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Fabrication and Characterization of Dopant Segregated Schottky

Barrier SONOS Devices

Student: Ming-Shang Chang Advisor: Bi-Shiou Chiou
Wen-Fa Wu

Department of Electronics Engineering Institute of Electronics

National Chiao Tung University

ABSTRACT

Schottky Barrier MOSFETs (SB-MOS) have been intensively studied recently for
their capability, such as superior scaling down property, low thermal budget, and low
parasitic resistance to outplace the doped source/drain MOSFETs in future CMOS
technologies. Nevertheless SB-MOS devices suffer from approximate constant potential
constraint on source side region that degrades the on-current, causing “ambipolar” effect.
Therefore by using implant to silicide (ITS) technique to form dopant segregated Schottky
barrier MOS (DSSB-MOS), which has the source drain extension to eliminate the
ambipolar effect has been demonstrated in this work

SONOS type memory plays an essential role in the nonvolatile memory market, due
to less complexity of process, low power consumption and two bits storage ability. In this
work, DSSB-MOS technique is used in SONOS memory devices. P/E speed, retention, and

endurance characteristics of SB-SONOS, DSSB-SONOS and conventional SONOS

il



memory devices are investigated and compared in this work.

SB-SONOS device has largest memory window about 6V and provides fastest
program speed for Vry shift about 3V with programming time of 10 seconds compared to
conventional SONOS device which has memory window about 3V and program speed for
Vrx shift about 1V with programming time of 10™* seconds. But SB-SONOS shows small
on/off ratio around 30.3, causing difficult to differentiate between “0” and “1”. Therefore
DSSB-SONOS device has been attempted to replace SB-SONOS device. For
DSSB-SONOS device, it shows the better program speed for Vyy shift about 2V with
programming time of 10 seconds compared to conventional SONOS device. And for
reliability, DSSB-SONOS device exhibits excellent retention and endurance performance
compared to other SONOS memory devices. DSSB-SONOS devices retain 3V memory
window after 10years and furthermore 1.3V memeory window is obtained after subject to

10* times of P/E cycles at room temperature.
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CHAPTER 1

Introduction

1-1. CMOS Technology

Frank Wanlass invented CMOS in 1967 [1]. CMOS tebdbgy is used in
microprocessotrcontrollers and other circuit. In order to approded benefits, such as
high density deviceslow power consumption, and low manufacturing co€®0S
downsizing becomes the principle trend for latest years.

According to the Moore’s law, therroadmap pointed that the technology will step
to 32 nm nodes until 2013. But. in the-IFTRS 2009 aipdpublished, 25 nm nodes is
expected to start production until 2012, as showthe Table 1-1 and Fig. 1-1 [2]. It
shows that the device scaling down is an instamiblpm for future years. And from the
reference, it shows that parasitic series resistaRs has become an important
performance-limiting factor in CMOS devices withbsBO0 nm gate length [3-7].
Moreover, with CMOS down-sizing, serious short-ateln effects (SCE) attributed to
the insufficient gate control ability and the penf@nce non-uniformity for short channel
devices [8]. Therefore, to alleviate these drawbac&chottky-Barrier MOSFETs

(SB-MOS) have been investigated for the nano-sibaces.



YEAR oF ProDUcTION 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016
Flash Uncontacted Poly Si ¥= Pitch (nm) 38 32 28 25 23 20 18 15.9
DRAM siagger-contacted Meral 1 (1) ¥z Pitch (nm) 52 45 40 36 32 28 25 | 225
MPUVASIC stagger-contacted Metal 1 (0M1) ¥2 Pitch (nm) 54 45 38 32 27 24 21 189
MPU Printed Gare Lengih (nm) 47 41 35 KRy 28 25 22 19.8
MPU Physical Gare Length (nm) 29 27 24 22 20 18 17 153
Long-term Years
YEAR OF PRODUCTION 017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2027 | 20M
Flash Uncontacted Poly Si %2 Pitch (nm)} 142 | 126 | 113 | 100 | 89 8.0 71 6.3
DRAM stagger-contacted Metal 1 (M1} ¥: Pitch (nm) 200 | 179 | 159 | 142 | 126 | 11.3 | 100 | B89
MPULYVASIC stagger-contacted Metal 1 {M1) ¥ Pitch (nm) 16.9 | 150 | 134 | 119 | 106 9.5 8.4 7.5
MPU Printed Gate Length (nm) 177 | 157 | 140 | 125 | 111 9.9 8.4 7e
MPU Physical Gare Length inm) 140 | 128 | 1.7 | 10.7 a7 8.9 81 T4

Table 1-1 List of device requirements for the currat and forthcoming transistors

according to the ITRS [2].
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Fig. 1-1 DRAM and Flash memory half pitch trends [2.

1-2. Schottky Barrier MOSFETSs

Schottky barrier source/drain structure was ptelisin 1994 by J.R Tucker [9].

2



Schottky-barrier MOSFETs (SB-MOS) which utilize m@iesilicides for source/drain

instead of conventional MOSFETs with heavily dopeger, the schematic structures of

SB-MOS and conventional MOSFETs are shown in Hg.dnd Fig. 1-3. Using metal

silicides for source/drain is not only decreasesl fthrasitic series resistance Rs but also

lower the thermal budget. Owing to Schottky barherght between metal silicides and

Si interface remains approximately constant, sbbannel-effect (SCE) can be

eliminated. Using silicides for source/drain indemgtrcome the problem with devices

down-scaling.

sub

Fig. 1-2 The schematic structure of conventional MGFETSs.



silicide silicide
Source Drain

sub

Fig. 1-3 The schematic structure of SB-MOS [13].

Schottky-barrier MOSFETs (SB-MOS) are also attvactused in silicon-on-
insulator (SOI). Since, floating body, effect can dagpressed on the partially depleted
SOl for Schottky barrier MOSFETs (SB-MOS) compatedconventional p-n junction
SOI MOSFETSs [10,11].

Schottky barrier MOSFETs (SB-MOS) however have sdollewing draw-backs.
First, the drive current is smaller than the comveral MOSFETs and the leakage current
is larger than conventional MOSFETs. Second, SB-Mi@®8ces depict very poor on/off
current ratio [11-13]. Third, The SB-MOS exhibiteetambipolar condition. In order to
eliminate the ambipolar effect while keeping thevaadages for SB-MOS devices,
SB-MOS with ultra-short source/drain extention bging implant-to-silicide (ITS)
process was proposed. After implantation and abinannealing, dopant will segregate

at metal silicide and silicon interface. This kimd mechanism is called “dopant



segregation”. Fig. 1-4 shows the schematic streadfiSB-MOS with dopant segregation

(DSSB-MOS). DSSB-MOS devices show the leakage oursgnificantly lower than

SB-MOS. Besides, the drive current is also sigaiiity larger than SB-MOS. This

concept has been approved in n-channel and p-ch&BARIOS [13].

silicide silicide
Source Drain

sub

[
\ Dopant segregation
layer

Fig. 1-4 The schematic structure of DSSB-MOS [13].

1-3. Metal Silicide Selection

In order to use metal silicide into device fabrioat the silicide properties must be

considered carefully. The properties include lowistvity, good thermal stability, no

metal compound formation, and low electrons ande$iobchottky barrier height.

However, there is no metal silicide that can mhesé¢ requirements. Such as Table 1-2



shows, [§Sis is stable under 500~1000 temperature range, ksltatvs high resistivity

[14,15].

Among the silicide, titanium disilicide (Tigiis the first successful metal silicide

that has been used in CMOS process due to thedsistivity and good thermal stability

[16]. But when used in DSSB-MOS, the critical drask appears which is Ti may react

with the dopants B and As [17]. The compound phage Ti and the dopant B, As

nucleates the tiny crystals at these locations &hk#icide grain boundaries are butted to

the silicide silicon interface. This compound fotioa effect renders Tigivery

ineffective as a diffusion source for As:and espidciB and leads to unacceptably high

contact resistances. For another silide materieth & YbSi,, ErSb.y, it proposed low

Schottky barrier height for electron,.however thare still serious problems such as

oxidation and “pinhole formation” during Yb sili@ation [18]. The presence of pinholes

may result in short circuits or direct contact qiper layers to Si substrate, and thus

decrease the device reliability [19].



Silicide @ bn @ bp 0 T¢ DDS Remark Ref
IrSi €.93 - 500 400-550 Si Diffusion control growth [14]
Ir;Sis C.85 --e 4000 500-1000 Si Diffusion control growth [14]
Pt,Si €.85 - 14-1¢ 200-300 Si/Pt  Diffusion control growth [14]
PtSi C.88 €.21 28-35 300-500 Si/Pt  Diffusion control growth [14]

| U5 I [— .94 350-580 1000 Si Nucleation control growth [14]
YSi, €.39 —— 69 400 Si Easy oxidation [14]
DySi; (.37 .73 250-380 300 Si Easy oxidation [14]
ErSiy.« €.39 €7 30 300-350 Si Easy oxidation [14]
YbSi,., .27 .85 34 350 Si Easy oxidation [14]
NiSi C.65 C.45 10.5-15 250-400 Ni Diffusion control growth [14]
TiSi, c.61 €.49 1C-15 750-900 Si [15]
CoSi; €.65 C.45 18 550-900 Co [15]

Table 1-2 The property of SB-MOS devices with varios silicide for source/drain
¢un: Schottky barrier height for electron, ¢ny: Schottky barrier height
for hole, p: specific resistivity, Tr. typical formation temperature, DDS:

dominant diffusion species during the silicide growh.

Recently, nickel silicide has been recognized asoanising material for SB-MOS.
For Ni film on silicon, there are three types dfcaile phases, N5i, NiSi, NiSp. For
NiSi, it has the lowest resistivity and Nj3ias the highest resistivity. NiSi is metastable
state, therefore it could be easily turn to Nifinase [20,21]. Moreover NiSi Schottky
barrier height for electrons and holes are 0.65ed @45eV, respectively, almost in the
mid-gap to silicon. Therefore, by implantation irtopant for p-type (B) and n-type (As)

followed with drive-in annealing at low temperatwan get the similar performance for



P-MOSFETs and N-MOSFETs. Therefore, NiSi presentpr@mising material for

SB-MOS technology.

1-4. Motivation

Because DSSB-MOS has been one of the most candidaiees for future years,

this works try to apply the structure on non-vdéatnemory. Commercial non-volatile

memories use poly-silicon floating gate as chatgeage material. This structure was

published by Kahng and Sze at 1967 [22]. Howewveatihg gate technology has two

major drawbacks. First, the floating-gate. memoryicks face several scaling down

challenges beyond the 45-nm technology. This istdweupling issue [23-26]. Secondly,

floating-gate memory requires high voltage apptiedng program and erase, it will put

high power consumption. In order to overcome thiasds of drawbacks, “SONOS*,

short for “silicon-oxide-nitride-oxide-silicon”, lseme one of the most attractive

candidates for flash memory. The structures foatfig gate and SONOS devices are

depicted at Fig. 1-5 and Fig. 1-6ontrary to the floating gate devices where chasge

stored in the floating gate, SONOS cell transistes nitride on top of the tunnel oxide

as a charge trapping layer. Since charges are endeptly trapped in nitride, it will

naturally immune to the capacitance coupling irtemice due to the adjacent memory



cells [23]. Therefore SONOS flash memory is ideal $caling down. Moreover, it

provides high program/erase speed compared tdahiniy gate [23-26].

High performance Schottky barrier SONOS with dopasegregation

(DSSB-SONOS) memory device is confirmed. It shovwgh lprogram speed, excellent

short channel behavior, and little damage for singscompared to conventional SONOS

device.

--------
--------

e

Fig. 1-5 The schematic structure of floating gate26].






CHAPTER 2

Operation Principles of SONOS Memory Devices
2-1. Reading Operation

In this chapter, program and erase mechanism of/alatie memory will be
introduced. For floating gate and SONOS devices,ddita stored can be determirmd
threshold voltage. The formula for charge storaageld on a shift in the threshold voltage
on nonvolatile memory device can be written as [18]

AVTH == %

C (2-1)

Where @ is charge in silicon 'semiconductor, and C is th@acitance of the gate
insulator. As shown in Fig. 2-1, when electronharged by nitride (or floating gate) the
V1y will increase, called program state. On the ottard, when electron leak out from
nitride (floating gate) or hole is charged by wmi&; the Wy will decrease, called erase

State.

11



I LZ2NN N B DN

Without electron With electron
trapped trapped

Vgs

Fig. 2-1 The concept of nonvolatile charge: storage basech a shift in the

threshold voltage [18].

2-2. Carrier Injection Mechanism

2-2.1. F-N Tunneling

For SONOS memory, when programming, electron isnéling through the
tunneling oxide and then will be trapped at nitriéieectron is hard to leak out from

nitride due to the barrier height for top and buottoxide, as shown in Fig. 2-2. As Fig.

12



Vox

2-3 shows, when the electric field built up acrasmeling oxide forE,, = higher

OX

than 4 where ¢ is for gate oxide to silicon barrier height, herntbés kinds of

OX

o : Vo .
mechanism is called F-N tunneling [27,28]. And whEg, =-2¢ is smaller than¢—,

OX TOX

called it direct tunneling. Direct tunneling is gendent to temperature, it dominate only
as the gate oxide sufficiently thick [29]. Othergji$=-N tunneling happens only at high
vertical electric field. It can be proved by usiugmneling probability T, which is given
by the WKB approximation (Wentzel-Kramers-Brillouinrmethod). Tunneling
probabilityT, is given by [30]

T, Dexp[—zj [k(x) | dX]

* * E
k(x)=,/2;3 (PE—E)=J2;3 (2-ae) (2-2)

where PE is potential energy, E is the incoming sdecenergy, Eis the band-gaps, is

the electric field, m* is the effective electron ssaFor F-N tunneling,

4em (qe)”

3gne,

Ty = exp(- ), (2-3)

From the formula, it shows F-N tunneling is onlglfi dependence. And for direct

tunneling

2d1/2qm*¢18)

Ta =exp "

: (3-4

0X

is thickness dependence.
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p-Si oxide nitride oxide

Fig. 2-2 The typical band diagram for flat band comlition, when on program

state electron is trapped at nitride, on erase statelectron leak out from

nitride.

Vox

S
S

p-Si oxide nitride

nitride

(@) (b)

OX

Fig. 2-3 The typical band diagram for (a) undeiE, <\_I{—

OX

is direct tunneling

VOX

condition (b) underE_, > is F-N tunneling condition [27-29].

OX
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2-2.2. Channel Hot Electron Tunneling

When large electric field exists, carriers will dgegh energy. And for carriers with
high energy, these kinds of carriers are called ‘dasriers”. Hot electron tunneling is
different to F-N tunneling owing to the electrongnneling tend to be trapped
spontaneously. Hot electron tunneling occurs attpiofif region wher¥,4 >V —V,,
due to large electric field at drain side regioar Eonventional SONOS, pinch-off region
is at drain side, so at drain side carriers mayseaimpact-ionization. And by
impact-ionization, it will create electron and hokairs, called “hot electron and hot hole*,
as Fig. 2-4(a) shown [31]. At the:same time -whete ggply positive bias, hot electron
may tunnel through gate oxide to nitride due tdival electric field. For flash memory,
using channel hot electron tunneling can obtainhilgbest program speed compared to
F-N tunneling. However it will also damage tunnglioxide and cause the retention

characteristics degradation. When hot electrorsbéicient high energy to overcome the

gate oxide potential barrier (3.2eV), it is callédtky electron”, as Fig. 2-5 shown [32].

15



Impact
ionization

Vo

sub

Fig. 2-4 Channel Hot Electron Injection (CHEI), at pinch-off region, strong
lateral field accelerate electrons causing impactonization, and then

electron tunnel to nitride due_to strong vertical éectric field [31].

— —— —» Lucky electron tunneling

—» " Hot electron tunneling

p-Si oxide nitride

Fig. 2-5 The typical band diagram for hot electrontunneling and lucky electron

tunneling [32].
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2-2.3. Band-to-Band Tunneling

Band to band tunneling (BTBT) mechanism has beenlyntocused on the leakage
current in MOSFETs, such as body-to-drain junctieakage and gate-induce drain
leakage (GIDL) [33]. From Fig. 2-6 shows the typicaross-sectional view of
N-MOSFETs. When a highly negative bias is appledhe gate, causing strong vertical
electric field drops at gate oxide amf region. And owing to high electric field, large
band bending occurred; electrons i region may tunnel from valence band to
conduction band, and it is called “BTBT". At thensa time, portions of holes which is
left in the valance band may also tunneling throtigl gate oxide to nitride due to
negative gate bias. C.Hu published band-to-bandelimg model at 1992. The BTBT
tunneling current depends to lateral electric fietal vertical electric field. In this work,
we choose BTBT to erase because it has the fase espeed compared to use F-N

tunneling to erase.
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silicon oxide nitride

tunneling region

(b)
Fig. 2-6 Band to band tunneling (BTBT), (a) When g applied negative bias,

and drain applied positive bias, then brings out dep depletion region
causing electrons tunnel from valance band to condtion band (b) the

typical BTBT band diagram shows hole back tunnelingo nitride [33].
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2-2.4. Thermal Emission

The thermal emission theory is derived by Beth [J4]e assumptions are (1) the
barrier heightqg, is much larger than KT, (2) under thermal equilibr, and (3) the net
current flow does not affect the equilibrium. Therent density:

J..m=[avdn (2-5)
And by using the density of states concept andlisigibution function, the formula can
be transformed to
3. .= AT? exp 3% expY) (2-6)
KT KT
where A is the Richardson constant, T is the absolute égatpre, k is the Boltzmann
constant, g is the electron charge, .V is the aggi@s across the Schottky contact, and
@ Is the effective Schottky barrier height. Fig. ZfTows the typical Schottky barrier
band diagram. When electron is tunneling from métakilicon, the on current only
depends on Schottky barrier heights. Because thet&y barrier height for electron is
remain the same and unaffected by applied voltaghesemission current is

J _=AT?expc % 7
mes Xp( kT) (2
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Fig. 2-7 The typical Schottky barrier band diagram, the emission current

depends only on barrier heights [30].
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CHAPTER 3

SB-SONOS and DSSB-SONOS

3-1. SB-SONOS Operation Principles

Since, SB-SONOS use metal silicides for sourcaidiadicating that the tunneling
current depends on the Schottky barrier heighéfectron and hole which is produced by
metal silicides. Like conventional SONOS, SB-SON@faciple is based on the control
of the channel conductivity by the gate electrodhéctvis isolated from the substrate by a
thin gate oxide layer.

When SB-SONOS operating at positive gate bigsX0,V, >0), Gate controls the
tunneling current from Schottky barrier at the seuside to channel. Typical band
diagram are sketched in Fig. 3-1(a) and (b) [34-B®ider low gate bias, small tunneling
current inject from source to channel which is tedi by large band width. At low gate
bias, the current is dominated by thermionic emrssAs the gate voltage increases, the
barrier width become narrow due to the band bendiagsing electron easily tunnel to
channel. At high electric field, the current is doated by field emission, as shown in

Fig. 3-1(b).
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electron

Vg increase

Source

channel

Drain

(@)

————— # Thermal emission

- — >
Schottky barrier

tunneling

(b)
Fig. 3-1 (a) The band diagram for SB-SONOS wheny#0, Vp>0. By increasing

the Vg, larger band bending occurred and then causing et¢rons much
easily tunnel through the barrier from source to ctannel. (b) From the
band diagram plot it shows that Schottky barrier tunneling is much

faster than thermal emission tunneling [34-36].
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When SB-SONOS operating at negative gate Bigs<(0,V, >0), hole also pass
through Schottky barrier to form hole channel. $amto on state, as increasing the
negative gate bias, the barrier width for hole Inee® narrowing, thereby reduce the hole
tunneling distance, causing large drain curremtegfative bias, the typical band diagram
is sketched in Fig. 3-2 [34-36]. In order to elimi@ the ambipolar behavior, different
metal silicide material is performed. Different &l has different Schottky barrier
height for electron ¢) and hole §,). For N-type SONOS, it use EpSi~ YbSix« or
DySi,« to form silicide, due to low Schottky barrier higigor electron. And for P-type
SONOS, it use PtSi due to low Schottky:barrier hefgr hole [37-41].

Vg decrease

Source

Channel

Fig. 3-2 The band diagram for SB-SONOS when §40, Vp>0. By decreasing the

Vg, the band bending is getting sharper and then causy holes much

easily tunnel through the barrier from drain to channel [34-36].
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3-2. DSSB-SONO%®)peration Principles

However using different metal silicide is indeedn@hate ambipolar effect, but for
CMOS technology, the process with dual-silicidd@d to receive, because each metal
silicide shows particular forming temperature. Hiere, DSSB-SONOS has been
demonstrated to improve the performance. From the @ can find out that
DSSB-SONOS shows large on/off current ratio compdoe SB-SONOS, as shown in

Fig. 3-3.

e—m==\\/|thOUt dOpant
1E-4d With dopant segregation for
== annealing 30 sec
annealing 60 sec
=== gnnealing 90 sec
annealing 120 sec

W=3um,L=0.5um

1E-54

1E-64

1E-74

I,(A)

1E-84

1E-O
1E-104
1E-11
8 -6 4 -2 2 4 6 8

0
Vs(V)

Fig. 3-3 The I-V characteristic for SB-SONOS and DSB-SONOS devices.
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The difference transfer characteristics between dewices can be considered by
energy band bending along the channel. Typical lhagram is shown in Fig. 3-4. For
SB-SONOS with doping & it shows that when under positive gate bias, lihed
bending of conduction band can lower the effec8ebottky barrier height at source side
region, increasing the drive current. On the oth@&nd, under negative gate bias, the
band bending of valance band can widen the Schotkyer width at drain side region,
minimize the hole leakage current. And it shows degice with doping A for dopant
segregation, the |-V characteristic is similar tineentional N-MOSFETSs, that means

DSSB-SONOS can be used for N-type SONOS and PSZieOS.

Dopant segregation width

N

NVSB-SONOS

Source N V\

DSSB-SONOS

(@)
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N\

i..

DSSB-SONOS

N

Dopant segregation width

(b)

Fig. 3-4 The band diagram for-SB-SONOS and DSSB-SADE (a) at on-state it
shows that SB-SONOS with dopant segregation have r¢ger band
bending, causing large on-state current. (b) at offtate it shows that
SB-SONOS with dopant segregation have larger bandeimding, causing
band width larger near the drain side and suppresshe off-state current

[34-36).

3-3. DSSB-SONOS with SOI Substrate

Using Schottky barriers as the source/drain junstifiowever, has its downside that

can not control the silicide and dopant segregadepth, and will cause the performance

un-stability. And it is well known that the dopaobncentration peak decreases with
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increasing the NiSi thickness [42]. Hence, SB-SON®&ttempted to use SOI substrate
to replace bulk substrate, in order to controlditieide depth. Recently, a study of the Si
body thickness in SOI substrate has also reveddedrterest of ultra thin (~10 nm)
channel thickness in order to increase the driveeati [43]. The reason is that, the shape
of the Schottky barrier is dependent on the Si bibiigkness. Moreover, by using SOI
substrate could also decrease the sub-thresholtigswihe typical formula for

sub-threshold swing is [30]:

sOKT n1o* @+ o) (3-1)
q C

where C, is the depletion-layer capacitanc€,, is gate oxide capacitance. For bulk
substrate, the sub-threshold swing value can beedsed to 60 (mV/decade) when

decreasing the gate oxide thicknesses. ‘For SOI rwdfe typical formula for

sub-threshold swing is:

1 1 1
KT c.c.'c
S D— |n1(x ox1 si ox2 ) (3_2)
q 1,1
C, C

Where C_,, is gate oxide capacitance;, is silicon across capacitanc&; , is

ox2

buried oxide capacitance. When buried oxide is mildtker than gate oxide and the

silicon, then

soX imo (3-3)
q

The sub-threshold swing value could be decreasechittmum value, and then
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improve the device performance. For conventionalN&S, electrons use thermal
emission to overcome the barrier heights. HoweRD&SB-SONOS with SOI Substrate
could obtain much smaller sub-threshold swing bseati use tunneling rather than

thermal emission, as the Fig. 3-1(b) shows [34-36].

3-4. Source Side Injection

Fig. 3-5 shows the injection mechanism for comardl SONOS and
DSSB-SONOS. For conventional SONOS, hot electraméling occurs at pinch-off
region wher® ¢ >V, —V,, due to large . electric field at drain side regi®mnch-off
region is at drain side, so at drain side carrrees/ cause impact-ionization. And by
impact-ionization, it will create electron and hglairs. At the same time, when gate
apply positive bias, hot electron may tunnel thioggte oxide to nitride due to vertical
electric field, as shown in Fig. 2-4. However, BESB-SONOS, when the program
condition of \6>0 and \6>0, large band bending occurs at source side regience
electron can easily tunnel through the Schottkyi®arAnd then, owing to drain side
region has low vertical electrical field comparedsburce-side region @&>Vep), charge
may be trapped at source side rather than dra@ bkldnce, for DSSB-SONOS, charge
injects to source side region; for conventional SXB\ charge injects to drain side region

[44].
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Poly

— jDSSB

Source Drain

Conventrnal

Buried oxide

(@)

Conventional

Source Drain

(b)
Fig. 3-5 (a) The difference between DSSB-SONOS ancbnventional
SONOS devices in terms of charge injection of holextrons. For
DSSB- SONOS devices, charge inject to source sidedafor
conventional SONOS devices, charge inject to draiside (b) The
typical energy band diagram of DSSB-SONOS and the

conventional SONOS devices [44].
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CHAPTER 4

Fabrication and Characterization Methods

4-1. Device Fabrication

The process flow of SB-SONOS, DSSB-SONOS, and auiveal SONOS devices
are shown from Fig. 4-1 to Fig. 4-5. The startingtenial was boron-doped 6 inch test
wafer with a resistivity of 4~1@0-cm. At first, a 550 nm thick thermal oxide was\gro
to form buried oxide which was deposited by hortabfurnace, and then followed by a
conformal deposition of 60 nm thick-amorphous &tS{) layer. Sequentially, a
solid-phase-crystallization (SPC) at 800n-a;N; ambient for 24 hours was performed to
transform thea-Si into poly-Si. Afterward, through I-line steppand TCP9400-poly

etcher to define active region, as shown in Fid. 4-
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STD clean

Fig. 4-1 Key fabrication and process flow:of activeegion.

After active region forming, a 4 nm thick Si@as grown to form tunneling layer

which was deposited by vertical furnace. Sequédwptial8 nm thick nitride (as trapping

L
550-nm wet oxide

L

60-nm o — Si
L

24hr 600°C annealing

]

P-R coating
!

Active region alignment
)
Development
L
Active region evching
)

layer) and 12 nm thick tetra-ethl-ortho-silicatee(S) SiQ (as blocking layer) films

were deposited by horizontal furnace. At last 1@9 thick phosphorous in-situ doped
poly was sequentially deposited for gate electrollben we use I-line stepper,

TCP9400-poly etcher and TEL5000-oxide etcher tandefjate region, as shown in Fig.

4-2.

31




Poly-Si RCA clean

4-nm dry oxide

§-nm nitride

12-nm TEOS

100-nm doped poly

P-R coating

Gate alignment

Development

Gate etching

Fig. 4-2 Key fabrication and process flow of gateegion.

For conventional SONOS device, after gate regiomiiog, as shown in Fig. 4-2, a
150 nm thick TEOS was grown to form sidewall spawedrich was deposited by
horizontal furnace and then followed with plasmehetg by TEL5000-oxide etcher.

Then, implant As with energy 10keV and doSe10°cm? into active region. Before

activation annealing, use DHF (50:1) to remove nlagive oxide then followed with

activation annealing for 1100 10seconds, as shown in Fig. 4-3.
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S/D implant As

Dopant segregation
annealing

STD clean

150-nm TEOS

Spacer etching

5C:1 DHF

Fig. 4-3 Key fabrication and process flow of convedional SONOS device.

For SB-SONOS and DSSB-SONOS devices, after gaterrédgrming, as shown in
Fig. 4-2, a 150 nm thick TEOS was deposited by Zoorial furnace and etched by
TEL5000 oxide etcher to form sidewall spacer. Aftard, 20 nm thick nickel and 10 nm

thick titanium nitride was deposited by FSE Clugt®D. And then proposed self-aligned
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silicidation by using rapid-thermal annealing (RTi&j one step annealing and two step

annealing. For one step annealing, the RTA protesg 550C in a N, ambient for

30seconds, and for two step annealing, the formphogess is at 300 in a N, ambient

for 15~60 minutes, owing to find the best firstpsanealing time, and then following

with RTA at 550C in a Nb ambient for 30seconds to transform formito NiSi. The

sheet resistance for NiSi is @81. And the un-reacted Ni was removed by8By/H,0;

(3:1) solution. Hence, NiSi was formed at sourc@fdand gate region. The SB-SONOS

process was then performed and the resulting steict shown in Fig. 4-4.

B e e 0, )
Weeltltteted

P i 50:1 DHF

20-nm Ni deposition

10-nm TiN deposition

Annealing 300°C

Remove unreacted Ni

Annealing 550°C

l

Fig. 4-4 Key fabrication and process flow of SB-SOBS device.
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To improve SB-SONOS characteristics, ITS technigqaee used which is implanted
As to the silicide with energy 10keV and with thesd 5x10"°cm? to formed
DSSB-SONOS. And then followed with RTA at 500 600C - 700C in aN, ambient for
30seconds 60seconds 90seconds 120seconds to activate dopant. After activation
annealing, dopant will segregate at silicide andn&rface, as shown in Fig 4-5. For
different activation annealing time, different dopaegregated width at interface will get,

so could obtain different I-V characteristics.

s
RRASSNESH

S/D implant As

Dopant segregation
annealing

Fig. 4-5 Key fabrication and process flow of DSSBGNOS device.
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For material analysis like XRD and sheet resistameasurement, since different
NiSi thickness will cause different sheet resiséarsp we use the structure for NiSi on
poly silicon. The starting wafer was boron-dopethéh test wafer with a resistivity of
4~10@2-cm. a 550 nm thick thermal oxide was grown to fdramied oxide which was
deposited by horizontal furnace, and then followgda conformal deposition of 60 nm
thick amorphous SiafSi) layer. Sequentially, a solid-phase-crystatima (SPC) at 600
‘C ina N, ambient for 24 hours was performed to transforeutSi into poly-Si.

Then, 20 nm thick nickel and 10 nm thick titaniumtride was deposited by FSE
Cluster PVD. Afterward, proposed..self-aligned silation by using rapid-thermal
annealing (RTA) at 300 ~750C- for 30seconds in a N2 ambient to obtain the sheet
resistances versus annealing temperature plotNFRirXRD analysis, the wafers apply
the same condition to DSSB-SONOS devices of twp stenealing. The process is

shown in Fig. 4-6.
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Second step annealing

Fig. 4-6 Key fabrication and process.flow of NiSiw poly silicon.

4-2. Microstructure Characterization and Analysis

4-2.1 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is used for phase identditon of a crystalline material and
can determined crystal structure. It provides imfation on structures, phases, and other
structural parameters, such as average grain @igstal defects. The X-ray Diffraction
analysis is performed by usingf&2scan from 2theta (20) to 2theta (80) and use

Reciprocal space mapping to obtain crystalline medtand crystal phase. The peak of
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X-ray diffraction is produced by constructive iritere of the monochromatic beam
scattered from each set of lattice planes at gpeaifgles. In this work, we use XRD

system to analyze the crystalline status of Nigi.fi (In NDL)

4-2.2 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) is a type ofted@ microscope that images
the sample surface by scanning it with a high-en&eam of electrons in a raster scan
pattern. The SEM analysis is performed with 15 kWederating voltage and enlargement

factor of 55000. (In NDL)

4-2.3 Secondary lon Mass :Spectrometry (SIMS)

Secondary ion mass spectrometry (SIMS) is an anagthnique to analyze the
composition of solid phase and thin films by spurtige the surface of the specimen with a
focused primary ion beam and collecting and anatyzejected secondary ions.
Secondary ions which are formed during the spuigearre extracted and analyzed using
a mass spectrometer. It can provide elemental datiies over a depth range from a

few angstroms to tens of microns. (In NDL)

4-2.4 Transmission electron microscope (TEM)

The cross section of fabricated sample could berobd by usingTransmission
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electron microscope (TEM). The principle of TEM @milar to that of optical
microscope. In TEM, observation is made in an uliigh vacuum condition, where an
electron beam is focused onto the sample by udegjremagnetic lenses Because the
wavelength of the electron beam is less than thasible spectra, the resolution of TEM
is higher than that of the conventional optical nmécope. In this work, the SB-SONOS
is prepared by using a focus ion beam (FIB) systgth FEI Tecnai™ G2 F-20 for

observing the structure. (In MA-tek.)

4-2.5 Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) is aalwical technique used for the
elemental analysis or chemical characterizatioa sample. It is one of the variants of
X-ray fluorescence spectroscopy which relies onitivestigation of a sample through
interactions between electromagnetic radiation madter, analyzing X-rays emitted by
the matter in response to being hit with chargadigles. In this work, the source/drain
region for SB-SONOS is analyzed by using 200ke\tctebm beam to analyze the

silicided region. (In MA-tek.)

4-3 Electrical Measurements

The measurement system combined Keithley 4200 arske pgenerate card for

4205-PG2 is used to measure I-V, retention and r@nde characteristics of SB-SONQOS,
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DSSB-SONOS and conventional SONOS devices.

For programming operation, a positive voltageapplied to the gate in order to
cause a strong electric field and the tunnelingle€trons induced in the channel through
the thin tunnel oxide layer and captured by thpgnag centers in the storage nitride layer.
For erasing operation, source is grounded, draimapglied positive voltage, and a
negative voltage is applied to the gate in ordetetdrap the electrons stored in the nitride
layer.

The retention characteristic refers to the abibfythe memory cell to keep the
trapped charge over a period of time, to retain shmed data information. When
measurement, we place sample over a period of (tiser, 10sec, 100sec,*46c, 10sec
and 10sec) and then get thg-Vgsplot to observe the threshold voltage. The 10 years
line is extracted by extension line. The extendina starts from the IGec to 1Bsec
and then extends the line to 10 years.

For endurance characteristic refers to the reltgbdf the memory cell which is
defined by the number of P/E cycles that canrgilin acceptable P/E window on device
without failure. However, P/E operations of flaslemory are applied with a very high
voltage hence the energetic carriers would degthdetunneling oxide and nitride
trapping layer. This work will stress the sampleétwi(® times P/E cycles to to observe

the threshold voltage degradation. (In NTHU)
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CHAPTER 5

Results and Discussion

5-1. Material Analysis

Fig. 5-1 shows the temperature window for NiSsHbws Ni film on silicon, there
are three types of silicide phases,i NiSi, NiSp which are formed at temperature
300C, 500C, 750C, respectively. Among the three types of silicideges, NiSihas
the highest resistivity, N6i has the sheet resistance abow/tland NiSi has the lowest
resistivity with sheet resistance abo/d: For NiSi, which is metastable state, could be

easily turn to NiSiphase at 700 -and increase the sheet resistance, as shown.ib-fig
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Fig. 5-1 Sheet resistances of nickel silicide filnms a function of annealing

temperature.

Table 5-1 shows the sheet resistances of NiShadivs one step annealing for 550
30 seconds and two step annealing for B0@5minutes~60minutes following with
550C 30 seconds. For one step annealing, the shestaese is 4.20/o and for two
step annealing, the sheet resistances are QA684.74)/o, 4.2/n, 4.510/o,
respectively for the first step annealing 30015minutes, 30minutes, 45minutes,
60minutes following with the second step anneab®@C 30 seconds. And Fig. 5-2
shows the X-ray Diffraction (XRD) of the siliciderftwo step annealing. From the above
data, it can be found that 3Q045minutes is the suitable annealing conditioncianf

Ni,Si and then using rapid thermal annealing (RTA)6580 seconds to transfer from
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Ni,Si phase to NiSi phase.

Rsp(Q2/[)
One step annealing
550°C, 30sec 4.22
Two step annealing
1*: 300°C, 15min 13.37
2" 550°C, 30sec 4.68
1*: 300°C, 30min 13.74
2" 550°C, 30sec 4.74
1*: 300°C, 15min 11.76
2" 550°C, 30sec 4.29
1*: 300°C, 15min 12.33
2" 550°C, 30sec 451

Table 5-1 Sheet resistances of nickel silicide witlsilicidation for different

annealing condition.

NiSi (0 0 2)
NiSi (11 1)
NiSi (112
NiSi (2 1 1)
NiSi (1 0 3)
NiSi (0 2 0)

Si(111)

300°C 45min+550°C 30sec

Intensity(arbitrary units)

Ni,Si (211)
Ni,Si (22 0)
Ni,Si(121)

Si(220)
Si311)

2

< : 300°C 45min

20 30 40 50 60 70 80
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NiSi (11 2)
NiSi (2 1 1)

NiSi (1 0 3)

iSi (002)
NiSi (0 2 0)

NiSi (11 1)
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n

300°C 60min+550°C 30sec

o v

300°C 45min+550°C 30sec

300°C 30min+550°C 30sec

Intensity(arbitrary units)

300°C 15min+550°C 30sec

20 30 40 5b 60 70 80
2Theta(®)

(b)

Fig. 5-2 (a)XRD spectra of Ni silicide with' first $ep annealing for 300C, 45
minutes and two step annealing for 300, 45 minutes followed with 550
°C, 30 seconds for second step(b) XRD spectra of $icide for different
first step annealing time followed with 55CC, 30 seconds for second step.

5-2. The Characteristics of SB-SONOS and DSSB-SONOQ&mory

Devices

The DSSB-SONOS device is determined by cross-sedtimansmission electron
microscope (TEM) image, as shown in Fig. 5-3. Thekihess of tunneling oxide is about
4.4 nm, trapping layer is about 7.1 nm, and blogkaxide is about 12.9 nm. From
energy-dispersive x-ray spectroscopy (EDX) analgsipoint A and B labeled in Fig.
5-4(a), it is observed that the silicided doesnivgh into the channel region.

44



piin '?..rJ’

%@ ;'a-f_ﬂz* *“‘T;‘k"“

45



Si

si Ni
\ 1 1 lA l
lul..ﬁ i LR b de bl b bk I e ;Il.ihu i a N LRI R L L 'udl Jl
200 4.00 6.00 §.00 2.00 4.00

6.00 8.00

(b)
Fig. 5-4 (&)TEM image of DSSB-SONOS for source/drai structure (b) The

EDX analysis data of point A and point B.

Fig. 5-5 shows the current-voltage characteristwith shifting the fresh state of

threshold voltage to the same value. . The figurkides the fresh state, the program state,

and the erase state of three devices, respectivel$B-SONOS, DSSB-SONOS, and

conventional SONOS devices. From.the_ figure, itvehthat different types of devices

have different I-V characteristics, sub-thresholding, and memory window, and

different P/E speed, retention, endurance chaiatts: From Fig. 5-5, it shows that

DSSB-SONOS devices have the largest on currensaral sub-threshold swing. And

SB-SONOS devices have largest memory window botstiew the small on current. All

of the performances for SB-SONOS, DSSB-SONOS, amyentional SONOS devices

will be discussed in this work.
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Fig. 5-5 Current-voltage characteristics_ of convembnal SONOS, SB-SONOS,
and DSSB-SONOS devices with shifting the fresh swtof threshold

voltage to the same value.

Fig. 5-6 shows theptVs characteristics of the three devices, the devaresfor
channel length @m and width @m. DSSB-SONOS devices show the better
sub-threshold swing and larger on current. Thecgla was stated in the previous
chapter. DSSB-SONOS devices have larger on cutiiantconventional SONOS devices,
due to low parasitic resistance. And SB-SONOS dmsvighow small on current about10
order, due to approximate constant potential atcgoside region, as shown in Fig. 3-1

and Fig. 3-2. And the current density formula iewsh in below.
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J, . =AT? exp(—%) (-7
according to the formula, it shows that the curdeisity depends to the Schottky barrier
height. Since, SB-SONOS has larger Schottky bah@&ght and barrier width, causing
low drive current.

DSSB-SONOS devices provide higher on current atidift order, due to high
electric field at source side region, causing labged bending and then electron can
easily tunnel from source to channel, as shownign &4(a). Moreover, DSSB-SONOS
devices show small leakage current. The reasonldse due to band bending.
DSSB-SONOS devices show large_Schottky barriertwattdrain side region, causing
leakage current is suppressed, as shown in Figb)3-Bor SB-SONOS, because we
apply drain voltage to 3V so it shows the leakageent is larger than drive current. In
other words, on state bias{}¢8V) is smaller than off state bias{d¥=11V), causing
larger leakage current.

The b-Vg characteristics also show the subthreshold swiifgrence between
SB-SONOS, DSSB-SONOS, and conventional SONOS devismce, DSSB-SONOS
devices rely on Schottky barrier tunneling for draurren; on the contrary, conventional
SONOS devices rely on thermal emission, as showsign3-1(b). It is well known that
tunneling is much faster than thermal emission iamsl the reason why DSSB-SONOS

devices have small subthreshold swing and smgMslue.
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Fig. 5-6 Ib-Vs characteristics = of  conventional SONOS, SB-SONOS, nd

DSSB-SONOS devices.

Fig. 5-7 and Fig. 5-8 show theg-V¢ characteristics of conventional SONOS and

DSSB-SONOS devices with different channel lengBwth two devices show that the on

current significantly increases with reducing tlamnel length. It can be found that for

conventional SONOS devices, the threshold voltageifecantly increase from 4.78V,

6.89V, 7.83V, to 8.44V, respectively for channetidéh 0.um, Ium, Sum, 2Qum. That

means short-channel effect is performed. Howev&SB-SONOS devices show little

threshold voltage degradation when reducing chatergyth. The threshold voltage

merely increases from 4.05V, 4.38V, 4.45V, to 4.8&%pectively for channel length
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0.5um, 1um, 5um, 20um. For SB-SONOS and DSSB-SONiQ%e metal silicide for

source/drain, and it may cause MILC effect. Howewem Fig. 5-4(b), it shows Ni

concentration is too small that MILC effect is rapparently. So the explanation for the

phenomenon is owing to Schottky barrier height leetwmetal silicides and Si interface

remains approximately constant, therefore shortwcbkeffect (SCE) can be eliminated.

For conventional SONOS devices, when decreasingchiamnel length, drain induce

barrier lowering (DIBL) effect is occurred, causisgrious short channel effect.

Conventional -SONOS

V.V)

Fig. 5-7 Transfer characteristics of conventional SNOS devices with different

channel lengths.
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Fig. 5-8 Transfer characteristics of DSSB-SONOS d@es with different channel

lengths.

Fig. 5-9 shows the memory window of DSSB-SONOS dewviwith different
channel lengths. ThedVs curves started from fresh state, and then apply-10V and
Vp=5V to erase. Afterward, applyc#10V and \46=5V to program in order to get the
memory window. It shows that when increasing thenciel length the memory window

decrease from 2.9V to 0.2V for channel length f@Bum to 2Qum.
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Fig. 5-9 Memory window of DSSB-SONOS devices withifterent channel

lengths (a) 0.5um (b) 1um(c) 5um (d) 20um.
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5-3. The Program and Erase Characteristics of SB-S00S and

DSSB-SONOS Memory Devices

As shown in Fig. 5-9, when increasing the chaneagth, the memory window
decreases. This is due to source side injectionhamsm. When programming, for
program condition of ¥=10V and \b=5V, large band bending occurs at source side
region, hence electron can easily tunnel throughStthottky barrier. And then, owing to
drain side region has low vertical electrical fiekdmpared to source-side region
(Ves>Vep), charge may be trapped at source side ratherditzan side, as shown in Fig.
3-5 [44].

It is well known that under-the same program/ef&E) condition, the number of
electron trapped is the same. So when Fig. 5-9 shtw phenomenon of the larger
channel length has smaller memory window, the measaht be the ratio of trapped
charge ratio relative to the channel length. Sinee-uniformed trapped, which means
source side injection, by increasing the channegtte the non-uniformed trapped may
have small effect on long channel devices. And the possible reason for the memory
window decreasing when increasing the channel ttertgbwever, source side injection
has not been proven, therefore this work will toy use programming and erasing

characteristics to prove this mechanism.
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For non-volatiie memory device, one of the most onignt characteristics is
program/erase speed. Fig. 5-10(a) shows the progmead of conventional SONOS,
SB-SONOS, and DSSB-SONOS devices wigr¥0V and \b6=5V. SB-SONOS devices
have fast programming speed for the threshold gel&hift nearly to 3V with program
time of 10* seconds. And conventional SONOS shows slow progring speed for the
threshold voltage shift nearly to 1V with progranmeé of 10* seconds. For
conventional SONOS devices, they use thermal eomsgther than SB-SONOS and
DSSB-SONOS devices use Schottky barrier tunnebngftain drain current. That is the
reason why causing conventional SONOS devices slaveer program speed, as shown
in Fig. 3-1. And for SB-SONOS and DSSB-SONOS desi@B-SONOS devices show
faster program speed compared to BSSB-SONOS dewwesg to SB-SONOS devices
have larger injection position compared to DSSB-&8@Njevices which only have small
injection position at source side, causing largemaory window, the typical sketch as
shown in Fig. 5-10(b). And Fig. 5-9 also shows tkhort channel length device gets
larger memory window. Therefore it can concludet tlaager injection position cause
larger threshold voltage shift and that is reasdry MB-SONOS devices have fast
program speed.

From programming characteristics, as shown in 5ig0, DSSB-SONOS devices

have larger threshold voltage shift with programetiof 10" and 10 seconds. Owing to
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DSSB-SONOS devices have larger electric field airs® side region compared to
SB-SONOS devices. But when increasing the programgritime, SB-SONOS devices
show larger threshold voltage shift, due to laiggction position for electrons, causing

larger memory window.

=== conventional-SONOS
=== SB-SONOS
DSSB-SONOS

N w N )] (o2} ~
. 2 . 92 . 2 . 2 . 2

Threshold voltage shiftv)

Vd=5V
Vg=10V

o
8

1E-8 1E-7 1E6 1E5 1E4 1E-3 001 01 1
Program time(sec)

@

!
SB-SONOS DSSB-SONOS

(b)
Fig. 5-10(a) The program characteristics of convdional SONOS, SB-SONOS,
DSSB-SONOS devices. (b) The typical sketch for inggon position of

SB-SONOS and DSSB-SONOS devices.
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Fig. 5-11 shows the erase speed of conventional G&NSB-SONOS, and
DSSB-SONOS devices. SB-SONOS devices show theefase speed for the threshold
voltage shift nearly to 2V with erase time 80" seconds compared to the other devices.
The fast erase speed for SB-SONOS devices areodambipolar effect which causing
hole can easily tunnel through to channel, as shiowiFig. 3-2. However, SB-SONOS
devices show small on current that makes it hawifferentiate between “0” and “1”, as
shown in Fig. 5-12. The on/off ratio is mer8lp3x10". In order to overcome the
problem, DSSB-SONOS devices have been attemptadpiace SB-SONOS, due to
large on current. In other words, sacrifice the mgnwindow and programming speed to

obtain higher on-off ratio.

0Od O o
—~ Q
> 14 .
p= === conventional-SONOS
= DSSB-SONOS
g 24  =='w=SB-SONOS Q
o
8
g ‘3- {(:)t
o
2
0 -44
o
ey
— Vg=-10

-59 Vd=5V

oy vy vy oy —y oy vy
1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10

Erase time(sec)

Fig. 5-11 The erase characteristics of conventionalSONOS, SB-SONOS,

DSSB-SONOS devices.
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Fig. 5-12 Transfer characteristics of SB-SONOS deses.

The activation temperature-is the most important@ss parameter to form dopant
segregation. The transfer characteristics of DSSBISS devices with different
activation condition are listed in Table 5-2. Frorable 5-2, it shows the transfer
characteristics for annealing condition from %0@0seconds, 60 seconds, &D(B0
seconds, 60 seconds, 90 seconds, 120 secondsQ fo® 30 seconds, 60 seconds. It
shows the tendency for activation temperature GQ@he on current increases with
increasing the activation time. For 600 the on current decreases with increasing the
activation time. And for 70Q, it is found the on current decreasing signifibant

especially for short channel device.
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RTA
. lon(pA) loff (pA) Vc@-8V(nA) fllon/loff
(for activation)
Temp('C) [Time(sec. (Vc@0.6V) @Vp=3V
Device Width=3um, Length=1um
30 77.69 45.14 24.35 [1.7 x1¢
500
60 114.66 59.97 106.65 [[1.9 x16
30 22.01 40.49 513 [5.4 x10
600 60 12.59 17.77 324 [7.1x16
90 14.79 24.23 7.06 [b6.1 x16
120 7.88 22.53 3.40 3.5 x10
30 X X X X
700
60 X X X X
Device Width=3um, Length=10um
30 0.18 93.34 1765.1 ||1.95 x16
700
60 0.095 19.74 503.7 ||4.81 x16

Table 5-2 The transfer characteristics of DSSB-SON® devices with dopant
activation annealing at 500C for 30semnds, 60seconds, 600 for
30seconds, 60seconds, 90seconds, 120seconds, an@C 7Cor

30seconds, 60seconds.
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Fig. 5-13 Programming characteristics of DSSB-SONO@S@evices with different

activation condition.

This result is attributed to dopant segregationthvitiVhen activation temperature at
500C 30seconds, it shows insufficient thermal budgetising insufficient dopant
segregation width at Si and NiSi interface. Whenrgasing the annealing time to
60seconds, dopant segregation width increase, @gngyiarge band bending at source
side region. Hence, the on current increases faivadion temperature at 5Q0
60seconds compared to activation temperature af 580seconds. The result can also be
responded at program speed, as shown in Fig. Bify35-13 shows the program speed
for different annealing condition of DSSB-SONOS ahventional SONOS devices.

For DSSB-SONOS devices with activation conditiorb@0C 30seconds, small electric
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field is across at source side region, owing toemugh dopant concentration segregate
at silicide and silicon interface. When increasthg annealing time to 60seconds, the
program speed increase significantly due to endligimal budgets for dopant activation.
The SIMS spectra for activation condition of 80@re shown in Fig. 5-14. For annealing
temperature to 600, it is found that the on current and program spgecteases with
increasing annealing time, owing to dopant segregatidth increases. And cause the
Schottky barrier junction approach to p-n junctiam,other word, the advantage for
DSSB-SONOS will disappear. It can be shown at &5, when annealing temperature
increase to 600 90 seconds, program, speed is approach to conmeht80ONOS. The

SIMS spectra for activation condition of 600are shown in Fig. 5-15.

Intensity(count/sec)

—— As 50°C 30sec.
—— As 50°C 60sec.

(atom/cm)
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m
[EEY
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n

[
m
=
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Fig. 5-14 The SIMS depth profile of Ni, Si, and Asvith 500°C activation annealing.
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Fig. 5-15 The SIMS depth profile of As'with. 60T activation annealing.

Fig. 5-16 propose the erase ‘speed witg=X2V and \6=5V, it shows that
DSSB-SONOS devices have poor erase efficiency, @win DSSB-SONOS devices
minimize hole tunneling to channel, hence the esgssed is slow. And SB-SONOS
devices have high erase efficiency, due to amhipeféect. It is well known that
SB-SONOS have large leakage currents, causing tente easily tunnel to channel
furthermore causing large number of hole tunnelitode, due to vertical electric field,

as shown in Fig. 3-4(b).
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Fig. 5-16 Erasing characteristics of DSSB-SONOS dees with different activation

condition.

For activation condition of 700 30seconds and 60 seconds, it shows that devices
degrade significantly, owing to NiSi is transformito NiSp phase. It is well known that
NiSi, phase have higher resistivity, moreover the pheman for NiSi agglomeration is
occurred, causing the broken circitig. 5-17 shows the top view of source/drain for
DSSB-SONOS devices with different activation tinted aactivation temperature. Fig.
5-18 shows the SEM image for annealing T00It can be clearly found that NiSi
agglomeration is occurred. And that is the reasdry whe performance degrades

significantly for activation condition of 700 30sec and 60sec DSSB-SONOS devices
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[26].

Fig. 5-17 Top view of source/drain fo?iﬁﬁB-SONOS ith activation time (a) 600C

30seconds (b) 60¢ 120seconds (c) 700 30seconds (d) 708 60seconds.

&

SEl 150KV X55000 100nm WD 8.2mm

Fig. 5-18 SEM image of NiSi with activation temperture at 700C.
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5-4. The Characteristics of SB-SONOS and DSSB-SONQ&mory

Devices by Using Different Method for Programming

In order to prove that SB-SONOS devices demonsthatesource-side injection of
hot electrons that achieves high-speed programmniinig. time try to use F-N tunneling
and CHEI mechanism for programming. Fig. 5-19(agvah the program speed with
different drain bias of 5V, 6V, 7V, 8V for DSSB-S@$ devices and Fig. 5-19 (b) are for
the conventional SONOS devices. For conventionalS6 devices, the program speed
increase when increasing drain bias. Since usin@ldbr programming, charges get
energy at drain side region. So when_increasing dvias, lateral electric field increase
and causing electron gain energy tunneling todetat drain side region, as shown in Fig.
2-4 [31]. However the behavior for DSSB-SONOS desids exactly different to
conventional SONOS devices. DSSB-SONOS devices ghewsame program speed
when applying different drain bias. For DSSB-SON@Syses source side injection
mechanism, which means independent to drain bres,téndency is similar to F-N
tunneling; causing the program speed only dependgate to source bias. Later, it will
use F-N tunneling for programming to prove thatrsewside injection is similar to F-N

tunneling.
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Fig. 5-19 Programming characteristics of (a) DSSBINOS devices (b) conventional

SONOS devices with different drain bias for 5V, 6V7V, 8V.

66



Fig. 5-20(a) shows the program speed with gate b8V, 10V, 12V for
DSSB-SONOS devices and Fig. 5-20(b) are for theveotional SONOS devices. When
using F-N tunneling for programming, it is foundathboth conventional SONOS and
DSSB-SONOS devices have the tendency for the pmogspeed increases with
increasing the gate bias. Moreover it can also lieiwved that both devices have the
same program speed. When programming, both deeidebit Vry shift about 2V, under
the program condition of 310V with program time ofL0* seconds. It is well known
that when using F-N mechanism for programming,gfegram speed is only related to

vertical electric field, as shown in formula 2-F{29].

4em (qe)”

3gne,

Ty = exp(- ), (2-3)

Moreover, Fig. 5-19(a) also shows the thresholifage shift nearly to 2V when
programming with \é=10V and \b=5~8V with program time ofLl0* seconds. It shows
almost the same program speed by using F-N turgetirechanism and CHEI
mechanism. Therefore, it can be concluded that DSSBIOS devices use source side
injection for programming and the mechanism is €lés F-N tunneling mechanism

rather than CHEI mechanism.
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Fig. 5-20 Programming characteristics of (a) DSSBGNOS (b) conventional

SONOS devices with different gate bias for 8V, 10\,2V.
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5-5. The Retention and Endurance Characteristic 06B-SONOS and

DSSB-SONOS Memory Devices

The charge retention performance of conventiondS6 and SB-SONOS devices
are compared in Fig. 5-21. The programming condlii® V=10V and \b=5V with
program time one second. And the erasing condiforsz=-12V and \6=5V with erase
time five seconds. The memory window is expectedawe 0.7V and 4.3V respectively
for conventional SONOS and SB-SONOS devices afieryears at room temperature.

Owing to SB-SONOS has large memory window comp#resbnventional SONOS.

conventional-SONOS
=== Pro(1lsec)

=== Fra(5sec)
SB-SONOS

=== Pro(1sec)

=== Fra(5sec)

1} ~0.7v

4| ~6.9v

Retention Time(sec)

Fig. 5-21 Retention characteristics of conventiondsONOS and SB-SONOS devices
at room temperature.
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Fig. 5-22 shows the fresh state and post cycledntieh characteristics of
DSSB-SONOS devices. The program condition 20V and \b=5V with program
time 50ms and the erase condition is=¥12V and \6=5V with erase time 500ms. For
DSSB-SONOS devices at fresh state, the memory wirdkcrease from 4V to 3.2V and
for devices with10* times P/E cycles, the memory window decrease t®V to 1.2V.
Compared with fresh state device, post cycled @svahows Y increasing in program
state and erase state. This is due to interfagmech For DSSB-SONOS, aftdi0’
times P/E stressed, tunneling oxide might be dachaggising interface states increased.
The phenomenon for 1y increasing.might be caused by the electrons tcpe
tunneling oxide interface. Fig: 5-23  shows the eadoe characteristics of
DSSB-SONOS devices. It shows theyVsignificantly increasing in erased state for
device which is stressed fdi0* times. These characteristics are measured ab roo
temperature. The ¥ window is expected to have a value of 1.3 V aftéf times P/E

cycles.
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Fig. 5-22 Retention characteristics of DSSB-SONOSetdices under fresh state

and after 10 times P/E cycles.
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Fig. 5-23 Endurance characteristics of DSSB-SONOSeuices.
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Fig. 5-24 shows the fresh state and post cycledntieih characteristics of
SB-SONOS devices. The program condition =WV and \b=5V with program time
50ms and the erase condition ig=V12V and \b6=5V with erase time 500ms. Fig. 5-25
shows the endurance characteristics of SB-SONO®&eakeFor SB-SONOS devices at
fresh state, the memory window decrease from 6®M.8V but for device with10’
times P/E cycles, the memory window decrease sogmifly. Moreover, from endurance
characteristics, it shows negligible degradatiorttorshold voltage. That means the gate
oxide damaged seriously aftdi0* times P/E cycles, causing carrier can easilgeling

into nitride and easily leak out from nitride.
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Fig. 5-24Retention characteristics of SB-SONOS devices fordsh state and after

10* times P/E cycles.
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Fig. 5-25 Endurance characteristics of SB-SONOS dees.
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Fig. 5-26 Endurance characteristics of conventiondbONOS devices. (When P/E

cycles about 700 times, the device breakdown)
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For conventional SONOS devices, when applyirgrdV and \b=5V, that means
CHEI mechanism dominates, as shown in Fig. 2-4. éaugse impact-ionization at drain
side region, so the devices will breakdown easity,shown in Fig. 5-26; on the other
hand, DSSB-SONOS and SB-SONOS devices do not ugd @Echanism even though
under the same P/E condition. DSSB-SONOS and SB&®Hevices dominate source
side injection, causing program speed is indepéndendrain bias, and it can be
considered that the program mechanism is like kxuieling. Hence, after P/E cycles,
conventional SONOS shows largerpMdegradation compared to DSSB-SONOS and
SB-SONOS devices. SB-SONOS devices show poor ieteperformance afted 0
times P/E cycles compared to- DSSB-SONOS devicesn@®ww SB-SONOS devices
have larger injection width compared to DSSB-SON@<vices which have small
injection width at source side. Therefore, SB-SON&®r 10" times P/E cycles,
tunneling oxide may increase plenty of interfacatedx compared to DSSB-SONOS

devices which increase a little interface stateso®y degrades easily.

5-6. Summary

Table 5-3 shows the performance for conventionaNSS, SB-SONOS, and

DSSB-SONOS devices. From the table it is found #i#dtough SB-SONOS devices
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show fast program speed, erase speed, and largemnenmdow, but the on/off ratio are

too small to differentiate between “0” and “1”. Hen by sacrificing the program speed,

erase speed, and memory window to get larger omatib, therefore in my opinion

DSSB-SONOS devices are the promising devices forvatatile flash memory.

Conventional-SONOS| SB-SONOS | DSSB-SONOS

On current(A) 6.85x107 (good) 4.02x10°(bad) | 6.71x10° (best)
Off current(A) 8.32x10°(good) | 4.88x107(bad)| 4.59x10°(best)
Memory-window 3.2V(bad) 6V(best) 4V(good)
P d

ro?ram spee 1v(bag) 3V(best) 2V/(good)
(10" second)
E d

rase spee 1.7V(good) 2V(best) 0.5V(bad)
(10" second)
Retenti

etention 0.7)(bad) 4.3V(best) 3.2v(good)
(Fresh state)
Retenti

etention X(Breakdown) oV 1.2v

(After 10" times P/E cycles)

Table 5-3 Performance of onventional SONOS, SB-SOMNE) and DSSB-SONOS

devices.
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CHAPTER 6

Conclusions

High performance DSSB-SONOS devices have been danated in this work. Since,
approximate constant Schottky barrier potentialaled at source side region,
DSSB-SONOS devices could eliminate the short chamfiect and provide fast
programming speed. This work also proves that thuece side injection of hot electron
achieves high speed and low voltage programmingdayg F-N tunneling and channel
hot electron injection mechanism. Because of soside injection, the program speed of
the DSSB-SONOS devices is independent.to:drain B&SB-SONOS devices exhibit
V14 shift maintain of 2V under the program condition\z=10V and \6=0~8V with
program time of10* seconds. It is proven that source side injedgosimilar to F-N
tunneling.

SB-SONOS devices have largest memory window abodt gmpared to
DSSB-SONOS and conventional SONOS devices. Memonglaws of conventional
SONOS and DSSB-SONOS devices are 3V and 4V, ragphctMoreover, SB-SONOS
devices provide fast program speed faiy \8hift about 3V with programming time of
10” seconds, compared to DSSB-SONOS for 2V and ctiovel SONOS for 1V.

However the major restriction for SB-SONOS is tlmeaB on current that makes it
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difficult to differentiate between “0” and “1”. Thefore DSSB-SONOS has been
attempted to replace SB-SONOS, due to large orecurCompared to conventional
SONOS, DSSB-SONOS indeed improve the device pednos And for SB-SONOS,
the on/off ratio is 30.3, but for DSSB-SONOS théoffratio improves to 1:010°. The
experiment shows that an activation annealing &(5dor 60seconds is sufficient to
produce excellent DSSB-SONOS devices.

Retention characterization for fresh devices, SENO&S degrades from 6.9V to
4.3V, DSSB-SONOS degrades from 4.0V to 3.2V, anaveantional SONOS degrades
from 3.1V to 0.7V. After endurance_test; DSSB-SON@S memory window of 1.2V,
but for conventional SONOS, it is breakdown aftessl than 1000 times P/E cycles.
Since conventional SONOS depends on.impact-iomzat produce hot carrier, on the
contrary SB-SONOS and DSSB-SONOS depends on tHe latgral electric field at
source side region, no impact-ionization occurradsing better retention and endurance

characteristics.
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