor (eg Si) atom

Figure 3.5. Atoms bonding diagram for an undoped silicon crystal.

When Group V elements such as arsenic or phosphorus are introduced into the silicon

crystal lattice, four of the five valence electrons fit into the silicon bonding structure.
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The fifth electron, however, is weakly bound, and at room temperature is free to move

through the crystal (Figure 3.6). It is thus said to be "donated" to the semiconductor.

Figure 3.6. N-type dopant in the silicon crystal causes an excessive electron in the
lattices.

Likewise, Group III elements such as boron have only three valence electrons, and
therefore cannot complete all four of the available bonds when substituted for a
silicon atom. These elements, however, readily "accept” an electron from a nearby
silicon-silicon bond. This creates a hole, which is also free to wander through the

crystal lattice at room temperature (Figure 3.7).

Figure 3.7. P-type dopant in the silicon crystal cause a hole in the lattice.
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Figure 3.8. Basic diagram of ion implanter. (Reproduced from Silterra, 2000)

Figure 3.8 shows a simplified diagram indicating the major elements of a medium-

cwrrent ion implanter system. In the ion implanter system, the ion source will start

with selected molecular species from the gas source and converts it into ion. The ions

are accelerated, and then enter the analyser magnet for ion selection. The exit beam of

desired implant ions are chosen based on the charge-to-mass ratio of the ions, and the

analyser is generally sensitive enough to discriminate against adjacent mass numbers.

The ions are then given a final acceleration at the acceleration tube, after which the

ion beam will be slightly electrostatically deflected to separate it from any neutral

atoms that may have formed.
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The beam is then scanned over the wafer surface, either electrostatically,
mechanically, or by a combination of the two controlled X- and Y-scan plates. In
addition, an electron source may be near the wafer to "flood" the surface with
electrons and prevent a charge build-up on insulating surfaces such as SiO, or silicon
nitride. If not eliminated, this kind of charge build-up can be severe enough to cause
gate oxide failure because of electrical breakdown from the gate to the substrate

through the oxide.

3.1.4 Annealing and Diffusion

Basically, annealing in the CMOS processes is for the purpose of activation and
dopant diffusion. After a dopant is implanted in silicon an annealing step has to be
performed to activate the introduced dopant atoms and to repair the damage caused by
the ion implantation. In modern process, the technology of RTA processes is the
method of choice with typical annealing times of several seconds. Diffusion can be
defined as the random walk of an ensemble of particles from regions of high
concentration to regions of lower concentration. In integrated circuit fabrication,
diffusion is used to introduce dopants in controlled amounts into the semiconductor

substrate.

According to the First Law of Diffusion (Puchner, 1996), the transfer of solute atoms

per unit area in a one-dimensional flow can be described by the following equation:

)

J =
ox

(Eq 3.14)

where J is the particle flux, C is the concentration of the solute, D is the diffusion
coefficient, x is the distance into the substrate, and ¢ is the diffusion time. The
negative sign indicates that the diffusing mass flows in the direction of decreasing

concentration.
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From the Conservation of Mass, we also know that:

oc _

_— Eqg 3.15
o ox (Bq 3.15)

[t we combine this relationship with the 1st Law of Diffusion, then we have derived

the 2nd Law of Diffusion {(otherwise known as Fick’s Law), which states:

aC 2°C
=D
ot ox?

(Eq 3.16)

In order to solve Fick’s Law, one initial condition and two boundary conditions are
required. Two solutions to Fick’s Law are generally encountered in Integrated Circuit
(hereafter abbreviated as IC) fabrication: infinite-source and limited-source diffusion.

Both solutions are described below.

31441 Infinite-source Diffusion (Pre-deposition)

Infinite-source diffusion requires a constant surface concentration of diffusing atoms.
This generally corresponds to the process step known as "pre-deposition.” In this case,

the initial condition and boundary conditions are:

C(x,0)=0
C0,1)=C, (Eq3.17)
C(eo,t) =0

where C; is the surface concentration. The solution to Fick’s Law (Puchner, 1996)

under these conditions is:

Clx,1)=C, erf{ al } (Eq3.18)

2JDr

where "erfc" is the complementary error function.
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3.1.4.2 Limited-source Diffusion (Drive-in)

Limited-source diffusion requires a constant amount of total dopant per unit area of
the diffusing surface. This corresponds to the process step known as “drive-in" or any
subsequent heat cycles. In this case, the initial condition and boundary conditions are:
C(x,0)=0
jeends=s (Eq 3.19)
C(x,00)=0

where S is called the "dose." The solution to Fick’s Law under these conditions is:

S —x?
Cx,t)= exp (Eq 3.20)
JaDt [ 4Dt ]
3.1.4.3 Diffusion Mechanism

From the past literatures (Sze, 1988, Fahey et. al., 1989, Taylor et. al., 1993), three
possible atomic diffusion mechanisms have been established. The first one is the
direct mechanism. In this mechanism, the impurities, which have small ionic radii,

can travel directly interstitial. (see Figure 3.9).
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Figure 3.9. Direct diffusion mechanism within crystal targets. The diffuser can travel
exclusively on interstitial sites.
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The second possible mechanism is vacancy mechanism. In this mechanism, the
substitutional dopants migrate through the host lattice by moving via adjacent vacant
lattice sites. (see Figure 3.10a). To avoid oscillations of this exchange procedure, the
vacancy must move at least to a third-neighbour site away from the dopant. Thus, the
vacancy or another vacancy within the diffusion regime can return on a different path
within the silicon’s diamond lattice. Then long-range migration of the dopant will take
place (see Figure 3.100). Energetic details of this complicated exchange can be found

in Fahey et. al, 1989.
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Figure 3.10. Dopant diffusion by vacancy mechanism.

The third one is the interstitial mechanism (see Figure 3.11). In this mechanism,
dopant diffusion takes place when a dopant at a substitutional site is approached by a
silicon interstitial (Figure 3.11a). The dopant is kicked out by the interstitial to reside
at interstitial position (Figure 3.11b), while the original self-interstitial has
disappeared by occupying the regular lattice site. Now this interstitial dopant is able to
move towards an adjacent lattice site to re-form a silicon interstitial by the same

“kick-out” process, like the interstitial dopant itself was generated (Figure 3.11c).
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Figure 3.11. Dopant diffusion via a substitutional-interstitialcy interchange.
3144 Diffusion in Polysilicon

Polysilicon shows extraordinary high diffusivity for dopants. This fact allows the
dopants to diffuse even longer distances within the polysilicon material in reasonable

short time periods.

Dopant transport within polysilicon involves four major mechanisms:

« fast diffusion in grain boundaries
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e segregation between grain interior and grain boundaries
e grain boundary motion

e grain interior diffusion

A crystal structure of a grain bulk/grain boundary network can be used to understand
the dopant/grain boundary system and the according diffusion mechanisms. From the
tetrahedral bonding network for two polysilicon grains separated by a grain boundary
(see Figure 3.12), it can be seen that the number of bonds crossing from one grain into
the neighbouring grain is reduced at the interface. This can cause a corresponding
high density of dangling bonds due to the fracture of the crystal along the interface.
Therefore, this boundary arca may be a preferred low energy local minimum for
dopants. This outstanding energetic properties in combination with the irregularity of
the tetrahedral bonding at the interface makes the grain boundary to be the fast

diffusion path for dopants.

The second transport mechanism is segregation between grain interior and grain
boundaries. This mechanism happened if the dopant and the grain boundary are a
closed system and there is enough space in the grain boundary that had occupied by
other dopant. The segregation of dopants into the grain boundary can be described by
trapping and emission mechanisms. The capture and emission rates depend on the
number of occupied and free states in the grain boundary, where the total number of

states is limited by the grain boundary area.

The third transport mechanism is related to the grain growth phenomenon. In the grain
growth process, the grain boundaries are moving. During moving of the grain
boundaries, the dopants are incorporated in the grain boundaries. This movement

results in a net dopant transport.
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O Substitutional dopart Silicon 1ight grain
Grain-boundary dopant @ Silicon left gram

Figure 3.12. Three-dimensional perspective drawing of a grain/grain boundary
network. (Reproduced from Puchner, 1996)

If the crystal structure of the polysilicon grain bulk region shows a regular silicon
lattice, the diffusion of dopants within the grain interior regions will be treated like
normal diffusion in silicon. Moreover, effects like dopant activation and clustering
play an important role in the grain bulk and have to be considered for a complete

description of the polysilicon diffusion problem.

3.1.4.5 Annealing Profile

Annealing profiles in this experiment are both spike annealing and normal RTA.
Figure 3.13 shows an example of the spike annealing profile. The process started with
slow ramp at 25°C/s from 450°C to 550°C. The temperature is then stabilized for 2
seconds before the high ramp up. There is zero dwell time for spike anneal. So, after
reaching the peak temperature, the wafer is treated with high ramp down rate at 75°C.

Spike annealing has high peak temperature that can maximize the dopant activation,
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aggressive ramp-up that can minimize the dopant diffusion and aggressive ramp-down

that can minimize the dopant deactivation.
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Figure 3.13. Spike annealing profile.
3.2  Characterization Techniques

For characterization, a four-point probe was used to measure the sheet resistance in
the polysilicon, Secondary Ion Mass Spectrometry (SIMS) to get the dopant depth
profile in order to measure the distribution of the dopants in the polysilicon and

Focused Ion Beam (FIB) to analyse the surface structurally.

3.2.1 Four-Point Probe

The four-point probe is a simple, non-destructive way to determine resistivity of a
diffused layer in a silicon substrate, or a deposited conducting film (e.g. Al). The four-
point probe contains four thin collinearly placed tungsten wires probes, which are
made to contact the sample under test, shown schematically in Figure 3.14. Current, /
is made to flow between the outer probes, and voltage, V is measured between the two

inner probes, ideally without drawing any current (Puchner, 1996).
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The sheet resistance value, R is calculated by equation below:

R, = 4.53[%) in ohms/square or ({2/D).

Silicon Substrate

Figure 3.14. Four-point probe schematic diagram.

3.2.2 Secondary lon Mass Spectrometry

The technique of Secondary Ion Mass Spectrometry (SIMS) is the most sensitive of
all the commonly employed surface analytical techniques. This is because of the

inherent sensitivity associated with mass spectrometric-based techniques.

There are 3 different variants of the technique, namely statics SIMS, dynamic SIMS
and imaging SIMS. Static SIMS is used for sub-monolayer elemental analysis.
Dynamic SIMS is used for obtaining compositional information as a function of depth

below the surface. Imaging SIMS is used for spatially resolved elemental analysis.

All of these variations on the technique are based on the same basic physical process
and it is this process, which is discussed here, together with a brief introduction to the

field of static SIMS.
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In SIMS (Figure 3.15) the surface of the sample is subjected to bombardment by high-
energy ions leading to the ejection (or sputtering) of both neutral and charged (+/-)
species from the surface. The ejected species may include atoms, clusters of atoms

and molecular fragments.

I* (1-30 keV)

Detector
(Energy
filter/ Mass
Analyzer)

Figure 3.15. Extraction of dopant profile from the bombardment of ions.

In conventional SIMS, it is only the positive ions that are mass analysed. This is
primarily for practical ease but it does lead to problems with quantifying the
compositional data since the positive ions are but a small, non-representative fraction
of the total sputtered species. It should be further noted that the displaced ions have to
be energy filtered before they are mass analysed (i.e. only ions with kinetic energies

within a limited range are mass analysed).

The most commonly employed incident ions (denoted by I" in the above diagram)
used for bombarding the sample are argon ions ( Ar" ) but other ions (e.g. alkali metal

ions, Ga" ) are preferred for some applications.

The mass analyser is typically a quadruple analyser with unit mass resolution, but
high specification time-of-flight ( hereafter abbreviated as TOF) analysers are also
used. The TOF analyser provides substantially higher sensitivity and a much greater

mass range (although at a higher cost).
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3.2.3 Focused Ion Beam

A focused ion beam (FIB) system is similar to a scanning electron microscope with an
exception of using ion beam instead of electron beam to scan across the sample. The
ion beam is ejected from a liquid metal ion source (usually Ga), with a spot size on
modern systems of < 10 nm. Imaging using secondary electrons provides surface
information with similar resolution to that obtainable from an SEM; however the main
applications arise from the use of ions as the scanned species. These include
compositional imaging via secondary ions, direct etching of material in selected
regions for in-situ sectioning and imaging, microfabrication, transmission electron
microscopy specimen preparation, and localized deposition and implantation of metal
and insulator structures. Main application is in nanofabrication of devices. The unique
combination of 10 nm resolution imaging with the ability both to remove and to
deposit material in selected areas provides a means of performing materials studies or
device fabrication processes which would otherwise be impossible or unreasonably

time-consuming.
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CHAPTER 4

METHODOLOGY PROCEDURES

This chapter describes the methodology procedures of this research. It is divided into
two main sections, dealing with simulation and experimental aspect of the research

work.

4.1 Simulation

This section discussed the simulation works that have done in this research. Here,
process simulation tools, TSUPREM4 and MEDICI were used to get an optimised

process parameter for 0.13-um CMOS transistor.

4.1.1 Process Simulation

Before any simulation on any technology, a list of the specification of the required
parameters needs to be prepared. These parameters include the junction depth, poly-
gate thickness, channel length, threshold voltage, saturation drain current, well sheet
resistance, poly gate sheet resistance, gate oxide thickness and junction capacitance.
For a normal practice, the 0.13-pm CMOS process recipe is modified from the current

0.18-um CMOS process recipe.

In order to get an accurate result, a simulation model has to have a finer gnd.
Simulation is based on the mathematical calculation where in order to get an accurate
result; a finer meshing model has to be created. This means that the simulation model
will have more calculation points to plot the results. Once the mesh had been created,

the models used in the simulation will have to be defined.

In the poly depletion study, the simulation works will only concentrates on the

process flow in between gate oxide growth and source drain anneal. In between this,
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the process flow consists of poly silicon gate deposition; LDD implant, pocket
implant and source drain implant. In order to get an optimize implant recipe for the
0.13-um, the full simulation work has to adopt a 0.13-um CMOS complete process
flow. This work included tuning the implantation condition, optimizing the annealing
parameters and changing the deposition thickness. The simulation by the name of
MEDICI was then used to simulate the electrical parameters such as, threshold
voltage, saturation drain current, sheet resistance values and the junction capacitance
in order to meet with the desired value. For the junction depth, Taurus visual was used
to plot the cross sectional view of the device. Taurus visual can be also used to plot

the electrical flow and electrical field, simulated by MEDICI.

Having obtained the desired process parameters, the simulation will now concentrate
on the investigation of poly depletion study. First and foremost, a finer grid of the
devices has to be created. Because the investigation is in the poly silicon gate, the
finer grid has to be created at the interface of the poly silicon gate and the gate oxide.
This is done during the deposition step of the poly silicon. Besides defining a finer
grid in the poly silicon region, the diffusion model for poly silicon is also defined.
This is because different diffusion model for different materials like single crystal
silicon, poly crystal silicon and metal have different value that represent different
diffusion properties. The process is then continued by applying the LDD implantation,
pocket implantation and source drain implantation. The implantation recipes for these
4 different implantations are shown in Table 4.1. In the implantation, Monte Carlo
model was used for the defect calculation in order to get a better accuracy. After that,
the source drain anneal ( split into many different heat cycle) is applied. followed by
simulation with MEDICI to get the poly depletion thickness and the sheet resistance
value. This is done by plotting the cross sectional view of the devices using Taurus
Visual. The poly depletion thickness and the dopant distribution can be seen in the
2-Dimensional view of the device cross section. To analyze the dopant profile, a one-

dimensional plot of concentration versus depth of the device can be shown indicating
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a dopant cut line at the desired region . From this plot, the dopant concentration can

be derived.

Table 4.1. Implantation recipe used in the simulation.

LDD Bil+ | 5x10"(total) 0.6 5 0 Yes
Implant
Pocket | 4 75 | 2x10"(total) 100 30 22 Yes
Implant
SDI Bll+ | 3x10"(total) 3 7 0 Yes
Implant
SD2 Bll+ | 3x10%(total) 12 7 0 Yes
Implant

4.2  Experiment

This section discusses the experimental procedures and characterization techniques
employed in this research work. Here, blanket (unpatterned) wafers were used to
study the activation and diffusion of boron in P-polysilicon layer under different
SD-RTP split. The processes involved are oxidation, deposition, implantation and
annealing. The characterization techniques used in this research work are sheet
resistance measurement, secondary ion mass spectrometry and focused ion beam

scanning.
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4.2.1 Process Flow of The Experiment

Figure 4.1 shows the process flow involved in this experiment.

| Wafer (P-type Silicon) |

| Gate Oxide 2nm |

| Poly Deposition 160nm |

I
Light Doped Drain (LDD) implant
|

POCKET Implant

Source Drain (SD) Implant

|

| SD RTP |

1

| Sheet Resistance Measurement |

| SIMS |

| FIB |

Figure 4.1. Process flow of the experiment.

4.2.2 Wafer

The starting material in the experiment is an §-inch (200mm) silicon wafer with a
thickness of 725 micrometer. The wafer used in this experiment is P-type (100)
Czochralski wafer. The sheet resistance of the wafer is 10-20 Q-cm. Prior to the first
processing step; wafers are cleaned with Radio Corporation of America (hercafter
abbreviated as RCA, please refer to Appendix B for the full recipe) solution in order

to remove contaminants on the surface.
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4.2.3 Gate Oxide Growth

This experiment begins with gate oxide growth step. Exposure to oxygen can cause a
silicon surface to oxidize forming silicon dioxide (§10,). Native silicon dioxide is a
high-quality electrical insulator and can be used as a barrier material during impurity
implants or diffusion, for electrical isolation of semiconductor devices, as a
component in MOS ftransistors, or as an interlayer dielectric in multilevel
metallization structures such as multichip modules. The ability to form a native oxide
is one of the primary processing considerations, which led to silicon becoming the
dominant semiconductor material used in integrated circuits today. The thickness of
the gate oxide in this experiment is only 2 nm. This thin gate oxide layer is the
insulator layer for the sheet resistance measurement by using the four-point probe.
Besides that, boron penetration effect can also be studied through the SIMS profile by

checking the boron concentration at the oxide/silicon interface.

In every oxidation runs, the oxide furnace must contain 170 wafers. Watfers are loaded
into the cassette storage unit vertically. Dummy wafers are used to complete the load
pattern for every run if total test wafers are less than 170 wafers. All the dummy
wafers must be loaded prior to any run. Temperature of the furnace is then increased
to 650°C with 10000 sccm flow rate of nitrogen and 100 sccm flow rate of oxygen
purged into the furnace. Wafers are then loaded into the furnace. After the loading,
the temperature is ramped-up to 750°C. At temperature 750°C, pressurized water
vapour is purged into the furnace for wet oxidation reaction. The wet oxidation
process acquired for 2 minutes will result in a desired thickness of 2 nm. Nitrogen is
then purged into the furnace at the same temperature for gate oxide nitridation. This is
a process of annealing called “NO annealing” which requires 30 minutes for gate
nitridation reaction. After that, nitrogen annealing is carried out for 20 minutes to
make sure the nitrided gate oxide is stable. Temperature is ramped down to 650°C and
the wafers are unloaded. Ellipsometer was used to check the thickness of the grown

gate oxide.
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4.2.4 Polysilicon Deposition

After the growth of gate oxide, the wafers will be deposited with a layer of
polysilicon. In this experiment, the technology of 0.13-um channel length transistor
1s used. The thickness of the deposited polysilicon was found to be about 160 nm. The

deposition technique used for this purpose is LPCVD.

In every polysilicon deposition run, the LPCVD furnace must contain 175 wafers.
Wafers were loaded into the cassette storage unit vertically. Dummy wafers are used
to complete the load pattern for every run if the total test wafers are less than
170 waters. All the dummy and test wafers must be loaded prior to the starting of any
run. Temperature furnace is then raised to 620°C with 2000 sccm nitrogen purged into
the furnace. The temperature is maintained at 620°C throughout the duration of the
process. The wafers are loaded slowly into the furnace. SiHy is then purged into the
furnace. The deposition step requires 16 minutes to deposit 160 nm poly silicon
deposition. Lastly, the outlet of SiH4 gas is shut off and the wafers are unloaded. The

wafers are then sent to the ion implanter for the next processing.
4.2.5 Ion Implantation

Here, the deposited polysilicon will be implanted with several implantation steps.
Before the start of the ion implantation process, a recipe needs to be created. The
recipe will consist of parameters such as ion species, ion dosage, implant energy,
implant angle (tilt and rotation control by implant disk, Figure 4.2 a & b) and
selection of quad implant (quad implant referred to four, each 90° rotation implant,
total dosage needs to divide by four for quad implant). All the implantation processes
are carried out in the process chamber maintain at vacuum. Wafers are first loaded
into the process chamber. The wafers are held onto the implant disk as shown in

Figure 4.2a. Recipe listed in the Table 4.1 is selected for different implant steps.
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The first process is the Lightly Doped Drain (hereafter abbreviated as LDD) implant.
L.DD implant is used to reduce the high field in the drain junction of small junction
geometry devices. In this step, the wafers are implanted by 5 x 10"em® dosage of ion
Boron at 0.6keV implant energy. The implantation tilt angle is 5° with 0° rotation
angle for quad implant. This is followed by the Pocket implant, where the wafers are
implanted with 2x10"cm’ ion Arsenic at 100keV implant energy. This quad implant
at rotation angle 22° is tilted at an angle of 30°. Pocket implant is known to suppress
the short channel effects and gave high saturation currents and low off currents. Next
process is the Source Drain (hereafter abbreviated as SD) implant for the formation of
source drain region. There are two SD implants in this step. First is the SD1 implant
with 3x10”cm® ion Boron at 3kev implant energy. Next is the SD2 implant with
3x10"”cm’ ion Boron at 12keV implant energy. Both SD implant steps are quad

implanted at tilt angle 7° and rotation angle 0°.

Wafers are unloaded after the implantation and sent for the next processing at SD

RTP.

Implant disk

Y-direction (Tilt)
]

wWafer
lon beam ““

* v drrection
(Retation)

?jr

Wafers

(@) (b)
Figure 4.2, (a) Implant disc for ion implant tools. (b) Tilt and rotation angle for ion
implantation.
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4.2.6 Rapid Thermal Processing

RTP is a heat treatment process after the ion implantation. In RTP, the wafer is heated
to repair the damage done to the lattice. The dopant ions will be activated and become
part of the crystal lattice (activation). At the same time, the ions will also be
distributed during the process. For this annealing process, wafer is loaded one by one

into the furnace, with the preset process recipe.

Samples are divided into 10 Source Drain Rapid Thermal Processing (SD-RTP)
recipes, which have been created earlier. . For each recipe, the temperatures are
chosen based on the practical experience of the vendor and references from Applied
Materials and literatures. In order to get higher activation of the dopant in the
polysilicon and source drain region, the annealing temperature has to be higher than
the current condition, which is 1000°C. From the literatures, it is also pointed out that
the dopant profile is uniformly distributed after annealing temperature of 1080°C
(Borisenko et. al, 1997). Hence, the temperatures of 10800C and 11600C have been
chosen. For the ramp up rate, 75°C/s difference was chosen based on the past
experience of Applied Materials. It is noticed that only the ramp-up rate of at least
75°C/s different, will there be a significant different in the dopant behaviour, namely

diffusion and activation .

Each wafer is treated using different recipe as described in Table 4.2. Recipe SD
1000, non-spike annealing is selected as a reference to get the desired sheet resistance.
Three different ramp-up rates can be found in recipe SD 1000. Fast ramp at 75°C/s
from 650°C to 850°C is the first ramp up step. Followed by medium ramp at 50°C/s to
reach to 900°C; slow ramp up at 25°C/s to peak temperature 1000°C. Wafer is
annealed at peak temperature for 15 seconds. After the annealing, ramped down at

35°C/s from 1000°C to 600°C is carried out.



Chapter 4: Methodology Procedures 52

For spike annealing (recipe name that starts with SPK), the annealing profiles are as
shown in the Figure 3.13. The process started with slow ramp at 25°C/s from 450°C to
550°C. The temperature is then stabilized for 2 seconds before the higher ramp up.
There is zero dwell time for spike anneal. So, after reaching the peak temperature,
high ramp down rate at 75°C/s is applied until the temperature reached 650°C. The
wafer is then removed from the furnace. In this experiment, 9 spike annealing splits
are created as listed in Table 4.2. It should be noted that during annealing, gas
nitrogen is purged into furnace in order to prevent oxidation. For spike annealing
ramp down, helium is also purged into the furnace with the purpose of increasing the

ramp down rate.
In order to check the repeatability of the process, the experiment was conducted with

two wafers treated at the same spike annealing condition for recipes SPK1080-175

and SPK1080-250.

Table 4.2. Spike annealing process recipe.

SPK1000-100 | 1000 100
SPK1000-175 1000 175
SPK1000-250 1000 250
SPK1080-100 1080 100
SPK1080-175 1080 175
SPK1080-250 1080 250
SPK1160-100 1160 100
SPK1160-175 1160 175
SPK1160-250 1160 250




Chapter 4: Methodology Procedures 53

4.2.7 Sheet Resistance Measurement

In this experiment, four-point probe as shown in Figure 4.3 was used to measure the

sheet resistance of the doped polysilicon. The measurement was done on 49 locations,

Figure 4.3. CDE ResMap four-point probe machine.

Wafer cassette is first loaded into the holder. The CDE ResMap four-point probe as
shown in Figure 4.3 was used in this experiment. A wafer is transferred to the prober
plate where 49 locations are tested. Result in contour map of the wafer sheet
resistance value as shown in Figure 4.4 will appear in the monitor after the
measurement. The contour map was plotted based on the sheet resistance value at the

measured 49 points. The results in data sheet are then saved in the softcopy form.

4.2.8 Secondary lon Mass Spectrometry

Silterra SIMS vendor, Charles & Evans, conducted SIMS profiling. Samples were
identified and selected based on the sheet resistance results. Details such as dopant
species, implant doses, implant energy, the expected dopant depth and full process of

the samples were provided in order to get a more accurate result. Samples were also
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cut into small pieces at the centre of the wafer before delivered to the vendor in order
to save the cost. The profiling takes 2 weeks to complete for normal price, extra
charges will be needed if the duration of the profiling is shorter than 2 weeks. Results

are available in both hard copy and soft copy (in the form of excel sheet).

&

I File Example2map -

Figure 4.4. ResMap contour map after the sheet resistance measurement.

4.2.9 Focused Ion Beam

The remaining wafer picces of the same samples that were sent for SIMS profiling
were sent for FIB scanning. This is to further investigate the effect of spike annealing
on the grain size of poly silicon. The FIB machine is switched on after the vacuum
level has reached at 3.8 x 10 torr. Button “OK” at the machine panel is clicked to
initialise the stage. Double-sided sticker is used on the broken wafer piece to attach it
to the appropriate sample holder. All the sample materials must be able to withstand a

high vacuum environment without out gassing. After the program has started,
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“UNLOAD” button has to be selected before the sample can be loaded. After the
prepared sample has been loaded onto the load lock, the “LOAD?” button is selected to
have the sample transferred to the specimen chamber. The program is then switched
to J-beam mode. The specific structure is moved to the centre of the display and a
sharp beam image soon appears. “Couple Magnification” is selected to couple the
magnification of the image. “Shift” knob is selected at the control panel in X and/or Y
directions to centre the specific structure. The program is then switched to E-beam
mode to obtain an image. “HV” button is selected to turn on the high voltage. E-beam
button is selected to turn on the electron beam. Operation parameters, i.c.
magnification, acceleration voltage, working distance, brightness contrast,
astigmatism correction and focusing are adjusted tc optimise the image. Lens
alignment (if necessary) is performed to further enhance the image resolution. After
scanning image has been obtained, the intercept technique is used to calculate the

average grain size of the polysilicon.
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CHAPTER 5

RESULT AND DISCUSSION

This chapter analyses and discusses the results obtained from both the simulation and
experimental work. This includes a brief report on the industrial verification of the

recommended process from the finding of this research work.

5.1 Simulation result

In the simulation work, cross-sectional view of the devices constructed will be
displayed. The profile of the dopant distribution in the metal contact and polysilicon
gate, dopant distributions as a function of the depth of the device had been observed
and analysed. From this profile, the thickness of the depletion layer in the polysilicon
region can also be derived. The simulation was conducted for two separate devices,
PMOS and NMOS with the focus on two heat treatments namely standard SD-RTP
and spike annealing. Spike annealing is a special RTP that does not have a dwell time
at the peak temperature. The objective of adopting these two processes is to
investigate the effect of spike annealing process on the distribution of the dopants.
Here, comparison can be made on the distribution profiles of the dopants for both
processes in the polysilicon layer. The other layer, i.e. silicon, metal contact
(indicated as polysilicon2) can be neglected because the diffusion model used in this
experiment is suitable for polysilicon material only. After the simulation, the cross-
sectional view of the devices showing the dopant distributions were derived and
displayed in the Taurus Visual. In Taurus Visual, various concentrations of impurity
are indicated by different coloured region. The legend for various concentrations is
indicated on the top right hand side of the plot. These different impurities are boron,
phosphorus, arsenic and indium, Besides that, the boundary of the devices will be
presented by the x- and y-axis, illustrating the width and length of the devices

respectively. Different layer of the devices will be also labelled accordingly.
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5.1.1 NMOS Simulation

In NMOS simulation, the annealing conditions at SD-RTP are the standard RTP at
1000°C for 15 seconds and spike annealing at peak temperature 1080°C. In the
software program of MEDICI, depletion region is obtained by applying an electric
field to the device. From the cross-sectional view of NMOS device shown in the
Figure 5.1, it is observed that no depletion region occurred at polysilicon and oxide
interface for both processes. This is because as depicted in Figure 5.2 to 5.5, dopants
(boron, arsenic, indium and phosphorus) in the polysilicon subjected to both processes

are uniformly distributed with the same order of magnitude of concentration.

(a) Anneal for 15 sec (b) Spike Anneal

Figure 5.1. Device cross-sectional view of NMOS from simulation for (a) RTP and
(b) spike anneal.
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(a) for 15 sec (b) Spike Anneal

Figure 5.2. Distribution of arsenic in N-polysilicon for (a) Anneal for 15 sec and (b)
Spike Anneal

Vietal Contagd £ ‘ Vietal Contact
'

Poly-Ni i‘nl) ~i

Silicon (dilferent Siticon (dilfevent
Indium . Tadiam
Cancentation)y . t oncentration

S AN R R R B i s
(a) Anneal for 15 sec (b) Spike Anneal

Figure 5.3. Distribution of indium in N-polysilicon for (a) Anneal for 15 sec and (b)
Spike Anneal
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(a) Anneal for 15sec ~~ (b) Spike Anneal |

Figure 5.4. Distribution of boron in N-polysilicon for (a) Anneal for 15 sec and (b)
Spike Anneal

i

(a) Anneal for 15 sec . (b) Spike Anneal

Figure 5.5. Distribution of phosphorus in N-polysilicon for (a) Anneal for 15 sec
and (b) Spike Anneal
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For a closer examination of the uniformity of the dopant concentration, a plot of
concentration versus depth of the device was extracted from the cutline analysis
conducted on the device cross-sectional output shown in Figure 5.1. Figure 5.6 and
5.7 show the plot for NMOS devices after the standard RTP treatment and spike

annealing respectively.
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Figure 5.6. A plot of dopant concentration versus depth for NMOS after standard
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Figure 5.7. A plot of dopant concentration versus depth for NMOS after spike
annealing
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5.1.2 PMQOS Simulation

In PMOS simulation, the annealing condition splits at SD-RTP are the standard RTP
at 1000°C for 15 seconds, standard RTP at 1000°C for 30 seconds and spike annealing
at peak temperature 1080°C. The purpose of adding one more annealing condition,
standard RTP at 1000°C for 30 seconds is to investigate boron penetration problem at

longer anneal time and to increase dopant activation.

As 1n the previous case, depletion region can be obtained and displayed in the device
cross-sectional view after an electric field has been applied to the device. It is
observed that in the output of PMOS shown in Figure 5.8b, the thickness of the
depletion region in polysilicon for spike annealing is 26 A. For the standard RTP
processes of 15 seconds and 30 seconds, the thicknesses of the depletion regions are

4.6 A (Figure 5.82) and 1.4 A (Figure 5.8c), respectively.

In order to understand this observation, dopant distributions for each process were
examined. It is shown clearly in Figure 5.9 that arsenic distribution in PMOS for the
three processes is almost the same. The uniformity of arsenic distribution is to be
expected because arsenic is considered heavier and has lower diffusion rate. Unlike
arsenic profile distribution, boron and phosphorus have shown significant difference
in their distributions for the three processes. The distribution profile for boron and

phosphorus is depicted in Figure 5.10 and 5.11.
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(c)Anneal for 30 sec

(a) Anneal fr sec ‘ ( 1k Ann

Figure 5.8. Cross-sectional view of PMOS for (a) standard RTP for 15 seconds, (b)
spike annealing and (c) standard RTP for 30 seconds.

(a) Anneal for 15 sec  (b) Spike Anneal  (c) Anneal for 30 sec
Figure 5.9. Distribution of Arsenic in the P-polysilicon for (a) Anneal for 15 sec, (b)

Spike Anneal and (c) Anneal for 30 sec.
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(a) Anneal for 15 sec

(b) Spe Anneal Anneal for 30 sec

Figure 5.10. Distribution of boron in the P-polysilicon for (a) Anneal for 15 sec, (b)
Spike Anneal and (c) Anneal for 30 sec.

(a) Anneal for 15 sec  (b) Spike Anneal (c) Anneal for 30 sec

Figure 5.11. Distribution of phosphorus in the P-polysilicon for (a) Anneal for 15
sec, (b) Spike Anneal and (c) Anneal for 30 sec.
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For a closer examination of the uniformity of the dopant concentration, a plot of
concentration versus depth of the device was extracted from the cutline analysis
conducted on the device cross-sectional output in Figure 5.9. Figure 5.12, Figure 5.13
and Figure 5.14 described the plot for PMOS devices after the standard RTP treatment
for 15 seconds, standard RTP treatment for 30 seconds and spike annealing

respectively.

From the plots, it is observed that boron concentration at polysilicon and oxide
interface decreases when the duration of the annealing process is reduced. This results
in a thicker polydepletion region as illustrated in Figure 5.9. It is noticed in
Figure 5.13 that when boron concentration at the polysilicon and oxide interface
reached 10”° cm™, the depletion region is reduced. Similar observation is also

reported by other literature (Yu Bin, 1998).

Simulation output has shown that polydepletion problem occurred only in PMOS
devices. It is also verified that uniform dopant distribution in the polysilicon and
highly doped polysilicon will be able to reduce the polydepletion effect. In the
simulation, the effect of the spike annealing treatment had been studied. The
comparison result for different heat treatment had shown that spike annealing would
reduce the activation and diffusion of the dopant in the polysilicon. This is considered
to be the drawback of using the spike annealing process. However, due to the fact
that spike annealing is still a new and special process, an experimental work need to

be performed in order to verify the simulation result obtained here.
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Figure 5.12. A plot of dopant concentration versus depth for PMOS after standard
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Figure 5.14. A plot of dopant concentration versus depth for PMOS after spike
annealing

5.2  Experimental Result

In this experiment, the effect of spike annealing on boron activation and diffusion
P-polysilicon layer was studied. The experiment was conducted on the wafer, which
have been divided into 10 splits corresponding to different conditions in SD RTP step.
In this step, 9 splits were subjected to the spike annealing process with 3 ramp-up
rates and 3 peak temperatures, and one to the standard RTP for reference. Sheet
resistance measurement, SIMS and FIB were used to characterize the treated

polysilicon for PMOS devices.
5.2.1 Sheet Resistance

The sheet resistance measurements had been carried out at room temperature on

polysilicon surface at 49 locations by CDE ResMap four-point probe as recommended
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by the CDE ResMap vendor. The mean value of the sheet resistance for each wafer is

shown in Table 5.1.

For IC layout, it is convenient to work with a parameter called sheet resistance Rs. For

aregion of length, L and width, W the sheet resistance is found from

qvu’rrNd Wt W QI'LnN(It W

where L/W is the number of squares, Ny is the activated dopant concentration. Non-

rectangular regions can be modeled by an effective number of squares (Sze, 1985).

Table 5.1. Sheet resistance mean value for different wafer with different spike
anneal split.

Wafer number (VID) Spike anneal split Measured R, (Mean)
14 SD1000 (reference, non 58039
spike anneal treatment)
15 SPK1160-250 163.221
16 SPK1160-175 161.730
17 SPK1160-100 164.230
18 SPK1080-250 253.588
19 SPK1080-250 253.959
20 SPK1080-175 246.509
21 SPK1080-175 246.327
22 SPK1080-100 246.112
23 SPK1000-250 559.837
24 SPK1000-175 529.239
25 SPK1000-100 520.351
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From the equation 5.1, it is observed that the dopant activation is inversely
proportional to sheet resistance; it means that higher dopant activation gives lower
sheet resistance value. Tt is observed from the lower sheet resistance value in Table
5.1 that higher spike annealing peak temperature has higher dopant activation.
However spike annealing at peak temperature of 1080°C is considered the most
suitable heat treatment for 0.13-pm CMOS devices because the sheet resistance value
is the closest to the reference value given in Figure 5.15. Besides that, the sheet
resistance values for VID 18, 19, 20 and 21 also showed the good reproducibility of
the experiment. Generally, the sheet resistance values shown can be categorized into
four different groups, which are referred to as the reference point, spike 1000°C, spike
1080°C and spike 1160°C. It is observed that peak temperature has a much greater effect in
dopant activation than ramp up rate. For a closer analysis of the dopant activation in
polysilicon after the heat treatment, a plot of sheet resistance versus peak temperature

and ramp-up rate for spike annealing wafers are shown in Figure 5.16 and 5.17

respectively.
a0 Rsh for different VID
Spike 1000°C
=] Reference LEG;NHD
] wafer Spike 1080°C
. Spike 1160°C
150: = =t =
| 1

! | 1 ! I | T | ! I
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Figure 5.15. Box plot of sheet resistance for different wafer (VID).
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In Figure 5.16, it is noted that there is no significant difference in R, values with
different ramp-up rate at different peak temperature. However, in Figure 5.17, R,
values for different peak temperatures at different ramp-up vary significantly. It is
obvious that peak temperature has a much greater effect than ramp up rate. When the
peak temperature increased, Rs decreased. This is believed to be due to the increase in
the activation of boron at higher temperatures (Sze, 1985). Peak temperature of
1080°C is the best choice because the result is close to the targeted value of the

reference wafer, which is 260 Q/ .
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Figure 5.16. A plot of Rg against ramp-up rate for different peak temperature.
5.2.2 SIMS Profile

In SIMS profiles, it can be seen that both standard RTP 1000°C for 15 seconds
{Figure 5.18) and spike anneal at 1080°C (Figure 5.20) has even distribution of boron
in the polysilicon. Whilst for the spike anneal at peak temperature 1000°C (Figure



Chapter 5: Result and Discussion 70

5.19), the boron profile is decreasing when the depth is increasing. Boron atoms are
not evenly distributed in the polysilicon and the boron concentration at the
polysilicon/oxide interface is less than 10°° cm™. This will consequently lead to poly

depletion effect.

In SIMS profile, the boron penetration problem was also investigated. A comparison
of Figure 5.18 and Figure 5.20 shows the drop in the boron concentration at the
oxide/silicon interface when the sample was treated with spike annealing. The boron

3 to

concentration at oxide/silicon interface has been reduced from 3.05 x 107 ¢m
1.80 x 10'7 em™ giving a 41% reduction of boron penetration if spike annealing is

used in SD RTP to replace the standard RTP.
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Figure 5.17. A plot of Ry against peak temperature for different ramp-up rate.
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Figure 5.18. SIMS for boron and arsenic (from Pocket implant) in polysilicon after
Standard RTP at 1000°C for 15 seconds.
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Figure 5.19. SIMS for boron and arsenic (from Pocket implant) in polysilicon after
spike annealing at peak temperature 1000°C.
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Figure 5.20, SIMS for boron and arsenic (from Pocket implant) in polysilicon after
spike annealing at peak temperature 1080°C.

5.2.3 FIB Scanning

Figures 5.21 to 5.23 describe the FIB image on polysilicon surface after been treated
with standard RTP and spike annealing. In Figure 5.21, 5.22 and 5.23, the average
grain size was calculated by intercept method. The average grain size for standard
RTP, spike anncaling at peak temperature 1000°C and spike annealing at peak
temperature 1080°C is 113.5 nm, 89.6 nm and 106.42 nm respectively. It can be
deduced that higher peak temperature or longer anneal time could produce larger
polysilicon grain. Sintering of the grains of the polysilicon can actually change the
sheet resistance. Sintering would lead to increase of contact area between adjacent
grains, thus, leading to mainly geometrical changes that do not affect significantly the
physical properties of grain boundaries such as Temperature Coefficient of Grain

Boundary Resistance (Hereafter abbreviated as TCRg) (Spoutai et. al, 1998).
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Figure 5.21. FIB image of polysilicon grain size after standard RTP for 15 seconds at
1000°C. dgrin=113.5 nm

Figure 5.22. FIB image of polysilicon grain size after spike anneal at peak
temperature 1000 °C. dgrin=89.6 nm
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Figure 5.23. FIB image of polysilicon grain size after spike anneal at peak
temperature 1080 °C. dgpis=106.42 nm

5.3 Industrial Verification
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Figure 5.24. Comparison C-V curves between reference wafer (Non spike annealing)
and wafer spike annealing at peak temperature 1080°C.
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Spike annealing at peak temperature 1080°C and ramp-up rate 175°C/s had been
proposed to Silterra (M) Sdn Bhd as the fabrication process for the polysilicon gate of
0.13-pm CMOS devices. The proposal had been adopted and fabrication process on
the 0.13-wm CMOS devices was conducted. The fabricated device was sent for
electrical characterization and the outcome is depicted in Figure 5.24. The C-V curve
shows a significant increase in the capacitance of the PMOS device at the inversion
region if treated with spike annealing. This would also imply that the thickness of the
depletion region was reduced as discussed in chapter 2.1. Besides that, the threshold is
also shifted to the negative side and it is understood from chapter 2.2 that boron
penetration would be suppressed. Thus spike annealing is the best and proven RTP

method to be used in the 0.13-um CMOS device processing.



Chapter 6: Summary, Conclusion and Recommendation 76

CHAPTER 6

SUMMARY, CONCLUSION AND RECOMMENDATION

This chapter is divided into 3 parts. The first part is the summary of the research
findings. Second-part describes the conclusion of the research followed by the third,

which deals with the recommendation for future rescarch.

6.1  Summary

From the simulation results, it is noticed that polydepletion problem occurred only in
PMOS devices. It is also shown that uniform dopant distribution in the polysilicon
and highly doped polysilicon will reduce the polydepletion effect. In the simulation,
the effect of the spike anneal had been investigated. The comparison result for
different heat treatments had shown that spike annealing could actually reduce the
activation and diffusion of the dopant in the polysilicon. However, due to the fact that
spike annealing is still a new and a special process, an experiment needs to be

conducted in order to verify the simulation result.

From the experiment results, it was found that spike annealing reduced the dopant
diffusion rate and increased the activation of the dopant, which could reduced the
polydepletion effect and suppressed the boron penetration. It can be shown in the
sheet resistance value and SIMS profile. Ramp-up rate does not have much influence
on dopant activation and diffusion. Higher ramp-up rate can be proposed to reduce the
process cycle time and thermal budget for cost saving. The activation of the dopant
under spike annealing had been proven by the sheet resistance measurement. The
wafer was tested at 49 locations by using four-point probe (Figure 5.15 to 5.17). After
the comparison of the sheet resistance value between the reference wafer and spike
annealing at peak temperature 1080°C, the latter is found to be the best choice for the

0.13-um CMOS devices. The decrease of sheet resistance was due to the increase of
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carrier mobility and activated carrier concentration. The sheet resistance of
polysilicon film decreased significantly since carrier mobility and activated carrier

concentration of poly-Si films increased significantly. (Kang et. al, 2003)

Further investigation by SIMS was carried out to analyze the dopant distribution in
the polysilicon. Figures 5.18 and 5.20 showed dopant distributions after the processes.
For both the reference sample and spike anneal at peak temperature 1080°C, boron
atoms are evenly distributed while for spike anneal at peak temperature 1000°C as
shown in Figure 5.19, the boron distribution is not uniform. It is mentioned in
Borisenko er. al, (1997) which electrical activation occurs when impurity atoms
migrated to a substitutional position inside the grains. Heat processing leads to point
defect annealing and to intragrain recrystallisation in implanted layers. A diffusion
length of several interatomic spacing is sufficient for a fraction of impurity atoms to
reach the nearest grain boundary and segregate there. These processes are the fastest,
occurring at processing times as short as 102 s when the induced temperature is 600-
800°C. The electrical activation and segregation of the impurity atoms appear to be

closely correlated.

From the experiment, it can be concluded that recrystallisation inside the grains takes
place in the first heating. The movement of impurity atoms accompanies the
recrystallisation movement to substitutional positions, where they display electrical
activity, Thus, impurity diffusion and segregation are the processes that could achieve

the balance.

Figure 5.21, 5.22 and 5.23 clearly shows that polysilicon grains grow at longer
annealing duration or higher peak temperature. Borisenko et. al, (1997) mentioned
that grain growth in substitutional impurity doped polysilicon is followed by an
increase of carrier mobility and hence a material with lower resistivity will be
obtained. Annealing would lead to an increase of contact area between adjacent

grains, thus, leading to mainly geometrical changes that do not affect significantly the
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physical properties of grain boundaries such as TCRg, (Spoutai et. al, 1998). With
larger grain size, the dopant diffusion is faster compared to smaller grain size due to
the fact that the ability to absorb interstitials decreases (Kamins, 1998). When the
interstitial atom diffusion decreases, dopant activation will be higher. This is because
interstitial atoms cannot be activated easily. It is also believed that dopant segregation

at the grain boundaries also decreases when the average grain size is larger.

6.2 Conclusion

In this work, the effectiveness of the spike annealing in reducing the polydepletion
effect and suppress the boron penetration with the combination of nitrided gate oxide
was studied. Besides that, an optimum spike annealing conditions for 0.13-pum CMOS

devices was found.

Before any experiment was started to optimize the process parameters, process
simulation and device characterization tools (TSUPREM 4 and MEDICI) were used
to simulate different process parameters to get a targeted value for next generation
CMOS devices, in this case, the 0.13-um CMOS devices. Several simulations with
different implant doses and energy, and different heat treatments had been carried out

before performing any physical experiment.

Through the experiment, the behavior of the dopant activation and diffusion in the
polysilicon under different heat treatment cycles was studied. It was found that the
annealing duration and temperature mainly affect the activation and diffusion of a
dopant in polysilicon. Spike annealing ramp-up rate almost has no effect at all on the
boron activation and diffusion. Spike annealing peak temperature is the key parameter
that controls the activation and diffusion. This can be seen from the sheet resistance
value measured using four-point probe and SIMS. From the literature and simulation
result, it is shown that polydepletion could be reduced if the dopant concentration is

high ( = 10% ¢cm™) and uniformly distributed in the polysilicon gate. In this study,
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both spike anneal at 1080°C and normal RTP at 1000°C for 15 seconds gave a similar
SIMS profile. These processing conditions are considered to be the better choice for
0.13-um CMOS devices. However, wafer subjected to normal RTP at 1000°C for 15
seconds has higher boron concentration compared to the wafer treated to spike anneal
at 1080°C at gate oxide/silicon interface. A total of 41% reduction has been reported
in the wafer subjected to spike annealing at 1080°C. FIB images have added another
finding that higher spike anneal temperature as well as longer duration could actually
increase the polysilicon grain growth. It is deduced that grain growth in substitutional
impurity doped polysilicon will be followed by an increase of dopant mobility and
hence producing material with a lower resistivity. Annealing would lead to an
increase of contact area between adjacent grains, thus, leading to mainly geometrical
changes that do not affect significantly the physical properties of grain boundaries.
With larger grain size, dopant diffusion is faster compared to smaller grain size. This
is attributed to the reduced ability to absorb interstitials. A decrease in the diffusion of
interstitial atoms would also mean a decrease in the number of interstitial atoms. This
would allow for more substitutional diffusion to occur thus increasing the dopant
activation. It is also understood that dopant segregation at the grain boundaries would

decrease if the average grain size is larger.

6.3 Recommendation

Spike annealing at peak temperature 1080°C and higher ramp-up rate 250°C/s with
nitrided gate oxide is recommended to be adopted as the SD-RTP for the 0.13-um
CMOS devices. It is because significant improvement has been shown in the finding

where both polydepletion effect and boron penetration effect have been reduced.

However to strengthen the finding, further investigation is required to study the
doping in order to reduce the quantum mechanical effect and leakage problem that

may occur. Achievement of this work can encourage process engineers to use this
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spike annealing technique as a fundamental study to design the processing of the next

generation CMOS devices.
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APPENDIX A
Periodic Table of the Elements
Group**
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APPENDIX B

RCA process recipe

Steps Chemical Process Time
1 EDR Os (Transfer Bath)
2 SC1 600s
3 QDR 480s
4 SC2 600s
5 QDR 480s
6 EDR Os (Transfer Bath)
7 FR 120s
8 LPD 527s

Chemical Abbreviation:

EDR | Etch Drain Rinse. Cold de-ionized (DI} water rinse. An EDR is in series after
each HF process bath.

SC1 1:2:10(by volume, NH;OH:H,0,:H,0) at temperature 50.0+5.0°C

SC2 1:1:20(by volume, HC:H,0,:H;0) at temperature 50.0+5.0°C

QDR | Quick Drain Rinse. Hot/Cold DI water rinse bath. A QDR is in series after
each process bath except HF.

FR Final rinsing bath

LPD | Heating process at 130.0+5.0°C




