B4 o

5 F B 728 b T e AR L e A |

Fabrication and Electrical Characterization of Advanced

Nonvolatile Memories Based on Nanocrystals

oy o2 ke

dp s ¥

A

=a}

o X R 4 L ANES



FOUBERE g el WivaF e Y

Fabrication and Electrical Characterization of Advanced

Nonvolatile Memories Based on Nanocrystals

RN § SN Student : Chao-Cheng Lin
dn e Eﬁ % Advisor : Dr. Tseung-Yuen Tseng
9% g5 5k Dr. Fing-Chang Chang

A Dissertation
Submitted to Department of Electronics-Engineering and
Institute of Electronics
College of Electrical and Computer Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in
Electronics Engineering

May 2009
Hsinchu, Taiwan, Republic of China

OB 4 LA E S



2K BT AR AT e R B 1T F e

Atk R o g ¥ AR R

P2 g &
& ko By A (Floating gate)zc it s A A~ 22 2 4 H i L
MRl MR ZTRF FEBLT T AR 2

_w

PGl O R R E e

EIEE NP 3 §m45§(2ﬁ°'?’3r71 [ RCREA

w‘<

é\

WF OB ik FERR P B 2T Mot

A B »ﬁ#fmﬁﬁﬁmw’g* SHT AR BT R TR G
TR A WIS A 2 B ST R S Em e R o F]
ROR iR

i P& 7 (Retention) {- @ 4% /& (Endurance) -4 B°F opficig 5 35 5 1 K 0
B A2 Rl e L ARa e o Bhie R Ty A 2V B B aiR R
R od R BT AR KBTI T Y v AT G st g

C PR e A R A S A BT T AR A 2% 5 K B R
o RS T e M (RRAMDIE & s & 2 B kg1 E R gk 3 & £

=K

P H AR E Y 2 S T Poe R (DRAMD) L ARAR 17> ¥ AR B & Bl L H AR on
BEEAR . TSRt 3 PP E KT REFOFEE R
EAwme P o NPT A(Mo)E it 1T L 2 F B Rk PR G St
F e Rl A gAY BT PR E AR 4B G
Lo BERBRIM B3 A S EE R AP AR NIV A4 4
Bif Xt i K B el o A F BB I BT # (dual
electron-gun) fe P 12 — v = gt B Z 482 2240 (Si and Mo)en sV kA5 2 K gk



AT Ko L i@l en Vi 2 F B o AP R RY > APFIRG A B
Kol g e ¢ FIT N ihg 4 (ambience) A kB T A R o A F F AN

T W O IRLATAS R chd G g% X 5onm P St ehd A 3 & S 1 49(MoSip) >

3

LF Fa ’ﬁ%@%%#ﬁé{%%+@ZGMLﬂﬁﬁﬁﬁuiﬂﬁé
4 (Mo oxide) - "f Ptk AP E A FIV R A - K F P TR L4
A o g AR F (AR R K Bheh- B R4 3R

HE K SPFBIFLI I F RN LB AN B - AT 0 &3
G R IRE R LR R LR AT § ke E%ﬁ$€5?ﬁ“&iﬁ
%ﬂﬁﬁﬁ%ﬁ'féﬁfkﬁmé$@*%%ﬁgﬁmﬁ%oﬂ
oA - B E Y il ik A & s E ok B BBH R b2t
E%ﬁ%ﬁ%%ﬁioﬁwaiﬁﬁiﬁwmmﬁ%ﬁﬂﬁﬁ@ﬁvﬁﬁﬁ
Fd BT IRE T kA 2 K g o I AR e A

g

;

mn~

(formation energy) s &+ 1 ¥ § P I LehiEfee A £ B2 A B F
FeenA Py RS g TR B R B (AN enTR B P AP F IR 0 3
% A (6x10% om®) 54 £ 2 F BET AR EF g (SiN) B ip i Bhat iz
Aed ot Bhie Al B & S ARARRE AL A S R AR 1 R R iR Ao Bl A
ol TR 4p 2R Bhre RS S SRS R RO B K R G B N P T
mi%é%%%@*;ﬁT“+$£Tﬁﬁ$ﬁ%ﬁ?mﬁ%w foilig a4 o

d 303 5 G T2 K ghana 2 5 4o+ 402 (ion implantation) ~ F i 3 2
(oxidation) £ i 4% % (sputtering)& 8 v i {2 £ 2K BheniE fe ¢ i 4 3 F 2%
R TR I T AR R DAL (BT 5 A e  f (NH) T R A2 e
kecd 2 BAR AT FOST  RF TG E 2 L BRI & 5*]%4127‘#?
WA E A R E E o d v PR T MR AP
RS S AR R TR X AR Y o Y
%ﬁﬁiirm@“’“’uﬁ'/\&@i***+% ZEEO

chgh i G R FT Y ik i Tt d &2 K e iR 4

R 73 ¢ IR

h

w

Foipit §4ERT 11 0%
rf °

PR ER £ 7 O B2 e R RIS e AR LT T
BENRBEAR hhe? AP F MEDT N LA B VR

TRy FR o BRERIGEEIER MIM) B TN e lRi 2



Gl F A R BT B SR A ARFEHRITL SRR - T
USRS SRR S VA VR kg - S Sl LS E) X KR
e Roang g m > TN RMATIRT § B F(ON-state) & B B ek
fi (OFF-state) ¢ F15 £ 7 K BRchft » a R T R ot 2 ¢ > d P REL R
Fofk i crdede TR BT e e f A o B fs o A PRHA PR AT

+ o
=




Fabrication and Electrical Characterization of
Advanced Nonvolatile Memories Based on

Nanocrystals

Student: Chao-Cheng Lin Advisors: Prof. Tseung-Yuen Tseng

Prof. Ting-Chang Chang

Department of Electronics Engineering and; Institute of Electronics

National Chiao Tung University, Hsinchu, Taiwan

Abstract

Floating gate"“composed nonvolatile memories (NVMs) have been widely
application in electronic devices in recent years:"Requirements of high density, low
power consumption and high speed‘operation drive the memory device scaling down.
However, all of the charges stored in the floating gate will leak into the substrate if
the tunnel oxide has a leakage path in the conventional NVM during endurance test.
Therefore, the tunnel oxide thickness is difficult to scale down without influence of
retention and endurance characteristics. Nanocrystals (NCs) NVMs are one of
promising candidates to substitute for conventional floating gate memory because the
discrete NCs as charge storage centers instead of continuous floating gate can

effectively improve data retention for the device scaling down. On the other hand,



resistive switching random access memories (RRAM) have recently received
academic and industry’s attention for its benefit of high density, high operation speed
and simple structure. Furthermore, the fabrication process of RRAM is similar to that
of DRAM, and therefore can be easily integrated into back-end process of memory
device.

In this thesis, we propose Mo and Mo silicide as material for fabrication of
nanocrystal to overcome the limitation in conventional NVMs during the scaling
down process. Compared with other materials, Mo-based material has advantages of
low cost, high thermal stability and high work function. Furthermore, Mo has been
proposed for the metal gate, and is compatible with the ! MOSEET fabrication process.
Besides, for back-end memory process, we embedded nanocrystalin RRAM to reduce
variation of memory characteristics of RRAM.

First, we“proposed a Mo silicide serving-as NCs self-assembling layer for
application in*NCs /NVMs. Mo silicide layer was deposited by dual electron-gun
evaporation of ‘Mo and Si' pellets-atsroom=temperature, and ja post annealing was
performed to form.NCs. In our results, we found that,annealing ambience can
influence the size, density and composition of NCs. When Mo silicide layer annealing
in N, ambience, the size of 'NCs iis about 5-nm, and the composition of NCs is
dominated by MoSi,. However, when annealing in O, ambience, Mo oxide NCs was
formed and its size is about 20-nm. In addition, we found that a
pre-annealing-capping oxide layer is a key process to form Mo oxide NCs.

There are many methods have been develop to form nanocrystals for nonvolatile
memory application. Most of the methods need long-term annealing in oxygen
ambience. This procedure will influence thermal budget and throughput for the
current manufacture technology of semiconductor industries. Hence, a simple and fast

fabrication technique of Mo NCs was demonstrated for NVM application in this thesis.
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The NVM structure of Mo NCs embedded in the SiO4 layer was fabricated by
annealing Mo silicate, which was deposited by sputtering Mo and Si target in Ar and
O, ambience. In the formation process, the oxygen plays a critical role for the NCs
formation during sputter process. A high density (~10"cm™) NCs also can be simply
and uniformly fabricated in our study. We also proposed a formation of Mo NCs
embedded in SiNy by replacing O, by N, ambience during the sputtering process. A
high density Mo NCs was embedded in the silicon nitride (SiNx) which presented
larger memory effect. Therefore, by using internal competition mechanism in charge
trapping layer for these elements (Moy Si, and O.or N);we can obtain a metallic NCs
NVM with low thermal budget process. Besides, double-layer NCs NVM structure
was fabricated infthis work. We-found that double-layer NCs’structure has better
charge storage ‘and retention over than single-layer one under'high temperature test
because of Coulomb blockade effect can be reduce by sharing the stored carriers into
both the first layer and second NCs.layer. Furthermore, carriers stored in the first
layer can build=up Coulomb expulsion=forcestorreduce the tunneling probability of
carriers stored in the.secondary NCs layer.

Many proposed methods. for fabrication of NCs such as ion implantation,
oxidation and sputtering are expect to induce defect in the dielectric around
nanocrystals, and influence charge storage ability of memory device. Therefore, we
used a post treatment of ammonia (NH3) plasma to improve the quality of the
surrounding dielectric. Ammonia plasma treatment has been widely application in
semiconductor industry for its low thermal budget. In this work, ammonia plasma
treatment was performed on Mo NCs embedded in oxide or nitride. The results
indicate that nitrogen bonding can be introduced into surrounding dielectric to
passivate defects, and therefore improve the nonvolatile memory characteristics of the

memory device.
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In addition to floating gate device, we study the resistive switching random
access memories (RRAM) for application in back-end nonvolatile memories.
Aluminum oxide was employed as resistive switching layer in this work. We found
that the variation of resistive switching characteristics in conventional structure,
metal/insulator/metal structure, is large. This increases the complexity of designing
and operation of the device. Therefore, we proposed metal/ insulator/nanocrystals/
insulator/metal to reduce variation of memory characteristics in RRAM device. In the

final part of this dissertation, the conclusion is presented.
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Chapter 1

Introduction

1.1 Overview of Flash Memory

In recently years, flash memory has been widely used in the portable productions,
such as MP3 player, PDA, Notebook, flash driver and so on. Flash memory is
nonvolatile, which is that no power is needed to maintain the data storage in the chip.
The flash memory can besclassified into two types, NOR.and NAND flash memories,
according to their functions and advantages [1.1]. NOR Flash offers faster read speed
and random access capabilities, making.it|suitable for code storage.in devices such as
PDA and cell phone. In contrast to- NOR flash, ,the NAND memeory, which offers
faster write/enase capability and higher density is typically used for storing large
quantities of data. Flash memory has several advantages such as fastiread access time
and better kinetic shock resistance than hard disk: The fabrication process of flash
memory is compatible with the current complementary-metal-oxide-semiconductor
(CMOS) process and is a suitable solution for embedded memory application. It has
become the mainstream nonvolatile memory'‘device in last few decades.

The flash memory is based on the floating gate device, which was invited by
Kahng and Sze at Bell Labs in 1967 [1.2]. The floating device, as shown in figure 1-1,
is constructed by the MOSFET device with a modified gate stack (tunnel
oxide/floating gate/blocking oxide/gate electrode). In the floating device, charges are
injected from the silicon substrate across the tunneling oxide and stored in the floating
gate. The stored charges can cause a threshold-voltage shift, and the device is at a

high-threshold state (programmed). For a well-designed memory device, the stored



charge can maintain in floating gate over 100 years without external power [1.2].
After a suitable erase voltage is applied, the stored charges can be extracted from
floating gate, and the device returns to a neutral state (no charges in the floating gate).

To achieve the high density array, low power consumption, high speed operation,
and enough reliability on commercial applications, the cell size of floating gate device
must be scaling down. However, conventional poly-silicon floating device has a
limitation on scaling down of the tunnel oxide. According to the 2007 International
Technology Roadmap for Semiconductors (ITRS) flash memory [1.3], tunnel oxide
thickness must be more than, 6-nm to assure enough retention time, as shown in Fig.
1-2. This basic limitation on- tunnel oxide leads to a high programming/erasing
voltage and low operation speed for the device. If tunnel oxide were scaling to below
2-nm, the programming/erasing voltage could be reduced 'to “smaller than 4V.
Although the ‘thin tunnel oxide can effectively-enhance the programming/erasing
speed and reduce operation voltage, the thick oxide is required to guarantee the ten
years retention time. Furthermore, afterrendurance=test; traps can generate in tunnel
oxide, which might.induce a leak path in the tunnel oxide and, results in the stored
charge loss. These difficult trade-off problems hinder.the scaling.

To overcome the trade-off problems, discrete trapping center instead of
electrically continuous poly-silicon floating gate have been received much attention in
recent years [1.4-1.6]. Unlike to the poly-silicon gate, charges stored in the distributed
centers can suppress their lateral migration. Therefore, even if an intrinsic defect or
extrinsic defect chain exists in the tunnel oxide, they can only influence a few
trapping centers allowing aggressive scaling of tunnel oxide. The main realize of
discrete trapping center is poly-silicon/oxide/nitride/oxide/Si (SONOS) memory and
nanocrystal memory. Both structures have been proposed to reduce the tunnel oxide

without sacrificing the retention time.



1.1.1 SONOS Nonvolatile Memory Devices

Since the first nitride based device was proposed by Wegener et al. in 1967s, the
device structure has been evolution to SONOS structure. The evolution is shown in
Fig. 1-3. Early nitride based device was constituted by metal/nitride/oxide/silicon
(MNOS) device in 1967s. It is well known that silicon nitride film have a large
number of trapping centers. Therefore, employing the silicon nitride as the charge
trapping layer can cause an enough threshold voltage shift for circuit to identify logic
“0” and “1”. The silicon nitride trap-based devices are widely studied for charge
storage device in early 1970s: Initial device: structure, MNOS, was constructed by
aluminum gate electrode, 45nm-thick silicon nitride layer, silicon oxide and p-channel
device. Write/eras€voltage of device is as high as 25-30 V. In thelate 1970s and early
1980s, the nitride based device move to the n~channel SNOS device with improved
write/erase voltages of 14-18 V. In the late 1980s and early 1990s, n- and p-channel
SONOS device emerged with low write/erase voltages of 5-12 V" Compared with
SNOS device, the SONOS device has'some advantages: (a) the device reduces write
voltage because the-blocking aetion of the top oxide removes any limitation on the
reduction of the nitride thickness; (2) charge transport between gate electrode and
nitride trap layer is minimized for both gate polarities, particularly for hole injection;
(3) retention is improved because there is a minimal loss of charge for the gate
electrode.

In recent years, there has been a dramatic proliferation of research concerned
with SONOS memory because its advantages over the conventional floating gate
device. These include reduction of operation voltage, increase of operation speed,
enhancement of reliability and elimination of drain-induced turn-on [1.7, 1.8]. Unlike
to the conventional floating device, charges are stored in distributed trap in nitride

layer of SONOS device. Typical traps density is in the order of 10'*-10" cm?
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according to the Yang et al.’s calculation [1.9]. The charges stored in the distributed
traps can prevent charges from being moving in nitride floating gate layer, and
therefore the SONOS device has better endurance than the conventional floating gate
memory.

Even though the SONOS memory device has a lot of advantages over the
conventional floating gate memory, the SONOS is still face the challenge on the
future nonvolatile memory application, which demand for low operation voltage (<5
V), low power consumption, long-term retention, and excellent endurance. Various
approaches have been proposed for improving the SONOS performance and reliability,
such as nitride bandgap‘engineering, device structure-engineering and high-k material
as the charge stordge layer [1.10].-Chen et al. proposed a Si3Ngbandgap engineering
method to improve the endurance and ‘retention characteristics. A nitride layer with
different Si/N"ratio throughout the layer can .significantly increased the charge
trapping efficiency [1.11].

T. Sugizaki et al. proposed HfOsrand=Al3057aswthe charge trapping layer to
replace the silicon nitride. They, found that employing HfO, or, Al,Os as the charge
trapping layer can improve the program/erase speed. The Al,O; with high valence
band shift to Si substrate can prevent the memory from being over-erase. Tan et al.
showed that over-erase phenomenon in SONOS memory can also be minimized by
replacing silicon nitride with mixed HfO, and Al,O; as the charge storage layer. The
charge retention and endurance performance was improved by the addition of 10%
Al,O3 in HfO; to form HfAIO thin film as the charge trapping layer [1.12]. M. She et
al. demonstrated that high quality nitride instead of SiO; as the tunnel dielectric for
SONOS structure memory can improve the programming speed and retention time
under a low programming voltage [1.13]. C. H. Lee et al. proposed a nitride based

device structure of SiO,/SiN/Al,O3/TaN metal gate (SANOS) [1.14]. The charges in
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the SiN layer can be erased efficiently by Fowler-Nordheim tunneling mechanism of
holes even at thicker tunnel oxide where the holes direct tunneling is suppressed. The
effect of TaN gate with higher work function than poly-silicon gate can improve the
program/erase characteristics of the SANOS devices. The use of TaN metal gate can
block electron current through the Al,Os; more efficiently than a conventional
poly-silicon gate, which results in faster program/erase speed, and significant decrease
of the saturation level of the erase V.

S. C. Chen et al. studied a polycrystalline silicon thin film transistor with
oxide/nitride/oxide stack gate istructure and multiple nanowire channels for
nonvolatile SONOS memory application [1.15]. The-proposed structure can improve
electrical charactefistics including increase of drain current, a steép subthreshold slop
and excellent program/erase efficiency due to'the tri-gate structure and channel corner
effect. Such "structure is thereby highly.spromising to application on future
system-on-panel display application.

Novel device structures-are~alsomindispensabler to make the floating gate
nonvolatile memory- more scalable. SONOS memory deviee can make tunnel oxide
decreased, and a FinFET structure has the better-controlling capability on short
channel effect than the conventional MOSFET structure. FInNFET embedded with
nitride layer as the floating gate (FInFET SONOS memory) has been demonstrated
with a small cell size to provide excellent performance and reliability. Hence, FiInFET
SONOS memory is also a potential candidate for next generation floating gate

nonvolatile memory [1.16, 1.17].

1.1.2 Nanocrystal Nonvolatile Memory Devices
The nanocrystal memory is a direct descendant of conventional floating gate

memory [1.4]. The biggest difference between nanocrystal and conventional floating
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gate memory is the manner of charge storage. In conventional floating gate memory,
charges are stored in electrically continuous polycrystalline silicon floating gate.
However, charges are stored in the separated nanocrystals for the nanocrystal memory.
Fig. 1-4 illustrates a typical nanocrystal memory device. As shown in the Fig., the
nanocrystals are separated by their surrounding dielectric. When programming
voltage is applied on gate electrode, carriers can inject from conduction channel to the
nanocrystals. The injected carriers can store in the lateral isolated nanocrystals. Each
nanocrystal will typically store only a handful of electrons and the charges stored in
these nanocrystals collectively'control the channel conductivity. The first nanocrystal
memory device was proposed in 1995 by S. Tiwati et al,.who demonstrated the
nonvolatile memoty device with a Si nanocrystals floating gate11.18]. They showed
that a large bistability with a significant threshold voltage shift can'be obtained at low
bias voltages with built-in Coulomb blockade of additional carrier injection.

Using the'nanocrystals as charge storage media instead of poly-Si floating gate
has several advantages. First, -memory»with=discretercharge storage elements allow
more aggressive scaling of the tunnel oxide and exhibit superior characteristics
compared to Flash memories in. terms of operation voltage and write/erase speed. The
main reason for the improvement is because charges stored in electrically isolated
nanocrystals are more immunity to local defect chain. Due to the absence of drain
with  floating gate coupling, nanocrystal memory suffers from less
drain-induced-barrier-lowering (DIBL) effect than conventional floating gate device.
This advantage allows the use of a high drain bias in read operation mode, and
therefore improves the memory access time. Furthermore, Nanocrystal memories are
characterized by excellent immunity to stress induced leakage current (SILC) and
oxide defect due to the distributed nature of charge storage. Research in the

nanocrystal memories have focused on the development of fabrication processes,
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nanocrystal materials and integration of nanocrystal based storage layer in real
memory devices.

The process for fabrication nanocrystal memory requires well control on four
important parameters: (1) Tunnel oxide thickness. The oxide thickness must be well
controlled and uniformity must be good enough to prevent the variation from cell to
cell. (2) The quality of blocking oxide. The quality of the oxide must ensure that the
carrier cannot tunnel from gate electrode to nanocrystal layer. (3) The density of
nanocrystal and (4) the size of nanocrystal. Considering the nanocrystal size, larger
nanocrystal size provides high program/erase efficiency because the larger size of
nanocrystal suffers from smaller quantum confinement and coulomb blockade effects.
However, it is de$irable to;reducethe nanocrystal size to achieve a high density of
nanocrystal on the channel for a uniform devices array. Therefore, there is a trade-off

in the nanocrystal size. A typical target is a density of 10'* cm?

, and this require
nanocrystal size of about 5-nm.

The ideal goal in optimizing thernanoerystalssmemory device is to achieve both
the fast write/erase of DRAM and the long retention time of Flash memories. For this
purpose it is needed to produce an asymmetry in charge transport through the gate
dielectric to maximize the ratio of 1g yrite/crase / IGiretention-

So far, there are many materials have been proposed for nanocrystal nonvolatile
memory application such as Si, Ge, HfO,, CeO,, Co, Ni, Pt and Mo. These materials

can be classified into three categories: semiconductor, high-k dielectric and metallic

nanocrystals. Fig. 1-5 shows the band diagram for the (a) Ge, (b) HfO, and (c) Mo.

A. Semiconductor Nanocrystal Memories
Since S. Tiwari et al. proposed the first Si nanocrystal memory device, there is

much research on improving the retention and endurance characteristics of the device.
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R. Ohba et al. proposed that self-aligned doubly stacked Si nanocrystals as the
floating gate to enhance the memory characteristics [1.18]. Their structure is shown in
Fig. 1-6(a). The mechanism for improving the memory characteristics is originated
from the quantization effect on the lower nanocrystal. As indicated in Fig. 1-6(b), the
smaller nanocrystal at the bottom has larger quantum confinement effect over than
that for the larger nanocrystal. Therefore, after the charge inject into the upper
nanocrystal, the charge is blocked by lower nanocrystal, which improves the retention
of the memory. However, this method needs a well control on size of nanocrystal and
the oxide layer between the upper and lower nanocrystals.

King and Hu demonstrated that the superior properties of Ge nanocrystal
memory over thosébased on Si in terms of writing/erasing and refention time because
smaller band gap of Ge. Recently, the simulation' results indicated that the Ge/ Si
heteronanocrystal improves the retentions characteristics dramatically without
influencing the writing/erasing speed: J. .Lu et al. demonstrated the Charge storage
characteristics in the metal-oxide-semiconductor-memory structure based on gradual
Ge; xSix/Si heteronanoerystals.s Their results show that -the retention of hole was
improved. The main reason for improved retention-of hole is due to additional Si
barrier to block the hole, as shown in Fig./1-7.

Although various methods has been proposed to improve the reliability of
semiconductor nanocrystal memories, the nanocrystal suffer from a severe quantum
confinement effect. The quantum confinement effect can widen the band gap as the
decrease of the nanocrystal size. Theoretical calculation shows that Ge nanocrystal
will experience a serious conduction band shift when its size is smaller than 5-nm.
This effect limits the ultimate size of nanocrystal and impedes the device scaling

down.



B. High-k dielectrical Nanocrystal Memories

Two bits operation through charge storage in nitride layer upon drain or source
side have been widely investigated. The crucial issue for two bits operation is
migration of the stored charge, which degrades the threshold voltage shift (or memory
window). To alleviate the issue, Chen et al. proposed the high-k dielectric nanocrystal
nonvolatile memories in 2004 [1.19, 1.20]. They fabrication the nanocrystal by using
co-sputtering Hf and Si in oxygen followed with high-temperature annealing to form
the high-k dielectric nanocrystal for SONOS-type memory devices. These devices are
not only like SONOS-type nonvolatile memory but alse can restrain the stored charge
lateral migration effeet. Therefore, the performance 0f high-k dielectric nanocrystal

for 2-bits operatiofiis better than SONOS-type memory device.

C. Metallic Nanocrystal Memories

In optimizing nonvolatile memory device, the ideal goal is to ‘achieve the fast
write/erase of DRAM and long retention-timerof Flashrmemories simultaneously. For
this purpose we need to createan asymmetry in charge-transport through the gate
dielectric to maximize the IG; wiite/Erase/ G, Retention Tatio: One “approach to achieve this
goal is to engineer the depth of'the potential well at the storage nodes, thus creating an
asymmetrical barrier between the substrate and the storage nodes, i.e., a small barrier
for writing and a large barrier for retention. This can be achieved if the storage nodes
are made of metal nanocrystals. Then by engineering the metal work function, the
barrier height can be adjusted by about 2 eV, giving much freedom for device
optimization.

Compared with semiconductor or high-k dielectric nanocrystal memories, the
metal nanocrystals memories have several advantages include higher density of states

around the Fermi level, stronger coupling with the conduction channel, a wide range
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of available work functions, and smaller energy perturbation due to carrier
confinement [1.21]. Furthermore, electrostatic modeling from both analytical
formulation and numerical simulation is demonstrated that the metal nanocrystals can
significantly enhance the electric field between the nanocrystal and the conduction
channel, and hence can achieve much higher efficiency in low-voltage operation
[1.22].

In the future, the driving force behind the development of nanocrystal memory
is its potential on scaling device structure without sacrificing reliability and improving
operation speed. Nevertheless, there are still challenges await nanocrystal memories

in the long road to commercialization.

1.1.3 Conclusion

Nanocrystal memories have been presented in the mid-nineties as a possible
alternative to eonventional floating-gate nonvolatile memory, by allowing a further
decrease in the'thickness of tunnelroxiderResearchrin this area has focused on the
development of manoerystal materials and fabrication, processes, and on the
integration of nanocrystal-based storage layers in-actual memory devices. Although,
various methods have been iiinvestigated | to. Tmprove nanocrystal memory
characteristics, it is also a rigorous challenge on nanocrystal memory for next
generation nonvolatile memory in term of uniformity of nanocrystal size and its

reliability.

1.2 Motivation
According to the Semiconductor Industry Association (SIA) International
Technology Roadmap for Semiconductors (ITRS) report, it can be realize that the

severe challenges of floating gate flash are to achieve reliable, low-power, and high
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program/erase speed [1.3]. The challenges are originated from: (1) the limitation on
the thickness of tunnel oxide, and (2) reliability of the memory device. For the tunnel
oxide thickness, the ITRS report indicated that the oxide thickness of floating gate
device is restricted to 6-nm to guarantee enough retention time for memory
applications. However, high speed and low power operation require the thinner tunnel
oxide. In order to get balance between program/erase speed and retention time, there
is a trade-off between the speed and the retention to get the optimal tunnel oxide
thickness. On the other hand, the limitation on reliability is due to the stress induced
formation of leakage path in.tunnel.oxide. As the mémory device suffer from a large
number of program/erase cycles, the carrier transport threugh tunnel oxide can
generate the leakage path, which results in total stored charge leak out of the floating
gate through the'generated leakage path. Therefore, the conceptual of discrete charge
storage media'instead 'of continuous poly-Si floating gate was proposed to surmount
the limitations‘and realized through charge trapping layer (such as nitride layer with
traps) and discrete nanocrystals. Unlikevto=therfloating gate; the charge stored in
discrete centers can,alleviate the trade-off between the high speed operation and long

term retention, allowing further.scaling down of the memory devices.

1.3 Organization of This Thesis

In this thesis, we investigated the molybdenum-based nanocrystal memory to
overcome the limitation of conventional floating gate memory. Furthermore, we
introduce nanocrystal into resistance switching memory RAM (RRAM) to enhance
the memory characteristics.

Chapter 1 introduces the function and characteristic of NOR and NAND flash
memory. Furthermore, discrete charge storage type memories including SONOS-type

and nanocrystal-type are organized and discussed. The evolvement of the
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SONOS-type memory and the research of current status on the nanocrystal memory
are reviewed.

In chapter 2, we briefly describe the programming/erase operations of the
majority of Flash memories described in the literature. Some important mechanisms
such as Programming/Erasing mechanisms, basic Physical characteristic, and
reliability of nonvolatile memory and Gibbs free energy are reviewed. The
programming/Erasing can be performed by different tunneling mechanism.

In chapter 3, we investigate the nonvolatile memory characteristics of Mo
silicide nanocrystal memory, through annealed electron-gun evaporated Mo silicide
layer in different ambience. Mo nanocrystal can be formed after annealed in N,
ambience. However, the retention of the Mo nanocrystal is notfideal. The retention
can be improved by introduce oxXygen during annealing process due to reduce the Si
dangling bonds‘in surrounding dielectric.

In chapter4, Mo nanocrystal embedded in silicon oxide (SiOx) and nitride (SiNy)
as charge storage layer is studiedmMornanocrystalrcan form in the SiOy after
annealing oxygen-incorporatediMo silicide layer at a ctitical,temperature without
degrading the tunnel oxide. It.is found that the memory window and retention are
influenced by various annealing temperature. Furthermore, the density of nanocrystal
can be increased by annealing nitrogen-incorporated Mo silicide layer. The Mo
nanaocrystal in SiNy have larger memory window than Mo nanocrystal in SiOy
because the high density of nanocrystal and high permittivity of nitride can enhance
the coupling to the conduction channel.

In chapter 5, we investigate the ammonia plasma treatment influence on Mo
nanocrystal memory. It is found that the treatment can improve the quality of
surrounding dielectric by nitrogen passivation. After the passivation, the memory

characteristic of Mo nanocrystal in dielectric can be improved. In addition, we
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compare the memory characteristics between Mo in SiOx and Mo in SiNy as charge
storage layer. The different characteristics are explained through charging effect.
Resistance switching memory emerges as a new candidate for future nonvolatile
memory. The resistance switching memory has a capacitor-like structure composed of
insulating or semiconducting materials sandwiched between two metal electrodes.
Because of its simple structure, highly scalable cross-point and multilevel stacking
memory structures have been proposed. In chapter 6, the reproducible and stable

resistance switching phenomenon in Al,Os; is demonstrated. The Ni silicide

>mory characteristics.
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Chapter 2

Basic Principles of Nonvolatile Memory

2.1 Programming/Erasing mechanisms of nonvolatile memory

Charge storage based nonvolatile memories (NVMs), such as nanocrystal
memory and polycrystalline silicon/silicon oxide/nitride/silicon oxide/silicon substrate
(SONOS) structure memory, aredbased on the eenceptual of floating gate device.
Using various programming mechanism, after charging, the total stored charge Q is

equal to integrated imjection current. This results in a shift of the threshold voltage by

the amount
AV, = —% (2-1)
&,

where Q is the total charge stored in_the floating gate, and C,, 1isthe capacitances
between the floating-gate (FG).and.controlrgate-{2:1=2:3].

Two methods are used to measure the threshold-voltage shift: (1) change in the
channel conductance gp of the. MOSFET which is measured at small drain voltages.
The channel conductance of an ntchannel MOSEET is given by

]D

V4
g == uC, Vo=Vr),  Ve>Vn, (2-2)
v, L

and (2) Ip-V¢ plot as shown in Fig. 2-1. After the programming, the floating-gate of
the memory are charged with a number of negative charges and results in
threshold-voltage shift to a higher level (Curve B), which is defined as a state of “1”
in binary. On the other hand, the stored charge can be removed after erasing and the
threshold-voltage changes from the higher value to a lower one, which is defined as a

state of “0” (curve A).
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There are many mechanisms can be used to programming and erasing the
memory cell. In general, the mechanisms can be divided into two categorizes, hot
carrier injection and tunnel effect including direct tunneling, Fowler-Nordheim
tunneling and band to band tunneling. These mechanisms for programming/erasing of
memory cell can result in difference characteristics and we will briefly introduce them

at the following.

Models for programming/erasing
2.1.1 Tunneling effect

Tunneling mechanisms 1S a quantum mechanical phenomenon. Unlike to
classical mechanids; an electron can be represented by its wave function. The function
does not terminate on the side wall of a finite potential barrier but'can penetrate into
the barrier as shown in Fig. 2-2. The tunneling probability can be calculated from the
Schrodinger equation. For complicated batrier shapes, simplification of the equation
is made by the WKB (Wentzel-Kramers=Brillouin)-approximation if the potential U(x)

is a slow function of:x. The tunneling probability can then be caleulated by

|WB|2 % 2m
T = ; ~exp{-2 = LU - Eld. (2-3)

t

|‘// A
With tunnel probability eqn. (2-3), the tunneling current J; can be calculated from
the production of the number of available carriers in the Region-A, and the number of

empty states in the region-B,
t

gm’
J :W'[FANAT,(I—FB)NBdE (2-4)

where F,, Fg, N4, and Np are the Fermi-Dirac distributions and densities of states and
the subscript represents the corresponding regions.

For the different profile of potential barrier, the tunneling effect can be classified
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into four different tunneling mechanisms, direct tunneling (DT), Fowler-Nordheim
tunneling (FN), modified Fowler-Nordheim tunneling (MFN) and trap assistant
tunneling (TAT). These mechanisms are the main carrier transport mechanisms
employed in the floating gate NVM. Fig. 2-3 shows these four tunnel effects.

A. Direct Tunneling effect (DT)

For nanocrystal memories, the control-gate coupling ratio of nanocrystal memory
devices is inherently small [2.4]. As a result, FN tunneling cannot serve as an efficient
write/erase mechanism when a relatively thin tunnel oxide is used because the strong
electric field cannot be confined in one oxide layer. When the thickness of tunnel
oxide is below 5 nm, ‘the direct tunneling is employed in. nanocrystal memories
instead. Furthermére, the direct tunneling is more sensitive to the barrier width than
barrier height. However, two to four orders of magnitude reduction‘in leakage current
can still be achiéved if the metals with a largeswork function, such as' Au or Pt, which

corresponding to high barrier height, [2.5]:

B. Fowler—Nordheim Tunneling effect (FN)

One of most important injection mechanism employed in floating gate devices is
the Fowler—Nordheim tunneling, which s 'a field—assisted electron tunneling
mechanism. Electrons in the silicon conduction band see a triangular energy barrier
with a width dependent on the applied field. The height of the potential barrier is
determined by the electrode material and band structure of SiO,. At sufficiently high
field, the energy band diagram of the SiO; is very steep and thin enough to allow that
the electrons can tunnel into the conduction band of SiO,. Using a free-electron gas
model for the metal and the WKB approximation for the tunneling probability [2.6],

one obtains the following expression for current density [2.7]:
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J= 2-3
167°1° O, 3hgF 23)

¢ [4(%&%@?]
where @ is the barrier height, m’ is the effective mass of the electron in the forbidden
gap of the dielectric, # and 7 is the Planck’s constant and the constant divided by 2,
q is the electronic charge, and F is the electric field through the oxide. However, the
exponential dependence of tunnel current on the oxide-electrical field causes some
critical problems on device process control because, for example, a very small
variation of oxide thickness among the cells in a memory array produces a great

difference in programming or’erasing currents, thus spreading the threshold voltage

distribution in both logical states.

C. Modified Fowler-Nordheim tunneling (MEN)

Modified “Fowler—Nordheim tunnelings (MFN) is frequently observed in
SONOS-type memories where the operation is designated to low-voltage (<10V,
depending on the Equivalent oxiderthickness)=Arrelatively. small electric field on
tunnel oxide cannot.drive charges to inject into the charging trapping layer by DT or
FN mechanism. Therefore, the electrons in conduetion of the gate should tunnel

through the oxide barrier and a triangular nitride barrier, which is MFN tunneling.

D. Trap assistant tunneling effect (TAT)

The charge storage mediums with many traps may cause another tunneling
mechanism. For example, the charges tunnel through a thin oxide and arrive to the
traps of nitride layer at very low electric field in SONOS systems. During trap
assisted injection, the traps are emptied with a smaller time constant and then they are
filled. The charge carriers are thus injected at the same distance into the nitride as for

MFN injection. Because of the sufficient injection current, trap assistant tunneling
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may influence in retention [2.8].

2.1.2. Channel Hot-Electron Injection

The physical mechanism of Channel Hot-Electron Injection (CHEI) can be
simply understood qualitatively. An electron traveling from the source to the drain
gains energy from the lateral electric field and loses energy to the lattice vibrations
(acoustic and optical phonons). At low fields, this is a dynamic equilibrium condition,
which holds until the field strength reaches approximately 100kV/cm [2.9]. For fields
exceeding this value, electrons are no-longer in equilibrium with the lattice, and their
energy relative to the eonduetion band edge begins to-increase. Electrons are “heated”
by the high lateral electric field, and a small fraction of them have enough energy to
surmount the barrier between oxide-and silicon conduction band edges. Figure 2-4
shows schematic representation of CHEI in n-MOSFET. On the other hand, the
effective mass‘of hole is heavier than.onesof electron. It is too hard to obtain enough
energy to surmount oxide barrier. Thereforeyhot=holerinjection is rarely employed in
nonvolatile memory: operation.sFor an electron to overcome this potential barrier,
three conditions must be held [2.10].
1) Its kinetic energy must be higher than the potential barrier.
2) It must be directed toward the barrier.
3) The field in the oxide should be collecting it.
Nevertheless, a description of the injection conditions can be accomplished with two
different approaches. The CHEI current is often explained and simulated following
the “lucky electron” model [2.11]. This model is based on the probability of an
electron’s being lucky enough to travel ballistically in the field for a distance several
times the mean free path without scattering, eventually acquiring enough energy to

cross the potential barrier if a collision pushes it toward the Si/SiO, interface.
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Consequently, the probability of injection is the lumped probability of the following
events, which are depicted in Figure 2-5 [2.12].

1) The carrier has to be “lucky” enough to acquire enough energy from the lateral
electric field to overcome the oxide barrier and to retain its energy after the collision
that redirects the electron toward the interface (Pgy).

2) The carrier follows a collision-free path from the redirection point to the interface
(Pep).

3) The carrier can surmount the repulsive oxide field at the injection point, due to the
Schottky barrier lowering effect, without suffering an energy-robbing collision in the
oxide (Poc).

The current densityzof CHEI is expressed as
AE

Iinj = Adlds ( )2 eXp(_ ¢b /ZEm ) (2-4)

b

Here Iy is thechannel current and A4 1s a constant. @y, 1S the injection barrier and A is
the mean free ppath associated with the" phonon scattering. E,, is the lateral electric

field at drain.

2.1.3. Band to Band Tunneling (BTBT)

Band to band tunneling application to' nonvolatile memory was first proposed in
1989. Chen et al. demonstrated a high injection efficiency (~1%) method to
programming EPROM devices [2.13]. Band-to-band Tunneling (BTBT) process
occurs in the deeply depleted doped surface region under the gate to drain / gate to
source overlap region. In this condition, the band-to-band tunneling current density is

expressed as

AE
Im_/ = A1 (—" )2 exp(— ¢b//1Em) (2-5)

b

(a) Band to Band Hot Electron Tunneling Injection
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This injection mechanism is used to nonvolatile memory of PMOS structure.
When band-bending is higher than the energy gap of the semiconductor, the tunneling
electron from the valence band to the conduction band becomes significant. The
mechanism is at the condition for positive gate voltage and negative drain voltage.
Hence, the hot electrons are injected through the tunnel oxide and then recombine the

stored electrons as shown in Fig. 2-6.

(b) Band to Band Hot Hole Tunneling Injection

The injection is applied for NMOS . nonvolatile memory device. The mechanism is at
the condition for negative gate voltage and positive drain wvoltage. Hence, the hot
holes are injected through the tunnel oxide and then recombine the stored electrons as
shown in Fig. 2-7.

The electrons (n-type) / holes (p-type) are accelerated by a lateral electric field
toward the channel region and some of the electrons with sufficient energy can
surmount the potential barrier-of SiO372:14=2:16]=Due to the small oxide field, the
electron/hole influence throughithe oxide can easily reach hundreds of coulombs per
square centimeter without failure; it means to the improvement reliability of memory

cells.

2.1.4. Channel Initiated Secondary Electron Injection (CHISELI)

The main difference between CHE and CHISEI is that the CHISEI is operation
as CHE with a negative bias on body (Vg). The CHISEI is highly sensitive to the
lateral electrical field and vertical electrical filed. The procedure and the band diagram
for the application of CHISEI are as shown in Fig. 2-8. The superior injection of
CHISEI operation mode leads to a better program efficiency. The improved program

efficiency results from the substrate enhanced gate current component. Under
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optimized substrate condition, the substrate hot carriers and subsequent injection are

expected for the application of low power and high speed.

2.2 Basic Physical Characteristic of Nanocrystal Memory

In the nanocrystal memory, due to the small size of the nanocrystal (3~5 nm), the
quantum effect will be obviously. Furthermore, storage carriers in nanocrystal can
raise the potential energy due to Coulomb effect. Both quantum effect and Coulomb
effect can influence the memory characteristics of the nonvolatile memory.
2.2.1 Quantum Confinement Effect

The quantum det“is a quasi-zero-dimensional- nano-seale object and is also
composed by smallamount of atoms. The quantum confinement eénergy depended on
nanocrystal size has been studied both experimentally and theoretically with the
tight-binding model [2.17]. The quantum confinement effect becomes significant
when the nanocrystal size shrinks to,the nanometer range, which causes the ground
state of nanocrystal to shift to higherenergy*compared-with bulk material [2.18]. This
result will reduce the barrier high, the difference between work function of the
nanocrystal and tunnel-oxide. The reduction of the barrier will degrade charge storage
ability and programming efficiency for|the semiconductor nanocrystals. The
theoretical shift of ground state for semiconductor and metal nanocrystals has been
proposed by W. Guan et al. at 2007 [2.19]. The ground state shift (AE) of Ge and Mo

nanocrystals are expressed as

AE = E(o0) +—5—— and AE,, =221 (2-6)
d2 +1.788d, +0.688

Where E (o0) is the conduction band minimum for bulk Si and d is the diameter of
nanocrystal. For example, a 3 nm Si nanocrystal can have a conduction band shift of

0.1 eV as compared with bulk Si, which is significant enough to affect the electrical
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performance of the nanocrystal memory cell. Figure 2-9 shows the conduction band
minimum up-shift of Si and Ge nanocrystal, and Fermi level up-shift of metal NC as a

function of nanocrystal size by W. Guan’s model.

2.2.2 Coulomb Blockade Effect

When an electron is stored in nanocrystal, the potential energy of nanocrystal
raised with electrostatic charging energy e”/2Cy., where Cy is the nanocrystal
capacitance. The C, is dependent on nanocrystal size, permittivity and thickness of
surrounding dielectric, the tunnel oxide and the blocking oxide. The capacitance is
self-consistently calculated using an electrodynamics  methed [2.20]. The electron
charge will raise the nanocrystal potential energy and reduce the'electric field across
the tunnel oxide, resulting in reduction of the tunnelingcurrent density during the
write process. Tt 18 more dominant at low programming voltages (< 3V). In a flash
memory array, device cells often encounter disturbances with low gate voltage
soft-programming. The Coulomb blockadereffect-caneffectively inhibit the electron
tunneling at low ‘gate voltage sand improve the flash memory array immunity to
disturbance. However, the/ Coulomb blockade effect should be reduced by employing
large nanocrystal if large tunneling current and fast programming speed were desired.
The Coulomb blockade effect has a detrimental effect on the retention time because
the electrons in the nanocrystal are inclined to back into the channel by tunneling if

the nanocrystal potential energy is high in retention mode.

2.3 Reliability of Nonvolatile Memory
Unlike to logic IC, nonvolatile memory is more concerned with reliability than
performance. The reliability includes two parts, retention and endurance. Both

reliability tests are very importance for nonvolatile memory application to the
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portable electronic productions market and they are norm to define the charge loss
ratio in the long-term use. In general, nonvolatile memory must be able to bear
100K-1M program/erase cycles (endurance), and has 10-year retention. Therefore, in
this section, the authors will present the operation mechanisms and related non-ideal

factors of retention and endurance tests.

A. Retention

For nonvolatile memory, the data information must be conserved over than ten
years. This means that the chatge loss rate of the stored.carriers in the floating gate or
discrete trapping centers have to be as low as possible. For example, in modern Flash
cells, floating gate capacitance is-approximately 1 fE. A loss of ofly 1 fC can cause a
1V threshold voltage shift. If we consider the constraints on data retention in ten years,
the charge loss'rate has to less than five electrons per day [2.21].

The possible origins of charge.loss are through: 1) tunneling or thermionic
emission mechanisms; 2) defects inrthestunnel~oxide;rand 3)ide-trapping of charge
from insulating layers around the storage medium. Several discharge mechanisms
may be responsible for time and temperature dependent on retention behavior of
nonvolatile memory devices. Figure 2-11 shows an energy band diagram of SONOS
device in the excess electron state [2.22], illustrating trap-to-band tunneling,
trap-to-trap tunneling, and band-to-trap tunneling, thermal excitation and
Poole-Frenkel emission retention loss mechanisms.

These mechanisms can be classified into two categories. The first category
contains tunneling processes that are not temperature sensitive (trap-to-band tunneling,
trap-to-trap tunneling and band-to-trap tunneling). The second category contains those
mechanisms that are temperature dependent. Trapped electrons may redistribute

vertically inside the nitride by Poole—Frenkel emission, which will give rise to a shift
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in the threshold voltage. Moreover, at elevated temperatures, trapped electrons can
also be thermally excited out of the nitride traps and into the conduction band of the
nitride (thermal excitation), and drift toward the tunnel oxide, followed by a
subsequent tunneling to the silicon substrate.

Besides, the defects generated in the tunnel oxide can bring about decline in
retention because the trap can assist carrier tunneling out of storage centers. The
defects can be divided into an extrinsic and an intrinsic one. The former is stem from
defects in the device structure; the latter originate from the physical mechanisms that
are employed to program and ‘erase-the cell. Moreover; charges can be trapped in the
insulating layers around the storage medium during Wwafer processing, as a result of
the plasma damage; or during the WV exposure which is normally used to bring the
cell into a well-defined state at the end of the process! The charges can subsequently
de-trapping with time,'especially at high temperature. The charge variation results in a
variation of the storage medium potential;and thus in channel length'decrease [2.23].
The retention capability of Flash memories~havertorberchecked by using accelerated
tests that usually “adopt. screening electric fields and hostile environments at high

temperature.

B. Endurance

Endurance is a number of erase/write operations. Generally speaking, Flash
products are specified for 10° erase/program cycles. Nevertheless, the endurance
requirement may be relaxed with the increase of memory density for the other
applications. The endurance requirement is relaxed to 100K cycles for 256 MB
memory. In the higher density, a certain cell in a block has less possibility to be
written and erased since the memory operation on the cell is repeated after using up

the whole memory blocks. The endurance requirement is sufficient for the user to take
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700 photos with a 1MB size every day for 10 years. A typical result of an endurance
test on a single cell is shown in Fig. 2-12. As the experiment is performed by applying
constant pulses, the variations of threshold voltage for program and erase state are
described as “program/erase threshold voltage window closure” and give a measure of
the tunnel oxide degradation [2.25, 2.26]. The reduction of programmed threshold
voltage with cycling is due to trap generation in the oxide and to interface state
generation at the drain side of the channel. The evolution of the erase threshold
voltage reflects the dynamics of net fixed charge in the tunnel oxide as a function of
the injected charge. The initial lowering of the erase is due to a pile-up of positive
charge which enhances tunneling efficiency, while the long-term increase of the erase
is due to a generation of negative traps.

Moreover, “a high field stress on 'thin oxide is known to increase the current
density at low ‘electric field. The excess current component, which causes a significant
deviation from the current—voltage curves from the theoretical FN characteristics at
low field, is known as stress-induced=leakagercurrent (SILC). SILC is clearly
attributed by stress-induced oxide defects, which leads to a,trap-assisted tunneling, as
shown in Fig. 2-13. The main. parameters controlling SILC are the stress field, the
amount of charge injected during the stress, and the oxide thickness. For fixed stress
conditions, the leakage current increases strongly with decreasing oxide thickness

[2.27-2.28].

2.4 Gibbs free energy

In thermodynamics, the Gibbs free energy is a thermodynamic potential which
measures the "useful" or process-initiating work obtainable from an isothermal,
isobaric thermodynamic system. When a system changes from a well-defined initial

state to a well-defined final state, the Gibbs free energy (AG) equals the work
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exchanged by the system with its surroundings, less the work of the pressure forces,
during a reversible transformation of the system from the same initial state to the
same final state. The change (AG) in Gibbs free energy is a parameter to measure a
spontaneous tendency of the reaction. The AG is usefully defined by

AG =AH - TAS (2-7)
Where H is the enthalpy, T is temperature, and S is the entropy. If AG is negative, the
reaction is a spontaneous. If AG is positive, the reverse reaction is a spontaneous. The

larger AG value indicates that the reaction is easier to take place with higher reaction

rate. After reaction, the AG E Te ene hich is released as heat to the

L8 WLl R
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level up-shift of metal NC as a function of nanocrystal size by W. Guan’s model
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Figure 2-11 Energy band diagram of a SONOS device in the excess electron state,
showing retention loss mechanisms: trap-to-band tunneling (TB), trap-to-trap
tunneling (T-T), band-to-trap tunneling (B-T), and thermal excitation (TE) and

Poole—Frenkel emission (PF) [2.22].
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Chapter 3
Molybednume-silicide-based nanocrystal nonvolatile

memories

3.1 Formation and memory characteristics of molybednum silicide
nanocrystal embedded in oxide

3.1.1 Introduction

Floating gate (FG) device composed of nonvolatile memory (NVM) is widely
application to portable productions. The device 1s., made up of the
metal-oxide-semiconductor; field-effect transistor (MOSFET) 'embedded with a
continuous conductive poly-Si layer in the gate oxide for charge storage [3.1]. To
enable high-speed and low power consumption operations of the device, the oxide
layer has to be scaled down, especially: the oxide layer between' the FG and Si
substrate (tunnel oxide). However,stherlongrretentionstime demands a thick tunnel
oxide to prevent the stored charges from leaking out of‘the EG [3.2]. One way to
satisfy the conflicting/requirements on tunnel oxide is to employ the distributed
nanocrystal (NCs) as the discrete charge trapping centers [3.3]. Recently, much
attention has been directed toward metallic NCs for their several advantages, such as a
stronger coupling with the conduction channel and a wide range of available work
functions [3.4]. Metal silicide has been studied for the fabrication of NC memory for
their extensive applications on the semiconductor fabrication process [3.5-3.8]
Furthermore, a conventional MOSFET required a high-temperature process for dopant
activation (900°C) [3.9]. Therefore, the thermal stability of NCs should also be
considered. Mo silicide has been proposed for the metal gate, and is compatible with

the MOSFET fabrication process due to its high thermal stability [3.10]. Mo silicide is
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thus an attractive candidate for NC memory application. However, little research has
been done on Mo silicide for NC memory application. In this article, the mixed

Mo-Si layer was investigated as an NC self-assembling layer [3.6].

3.1.2 Experiment

Figure 3-1 exhibits the device structure and process flow in this work. A 6 in.
p-type silicon wafer with (100) orientation was cleaned by a standard RCA cleaning
process, followed by a dry oxidation process at 950°C in an atmospheric pressure
chemical vapor deposition furnace to form a.5 nm thick tunnel oxide. Subsequently, a
10 nm thick mixed Mo=St layer was deposited ontogthe tunnel oxide by dual
electron-gun (E-gun) ‘evaporation. A 30 nm thick oxide layer was then deposited on
the mixed Mo—Silayer as the blocking ,oxide,layer, which was utilized to prevent the
carriers of thesgate electrode from injecting into the charge trapping layer by
Fowler—Nordheim tunneling. The blocking oxide - was | deposited by a
plasma-enhanced chemical vapor.‘deposition (PECVD) systemiyat 300°C with
precursor gases NoO (120 scem) and SiHy4 (75 sccm). The radio-frequency power and
chamber pressure ‘of. the. PECVD system were 50 W' and ‘67 Pa, respectively.
Afterward, the formation‘of Mo silicide NDs was:émployed by an RTA process. The
RTA process was performed at 900°C for 60 s in N, ambient at an atmospheric
pressure. Finally, an Al gate electrode patterned by a shadow mask was evaporated by
a thermal coater to form a metal/oxide/insulator/oxide/silicon (MOIOS) structure. A
rapid thermal annealing (RTA) system was used to nucleate the Mo silicide NDs. The
electrical measurement, including capacitance—voltage (C-V), was executed to define
the memory effect and leakage current properties. In addition, the microstructure
analyses and the chemical condition were performed by transmission electron

microscopy (TEM) and X-ray photoelectron spectroscopy (XPS), respectively.
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3.1.3 Result and discussion

Figure 3-2 shows the C-V hysteresis of the MOIOS structure. The C-V was
performed by bidirectional voltage sweeping. The voltage sweeping conditions were
separated into two sets: (i) sweeping from 6 to —6 V and the reverse, and (ii) from 9 to
—9 V and the reverse. The memory windows for the MOIOS structure were 1.5 and
5.1 V under the operation conditions (i) and (ii), respectiv]ely. The Mo silicide NCs
of the MOIOS structure captured the injected carriers from the channel, leading to a
flatband voltage shift of the memory. device. In addition, the hysteresis was
counterclockwise. The geounterclockwise hysteresis C=V curve stems from the
injection of electrons from the deep inversion layer and discharge of electrons from
the deep accumulation layer of p-type Sisubstrate [3.11].

Figure 3-3uis the cross-section transmission électron microscopy (TEM) image
for the stacked: structure with the mixed: Mo—Si layer after RTAs treatment. The
spherical NCs between the tunnel oxidelayer and blocking oxide layer were observed
clearly. The aerial density and méan size of the: Mo silicide NCs €stimated from the
TEM analysis in Fig. 3 are 1.1x10'? cm > and 4-7 nm, respectively. The XPS analysis
was also performed with' monochromatic Al Ka (1486.71ev) X-ray radiation to
estimate the chemical composition ‘'of the mixed Mo-Si films as shown in Fig. 3-4.
The blocking oxide was removed by dilute HF acid before the XPS analyses. The
charging energy effect of the XPS spectrum is calibrated with the binding energy shift
of the C 1s peak which is due to the surface contamination. Comparing the Mo 3d
spectra of the annealed film with that of the as-deposited film, the binding energy of
the as-deposited film can be decomposed into a stronger peak at 228.2 eV and a weak
peak at 228.0 eV as shown in Fig. 3-4 (a). In contrast, the Mo 3p spectral of the

annealed sample exhibits one XPS peak at position of 228.0 eV as shown in Fig. 3-4

41



(b). The main peak in as-deposited film was shift from 228.2 ev to 228.0 ev. This
binding energy shift corresponds closely to the previously reported values —0.2 eV
[3-11, 3-12]. Moreover, Mo silicide is formed after thermal treatment at 900°C in N,
ambient according to the previous literature [3.13]. Hence, we speculate that the Mo
silicide NCs aggregated in the mixed Mo—Si layer driven by thermal energy during
the annealing. In addition, the significant memory window of the MOIOS structure is
contributed from the Mo silicide NCs. Fig. 3-5(a) and (b) show the XPS Si 2p spectral
for the as-deposited and annealed Mo—Si film. In Fig. 3(a), there are two peaks at
binding energy of 99.1 and _102.3 ev. The peak position of 99.1 ev and 102.3 ev are
correspondence to Si=Si and Si—O bonds. The binding energy of Si—O bond is less
than stoichiometry silicon dioxide (103.3 ev). Furthermore, we can note that the peak
intensity of Si-Si'bond is stronger than Si-O ‘bond."However, after'the annealing, the
Si-Si peak shifts'to 99.4 ev as shown in Fig 2(b). This shift can be attributed to Si-Mo
bond due to formation of Mo silicide.after annealing. Moreover, the'Si—O bond shift
from 102.3 ev to 102.6 and the peakvintensitymis=stronger than Mo—Si bond. The
results indicate that.more silicon was oxidized leading to the stronger Si—O intensity.
This oxidation may be due to.the oxygen radical_bombardment on the surface of
Mo-Si layer generated from PECVD process. However, the binding energy of 102.6
ev is still smaller than that of stoichiometry silicon dioxide indicating that the formed
surrounding oxide is poor and deficiency with oxygen.

In order to investigate the retention properties, the MOIOS structure was
programmed by stress voltage of 10 V on the aluminum gate electrode for 10 sec.
After programming, the flatband voltage departs from the original value as shown in
Fig. 3-6 because of the charge storage in the nanocrystals. The flatband voltage shift
is difference in flatband voltages between programming state and qusi-neutral state.

The change in flatband voltage shift over time was used to observe the retention
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behavior of the memory structure. It can be found that the flatband voltage shift is 2.5
V at the beginning of measurement time. The stored charges inside the nanocrystals
can built repulsive electrical field and raise Fermi energy of the nanocrystals, which
increases the tunnel probability (tunneling from nanocrystals to substrate) of the
stored charges. The stored charges will therefore tunnel out from the nanocrystals and
the flat-band voltage shift decreases as the time past. After 10° sec retention time, the
flatband shift back to original value (the value before programming). This retention
time seem to be too short for nanocrystal memory with a 5-nm tunneling oxide.
According to XPS results, the poor quality of surrounding oxide may be the reason for
this short retention time. When the charges stored in the nanocrystals, if the isolation
between nanocrystals cannet prevent the stored charges from ldteral migration, the
stored charges will leak out of nanocrystals by ‘one defect chain'in tunnel oxide as the
situation in electrically continuous poly-Si fleating gate. To improve the retention of
Mo silicide nanocrystal, we will proceed to improvement of surrounding oxide

quality.

3.1.4 Conclusion

This section we investigated the formation of Mo silicide nanocrystal by
annealing a mixed Mo-Si layer which was deposited by a dual E-gun evaporation
system. The TEM results indicated the formation of nanocrystals in the annealed
Mo-Si layer, and XPS results indicated the main phase of the nanocrystal is the Mo
silicide and the surrounding oxide is deficiency. Furthermore, we investigated the
memory characteristics of the Mo silicide nanocrystal. The memory windows are 1.5
and 5.1 V under the bidirectional sweeping voltage of 6 and 9 V, respectively. The
significant memory window resulted from the formation of Mo silicide NCs using the

RTA system. The Mo silicide NC memory device with low operation voltage is
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suitable for the demand for the current NVM. However, for the retention, it is required

to improve the surrounding oxide.

3.2 Influence of post-annealing ambient on the memory
characteristics of molybdenum-based nanocrystal memory

3.2.1 Introduction

In the previous section, the main issue for the Mo silicide nanocrystal is the
retention, and the XPS results provide a clue. It can be observed that that even the
nanocrystals is formed if the surrounding oxide is not good enough to prevent the
carriers from lateral migpation, the stored charges can still leak out of nanocrystals
immediately. In the section 3.1, the XPS results indicate the, surrounding oxide is
deficiency of eneugh oxygen bonds.  Thetefore, we try to oxidizesunsaturated Si—O
bonds of the surrounding oxide by introducing oxygen during annealing process. We
found that thejannealing in oxygen ambience can influence the charge storage ability
of the nanocrystal memory. Furthermote, we found that capping oxide before the

annealing process'is important process for fabrication of Molybdenum nanocrystal.

3.2.2 Experiment

Figure 3-7 exhibits the device structure and process flow in this work. A 6 in.
p-type silicon wafer with (100) orientation was cleaned by a standard RCA cleaning
process, followed by a dry oxidation process at 1000°C in an atmospheric pressure
chemical vapor deposition furnace to form a 5 nm thick tunnel oxide. Subsequently, a
10 nm thick mixed Mo-Si layer was deposited onto the tunnel oxide by dual
electron-gun (E-gun) evaporation. Afterward, two samples were annealed in oxygen
ambience at 900°C before and after deposition of blocking oxide. The blocking oxide
was deposited with 30-nm-thick used to prevent the carriers of the gate electrode from

injecting into the charge trapping layer by Fowler—Nordheim tunneling. The blocking
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oxide was deposited by a plasma-enhanced chemical vapor deposition (PECVD)
system at 300°C with precursor gases N,O (120 scecm) and SiHs (75 sccm). The
radio-frequency power and chamber pressure of the PECVD system were 50 W and
67 Pa, respectively. Afterward, the formation of NCs was employed by an RTA
process. Finally, an Al gate electrode patterned by a shadow mask was evaporated by
a thermal coater to form a metal/oxide/insulator/oxide/silicon (MOIOS) structure. A
rapid thermal annealing (RTA) system was used to nucleate the Mo silicide NCs. The
main difference with the study in the previous section is that the annealing ambience
is oxygen instead of  nitrogen. The « electfical measurement, including
capacitance—voltage (C-V), was executed to define the memory effect and leakage
current properties{In addition, the microstructure analyses and thé chemical condition
were performed by transmission electron microscopy (TEM) and X-ray photoelectron

spectroscopy (XPS) Secondary ion mass spectra (SIMS) , respectively.

3.2.3 Results and discussion

Fig. 3-8 istthe comparison”of SIMS _for: the samples: 'before annealing, and
annealing with and ‘without pre-capping blocking oxide. The pre-capping oxide means
deposition of blocking oxide ‘before annealing process. In the Fig., the intensity of Mo
signal for the annealed sample is lower than that for the sample without annealing.
Furthermore, the intensity of Mo signal for the sample annealing with pre-capping
oxide is stronger than that for the sample without pre-capping oxide. The result
indicated that the Mo concentration decreased after annealing in O, ambience and the
capping oxide process before annealing can restrain the Mo concentration from
diminishing. It has been proposed that Mo oxide is volatility at temperature larger
than 750°C [3.14]. The reduction of Mo concentration can be attributed to the

evaporation of Mo oxide. During the oxidation process without pre-capping oxide
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layer, there is no diffusion barrier for oxygen and the oxygen can directly in contact
with Mo-Si layer. The oxidation and evaporation rate for the sample without the
pre-capping oxide sample should be higher than that for the sample with pre-capping
oxide layer. If there is a pre-capping oxide layer before annealing process in oxygen
ambience, the oxygen need to diffuse through the pre-capping oxide layer to contact
the surface of the Mo-Si layer before the oxidation occurs. This implies a slower
oxidation rate for the pre-capping oxide sample compared with the sample without
pre-capping oxide. Furthermore, the pre-capping oxide layer can suppress the
evaporation of the formed Mo ‘oxide, resulting in-a lafger amount of Mo concentration
remained in the structure-when comparing with the sample without the pre-capping
oxide layer.

Fig. 3-9(a)"and (b) show the-C-V curve of the samples without and with
pre-capping oxide layer, respectively. For both samples, the C-V hysteresis curve is
counterclockwise due to substrate injection. Obviously, the memory window of the
sample without'pre-capping oxide dayersisrsmaller=than that with pre-capping oxide
which indicated that the less charges can be stored in sample;without pre-capping
oxide. The difference in memory window between two samples can be attributed to
the reduction of Mo concentration.

Comparing the C-V curve of the oxygen-annealed sample with Nj-annealed
sample in Fig. 3-2, the memory window of the O,-annealed sample is smaller than
that of Nj-annealed sample, which indicated that less charges can be stored in the
nanocrystals for Os-annealed sample. Fig. 3-10 is the XPS analyses for the sample
after annealing with pre-capping oxide layer. In Fig 3-10(a), the Mo 3d spectra show a
broad hump. The hump can be decomposed into the several peaks which are
originated from the metallic Mo, MoO3s and Mo sub-oxide. Note that the area of signal

for Mo oxide is larger than that for metallic Mo. The area ratio percentage between
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two signals is about 69:31. This result implies that most of Mo was oxidized during
the oxygen-annealing process. Fig 3-10(b) is the Si 2p spectra for the Mo-Si layer. It
can be found that the peak position in the spectra is about 103.3 ev. The position is
corresponding to the stoichiometry silicon oxide (SiO,). Obviously, the introduction
of oxygen ambience during annealing process can oxidize the unsaturation bonds in
Mo-Si layer.

According to the XPS results, the difference in memory window between two
samples can be attributed to the over-oxidation of the metallic Mo. We speculate that
the smaller memory window, for. N>-annealed sample 'was due to the formation of Mo
oxide that is a semicenductor-like metal oxide with a band gap of 3.2ev. Therefore,
Mo oxide has lower density of state for the charge storage and sthaller coupling with
substrate when compared with metallic Mo resulting in theismaller memory window.

To investigate the difference in nanostructures of the Mo-Si layer annealed in
nitrogen and oxygen ambience, TEM analyses for both samples are shown in Fig.
3-11. We note that after annealingminoxygen=ambience, the isize of nanocrystal is
about 20-nm which,is larger than the 7-nm for the sample annealed in N, ambience.
Furthermore, the tunmel oxide- for the oxygen-annealed sample seems to be
encroached by nanocrystals. According to XPS, it 1s possible that nanocrystal size
increase is due to formation of Mo oxide.

Fig. 3-12 is the comparison of retention behavior between O,-annealed sample
and N-annealed sample. After external bias was applied on gate electrode with
amplitude of 10 V for 5 sec, the retention behavior was monitored by flatband voltage
shift. It can be found that the O,-annealed sample has a slower flatband voltage shift
than Nj-annealed sample. This result indicates that the O-annealed sample has a
better retention than N,-annealed sample, which can be attributed to the improvement

of surrounding oxide quality.
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3.2.4 Conclusion

In this section, we investigated the influence of difference annealing ambience
on formation of Mo silicide nanocrystal and its memory characteristics. We found that
a pre-capping oxide layer before the oxidation process is very important. This
pre-capping oxide layer can reduce oxidation rate of Mo silicide layer and preventing
the Mo oxide from being evaporation. Furthermore, the pre-capping oxide layer can
enhance the memory window of the memory device. From the XPS analyses, we

found that the over-oxidation of Mo o ed and the surrounding oxide quality was

improved.
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Figure 3-1 Process of flow and device structure of this study. The annealing process at
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Figure 3-2 The capacitance-voltage (C-V) hysteresis of the MOIOS structure. A

counterclockwise memory window is about 5.1 V at the sweeping voltage of 9 V.
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Figure 3-5 XPS of Si 2p spectrum of the Mo silicide layer with and without annealing.
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Figure 3-10 XPS Mo 3d and Si 2p spectra for the Mo silicide layer after annealing in
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Figure 3-11 TEM results of Mo silicide annealing in (a) nitrogen ambience and (b)

oxygen ambience.
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Chapter 4
Memory characteristics of Mo nanocrystal embedded

In silicon oxide and silicon nitride

4.1Formation and memory characteristics of Mo nanocrystal

embedded in silicon oxide

4.1.1 Introduction

In recently years; discrete nanocrystals composed floating gate nonvolatile
memory structuge. has. been widely inyestigated as a candidate for next generation
nonvolatile memory because charges stored in lateral isolated nanoerystals instead of
continuous conducting polycrystalline silicon.layer are more immunity to the local
defect chain inithe tunnel oxide [4.144.4]. Many materials, such as Si, Ge, Ni, and Co
have been proposed to fabricate nanocrystal memory [4.2-4.6]: Because of benefits on
strong coupling, deep quantum well and large density of state, metal nanocrystals
have recently received much attention for resear¢h [4.5-4.7]. However, the use of
metal must take thermal stability issue into account because the metal diffusion into
or chemical reaction with tunnel oxide during the memory fabrication process will
compromise performance of the memory structure [4.6]. Mo is an attractive candidate
because of its high work function, compatible with complementary
metal-oxide-semiconductor (CMOS) process and high thermal stability [4.8].

In this section, nonvolatile memory characteristics of Mo nanocrystals embedded
in SiOx were investigated by thermal annealing oxygen incorporated Mo silicide layer.

Our experiment results show that the Mo oxide was formed in the as-deposited layer,
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and nanocrystal can be formed after annealing at a critical temperature. Lee et al.
proposed that the formation of metal oxide during nanocrystals fabrication process
reduces charge storage ability [4.9]. To reduce the metal oxide, they need to perform a
long-term thermal treatment in hydrogen ambience. In our investigation, we found
that the Mo oxide was reduced after a critical annealing temperature, and this result

improved the charge storage ability of Mo nanocrystal memory cell.

4.1.2 Experiment

Fig. 4-1 is the process flow.and memory strfucture in this experiment. The
memory structure was_ fabricated on a 6 inch p-type Si substrate. A 5-nm-thick dry
oxide (tunnel oxide) was thermallysgrown at 950 °C on the'substrate in a horizontal
furnace after the substrate was cleaned by ‘Radio: Corporation of America (RCA)
process. An 8-nm-thick oxygen incorporated-Mo-silicide layer was deposited on the
tunnel oxide by co-sputtering Mo and ,Si targets in Ar (24 sccm)/O, (2 sccm)
ambience. Subsequently, a 30-nmzthicksilicon=dioxide . (blocking oxide) was
deposited on the layer.by plasma enhanced chemical vapor deposition at 300°C.
Thermal annealing process at. 700, 800 and 900°€ was performed in N, 60s to
investigate the temperatures influence onthe memory characteristics of oxygen
incorporated silicide layer. Finally, a 500-nm-thick Al gate patterned with shadow
mask was evaporated by thermal coater to form the memory structures. Secondary ion
mass spectrometry (SIMS) was employed to analysis the element distribution in the
sample. Transmission electron microscope (TEM) and x-ray photoelectron
spectroscopy (XPS) were used to analysis the microstructure and chemical
composition of nanocrystals and their surrounding oxide. Electrical characteristics of
the capacitance-voltage C-V hysteresis were measured by HP4284 Precision LCR

Meter with frequency of 1 MHz.
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4.1.3 Result and discussion

Fig. 4-2 is the secondary ion mass spectrometry (SIMS) depth profile of the
blocking oxide/O-Mo-Si/tunnel oxide/Si-substrate structure. The O, was adopted as
primary incident ion. The structure was sputtering with O," from the surface to the
substrate. It can be found that the Mo element profile for as-deposited sample is
similar to that for 900°C-annealed sample, which indicate that there is no obvious Mo
diffusion into the tunnel after annealing. This result i$ important because the diffusion
of metal element into tunnel oxide can degrade the reliability of the memory including
retention and endurance characteristics.

To investigate the change of chemical composition of oxygen incorporated Mo
silicide thin film after annealing at various:temperatures, the XPS analyses were
performed by using ‘an Al Ka (1486.6 €V) X-ray. Figure 4-3 shows'the XPS Mo 3d
core level spectra for as-deposited samplerand:7005800rand 900°C annealed samples.
It can be found that-Mo.oxide formed in the as-deposited-thin film, and the intensity
of Mo oxide decreased as annealing temperature-inereased. After 900°C annealing,
there is only metallic Mo in the thin film, as shown in Fig. 4-3(d). Fig. 4-4 shows the
XPS O 1s core level spectra for as-deposited sample and 700, 800 and 900°C
annealed samples. It can be found in the Fig. 4-4(a) that the peak position of Si-O
bond is at 532.4 ev for the as-deposited sample. The binding energy of as-deposited
thin film is smaller than that of stoichiometry silicon oxide (533.4 ev), which indicate
that the oxide formed in as-deposited sample is deficiency. As the annealing
temperature increased, the binding energy shifted toward higher binding energy.
According to literature, the increment of O 1s binding energy is attributed to the

oxygen bonding with deficient silicon oxide [4.9]. From XPS Mo 3d and O 1s results,
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we considered that a redox between MoOx and SiOy occurred during the thermal
annealing process. For the redox behavior in the oxygen incorporated Mo silicide
layer, the formation energy of Si oxide (=750 kJ/mole) is larger than that of Mo oxide
(—450 kJ/mole). Therefore, the oxygen of Mo oxides prefers to bond with Si than Mo
during the thermal annealing at 900 °C, which results in the reduction in Mo oxide
and improves the quality of SiOx.

Figure 4-5 shows the cross-section TEM image of 700 and 800 °C annealed
samples to observe the microstructure transformation. It can be found in the figure
4-5(a) that the oxygen incorporated Mo silicide thin film after 700 °C annealing was
continuous. Howevery after annealing at 800 °C [Fig. 4-5(b)];, spherical nanocrystals
were formed in the thin film. This result indicate that the temperature as high as 800
°C is required toform the Mo nanocrystal.

Figure 4-6"shows C-V curve of the 700°C-annealed sample." The curve was
obtained afterthe gate voltage swept from inversion to accumulation region of the
substrate and the reverse. In Fig., thesmemory windows(width of the loop) of 700 °C
annealed sample 1s: approximation to 0 V. The results’indicate that the injected
charges cannot be stored. in 700°C-annealed sample: For. the C-V result of 700 °C
annealed sample, the floating-gate-like charge storage layer was considered. As
indicated in the cross-section TEM result for 700°C-annealed sample [Fig. 4-5(a)], the
oxygen incorporated Mo silicide film is continuous. Therefore, the injected charges
can lateral migrate and leak out of the thin film through one defect chain in the tunnel
oxide.

Figure 4-7(a) and (b) show the C-V curves of 800 and 900 °C annealed samples.
It can be found in Fig. that there are obvious hysteresis loop at the sweeping voltage
of -11 to 9 and the reverse, which indicates that the injected charges can be stored in

the annealed thin film because the formation of discrete Mo nanocrystals as charge
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storage centers can preventing the all stored charges from leaking out of the
nanocrystals through one defect chain. The loop is counterclockwise due to substrate
injection through the tunnel oxide. We note that the memory window of 900 °C
annealed sample is twice larger than that of 800 °C one. For difference in the memory
windows between 800 and 900 °C annealed samples, the density, size and
composition of nanocrystal was considered. Fig. 4-8 shows the plan-view TEM of the
800 and 900 °C annealed samples. It can be found in the Fig. 4-8(a) and (b) that the
average size is about 4-nm, and the density of nanocrystal is about 10'* cm™ for both
samples. From the plan-view TEM. results, the density. and size of 900 °C annealed
sample is close to that.0f 800 °C one. Therefore, we exelude the possibility of the size
and density effect-on the. significant difference of memory window in the both
samples. According to XPS results; we speculate that the larger memory window for
900 °C annealed sample was due to the reductionin Mo oxide that was proposed as a
semiconductor-like metal oxide. Therefore, the Mo oxide has lower density of state

than metallic Mo for charge storage:

Figure 4-9 shows the retention behavior of 800. and 900 °C samples. The
retention was measured by stress voltage-of 10 V on gate electrode for 5s. The
memory window is obtained by comparing the C-V curves of a charged state to a
quasineutral state. It can be found that the memory window of 800 °C annealed
sample decreased significant and remained ~11% after 10* sec. In contrast, the
retention of 900 °C annealed sample remained ~74%. From the XPS results (Fig. 4-3),
the different retention behavior was considered to the quality of the surrounding oxide.

When charges are storage in the nanocrystals, the stored charges can escape laterally
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through the traps in the surrounding oxide. If the tunnel oxide has a leakage path, the
lateral escaped charges will leak into the substrate. Because the surrounding oxide
quality of 900 °C annealed sample was improved by the redox reaction between Mo

oxide and SiOy, the more charges can be remained in the Mo nanocrystals.

4.1.4 Conclusion

Mo nanocrystal was fabricated for. nonvolatile memory application through
thermal annealing oxygen.incorporated Mo silicide thinsfilm. Nanocrystal can form
after annealing temperature larger than 800°C. The XPS results.indicate the existence
of Mo oxide andsSiOx .in as-deposited oxygen-incorporated Mo silicide layer. As the
annealing temperature increased, the-amount of Mo oxide decreased:y After the 900°C
annealing, thexMo oxide was reduced.. The average size andudensity of Mo
nanocrystals were estimated tol be about 4 nm and 10'* cm™ for the 800 and 900°C
annealed samples. The- memory window of 900°C (3.6 V) is largerthan that of 800°C
one (1.3 V) due to'reduction of Mo oxide in the thin film. The high density of 10'*
cm™ and large memory window of oxygen incorporated Mo silicide thin film after

annealing at 900 °C can be application on'nanocrystal nonvolatile memory.

4.2Formation and memory characteristics of Mo nanocrystal

embedded in silicon nitride

4.2.1 Introduction
Recently, metal nanocrystal memories attracted much attention as a promising

candidate for next generation nonvolatile memory (NVM). Comparing with
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semiconductor nanocrystal, metal nanocrystal has some advantages, such as higher
density of states around the Fermi level and a wide range of available work functions.
However, when integrating the nanocrystal into the memory device structure, there
are still some challenges for scaling. One of the main critical issue that limits the
scaling is the variation of the electrical characteristics between cells because the
smaller size of device is, the lower numbers of nanocrystals are. Therefore, the
formation of high density nanocrystal which can alleviate the electrical fluctuation
between memory cells is important.

In this study, we investigate the formation.of Mo, nanocrystal by annealing the
nitrogen incorporated ‘Mo and Si layer for nonvolatile. memory application.
Molybdenum is widely application in. VLSI technology duesto its high thermal
stability. Furthermore, the Mo nanecrystal ‘can be as smaller than 2-nm without
suffering from"serious quantum confinement-effect as shown in Fig. 4-10 [4-16]. In
our experimental results, we found that introducing the nitrogen during the
nanocrystal fabrication process canwinfluencethemdensitys of Mo nanocrystal.
Furthermore, we study the memeory characteristics of Mo nanecrystal embedded in
silicon oxide (Mo in“Si0y) "and . nitride layer (Mo-NC .in SiNy) and explain the
difference in reliability between IMo-NC in SiQx and Mo-NC in SiNy through device

simulation.

4.2.2 Experiment

The memory structure was fabricated on a 6 inch p-type Si substrate. A
5-nm-thick dry oxide (tunnel oxide) was thermally grown at 950 °C on the substrate
in a horizontal furnace after the substrate was cleaned by Radio Corporation of
America (RCA) process. An 8-nm-thick oxygen or nitrogen incorporated Mo silicide

layer was deposited on the tunnel oxide by co-sputtering Mo and Si targets in Ar/O,
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or in Ar/N, mixed ambience. Subsequently, a 30-nm-thick silicon dioxide (blocking
oxide) was deposited on the layer by plasma enhanced chemical vapor deposition at
300°C. Thermal annealing process at 900°C was performed in N, 60s to form Mo
nanocrystal. Finally, a 500-nm-thick Al gate patterned with shadow mask was
evaporated by thermal coater to form the memory structures. Transmission electron
microscope (TEM) and X-ray photoelectron spectroscopy (XPS) were used to
analysis the microstructure and chemical composition of nanocrystals and their
surrounding oxide. Electrical characteristics of the capacitance-voltage C-V hysteresis

were measured by HP4284 Precision LCR Meter with frequency of 1 MHz.

4.2.3 Results anddiscussion

Figure 4-11(a) and (b) are Si 2p-and N 1s XPS'spéctra, respectively. As shown in
Fig. 4-11(a), the'peak of Si 2p spectrum is smaller than the binding energy (102.3 ev)
of stichiometry silicon nitride (Si3N4): Furthermore, there are two peaks at 394.0 ev
and 398.0 ev, which are correspondingrtortherMo=Morand Si-N bonds, respectively.
The XPS result indieates that the formed Mo nanocrystal is embedded in SiNy where
x 1s smaller than 1.33.

Figure 4-12(a) and (b) are the plane-view TEM analysis for 900°C-annealed
oxygen- and nitrogen-incorporated Mo silicide layer after 900°C annealing. From the
TEM analysis, the average size and density of formed Mo nanocrystal in
oxygen-incorporated layer is about 4~5nm and 1x10'* cm™, respectively. In contrast,
the size of Mo nanocrystal in nitrogen-incorporated layer is about 2-3nm, and the
density is as high as 6x10'? cm™. The high density, which can prevent variation
between cells, is benefit on scaling down the memory structure. The higher density of
Mo nanocrystal in SiNy can be attributed to the larger number of dangling bonds in

the SiNy according to XPS results. The dangling bonds can act as a nucleation site for
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agglomeration of nanaocrystals.

Figure 4-13(a) and (b) are the C-V curves of Mo nanocrystal in SiOx and SiN,
respectively. The hysteresis for both samples is counterclockwise due to carrier
injection and ejection from substrate and nanocrystals. For the Mo in SiOy, the
memory is 3.6 V under sweeping voltage of -11 to 9 V and vice verse. However, the
memory window for the Mo in SiNy under the same sweeping condition is 9.5 V.
Figure 4-14 is a comparison of memory window shift between Mo in SiOx and Mo in
SiNy. It can be seen that the memory window of Mo in SiNy at various sweeping
voltages is larger than that of'Mo in SiOy. This suggests that the Mo nanocrystal in
SiNy can store more number of carriers per unit cell than Mo.nanocrystal in SiOx due
to its higher density of nanocrystal.

Fig. 4-15(a) and (b) are the retention of Mo mnanoctystal in 'SiOx and in SiNy,
respectively. It'¢an be seen that the retention:of Mo in SiO, after 10" retention time
has remaining ‘charges of 74%. Howgver; the AVgg shift decreases significantly and
arrive at 0 after 10° retention'timesFhe-poorretention-behavior of Mo in SiN, may
result from the poor surrounding dielectric of Mo nanocrystal, (SiNy) according to

XPS results.

4.2.4 Conclusion

We have investigated memory characteristics of Mo nanocrystal embedded in
SiN,. The density of Mo nanocrystal in SiNj is as high as 6x10'> cm™. This high
density can reduce the fluctuation of the memory characteristics while the nonvolatile
memory device scaling down. The Mo nanocrystal in SiNy, which has large memory
window under low operation voltage, is suitable for next generation nonvolatile

memory application.
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4.3Enhancement of Charge Storage Ability of Double layer

nanocrystal memory structure of Mo embedded in oxide

4.3.1 Introduction

Nonvolatile memory based on the floating gate structure plays an important role
in portable electronic productions for its advantages of nonvolatility and low power
consumption. However, scaling of the floating gate structure is limited by thin
tunneling oxide in terms of reliability [4.17]. To address this, discrete nanocrystals as
a charge storage layer haye'recently been: investigated to replace the electrical
continuous poly-Si layer in the floating gate structure [4.18-20]. Using discrete
nanocrystals as charge-storage centers instead of a poly-Si layeréan prevent the total
stored charges ‘from being lost through| a 1¢akage path in the ‘tunnel oxide and
therefore allows further scaling of the memory structure. Among nanocrystals, such as
semiconductors, high-permittiyity insulators and metal nanocrystals, the metal
nanocrystals have received muchwattention=than=the others because the metal
nanocrystals have the advantages of a higher density of states around the Fermi level,
stronger coupling with the conduction channel,- a-wide range of available work
functions, and smaller energy perturbation due to carrier confinement [4-19]. Ng et al.
proposed a densely stacked silicon nanocrystal layers to keep the better retention time
because the charges stored in the nanocrystals near the blocking oxide have low
tunnel probability to leak into substrate. However, there are very few researches to
investigate the formation and nonvolatile memory effect of multi-layer metal
nanocrystals.

In this section, the formation and charge storage effect of nonvolatile multi-layer
Mo nanocrystals memory were revealed. The nanocrystals were formed by annealing

a stacked oxygen-incorporated Mo silicide thin film. The memory characteristics were
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compared with single-layer nanocrystals including memory window and retention.

4.3.2 Experiment

The process flow and memory structure are shown in Fig. 4-16. The memory
structures were fabricated on a 6 in. p-type Si substrate. A 5-nm-thick dry oxide
(tunnel oxide) was grown at 950°C on the substrate in a horizontal furnace after a
standard RCA cleaning process. An 8-nm-thick oxygen-incorporated Mo silicide
(OMoSi) layer was deposited on the tunnel oxide by cosputtering Mo and Si targets in
Ar (24 sccm)/O; (2 sccm) ambience. The 5-nm-thick middle oxide was deposited by a
plasma-enhanced chemical vapor deposition system-at 300°C with precursor gases
N,O (120 scem)“and SiHs (75 scem). A thermal annealing précess at 900°C was
performed in N for 60s. To form double layer of nanoerystal, 8-nm-thick OMoSi
layer was deposited on the middle oxide and capped with 30-nm-thick blocking oxide.
The sample was then annealed at 900°Cfor 60sec to form the second nanocrystals
layer. Finally, a'500 nm thick-Al gateelectroderpatterned with a shadow mask was
evaporated by a thermal.coater to form the memory structures. Transmission electron
microscopy (TEM) was used to-analyze the nanostructure” of the nanocrystals and
their surrounding oxide. Electri¢al characteristics of the capacitance—voltage (C-V)
hysteresis were measured by an HP4284 Precision LCR Meter with frequency of 1

MHz.

4.3.3 Results and discussion

Figure 4-17(a) is a cross-sectional TEM image of a double-layer nanocrystal
sample. From the cross-sectional TEM, it can be seen that the double-layer
nanocrystals were formed after the 900°C annealing. Figure 4-18(a) is the C-V curve

of a double-layer sample after the gate voltage is swept from the inversion to the
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accumulation region of the substrate (4 to — 6 V) and (9 to — 11 V) and the reverse (—6
to 4 and —11 to 9 V). The C-V curve is also a counterclockwise hysteresis. It is seen
that the memory window at the larger sweeping voltage of —11 to 9 V is about 6.6 V,
which is larger than that of the single layer (3.6 V).

Figure 4-19 shows a comparison of the memory window between the single- and
double-layer structures at various amplitudes of sweeping voltage. It can be found that
as the sweeping voltage increases, the memory window increases in both structures.
We note that the memory windows of the double-layer structure are larger than those
of the single layer. For the difference in the memory window between the single- and
double-layer memory structures, we consider that the injected.carriers can be stored in
the nanocrystals af the upper and-lower layer of the double-layer structure, leading to
the larger memory window than the window of a single-layer structure. Furthermore,
the increment ‘of the memory window becomes less and saturates in' the single-layer
structure at sweeping amplitudes higher than 8 V. This phenomenon can be attributed
to the charging energy effect [4:18].Asthessweepingvoltage increases, the increment
of memory windowsindicates the increase of stored charge in the nanocrystals. The
stored charges in the single-layer nanocrystals can_lead to‘a large charging energy,
which reduces the electric field on the tunnel oxide and blockades the injected carriers
into nanocrystals. However, there was no observed memory window saturation
phenomenon in the double-layer structure. It was considered that the charges stored in
the lower layer of the double-layer structure can be released to the upper layer, which
reduces the charge energy in the lower layer. Therefore, the memory saturation
phenomenon is not serious in the double-layer structure. The double-layer memory
structure can increase the memory window and is preferred for applications in
nonvolatile memory.

Figure 4-20(a) and (b) show the comparison of the retention between the single-
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and double-layer structure at room temperature and at 85°C, respectively. It can be
seen that the retention characteristics of both structures at room temperature are
similar. However, the retention characteristics at 85°C in Fig. 3b show that the
double-layer structure has better retention (charge remaining at 61%) after 10°*
retention times than the single-layer structure (charge remaining at 16%). The good
retention of the double-layer structure is due to the coulomb blockade effects on the
upper-layer nanocrystals from the bottom layer nanocrystals. As shown in Fig.
4-21(b), after the charge is stored in the nanocrystals of both layers, the stored charges
in lower layer nanocrystals,can raise the electronic energy in the middle oxide to
blockade the stored charges in-the upper-layer nanocrystals. Se the memory effects of
the nonvolatile fmemory ;device rcan_ be improved by ‘using the double-layer

nanocrystal structure.

4.3.4 Conclusion

The double-layer nanocrystalsmemory=was=fabricated, through annealing the
stacked oxygen-incorporated Mo silicide layer at 900°C. The results showed that the
double-layer structure has a larger memory window (6.6 V) and better retention (61%)
than the single-layer structure (16%) at 85°C. Therefore, the double-layer structure,
which can enhance memory characteristics, is promising for applications in

nonvolatile memory.
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Figure 4-1 Process flow and dévice structure of Mo nanocrystal embedded in silicon

oxide.
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Figure 4-3 XPS,O 1s spectra of OMoSi layer at'various annealing temperatures.
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Figure 4-4 XPS Mo 3d spectra of OMoSi layer at various annealing temperatures.
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Figure 4-6 C-V curve of (a) 700°C- and (b) 800°C-annealed samples.
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Figure 4-8 TEM plane-view of OMoSi layer after annealing at (a) 800°C and (b)
900°C.
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Figure 4-10 Quantization effect on Siy Ge-and Mo nanocrystal [4-16].
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Figure 4-12 XPS Si 2p (a), and N 1s and Mo 3p (b) of nitrogen incorporated Mo

silicide layer after annealing at 900 °C
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Chapter 5
Memory characteristics of Mo nanocrystal influenced

by ammonia plasma treatment

5.1Charge storage characteristics of Mo nanocrystal memory

influenced by ammonia plasma treatment

5.1.1 Introduction

Nonvolatile memory ‘composed of floating structure plays an important role in
portable devicesssuch as | cell-phones,. notebook computers and digital cameras.
However, conyentional floatingstructure confronts a bottleneckmon reduction of
tunnel oxide jn the memory structure ,becauise carriers stored in an electrical
continuously cenducting polycrystalline silicon (poly-Si) floating gate will totally lose
if one defect chain exists in the tunnel oxide [5.1,5:2]. The nanocrystals embedded in
dielectric as charge storage centers in the floating gate structure has attracted much
attention for next generation nonvolatile memory because carriers stored in
electrically isolated nanocrystals can suppress carrier loss [5.2]. Several methods have
been investigated to fabricate nanocrystals such as ion implantation [5.3,5.4],
sputtering [5.5,5.6] and oxidation [5.7,5.8]. It is expected that those processes can
induce defects or traps in the dielectric around nanocrystals during the fabrication
process. The induced deficiency in the surrounding dielectric can lead to stored
charges leaking out of the nanocrystals through trap assisted tunneling [5.9].
Therefore, the quality of the surrounding oxide which electrically isolates the

nanocrystals is an important issue in research on nanocrystal memory. Two possible
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ways to gain good reliability are improving the surrounding oxide of nanocrystal by
using hydrogen treatment with a high pressure at high temperature (> 900°C) and
nitrogen annealing at high temperature (> 1000°C). However, it is well known that the
Si—H bond is weak and easily to be broken during endurance tests. For the nitrogen
annealing, a high temperature process (> 1000°C) is required to dissociate the
nitrogen to strengthen the surrounding oxide layer [5.10,5.11] Therefore, the process
is not appropriate for application in semiconductor industry and for nanocrystal
memory in terms of thermal budget.

In this study, Mo nanecrystal memory was fabricated through annealing the
oxygen incorporated ;Mo silicide layer [5.12]. We investigated effect of ammonia
(NH3) plasma tredtment on- memony characteristics of Mo nanoérystal embedded in
SiOy as the charge storage layer. The plasma’ enhanced process is widely used in the
semiconductorindustry for its benefit with regard to small thermal budget, which is
important for IC technology because the thermal budget may lead the redistribution of
source/drain dopant or density-and.sizerof nanocrystalmFurthesmore, the NH;3 plasma
treatment technique-has. been mvestigated to improve thesquality of gate dielectric
[5.13,5.14]. Our experimental tesults show that the memory characteristics including
memory window, retention and endurance were influenced by incorporation of

nitrogen into the surrounding oxide.

5.1.2 Experiment

The experimental process flow and memory structure is shown in Figure 5-1.
The memory-cells were fabricated on 6 inch p-type Si substrate. After the substrate
was cleaned by a standard RCA process, a 5-nm-thick dry oxide layer was grown at
950°C on the substrate in a horizontal furnace. An 8-nm-thick Mo silicate layer was

then deposited on the oxide layer using co-sputtering Mo and Si in Ar (24 sccm)/O
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(2scem) ambience. 30-nm-thick Si oxide was deposited on the Mo silicate layer as the
blocking oxide by plasma enhanced chemical vapor deposition at 300°C. The thermal
annealing process was performed in N, ambience at 900°C for 60s to form Mo
nanocrystals embedded in SiOy. Cells were subsequently treated with NH3 plasma in a
PECVD chamber for 30 min with a NH; gas flow rate of 20 sccm and chamber
pressure of 67 torr at SOW. For the electric characteristic measurement, 500-nm-thick
Al was thermally evaporated with a shadow mask on the blocking oxide to form the
metal-oxide-semiconductor structure. The microstructure of Mo nanocrystals was
analyzed through a transmission electron microscope (I'EM). The chemical bonding
and composition of the ‘charge storage layer was analyzed with X-ray photoemission
spectroscopy (XPS). Electrical characteristics were measured using a Keithley4200

and HP4284 Precision LCR meter with a frequency of 1 MHz.

5.1.3 Result and discussion

Figure 5-2(a) and (b) show thesTEM=forsthercharge storage layer with and
without the plasma.treatment. “The average size and density -of both samples are
estimated at about 4-5fnm and 10'* cm™. Density.as high as 10'> cm™ is a basic
requirement for nanocrystal’ memory to prevent the variation of memory
characteristics between cells during reduction of the nonvolatile memory structure. In
this case, however, the high density results in the thickness of the surrounding oxide,
which electrically isolates nanocrystals, being only 4-5 nm, as shown in the Fig 5-2.
Therefore, if traps exist in the oxide, this can result in a serious tunnel process of the
stored carriers between nanocrystals (trap assisted tunnel mode) [5-9].

In our previous study, we found that the oxide surrounding the Mo nanocrystal is
deficient (oxygen deficiency) [5-12]. Figure 5-3 shows XPS Mo 3p and N 1s spectra

of the charge storage layer (a) without and (b) with the plasma treatment, both
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performed by using a monochromatic Al Ka (1486.6 ev) X-ray. It can be seen that an
additional XPS peak (397.8 ev) appears in Mo 3p and N 1s spectra of the charge
storage layer after the plasma treatment due to formation of O-Si-N bonds. This
suggests that the incomplete bonds in SiOx bonded with nitrogen after the plasma
treatment, as shown in Fig. 5-3 [5.15].

Figure 5-4(a) and (b) show the C-V curves of the MOS structure embedded with
the Mo nanocrystal for the sample with and without the plasma treatment, respectively.
At the smaller sweeping voltage of 2 V, there is a negligible memory window in Fig
5-4(a) and (b) corresponding to the.quasi-neutral state(i.e. no charge is stored in the
charge storage layer under this'sweeping range). At the larger. sweeping voltages (-11
V to 9 V and vice'versa), there are counterclockwise memory hysteresis, as evident in
Fig. 5-4(a) and"(b). The counterclockwise hystereseés ate due to carrier transport
through tunnel“oxide between the charge storage-layer and the Si substrate. We note
that the memory windows were reduced (0.6 V reduction) for the sample with the
plasma treatment. The reduction efrthesmemory=window after the treatment was
related to the nitrogen passivation in the charge storage layer. It has been suggested
that the traps in the oxide around nanocrystals can capture carriers and contribute to
the memory window [5.12]. According to XPS results, the nitrogen was incorporated
into the oxide around the Mo nanocrystals after the treatment. The incorporated
nitrogen can passivate the traps in the oxide, which reduce the charge storage centers
in the surrounding oxide, leading to the smaller memory window.

Figure 5-5 is a comparison of retention behavior for the samples with and
without the plasma treatment, respectively. Retention was measured at stress voltage
of 10 V on Al gate electrode for 5s. The memory window was obtained by comparing
the C-V curves between the charged state and the quasi-neutral state. When carriers

are stored in the nanocrystals, the stored carriers will raise the potential energy of the
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nanocrystals and increase escape probability of the stored carriers. Furthermore,
carriers trapped in the shallow traps are unstable, and can easily leak back to the
silicon substrate. In the Fig. 5-5, for retention time before 10° sec, the charge loss rate
is significant, becoming stable over a longer retention time. This result is in consistent
with partial carriers trapping in the shallow trap states of the SiOx matrix around the
nanocrystals. Because the decline rate of flatband voltage after 10° sec retention time
is stable, the reduction rate of flatband voltage has an exponential dependence on
retention time according to the one-dimensional direct tunneling model [5.16].
Therefore we can extrapolate the retention characteristics to 10 years with a slope of

the stable range
_ VFBZ _VFBl
logt, —logt}"

where Vpp; and:Vpg, are the flatband voltage shiftsat the retention time of 10? sec (t1)
and 10* sec (tz); respectively. A 1.4 V memory window (charge remaining at 68%)
can be obtained after 10 years by analyzing the extrapolation valué of retention data.
In contrast, the ¢harge loss rate of the sample after the treatment is slower than that
without the treatment, with the memory window remaining.at 86%. The superior
retention of the sample. with the treatment eah be. explained by the nitrogen
passivation of the traps in the oxide'around Mo nanocrystals, schematically expressed
in Fig. 5-6. When carriers are stored in nanocrystals after programming, if there is a
defect chain in the tunnel oxide, the nanocrystal which aligns with the defect chain
will be discharged immediately. As shown in Fig. 5-6(a) for the sample without the
plasma treatment, the carriers stored in the neighbor nanocrystals can escape to the
discharged nanocrystal by traps assisted tunneling, which results in a faster loss rate
of the stored carriers. For the sample with the plasma treatment, the traps in the

surrounding oxide were reduced by nitrogen passivation. The trap assisted lateral
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migration of the stored carriers was suppressed, which improves the retention of the
memory structure, as shown in Fig. 5-6(b).

Figure 5-7(a) is a comparison of the endurance characteristics of the samples with
and without the plasma treatment under pulse conditions of Vg = 15 V for 1ms,
respectively. For the sample without the plasma treatment, the AVyg (the difference
between programming and erase states) was reduced significantly, remaining 51%
after 10° program/erase cycles. However, the plasma-treated sample exhibits robust
endurance characteristic (AVeg of 89% after 10° program/erase cycles). It has been
previous shown that the AVggireduction during. such an endurance test is due to the
degradation of the gate oxide[5-13]. Carriers tunneling from the substrate into the
charge storage layjer during the-endurance test can release energy to destroy the
surrounding dielectric [Fig. 5-7(b)], which results in the reduction of the AVyg. For
the sample without the plasma treatment, .there are a large number of weak or
dangling bonds 1 the surrounding oxide induced during the formation of nanocrystals.
The bonds can easily break during theprogramming/erase cycles, leading to a faster
degradation rate of the surrounding oxide. After the plasma treatment, because the
traps were reduced, and, the surrounding oxide was strengthened by the nitrogen
incorporation, the generation rate of traps reduced, resulting in the better endurance
characteristic.

Table 5-1 compares the memory characteristics of Mo nanocrystal before and after
NH; plasma treatment. It can be seen that the NH; plasma treated Mo nanocrystal
memory with good reliability characteristic is suitable for nonvolatile memory

application [5.17-5.19].

5.1.4 Conclusion

In conclusion, the nonvolatile memory characteristics of the Mo nanocrystals
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were influenced by the ammonia plasma treatment. The C-V hysteresis reduced from
3.6 to 3.0 V due to reduction of trapping centers in the surrounding oxide. The
retention characteristic improved from 68% to 86% remained charges after the plasma
treatment because the carriers’ lateral migration between nanocrystals was suppressed
through the nitrogen passivation of the traps in the surrounding oxide. The
incorporation of nitrogen into the charge storage layer through the NH; plasma
treatment can strengthen the endurance characteristic of Mo nanocrystals memory. It
is promising to use the NH; plasma treatment to passivate the surrounding oxide of

nanocrystals for the next generation. floating gate flash memory devices.

5.2Influence of ammonia; plasma, treatment. on the memory

characteristics of Mo nanocerystal embedded:in silicon nitride

5.2.1 Introduction
In the chapter 5, we try to increaserthedensity"of'Mo nanocrystal by annealing

2 can be

nitrogen-incorporated Mo silicide layer. The density as high as 6x10'> cm’
attained. It is know that the high density can prevent.the memory characteristics from
being variation between memorny cells. Furthermore, Mo embedded in SiNy has a
large memory window at the relative low sweeping voltage. It seems that Mo
nanocrystals embedded SiNy as the charge storage layer can be application in
nonvolatile memory with the advantages of high density and low voltage operation.
However, retention behavior of Mo nanocrystals embedded in SiNy is too poor to be
used in nonvolatile memory. In this section, we try to improve the memory

characteristics of the Mo nanocrystal embedded in SiNy by post ammonia plasma

treatment.
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5.2.2 Experiment

The memory-cells were fabricated on 6 inch p-type Si substrate. After the
substrate was cleaned by standard RCA process, a 5-nm-thick dry oxide was grown at
950°C on the substrate in a horizontal furnace. An 8-nm-thick Mo silicate layer was
then deposited on the oxide layer using co-sputtering Mo and Si in Ar (24 sccm)/N,
(20sccm) ambience. 30-nm-thick Si oxide was deposited on the Mo silicate layer as
the blocking oxide by plasma enhanced chemical vapor deposition at 300°C. Thermal
annealing process was performed in N, ambience at 900°C 60s to form Mo
nanocrystals embedded in SilNy. Cells were subsequéntly treated with NH; plasma in
PECVD chamber for;30 min with a NHj3 gas flow rate of 20.sccm and the chamber
pressure of 67 torr at power ofi SO0W. For electric charactetistic measurement,
500-nm-thick Al'was thermally evaperated with a shadow mask'onthe blocking oxide
to form the “metal-oxide-semiconductor structure. The microstructure of Mo
nanocrystals was analysis through ‘Transmission electron microscope (TEM). The
chemical bonding and compositionvofsthercharge=storage layer was analysis with
X-ray photoemission spectroscopy (XPS). Electrical chatactetistics were measured

using Keithley4200 and HP4284 Precision LCR meter with frequency of 1 MHz.

5.2.3 Result and discussion

In our previous study, we found that the surrounding nitride of Mo nanocrystal is
deficiency (nitrogen deficiency). Figure 5-8(a) and (b) show XPS Mo 3p and N 1s,
and Si 2p spectra of the charge storage layer without and with the plasma treatment,
performed by a monochromatic Al Ka (1486.6 ev) X-ray. In Fig. 6-8(a), the XPS peak
at 394.0 ev and 397.8 ev are due to Mo—Mo bonds and Si—N bonds, respectively.
Comparison of the intensity of Si—N bonds between samples with and without the

plasma treatment, the intensity of Si—N bond for sample with the treatment is
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stronger than that of sample without the treatment. The stronger intensity can be
attributed to nitrogen incorporated into to the charge storage layer by NH3 plasma. In
Fig. 6-8(b), the peak position for the charge storage layer without plasma treatment at
100.1 ev is due to Si—N bond. The peak position moves toward the higher binding
energy for the sample with the plasma treatment. According to the previous literature,
the increase of the binding energy is due to more nitrogen binding with Si dangling
bond which improve the quality of surrounding nitride [5.20].

Figure 6-9(a) and (b) show the C-V curves of MOS structure embedded with Mo
nanocrystal for the sample with and without the plasma,treatment, respectively. At the
sweeping voltages ofi-6 to 4 V and -11 to 9 V, there are counterclockwise memory
hystereses in Figi:6-9(a) and 6-9(b). The counterclockwise hystereses are due to
carrier transport through tunnel oxide between the charge storage layer and the Si
substrate. We ‘note that there is a 1.7 V reduction of the memory window for the
sample with the plasma treatment. The reduction of the memory window after the
treatment was related to the mitrogenpassivationtinrcharge storage layer. The deficient
silicon nitride layer is widely used in SONOS memory. Thestraps in the nitride around
nanocrystals can capture carriers contributing to the memory window. According XPS
results, the nitrogen was incotporated into the nitride after the treatment. The
incorporated nitrogen can passivate the traps in the silicon nitride, which reduce the
charge storage centers in the surrounding dielectric, leading to the reduction of the
memory window.

Figure 5-10 is a comparison of retention behavior for the samples with and
without the plasma treatment, respectively. After programming, the memory window
was obtained by comparing the C-V curves between the charged state and the
quasi-neutral state. When carriers are stored in the nanocrystals, the stored carriers

will raise the potential energy of the nanocrystals and increase the escaping
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probability of stored carriers, which results in reduction of Vg shift. For the sample
without the plasma treatment, the flatband voltage shift decreases significant and
return to quasi-neutral state at 10° sec, which indicates that the stored carriers was
totally discharged from nanocrystals. In contrast, the charge loss rate of the sample
after the treatment is slower than that without the treatment, and the stored carriers
remain ~88.9%. For the stored carriers, there are three main discharging paths:
discharging from nanocrystals to the control gate, discharging from one nanocrystal to
the adjacent nanocrystal, and discharging from nanocrystals to the substrate. Because
the control oxide is thicker than the tunneling oxide, discharging via the control oxide
can be neglected. Furthermore, the tunnel oxide of the both samples is thermal growth
in furnace at thefsame. time, so-the carriers discharging from 'nanocrystals to the
substrate should“have the same rate. However, the experimental results show the
different lose ‘rate of 'stored carriers between two samples. We considered that the
obvious difference in the loss| rate between both samples is due to the quality of
surrounding nitride according: to .themXPS=resultss"When carriers are storage in
nanocrystals after programming;j if there 1s an intrinsic defect chain in the tunnel oxide,
the nanocrystal which-aligns with the defect chain.will be“discharged immediately.
Because the surrounding nitride is as thin as 3-nm, the carriers stored in the neighbor
nanocrystals can easily escape to the discharged nanocrystal by trap assisted tunneling
in the surrounding nitride, which results in a faster loss rate of the stored carriers.
Since the quality of surrounding nitride in the sample without plasma treatment has
much deficiency, the stored carriers can leak out of nanocrystal by lateral migration.
For the sample with the plasma treatment, the traps in the surrounding nitride were
reduced by nitrogen passivation. The trap assisted lateral migration of the stored

carriers was suppressed, which improves the retention of the memory structure.
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5.2.4 Conclusion

In conclusion, the nonvolatile memory characteristics of the Mo nanocrystals
were influenced by the ammonia plasma treatment. The C-V hysteresis reduced from
9.5 to 7.8 V due to reduction of trapping centers in the surrounding nitride. The
retention characteristic improved from 0% to 89.9% remaining charges after the
plasma treatment because the carriers’ lateral migration between nanocrystals was
suppressed through the nitrogen passivation of the traps in the surrounding nitride.
The plasma-treated Mo nanocrystal embedded in nitride layer with high density (6x

102 em™) and good retention ¢an be application in nanocrystal nonvolatile memory.

5.3Comparison: of memory characteristics of Mo nanocrystal

embedded in SiO, and SiNy

5.3.1 Introduction

In the chapter 4, we investigated-themnonvolatilesmemory characteristics of the
Mo nanocrystal embedded in Si0Ox and SiNy. The results indicated the Mo nanocrystal
embedded in SiNy has larger.memory window. than Mo in SiO4. However, poor
retention behavior of Mo nanocrystal in SiNy made us proceed to enhance the charge
storage ability by ammonia plasma treatment. The results show a significant
improvement on retention behavior although the Mo nanocrystal in SiNy sacrifices 1.7
V memory window.

In this section, we will compare the memory characteristics between ammonia
plasma treated Mo nanocrystal in SiOx and SiNy. The results will be explained

through electrical simulation on both memory structures.

5.3.2 Results and discussion
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Fig. 5-11 show the memory window of the Mo nanocrystal embedded in SiOx
and SiNy. The memory window for the Mo nanocrystal in SiOy is around 3.0 V under
-11 to 9 V sweeping voltage. In contrast, the memory window of the Mo nanocrystal
in SiNy is around 7.8 V. The larger memory window can be attributed to the high
density of nanocrystal. During the voltage sweeping, carriers can inject from substrate
to the nanocrystal and then capture by nanocrystals. The memory window can be
calculated from the total stored charges divided by capacitance of control oxide. If
one nanocrystal can capture one electron during the sweeping voltage, the total of the
stored carriers per unit cell for the higher density of nanocrystal are larger than that
for the lower one. This Tesults-in larger memory window for.Mo nanocrystal in SiNy
than that for Mo nanocrystal in SiOx.

Figure 5-12'is the retention characteristics before and after10° program/erase
(P/E) cycles forboth samples. The program/crase.voltage is 15/-15 V'for 10ms. In Fig.
5-12(a), the remaining charges of Mo.nanocrystal embedded in SiOy'is 87.9% before
the P/E cycles, which is approximationrto=the 88:9% remaining charges for Mo
nanocrystal in SiNy.-After the P/E cycles, the remaining charges;is 71.9% for the Mo
in SiOy. The retention ¢haracteristic of Mo in SiOy has 16% degradation. In contrast,
the retention of Mo in silicon nitride has only 8% degradation. These results indicated
that Mo nanocrystal embedded in SiNy layer as the charge storage layer has better
reliability than Mo nanocrystal in SiOy. The better retention characteristic of Mo in
SiNy can be explained by electric field simulation for both structures. Figure 6-13(a)
shows electrical field distribution in the memory structure. Figure 6-13(b) is the
electrical field characteristics along the Y-axis at the center of nanocrystal. It can be
found that the maximum electrical field for the Mo embedded in oxide is 3.76 MV/cm.
However, the electrical field for the Mo embedded in nitride is 2.96 MV/cm. During

P/E cycles, the larger electrical field indicates that higher number of carriers transport
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between nanocrystal and substrate resulting in a significant degradation on tunnel

oxide. Therefore, the retention of Mo in oxide is poor than Mo in SiNj.

5.3.3 Conclusion

Memory characteristics of Mo nanocrystal embedded in SiOy and SiNy was
investigated in this section. Table 5-3 concludes the Memory characteristics of Mo
nanocrystal embedded in SiOy and SiNy. The memory window can be enhanced by

Mo nanocrystal embedded in SiNy. The larger memory for the Mo nanocrystal in SiNy

can be attributed to the highé 1 al. The retention after 10° P/E

memory.
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Figure 5-3 XPS (a) Si 2p, and (b) Mo 3p-and N 1s spectra of oxygen-incorporated Mo
silicide layer with and without plasma treatment.
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Figure 5-4 C-V characteristics and band diagram of Mo nanocrystal memory (a)
without and (b) with NH; plasma treatment.
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without plasma treatment.

@ charged

nanocrystal : . . .
Y Blocking oxide Blocking oxide

discharged
nanoctystal

-tap Q- OF 00 o060 00
Defect lTunnel ox1de] WTunnel oxide
chain St Substrate St Substrate

Before treatment After treatment

Figure 5-6 Schematically explanation of difference in retention behavior between

nanocrystal memory (a) without and (b) with plasma treatment.
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Figure 5-8 XPS (a) Mo 3p and N 1s, and (b) Si 2p spectra of nitrogen incorporated
Mo silicide layer.
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Figure 5-10 Comparison of retention behavior-between the Mo nanocrystal memory
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Table 5-2 Comparison of memory characteristics for Mo nanocrystal in SiNy, without

and with plasma treatment
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Figure 5-11 C-V hysteresis characteristic of (a) Mo in SiOx and (b) Mo in SiNj after
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Chapter 6
Nanocrystal technique application in Resistive

Switching Memory

6.1 Introduction

In recent years, the RRAM using transition metal oxide is paid much attention
for the academia and industry. Because the RRAM combined with the speed of static
random access memory (SRAM), density -of dyhamic random access memory
(DRAM), and nonvolatile characteristic of flash memeory, it-has potential to be the
next-generation nénvolatile memony: The basic RRAM is the Metal/Insulator/Metal
(MIM) structureand its memory effect 1s| operated by using an extra electric field to
change the resistance of transition metal oxide (resistance switching layer). This result
will appear reversible transformation.between high and low resistance to define the
data information for memory operatiomBecauserthesRRAM is a back-end process, it
can be easily integrated. into the current memory process;to realize the System on
Chip (SoC) or System in Package (SiP) applications.{16, 28-29]. However, resistance
switching memory still faces ‘anissue about variation of device parameter such as
switching voltage, on-state and off-state current.

In this section, we try to stabilize the device parameter of resistance switching
memory by embedding nanocrystal. We fabricated the Ni nanocrystal embedding in
aluminum oxide. The aluminum oxide was used as resistance switching layer. We
found that Ni nanocrystals can influence characteristics of resistance switching in

aluminum oxide.

6.2 Experiment
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The experimental process flow and memory structure is shown in Figure 6-1.
The memory-cells were fabricated on 6 inch p-type Si substrate with 300-nm buffer
oxide, which was used to electrically isolate the substrate and bottom electrode. After
the substrate was cleaned with standard RCA process, 300-nm-thick wet oxide was
grown at 980°C on the substrate in a horizontal furnace. An 20-nm-thick Ti layer was
deposited on the oxide layer using sputtering Ti target as a adhesion layer. Afterward,
80-nm-thick Pt layer were deposited on Ti/SiO,/Si substrate as bottom electrode.
35-nm-thick Aluminum oxide as resistance switching layer embedded with or without
6-nm-thcik oxygen incorporated Ni silicide layer was, deposited on the Pt layer by
electron-gun evaporation. The-Ni silicide layer was deposited-by sputtering mixed Ni
and Si target in Af/O, ambience. The thermal annealing processWas performed in N,
ambience at 300,500, and 700°C for-150s to form Ni nanocrystals embedded in SiOx.
For electric characteristic measurement, 200-nm-thick Ti was thermally evaporated
with a shadow'mask on the aluminum oxide to form the metal-insulator-metal (MIM)
structure. Nanostructure of Ni nanocrystals»was=analyzed ;through transmission
electron microscopy (TEM). Chemical bonding and composition of the resistance
switching layer was ‘analyzed - with X-ray photoemission spectroscopy (XPS).

Electrical characteristics were measured using Keithley4200 meter.

6.3 Result and discussion

Figure 6-2 shows the TEM analyses for the MIM structure embedded with
oxygen-incorporated Ni silicide layer annealing at various temperatures. In Figure
6-2(a), the thicknesses of aluminum oxide and oxygen-incorporated Ni silicide layer
are about 35-nm and 6-nm, respectively. It can be seen that oxygen-incorporated Ni
silicide layer was agglomerated into spheres after annealing at temperature up to

500°C [Fig. 6-2(c)]. The high resolution image in the inset of Fig. 6-2(c) shows lattice
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image of a sphere indicating that Ni was crystallization after the annealing. The
aluminum oxide was crystallization after annealing at 700°C [Fig. 6-2(d)]. To
calculate the average size and density of nanocrystals, plane-view TEM analyses were
performed. The average size and density of nanocrystals are about 4-nm and 10" cm?,
as shown in Fig. 6-3.

Figure 6-4 shows XPS Al 2p spectra of the aluminum oxide layer annealing at
various temperatures, which was performed by using a monochromatic Al Ka (1486.6
ev) X-ray. It can be seen in Fig. 6-4(a) that the position of XPS peak for as-deposited
aluminum oxide is about 73,78 ev deviating from the peak position of Al,O3 (74.5 ev).
After annealing, the peak position is shift toward to higher binding energy as shown
in Fig. 6-4(b). The XPS results indicate that as-deposited aluminum oxide is more
deficient with ‘oxygen vacancy than the aluminum 'oxide after ‘annealing process
because it was 'deposited at low temperature cnvironment.

Figure 6-5 depicts the current-sweeping voltage (I-V) characteristics for twenty
cycles in aluminum oxide annealingat:500°Cyandrinraluminum oxide embedded with
oxygen-incorporated Ni silicide layer annealing at wvarious temperatures. 1-V
characteristics were measured by-dual sweeping with-a sequence of sweeping voltage
from0OVto-2V,-2Vto0V,0Vto2Vand2V to0V as indicated by a sequence of
numbers on arrow in Fig. 6-5. During the switching from low to high conducting
current, a compliance on current (5 mA) of the device is need to prevent sample from
being broken by electrical damage (arrowhead 4 to 6). The resistive switching
phenomenon is that the conductivity of the memory device can be altered by
sweeping voltage over than a specific voltage, which is reproducible. It can be seen
that the I-V of as-deposited sample shows a high-conducting current and cannot be
switched to low conducting current by sweeping voltage. However, for the

300°C-annealed sample with the oxygen-incorporated silicide layer, and the
115



500°C-annealed sample with and without Ni nanocrystal, their initial state are in the
high conducting current (ON-state) and switched to low conducting current
(OFF-state) after sweeping voltage from 0 to -2 V (arrowhead 1 to 3 indicated in Fig.
6-5), and the state is recovery to ON-state after sweeping voltage from 0 to 2 V
(arrowhead 4 to 6). It can be seen that the variation of the high- and low-conducting
current, and Vr (the voltage at current switching from low to high, arrowhead 5) are
large in the 300°C-annealed sample with the oxygen-incorporated silicide layer, and
the 500°C-annealed sample without the oxygen-incorporated silicide layer. In contrast,
I-V characteristic of the sample .with Ni manocrystals have a stable switching
characteristics; that js ‘the conducting states and set voltage of sample with Ni
nanocrystal shows'a smaller variation.

Figure 6-67is the I-V [characteristics of ‘sample with:NCs after I-V of negative
sweeping is folded to positive one. It can.be seen that the -V characteristics is
symmetry at a‘large range of sweeping voltage indicating that the catrier transport in
the sample is independent on-¢electrodemThisvindicates that carrier transport in the
sample should be deminated by bulk conduction. The double-logarithmic scale plots
of the I-V curves for both positive and negative sweeping, region in the Ti/Al,O3/Ni
NCs/AlI203/Pt device are indicated in Fig. 6-7. In negative sweeping region of
ON-state, the high conducting current in the device indicates the existence of the high
conducting path in the device, and Ohmic conduction is observed. Then, a sequence
of decreases is observed in conducting current, causing by rupturing the conducting
path, and SCLC appears in bias decreasing sweeping. In the smaller bias region for
negative sweeping of OFF-state, Ohmic conduction is observed due to thermal free
carriers exceeding the injected ones. For process of resistive switching from OFF- to
ON-state in positive sweeping region, the conduction mechanism obeys Ohmic in low

bias region followed by SCLC in high bias region. At bias larger than Vr, the device
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switching to ON-state due to formation of high-conducting paths. The conducting
mechanism, again, obeys Ohmic in positive bias region of ON-state.

For the stabilization of I-V characteristics of the device embedded with Ni
nanocrystals, Fig. 6-8 depicts a simple band diagram at ON-state of negative bias.
According to XPS results and above discussion, the high conducting current in Al,O;
is possible due to formation of a defect band for current conduction. During the
carrier conduction in the memory device, the carriers can be more easily transport
through nanocrystals which act as short path [Fig. 6-8(a)] than through 6-nm thick
surrounding oxide [Fig.6-9 (b)]. Furthermore, as.shown.in Fig. 6-9, the electrical field
simulation indicates that the max electrical field across nanocrystal is twice larger
than across surfounding ; oxide jbetween nanocrystals. "Wei'consider that the
stabilization of 'memory device embedded with nanocrystals is that nanocrystals can
fix high-conduecting paths across nanocrystals; as.shown in Fig. 6-9. However, for the
memory device without embedded swith nanocrystals, the' formation of
high-conducting paths should.be randomily;=resulting=in large variation of memory
switching parameter:

Figure 6-10 show the retention behavior of the.memory device embedded with
nanocrystals. It can be seen that the conducting current between ON- and OFF-state is
larger than 2 orders, and is stable even after 10° retention time. This indicates the

memory device is possible to be application in non-volatile memory.

6.4 Conclusion

Nonvolatile memory characteristics of Ti/Al oxide/Pt embedded with Ni
nanocrystals were investigated in this section. The cross-section TEM results indicates
that the formation of Ni nanocrystal after annealing oxygen-incorporated Ni silicide

layer at 500°C. The plane-view TEM indicates the average size and density of the
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nanocrystals are about 4-nm and 10'? cm™. The The XPS results indicate the Al oxide
layer is deficiency. The conducting mechanism of ON-state in the device is dominated
by Ohmic and the conducting mechanism of OFF-state in the device is Ohmic in low
bias region and SCLC in high bias region. The memory characteristics including ON-
and OFF-states current, and switching voltage can be stabilize by embedding
nanocrystals in to the device because conducting-path can be fixed across
nanocrystals instead of random formation in device without nanocrystals. The ON-

and OFF-state is stable during retention test. The proposed device structure can be
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Figure 6-1 Process.flow and structure of RRAM embedded with Ni nanocrystals
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Figure 6-2 Cross-section TEM analyses of Ti/ Al,O3/Ni silicide/ Al,Os/Pt structure for

(a) as-deposited, and after annealing at (b) 300°C, (c) 550°C and (d) 700°C
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Figure 6-3 plane*view TEM analyses for AL©O:ANi stlicide/Al,O3 structure after

annealing at 500°Cy .
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Figure 6-4 XPS Al 2p spectra at various annealing temperature (a) and binding energy
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(c) 500°C without NCs
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Figure 6-5 conducting current-sweeping voltage characteristics of (a) as-deposited
sample with Ni-O-Si layer, (b) annealing at 300°C, and annealing at 500°C (¢)
without and (d) with Ni-O-Si layer
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Figure 6-9 Electrical field simulation in the Ti/Al,O3/Ni NCs/Al203/Pt device.
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Chapter 7

Conclusion

We investigated the annealing ambience influence on mixed Mo and Si layer for
nanocrystal memory application. The No—annealed mixed Mo and Si layer form an
average size of 5-nm MoSi, nanocrystals, and Oy—annealing on the mixed layer
results in a formation of Mo oxide nanocrystals with an average size of 20-nm.
Annealing the mixed layer in O, ambience can improve the surrounding oxide of
nanocrystals and retention behaviar However, the.memory window is reduced due to
over-oxidation of Mo, interaction of Mo oxide with'tunnel oxide occurred.

To prevent over-oxidation of ™Mo'and degradation of tunneling oxide, we
proposed an oxygen- and oxygen-incorporated Mo:silicide (Si-O-Mo and Si-N-Mo) as
nanocrystal self-assembling layers. The results’ show:that as the annealing temperature
up to 800°C, continuous (Si-O-Mo) layer.agglomerates . into nanocrystals. Further
increasing annealing temperature:to 900°C can result'in a reduction.of Mo oxide into
metallic Mo. The redox reaction IS because. the-difference in formation energy
between Mo oxide and Si oxide induces an internal completion between Si, O and Mo.
The average size and density of nanocrystals formed by annealing Si-O-Mo layer at
800 and 900°C are the same (5-nm and 10 cm™). However, memory window of
900°C-annealed Si-O-Mo layer is larger than that of 800°C due to the metal oxide
composition in 800°C-annealed Si-O-Mo layer. Furthermore, the 900°C-annealed
layer have better retention characteristic than 800°C one which is attributed to the
improvement of dielectric around nanocrystals, suppressing lateral migration of stored
carriers. On the other hand, smaller size and high density of Mo nanocrystals can be
formed in Si-N-Mo layer. The size and density are about 2-nm and 6x10%*cm™. This

high density can effectively reduce the variation of memory characteristics between
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memory cells when device scaling down.

Furthermore, we fabricated double-layer nanocrystal memory by stacking two
Si-O-Mo layers separated with a middle oxide layer. The results indicate that the
double-layer nanocrystal memory structure can increase memory window because of
higher density of nanocrystal than single-layer structure. Besides, the retention
characteristics of double-layer structure is better than single-layer one due to
reduction of charging energy and Coulomb blockade effect from first layer of double
layer structure.

To improve the quality 'of dielectric around nanocrystals, a post NH; plasma
treatment was performed-on memory devices of Mo-nanocrystal embedded in oxide
(Mo-SiOy) and in. nitride. (Mo=SiNy). The nitrogen was incorporated into the
surrounding dielectric. The ‘memory window was found to' be" reduced because
shallow traps “in surrounding dielectric were passivated by nitrogen incorporation.
Furthermore, the retention behavior of both memory devices was improved due to
curing surrounding dielectric.s Thewplasma=treatments method with small thermal
budget has potential.to be application in nanocrystal memory device.

The memory characteristics of plasma-treated-Mo-SiO, and Mo-SiNy devices
including memory window, retention and endurance characteristics were compared.
The Mo-SiNy has larger memory window than Mo-SiOy device due to its higher
density. Furthermore, retention of Mo-SiNy device after endurance test is better than
that of Mo-SiOy device. Electrical simulation results for both Devices under
programming were employed to investigate difference in retention behavior after
endurance test. It was found that electrical field in tunnel oxide of Mo-SiOy device is
larger than that of Mo-SiNy device. This explains the poor retention behavior in
Mo-SiOy device.

Resistive switching characteristics of Al,O3 were studied to integrate in back-end
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process of nonvolatile memory. As-deposited Al,O3; layer shows an initial
high-conducting state, and low device yield due to larger amount of oxygen
deficiency in the as-deposited film. After annealing at 300 and 500°C, the quality of
Al,O3 layer was improved increasing the device yield. However, ON- and OFF-states
current, and turn-on voltage (V1) show a large variation between cycles. The large
variation in devices can be attributed the random formation and rupture of high
conducting paths. We stabilize the memory characteristics by embedding Ni
nanocrystals into Al,Oz layer. The results indicated that variation of conducting
current of ON- and OFF-state ‘was: reduced.. The' current fitting show that the
conducting mechanism of-the memory device is Ohmic in the.,ON-state. However, the
conducting current: of OFF-state-obeys Ohmic conduction in.low bias region and
space-charge-limited-conduction"in “high bias region. Electrical 'simulation results
show that the ‘max electrical field across nanocrystal is twice larger'than that across
the space between ' nanocrystals. We construct a band diagram to explain why
nanocrystal embedded in Al;O3 canrstabilizesthesmemory characteristics of resistive
switching memory._The. higher electrical field and conduetivity across nanocrystal
than space between nanocrystals can fix formation.and rupture of high conducting

paths which improve the stability.
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