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ABSTRACT OF THE DISSERTATION

Engineer Nanocrystal Floating Gate Memory Scaling

by

Jingjian Ren
Doctor of Philosophy, Graduate Program in Electdtragineering

University of California, Riverside, December 2012
Dr. Jianlin Liu, Chairperson

Flash memory is the dominant nonvolatile memorhtetogy that has been
experiencing fastest market growth driven by therbiong of portable electronic
devices. Since its invention in 1980s, it has hixeough aggressive scaling. Leading
semiconductor memory manufacturers such as Samsumigl/Micron and
SanDisk/Toshiba have unveiled their 19/20nm NAN&3 i technology in production.
However, how long the fast scaling pace of flash &@ maintained remains a
guestion mark since this device using continuouggpgstalline Si floating gate faces
increasing challenge brought by poor immunity tcarge leakage and process
difficulty due to large vertical gate stack dimemsi To enable the further scaling of
flash technology, change needs to be made at théeeel. Devices using discrete
charge storage units have been recognized as pdtatiernatives to conventional

flash cells, including charge trapping type dedaod nanocrystal floating gate device.
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Nanocrystal floating gate memory is consideredoanising future nonvolatile
memory candidate because of its immunity to weaktdeakage in tunnel oxide and
thus its superior scalability in terms of tunneidexthickness and power consumption.
However, no scaling is easy. Problem of nano-dossitie fluctuation has arisen for
this type of device as scaling process proceeds. ifitreasing sensitivity of chip-
level device performance to dot distribution inledacells requires that nanocrystal
deposition, which is the key step for device fadimn, should be fully understood,
and that this device should start evolving to ipooate material and structure
innovations. This work is devoted to propelling thealing process of nanocrystal
memory through nanocrystal deposition behavior stigation and device structure
engineering. In chapter 2, Si nanocrystal growthpatterned oxide substrate by
chemical vapor deposition is studied both expertafn and theoretically and
directed self-assembly behavior of Si nanocrysgldentified as due to the effect of
substrate morphology. This deepens our understgratimanocrystal nucleation and
growth and provides a general guidance to depaosifiwocess for memory
applications. Chapter 3 includes the work on a gdiéek-engineered nanocrystal
MQOS capacitor memory device. An281;-SiO, double-barrier structure is utilized for
dielectric layers and process-induced oxide dedi@u#ssue is well solved, resulting
in improved memory performance. Chapter 4 and dmaf focus on the

demonstration of non-planarity concept for nanaedymemory device. Non-planar
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nanocrystal memories with multiple and single tgalar-shaped Si nanowire channel
are introduced. This new concept of nanocrystal orgndevice is aimed at
alleviating dot density variation issue at the sdakchnology nodes and helps extend

the scaling limit of planar device.

Based on all the theoretical and experimental workhis dissertation, it is
concluded that nanocrystal memory scaling liesaadyunderstanding and control of
the key process as well as continued cell archite@ngineering. This work serves as
a step toward the scaling limit of nanocrystal filog gate device for next generation

nonvolatile memory development.
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Chapter 1 Introduction

1.1 Semiconductor memory

Semiconductor memory is one of the dominant menteghnologies in
people’s daily life today and plays a key rolenformation storage. It is everywhere
from personal computers, global positioning systerastomotives to portable
consumer electronics such as cellular phones, afligiameras and tablets. Its
applications embrace a variety of computer memaiesportable storage devices for
massive data storage, system code storage andeniltexdded solutions.

There are many ways to classify semiconductor mmgnbased on the
technology variety and the applications. As showrfig. 1.1, in general, it can be
categorized as volatile type and nonvolatile typlee word “volatile” here refers to
the fact that the stored information cannot be ta&med when the power supply is cut
off. In contrast, nonvolatile memory is able to ggbe memory states information
even when the power is turned off due to particat@mory cell configuration and
information storage mechanism.

Among volatile memories are SRAM (Static Randontéss Memory) and
DRAM (Dynamic Random Access Memory). SRAM offere tfastest write/erase
speed among all memories. However, a single SRAMcoasists of 6 transistors,
resulting in poor chip density, although 4-trar@issRAM cell has been developed.
DRAM consists of one transistor and one capacitds superior to SRAM in terms
of its smaller cell size (lower cost per bit) amiver power consumption. But the
writing speed is slower in the DRAM than in the S®RAIn addition, DRAM cell

needs refreshing frequently to maintain its datafrem this point of view, the power



consumption is significant. As far as scaling is@@rned, the size of a DRAM cell is
large and scaling the DRAM cell size down would dificult due to the large
capacitor required to store data.

Nonvolatile memory is attracting tremendous irgeremday because of the
booming market of portable electronics. Since tégy ¥irst mask-programmed ROM
(Read Only Memory), it has been experiencing sigaift evolvement from PROM
(Programmable Read Only Memory), EPROM (Erasabtgy@mmable Read Only
Memory), EEPROM (Electrically Erasable ProgrammaRkad Only Memory) to
flash memory [1], with flash memory being the mpsdvailing technology nowadays.
During the past several decades, the family of olatde memory has expanded
greatly. Not only have the density, speed, powasumption and cost been improved
to an unprecedented level [2, 3], but more emergiegiory technologies have gotten
on the stage of semiconductor industry. Table pgeared in the latest update of
2011 International Technology Roadmap for Semicotats (ITRS) [4]. It provides
an overall evaluation and comparison among proicé&ypand emerging research
memory candidates in terms of several most imporiadustrial criteria such as
scalability, multi-level cell (MLC), 3D integratigrfabrication cost and endurance.
The most intriguing prototypical devices demonstlaby leading semiconductor
memory companies are FeRAM (Ferroelectric RAM), SMRAM (spin-torque
transfer magnetic RAM) and PCRAM (Phase change RAddne of which have
already been patented and even utilized in hylmadycts. Other emerging memories
include Redox memory, which relies on cation/aniomigration and
reduction/oxidation reaction to realize bistablate$ (e.g. resistive memory with

transition metal oxide), Mott memory based on Miuisulator, nanomechanical



memory with electrically controlled mechanical shitand molecular memory
employing polymer molecules for high-density steragAmong all the new
technologies, while some of the candidates do skiewy promising performance
either as prototype device (i.e. PCRAM) or in reskdevel (i.e. Redox memory),
limitations within each type of memory are alsodomaing more realized and there yet
remains a long way to go for these innovative tetbgies to be mature enough for

the real market.

Semiconductor memory

Volatile memory Nonvolatile memory

Prototypical | Emerging
Memries

ES S
Programmed
ROM Mott

PROM

Redox

Nano-
EPROM mechanical

[
EEPROM Molecular

Fig. 1.1 Classification of semiconductor mem



Within the scope of this research, scalabilitghis focus and the comparison
of nonvolatile memory cell elements needs to beariadrder to give a clear picture
of this memory group. The components of one celiefach type are shown in Table
1.2 [4]. While most of the candidates require asteone transistor and one
diode/resistor as well as new materials for the 8askh memory provides supremacy
in scalability through its simplified one-transistell structure and robust feasibility
on present CMOS platform by its Si-based procebss@& have been the dominating
features that make flash technology unmatchable iaeglaceable in the current

nonvolatile memory market.

Table 1.1 Potential of Current Prototypical and Eyme Research Memory
Candidates from 2011 ITRS update

Prototypical (Table ERD3) Emerging (Table ERDS)
Emergin; V: i
Parameter FeRAM STT.MRAM PCRAM 20 || P | e || iy ||| Rl
ferroelectric memory N - memory Memory
— @ O ® ® @ - (6
£
?
SN BN K BK BK NN NEo B
| @ @ e e oo e
")
9 3
-~ ? ?
9 5 Ol@ 0
we | @ | @ © 0 6 C)
V)
Scalability Fin =45 nm
MLC difficult

3D integration difficult
Fabrication cost |high

Endurance =1ES write cycles demonstrated
Scalability Frmin=10-45 nm
MLC feasible

3D integration  [feasible

Fabrication cost |medium
Endurance <1E10 write cycles demonstrated

Scalability Frin <10 nm

MLC solutions anticipated
3D integration difficult

Fabrication cost [potentially low

Endurance >1E10 write cycles demonstrated




Table 1.2 Cell elements of nonvolatile memories

Memory | Flash FeRAM MRAM PCRAM  Redox Mott Nanomechanical Molecular

1TIR 1T1R 1T1R 1T1R

Cell
1T 1TiC 1(2)TIR 1T(D)IR or or or or

elements
1D1IR 1D1R 1D1R 1D1R

Up to date, both academia and industry have beaking every effort to
explore maximum possibilities out of each devieging to bypass those technical
and practical constraints and implement those @ediadvantages so as to replace all
or most of the existing technologies and providénasersal Semiconductor Memory
(USM). The quest for such a USM device has longlm@eobjective for the memory
communities and a huge amount of revenue is inddstedhose semiconductor giants.
It can be expected that the reward for achievinghsa device would be extremely
abundant, gaining an enormous market share fronpatanapplications to consumer

electronic products in this highly competitive ghblmemory business.

1.2 Flash memory
1.2.1 Cell structure and working principle

Flash memory was invented by Dr. Fujio Masuokd @hiba in 1980. Over
the decades it has been recognized as the moseéssialc nonvolatile memory
technology for both massive storage and embeddglicafons. The 1T cell structure

enables ultra-high density integration, which igttiar enhanced by its MLC



capability. Furthermore, the device fabrication gass compatibility with current
CMOS process is what brings this technology intd epplication. Fig. 1.2 shows a
typical cell of flash memory. Similar to a metalida-semiconductor field effect
transistor (MOSFET), flash cell consists of a cohgrate, oxide and Si substrate, with
the exception that a poly-Si floating gate layemserted into the oxide layer as the
charge storage unit. The insertion of floating gatt requires few additional masks
and minor modification of the current MOSFET pracdbw. Consequently, it
becomes an economic and practical way to fulfi tliype of memory cell and array

based on the already well-developed semiconductmegs platform.

Control gate

/Control oxide

Source

Fig. 1.2 A typical flash memory cell.



Fig 1.3 shows how flash memory works by sensimgtiineshold voltage shift
(AV7) induced by charge injection in the floating gaféhe floating gate is
sandwiched between two layers of oxide, namelytroboxide and tunneling oxide
which serve as barriers for holding the chargeciej@ from substrate. The stored
charge imposes extra electric field on the chanleeling toAV+ shown by drain
current-gate voltage 4Vgs) curves at neutral, programmed and erased sfakes.
programmed and erased states are defined as l0g@nt “1” as bistable states of
this memory, usually read fromslat fixed Vgs AVris determined by the charge

stored in the floating gate and also related toctpacitance of control oxide asVt

= Q/ Ccontrol-

IdS A
Hrase Programmed
Hl" Ne tral HOH
V1 E V1N V1 p VVgs

Fig. 1.3 ksVgs Characteristics and\shift of n-type flash memory at
neutral, programmed and erased states.

1.2.2 NAND vs. NOR

Based on how cells are organized as arrays, flashary in production today
can be divided into two dominant variants: NANDsflain which cells are connected

in series as a chain and packed with higher defaitgata-block storage; common



ground NOR flash, which consists of parallel-cotedacells and is suited for high-
speed read and code storage applications. Theaeotthies of NAND and NOR array
are shown in Fig. 1.4. The organization of NANDagrallows the elimination of all
the contact holes between wordlines (WLs) and tiealsices the occupied area by
40% compared to NOR array [5]. This is the reasen dcaling of NAND flash is

always ahead of NOR flash in reality.

BL: BL, BLn1 BL,
Stlring
Selecto
BL, BL, BLn1 BL,
WL1.¢| *' *I *I
[l L] ~tet e
WL, ...
«+I._l 1I._l 4I._l ¢I._l
I I I I ‘_r‘ ‘_l" |J—"
; . 1 i WL —4} . | 4l
W 4|lJ ¢|lJ ¢|lJ ¢|lJ w_—{_‘x___“i Souree
Ground ’g ’a
Selector
Sourc

Fig. 1.4 NAND and NOR array architectt

1.2.3 Limitations and alternatives

Charge-based nonvolatile memories require a medield charge for long-
term storage. Hence it is critical that the mediautd be reliable enough and should
also be small in geometries for the perspectivecafing. Conventional flash memory
employs a continuous polycrystalline Si film as floating gate for charge storage.
As oxide layer gets thinner with scaling of celméinsions both horizontally and

vertically, the immunity of charge storage in p&8y-{loating gate to oxide-defect



induced leakage path gets much poorer. This isgriiyndue to the continuous nature
of the floating gate that allows charge to moveelirein the film. Hence, a local
leakage path (e.g. caused by stress) can draithelstored charge. Flash device
scaling, including dimension and power consumpsoaling, is seriously limited by
this fact and alternatives to this continuous fluatgate needs to be developed to
mitigate the issue. Memory cells with discrete gearstorage units instead of
continuous floating gate were proposed, among whighcharge-trapping memory
and nanocrystal floating gate memory, as illustrate Fig. 1.5 by the dashed lines.
Charge trapping memory technology was first coneated through the invention of
the metal-nitride-oxide-semiconductor (MNOS) tratsi by H. A. R. Wegener in
1967 [6] and then was developed into silicon-oxniteide-oxide-silicon (SONOS).
This type of memory utilizes the traps in nitrideyér to store charge, alleviating the
problem in conventional flash up to a point. Noedths, the randomness of traps in
nitride becomes the drawback when it comes to tmérallability of charge storage.
The other type of alternative with discrete chastggage nodes is nanocrystal floating

gate memory, which is discussed in detail in thd part.

Fig. 1.5 Alternatives to poly-Si floating gate memo




1.3 Nanocrystal floating gate memory
1.3.1 Basic device concepts

To substitute for continuous poly-Si floating gatevas proposed that discrete
nanocrystals (NCs) could be used as charge stdagge [7], as shown in Fig. 1.6.
When control gate is biased, charges tunnel thrabghthin oxide layer and get
trapped in the NCs. In this case, charges are mefivithin NCs of around several
nanometers in size and cannot move horizontalle. aount of charge that NCs can

hold is determined by density of states in the ld€svell as coulomb blockade effect

8.

Control gate

Control oxide

NC FG

~s 08888 o Unelngoxde

Fig. 1.6 Nanocrsytal floating gate memory «

As is mentioned in previous section, the immuoitcharge storage to tunnel
oxide leakage is severely limited by the continunagire of poly-Si floating gate in

conventional flash memory, which also puts constsabn scalability of the device. In

10



contrast, as shown in Fig. 1.7, localized oxidédgg path caused by process defects
or stress may drain the charge kept in single Na ith touching the defects while
other NCs in the same cell can still maintain tharge for cell state assurance. In this
way, prolonged retention performance can be exdeatel thinner tunneling oxide
can be adopted for this structure, leading to impdoscalability and reduced power
consumption. Furthermore, compared to charge-trgppipe memory, it is feasible
to control the ordering of charge storage sitewdnyous NC deposition techniques,

enabling further cell size scaling and enhancitighéity of the MLC features.

Stored

HOE O DY
b

Defects
Induced

P AR Leakage

Fig. 1.7 Comparison of immunity to leakage betweemventional flash cell and NC
memory cell.

1.3.2 Current status

Si NC floating gate memory has been heavily exgaanot only in academic
research but also for real-market applicationséaisonductor companies. Freescale
(formerly Motorola Semiconductor) successfully pered the use of nanocrystals in

memory devices in March 2003, and discussed theodstration of its first-of-its-

11



kind 4-Mbit nanocrystal memory device at the DecemP003 IEEE International
Electron Devices Meeting (IEDM) [9]. Later on in() it started manufacturing 24-
Mbit memory array based on Si NCs using their 90 @MOS bulk technology,
aimed at automotive market [10]. Continued effdré&sve been invested for scaling
this technology down to 65nm and further.

In the meantime, people are seeking to improve deivice through various
NC deposition techniques and NC material/structeingineering. NC deposition
techniques such as low pressure chemical vapor sitepo (LPCVD) [9, 11],
molecular beam epitaxy (MBE) [12], ion implantaticend subsequent high-
temperature annealing [13] have been extendedet@yththesis of NC floating gate.
Memory devices with high nanocrystal density anddyperformance have been
demonstrated based on these techniques. NCs efatfitf materials such as Ge and
other semiconductors [14], metal, metallic silicided metal-like material [15-20],
dielectrics [21, 22] have been adopted for deviegfggmance improvement, i.e.
larger memory window, higher writing/erasing spetahger retention and better
cycling performance. Band structure engineering das been conducted by novel
NC structure development. For instance, Ge/Si betanocrystal structure was
proposed for good retention while maintaining higtting/erasing efficiency [23];
Core-shell nanocrystals with metal core and highelkectric shell and double-layered
NCs have been proven as excellent potential solsitioto retention-

programming/erasing trade-off [25, 26].

1.3.3 Perspective and challenges of scaling

12



Flash technology has been scaling aggressivelyaiticular, many companies
dealing with NAND flash, including Samsung, Microhpshiba, have announced
20nm products by 2012. But if one takes a lookha 2D planar NAND flash
technology requirements from ITRS 2011 updates|€Tal), scaling will not always
be so optimistic. The slowing down pace of NANDsHascaling on cell size, tunnel
oxide and inter-poly dielectric thickness and tlgomous requirements on device
performance imply that this technology is also iteMy approaching the ultimate
limit.

Table 1.3 2D planar NAND flash technology requiretse

4. 2D Planar NAND Fiash (Fisating
Gratz (F&) or Charee Trapping (CTH
year of production 2041 012 2013 2004 2015 2016 2017 2018
Plavar (20) NAND Filach uncontacted
| paly 172 Pitca (ml

Cell rize — area factor a in multiples aff

2 20 12 17 13 14 12 12

4.01.3 4.01.3 4.01.3 4.0M1.3 4.0M1.3 4.0M1.3 4.01.3 4.011.3

F2 SLCMLC 5]

Tunne! oxide thickness (iom) [6] &7 &7 &7 &7 &7 36 36 36
Tnterpojy disisctric moteriai [7] QONO ONO CNO OND OND OND High-K High-K
Interpoly disiectric thickness fhom) 10-13 1 1 10 10 9 -] ]
Grate coupiing ratis (GCR) [B] 06 [ X3 06 0506 0.5-06 0.5-06 0.5-0.6 0.506
Contral gate material (0] n-poly n-poly n-pely n-pely | n-poly/Metal| n-poly/Metal Metal Metal
Highest WE voitage (17 [10] 17-19 1547 1517 1517 1547 1547 1547 1517
Endurance ferasefwrite cyeles) [11] 1.EHM 1.EHM 1.EHM 1.EHM 1.EHM 1.EHM 3.EHIZ 3.EHIZ
Nomvolatile data retention ears) [12] 10 10 10 10 10 10 10 10
Maimum number of bitt per cell 3 2 2 2 3 3 3 3
(MLC) 13]

A 2D Planar NAND Fiash (Fisating

Gate (FG) or Charge Trapping (CT)

vear gf production 2019 2020 2021 2022 2023 2024 2023 2026
Planar (2D} NAND Flach uncontasted " 1 3 8 s i 8 3

pojy 172 Pitch (iom)
Celi size — avea factor a in multinies of

4013 4013 401.0 4.01.0 4.001.0 4.01.0 4.0M1.0 4010

F2 SLCMLIC (5]

Tunne] oxide thickness (um 6] 36 36 36 36 36 36 36 36
Tnterpoly dielectric material 7] ! ! 0 0 0 ' ' ¥
Tnterpoly dielectric thickness fhm) i B ; ; i i i B
(Gate coupiing ratie (GCR) (8] 0.50.6 0.5-0.6 0.3-0.6 0.3-0.6 0.5-0.6 0.50.6 0506 0.50.6
Contre] gate material [9] Metal Metal Metal Metal Metal Metal Metal Metal
Highest W/E veitage (T3 [10] 15147 1547 1347 1547 1547 1547 1547 1547
Endurance (eraseswrite eyelesi [11] 3.EHZ 3.EHI3 3. EH3 3. EH3 3.EH3 3.EH3 3.EH3 3. EH3
Nowvolatile data retention (bears) [12] 10 10 10 10 10 10 10 10

Memimum number gf bits per cell
(MIC) [13]
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3D non-planar technology is one of the viable wiaysxtend this technology
to further nodes and is currently under intensiwsearch, development and
optimization. On the other hand, to explore thespmlties of NC memory as a
replacement and realize the so-claimed superisribiethis device becomes more
attractive.

In order for successful scaling of NC floatingeyatemory, the most critical
part lies in obtaining NCs of high density and smpe uniformity. This can be
intuitive. The device relies on NCs to store chaagel fulfill its functionality. As
miniaturization of device dimensions proceeds, dlasing/writing performance non-
uniformity and variable memory windows of differedgvices on the same chip arise
as an issue due to the increased sensitivity dbpeance to floating dot density
variation. As a result, understanding towards NOwdn behaviors needs to be
furthered for better control over NC depositionhigiques, Moreover, new materials

and cell structures are a necessity for futurerteldfyy nodes promotion.

1.4 Motivation of this research

The motivation of this research is to enhanceutigerstanding on NC floating
gate memory device from both material and cell pofrview through theoretical and
experimental efforts. It is also to investigate atemonstrate novel NC memory
devices to assist the implementation of futurehfleandidates.

The main tasks of this research are summariz€&dyinl.8:

1) To reveal underlying physical fundamentals ofN&s deposition on patterned

oxide substrate and cast light on robust NC layentthesis. The effect of oxide
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substrate  morphology on NC self-assembly is ingas#id experimentally.

Observation of strain-less directed self-assemblyiNCs is addressed by building a
simplified physical model and performing theoretticalculation.

2) NC layer engineering: metallic silicide NC depios through varied deposition

techniques and processes (i.e. LPCVD, gas sourceé)NtBachieve high density NC

layer with supreme uniformity.

3) Memory cell architecture engineering: perforrmdbastructure engineering and
introduce novel gate stack by using high-k matealorm double-barrier structure
for improved memory performance; demonstrate afppsbaoncept non-planar NC

memory device by using triangular-shape Si nanowairay and single nanowire as
channel for alleviating NC density fluctuation issand extending NC memory

scaling limit.

Understanding Si-NC Self-
NC Deposition Assembly on

Fundamentals Oxide for NVM
Applications

Nanocrystal FG :
Memory Scaling NC Material Metallic Silicide
Engineering
Engineered
Gate Stack
Cell

Architecture

Non-Planar Cell

Fig. 1.8 Engineering NC floating gate memory saalin
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Chapter 2 Strain-less Directed Self-assembly of Si Nanocrydtaon Patterned

SiO, Substrate

2.1 Introduction

As electronic devices scale down, it beconmeore and more technically
challenging to continue miniaturization of semicoagbr nanostructures relying on
lithography only. Alternatively, self-assembly id aignificant interest to both
academic research and industrial applications dubéd potential of getting ordered
nanostructures at ultra-scaled regime. Both exmariad and theoretical efforts have
been invested extensively into study of growth ifug 111-V and group IV quantum
dots (QDs) or islands on single-crystalline suliesid-5], aiming at exploring
predictable and well-controlled QD growth with seime spatial uniformity and
understanding the underlying physical mechanismfePeself-alignment of Ge QDs
on Si ridge [6-10], SiGe QDs on lithographicallytteaned Si substrate [11] and InAs
QDs on GaAs plateau [12-13] were reported by mayms and different models

were built to address the directed nucleation éfféstrained islands [10-11, 14,15].

2.2 Motivation

Mediated by a substrate morphology industesin relaxation mechanism, so far,
most practices of directed self-assembly of islamalge been towards strained islands
on patterned substrates. However, unstrained islgnavth on amorphous substrate

such as Si@is also of great importance because of modernreld@c device demands.
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Among many applications, one example is metal-esel@iconductor structure based
nanocrystal floating gate memories [16], which tegthigh-density ultra-uniform

metallic or semiconductor NCs on oxide surface itoumvent device performance
variability issue. Thus, identifying a growth menisan that will lead to a “strain-

less” directed self-assembly of NCs in V-W mode aide substrates is of both
scientific interest and technological significan@se intriguing question is how NCs
grow on patterned oxide substrate and whether tireptanar surface morphology

can direct NCs self-assembly in the absence ahstra

In this work, we present our experimentadervations of preferential nucleation
and growth of Si NCs on patterned Si€ubstrate, showing direct evidence of strain-
less directed self-assembly. The growth conditi@peshdence of this preferential
growth effect is studied. A simple two-dimensiorfdD) model is developed and
calculation is performed in terms of the energedissociated with V-W island growth

on the patterned substrate, to explain these sttegeexperimental findings.

2.3 Experiments
2.3.1 Substrate preparation

Substrates for Si NCs growth were prepared as showhe process flow in
Fig.2.1 (a). E-beam lithography was employed tdegpatthe resist on pre-cleaned p-
type Si (100) substrates. Cr was evaporated ingh-Vacuum e-beam evaporation
system. This was followed by a lift-off processfeom hard-mask as shown in the
schematic for subsequent wet etching step. KOH o#mogic wet etching was
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performed on the samples and well-defined quasngular- and pit-shaped patterns
were achieved. After organic contaminants and medsidue cleaning and native
oxide removal, samples were immediately transfeméal an oxide furnace for dry

oxidation. 5nm thermal oxide on the surface of giiteshaped substrates was formed

(a)

(b)

Fig. 2.1 (a) Process flow of substrate preparalphSEM images of well-defined
guasi-triangular- and pit-shaped patterns.
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at 950C with clean and flat surface. The large-area aagnified patterns are shown

in the scanning electron microscopy (SEM) imageSign2.1 (b).

2.3.2 Si nanocrystal deposition

Chemical vapor Si NCs deposition tedbgy has been explored and
developed for NC memory applications and silicoystallites with nanometer size
can be reliably obtained by controlling the eatyges of Si film growth [16-19]. In
our experiments, Si NCs growth was performed onpéigerned substrates in a low
pressure chemical vapor deposition (LPCVD) systeith wplit growth conditions.
During the growth, Siklwas used as Si precursor and the flow rate wasd faxt
SiH4:N>=20sccm:100sccm and pressure at 0.5torr for all ghmples. Growth
temperature and growth time were chosen as thengdeas to be tuned for condition
split study of nucleation and growth behavior of \NTemperature is believed to be
directly related to the energy gained by adatonrindugrowth, which is critical in
determining the migration behavior and nucleati@irier. Different growth time
shows the evolvement of Si dots nucleation and tr@md allows one to see a clear

picture of NC growth process during different stage

2.3.2.1 Deposition temperature-dependent nucleaticend growth behavior

Fig. 2.2 shows SEM images of temperatiggendent Si NCs nucleation and
growth behavior on pit-shaped patterns. Samples vgeown under six different
temperatures from 68Q to 575C with the same growth time of 8 sec. To monitor

temperature effect on the early-stage nucleatiah gtowth behavior of NCs, short
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growth time was used and NCs with very small sizese synthesized. Despite the
tiny size of NCs (5-10nm), SEM was able to captilne® morphology of NCs after
growth and qualitatively show the segregation ar@ dénsity variation. From high
temperature to low temperature, a clear trend ¢fdémsity and size decreasing is
observed. Interestingly, while under higher tempees of 650C, 630C and 618C

no obvious dot density variation between the wallijar area) and the trench
(concave area) is found, dot segregation in thaechreis observed for lower-
temperature samples at 6Q0) 590C and 573C, with more NCs gathering in this
concave part of the substrate than in other pa@his. phenomenon is attributed to the
preferential nucleation of NCs in the trench dueldewer NC formation energy
induced primarily by the substrate morphology. Taet of the enhanced stress of
oxide substrate in this part making the chemicahdsohere more reactive for
nucleation also contributes to this effect [19,.208]the particular temperature range
of 575 C-600°C, adatoms adsorbed to the sample surface movadsnd find most
energy-favorable sites (the concave parts of thetsate) to settle down as nuclei for
later NC growth. Afterwards, more adatoms segredatethe nuclei and NCs

preferentially form in the trench.

Among the three temperatures, 3090is the one under which the best
preference occurs, with NCs selectively aligned@lthe trench and almost no dots
found on other area outside the trench. This caconsidered a consequence of the
competition between adatoms surface migration aaattion with substrate atoms
(nucleation). At lower temperature of 575 some NCs form on the planar surface

due to insufficient energy gained by the adatomdoater temperatures and the
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limited migration. Similarly, for samples grown #&mperatures below 575,
although low NC formation energy locations (trerghare available, the energy
supplied to adatoms is not enough for them to @mecmigration barrier and reach
the energy-favorable sites. Therefore, no direselflassembly behavior was found.
On the other hand, at higher temperature of60€he nucleation and growth process
is accelerated. Si NC deposition rate is so higit thter-stage random nucleation
starts covering the directed self-assembly effécealier stage. This is intuitive
because as earlier-formed NCs fill in the trenolw-Energy sites for nucleation are
occupied and the effect of substrate morphologthemucleation and growth of NCs
becomes weaker and weaker. Preferential nucleaidmen replaced by continuous

= ——

]

650°C 8ser |

<
o

590°C 8se:

Fig. 2.2 SEM images of temperati-dependenSi NCs nucleation and grow
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random NCs deposition on the whole sample surfatstex stage with no or a small
limitation in the number of nucleation sites [2This situation is more pronounced
for even higher temperatures, as mentioned abolverenalmost no sign of preference
can be observed from the images. In fact, it iseeigdl that even on samples where
directed self-assembly is observed, with longerwtjnotime this effect would
eventually be covered by subsequent random NC fiwmarhis is confirmed by the

growth time-dependent growth experiments in thiskwo

It should also be mentioned that a series of N©@s/th with split conditions
was also carried out on substrate with quasi-taéargshaped patterns, with SEM
images of selective samples shown in Fig. 2.3.|8mdirected self-assembly was not
observed at either convex parts (i.e. the inteimeadf (111) and (100) planes as

marked by the white arrows) or planar parts ofdhlestrates in our experiments.

Fig. 2.3 SEM images of Si NC growth on quasi-tridlag shaped patterns: (a)
650 °C, 8sec; (b) 600 °C, 30sec; (c) 600 °C, 13d&80 °C, 60sec.
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2.3.2.2 Deposition time-dependent nucleation and gwth behavior

The growth time dependence of Si NCs dejposion patterned concave
substrate surface is shown in Fig. 2.4. These SHMges present clear surface
evolvement of NC samples with growth time at thezaperatures (57&, 590C and
600°C). At the initial stage (with growth time of 8sethree samples show different
levels of directed self-assembly. As growth timergases, an increase of dot density
and size is noticeable and directed NC formatiocoigered with dots showing up at
locations other than the concave trench. In linéhwie discussion above, this is
because of the occupation of energy-favorable atiole sites by NCs that offsets the
morphology-induced NC formation energy differencenoag concave, flat and

convex areas.

575°C e0sec

Fig. 2.4 SEM images of the growth time dependeric® dICs growth on patterned
substrate surface to show the evolvement of NC sig#po process at different
stages.
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The growth condition splits for all the gales are summarized in Fig. 2.5,
with X-axis standing for growth temperatures an@xs representing growth times.
As highlighted in red, the temperature range of °€A500C is found to be a
temperature window allowing for observation of diezl Si NC self-assembly on
concave substrate surface, under the given expet@ineonfigurations. In other
words, samples with oxide thickness of 5nm growdeunpressure of 0.5torr and
precursor flux of SiktN,=20sccm:100sccm show preferential nucleation behnati
these temperatures using growth duration of 8skis. Window could vary with oxide
thickness, pressure and gas source flux. Notedltladugh from an energy point of
view, higher temperatures provide adatoms with éiginergy to migrate on substrate

and promote directed self-assembly, the whole iaticle and growth process occurs

400 ———————
350 @ 7

300/

N
a1
o

200!
150
100

°

ol %_1_.__0_
520 540 560 580 600 620 640 660
Growth temperature T (C)

Growth time t (sec)

a
o

Fig. 2.5 Summary of growth condition splits and teenperature window for Si
NCs preferential growth on concave oxide substrateface with &=5nm
(temperature window: T =576~600C; gas pressure P=0.5torr, gas flux= SiH
20sccm:N 100sccm)
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much faster, leading to difficulty in capturing tefect of interest at earlier stage.

Growth conditions need to be tuned carefully ineorid reveal this behavior.

2.4 Modeling

Different from previously reported selfgaiment of semiconductor islands (Ge
on Si, InAs on GaAs, etc.), in this case of NC gioan amorphous substrate (e.g. Si
NC on SiQ), another growth mode, i.e. Volmer-Weber (V-W) rap involved, in
which no wetting of the substrate happens and NICigBnd) nucleation and growth
happen from the very beginning. To formulate theotly of NC nucleation on non-
planar substrate in this mode, we first considétDamodel of the NC-patterned
substrate system. As shown in Fig. 2.6 (a), thisleh@onsists of saw tooth-shaped
substrate (thin thermal SjQayer on top of patterned Si substrate) and NGh wi
constant size (area). The shape of NC is assumedrésce-faceted for simplicity.
Three different types of substrate surface morpghokre configured, namely, planar,
convex and concave, with substrate ang#®, ¢>0, ¢<0, respectively.ddenotes the
surface angle of NC and & the width of the NC covering the substrate tHis
model surface and interface energy are consideoedet dominant factors in
determining NC nucleation and no strain relaxatoergy term is introduced in the
calculation P3-24. In addition, since this growth mode normally ahves material
growth on foreign substrate, an interface energy tis included into the total surface
energy change of the system. Consequently, thé N§Zaformation energy can be

written as:
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Where Egrinec 1S the surface energy of the NE;; is the interface energy of the
interface between the two materials, d&g:.sp IS the surface energy of the substrate
covered by NCiyne, 7int, yap are the surface energy density of NC, interfaceé an

substrate, respectivel$,is the NC area in 2D model.

From equation (1), it can be seen thafif@d S and &, the total NC formation
energy is a function of the non-dimensional sysgarametery = (yin-ysub)/yne, and
substrate angle. To reveal how total NC formation energy varieshwdifferent
substrate morphologies andwe examined the dependencebgfs on ¢ andy with
Ofixed at 30 as an example, as shown in Fig. 2.6 (b). In géniém@ surface contact
angle of QD @) can have a size dependence even in V-W mode dedgm effect as
shown by previous theory [22] and experiments [2Here the value is chosen as a
representative case just to show the overall todride effect of substrate morphology
on NC nucleation behavioy.is an intrinsic parameter related to the naturtheftwo
materials in the system and in different growth e®d holds different value ranges.
In V-W mode,ync + 7int > yap OF y >-1 is satisfied. Substrate angfds investigated
within the range -45%<28° to meet the restriction thggd From the 3-D plot it
should be noticed thdg,: increases with the value @f qualitatively indicating the

fact that the larger this system parameter ishtgeer NC formation energy is hence
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the harder it is for NC to form. Under differentthe changing trend dg,s with ¢

varies. In most caseEg,s decreases monotonously wighdecreasing from positive
regime to negative regime, suggesting that lowerfdi@ation energy is needed for
negative substrate angle (concave) compared to (=) and positive (convex)

substrate angle.

(b)

Total NC formation energy

Substrate Angle ¢(rad) Y

Fig. 2.6 (a) Two-dimensional model of NC-patteroadle substrate system; (b) 3-
D plot of total NC formation energy as a functidrsabstrate angle and system
parametep, with the unit of energy2 ync SV2
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To further address the experimental resutserved and illustrate the
morphology effectEgys as a function of is plotted for the three types of substrate
angles for comparison. Fig. 2.7 (a) shows a schenwitthe patterned substrate
surface utilized in the experimental part to stidfy growth behavior, witl$=-35.26
at the concave trench of the pip=0 on the planar surface amF27.37 at the
convex edge of the pit. It can be clearly seen ffag 2.7 (b) that within the whole
range of variable, concave substrate requires lowest NC formati@rgynthan that
for the other two cases. This result implies thatcave substrate always favors the
nucleation and growth of NC in V-W mode, an effeegardless of what material
system is involvedy§ and this is in very good consistency with the exkpental
findings above. While over a large rangejabwer energy is needed in flat case than
that in convex case, the magnified region of thetspin the figure shows that in
certain systems the situation could be reverseticating a dramatic dependence of
NC formation energy on material natures and interfatructuresThere have been
experimental reports showing NC self-alignment onvex oxide surface with very
fine alignment condition window [25], a proof of neoenergy-favored nucleation
sites on convex surface over flat surface in soystems. It is worth mentioning that
the simplified 2D model developed here is aimederi-quantitatively describing
and explaining the experimental findings, focusimy the directed self-assembly
behavior observed on concave surface. The rangsldwn in Fig. 2.7 (b), (-1, 10),
is chosen mainly for illustration of this concaveface effect. Although the specific
value ofy could not be obtained due to the amorphous natufeermal SiQ and the

unknown interface atomic structure of Si-githese calculation results provide direct
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theoretical evidence to well support and address#tperimental findings within the

scope of this work.

(a)

=0
[n this part.

In this part. $=-35.26°<0

¢p=27.37°>0 L

a
o

Convex ¢=27.37°
= =Flat $=0
=== Concave $=-35.26°

s
(@)
T

w
o
]

=
o
T

NC Formation Energy E (2yNC*81/2)
N
o

Y= (Vlnt‘Vsub)/YNC

Fig. 2.7 (a) Schematic of the patterned substrafase; (b) Calculated total NC
formation energy for three different types of expental surface morphologies.
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Previous theory analysis [15] has shown that rstralaxation can favor
nucleation of “strained” islands at the concaveiaegon patterned substrates in
Stranski-Krastanov (S-K) growth mode. In this studg show that the competition
between surface/interface energy without straiaxation can also favor nucleation of
“unstrained” NCs at the concave region on patteswdsstrates in V-W growth mode.
It is also interesting to note that although thestmained” V-W islands have no misfit
epitaxial strain, they may still experience stresffects due to surface stress

discontinuity at island edges as shown before BJ2#h effect deserves further study.

2.5 Summary

Preferential growth behavior of Si NCs on patten$e@, substrate is found
within certain experimental condition window. Siraphodeling and calculation were
carried out to depict the possible dominant medmninderlying the experimental
results. Different from common strain energy dieecitsland nucleation on patterned
substrate in S-K mode, the surface/interface enatggcted NCs growth on
amorphous thermal oxide substrate in V-W mode latively a weaker effect, which
requires the growth parameters to be tuned morelgtfor the effect to show up.
This work furthers our fundamental understanding N€ growth behavior on

amorphous substrate with various morphologies.
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Chapter 3 High-density NiSi nanocrystals embedded in AD3/SiO, double-

barrier for robust retention of nonvolatile memory

3.1. Introduction

Nonvolatile memories with discrete chastgrage nodes have been investigated
extensively during the past decade. Since it wasqared by Tiwari in 1995[1], Si
nanocrystal (NC) floating gate memory has been nated as a promising
replacement of conventional flash memory thankg#sammunity to defect-related
charge leakage and potential to exceed flash gchitimit. Both academia and industry
have also invested tremendous efforts into reseafrcither NC memories, exploring
new materials and novel gate structures for futigh memory [2-9]. Metal silicide
NCs, with high density of states and robust therstability, have attracted much
attention since they were proposed as good camdidtat improve NC memory
performance [10] and much work has been done tdoexpthis material for
nonvolatile memory application [11-18]. As an ati@tive way of improving memory
performance, NC core-shell structure with additldrearier layer as floating gate has
been developed and adopted by researchers. Fompéxametal and semiconductor
NC core with oxide shell synthesized by various hnds such as laser irradiation
induced native oxidation [19], micelle dipping [2@hemical vapor deposition and

annealing [21] and pulsed laser deposition [22]eneported.

3.2 Motivation
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In this work, we report a metal-oxide-seomductor capacitor memory device
with an engineered floating gate similar to coretsistructures. The floating-gate
structure consists of a layer of high-density vagaid-solid (VSS) [16] induced NiSi
NCs by gas source molecular beam epitaxy (GSMBEDeeitled in-between two
Al,O3 thin barriers deposited by atomic layer deposi(idhD). Fig. 3.1(a) shows a
schematic diagram of the device structure. ThHE#NiSi NC/Al,O; floating gate is
sandwiched by a control oxide layer and a tunnéeiayer. Fig. 3.1(b) shows the

flat energy band diagram of the memory device. Faemi-level of NiSi NC with a

(@)

Al top contacts

“ Control oxide

» ™ NiSi NC core-A}O;shell

Tunnel oxide

p-Si substrate

li Al back contact
(b)

Eva‘:l.lllll'l‘-l-llﬂml-.l—l l_l.;‘ llllll L

-
<

NiSi NC

Fig. 3.1 (a) Schematic of device structure; (b) flat endogynd diagram oNiSi NC-
Al,Os floating-gate memory.
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work function of 4.7 eV [23] is aligned within timeid-gap of bulk Si. The conduction
band offset between NiSi and 8k (electron affinity 1.35eV, ref. 24) is as high as
3.35eV.

The benefit of using additional AD; barrier layers is two folds. First, it is to
minimize diffusion of Ni metal atoms into SjOtunneling layer during high
temperature process to reduce the charge leakdabe fo prolonged retention. As
shown in Fig. 3.2, during the VSS growth of metalBilicide NCs (i.e. NiSi NCs),
metal catalyst is deposited onto very thin tunndde layer and subsequent high
temperature process may induce metal atoms difiusihich leads to severe oxide
guality degradation and increased leakage pathes ATiO; barrier plays an important

role in suppressing the diffusion of metal atoms.

Thinthermal oxide Thinthermal oxide —

Si-Sub ) Si-Sub ) Si-Sub

Fig. 3.2 Metal atom diffusion induced leakage pathgSS process.

Second, it is to maintain programming efficiencydaimprove retention
performance. Possible energy band diagrams of anuging and retention states are
illustrated in Fig. 3.3. During programming, poggigate bias is applied so that
electrons can be pulled into NCs by Fowler-Nordhainmeling. Because of the high-

K property of AbOs, electric field concentration effect [2Bjakes most of the voltage
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drop on SiQ layer. In addition, since the barrier height ot@y layer is lower than
that of SiQ, electrons do not actually have to go throughbidweier of AbO3 but only
the thin SiQtunnel barrier to reach the NC. Hence, it is b&tkthat this structure
has the ability to maintain the efficiency of pragmming operation compared to the
structure without AlOs;. On the other hand, in retention state, electewaskept in the
deep quantum well formed by A /NiSi NC/Al,Os structure. In this case, electrons
see a barrier of both AD; and SiQ and the total barrier thickness is increased.
Therefore, robust retention characteristics areetgal for this AIOs/NiSi NCs/AlL,O3
floating-gate memory device combining metallic gide NCs with double-barrier

structure.

Programming Retention

AL

17
_[JI

Fig. 3.2 Possible energy bd diagram at programming and retent

3.3 Device fabrication



The device fabrication process flow is shown ig.F4. It starts with a pre-
cleaned p-type Si (100) substrate. A thin thermatl® of 3 nm was grown on the
substrate at 850°C. This was followed by 2.5 naOAtleposition using ALD. A very
thin layer of Ni was coated on the sample by ro@mpgerature electron-beam
evaporation as catalyst and the sample was imnedgiaansferred into a custom-
built GSMBE system for subsequent silicide NC sgsth. Disilane ($Hes) was used
as the Si precursor to perform VSS growth at 600vfidich is a temperature much
lower than the eutectic temperature between Ni 8haf 964 °C [26]. Growth
conditions (i.e. growth time, gas source flux) weatibrated to achieve reliable high-
density ultra-uniform NCs growth over the whole sdensurface. After NiSi NCs
formation, another thin ADslayer of 4.5nm was deposited on top by ALD to form
the ALO3/NiSi NC/Al,Osstructure. Finally, 25nm Sivas deposited as control oxide
in a low pressure chemical vapor deposition (LPC¥i5tem and Al was evaporated
onto the front and back side of the sample as ctst@r the memory capacitors.
Control device without NC embedded in, 8 and NC device without AD; were

fabricated simultaneously for comparison.

m P-Si
[ |

Ni
B NiSi
B SiO;

-

1 p-sisub

Fig. 3.4 Double barrier NC capacitor memory faliraraprocess flow.
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3.4 Device characterization and discussion
3.4.1 Material and device structure characterizatios

Fig. 3.5 (a) shows a scanning electron esimopy (SEM) image of the as-grown
NCs on AbO; surface. The average size of uniformly distributgis over the whole
sample surface is about 4.5 nm and the densityrdand 1.5x1& cm? X-ray
photoelectron spectroscopy (XPS) was utilized ttemaine the chemical nature of
the NCs. Fig. 3.5 (b) shows the XPS result of NjZpr the sample before top Ab;
coverage. The binding energy peak found at 853.¢hd\ates that the nature of NC
is NiSi [27]. Fig. 3.5 (c) and (d) show the crogstonal transmission electron
microscopy (TEM) images of the NC core-shell memdgyice and the control
device without NC, respectively, where the inteefaare edge-on and the thickness of
each layer in the devices could be measured dirécim the images. The TEM
images indicate that the interfaces are flat, ayerl thicknesses are consistent with

the designed ones, as mentioned above.
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Fig. 3.5 (a) SEM image of high-density NiSi NCs} ¥S spectrum of NiSi NCs on
Al,O4/SiO,/Si substrate; (c) cross-sectional TEM image ofiNiS-Al,O; floating-
gate memory device, (d) cross-sectional TEM imdgaecontrol sample.

3.4.2 Memory window

Fig. 3.6 (a) and (b) show high-frequencWiz) capacitance-voltage (C-V)
sweep characteristics of NiSi NC-8); floating-gate memory and its non-NC control
device, respectively. With gate voltage increadmogn 24V/-30V to 34V/-40V, the
memory window increases from 1.4V to 15V, suggestimat the memory effect is

due to the NC storage rather than defect/interfdate charging. The large memory
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window also suggests high charge storage capabiiithe NiSi NCs. In comparison,
with the same gate voltage sweeping range, alnmstemory window was observed
in the control device without NCs, which confirnfeat memory window shown by
the core-shell memory device is attributed to chastprage in the NCs. The high
voltage required for C-V sweeping here is due te thick control oxide layer

deposited by LPCVD. With optimized device geomeitrys expected that lower gate

voltage operation and shorter programming/erasing tan be achieved.

45
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Fig. 3.6 C-V sweep of (a) NiSi NC-4Ds floating-gate memory device and (b) control
device under different scanning gate voltages.

45



3.4.3 Transient performance

Fig. 3.7 (a) shows flat-band voltage sh{fA\Vrg) as a function of
programming/erasing time under different gate \g#ta Programming was conducted
by biasing the gate with a positive voltage whileemative voltage was applied for
erasing. Clear time dependence Xfrg was observed in both programming and
erasing case for gate voltage 21V to £24V. Theelospeed of erasing than that of
programming is due to the deep quantum well forimethe ALO3/NiSi NC/Al,O3
structure, which makes electron see higher andkehibarrier in erasing. It should
also be noticed from the curves that higher voltagellts in largeAVgg, suggesting
a voltage-dependent programming/erasing behavitdreomemory device. Fig. 3.7 (b)
shows theAVegand number of electrons per NC as a function ofingrivoltage. The
charge stored per unit area in a device is calkedldtom: Q = £sioddsio)AVEs,
where gsio2 is the dielectric constant of SiOdsio, is the equivalent control oxide
thickness of the MOS device, which is 27nm in thrk, andAVgg is the g shift
between fresh state and programmed state. Theemargber per NC is calculated
from: # of electrons/dot=Q/Dq, where i the NC density, which is 1.5x¥0cm?
here and gs the electron charge. More than 5 electrons eamjected into each NC
on average before saturation, indicating good ehading capability of NiSi NCs

similar to other metallic silicide NCs [16].
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3.4.4 Retention and Endurance

Fig. 3.8 (a) shows retention charactesstaf NiSi NC-ALO; floating-gate
memory at room temperature and 85°C, respectiVéig. device was programmed at
19V/3sec and erased at -22V/3sec aAMig as a function of waiting time is plotted.
Up to 10s, the charge loss ratio is only 10% for room terafee testing and 24%
for high temperature testing. When extrapolated @Qoyears, the curves show that
there is still 80% and 60% charge maintained indéece, respectively. In contrast,
10-year charge remaining ratios between 60%-80%e webserved at room
temperature only in other core-shell or NC-only idevstructures [13, 17-19],
suggesting that this NiSi NC/AD4s/SiO, double-barrier floating-gate memory has the
capability to achieve robust retention. Fig. 3.8 fbows room-temperature retention
characteristics of control NiSi NC memory without,®@; barriers. The memory
window was almost closed completely afterslGndicating that the charge stored in
NCs was lost at a very fast rate. As mentionedreetbe diffusion and segregation of
Ni metal atoms into SiQtunneling layer during high-temperature NiSi sysis
process accounts for the fast leakage of chargésnaich worse retention properties.

With an additional AlOs barrier, this problem has been effectively solved.
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Table 3.1Comparison of retention performance antbffigrent novel NC
memory worl

This

work [13] [17] [18] [19]

Charge remained
after 10 years at >80% 65% 80% 66% 68%
room temperature

Fig. 3.9 shows endurance characteristics of tivcdeProgramming/Erasing
voltage of +20V was used to test the cycling perfance. The small memory window

opened is due to short pulses used in contradtedang writing/erasing time and
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Fig. 3.9 Endurance characteristics of NiSi NG\ floating-gate memory up
to 10 cycles.
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high voltage required by this device. It is evidémat up to 10 cycles, the device
stressed by such high gate bias keeps the windaWw &most no degradation,

suggesting good endurance properties.

3.5 Summary

NiSi NCs of high density and good uniforynitere synthesized by VSS growth
in a GSMBE system using J5ls as Si precursor, based on which a nonvolatile
memory with ApO3/NiSi NC/Al,Osstructure as floating gate was fabricated and
characterized. The memory device exhibits large argrwindow, robust retention at
both room temperature and high temperature of 88#@, good endurance. Further
device geometry optimization of using thinner cohtoxide and varied AD;
thickness may be carried out to achieve low voltageration as well as good
transient performance. Memories with this structtae be a promising candidate for

future flash memory application.
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Chapter 4 Non-Planar NiSi Nanocrystal Floating GateMemory Based on A
Triangular-Shaped Si Nanowire Array for Extending Nanocrystal Memory

Scaling Limit

4.1 Introduction

Conventional flash memory with continuous floatiggte faces increasing
challenge brought by charge leakage and other ngcalelated issues [1]. Si
nanocrystal (NC) memory was first introduced by diiwvas an alternative to
continuous floating gate memory [2] and has at@cehuch attention for its CMOS
compatible fabrication process, immunity to oxidefedt leakage together with its
promising scalability thanks to the discrete chatpeage nodes. Tremendous efforts
have been invested into NC memory research evee sirsing new cell structures and
new materials [3]-[8]. Nevertheless, NC density amdformity fluctuation have
arisen as a critical concern as NC memory is urgiargally approaching its scaling
limit as other counterparts do [9]-[10]. NC numbariation from cell to cell imposes
serious constraints on overall device performandi \espect to programming,
erasing, memory window and retention. Furthermtire,reducing number of NCs in
ultra-scaled memory cells severely limits the stdite controllability and reliability

and may eventually lead to cell performance failure

4.2 Motivation

The motivation behind this paper is to explore dachonstrate non-planar cell

structure with high-density uniform metallic sitie NC charge storage nodes in the
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same memory cell as a possible way to extend théngclimit of NC memories
without compromising the device performance. Thecstire of NiSi NC memory
based on triangular-shaped Si nanowire (SINW) aisashown in Fig. 4.1 (a). The
internal structure of the gate stack on a singlV®%iis shown in the magnified
schematic; from bottom to top are SINW, NC embedoleveen Si@AI,O3 and Al
gate finger. Fig. 4.1(b) shows the scanning electnicroscopy (SEM) images of the
as-fabricated device and the cross-sectional viéwerobedded triangular-shaped
SiNWSs. The cross-section of the SINW is a quasiisles triangle with bottom edge
of 140 nm and sides of 100 nm each. The advantdgéited by this cell structure
can be understood through comparison between pld@amemory cell and the
proposed non-planar cell, as illustrated in Fi@. £€onsidering the same amount of
NCs in a cell, this non-planar cell only needs toupy about half of the effective
area of a planar device due to almost doubled sairémea for NC accommodation
(the angle between planar Si (100) plane and SiNWfase (111) is 54.7°). This will
enhance the integration density of memory cellaarhip to a large extent without
sacrificing the number of NCs per cell. In otherdg) considering the same effective
cell size, the number of NCs controlling cell stai® almost doubled in a non-planar
device under the same NC deposition conditionhis ¢ase, the stored charge density
of the whole cell is safely maintained by more N@&sading to less dot density
variation problem as compared to planar devicethatscaled technology node. In
addition, the selection of silicide NCs in this wds due to the excellent thermal

stability and large work function for long retemti@and enhanced device reliability

3], [6]
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Fig. 4.1 (a) Schematic and (b) SEM images of tiigagshaped SiNW array based
NiSi NC memory

by

Fig. 4.2 Comparison between non-planar and pla@&amémory cells: (a) cells with
the same number of NCs; (b) cells with the samp ftbor plan.
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4.3 Device fabrication

The fabrication process is shown in Fig. 4.tarthg with a commercially
available SOl wafer (with 88nm p-type Si (100) weetilayer, Soitec, Inc.),
phosphorous ion implantation was performed to dihygeSi active layer for n-type
NW device fabrication. The implant energy and dasge chosen to yield uniform
doping concentration of ¥atom cn? to ensure a reasonable drive current and good
source and drain contacts. The sample was thenakshén nitrogen ambient at
950°C for 60 sec to activate the doping impuritiesy thermal oxidation at 950°C
and diluted HF etching were utilized to thin dowe top Si layer to around 60nm.
Line-and-space patterns along the [1didgction were created by e-beam lithography
and chromium was deposited by e-beam evaporatidorto hard mask for the next
etching step. KOH solution was used to anisotrdlyiegch the Si layer and etching
time was carefully controlled to produce well akgntriangular-shaped SiNW array
[11]. After hard mask removal and sample clean@mgn tunnel oxide was formed by
dry oxidation of the SINW at 850°C and subsequemtealing at 950°C for oxide
quality enhancement. This was followed by room terature e-beam evaporation of
a very thin layer of Ni as catalyst for silicide Nffowth. NiSi NCs were synthesized
by direct vapor-solid-solid (VSS) growth at 600%Ca low pressure chemical vapor
deposition (LPCVD) system, using SiHs the gas source [6].

The SEM image of the top view of NC layer on a StOvered SiNW is
shown in Fig. 4.4 (a). Fig. 4.4 (b) shows ultraFhdensity NCs at the open area of
the as-grown sample. It is determined from the isathat the NCs are uniformly
distributed over the whole sample surface withdkierage size of about 4.5nm and

the density of around 1.5x¥0cm?. Thanks to the triangular shape of the nanowire,
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such high density of nanocrystals is also ensurdéiaeanon-planar SINW area through
the same metal catalyst deposition and VSS growtitgsses. High resolution
transmission electron microscopy (HRTEM) image airggle NC in the inset shows
good crystallinity of the NC. Composition of the BI@& confirmed to be NiSi by
HRTEM and X-ray photoelectron spectroscopy (XPS).enploying atomic layer
deposition, 36nm ADszwas uniformly deposited as the control oxide far tievice.
Then the source and drain area were defined byofitinatgraphy and Ti/Au was
deposited as the contacts to the highly doped Siatvely to form a junctionless
transistor with no necessity of ion-implantatiorhid type of device bypasses the
challenging junction formation steps and favorsadicaled device fabrication. A last
e-beam lithography and e-beam evaporation stefizéth the top-gated device
fabrication by putting an Al gate finger over thaltrSINW channel. The width of
the gate finger defines the gate length on eacM&iblbe 0.5um for each device. A

control device without NCs was fabricated simultausdy for comparison.

4

GCommercially available Phosphorus doped EBL patierning Trianguiar shaped SiNW
S0lwith 88nm Si active layer  S01(~10™ atoms cim-3) of hardmask iy anisotropic etchiny
Gate finger fabrication Source/draincontact Photolithography "ib’l‘liiiﬂﬂ}(‘iifﬁiiﬂlif"ﬁlﬁm.uiﬁim}
by E-beam lithography depositionhyE-heam  andweleichingio expose  depositionby LPCYD and
evaporation SiNw AL0, ~30nm]deposition by ALD

Fig. 4.3 Fabrication process flow of a SINW arragéd non-planar NC memory
device.
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triangular = %
shaped |
SINW

20nm

Fig. 4.4 (a) Top-view SEM image of NiSi NCs on &scovered SiNW; (b) SEM
image of NiSi NCs at open area. Inset shows anENRImage of single NC.

4.4 Results and discussion
4.4.1 Output characteristics

An Agilent 4155C semiconductor parameter analyzeas utilized to

characterize the electrical properties of the deuid=ig. 4.5 shows the output
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characteristics of the memory field effect trarmisThe drain voltage was swept from
OV to 1V. Drain current increased with gate biasréasing from -1V to 1V,
indicating typical I-V characteristics of an n-typahance-mode junction-less device

based upon heavily doped n-type NW channel.

14}

12

Id (nA)

_2 [ 1 M 1 M 1 M 1 M 1 M 1
00 02 04 06 08 10

vd (V)

Fig. 4.5 Output characteristics of SINW array based-planar NC memory transistor.

4.4.2 Transfer characteristics

Fig. 4.6 shows the transfer characteristigsv)) for this memory device at
neutral, programmed and erased states. A gateobiasV and -10V was applied for
programming and erasing, respectively, both for frfilliseconds (ms). The shift of
l--Vg curve towards higher (lower) gate voltage sideicaigs the charging

(discharging) of NiSi NCs with electrons. In compan, the §-V4 curves of the
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control device shows negligible shift under the sapmogramming condition (not

shown here), which confirms that the memory efééiuld be attributed to the NCs.

6x10°r o '
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2x10°}

<

o -8

- 8X%8-9 - —&— Fresh

9 —— Programmed
6x10 "t —a— Erased
4x10°}
2 1 0
Va(V)

Fig. 4.€ Transfer characteristics of triangular shaped Siatvdy based NiS
NC memory at the neutral, programmed and erasésksta

4.4 .3 Transient characteristics

Fig. 4.7 (a) and (b) show the time and gate be&seddent programming and
erasing characteristics of the device, respectivAly shown in Fig. 4.7 (a), the
threshold voltage shiftAl/y,) of the device increases with programming andiegas
(P/E) time under gate bias of 10V until saturatmaround 10ms. The large window
of 2.7V indicates good P/E performance and chatgeage capabilityAVy as a
function of gate bias in Fig. 4.7 (b) shows a clealtage dependence of the P/E
performance under a fixed programming/erasing toh€0ms, which is consistent
with the fact that higher voltage promotes electtonneling through the barrier

between the floating gate (NCs) and the substrébe slightly faster speed in
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programming than in erasing case can be ascribetietdower tunneling barrier

height electrons see from the NW toward the NC.
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Fig. 4.7 (a) Time and (b) gate bias dependent P/E charatits
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4.4.4 Retention and Endurance characteristics

Fig. 4.8 (a) shows the comparison between reterth@aracteristics at room
temperature and 85°C. Programmed and erased wai¥i/2Q0ms, the device shows a
remained memory window of 2V and 1.5V for room temgture and high
temperature test, respectively when extrapolatetDtgears, suggesting insignificant
degradation of retention performance in high tempge environment thanks to
robust thermal stability of metallic silicide NCBig. 4.8 (b) shows the endurance
characteristics under gate bias of £10V. Only \@ight memory window shrinkage
was observed after cycling at both room temperaturé 85°C. The similarity in
endurance characteristics at room temperature ayidtbmperature again indicates
that no evident performance degradation of thi® tgp device happens under high
temperature.

It should be noted that although a strict comparisf performance among
reported NC memory work is impossible due to varwbelice structures, NC
materials/density and tunneling/control oxide matefthicknesses, rough evaluation
of P/E efficiency, retention and endurance charemties among different NC
memory devices shows that the overall memory perdmce achieved with this
device is very competent [4], [12]-[18]. This indes the relatively low operation
voltages required in light of the large/y, exhibited, which may benefit from the
particular electric field distribution due to notapar geometry [14], and the
robustness of retention and endurance propertibstatroom and high temperature,
as described above. With further process optinmamatit is expected that non-planar
devices like this could achieve much more enhapegtbrmance for future memory

scaling.
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4.5 Summary

The idea of non-planarity is demonstrated for N@mory cell through
fabrication and characterization of a proof-of-ogpic device based on triangular-
shaped SiNW array. This device shows good programgerasing, retention and
endurance performance. For scaling up cell denfitigw-up work on single SINW
with reduced sizes will be carried out to furthevye that dot density variation effect
is alleviated in three-dimensional devices and thet device architecture can be a
possible way of pushing the scaling limit of NC nweras further at the scaled

memory technology nodes.
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Chapter 5 Non-Volatile Memory Effect of a High-Dengy NiSi Nano-Dots

Floating Gate Transistor Memory Using Single Si Naowire Channel

5.1 Introduction

The invention of Si nano-dot floating gate memdwys stimulated broad
interests among non-volatile memory community tisattk the improved reliability,
CMOS compatible process, and its promise of sdéhalihen the golden era of flash
technology is approaching the limit [1]. Nano-flogt gate memory employing
different types of nano-dots, namely, semicondu¢®r3], metal [4, 5], metallic
silicide [6, 7, 8], core-shell dots [9, 10] and ld&rics [11, 12], have received
extensive investigation. Moreover, energy bandcstine engineering has been widely
carried out adopting varied dielectric stack [13-it6order to enhance the memory
performance for scaled technology nodes.

Nevertheless, problems of this technology haveiiably arisen as device
dimensions are reduced. Despite all the efforteits@es described in last chapter, dot
density fluctuation among others remains the mesbss issue in miniaturized cells
[17, 18]. The number of floating dots controllinglicstates becomes lower and lower
in traditional planar cells as size shrinkage curgs, leading to severe degradation of
reliability for single cell due to less charge smpe elements or poorer capability.
Statistically, dot distribution shows a strong effen the electrical characteristics of
memory cells at array/chip level and random dopelision issue is the primary cause
of significant cell-to-cell performance deviatiofi this particular memory family.
Indeed, device performance becomes extremely dmtitm-sensitive and the cell

with sparse and scattering dots (charge) distnutan show dramatic variance in
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properties from those with better dots (charge)ecage. For instance, as one of the
consequences, percolation happens where channéucomn is not well controlled
by charge storage and screening effect, leadingnfaredictable dot distribution-
dependent memory windows and requiring. Therefibiig,lack of controllability puts
serious constraints on the application of nanotihga gate memory technology,
hindering its steps toward manufacturing stagerandiring urgent mitigation before

it goes to further scaled nodes.

5.2 Motivation

In light of the aforementioned problems, a scaledice channel covered by a
floating gate layer with high density nano-dotssoiperior uniformity becomes an
essence. In addition, increasing the number of getscell by non-planar channel
architectures can be another possible solutiontduecreased cell area. Toward the
goal of non-planar devices, efforts have been pta exploring various channel
structures, among which the most attractive onesFarFETs [19] and surrounding-
gate vertical FETs [20]. With their nanocrystal negynvariants also proposed and
developed [21, 22, 23], these non-planar technetogiave well extended logic and
memory transistor dimensions to the third one. Arraative approach to realize
scaled non-planar device channel is to adopt naeswiNWSs), which have been
nominated building blocks for future electronics fioeir unique electronic properties
and scalable dimensions. Nano-floating gate merdewces employing NW channel
have been reported, aiming at maximizing both tharge storage and transport

capabilities [24, 25]. However, the nano-dots usethese studies were randomly
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spin-coated colloidal dots with low sheet dendiving limited control over the size
and density distribution of the nano-dots. The sizé&W was also relatively large,

around 90-120nm. Hence, it is hence desirable veldp more favorable methods for
nano-dots synthesis to promote the advantages hirolng non-planar channel,

particularly when the channel size is reduced teperaled regime. Recently we
have reported a memory device based on multi-Si &h&nhnel [26]. This device

combines non-planar cell with high-density unifometallic silicide NC as charge
storage nodes, providing a possible way to extéedstaling limit of NC memory

devices. Compared to planar device with the saow fdlan, the number of NCs that
controls cell states is almost doubled in this pamar device, leading to less dot
density variation problems and enhanced cell ofmeragliability.

In this chapter, as a piece of follow-up work, w@ort an ultra-scaled non-
planar NiSi NC memory device with single triangeséiaped SiNW channel enclosed
by one Si (100) plane and two Si (111) planes @04 substrate. Although similar
NW fabrication process was employed as in ref.sdégle NW channel rather than
multi-NW channel would reduce complexity of eachll ci®r reliable device
performance and also significantly increase dateage density in future memory
array integration. Furthermore, dot density vamiatis an effect directly associated
with device dimensions and becomes more and mademvas cell size shrinks.
Therefore, it is necessary to realize a device sithled dimensions by this non-
planar technology for further clarification andudtg applications. In contrast to the
large size of the earlier demonstrated multi-Si NN¥nnel [26], the size (base) of the
NW employed here in this work is aggressively sgatearound 40nm. This physical

size could be adopted in 22 nm technology nodiniflar design rule demonstrated in
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90 nm technology node NC memory array could be y2&i Since the angle

between Si (100) and (111) planes is 54.74°. Coedpiar planar device with the same
floor area, the number of NCs that controls celtest is almost doubled in this non-
planar device, leading to less dot density vamatmoblems and enhanced cell

operation reliability.

5.3 Device fabrication

Fig. 5.1 shows the schematic of the structureackkgated device and its step-
by-step fabrication process flow. First, phosphaomsimplantation was performed on
a commercially available SOl wafer (Soitec, incijm88nm p-type Si (100) active
layer and 145 buried oxide layer to achieve a dppioncentration of ¥8cm®. Then
dopants were activated at 950°C for 60sec. Stasmkabi NWs were obtained on
buried oxide surface via top-down wet chemical ietgtby KOH solution. After DI
water rinsing, a 5nm thermal oxide was formed by aixidation on the surface of
NWs as tunneling layer. High-density NiSi nano-detye deposited over the whole
sample surface as floating gate for charge stdoggepor-solid-solid (VSS) method.
VSS has been a traditional way used for NW growuialys [28]. However the initial
stage of the VSS growth to form silicide nano-dmt$ore the formation of NWs can
be a reliable and reproducible way for high-densitgrage nodes preparation as
reported in our previous work [8, 15]. To perforr8¥ growth, a very thin layer of Ni
was deposited by e-beam evaporation on the samgigcs, followed by immediate
transfer of the sample into low pressure chemieglov deposition system for NiSi

nano-dots growth at 575 °C using g Si precursor. 40nm A); was deposited by
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atomic layer deposition to cover the nano-dots/NMfase as passivation. Schematics
(f) through (g) in the process flow show the viefalee subsequent fabrication steps
from the cutting plane AA’. By using E-beam lithaghy, two electrode patterns
were aligned onto the SiNW to create two openiragstlie next etching step. After
removing AbOs/nano-dots/Si@ layers by wet etching using diluted HF (1:100) for
30sec, SINW was exposed in the opened windows.uTik&s deposited by room
temperature e-beam evaporation as direct metahctnto the SiINW and the two
electrodes were formed by a lift-off process. Ryesly junction-less transistor was
reported as being advantageous in terms of theli§imapfabrication process and
promise of scalability [30]. The benefit of thigptyof device can be more pronounced
in scaled devices where source/drain implantatiecolmes extremely challenging.
Here we adopt this junction-less structure for me@mory with a NW channel in line
with the scaling requirements of nano-floating gaemory device. Aluminum was
also deposited to the back side of the wafer toentadod back gate contact. A control

device with no nano-dots embedded was fabricataedl&neously for comparison.
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(e) (f) () (h)

Fig. 5.1 Schematic of ba-gated device structure and fabrication pro

flow: (a) SOI wafer; (b) SINW after etching; (c) fioeling oxide by dry
oxidation; (d) Nano-dots deposition; (e) 8k passivation; (f) E-beam
lithography patterning of S/D; (g) Wet etching tpese SiINW channel; (h)
Contact metal deposition.
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5.4 Results and discussion
5.4.1 Material and device structure characterizatio

The device at different stages of the fabricatiprocess flow was
characterized by SEM and TEM. Fig. 5.2 (a) showsSSBM image of the triangular
shaped SiNW on buried oxide at a tilted angle. 5ig8.(b) and (c) show the top view
of nano-dots distributed on top of a NW and atdpen area of the sample right after
VSS growth. A nano-dots layer with high densityl05x13?cm? is achieved with
ultra-uniform distribution and average size of amd4.5 nm. In Fig. 5.2 (d), the high-
resolution XPS data obtained from the nano-dotrldge Ni 2P;, shows a binding

energy at 853.9 eV, confirming that the nature 6Ns NiSi [30].

(d ,853.9eVv

NI 2P_,

Intensity (a.u.)

8é0 8é5 86130 86135 8;0
Binding Energy (eV)
Fig. 5.2 (a) Tilted cross-sectional view of stahokha& triangular-shaped SINW

(~40nm); (b) Top view of high-density nano-dotstanneling oxide-covered SiNW;
(c) Evenly distributed nano-dots at open areaX@$ result of nano-dots layer.
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Fig. 5.3 (a) shows an SEM image of the NW aftesQAlcoverage. The
finalized device with two metal electrodes is showrthe inset. Fig. 5.3 (b) is the
cross-sectional TEM image of the triangular-shalg¥#d embedded under AD; and
thin SiG; tunneling layer. This TEM sample was prepared lyea XB1540 Focus
lon Beam (FIB) system through a milling, lift-ouhdx polishing process and an

embedded layer of nano-dots can be clearly seen.

Nano-dots layer

Fig. 5.3 (a) Tiltd SEM view of NW covered with Al203; Inset: S/D tacts of a-
fabricated device by E-beam lithography; (d) Cresstional TEM image of
triangular SINW embedded in ADs.

5.4.2 Electrical characterization
5.4.2.1 Transfer characteristics

The current-voltage characteristics of this menaeyice were tested by an
Agilent 4155C semiconductor analyzer. Clear menaffgct is shown in the transfer
characteristics of the device at neutral, prograthared erased states in Fig. 5.4. As

seen from the figure, the phosphorus doped NW destiows enhancement-mode n-
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type characteristics and the current level in tEsice is very low. This is due to the
schottky contacts formed between the metal eleef@hd SiNW, which leads to on-
state currents at nano-ampere scale. Contact aesestplays a significant role in
determining the current-voltage properties of NWides where device features
shrink to nanometer scale and good ohmic contachdtion becomes extremely
challenging [31, 32]. Despite the low current lethed memory effect of this device is
the focus and of more concern in this work. Sowd drain are grounded during
programming/erasing. When a pulse of 60V/1sec diegh to the back gate, thgV
curve shows a large shift to the right, suggesthg charging of the floating gate
(nano-dots) and the shift of threshold voltag®) is due to the excess electric field
imposed by the stored charges. In contrast, wherdevice is erased by a negative
pulse of -60V/1sec, the charges in the floating gae pulled back to the channel and
the curve shifts back to the left. The control devexhibits negligible shift indVg
curves under the same operation conditions (notvsheere), which also confirms
that the memory effect stems from nano-dots chgrfdischarging rather than
defect/trap charge storage. The high gate voltageired to bias the back gate is due
to the existence of thick buried oxide layer in thafer and the inefficiency of

fringing field programming/erasing mechanism.
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Fig. 5.4 Transfer characteristics of b-gated no-planar nan-floating
gate memory at neutral, programmed and erased state

5.4.2.2 Programming/erasing mechanism: fringing filel

Due to particular geometries of the back gate @mahnel, this NW device
relies on fringing electric field originating frothe back electrode to implement the
programming/erasing processes [33, 34]. Fig. 5)5sfmws the equivalent energy
band diagram of the device. The gate and buriedeokayer are in dashed line
because in real device they should be on the bad& ef SINW. During
programming/erasing operations, the buried oxigterlaerves as part of control oxide
while in retention state charges are kept in thepdguantum well formed by
Al,O4/NiSi  nano-dots/tunneling SO sandwich structure thanks to the large
conduction band offset and work function of NiSim8lation results in Fig. 5.5 (b)

and (c) from Comsol Multiphysics qualitatively shdte direction of electric field
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within the device around the channel at programnaingd erasing states, respectively.
In contrast to the one-dimensional SiNW channed,winole back side of the sample
acts as the back electrode and the area of this ¢aie is so large that it can be
considered two-dimensional. During programming pes; the channel is grounded
and a positive bias is pulsed on the back gatéhigncase, the electrical potential of
the nano-dots layer is lower than that of the bgate but higher than that of the
channel, and the electric field starting from tlalo electrode is oriented from the
nano-dots toward the channel. This field accofmtshe charging of nano-dots and
the right shift of the V4 curve under a positive bias. Similarly, the baekegis
negative biased when the device is erased (Figich@nd electrons are pulled from
the nano-dots back to the channel due to the frimdield and capacitive coupling
among gate, nano-dots and NW channel. Thereforenwanegative pulse is applied,

the k-Vg4 curve shifts to the left to erased state.
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Fig. 5.5 (a) Equivalent energy band diagram of bgated non-planar nano-floating
gate memory, work function of NiSi~4.7eV; (b) Fring electrical field direction
during programming; (c) Fringing electrical fieldettion during erasing.
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5.4.2.3 Programming/erasing characteristics

The programming/erasing behavior of this device wtudied via testing the
transient performance and examininy'w, under varied back gate bias. Threshold
voltages (\,) of the device at different states are extracteds)/4 curve sweeping
and linear extrapolation of the curve at the pointnaximum slope to x-axis where
=0 [35]. As shown in Fig. 5.6, for each gate vo#a@g\V increases with
programming/erasing time until saturation start®t¢our at millisecond scale. Under
gate voltage of £50V, the device exhibit¥y, of 3.2V and 1.8V at around 30ms for
programming and erasing, respectively. With a higiage bias of +80V, largexVy,
of 12V and 10.3V is observed under same writingiagtime.

Threshold voltage shift caused by one electrorag®in each nano-doiYhg)
can be estimated by rough calculation as follows=O0@=1.5x14%cm?x1.6x10
19c=2.4x10'C/cnf, where Qis the charge sheet density assuming each nanis-dot
charged evenly by one electron, D is the sheetityeoEnano-dots and e is the unit
charge. Them\Vno= Quo/Ceontro=10V is the resulted threshold voltage shift witist
device geometry, with Gnirol DeINg the equivalent control oxide capacitancegimter
tsox=145nm, assume a control oxide thickness of 150nyjom the
programming/erasing behavior shown by Fig 5.6 e) observe a saturation &V,
at around 10V for the gate bias used, which indgahat on average only one
electron is injected into each nano-dot. The pofiiciency of fringing-field

writing/erasing scheme and the thick buried oxiaerasponsible for this small shift.
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Fig. 5.6 Programming/Erasing characteristics ok-gated no-planar
nano-floating gate memory under varied gate bias;

5.4.2.4 Retention

Charge retention characteristics of the deviceeve¢so obtained at both room
temperature and high temperature of 85 °C, as slWwiy. 5.7. The device at neutral
state was first programmed/erased at +60V/1secelectron/hole injection to the
nano-dots andAVy, was tracked and recorded as a function of waitinge to
determine the loss of stored charge. In the beggnright after charge injection, the
opening between two states, namely, programmedeaaskd, is around 12V. After
around 10 sec, slight shrinkage happens and the openingases to 10V for room
temperature case and 8.5V for high temperature éesér as typical flash memory
retention time of 10 years is concerned, extrapdldines ofAVy, change suggest an

linear trend with more than 50% of the charge rieethand a clear separation of the
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two states for both room temperature and high teatpee case. The good high-
temperature retention performance of this device ba attributed to the robust
thermal stability of NiSi nano-dots as reported pgrevious work [15]. Another
possible contributing factor is the elevated endeyels in small NW channel that

makes it harder for stored charge to tunnel bamhk fnano-dots [36].

—B— HT Programming
—e— HT Erasing ]
—&— RT Programming :
~ | —v— RT Erasing

o N B~ OO ©
. —

1
N

Threshold Voltage Shift (V)
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Time (sec)

Fig. 5.7 Roor-temperature and hirtemperature retentic
properties of back-gated non-planar nano-floatireje gmemory
showing robust high-temperature retention perforrean

5.5 Summary

A combination of high-density NiSi nano-dots awdled single SiNW is used
to implement a non-planar nano-floating gate memditye nano-dots layer with
excellent size and location distribution provides/iable way to minimizing dot

density variation effect while the non-planar natwf triangular-shaped Si NW
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channel allows for more dots within single cellftwther mitigate the issue in scaled
devices. This back-gated device relies on fringahectric field to fulfill memory
operations, i.e. programming and erasing, and shgewl room-temperature and
high-temperature retention performance. This reteauggests that NC memory
technology can be potentially scaled into 22 nnhietogy node by using non-planar
device geometry. Memory properties could be furihgaroved by optimizing device
geometries and decreasing the non-planar changzel [§6] in order for full
exploration of the promised benefits. Large-scatatigtical studies of cell

performance deviation are required to extend odetstanding on this hybrid device.
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Chapter 6 Conclusions and future work

1) Nanocrystal floating gate memory, as a potemgalacement to traditional flash
device, uses discrete charge storage nodes insteadntinuous poly-Si film to
improve device immunity to tunnel oxide leakageuceld by process defects or stress
and enhance the further scaling of flash cell;d#otsity fluctuation is identified as the
most critical issue that limits the application &nocrystal memory due to its
influence on the device performance uniformity mag/chip level; Solutions to dot
density variation problem are in great need in ptdeengineer the scaling process of

this future flash cell candidate.

2) Si nanocrystal deposition is the key step ingtaeess of nanocrystal floating gate
memory fabrication and dot growth behavior needsbé¢o fully understood and
explored; directed self-assembly behavior of Siataystals on patterned SIO
substrate is found within certain experimental ¢to window; modeling and
calculation are carried out to reveal the dominamgchanism underlying the
experimental results; different from common straimergy directed quantum dot
nucleation on patterned substrate in S-K mode stivéace/interface energy directed
strain-less nanocrystal growth on amorphous theoxiale substrate in V-W mode is
recognized, although it is relatively a weaker effewhich requires the growth

parameters to be tuned more strictly for the effedte observed.

3) NiSi nanocrystals of high density and supremiéoumity has been achieved by a
gas source MBE based vapor-solid-solid processsingwDisilane as Si source; Base
upon the silicide nanocrystal layer, a nonvolatiemory device with engineered

Al,O4/SiO, double-barrier gate stack has been fabricated cradacterized; this
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memory device exhibits large memory window, robuostention at both room
temperature and elevated temperature of 85°C;dudbvice geometry optimization
with thinner control oxide and varied A&); thickness can be carried out to fully
explore the advantages of double-barrier structéwe nanocrystal memory

applications.

4) Non-planar device has the advantage of supesmalability over planar

counterparts; the idea of non-planarity is demanstt for nanocrystal memory
through fabrication and characterization of a proe€oncept device based on
triangular-shaped SiNW array; good programmingsia retention and endurance
performance is observed; comparison of performdmeteeen planar and non-planar
devices at the same technology node is requiretlifare qualification of non-planar

device; process optimization and large-scale $tisstudy are needed to further

prove that dot density variation effect is alleg@in three-dimensional devices

5) As extended work, channel size scaling is caroiat on the non-planar nanocrystal
memory device; single triangular shaped nanowir@nobl with reduced dimension
down to 40nm is obtained by anisotropic etchingcpss and back-gated nanocrystal
memory based on the nanowire channel is demondtriibeging electric field-based
memory operation is conducted on this device wite-dimensional channel; memory
effect is analyzed by both electrical characteiiratind qualitative simulation; For
further scalability study, devices with varied chahsize can be fabricated for
systematic scaling trend analysis; device geonaetd/structure optimization (thinner
buried oxide of SOI wafer; top-gated device) araeemessity for optimal memory

performance.
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