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Abstract

Metal Induced Lateral Crystallization (MILC) technique has been purposed due
to metal can be used to cause crystallization at controlled locations with low
temperature. In 1992 Hayzelden et al. found that using nickel in MILC process
showed two advantages. One is fast migration property. The other is small lattice
constant mismatch between NiSi, and crystal silicon (c-Si). So nickel is common
used as MILC source in experiments now. Large crystal grain size can reduce defects
and enhance carriers mobility, many research focus on how to increase grain size.
Would boron enhance nickel crystallization when boron doping before MILC process
is a controversial issue. The support groups think boron can reduce NiSi, formation
energy and modify lattice constant mismatch between crystal silicon and NiSi,
resulting in NiSi, faster migration, longer metal induced lateral crystallization
(MILC) length and larger grain size. However, the opposite groups think boron atoms
are interrupt factor for crystallization. They believe doping boron with MILC process
would block nickel crystallization causing short MILC length and small grain size.

Weather boron enhance or reduce nickel diffusion is what we curious. So the
experiments are designed by different boron doping concentration (5 * 104cm™2,
1 % 1015cm~2) samples with MILC crystallization on SONOS memories. We discuss

this effect in physical and electrical parts, including XRD analysis, conductance



measurement, program/erase speed, source/drain resistance extraction, GIDL current,
retention and endurance researches.

The boron enhanced nickel diffusion effect is successfully proved in SONOS
memories. We also found with double difference of boron doping concentration
(5 * 10 cm™2, 1 10°cm™2) leading to double difference of grain size. Therefore,
T. Ma et al. found MILC length double increase effect between boron dosages
3x10"cm™2and 3 x10%cm™2 can be modified to 1x10%cm™2 in SONOS
memories. In addition, the high boron doping device shows better performance
presenting large grain size, small variation, high mobility, fast program/erase speed,
low resistance and long retention time. In this thesis, we gradually examine and verify
boron enhanced nickel diffusion phenomenon which can promote SONOS memories

physical and electrical characteristics.
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Chapter 1

Introduction

1.1General Background

1.1.1 Thin-Film Transistors

Thin film transistor is one of field effect transistors. The roughly production
methods are depositing different thin films on substrate, such as semiconductor active
layers, dielectric layers and metal electrode layers. Recently, amorphous silicon (a-Si)
thin film transistors (TFTs) are very potential technique for the application of active
matrix liquid crystal devices (AM-LCDs), active matrix organic light-emitting diodes
(AM-OLEDs) and active matrix flat panel displays (AM-FPDs) as shown in Fig.
1.1[1.1]. However, o-Si films have slower carrier transportation rate due to small
grain size and many grain boundaries. In addition, the rapid thermal process and low
thermal budget are needed for high performance device. Therefore, polycrystalline
silicon (poly-Si) thin film transistors have been proposed to replace a-Si. Poly-Si
show several advantages than a-Si, including low cost, simple fabrication process,
good electrical properties and integrated peripheral driver circuits fabricated on glass
substrates achieving system on panel (SOP) and 3-D circuits [1.2-1.4].

Poly-Si can be prepared by direct deposition onto a substrate or by crystallization
of a-Si precursor. The poly-Si prepared by direct deposition exhibits a columnar
structure and small grains. As a result, it electrical properties are poor and decrease
mobility, typically about 5cm?/V - s [1.5]. There are many different approaches to
crystallize a-Si to poly-Si TFTs, including Solid Phase Crystallization (SPC), Excimer
Laser Annealing (ELA), Metal Induced Crystallization (MIC) and so on. However,

SPC require high temperature annealing and crystallize in random directions resulting

1



in small grain size and high level impurities as shown in Fig. 1.2 [1.6-1.7]. ELA
crystallization show better quality but high cost [1.8]. MIC crystallization show large
grain size comparing to SPC and with low cost comparing to ELA. But it has metal
contamination disadvantage [1.9]. Therefore, Metal Induced Lateral Crystallization

(MILC) technique has been developed to overcome above problems.

1.1.2 SONOS Memory

Due to escalating use of computer, personal notebook, mobile capabilities and
electronic portable equipment nonvolatile semiconductor memory (NVSM) are
increasingly high demand. The floating gate (FG) non-volatile memory was invented
by S.M. Sze and Dawon Kahang in April 1967 with five layers, including control gate,
blocking oxide, floating gate, tunneling oxide and semiconductor, as shown in Fig.
1.3(a) [1.10]. The electron trapped inside floating gate creates a built-in electric field
that provides an electric force leading to electrons tunneling back to channel.
According to research, tunneling oxide thinner than 4nm can perfect avoid point
defects trapping tunneling electrons. In fact, fabricating free defect oxide is
impossible. In addition, Probability of Frenkel-Poole emission and direct tunneling
occurrence increase as tunneling oxide thickness decreasing. Therefore, floating gate
memories require tunneling oxide thickness about 8nm to 11nm resulting in big
scaling down hinders beyond 40nm node technology as shown in Table 1.1
[1.11-1.13]. The SONOS type memory which replaced floating gate layer by nitride
with discrete traps has been proposed. The electrons are stored in silicon nitride
between blocking oxide and tunneling oxide as shown Fig. 1.3(b). The thinner
tunneling oxide of SONOS memory can be achieved due to discrete trapping states

[1.14-1.17]. Thus, SONOS type memories present longer retention time lower voltage

2



operation faster program/erase speed and compatible to CMOS technology. It has high

potential in NVSM market.

1.1.3 Bottom Gate and Top Gate Devices

As far as to now, enhancing field effect mobility, decreasing process
temperature and developing strategies to reduce the carrier density in the channel are
important issues. Changing devices structure is one of common ways. Many papers
have compared the difference between top gate and bottom gate devices, as shown in
Fig. 1.4 [1.9]. The performance characteristic of the top-gate and the bottom gate
TFTs are quite different. The critical channel region in the top-gate TFTs is the surface
layer of the Si film which causes significant surface roughness due to large lateral
grain growth. This phenomenon results in diminished and non-uniform device
performance for the top-gate TFTs [1.18].

For bottom gate devices, the main challenge is cannot self-alignment. So the
application of bottom gate device is seriously limited. However, there are many
methods have been proposed by performing lithography through the backside of a
transparent substrate to solve this problem. The lithography independent
self-alignment bottom gate TFT (SABG-TFT) technology is also been reported and
experimentally demonstrated [1.18]. Besides, bottom gate devices have higher circuit

density and better topography than top gate devices, it still has a great potential.

1.2 Silicon NanoCrystal (Si-NCs) Technology

The metal-oxide-semiconductor (MOS) memory structures based on nanocrystals
(NCs) have exhibited faster programming and erasing speed, simple fabrication

process and great retention, thus attracting much research attention. The Si-NCs can

3



be formed in Si-rich SiN, layers using different chemical vapor deposition (CVD)
techniques or by low energy silicon implantation technique. The reliability of
nanocrystal memories depends on their thermal properties, work function, average
size, and density. Electrons are trapped inside nanocrystals which isolate to others and
stable confine in the well creating by the trapping layer and nanocrystals work
function difference. Recently, the Si, Ge, high-k dielectric, metal, silicide and metal
oxide are used for storage node application in the NCs non-volatile memory device.
The NCs memory devices can fabricate the thinner tunneling oxide due to discrete
trapped states. On the other hand, the deep trapped level states of nanocrystals could
future promote data retention [1.19].

Chiang et al. [1.20] invented in situ embedded silicon nanocrystals in silicon
nitride method and found 30s SiCl,H, deposition having maximum trapping cross
areas (product of dot size and dot density). We used this method on bottom gate

TFT-SONOS memory and characterized it electrical properties.

1.3 Metal Induced Lateral Crystallization (MILC) Technology

Poly-Si deposition usually occurs at high temperature (= 550°C) and unwanted
nucleation is kept at a maximum during crystal growth resulting in rough films.
Fortunately, for silicon, the nucleation activation energy is higher than the
crystallization energy. In other words, a high temperature is needed to form nuclei
while a lower temperature is sufficient to cause their growth into a crystal. So keeping
a low number of nuclei during a low temperature anneal allows crystal growth but
suppresses additional homogeneous nucleation and nucleation at the a-Si substrate
interface. External agents like metal or Germanium can be used to cause nucleation at

controlled locations using low temperature.



In MIC of a-Si, certain metals are used to lower the crystallization temperature. A
summary of various MIC experiments is given in Table 1.2. In 1992, Hayzelden et al.
[1.6] formed NiSi, by a Ni implant and 400°C anneal. Upon further annealing of
films at 500°C, they observed a silicide mediated phase transformation of a-Si to
crystalline silicon (c-Si). This lateral crystallization is mediated by the silicide formed
in the MIC region. NiSi;, precipitates migrated through the a-Si leaving a trail of c-Si
and growth occurred parallel to the <111> direction. Hence, MILC is called a catalytic
phase transformation, and poly crystals formed via MILC are free from metal

contamination. When Ni is used as a catalyst for MILC, the growth rate are about 5
#m/hr at a temperature of 550°C and 2 #""*/ b 8 500°C [1.9]. The crystallization

obtained by this method presenting long growth length along unidirectional. This was
the first observation of MILC [1.21].

The schematic diagram of MILC mechanism is shown in Fig. 1.5 [1.22]. The
needle-like crystal growth during MILC utilizes the lateral migration of metals to
enhance the grain size. This method is able to produce poly-Si thin film largely under
a low temperature about 500°C, free of metal contamination and low cost; therefore,
good quality poly-Si is available and highly efficient poly-Si TFT can also be

produced [1.21].

1.4 Dopant Activation

Dopant activation is the process of getting the desired electronic contribution
from impurity species in a semiconductor host which is crucial way for obtaining high
performance transistors [1.23]. The way is often applied on thermal energy following
the ion implantation of dopants. As thermal annealing, the vacancies generate at

elevated temperature facilitate the movement of dopants from interstitial to
5



substitutional lattice site while damage from implantation process recrystallizes.
The mechanism of dopant activation can be related to rearrangement of silicon and

dopant atoms which can get large grains and better devices performance.

1.5 Motivation

The image transport speed, brightness, resolution and 3-DIC performance are
significant dependent on the carrier mobility of TFTs which means dependent on the
crystallization (grain size) on silicon substrate. Generally, amorphous silicon (a-Si)
TFTs have an electron mobility of around 0.5¢m?/V-sec. However, the electron
mobility value can be increased up to more than 200cm?/V-sec when the a-Si is
crystallized into poly-Si [1.24]. In addition, poly-Si TFTs usually have defects at the
grain boundaries in the channel region, which leads to degradation in device
performance. This includes high threshold voltage, low mobility and high leakage
current. It is believed that the electrical properties of the TFTs can be improved if the
grain size of the poly-silicon can be enhanced and the number of grain boundaries in

the channel region can be minimizes [1.25].

In addition, series resistance in transistors and contact resistivity increasing due
to continued shrinking is the hurdles in improving drive current. Dopant activation
technique is applied to decrease sheet resistance. The interesting application of silicon
Nano-crystals, dopant activation and MILC techniques in TFT-SONOS memory is

demonstrated and its effects on the reliability are analyzed in this thesis.



1.6 The Purpose and Value of This Thesis

The past experiment has shown that MILC rate and the crystallization quality are
sensitive to the doping type and concentration. Doping with phosphorus or arsenic
and damage introduced during ion implantation are found to slow down the MILC
rate and to degrade the film morphology, whereas heavy boron doping may showed
opposite results [1.26]. T. Ma et al. purposed boron enhanced nickel diffusion
phenomenon leading better crystallization quality [1.3]. However, Byun et al. found
MILC migration decreased as boron doping before MILC process [1.2]. Whether
boron enhanced or reduction MILC growth rate is an uncertain issue. We believe
boron would enhance nickel diffusion and demonstrate this effect in SONOS memory.

In addition, enlarging grain size can reduce grain boundaries and intra-grain
defects improving devices performance. Therefore, we use different boron doping
concentration to examine MILC rate in the experiment. In this work, we
systematically investigated the effect of boron dopant atoms on Si-NCs SONOS
memory in the aspects of carrier transport with XRD analysis, programming/erasing
speed, retention, endurance and sheet resistance measurements, hopefully also

providing boron enhance diffusion effect is hold in Si-NCs SONOS memory devices.

1.7 Organization of This Thesis

Chapter 1 starts with an introduction on thin film transistors, bottom gate devices
and SONOS memories; it also goes into the techniques of silicon nanocrystals, MILC,
and dopant activation. Chapter 2 describes devices fabrication process of Si-NCs
SONOS memory, measurement condition, operation machines and giving some
theoretical basis of memories parameters. Continuing analysis in electrical

characterizations and reliability of Si-NCs SONOS memory are proposed in chapter 3.
7



Finally, the conclusions of this work and recommendations for future work are stated

in chapter 4.
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Table 1.1. Technology trends in ITRS 2012 [1.10]
System | Crystallization Analysis
temperature (°C) technique
ne-Sif Al 180 ED
325350 BBS
355 P-TEM
200 C-TEM
157 P-TEM AES
167 C-TEM
180220 C-TEM.DSC XED
a-SUAg 300 ED
540 P-TEM
400 EBS
410 DSC.C-TEM
a-S1/An 100 ED
Ga—124 P-TEM
250 P-TEM
175 P-TEM
a-51Tn 535 P-TEM
-5 NL 500600 P-TEM
ne-=1/Co 500 P-TEM
a-51Pd S500—700 P-TEM

Table 2.2 Summary of Metal Induced Crystallization (MILC) observations. [1.6]
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Fig. 1.1 The top graph is TFT array and color filter substrates which are made into an
LCD panel by assembling then with a sealant; the bottom graph is the flowchart of
making an amorphous silicon TFT array using a bottom gate TFT structure and an

independent storage capacitor [1.1].
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IPF_7,: Step=0.12 pm; Grid256x196

Fig. 1.2. Plan-view electron backscatter diffraction (EBSD) map color-coded with the
IPF coloring in the SPC sample normal direction Z,. The grain boundaries are

highlighted with black lines and twins are highlighted with white lines [1.6].
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Fig. 1.4. The structure of (a) top gate device.
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Fig. 1.4. The structure of (b) bottom gate devices.
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Chapter 2

Si-NCs SONOS Device Fabrication and Experimental Setup

2.1 Overview

The poly-silicon material used in the channel of thin film transistor is composed
of silicon crystallites (grains) separated by the regions with high density of impurities
called grain boundaries. These grain boundaries present in the channel would scatter
majority carriers lead to mobility significantly degradation. In addition, Carlo et al.
has also purposed mobility shows strong dependence of grain size [2.1-2.2]. In this
work, we want to demonstrate boron enhanced nickel diffusion effect presenting large
grain size. We investigate the feasibility of MILC process with different boron doping
concentration on embedded Si-NCs SONOS memory in physical and electrical

properties.

2.2 Experimental Method

Figure 2.1 to Fig. 2.7 show the schematic of the experimental processes diagrams
of the in-situ embedded Si-NCs in silicon-nitride film Si-NCs SONOS memory.
Devices were fabricated on n-type (100) 150mm, 8-12 Q-cm silicon substrates. First,
the 500nm thermal oxide was grown on silicon wafer by furnace. Second, 150nm
p+-poly-Si was deposited as the gate electrode with boron implantation (70keV,
5+ 10%5cm™2). After defining the active regions, the 20nm blocking oxide was

thermally grown on p*-poly-Si. Third, in-situ embedded Si-NCs in silicon nitride film

15



formed with three steps, including depositing 3nm nitride film in low pressure
chemical vapor deposition (LPCVD) system by using 30sccm NH; and 130sccm
SiCl,H, at 780°C, forming Si-NCs with 10sccm SiCl,H,, and depositing 4nm nitride
film by using 30sccm NH; and 130sccm SiCl,H, on Si-NCs as shown in Fig. 2.8.
[2.3] Then, 10nm tunneling oxide was thermally grown on nitride film. Next, the
50nm amorphous silicon (a-Si) was deposited by LPCVD with boron doping
5x14cm™2 and 1 * 15%°cm™2 respectively. Then, 5nm nickel was deposited by
e-beam evaporation and annealed at 520°C. Finally, the contact hole was patterned and

500nm Al was deposited to fabricate the Si-NCs SONOS memories.

2.3 Measurement and Equipment Setup

The measurement setup of this TFT-SONOS device is illustrated in Fig. 2.9,
including the electrical characterization system (KEITHLEY 4200), two channel
pulse generator (Agilent 8110), low leakage current switch mainframe (KEITHLEY
708A) and the probe station.

KEITHLEY 4200 equipped with programmable source-monitor units (SMU) and
provides a high current resolution to pico-ampere range to facilitate the current
measurement. Agilent8110A with two pulse channels provides the high timing
resolution pulse for the P/E characterization of nonvolatile memory. KEITHLEY
708A configured a 10-input*12-output switching matrix, which can switches the
signals from the KEITHLEY 4200 and Agilent 8110A when the device is measured in
probe station. Moreover, C++ language is used to achieve the control of the devise

measurement instruments.

16



2.4 Operation and Parameter Extraction of TEFT-SONOS Memory

2.4.1 Threshold Voltage

The method to determinate the threshold voltage in this thesis is the “constant
drain current method” that the voltage at a specific drain current is taken as the

threshold voltage (V). Typically,
Werr
Less

Ipy = Ip/( )

Where Iy is the normalize drain current, W, is effective channel width and L.,
is the effective channel length. The threshold voltage is equal to gate voltage when

Ipy = 1nA in this thesis.
2.4.2 Subthreshold Swing

Subthreshold swing S.S. (V/dec) is defined as:

%
~ d(loglp)

It means the amount of gate voltage required to increase or decrease drain current by

V;: gate voltage, I;: drain current

one order of magnitude. The subthreshold swing presents devices gate control ability
and number of trap states. [2.4-2.5] It might increase with drain voltage (lower gate
control) due to short-channel effects such as charge sharing, avalanche multiplication,
and punch through-like effect. And it is also relate to trap states due to dangling bonds

and oxide defeats such as programming or erasing operation, stress and strain.
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2.4.3 Source/Drain Resistance

In order to achieve the density and performance specifications of stat-of-the-art
VLSI, MOSFEST’s channel length has been scaled down to nanometers range. To
control the fabrication of these devices it is necessary to accurately determine channel
length. Moreover, this knowledge is required for circuit designs whose performance
mainly relies on the use of these scaled devices. In this thesis, La Moneda method [2.6]
was used to electrically determine channel length, mobility, and source/drain

resistance. The model describes

-~ Ho
Herr =14 (Vs — Vin)
Reor = L/ OL=AL) g o =—™  om+R
ot WeffﬂOCox Ves — Vin) Werrlto Cox S Ves — Vin sp

The parameters are obtained by curve fitting output resistance measurements over a
range of gate biases and channel lengths. Measurements from two gate biases on each
of two devices of different channel length are sufficient to obtain a full
characterization. Thus, the method is well suited for automated testing because of its

simplicity and efficiency.

2.4.4 Fowler-Nordheim (FN) Mechanism

The Fowler-Nordheim (FN) is the flow of electrons through a triangular potential
barrier illustrated in Fig. 2.10. FN tunneling mechanism occurs when applying a
strong electric field across a thin oxide. In this thesis, the 20V is applied to the gate
terminal and the voltage drop across the tunneling oxide make the electrons injecting
from channel into trapping layer during programming; the -20V is applied to control

gate and electrons detrap from trapping layer during erasing. Using a free-electron gas
18



model for the metal and the WKB approximation for the tunneling probability, one

obtains the following expression for current density [2.7-2.8]:

CI3F2 _4(2m0X)1/2(PB3/2
= 57— €Xp —
16m?h* g 3hqF

J ]

Where ¢@p is the barrier height, myy is the effective mass of the electron in
the forbidden gap of the dielectric, h is the Plank’s constant, q is the electronic charge,

and F is the electric field through the oxide.
2.4.5 Pelgrom Plot

Dr. Pelgrom proposed and demonstrated the simple evaluation method of the
random variation in 1989 as shown in Fig. 2.11. The method based on simple statistics

which described as:

O = P [29]
Ay the slop beteeen threshold voltage standard devition and device area square root
W: channel width, L: channel length.
Since devices scale down, threshold voltage variation is a significant issue. Pelgrom

plot can foretell the easy prospect of threshold voltage variation which uses generally.
2.4.6 Arrhenius plot

Arrhenius plot is used to analysis charge loss mechanism. It reported a retention
time model with linear variations with temperature. The effective activation energy

(E,) to confine the charge loss mechanism were estimated from
19
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Where T, tz and k are the temperature, the retention time and the Boltzmann
constant, respectively. By extracting E, value, we can determine charge loss reasons

from Table 2.1 [2.10].

2.5 Characteristic of Memory

2.5.1 Characteristic of Retention

Retention time describes the ability of devices to store charges after
programming at a specific temperature. Generally, the retention time should more
than ten years which means the amount of loss charge in storing region must be as
minimal as possible. The previous study had reported that retention capability of
SONOS memories has to be checked by using accelerated test such that high electric
fields or high temperature [2.11-2.13]. In this work, we discuss data retention
characteristic after programming with three different temperatures. (25°C, 75°C, 125°C)
By measuring the threshold voltage variation, we can find the amount of the excess

trapping electrons.

2.5.2 Characteristic of Endurance

Endurance means how many cycles the devices can reversibly and reliably
switch. The endurance values reported in the literature range from 10 to 1 * 10°
cycles and the endurance record has been 1 x 10 cycles so far [2.14]. The
limitation on memories endurance is controlled by two major factors. One is the

Time-Dependent-Dielectric-Breakdown (TDDB) characteristics of the charge transfer

20



oxides used for erase and program. The other is threshold voltage level disturbance
during program and erase cycles [2.15]. In this thesis, we would find the dominate
factor for embedded Si-NCs SONOS memory and solve ways to extend the endurance

time.
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Mechanism Activation Energy (eV)

Tunnel oxide breakdown =~0.3
ONO =~0.35
Oxide defects ~0.6

Cycling induced charge loss | =1.1

lonic contamination =~1.2

Intrinsic charge loss ~1.4

Table 2.1. JOE E. Brewer reported the E, value and mechanism relation in 2007

[2.10].

Si-Substrate

Fig. 2.1. Thermal oxide was grown on silicon wafer, depositing 150nm amorphous

silicon and annealed to poly-silicon.
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Wet Oxide

Si-Substrate

Fig. 2.2. Gate was defined and implanted boron with 5 * 10'°>cm~2 dosage.

Wet Oxide

Si-Substrate

Fig. 2.3. Blocking oxide was deposited and used in-situ technique to embed Si-NCs in

nitride film, as shown in Fig. 2.2.
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Tunneling Oxide

Fig. 2.4. Tunneling oxide was deposited.

,A\o © Tumengoxce !A

Si-Substrate

Fig. 2.5. Amorphous silicon was deposited which made as device channel.
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Fig. 2.6. Active region was defined and implanted with boron dosage. 1 * 101%cm =2

and 5 * 10%cm—2.

Wet Oxide

Si-Substrate

Fig. 2.7. Using MILC technique at 520°C, amorphous silicon was recrystallized to
poly-silicon.
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Fig. 2.8 The schematic diagram shows gas flow of in-situ deposition of Si-NCs in

nitride [2.3].
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Fig. 2.9 The experimental setup for the transfer characteristic and program/erase

characteristic of SONOS with Si nanocrystals memory.
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FN program

Fig. 2.10 A schematic of the FN tunneling during programming (left) and erasing

(right) in the electric field.
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Fig 2.11 Different oxide thickness present in Pelgrom plot. If A,.= 3.8, then 7nm
oxide thickness will have about 400mV variation in threshold voltage. If we want to

variation smaller than 100mV, than A,;value should be choose smaller than one. [2.9]
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Chapter3
Characteristics of Si-NCs-SONOS Nonvolatile Memory

3.1 Overview

T. Ma et al. reached a conclusion regarding the effect of implantation boron before
MILC process which stated the MILC migration rate will double at 550°C as boron
doping concentration 3 = 105¢cm™2 in 1000A non-crystalline silicon film. [3.1]. Lu
et al. has reported NiSi, formation at a much lower temperature of 250°C in heavily
boron doped Si. This implies that heavy boron doping effectively reduces the
formation energy of NiSi,. So any retardation effects induced by implantation
damage are somehow compensated due to boron enhancement effect. However, C.
Byun et al. found that the MILC migration rate showed a decrease as using boron
doping comparing to un-doped a-Si. The decrease in the MILC migration rate results
from disturbance of dopant migration through segregation and dopant on NiSi,

layer [3.2-3.3].

We curious about boron would enhance or retardate the nickel diffusion and this
effect would hold in the memory devices. Therefore, we designed two different boron
doping concentration (5 * 10*cm™2, 1 %« 10*>cm™2) devices with MILC process to
analyze their physical and electrical properties. In addition, we choose 30s Si-NCs
deposition time in SONOS memory for studying standard. Since T.Y. Chuang has
reported 30s deposition time Si-NCs SONOS memories show excellent electrical
performance, we can decrease other influence factor in memories characteristics

[3.4-3.7]. The AFM and TEM Si-NCs graphs are shown in Fig. 3.1 and Fig. 3.2.
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3.2 Source/Drain Doping Dependence

3.2.1 X-ray Diffraction (XRD) Analysis

The atomic planes of a crystal cause an incident beam of X-rays to interfere with
one another as they leave the crystal. The phenomenon is called X-ray diffraction
(XRD). XRD is a nondestructive technique which can identify crystalline phases,
crystalline orientation and grain size. As grain size decreases hardness increases and
intensity (peaks) become broader [3.8]. Table 3.5 and Fig. 3.3 show the XRD results
of poly-silicon channel with different boron doping (5 * 10**cm™2, 1 % 105cm™2)
devices. The average grain size of high to low boron doping device ratio is 2.4.
Therefore, poly-silicon grain size can be enhanced by using higher boron doping
based on the same thermal budget. The larger grain size in doping boron
concentration 1 * 10*>cm™=2 memory is mostly attributed to boron atoms can reduce
the 4% lattice mismatch between c-Si and NiSi, since they reduce the lattice
constant of c-Si. In other words, reduction of lattice mismatch is equal to reduce the
strain at the c-Si to NiSi, interface and inhibit the broken of Ni silicide. As a result,
the directional growth behavior of MILC occurs and shows an enhanced growth rate
due to the fast migration of NiSi, layer without temporary growth halt caused by the

breaking NiSi, [3.1, 3.9-3.10].

3.2.2 Transistor Performance

The current-voltage (I —V, ) characteristics of different boron doping
concentration memories were compared in Fig. 3.4(a). The devices with 10um gate
length (L) and 10um gate width (W) was measured. The red simple represents the

drain current versus gate voltage curve with higher boron doping concentration
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(110%) and show the lower leakage current, higher on current and better
subthreshold slope than the lower doping concentration sample (5 * 1014). Therefore,
we think that the high boron doping device can obtain good channel crystalline which
is responsible for the improvements of electrical properties of Si-NCs-SONOS
memories. The good channel crystalline decrease grain boundaries and trap density at
the channel between source and drain regions. Both devices parameters of
Si-NCs-SONOS memories are given in Table 3.1.

Transconductance (G,,) data was obtained by differentiating I, — V;; curve as
shown in Fig. 3.4(b). Better G,, is attained in boron doping concentration 1 *
105cm~=2 memory from gate voltage -4V to -12V. The higher current drive in this
Si-NCs SONOS memory is due to large grain size and few grain boundaries.

Pelgrom plot tells the simple prospect of threshold voltage (V) variation as
shown in Fig. 3.5. For higher boron doping device, the slope is 0.57 V/um. This

means if we want V,, variation smaller than 200mV, then device width multiple

length should larger than 8um?(L * W > ). For lower boron doping, the slope

1OC
(0.2/0.57)2
is 1.1 V/um. This means if we want V,, variation smaller than 200mV, then device

width multiple length should larger than 30um?(L * W > (0_2/;)2). It’s clearly that
1.1

higher boron doping device shows better uniformity and scaling ability.

Fig. 3.6 shows the subthreshold swing (S.S.) versus channel length. When
channel length larger than 6um, the S.S. are around 400mV/dec , 500mV/dec for high
and low doping devices. The lower boron doping device S.S. increases significantly
beyond length 6um. In contrast, higher boron doping device presents better S.S.

uniformity which confirms with pelgrom plot result.
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3.2.3 Program/Erase Characteristics

Fig. 3.7(a) and Fig. 3.7(b) present the FN program window in different voltage
bias with width 10um and length 10um. Both conditions program window increase
with increasing program stress voltage. For 5= 10'*c¢m™2 doping concentration,
memory window are 0.48 V, 1.31V and 1.84V as programming voltage 18V, 20V and
22V, respectively. For 1% 10°cm™2 doping concentration, memory window are
0.5V, 1.6V and 2V as programming voltage 18V, 20V and 22V, respectively.

Fig. 3.8(a) and Fig. 3.8(b) present the FN program window in different voltage
bias with width 10pum and length 10pum. Both conditions erase window increase with
increasing erase stress voltage. For 5* 10**cm™2 doping concentration, memory
window are 0.12 V and 1.1V as erasing voltage -18V and -20V. For 1 % 10*°c¢m™2
doping concentration, memory window are 1.1 V and 2V as erasing voltage -18V and
-20V.

The higher boron doping device with larger memory window is accordance
with the boron enhanced diffusion effect causing longer MILC length, bigger grain
size and fewer boundaries. Since we adopted bottom gate SONOS memory, channel
inversion is totally dependent on gate to source and gate to drain overlap regions. The
higher boron doping device has longer MILC length so channel conduct faster as
shown in Fig. 3.10. In addition, larger grain size and fewer boundaries also reduce
threshold voltage. So boron doping 1 *10*°>c¢cm™2 device gets higher overdrive
voltage and presents larger memory windows as adding the same gate bias in boron
doping 5 * 10*cm~2 device. Furthermore, both devices subthreshold swing (S.S.)
degrade severe as gate voltage increasing. Because higher voltage trapping charges or
de-trapping charges damage oxide quality significantly and create more interface traps

resulting S.S. degradation.
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The FN P/E speed characteristics with width 10um and length 10pm are
shown in Fig. 3.9(a) and Fig. 3.9(b). Threshold voltages in the higher doping
concentration are given by the curves with open symbols, whereas the curves with
filled symbols displayed the lower doping concentration. About 0.1 second we can
find both devices totally program, but they don’t totally erase until 1 second. The
program speed is faster than erase speed and without saturation effect. The high boron
doping device show larger P/E window and faster P/E speed than low boron doping
devices. The main reason is larger overlap gate to source and gate to drain regions

which directly point out boron enhanced nickel diffusion effect.

3.2.4 The Reverse Read and Forward Read

Fig. 3.11(a) and Fig. 3.11(b) show the feasibility of performing SONOS
memory through a forward read and reverse read scheme in a single cell. It is known
that the forward read and reverse read can be employed to detect the information
stored in programmed bits (drain or source side). However, there almost don’t have
threshold voltage difference between forward read and reverse read in two types of
doping. This means that the charges are uniformly distribution in Si;N, storage layer

which is the consistent with the FN mechanism prediction.

3.2.5 The Comparison of Source/Drain Resistance and Overlap Length

The source/drain resistance (Rgp) and overlap length (AL) are gate bias
dependent as shown in Fig. 3.12. La Moneda et al. purposed a method to extract the
above parameters [3.11]. The curve fitting for extracting Rgp and AL
procedures involve three plotting which are discussed on channel length 1pm, Spm

and 10um devices. The (V55 — V,)™! and mask length (L) are independent variables.
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The procedure begins by generating first plots of R,, verse (V;s — V,)™! as shown
in Fig. 3.13. The intercept points on y-axis present R,, = 6 * m+Rg, values. The
second procedure is differential of R,, and m, so we can get Rs, values as shown
in Fig. 3.14. Finally, the overlap length can obtain by differential the m (m =

L—-AL

—————) and L, the intercept point on x-axis is overlap length as shown in Fig. 3.15.
WerrloCox

Higher doping device has lower source/drain resistance and larger diffusion
length as shown in Table 3.2. Doping can decrease resistance between contact
material and silicon and longer diffusion length increase the contact area Therefore,
higher doping concentration device shows larger on current, better subthreshold swing
which confirms the Table 3.1 results.

In order to double check the extraction value of source/drain resistance and
overlap length. We calculated the universal mobility (1) by differential m and L form
Fig. 15 as following:

L—AL 1
m=————— U, =

We fflo Cox dm

Weffcoxﬁ
The Table 3.2 show universal mobility values 192¢m°/, _ and 152¢m*/, _ _ for
high and low doping devices. Then we obtained field effect mobility (ugg) from

Ia — V, graph. By differential I; —V, curve, upg was calculated by

dig w LVps dig

v, L UreboxVDs = UFE WCox AV,

The upgp versus V, curves are plotted in Fig. 3.16, the maximum ug; values are
163 CmZ/V _, and 130 sz/V _ ¢ for high and low doping devices. It’s reasonable that
upg Smaller than u, since ugpg ignores mobility dependent gate bias factor. The
boron doping concentration 1 * 10°cm™2 device has higher mobility over the range
of 1, between -4V to -12V, because boron enhanced nickel directional and faster

diffusion leading to large grain size and fewer trap charges scattering. The carrier
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mobility determines the current drive, the transconductance, and the speed of the
transistor. Therefore, many advantages of higher boron doping device are evidenced

by the mobility graph in Fig. 3.16.

3.2.6 The Comparison of Off-Leakage

The GIDL current generated when the source/drain of PMOS device is biased at
the supply voltage (Vss/Vpp) and the gate is biased at zero or positive voltage. Thus, a
depletion region is formed in the surface of the overlap region between the gate and
source or drain. If the gate biased is positive enough to cause the band bending at the
source/drain surface to exceed the silicon bandgap (1.12eV), valence band electrons
will start to tunnel to the conduction band, giving rise to a band-to-band tunneling
current as shown in Fig. 3.17 [3.12]. The electrons tunneling from the valence band
subsequently leave via the substrate and the generated holes enter the drain creating
the leakage current, which is the GIDL current as shown in Fig. 3.18.

The tunneling process depends on the electric field and band bending in the
gate to source/drain overlap region near the source/drain surface. Since two device
under the same gate biased, the overlap region size is the dominate factor. Fig. 3.19
show high and low doping devices GIDL current. The filled samples are current from
drain to gate and the open samples are current from source to gate. This means higher
doping device with larger overlap region which is the same result as above calculation.
The Fig. 3.20 shows average GIDL current for source and drain sides of two different
boron doping (5 * 10**cm™2, 1% 10*°cm™2) concentration before MILC process
samples and one MILC process before boron doping 5 * 101°cm™2 concentration
sample, respectively. We can find three things in Fig. 3.20. First, the MILC process

after boron doping devices present larger GIDL current than MILC process before
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doping device. This is clearly evidence to show boron enhanced diffusion leading
large overlap region between source and drain sides. Second, the source side has
higher GIDL current than the drain side in three samples. Because the nickel was
deposited on the source side, it’s inevitable that small amounts of Ni or NiSi,
precipitates are present and further enhance leakage current. Third, doping 1 *
10%5cm™2 concentration device has larger GIDL current difference for source and
drain sides than other device. T. Ma and M. Wing have reported MILC rate is found
to increase at the highest dose of 3 x 101°cm™2 as shown in Fig. 3.21 [3.1], we think
this phenomenon occur at the highest dose of 1 x10'°cm™2 leading to obvious

difference between source and drain sides GIDL current.

3.2.7 The Comparison of Retention Characteristics

Fig. 3.22, Fig. 3.22 and Fig. 3.23 show the normalized charge losses as a
function of retention time at 25°C,75°C and 125°C, respectively. Here, the initial
threshold voltage shift (AV;,,) and the ratio of the normalized charge loss was
defined as normalized charge losses (AV;,(t)/AV:no). The charge loss mechanisms of
SONOS cells are identified three main discharging paths. One is related to thermal
excitation of trapped carriers, the other is due to direct tunneling through the thin
tunnel oxide of the ONO stack, and another is trap assisted tunneling. The direct
tunneling mechanism is weakly dependent on temperature and will remain negligible
also at high temperature. The thermal emission component instead is very sensitive to
temperature and to the energy distribution of the trapped charged [3.13].

Constant temperature retention time graph is shown in Fig. 3.22. The thermal
emission component only has small influence on devices and both conditions have the

same tunneling oxide thickness resulting in similar tunneling probabilities. Therefore,
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de-trapping process turns out to be mostly dependent on trap assisted tunneling
component. High and low doping devices show small charge loss percentages of 3.5%
and 3.3% as time of stress increasing to 10* seconds in Fig. 3.22. So they almost have
the same number of shallow traps at the interface or electron traps in the tunneling
oxide.

After 10k P/E cycles, the charge loss curves of SONOS memories at 75°C and
125°C are shown in Fig. 3.23 and Fig. 3.24. For temperature at 75°C, charge loss
curves for high and low boron doping devices have similar trends as constant
temperature before 10° seconds and the loss percentages increase to 24% and 23.3%
as 10* seconds. This is due to thermal emission phenomenon dominate the loss
mechanism by changing trap energy after 10> seconds. For temperature at 125°C, the
charge loss slightly before 10% seconds for both devices. After 10° seconds, the high
and low doping devices charge loss values are 44.3% and 62.6% at 10* seconds. The
reason is high temperature causes more deep traps emission resulting in significantly
charge loss and dramatically curves dropping. Although higher doping device has the
larger overdrive as the same program voltage, it show less charge loss at 125°C. This
means higher boron doping device has less deep traps so they present better oxide
quality and longer retention time at high temperature than low boron doping device.

The Arrhenius plots of retention time characteristics for window dropping
0.05V and 0.1V appear in the insets of Fig. 3.25. De Salvo et al. [3.14-3.15] reported
a retention time model with linear variations as temperature change. Here, the
effective activation energy (E,) to confine the charge loss mechanism were estimated

from

LD
0(7)
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where T, t;p and k are the temperature, retention time and the Boltzmann constant,
respectively. The E, of window losses in 0.05V and 0.1V are about 0.496eV,
0.545eV for boron doping concentration 5 * 10**cm™=2 and 0.704eV, 0.709eV for
boron doping concentration 1 * 10'°cm™2 as shown in Table 3.3. Both high and low
doping devices E, values approximate 0.6eV which charge loss mechanism are
dominated by oxide defects as shown in Table 3.4. This result is consistent with our
above explanation.

3.2.8 The Comparison of Endurance Characteristics

The endurance of the SONOS memory measured over 10° P/E cycles is shown
in Fig. 3.26. The device were programmed at 20V for 0.8s and erased at -20V for 1.6s.
A large dropping in programmed threshold voltage and a slightly decrease in erased
threshold voltage are observed in both high and low doping devices after 10° P/E
cycles. There is no sufficient margin to distinguish programmed and erased states with
the intended gate voltage after 500 cycles as shown in Fig. 3.26.

As a key figure of merit, the degradation of the endurance characteristics is
often used to estimate device reliability. To investigate the degradation mechanism,
subthreshold swing (S.S.) is used to characterize interface traps generation. In order to
make a comparison, both AS.S. and AV, versus the cycling number are shown in
Fig. 3.25. Severe degradation is observed at large P/E cycles for both devices under
the stress condition 20V/-20V. Meanwhile, AS.S. shows a similar trend to AV}, with
an approximate relation of AS.S.x 10~AV,, in Fig. 3.27(a) and AS.S.x 2~AV,, in
Fig. 3.27(b). Therefore, the shift of threshold voltage in Fig. 3.26(a) and Fig. 3.26(b)
are considered to be mainly due to interface trap generation [3.16]. Furthermore,
doping boron concentration 1 * 10'>cm™2 device obtains higher overdrive voltage

as adding the same gate bias. Thus, for each P/E cycle, higher boron doping device
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experience larger charges trapping and de-trapping leading to significant oxide

damage and sever subtrhreshold swing degradation.

3.3 Summary

We investigate boron enhanced diffusion phenomenon in SONOS memories.
Higher boron doping device has large on current, less leakage current, small variation,
non-significant subthreshold swing degradation and faster program/erase speed. The
better performances due to boron reduce NiSi, formation energy and mismatch
between NiSi, and c-Si interface causing faster MILC rate and larger grain size. In
order to further check boron enhanced diffuse effect, we extract source/drain
resistance, overlap length and universal mobility and measure GIDL current to
confirm this phenomenon again. The reliabilities are also analyzed by retention and
endurance in both devices. The high boron doping device show longer retention time
at high temperature than low doping device at the same operation voltage and sever
endurance degradation for high overdrive voltage. In this thesis, we demonstrate that
boron enhanced diffusion effect occurs in SONOS memories which improves device

electrical characteristics.
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SE14 1E15

Vi (V) -4.3283 -3.3127
S.S.(mV/dec) 515 437
on/off ratio 104 7 « 10°

Table 3.1. The SONOS memories characteristics were presented with MILC

crystallization process.

Slope (dm/dL ) Ho(universal) Rgp (Q) AL (um)

5E14 6.62 * 10* 151 cm?/V.s 660 0.54

1E15 5.2 x10* 192 cm?/Vs 566 0.9

Table 3.2. The slope, universal mobility, source/drain resistance and overlap length for

high and low boron doping devices.
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_O9n(tg) | AV, =0.05V | AV,=0.1V

¢ a(1/kT)
5E14 0.496eV 0.545eV
1E15 0.704eV 0.709eV

Table 3.3. The E, of window losses in 0.05V and 0.1V are about 0.496eV, 0.545eV
for boron doping concentration 5 10*cm™2 and 0.704eV, 0.709eV for boron

doping concentration 1 * 10°cm™2.

Mechanism Activation

Energy (eV)

Tunnel oxide breakdown ~0.3
ONO ~0.35

Oxide defects ~0.6

Cycling induced charge loss ~1.1

lonic contamination ~1.2

Intrinsic charge loss ~1.4

Table 3.4. Both high and low doping devices E, values approximate 0.6eV which

charge loss mechanism are dominated by oxide defects [3.14].
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Crystallize Size (A)

(HKL) 5E14 1E15
(111) 479 1171
(220) 321 867
(311) 291 563
average 363.67 867

Table 3.5. The XRD result of boron doping concentrtion 5 * 10*cm™=2 and

1% 10%cem~2.

Fig. 3.1. The AFM graph of Si-NCs deposited on SizN, layer [3.4].
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Fig. 3.2. The TEM graph of Si-NCs deposited on Si;N, layer [3.4].

Intensity (a.u.)

30 40 50 60 70
2*0 (degree)

Fig. 3.3. X-ray diffraction (XRD) results of poly-silicon channel with different boron

doping concentrations.
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Fig. 3.4(a). The SONOS memories I, — V, characteristics were compared between

boron doping 5 * 10*cm™2 and 1% 10°cm™2 devices with MILC crystallization

process.
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Fig. 3.4(b). The G, is higher in doping 1 % 101°¢cm™2 device.
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Fig. 3.5. The pelgrom plot shows devices variation. The high boron doping with slop

0.57 V/um is smaller than low boron doping slop 1.1 V/um.
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Fig. 3.6. The subthreshold swing versus. channel length change for different boron
doping devices. The high boron doping device shows better subthreshold leakage

suppression as channel length beyond 6um,.
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Fig. 3.7(a). The memory window are 0.48, 1.31V and 1.84V as programming voltage

18V, 20V and 22V in boron doping 5 * 10*cm™2 device.
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Fig. 3.7(b). The memory window are 0.5, 1.6V and 2V as programming voltage 18V,

20V and 22V in boron doping 1 * 10*°¢cm™2 device.
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Fig. 3.8(a). The memory window are 0.12 and 1.26V as erasing voltage 18V and 20V

in boron doping 5 = 10*cm™2 device.
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Fig. 3.8(b). The memory window are 1.1 and 2V as erasing voltage 18V and 20V in

boron doping 1 * 10*°cm™2 device.
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Fig. 3.9(a). The programming speed curves show threshold voltage values ranging
from 18V to 22V with filled and open symbols presenting low and high boron doping

devices respectively.
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Fig. 3.9(b). The erasing speed curves show threshold voltage values ranging from
-18V to -20V with filled and open symbols presenting low and high boron doping

devices respectively.
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Fig. 3.10. The schematic of channel conduct in bottom gate device.
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Fig. 3.11(a). The I; —V;, curves of initial state, programmed state, forward read and

reverse read in boron doping 5 * 10*cm™=2 device.
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Fig. 3.11(b). The I —V, curves of initial state, programmed state, forward read and

reverse read in boron doping 1 * 10'°cm™2 device.
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Fig. 3.12. The Rsp and AL are gate bias dependent parameters which decrease as

V, increasing.
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Fig. 3.13. The La Moneda method extracting Rgp and AL procedures involve three
plotting which are discussed on channel length 1um, 5um and 10um devices. The
first procedure is generating the plots of R,,, verse (V;s — V,)~1. The boron dosage (a)

5% 10%cm™2 and (b) 1 x105cm™2 devices.
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Fig. 3.14. The second procedure is differential of R, and m, so we can get Rgp

values. The boron dosage (a) 5 * 10**cm™2 and (b) 1 * 10°cm™2 devices.
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Fig. 3.15. The final procedure is differential the m and L, the intercept point on x-axis
is overlap length. The boron dosage (a) 5*10%cm=2 and (b) 1+ 10¥cm™2

devices.
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Fig. 3.16. Higher doping concentration device has bigger grain size and fewer

scattering than lower boron concentration device leading to large mobility value.
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Fig. 3.17. The top graph is energy band diagram for PMOS device. The bottom graph

is electric field versus distance between Si/SiO, interface and drain [3.12]. The

tunneling distance x;,,, is much less than the total depletion length.
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the valence band subsequently leave via the

substrate and the generated holes enter the drain creating the leakage current.
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Fig. 3.19. The boron doping (a) 5= 10*cm™2 and (b) 1x10%cm~2 devices
shows source and drain sides GIDL current. The filled simples are current from drain

to gate and the open simples are current from source to gate.
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Fig. 3.20. The average GIDL current for source and drain sides of two different boron
doping (5 * 10**cm™2, 1 % 10'5cm™2) concentration before MILC process samples
and one MILC process before boron doping 5 * 10'°cm™2 concentration sample,

respectively.
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Fig. 3.21. T. Ma and M. Wing have reported MILC rate is found to increase at the

highest dose of 3 x 105cm™2 [3.1].
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Fig. 3.22. The high and low doping devices have small charge loss percentages of

3.5% and 3.3% as time of stress increasing to 10* seconds.
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Fig. 3.23. The high and low boron doping devices have similar trends as constant
temperature before 10° seconds and the loss percentages increase to 24% and 23.3%

as 10* seconds.
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Fig. 3.24. For temperature at 125°C, the high and low doping devices charge loss

values are 44.3% and 62.6% at 10* seconds.
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Fig. 3.25. The Arrhenius plots of retention time characteristics for window dropping

0.05V and 0.1V.
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Fig. 3.26. The device were programmed at 20V for 0.8s and erased at -20V for 1.6s. A
large dropping in programmed threshold voltage and a slightly decrease in erased
threshold voltage are observed in both (a) high and (b) low doping devices after 10°

P/E cycles.
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Fig. 3.27. The AS.S. and AV,, versus the cycling numbers graphs. Meanwhile,
AS.S. shows a similar trend to AV;, with an approximate relation of (a) AS.S.x

10~AV,, and (b) AS.S.x 2~AV,, for high and low boron doping device. .
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Chapter 4

Conclusion and Future Work

4.1 Conclusion

One of the most controversial question is whether or not boron enhance diffusion
for MILC process. The physical and electrical properties of different boron doping
concentration (5 * 10**cm™2, 1% 10*®cm™2) Si-NCs SONOS memories of MILC
process have been studied in this thesis. Boron enhanced diffusion phenomenon is
successful proven in our device. The XRD analysis shows double grain size for high
boron doping device. The electrical measurements also present larger on/off current
ration, higher mobility and conductance, faster program/erase speed, lower resistance
and longer retention time. In addition, we extract source/drain overlap length and
measure GIDL current to confirm boron enhanced effect again. The longer overlap
length and larger GIDL current are consistent with this effect.

We make three conclusions in this thesis. First, boron would enhance nickel
diffusion and growth larger grains. The SONOS memory characteristics can further
improve by using higher boron doping. Second, T. Ma et al. reported the growth rate
will double when implanted boron with dosage 3 * 10'°cm~2 on MILC process. We
can modify the boron dosage to 1 * 10*°c¢cm™2 according to the chapter 3 results.
Third, high boron doping device is more scalable even with longer overlap length
from short channel effect and DIBL results. We can obtain better performance and

scalable device by increasing boron dosage.
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4.2 Future Work

High boron doping device show better electrical characteristic and scaling
potential, but it has longer overlap length. Therefore, we can design doping profile to
avoid boron out-diffusion phenomenon especially for short channel length devices.
Besides, high activation with low thermal budget manufacture process is what we
need. Therefore, the exactly boron dosage range and the lowest allowed activation

temperature leading to double growth rate and large grain size are worthy to study.
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