L7 MR AR5 P A-F It k-F L K-
S e R Wik 27 g

Process and Technology For Low Voltage
MONOS Non-Volatile Memory

—

VRSS2
P i: EN @fq] ,L R ,L 2 = 0

S T G 2



L7 MR EH-F CR-F 1V k-F L R
BT MRl 2 AR E AR Y 2T

Process and Technology For Low Voltage
MONOS Non-Volatile Memory

R N A 1 Student: Tsung-Han Lee
I ERE A A Advisor: Dr. Albert Chin
Fleza? @ 5 5§

THIEE R TALT

A Thesis
Submitted to Department of Electrical Engineering & Institute of Electronics
College of Electrical and Computer Engineering
National Chiao Tung University
In partial Fulfillment of the Requirements
For the Degree of Master
In

Electronics Engineering

July 2010

Hsinchu, Taiwan, Republic of China

PERRA L4 £



£ RERLER-FMR-FA-FEPR
ﬁ%ﬁawﬁﬁ@i@ﬁﬁﬁhﬁﬁpi

R TR

FEK AL EMMA LY 2

F3F 1A R PP S Se R B

BF A AR LN AR FRTFAES b4
A& 2 i $HE-AR e RARE R P A e o Bl o P S e Al g
EArdpire ~ S £ R PEE 2 - o

E R RS AINESE Ertcer ol U iR Fovin TR A I e el
P FRE e AP P EREA A DT RS S P MY
RN R IREERT VY 6-T8 K hF % ]Lé_l %Pk IFE]

a—,

TR R T R

_‘,,.

VR RRE:
Q&ﬂéﬁﬁw%ﬁﬁ#%@ﬁﬁgﬁ?%iﬂ@gﬁ@

ﬁn‘l‘fm? Rt Tl/’:i\'/%ﬂ,

o TR R T A

4w A4 AR

l\“‘

i m ER S B DR METET o Ra o

BT G F PR EF R g TR B e 2 UARSEHCFI R R 0 5

FRA R AT 5 B MR B o d § P TR R T R S B
RN LR S TER N TRLY S g 2 ﬁ@iﬁﬁuﬂﬁiﬁﬁﬁﬁh

K ER R £ T

U 3 Lo
?_. BB {gﬂj o= E’hﬁlﬁi » Fptoe F*%‘B‘;l;ﬂ,\ Rt’ﬂﬁ‘z@ PEIE
Bt ? s AR 2ETE

hE AT FHET 4 (6T 0
GR35 R E PR B TR ER -

gk
>

H
N



AT Fenie® > 2 W7 010G 2 MR TR s ¥ UL R soehis
SFCHTERUH BB IcERER S G B H ke BT
PEFRBRS P RET VB &#K,ﬁ%ﬂk@%?iﬁ@%ﬁﬁ#;i»i’»iwc#ﬂ;ﬁﬁt




Process and Technology For Low Voltage
MONOS Non-Volatile Memory

Student: T. H. Lee Advisor: Dr. Albert Chin
Department of Electronics Engineering
& Institute of Electronics

National Chiao Tung University

Abstract

Recently, the Flash memory is commonly used in portable electronic products, such
as cell phone, MP3 player and USB Flash. However, with the increase in
requirements for products; the technology and process must be still improved.

The key issue for poly-Si floating gate non-volatile memory is the electrically
conductive charge storage layer, where the programmed electrons will leak out
through the single oxide defect. Such oxide defects are generated by the program and
erase stress operation. In order to maintain the data retention, the thick tunnel oxide
(6-7 nm) is required. That is opposite to the VLSI scaling trend. In addition, the
memory device with thick tunnel oxide requires a higher operation voltage. To
overcome this problem, the conductive poly-Si is replaced by discrete trapping nitride
to form the [poly-Si or metal gate]-SiO,-Si3N4-Si0,-Si SONOS or MONOS memory.
The isolated charges stored in discrete traps can prevent complete charge leakage.
Therefore, a thinner tunnel oxide can be used. This in turn yields lower voltage and
faster speed for program and erase.

In this dissertation, we demonstrated a low voltage, fast speed and good data

retention MONOS memory device with high work function MoN metal gate, novel



interactive high-x HfO,-ZrO, structure for trapping layer substituted conventional

Si3Ny trapping layer.
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Chapter 1

Introduction

1-1 Motivation to study high-x dielectrics

Along of the improvement of the semiconductor processing technology, the scaling
trend of MOSFETs devices will produce the large gate leakage current due to thinner
gate oxide [1.1]-[1.2]. The MOSFETs exhibit significant leakage current more than 1
A/em” when the thickness of ultra-thin silicon gate oxide (Si0;) is less than 2 nm. To
reduce the leakage current related higher power consumption in highly integrated
circuit and overcome the physical thickness. limitation of silicon dioxide, the
conventional Si0, will bereplaced with high dielectric constant (high-«k) materials as
the gate dielectrics beyond the 0.1um technology node [1.3]-[1.8]. Therefore, the
engineering of high-x gate dielectrics have attracted great attention and played an
important role in technology pull for VLSI. Although high-k materials often exhibit
smaller bandgap and higher defect density than conventional silicon dioxide, using
the high-k gate dielectric can increase efficiently the physical thickness in the same
effective oxide thickness (EOT) that shows lower leakage characteristics than silicon
dioxide by several orders without the reduction of capacitance density [1.4]-[1.7].
Recently, some high-x materials have been widely studied and successfully
intergraded in advanced MOSFETSs or semiconductor devices, such as DRAMs or
Flash memory and RF metal-insulator-metal (MIM) capacitors [1.9]-[1.10].
According to the ITRS (International Technology Roadmap for Semiconductor), the
suitable gate dielectrics must have x value more than 8 for 50-70 nm technology

nodes and that must be more than 15 when the technology dimension less than 50



nm.

Fig. 1-1 shows the evolution of MOSFET technology requirement.Moreover, the
useful gate dielectrics should meet the following fundamental requirements:

o Thermodynamic stability on silicon with respect to formation of SiO, and MSix.

o Amorphous after device integration, implies that the dielectrics should remain
amorphous after S/D or elevated temperature activation.

o Low conduction for low leakage and low power consumption. For metal oxides
(MOx), it is well known that bandgap is inversely related to k value (the aluminum
oxide as an exception). Low leakage current implies large band-offset for
electrons and holes.

o High carrier mobility at the dielectric/Si interface. Therefore, the low Dit and
lowbulk charges (low effective fixed charges) are requirements.

o High breakdown strength and acceptable reliability. The breakdown strength
isinversely related to k value for metal oxides.

The most popular high-k materials which are studied extensively nowadays are
metal oxides (MOx), such as TasOs, TiO2,HfO,, ZrO,,Al,03 and La,O; which have
the higher k values ranging from 9 to 80. However, the most metal oxides will have
the characteristics of crystallization at elevated temperature which cause devices
generate non-uniform leakage distribution and give large statistical variation for
nano-meter devices across the chip. Therefore, replacement gate strategies have been
proposed to prevent crystallization and deleterious effects of mass and electrical
transport along grain boundaries. Figs.1-2 and 1-3 summarize the k value and band

offset for popular high-k dielectric candidates.

1-2 Motivation to study metal gate

Metal gate is required for advanced CMOS transistors to eliminate poly gate
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depletion [1.11]-[1.18]. Since the EOT target prescribed by the ITRS roadmap in
years 2018 is only 0.5 nm for 7 nm CMOS, any depletion of the poly-Si gate
electrode will be unacceptable. To overcome this problem, the metal gate electrode
will be required to make poly-depletion free due to the poly depletion will reduce the
capacitance and contribute a degradation to EOT in inversion state [1.11]-[1.23], is
shown in Fig.1-4. The work function (®g) of metal (in Fig.1-5) play an important role
for metal-gate/high-x MOSFET. The preferred work function of the metals are ~5.1
eV for p-MOSFETs and ~4.2 eV for n-MOSFETs. However, one of the difficult
challenges for metal-gate/high-k CMOS devices is large threshold voltage (Vth) due
to Fermi-level pinning effect. This is especially difficult for pMOSFET [1.11] since
only Ni (5.15 eV), Ir (5.27 eV) and Pt (5.65 eV) in the Periodic Table have work
function close to the desired 5.2 eV-used in conventional p~ poly-Si gated pMOS (in
Fig.1-5). In addition, thermal stability of the effective metal electrode and metal
diffusion are also important considerations. Recently, lots of metal or metal-nitride
materials have been widely researched and successfully intergraded in advanced
CMOSFET’s, such as TiN, TaN, Pt, Mo, MoN and Ir [1.11]-[1.23]. Molybdenum
(Mo) has a work-function close to n” poly-Si. Molybdenum nitride (MoN) is quite
stable (to maintain thermal stability up to a 1000°C RTA) because the activation
energy of metal and nitrogen is relatively low. Molybdenum is bonded tightly within
nitride and no obvious diffuse was observed in fabricated devices. However, MoN
gate on high-k HfO, shows a significant shift of flat band voltage (Vrg) toward the
mid-gap of Si due to the interface reaction between the MoN and HfO, at the high
temperature. This is called the “Fermi-level pinning effect.” Therefore, the
Fermi-level pinning effect needs to be avoided by selecting suitable metal gate and
high-x materials for advanced MOSFETs.

For MONOS structured non-volatile memory device, the metal electrode with high
3



work function is needed. The metal gate with higher work-function can prevent the
electron injection from electrode in erase operation [1.24]. That improves efficiently

erase speed.

1-3 The measurement of the devices

To investigate the electrical characteristics of devices, we measured the 1,-V,
curves for gate leakage current by using HP4156A semiconductor parameter analyzer.
Besides, HP4284A precision LCR meter was used to evaluate the gate capacitance
and the conductance ranging from 100 kHz to 1 MHz. For memory measurement, the

fabricated MONOS devices were characterized by program/erase measurements.



2003 | 2005 | 2007 | 2009 | 2012 | 2015|2018
Gate Length (nm) 107 80 65 50 30 25 18
High
EOT Speed 13 1.2 0.9 0.8 07 | 06 | 05
(hm)
Low Power | 1.6 14 12 1.0 09 | 08 | 07
S/D Junction Depth | )02 | sco | 075 | Na | NA | NA | NA
(X;, nm)*
Interconnect Levels 9 11 11 12 12 13 14
High
Logic Speed 1.2 1] -1 1.0 09 0.8 4574
VDD (V)
Low Power| 1.0 0.9 0.8 0.8 07 | 06 | 05

Source: International Technology Roadmap for Semiconductor (ITRS 2003)

Fig.1-1 The evolution of MOS technology requirement.
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 Advantages:
— no GDE. low sheet resistance

+ Requirements:
— Appropriate F,, (~4.1eV for NMOS; ~5.2eV for

PMOS)
- High 7., (>1000°C), stable interface w/ gate dielectric
~ Compatible with Si processing (deposition, etch)

» Candidate materials:
— High-T,, metals (Ti, Ir,Ta, Mo, Ru, W, Pt) and alloys

Fig.1-4 The advantages and requircments of metal gate

technology.
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Chapter 2

General Background of Flash Memory

2-1 Evolution of Non-volatile Memory

Since the millennium, people’s daily life habit has been changed by various kinds
of portable electronic products, such as notebook computer, digital camera, MP3
player, personal digital assistant (PDA), USB, iPod...and so on. The memory devices
need to be adopted into all of these electronic products to make them work for
different functions. These memories can be divided into volatile memory and
non-volatile memory. The use of non-volatile memory (NVM) is to remain the
storage data for a long time without power supply, and then portable electronic
products can work just by battery due to low power consumption of non-volatile
memory.

Non-volatile memories are mainly classified into non-charge-based memory and
charge-based memory. The typical charge-based memory is the so called flash
memory. There are three types of flash memory including the floating gate (FG) type,
SONOS (Silicon/Oxide/Nitride/Oxide/Silicon) type, and nano-crystal type. The
mainstream of NVM nowadays is floating gate (FG) type. Some non-charge-based
memories have been in small volume production, such as magnetroresistive random
access memory (MRAM). The production technologies of ferroelectric random
access memory (FERAM) and phase change random access memory (PCRAM) are
still under development. A novel resistive random access memory (RRAM) attracts
much more attention recently . All types of flash memories and non-charge-based
memories are introduced in detail in the following section.

Smart system must have larger brains which include both sophisticated functions
9



(code storage) and more memory capacity (data storage). These characteristics can be
served by two types of flash memories. The NOR-type memory has fast and random
access capability for the code storage, and the NAND-type memory has the page

access architecture for date storage [2.1].

2-1.1 Overview of Non-volatile Memory Development

After decades of development with device scaling, several technologies have been
employed for product manufacturing, including earlier metal-nitride-oxide-
semiconductor (MNOS), electrical programmable read-only-memory (EPROM), and
more recently Flash [2.2][2.3].

Because of mass data storage requirement in electronic products, Flash device has
become the mainstream in non-volatile semiconductor memory products nowadays
[2.4]. An indispensable trend for technology development is to shrink the channel
length for a higher storage capacity. Moreover, lowering the voltage for
writing/erasing operations 1s essential for lower power consumption, while high

speed access is required to shorten mass data storage time.

2-1.2 Floating Gate and SONOS Memory Device physics

Fig. 2-1 shows that it is necessary to extend the actual flash memory device
technology lifetime as much as possible. Through decades of development, flash
devices are categorized into two types of structures, namely, FG [2.5] and charge
trapping structures, as illustrated in Fig. 2-2. For FG devices, owing to the high
topography of the gate structure, the interference between neighboring cells by gate
coupling becomes an almost unsolvable issue beyond 45nm-node. As a consequence
charge trapping flash memory devices such as SONOS is revisited as the succeeding

technology to avert interference between neighboring cells.
10



Before the floating gate (FG) non-volatile memory, the magnetic-core memory[2.7]
has a lot of issues, such as large volume, high power consumption, and high cost.
Therefore, new kind of memory needs to be invented to replace the magnetic-core
memory. In 1967, the first floating gate non-volatile memory was invented by
D. Kahng and S. M Sze at Bell Labs [2.8]. FG structure is composed of a POLY1
floating gate inserted between an underlying tunnel oxide and a blocking oxide layer.
A POLY?2 layer is deposited on top of the blocking oxide layer to serve as the control
gate, as shown in Fig. 2-3. In SONOS structure, in Fig. 2-4, a carrier-trapping layer
made up of nitride is inserted between two silicon oxide layers to prevent charge loss.
Such flash cells resemble a standard MOS transistor except that the gate oxide is
replaced by an oxide-nitride-oxide dielectric stack [2.9].

The storage material is typically a degenerately doped poly-Si for floating-gate
devices and a nitride layer for SONOS devices. The mechanisms of charge storage
are different between the two types of devices due to the different storage materials.
Since the floating gate is made up of a conducting material, the stored electrons flow
freely inside the floating gate. This raises-a reliability issue in that if certain paths for
stress induce leakage current (SILC) are created in the tunnel oxide during operation,
the stored charges may easily find the path to leak out which in turn lead to poor
retention and endurance characteristics. On the other hand, the nitride storage layer in
SONOS device contains discrete traps serving as the charge storage sites. The
injected electrons are trapped in deep level of the nitride layer and become immobile,
so the aforementioned SILC issue can be avoided and better retention and endurance
are expected [2.10].

Programming operation can be achieved by injecting charges into the storage layer,
a nitride for the SONOS or a poly layer for the FG type. Channel or substrate hot

carrier injections are usually employed for this purpose. On the other hand, erasing
11



mechanism could be implemented via band-to-band hot holes injection from drain
side. For efficiency, both programming and erasing operations need high biases on
the gate and drain. The high electric field may provoke potential reliability concerns
such as oxide breakdown and generation of excessive SILC. Moreover, high power
consumption while the devices are under programming and erasing operations is
inevitable [2.11].

The difference between FG and SONOS-type devices lies in the method of charge
storage, which is fundamental to issues such as scaling and radiation hardness. The
concept of nonvolatile data storage based on a shift in the threshold voltage of the
nonvolatile semiconductor memory (NVSM). The threshold voltage has the

following expression [2.12]

-~ _ Qee+lEr | Gy )
ﬁh_q}gg-f'ijy _'3: +EI[ (Eq.2-1)

where Qss is the fixed charge at Si-SiO: interface, Qg is the charge in silicon
semiconductor, Q1 is the charge stored in ‘the gate insulator, C;and &; are the
capacitance per unit area and dielectric constant of the gate insulator layer,
respectively. Based on Eq.2-1, threshold voltage increases when more electrons are
trapped. On the contrary, threshold will be decreased, if Qs quantities are reduced.
Therefore we can control Qg by means of varying the substrate doping concentration
to adjust the threshold voltage of flash devices. The threshold voltage window
(Program Vy, — Erase Vy,) should be maintained at least 1.5V to easily distinguish
between “1” and “0” states by peripheral sense amplifier circuits [2.13]. The storage
charges will gradually leak away as the storage time progresses because of the

existence of different leakage mechanisms. The capability of preserving the charge

12



storage is directly related to the data retention and device life time. Therefore the FG
device has added a thick oxide layer or ONO (oxide-nitride-oxide) layer above
POLY1 to reduce charge loss through the top side while keeping the gate coupling
ratio. On the other hand, SONOS must maintain a tunneling oxide thickness of
around 2nm or above to prevent the excessive direct tunneling of charges from nitride
layer to substrate. When thickness of oxide is smaller than 25A or extreme big
electric field across on the thin oxide, it is easier to happen direct tunneling which is
hopeless for ONO structure and it could be eliminate retention. High temperature data
retention analysis is usually performed to monitor the variation of programmed
threshold voltage as a function of the elapsing time. The measurements are typically
performed between 150°C and 250°C to ensure 10-year data retention time. Both
programmed and erased operations affect the endurance capability of flash devices.
These procedures should thus be carefully designed and optimized to improve the
endurance characteristics. Conventionally for floating-gate devices, channel hot
electron injection (CHEI) and hot hole injection (HHI) mechanism are employed to
program and erase the device, respectively. CHEI has better speed performance.
Nevertheless, the hot electrons are injected into POLY 1 layer from the channel region
near the drain, and may cause defects like trapped charges in the oxide and interface
states, so the threshold voltage window narrows with program/erase (P/E) cycles. For
SONOS devices, channel induced secondary electron injection (CHISEL) can be an
alternative approach for programming, while HHI is used for erasing. CHISEL
programming method proceeds by negatively biasing the substrate. As a result, more
hot electrons and secondary electrons are generated and the programming speed is
effectively improved. CHISEL thus provides better programming efficiency than
CHEIL. However, CHISEL will also result in interface state damage, so that

subthreshold swing (SS) and mobility (Gm) are degraded after P/E cycling.
13



2-1.3 Charge-tapping type is More Competitive to Floating Gate
Structure
Charge-tapping type is superior to floating gate structure in the following aspect:
« Tunneling oxide
- Thickness can not be thinner than 8nm.
- Defects generated in oxide
- SILC causes poor reliability
« Blocking oxide

Thickness is non-scalable

- Gate electron injection if too thin

Poor coupling ratio if too thick
- Worse erase efficiency
« Lateral scaling limit
- Floating gate coupling

Charge-trapping type is the solution for Floating Gate Memory, stored charges in
trapping layer spatially isolated within msulator which avoiding charges leakage with
individual leak path. For vertical and horizontal direction, charge-trapping type has

good scalability compatible to ITRS of NVM (in Fig.2-5).

2-2 Motivation to study MONOS Flash memory

In general, poly-Si as top electrode is widespread applied in ONO charge trapping
type of non-volatile memory because poly gate is used in a lot of mature process
technology node. Poly-Si is utilized in these roles because of its compatibility with
subsequent high temperature processing (temperature from 250-1100°C), its excellent
interface with thermal SiO, (low concentration of interface states). On the other hand,

poly gate have poly gate depletion, and polysilicon exhibits significantly higher
14



resistivity than single-crystal silicon (except at very high dopant concentrations,

where the resistivity is only slightly greater). This is primarily due to two

mechanisms:

o Under heat treatment some of the dopant atoms segregate to the grain boundaries,
where they do not effectively produce free carriers.

e The grain boundaries are rich in incomplete bonds, and these cause
some free carriers to be trapped at the grain boundaries.

The influence of various types of metal nitride gate electrodes, i.e., tantalum nitride,
molybdenum nitride, and tungsten nitride, on electrical characteristics of
metal-oxide-semiconductor capacitors with hafnium oxide as the gate dielectric
material has been studied. The result shows that both the physical and electrical
properties of the high-k gate stack are influenced by the gate electrode materials and
the post-metal-annealing temperature. Both the physical thickness and equivalent
oxide thickness of the gate stack These metal nitride electrodes are suitable for
n-channel metal-oxide-semiconductor device applications increased after the
high-temperature N, annealing step. The interface state density and oxide trap density
of the high-k gate stack were also reduced by the high-temperature N, annealing step.
Molybdenum nitride (MoN) is quite stable (to maintain thermal stability up to a
1000°C RTA) because the activation energy of metal and nitrogen is relatively low.
Molybdenum is bonded tightly within nitride and no obvious diffuse was observed in
fabricated devices. However, MoN gate on high-x HfO, shows a significant shift of
flat band voltage (Vrg) toward the mid-gap of Si due to the interface reaction between
the MoN and HfO, at the high temperature. Therefore, we study on MONOS rather

than SONOS.
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Fig.2-1 Scaling trend for flash memory device development.
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Year of Production 04 | 005 | 2006 | 2007 | 2008 | 2019 | 200
SONOSINROM technology - F fnm) [34] kY] P 25 23 20 19 18
SONOS'NROM cell size - area factor a in muliples of F 33 6.5 6.5 1 1 1 1 i
SONOSINROM typical cell size {'umj,' [36] 0.007 | 0.005 | 0.004 | 0.0037 | 0.003 | 0.0025 | 0.002
SONOSNROM i mumber of bits per cell (iphysical 2- '

bitleall) x MLC) [37]

SONOSINROM area per bit rym;} [3] 0.0013 0.0011 0.0009 0.0007 00006 0.0005
SONOS Lg-stack {physical - um) [39] 015 04 084 014 013 013
SONOS highest WE voltage (T) [40] 4045 4045
SONOSNROM Ligaq (ud) [41] -3 | 2-3 | -3 - 20-30 | 20-30 | 20-30
DRAM ¥ Fitch tnm) {contacted) 28 2 22 20 18 16 i
MPUASIC Meral 1 (1) : Fitch {nm)icontacted) 28 23 22 20 18 16 JE
MPU Physical Gate Length (nm) 11 10 9 § 7 § 6
SONOSNROM numnel oxide thickmess (nm) [42] 3 3 2.5 2.5 2.5 ? 2
SONCS/NROM nitride dielecic thickness (nm) [43] 4 4 4 4 4 4 4

? -%:;'GE.S\?EGM blocking {top) axide or dizlecmic thickmess (mm) 6 6 5 : 5 ; 5
SONOS/NROM endurance (avasewrite cycles) [45] (SRR KT TS 1.00E+09 1.00E+09 1.00E+09 1.00F+09 1.00E+09
SONOSNROM nonvolatile data retention {years) [46] 10-20 | 10-20 | 10-20 | 10-20 | 10-20 | 10-20 | 10-20

Memifacturable solufions exist, and are being opfimized

Manufacturable solutions are lmown

Interim solutions ave kmown |4

Manufacrurable solutions are NOT imown -

Fig.2-5 The requirements for NV memory (the international

technology roadmap for semiconductors: 2006 update).
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Chapter 3

A Novel Program-erasable High-k
HfO,-ZrO,/Si MIS Capacitor

3-1 Introduction

Capacitors are essential devices for various analog, RF and DRAM functions
[3.1]-[3.8] in circuits. It is also desirable to have a program-erasable capability. This
is especially important for RF ICs where process variations can shift the resonance
frequency of LC tank away from designed values, ereating impedance mismatches
and bandpass frequency differences [3.9]. Program-erasable capacitors can also
extend the data retention-for DRAMs leading to less frequent re-flashing cycles. In
this dissertation , we propose and demonstrate a MIS capacitor on Si using interactive
high-k materials of Hafnium oxide (HfO;) and Zirconium oxide (ZrO;) as dielectric,
as Fig3.1, which exhibits the program-erase function as well as good data retention.
The structure has a programmable and erasable C-V character. In contrast, we
execute and demonstrate a MIS capacitor on Si using a single layer of high-x HfO, as
dielectric(in Fig.3-2), which shows the program-erase function. The single layer

high-x capacitor has a and erasable C-V character.

3-2 Experimental

The MIS devices were formed by sputter-depositing a ~18 nm thick single layer
HfO; on Si substrate which is processed RCA clean. Then, the dielectric layer suffered
suffered post-deposition annealed at 600°C for 5 min in a furnace under N2 ambient.

Eventually, I sticked shallow mask on wafer tightly, metal electrode was deposited by
21



PVD and patterned after removing shallow mask. (in Fig.3-2)

For comparison, the MIS capacitors were fabricated using high-k dielectric process
on 4-in 1-10Q-cm p-type Si wafer. After standard pre-gate clean, moving some
particles and native oxide on the surface away, the interactive layer (in Fig.3-1) of 18
nm was deposited by physical vapor deposition (PVD) system. This layer first
deposits HfO, of 2nm then deposits ZrO, of 2nm, repeats it with four cycles,
eventually deposits HfO, of 2nm. And then separate into two classifications. One is
post-deposition annealed (PDA) at 600°C for 5 min in a furnace under Oz ambient,
another is post-deposition annealed (PDA) at 600°C for 5 min in a furnace under N2
ambient. Finally, MoN metal was deposited by PVD and then patterned by shallow
mask to form top electrode with capacitor area of circle with 140um diameter.

All the C-V characteristics were measured by HP4284A at 1 MHz.

3-3 Results and discussion

Fig.3-3 show the C-V characteristics of the single high-kx HfO, layer MIS
capacitors processed by PDA at 600°C flowed in N2 ambient. We apply voltage on
MoN electrode and erase the high-x HfO, /Si MIS capacitors from -13V to 13 Volt,
and program the high-k HfO,-ZrO,/Si MIS capacitors from 13V to -13 V, and it just
has 3.5V memory window. the holes tunnel in HfO, layer to recombine electrons and
eliminate the Vg in erase operation, On the contrary, the electrons tunnel in HfO, layer
and Vg elevate. The value of capacitance density is 9.3 fF/um? we can calculate the
K value is 19. There are three kind of leakage mechanism. MoN metal Gate has large
work function so that electron will suffer a high barrier when the external voltage is
small. In this way, electrons can not transport to dielectric film, called Schottky

Emission. We can use following equation to represent.
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}/El/z—Vb
J £z b Eq.3-1
aexp{ % (Eq.3-1)

In(J )a% ' —:—; (Eq.3-2)

Poole-Frenkel Effect, it means there have charges be trapped in dielectric layer. The
Poole-Frenkel effect is the lowering of a Coulombic potential barrier when it interacts
with an electric field, and is usually associated with the lowering of a trap barrier in the

bulk of an insulator, as shown in Fig.3-4. We can use following equation to represent.

J 7E1/2 v
T_zanp{—kT : (Eq.3-3)

ln(ijaL vz _ Yo
T?) KT KT (Eq.3-4)
If the external bias 1is big enough, F-N tunneling will decide the leakage
mechanism. We can draw In(J)-E"2 and In(J/T%)-B"” relation, and calculate the value
of v, is-0.78 (the intercept of y-axis in Fig.3-5(b) multiplied kT ), knowing that the
charges was not catch to deep level. To measure retention, I triggered a constant
voltage of +10V for program during the pulse length of 1s to the MoN electrode, then,
I measured the C-V curves and extracted Vgp shift pass through times. Repeat the
same action for erase, the Vg became larger. Figs.3-6(a) and (b) show poor retention
for HfO,; single layer, therefore, improving the trapping layer by interactive structure.
HfO, and ZrO, these two materials can’t endure temperature more than 35°C when
programming process. If depositing them by E-Gun system, temperature is hard to
control and the dielectric film may be destroyed. Therefore, I deposit them by sputter
system.

Due to the k value of Hafnium oxide (HfO,) is 25 and Zirconium oxide (ZrO,) is
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35, we can elementarily count up ideal capacitance density. In Eq.3-5, g, is
permittivity, A is the capacitor area and t is the thickness of capacitor.

C= hixan (Eq.3-5)

T

Calculation of ideal capacitance density of interactive structure in the following

equations:
-1 -1 -1
_ 8.851 % 10~ x 25 s 8.851 x 107 x 35 s
- 20 % 10~ 20 x 10-%
(Eq.3-6)
=14x107% (L) =14 [%} (Eq.3-7)
8851 x 10-1% x 5.9
EOT (Eq.3-8)

By Eqgs.3-6 and 3-7, EOT is 2.4nm for MIS which mix up Zirconium oxide (ZrO,)
to Hafnium oxide (HfO,), it is obviously increasing the EOT.

Figs.3-7 and 3-8 show the measured C-V hysteresis of interactive dielectric
MoN/HfO,-ZrO,/Si capacitors measuring by HP4284. We apply voltage on MoN
electrode and erase the high-k HfO,-ZrO,/Si MIS capacitors from -13V to 13 Volt, and
and program the high-k HfO,-ZrO,/Si MIS capacitors from 13V to -13 V. It shows
large memory window character of 4.7V and the value of capacitance density is 12.2
fF/um” whose dielectric is post-deposition annealed in O, ambient at 600°C
for 5 min. The interactive dielectric HfO,-ZrO, after post-deposition annealed
in N, ambient at 600°C for 5 min shows 4.3V memory window and the value of
of capacitance density is 11.5 fF/um’. The value of capacitance density elevates.
Memory window increasing may be due to increasing charges trapped in
dielectric. Single layer has small memory window, the recipes of going through

PDA at 600°C flowed N2 ambient just exhibit 3.5V P/E shift by contrast. Double-layer
24



Double-layer structure lattice was recombined by PDA process and two high-k
materials could be mix together. Although HfO, and ZrO, have similar band-gap and
band-diagram, ZrO; in HfO, increase the «k value (the k value of ZrO, and HfO, is 35
and 25 respectively) and decrease effective oxide thickness. The high capacitor density
density is especially important for backend capacitor due to the very thick
equivalent-oxide thickness (EOT) > 5 nm and hence the low leakage current. On the
other hand, low leakage current is one of the most important factors for high-k gate
dielectric with typical EOT <2 nm[3.10]-[3.16].

Fig.3-9 shows the schematic band diagram of metal-gate/HfO,-ZrO,/Si capacitor.
The possible erase mechanism may arise from the smaller bandgap (EG ~6.0 eV),
small bandgap has more probabilities to catch electrons. This could permit hole
injection or electron tunneling out from the high density of trap states, electrons tunnel
from Si-sub to trapping layer when metal gate applied positive bias, and hole injection
recombines electron trapped deeply in dielectric as metal applied negative bias
(Fig.3-10).

In Fig.3-11(b), the value of v, PDA in O, ambient at 600°C for 5 min in
Poole-Frenkel Effect is -0.971, and the value of v, PDA in N, ambient at
600°C for 5 min in Poole-Frenkel Effect is -0.931 calculated by intercept of
Fig.3-12(b) multiply to the value of kT. Compare modulus of v,, PDA in O
ambient has excellent ability to catch charges in deep position of
trapping layer.

In addition to trapping position, retention is one of the important issue for discuss
interactive HfO,-ZrO, layer. On the whole, a device revealing good retention should
have slow velocity to P/E. Figs. 3-13 and 3-14 exhibit the research of interactive
HfO,-ZrO,_ It says that processed PDA in O, ambient at 600°C for 5 min shows

shows good retention for ten years and has excellent speed in erase
25



operation. PDA in N, ambient at 600°C for 5 min revealed inferior
retention for ten years and the P/E speed is slow because saturation

need more time.
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Fig.3-1 Cross section view of novel program-erasable

interactive structure high-x HfO

-ZrO, MIS capacitors.

Fig.3-2 Cross section view of novel program-erasable high-k

HfO, MIS capacitors.
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Fig.3-3 The measured C-V hysteresis of high-k HfO, MIS
capacitors after Post-deposition annealing (PDA) in N,

ambient at 600°C for 5 min.
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Fig.3-5 The In(J)-E"* and In(J/T*)-E"? plots, using the measured
J-V of a MoN/HfO,/Si MIS device, where the electron injection
is from the Si.(a) Calculated data using Schottky Emission (SE)

and (b) Frenkel-Poole (FP) conduction models are included.
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Fig.3-7 The measured C-V hysteresis of interactive structure
high-« HfO,-ZrO, MIS ' capacitors after Post-deposition

annealing (PDA) in O, ambient at 600°C for 5 min.
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(b)

Fig.3-11 The In(J)-E'"* and In(J/T?)-E"? plots, using the
measured J-V of a MoN/HfO,-ZrO,/S1 MIS processed PDA in
O, ambient at 600°C for 5 min, where the electron injection
is from the Si.(a) Calculated data using Schottky Emission (SE)

and (b) Frenkel-Poole (FP) conduction models are included.
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Fig.3-12 The In(J)-E'"* and In(J/T?)-E"? plots, using the
measured J-V of a MoN/HfO,-ZrO,/S1 MIS processed PDA in
N, ambient at 600°C for 5 min, where the electron injection
is from the Si.(a) Calculated data using Schottky Emission (SE)

and (b) Frenkel-Poole (FP) conduction models are included.
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Fig.3-13 (a) The retention characteristics of Vig from the C-V
curves programmed or erased at +10V or -10 V (b) The P/E
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Fig.3-14 (a) The retention characteristics of Vgg from the C-V
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characteristics of MoN/HfO,-ZrO,/S1 MIS processed PDA in

N, ambient at 600°C for 5 min.
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Chapter 4

Low Voltage SiO,/HfO,-ZrO,/S10,/MoN
MONQOS Memory

4-1 Introduction

Poly-Si/S10,/Si13N4/S10,/Si (SONOS) devices are promising for non-volatile
memory applications as scaling decreases below 50 nm. This is because of the merit
of charge storage in discrete traps within the Si3Ny4, which prevents charge leakage
through a single oxide defect, as compared with the conventional poly-Si floating
gate memory case. By replacing the poly-Si in SONOS with a high work-function
metal-gate (MONOS), further improvements of the erase performance can be
achieved by decreasing the electron injection over the gate. However, one difficulty
in SONOS or MONOS is the small conduction band discontinuity (AEc) of only 1.1
eV at the Si3N4/Si0, interface [4.1], which causes charge leak out from shallow trap
levels near Ec of Si3N4. In contract, a conventional poly-Si floating gate device has a
much deeper energy of ~3.15 eV for storage of charge. Therefore, the high
temperature retention is a serious concern for a shallow trap energy MONOS device
that uses a SizN4. To address this requires the use of a thick SiO, tunnel layer to
improve the charge storage, but unfortunately this leads to a performance degradation
of increased program/erase (P/E) voltage and write speed. This is contrary to the
scaling trend indicated in the International Technology Roadmap for Semiconductors
(ITRS). To overcome this problem, we have previously proposed using a novel
Hafnium oxide (HfO,) and Zirconium oxide (ZrO;) interactive layer which has

deeper AEc than SisNg4. This improved the P/E voltage, and write speeds in such
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deep-trap MONOS devices.

4-2 Experimental

The fabrication process of the MoN/SiO,/HfO,-Zr0,/S10,/Sit MONOS devices was
similar to previous work. First, a 2.8 nm thick thermal SiO, was grown on a standard
p-Si substrate. Then a 18 nm the interactive layer was deposited by physical vapor
deposition (PVD) system. This layer first deposits HfO, of 2nm then deposits ZrO, of
2nm, repeats it with four cycles, eventually deposits HfO, of 2nm. And the dielectric
layer suffered post-deposition annealed (PDA) at 600°C for 5 min in a furnace under
O, ambient. A 17 nm SiO; blocking oxide was formed by TEOS, included because of
its good thermal stability at 1000°C. Pull the wafer to PDA at 500°C for 5 min in a
furnace under O, ambient. A 50 nm MoN layer was added by sputtering and
processed it by rapid thermal anneal at 450°C in N, flow for 15 sec. After standard
processing, the structure is as Fig.4-1. To pattern the MONOS, then photo-resist
deposition and exposure by mask. The MoN top layer was etched by a high density
plasma reactive ion etch (HDP-RIE) system using the gas mixture of BCl; and Cl, as

the etchant source, and then remove photo-resist in acetone, showed in Fig.4-2.

4-3 Results and discussion

To promote the injection efficiency of electrons, the feasibility of using
channel-initiated secondary electron (CHISEL) programming has been demonstrated
in the MONOS devices [4.2]. CHISEL programming conditions and mechanisms are
shown in Fig.4-3(a). The hot holes generated near the drain mainly drift toward the
substrate and contribute to the substrate current (Is). Some of these hot holes create
electron-hole pairs by secondary impact ionization, which are greatly enhanced under a

a high electric field by the applying of a reverse substrate bias (Vg <0). As a result,
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the hot electrons caused by the secondary impact ionization tend to be injected into
the MONOS structure and result in a wide distribution of trapped electrons, compared
with the case of channel hot electron injection (CHEI) [4.3]. Fig.4-3(b) illustrates the
energy band diagram for CHISEL programming operation. Owing to the reverse
substrate bias, the conduction band (Ec) of the substrate is raised, and the substrate
hot electrons can more easily tunnel through the oxide energy barrier (i.e., 3.1eV).
Discrete charge storage memories (e.g., SONOS and nanocrystal) are typically erased
using hot holes injection (HHI) [4.4], generated by band-to-band tunneling (BBT) in
the channel and drain side overlap region. The HHI erasing conditions and
mechanisms are shown in Fig.4-4(a). During the HHI erasing operation, the n-type
SONOS device is turned off while maintaining a negative gate bias with positive
drain and substrate biases. The energy band diagram [4.5] during the HHI erasing
operation is shown in Fig.4-4(b). The increased positive bias in substrate causes a
downward shift of valance band of the substrate and also helps promote charge
trapping efficiency of the nitride layer [4.6]. My discussion replaced the SizN4 to
HfO,-ZrO, layer own the same program and erase mechanism to above-mentioned.
We apply low voltage on MoN electrode and erase the MONOS capacitors from
-6Volt to 6 Volt, and program the MONOS capacitors from 6Volt to -6Volt, and then
raise the external voltage to erase the MONOS capacitors from -7Volt to 7 Volt, and
program the MONOS capacitors from 7Volt to -7Volt, continuously to 8Volt. In
Fig.4-5, the C-V hysteresis window of 4.6V, 5.2V and 7 V was measured respectively.
Low leakage current exhibits the blocking oxide has good quality to isolate electrons

as Fig.4-6.
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Fig.4-1 Cross section MoN/SiQ5/HfO,-Zr0,/SiO0,/Si

structure which was e
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Fig.4-3 Channel-initiated secondary electron (CHISEL)
programming mechanism for n-channel MONOS memory
device. (a) Programming conditions and related events inside

the substrate. (b) Band gap diagram for the programming.
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Oxide
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Fig.4-4 Hot holes injection (HHI) erasing characteristics of N
channel MONOS memory device. (a) Erasing conditions and

mechanisms. (b) Erasing band gap diagram.
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interactive trapping MONQOS capacitor.

47



&"‘ =

E10

o

<

=10°

e

o

o107

o n

(13 ] L]

v =

© —n—

g 1

110 . — : S L L
18 16 14 12 10 8 6 4 -2 0

Voltage(V}
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interactive trapping MONQOS capacitor.
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Chapter 5

Conclusions

Semiconductor flash memory device technology will continue to play an important
role in the electronics industry, although its development has been facing a lot of
challenges. Conventional FG structure suffers from serious coupling issues that
degrade the device characteristics and may eventually limit further device scaling. It
thus faces fierce competition from a number of new types of devices, including the
MONOS.

In this dissertation, we emphasize on improvement of the trapping layer. If the
trapping layer can efficiently catch more charges in a thin film, storage capability
may become outstanding.-High-k material of Hafnium oxide (HfO,) and Zirconium
oxide (ZrO,) mix together by post-deposition annealing (PDA) process, in chaper3
and chapter4, we see that the interactive structure reveals big memory window, good
retention and program-erase function by charge trapping or de-trapping in the high

trap density HfO,-ZrO,.
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