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Abstract

It has been forecasted that continuous scaling down of complementary metal-
oxide semiconductor (CMQOS) devices and nonvolatile memory (NVM) devices will
meet significant challenges soon, especially in gate stack scaling. If these devices are
to be still fabricated on planar substrates, it is very likely that a gate stack structure
consisting of high-K dielectric and metallic conductor will be required. In this thesis,
physical and chemical mechanisms on the formation of advanced gate stacks for the
future nano-scale planar CMOS and NVM devices are explored.

Plasma etching and wet removal properties of Hf based high-K gate dielectrics
including HfO,, (HfO2)x(Al203)1x, HFOxNy and Hf,Si1«O, were investigated. It was
found that the crystallized HfO, phase is the main reason for the rapid decrease of the
wet etch rate of Hf based high-K dielectrics after anneal. Plasma treatment with low
ion energy of several hundred eV can destroy the crystalline structure, resulting in a
large increase of etch rate. The plasma etch rate varied depending on the chemical
components in the Hf based high-K dielectrics. The composition of the residue was
confirmed by x-ray photoelectron spectroscopy (XPS) and time-of-fight secondary
ion mass spectroscopy (TOF-SIMS) and the amount of residue was consistent with
the volatile points of the etch by-products. High temperature was effective in reducing
the amount of etch residues of Hf based high-K dielectrics.

Plasma etching properties of advanced gate materials including poly-SiGe was
studied using inductively coupled plasma of HBr/Cl,/O,. Results show that etch rate
of these materials increases rapidly with increasing ion density and energy.
Improvement of etch selectivity can be achieved by adding a small amount of O,
reducing ion energy and increasing pressure. Notching can be controlled by varying

the etching process parameters of inductive power, rf bias power, and pressure, as



well as by varying the Ge concentration in poly-SiGe. Optical emissions in various
wavelength bands from poly-SiGe etch byproducts were identified, providing sharp
etch end point signal.

Formation of Ge nanocrystals (NCs) embedded in HfAIO high-K dielectric
was studied for NVM applications. Thermodynamics of the formation mechanism
was revealed by XPS analysis. Physical characterization shows a good thermal
stability of Ge-NCs in HfAIO. A self-assembly technique of Al,O3; nanodots (NDs) on
SiO; has also been developed by employing a two-step controlled annealing method
to suppress lateral migration of electrons via Frenkel-Poole tunneling. Two novel
NVM structures and corresponding CMOS compatible process have been realized
based on the techniques developed above. Electrical characterization shows that low
voltage programming and reliable multi-bit storage can be achieved by the NVM
devices using Ge NCs embedded in HfAIO high-K dielectric and Al,O3 NDs

embedded in SiO,, respectively.



Table of Contents

ACKNOWIBAGEMENTS ... bbbt i
ADSTFACT ...t I
TabIe OF CONENES ....c.eiiiieiieeee e e N\
LIS OF FIQUIES ...ttt bbbt X
LISE OF TADIES ...t XXIi
Chapter 1. IntroducCtion .............cooooiiiiiiiii e, 1

1.1  The Challenge of M0Ore’s Law..........ccccvvviiiiiiniicieie e e e el
1.2 Scaling Gate Stacks of MOSFETSs: Approaches and Challenges..............5
1.2.1  Approaches of scaling MOSFET’s gate stack and improving
PEITOIMEANCE ...t e e e et e e e e et e e e e 5

1.2.2  Limitation of SiO, and Si oxynitride as gate dielectric.....................8
1.2.3  High-K gate dielectrics: selection guidelines, candidate materials and
INEEQIALION ISSUBS ... ...t et ettt e et e ettt e e et e e e e enes 11

1.2.4  Limitation of polycrystalline Si gate............coooiviiiiiii i, 15
1.2.5  Selection guidelines of new gate materials, candidate materials and
INEEQIALION ISSUBS ... ...t et ittt e et e et 16

1.3  Scaling Gate Stacks of Flash Memory Devices: Approaches and
ChallengesS. ..o 22

1.3.1  Architecture, device structure and operation in NOR and NAND

L £ T 22



1.3.2  Scaling approaches and challenges of flash memory cell.................. 27
1.4 Organization of ThesiS.........cocviiiiiiiiiiiii e 31

R O NCES. .. oot e e e e e e e 34

Chapter 2. Investigation of Wet Etching Mechanisms of Hf Based

High-K Dielectrics and Effects of Annealing.................39
2.1 INErOAUCTION. ... ce e e e e 39
2.2 Experimental Setup.........coooiiiiiiiiiiii 4L
2.3 Results and DISCUSSION........uuitie it et et e e e e aen e 43

2.3.1  Study of etching mechanisms of Hf inorganic compounds ..............43

2.3.2  Effects of annealing and cOmpoSItioNnS..........co.vvveirniiieniiiennn, 49
2.4 CONCIUSIONS. .. ettt e et e e e e e e e e e e e s 64
RETEIENCES. .. ettt e e 66

Chapter 3. Effects of Ny, O, and Ar Plasma Treatment on Removal

of Crystallized HfO, ..., 70
T R 1 014 ol [0 Tod £ o] o PO PP PPN 70
3.2 EXperimental ..ot 74
3.3 Results and DiSCUSSION. ... ..o et it et et et e et e e e ee e 77

3.3.1  Ar plasma treatment on the HF removal of crystallized HfO, .............77
3.3.2  Effects of thermal nitridation and plasma nitridation on the HF removal

properties of crystallized HfOg.....cooovviiiie e, 78
3.3.3  Effects of N, plasma treatment on the HF removal properties of

crystallized HfO......oonii e e 80



3.34  Comparison of N,, O, and Ar plasma treatments on the removal on
crystallized HfO,, and recess in Si and SiOy.............cccevevvennn.81

3.35 Investigation of mechanisms of plasma treatment process of HfO,/Si
StACK USING XPS... e e e 87

3.3.6  SRIM Monte Carlo simulation on plasma treatment on HfO, and Si....95
3.2 (@01 0 [0d 11 ] o] o 1 P 99

RETOIENCES. ..ot e e e e e 100

Chapter 4.  Investigation of Etching Properties of Hf based High-K

dielectrics Using Inductively Coupled Plasmas......... 103

41 INErOCUCTION. .. ...t e e e e et e e e e e e eena 103
4.2 ExXperimental SEtUP.......coiiiiiiii i 106
4.3  Experimental ReSUILS .........ccoiiii e 109
4.3.1  Etch rates of Hf based dieleCtrics............cccovviiiiiiii i, 109
4.3.2  Residue analysis by XPS and TOF-SIMS ..........cccoiiiiiiiiineennn, 112
N B o] 1] o o F PP 118

44.1  Effects of added components and deposition methods on etch rates...118
4.4.2  Effects of ICP parametersonetchrate ..............coovveiiiine et 120
4.4.3  Analysis of residues and etch by-products.............ccciiiviii i, 120
45  CONCIUSIONS ...viii it e e e e e e e e e n e 220122

RETOINCES . ..ot e e e e e e e —— 123

Chapter 5. Formation of Poly-SiGe/HfO, Gate Stack Using

Inductively Coupled Plasma....................................126

Vi



51 [[g 1 {goTo [1e3 (o] o P 126

5.2 Experimental Setup........cooviiiiiiiii 129
5.3 Experimental RESUILS ..o e 131
531 ICP etching of poly-SIGe ......cevieiiei e 131
5.3.2 ICP etching of Poly SiGe/HfO, gate stacks...............ccooeviiiiinin 137

5.4 DISCUSSION ..ivniniitie it e e et ee e e e e e e e en e e een e 140
541 Profile control in ICP etching of poly-SiGe gate..............................140
54.2 Etching selectivity control in ICP etching of poly-SiGe / HfO, gate

SEACKS ..t a0 142

9.5 U] 0] 00T U TP 144

RETOIENCES. ..ot e e e e e e 146

Chapter 6. Formation of Novel Gate Stack of Nonvolatile Flash
Memory Device Using Ge Nanocrystals Embedded in

HfAIO High-K Dielectric...............ccocccceviiiiinnnn. 1149

6.1 INErOAUCTION. .. e e e e 149
6.2  Experimental SEtUP........ccooiiiieiii i 153
6.3  Experimental ReSUITS .........coooiniiiii e 155

6.3.1  Formation of Ge-NCs in HfAIO ...............cccoceii i el 165
6.3.2  Memory Effect of Ge-NCs embedded in HFAIO matrix ................ 162
6.3.3 Programming and erasing characteristicS.............cvcevviiiiiinnnnnnns 163
6.3.4  Data retention and rewrite endurance properties..........................170
6.4 CONCIUSIONS. .. et e e e e e e e e e e e e e e e, 173

RETOINCES . ..ot e e e e e e 174

vii



Chapter 7.  Formation of Novel Memory Gate Stack Using Al,O3

High-K Nano-Dots Embedded in SiO, .....................177

7.1 INErOAUCTION. .. e e e e e 177
7.2 Process Development of Self-Assembly of Al,O; High-K Nano-Dots on
7.2.1 Experimental detailS..........coooieii i 180
7.2.2 Results and DISCUSSIONS. .. ... ..cuu et e et e e e e e 181
7.3  Fabrication of Nonvolatile Flash Memory Device using Al,O3; High-K
Nano-Dots Embedded in SiO; and Electrical Characterization.......... 187

7.3.1 Device fabriCatioN. ... ..ue e o e e e e e e e e e e e e 187

7.3.2 Electrical Characterization and DiSCUSSION........coovi i ieeaeann, 190
T4 SUMIMAIY ...ttt e e e e e et e e et et e e e ees 196
RETOINCES . .. et e e e e e e —— 197
Chapter 8. Conclusions and Suggestions for Future Work......199
8.1 CONCIUSIONS . . . e e e e e e e e e e e e e 199

8.1.1 Wet etching mechanisms of Hf based high-K dielectrics and effects of
ANNEAIING. .. ..o 200
8.1.2 Effects of annealing effects of N,, O, and Ar plasma treatments on
removal of crystallized HfO, Film.............coo i 201
8.1.3 Inductively coupled plasmas etching properties of Hf based high-K
(0] (=T o] 1 [0 PP 202
8.1.4 Formation of poly-SiGe/HfO, gate stack using inductively coupled

PlasMa. .. ..o e a0, 203

viii



8.1.5 Formation of novel gate stack of nonvolatile flash memory device using

Ge nanocrystals embedded in HFAIO High-K dielectric................... 204

8.1.6 Formation of novel memory gate stack using Al,O3; nanodots embedded in

8.2  Suggestions for Future Work............ccooviiiiiiiiiiiiii e e e ... 206

8.2.1 Improvement of removal process of Hf based high-K dielectrics ........ 206

8.2.2 Study of plasma etching mechanism of new metal gate materials and

formation of metal silicides gate ...........ccooeiiiiiiiiii i 207

8.2.3 Development of application specific nanocrystals or nanodots flash

MEMOTIES. ... et et e et ee e e e e e e e e e enenienenen 0 207

8.2.4 High-K dielectrics as interpoly/block oxide of flash memory devices...208

RETEIENCES. ..o e 209
Appendix

List of PUDIICALIONS ..o, xxiii



List of Figures

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

1.1

1.2

1.3
1.4

1.5

1.6

1.7

1.8

1.9

Moore’s law in the past 20 years: the number of the transistors on a chip
as the function of year. Link:

http://www.intel.com/research/silicon/mooreslaw.htm..................... 1

Schematic of @ MOSFET ... e 2

Local images of a human hair and a DRAM of 90 nm technology ...... 2
lustration of scaling of MOSFETS ........ccooviiiiiiiiiiiiiiiie 4

Schematic illustration of the scaling of silicon technology by a factor «

(a) LOP, (b) LSTP and (c) HP logic device scaling-up of gate leakage
current density limit and of simulated gate leakage due to direct

tunneling. (Source: ITRS 2004 update [1.3]) «.c.ovviviiiiiiiiiiininn... 10

Comparison of numbers of research articles published on various high-K
films in major conference on Si process technologies. Source: solid state

technologies. .......oiiiii 13

Integration issues from gate stack etching to silicidation of gate stacks
with Hf based high-K gate dielectrics............c.oooeviiiiiiiiiiiini... 8
(a) An energy band diagram of a gate stack of an NMOS device in
inversion region and (b) degradation of gate capacitance because of the

poly depletion effect. [1.22] ..ot 15



List of Figures

Fig. 1.10 (a) Main steps to form fully silicided metal gate metal deposition after
formation of poly-Si (or poly-SiGe) gate andanneal to form silicide gate

[1.22]. (b) Fully germanided NiGe gate [1.31]. .......cocoviiiiiiiiinnn.... 18

Fig. 1.11 Illustration of summary of integration issues of metal gates. (PR:

Photoresist and BARC: bottom anti-reflection coating) .................. 20
Fig. 1.12 A sketch of a typical FG flash memory transistor ........................ 22
Fig. 1.13 NOR array StruCtUIE .......eeutinrintintiteiteeteiteate e aeane e aneanenns 23
Fig. 1.14 NAND array StrUCtUIC .......ouviritintent et eneetet et eeeteeeeaeananaen, 24

Fig. 1.15 A typical operation scheme of (a) hot carrier programming and (b) F-N
erasing of a NOR memory cell. ..., 24
Fig. 1.16 Energy band diagram of the gate stack of a NOR memory transistor

biased in programming region [1.45]. ..., 25

Fig. 1.17 Energy band diagram of the gate stack of a NOR memory transistor

biased in F-N tunneling erasing region [1.45]. ..............ooiiiini, 25

Fig. 1.18 A typical operation scheme of (a) F-N programming and (b) F-N erasing

of a NAND memory cell. ...l 26

Fig. 1.19 Energy band diagram of the gate stack of a NAND memory transistor
biased in programming reiON. ...........c.eeeerreereenreeneenrerneennennnns 26
Fig. 1.20 A cross-sectional SEM image of NOR flash memory array along the
gate length direction. The chip is manufactured by 0.13 um technology

node, but the gate length is ~0.35 um. [1.47] .......cooiiiiiiiiiiiiinias 27

X1



List of Figures

Fig. 1.21

Fig. 1.22

Fig. 2.1

Fig. 2.2

Fig 2.3

Fig. 2.4

Fig. 2.5

A cross-sectional SEM image of NAND flash memory array along the
gate length direction. The chip is manufactured by 0.1 pm technology
node, and the gate length is also ~0.1 pm. P-1 is the FG, and P-2 is
CONIOL GatC. L. .ttt e e 28
Comparison of capacitive coupling between neighboring cells between
continuous FG flash memories and discrete charge storage
1001300 10) & 1P

2 9
XPS taken from surface of (a) Fis peak from 1% DHF etched HfO, film
at room temperature and (b) P2p peak from 85 % H3;PO4 etched HfO,

fIIM At 98 OC . ottt e 45

Solubility of HfF4 in solutions with various pH value. HF and NH,OH

were used to acquire various pH values ....................oo 47

Wet etching properties of as deposited and annealed Hf based high-K
dielectrics (a) HfO, (b) HfAIO (¢) HfON and (d) Hf;S1,.40, (x = 0.3, 0.5

and 0.75) in 1% DHF. All anneals were performed for 1 min in a

Cross-sectional TEM images of (a) as deposited HfO, film (b) HfO, film
annealed at 700 °C for 1 min in Ny and (¢) HfO, film annealed at 1000
°C for 1 min in N,. All HfO, films were capped by TaN before TEM

ANALY SIS, Lttt e 52

After etching in 10% HF for 1 min, AFM analysis of the HfO, surfaces
of (a) as deposited film (b) after PDA at 700 °C for 1 min in N; (c) after

PDA at 1000 °C for 1 min in @ No. . oonneeenneee e, 53

Xii



List of Figures

Fig. 2.6

Fig. 2.7

Fig. 2.8

Fig. 2.9

Fig. 2.10

Fig. 3.1

Cross-sectional TEM of (a) as deposited HfAIO film (b) HfAIO film
annealed at 700 °C forl min in N, and (c) HfAIO film annealed at 1000

OC for 1 min 10 Nou oonett e e e, 55

Depth profile of atomic percentages of O, N, Hf and Si of as deposited
and annealed HfON films with thickness of ~100 A on Si substrate. The
results were obtained by monitoring O/s, N/s, Hf4f and Si2p peaks of

XPS. The anneal was performed at 700 °C for 1 min in Nj............ 57

Etched thickness of HfN deposited at room temperature in the reactive
sputtering and annealed at 700 °C for 1 min in N, in 1% DHF as
function of time. Native oxide of HfN has been removed by plasma

etching before dipping into DHF. ..., 58

AFM analysis of surfaces of Hf;Si;O films with various composition

and thermal history, after etching in 1% HF for 1 min. ............... 59

Angle resolved XPS signals from major elements of Hf based high-K dielectric
films after DHF etching. XPS signals obtained from detection angle of 90° and
10° are in solid and dashed line, respectively. All films were annealed at 700 °C

FOr 1 MIN 20 Noen ettt e 62

Ilustrations of the etching steps of a high-K gate stack including plasma
treatment enhanced wet etching using DHF: (a) Surface topography of
each film of the gate stack before gate etching; (b) surface topography
and thickness non-uniformity of high-K gate dielectric layer after gate
electrode etching; (c¢) plasma treatment to change the wet etching

properties of high-K gate dielectric layer and (d) possible surface

xiil



List of Figures

Fig. 3.2

Fig. 3.3

Fig. 3.4

Fig. 3.5

Fig. 3.6

Fig. 3.7

Fig.3.8

Fig. 3.9

topographies of Si substrate and STI SiO, after plasma treatment

enhanced wet etching of high-K dielectric in DHF. ..................... 73

Schematic of ICP system used in the work of chapter 3. ............... 75
Top view of induction electric field vectors in (a) the first half cycle and

(b) the second half cycle of RF inductive power of the ICP system...76

Remaining thicknesses of HfO, after Ar plasma treatment and 10% HF
wet etching. The other ICP parameters are fixed at a source power of
300W, a pressure of 10mTorr, and an Ar gas flow of 60sccm. ......... 77
Comparison of remaining thickness of HfO, as a function of etching
time in 1% DHF with and without N, plasma nitridation. Thickness of

HfO, is ~60A, right after annealing at 700°C. ........................... 78

((a) Hf4f signal of XPS taken from the HfO, dielectric surfaces before
and after N, plasma nitridation and (b) N/s signal of XPS taken from the
HfO, dielectric surfaces after N, plasma nitridation without bias

VOt A, oottt s

7 9

Remaining thicknesses of HfO, after N, plasma treatment and 1% DHF

wet etching. ... 81

Effects of ion energy and plasma chemistry on the wet etching in 1%
DHF. (a) HF dissoluble thickness of HfO, annealed at 700 °C for 1

minute in N, and (b) HF dissoluble thickness of Si substrate and (c) loss

Evaluation of the surface cleanliness of Si substrate by scanning ranges

of electron binding energy of (a) Hf4f, (b) Si2p and (c) Ols of XPS.

X1V



List of Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.10

3.11

3.12

3.13

3.14

3.15

3.16

Cleaning process was performed to a remaining HfO, film with a
thickness of 40 A after PDA at 700 °C for 1 minute in N, on Si substrate
using 1% DHF cleaning for 30 s. Before DHF cleaning, N, plasma
treatment with DC bias voltage of 200 V was performed for 1
1000 001017

8 6
Cross-sectional SEM of TaN/HfO, gate after removal process used in
Fig. 3.8 (BARC: bottom antireflective coating, PR: photoresist). ...... 86
(a) Hf4f peaks from XPS for Ar bombarded HfO, (b) Fitting curve of
Hf4f peak from HfO, after Ar plasma treatment for 70 s. Ion energy was
fixed at 100 €V. oo 87
Hf4f signals of XPS taken from HfO, films with thickness of 60 A after
(a) N, plasma treatment and (b) O, plasma treatment with ion energies
of 100 eV and 200 eV. The Hf4f signal of XPS taken from a HfO, film

before plasma treatment is shown in each figure as a reference. ...... 89

Ns signals of XPS taken from (a) 60 A thick HfO, film and (b) 23 A
thick HfO, film after N, plasma treatment, with various ion energy and

TrEATMENT TIINIE. .ttt ettt et e e e e e e e e e e et 91

Sils signals of XPS taken from 60 A thick HfO, film after (a) N, plasma

treatment and (b) O plasma treatment, with ion energies of 100 eV and

Si2p signals of XPS taken from HfO, films before plasma treatment and
HfO,; films with (a) N, plasma treatment and (b) O, plasma treatment

with ion energies of 100 eV for 30 s and 60 s, and 200 eV for 60 s. ...94

2-D simulation results of (a) injection depth and (b) straggles of N, O

and Ar ions with various ion energies in HfO,, and (c) injection depth

XV



List of Figures

Fig. 3.17

Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

Fig. 4.6

and (b) straggles of N, O and Ar with various ion energies in Si3N4, Si0;

and Si substrates, respectively. ... 96

2-D simulation of vacancies produced by (a) N, (b) O and (c) Ar ions

with an energy of 100 eV in Si substrate. An ion number of 5000 was

SEM image of a multilayer dielectric grating with 0.67 pum pitch grating
etched by RIE through 750 nm of evaporated SiO, to a HfO, etch-stop
layer. Note the growth of columnar structures on the sidewall and top

are believed to be sputtered fluorinated Hf compounds [Ref. 4.18] ...105

The etch rates of Hf based dielectrics as a function of rf bias power (a)
in HBr plasma and (b) in HBr/O;, plasma (Parameters are fixed
otherwise at inductive power of 400W, pressure of 10mTorr, HBr flow
of 200sccm, and O, flow of 4scem). ..o i 109
The etch rates of Hf based dielectrics as a function of rf bias power (a)
in Cl; plasma and (b) in Cl,/O; plasma (Parameters are fixed otherwise
at inductive power of 400W, pressure of 10mTorr, Cl, flow of 200sccm,
and Oy flow 0f 4ScCm). ....voiiniii i 110
Etch rates of Hf based dielectrics as a function of pressure (Parameters
are fixed otherwise at inductive power of 400W, rf bias power of 150W,
HBr flow of 200SCCm). ...ouviiiniiii i 111
(a) Br3d XPS peaks from the Hf based dielectric surface after HBr
etching (b) Cl2p XPS peaks from the Hf based dielectric surface after
Cl, etching (c) F1s XPS peaks from the Hf based dielectric surface after

CF4 etching ... e 112

Hf4f XPS peaks from HfO, surface after CF,4 etching (Original strong

XVi



List of Figures

Fig. 4.7

Fig. 5.1

Fig. 5.2

Fig. 5.3

Fig. 5.4

Fig. 5.5

Fig. 5.6

peaks were analyzed as combination of HfO, (two peaks of solid line)

and HfOF, (two peaks of dotted line)) ...................ooii. 115

XPS on the surfaces of as-etched HfO, samples and the surfaces post
heat-treated for 10 minutes in vacuum (10mTorr) (a) Br3p peaks after
HBr etching (b) Cl2p peaks after Cl, etching (c) Fls peaks after CHF;
etching (d) Fls peaks after CF4 etching. ...................ocoiiinel. 116
Comparison of measured quasi-static C-V for (a) NMOS and (b) PMOS
with poly-Si;xGeyx gate stack [5.3]. ..o 126
Cross-sectional TEM images of poly-Si/HfO, and poly-SiGe gate stacks
after anneal. In poly-SiGe / HfO, gate stack, interfacial layers above and
under HfO; films are thinner than in poly-Si /HfO, gate stack [5.6]. ..127
Poly-SiGe etch rates as a function of Ge concentration at the different (a)
inductively powers, (b) rf bias powers, and (c) pressures (Parameters are
fixed otherwise at inductive power of 550W, rf bias power of 200W,
pressure of 10mTorr, and HBr flow of 200scem.). ...............c..e 132
Etch rates of poly-Si, poly-Sig77Gej23, and poly-Sip.s4Geg.46 as a
function of pressure (inductive power: 550W, rf bias power: 200W, and
gas flow: HBr 200sccm). .......ccovviiiiiiiiiiiiiiiiiiii e 133
Poly-SiGe etch rates as a function of rf bias power at (a) 10mTorr and (b)
80 MTOTIT. .ottt e e e e 134
SEM of etching profiles for (a) poly Si, (b) poly Sip77Geo 23, (c) poly
Sip.68Geo.32, (d) poly Sigs4Geoas, (€) poly SigsaGepas (pressure:
10mTorr), (f) poly Sigs4Geoas6 (rf bias power: 280 W), (g) poly
Sig.54Geg 46 (inductive power: 250 W), and (h) poly Sigs4Geo 46 (inductive
power: 550 W). ((a)-(f): parameters are fixed at inductive power of 550
W, rf bias power of 200 W, pressure of 20 mTorr, HBr of 200 sccm,

etching time of 30 sec; (g)-(h): parameters are fixed at rf bias power of

Xvii



List of Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

5.8

5.10

6.1

6.2

6.4

200 W, pressure of 80 mTorr, HBr of 200 sccm, and etch time of 150
T+ PR 136
TEM images of etching profiles for gates with a line width of 100 nm
with Ge concentrations of 20% and 30%. Thickness is 50nm for poly-

SiGe and 100nm for poly-Si.........ccooiiiiiiiiiiiie, 136

Poly-SiGe / HfO, selectivities as a function of rf bias power when pure
HBr is used and 8 sccm O; is added to HBr at (a) 10 mTorr and (b)

QO T OTT. oottt 137

Optical emission spectra during ICP etching of poly-Siys4Geg 6 using
HBr. Optical emission peaks from Si at 251.0nm and Ge at 264.5nm and
various etch products from 420nm to 500nm are indicated. ......... 138
Optical emission intensity with time during ICP etching of poly-
Sig54Gega / HfO, / Si-substrate gate stack using HBr, for (a) Si:
wavelength 251.0 nm and (b) Ge: wavelength 264.5 nm. ............ 140
Schematics of nonvolatile flash memory device using continuous

floating gate and NCs floating gate. ...........c.covvriiiiiiiiiiennennnn. 150
Equivalent capacitor circuit of a floating gate flash memory devic..152

Process flow for device fabrication. ..., 154
A cross-sectional TEM image of the gate stack fabricated in this work.
The dark regions are induced by strong Bragg dispersion by Ge-NCs,

and the inset picture shows the details of the Ge-NCs. ............... 156
XRD spectra of Ge in HfAIO before and after anneal. .................. 157

XPS spectra of (a) Hf4f, (b) Ge3d and (c) Al2p from the HfO,, ALLO;
and Ge co-sputtered films as deposited and annealed at different

170010157 11 P 158

xviii



List of Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

6.7

6.8

6.9

6.10

6.11

6.12

6.13
6.14

6.15

7.1

EFM image of Ge-NCs embedded in HfAIO matrix. Tip voltage is 5
PP PP PPPRPIN 1
6 0
SIMS analysis of Al, Ge and Hf obtained from the gate stack of the

QOVICE. ottt e 161

C-V characteristics of the MOS capacitors from control sample and

device sample before and after applying 0.1s, 12V stress. ............ 162

Writing transient characteristics during (a) programming and (b) erasing
operations for various gate voltages and pulse durations. ............ 163
Energy band diagrams of the gate stack (a) at flat band condition; (b) at
low and (c) at high electric field programming modes. Traps in Ge-NCs
are not taken into account. With traps taken into account, the energy
band diagram at (d) low and (e) high electric field programming modes
are also shown. Electrons and holes are represented by solid and open
circles respectively. .......oooiiiiiii 166
Over-erase characteristics of the devices. Erasing operation is performed
for the devices that have already been erased. ........................... 168
Data retention characteristics of the devices at 85 °C. .................. 170
Schematic diagrams of the top view and cross sectional view of electron
storage in the continuous FG and NCs FG. The local electron density
and potential in NCs are higher than those in a continuous FG for a
given stored charge density. ...........coooiiiiiiiiiiii i 171
Endurance characteristics of the devices. Pulses of £5V for 1 ms are
applied. Write and erase conditions for read-out are 5V for 1 s and -5V
for 1 s, respectively. ...oooviiiiiiiiiii 172
Illustrations of (a) nanocrystals floating gate memory, (b) SONOS-type

memory and (c) the memory structure proposed in this work, and their

X1X



List of Figures

Fig. 7.2

Fig. 7.3

Fig. 7.4

Fig. 7.5

Fig. 7.6

Fig. 7.7

Fig. 7.8

relevant band diagrams and electron loss mechanism (d, e and f) along

¢

the wafer plane and vertical direction of the gate stacks. represents
electrons stored at the energy levels in each memory structures. Fig. 1 (f)
1s drawn based on Si0,/Al,0O3 nano-dots/Si0O, structure. ............... 178
[llustration of two proposed processes for assembling Al,Os NDs on
Si0;. (a) deposition of thin Al,O; films followed by anneal and (b)
deposition of thin Al film followed by anneal and oxidation. ......... 181
AFM images (500 X 500 nm?) taken from the surfaces of (a) as-
deposited, (b) 600 °C annealed and (c) 1000 °C Al,Os films with initial
thicknesses of 3 nm. ... 182
AFM images (500 X 500 nm?) taken from the surfaces of (a) as-
deposited, (b) 600 °C annealed Al film with an initial thicknesses of 2
nm and (c) Al film with an initial thickness of 2 nm after annealing at

600 °C in N, followed by annealing at 600 °C in N, with 5000ppm

O e 183

Al2p XPS signals taken from the surfaces of (a) as-deposited, (b) 600 °C
annealed Al film with an initial thickness of 2 nm and (c) Al film with
initial thickness of 2 nm after annealing at 600 °C in N, followed by

annealing at 600 °C in N, with 5000ppm O;. ............184

TEM image of Al,O; NDs formed in a memory gate stack of TaN

gate/Si0,/Al,03 NDs /Si0,/Si using proposed process 1. ............ 185

Comparison of AFM images (500 X 500 nm?) taken from the surfaces
of as-deposited and annealed Al films with initial thicknesses of 1 nm, 2
nm and 6 nm. The ND formation anneals were carried out at 600 °C and

700 °C for 30 s in N, ambient with O, less than 5 ppm. ............... 186

Process flow of the devices fabricated .........cccovvviiiiiiiiinnnnn. 188

XX



List of Figures

Fig. 7.9
Fig. 7.10

Fig. 7.11

Fig. 7.12

Fig. 7.13

Fig. 7.14

TEM images and illustrations of the Al,O; NDs and CL devices. ...189
Program and erase characteristics of the (a) Al,0; NDs device and the (b)
AL, O3 CL device. In programming operation, the source, drain and
substrate are grounded, and a programming voltage is applied on the
gate. In the erase operation, the source and drain are floating, the
substrate is grounded, and an erasing voltage is applied on the gate...190

IMlustrations of the Al,O; NDs and CL devices. ..........c.ooevvvvenn... 191

Comparison of data retention (programmed state) between the devices
using Al,03 NDs and Al,0; CL at 24 °C and 150 °C. .................. 193
Comparison of endurance characteristics of devices using Al,O3 NDs

and CL (P/E cycle: 12 V, 10us program and -14 V, 1 ms erase) ...... 194

Demonstration of multi-level storage and retention property from the

devices with AI,O3; NDs and Al,O; CL at room temperature. ......... 195

XX1



List of Tables

Table 1.1

Table 1.2

Table 2.1

Table 2.2

Table 3.1

Scaling parameters for Constant-Electrical Field Scaling, Generalized

Scaling and Generalized Selective Scaling................ccceevveennnl 1

Comparison of relevant properties for high-K candidates [1.10]. ......11

Etch rates of Hf, PVD HfO, and CVD HfO, in various chemicals used in

conventional CMOS ProCess. ........cc.vvvieeiiiiiiieiniiiieiineennnenen .43

Atomic ratios reflecting materials composition of Hf based high-K
dielectric films after DHF dipping. The results were obtained by XPS

with detection angles of 90° and 10°. .......................................60

Summary of surface roughness denoted by Root Mean Square (RMS) of
Si substrate after plasma treatments using Ar, N, and O, with DC bias

voltage of 400 V for 2 minutes, followed by 1% DHF etching for 1

minute. The surface roughness of bare Siis ~9 A. ...............85
Table 4.1 Melting and boiling points of etch by-products at 1 atm. ...............105
Table 4. 2 Amounts of halogens detected on surfaces by XPS. .....................113
Table 4.3 Surface residues detected by TOF-SIMS from Hf based dielectric films

Table 4.4

etched using HBr, Cl;,CFsand CHF3. ..ol 117

Properties of etch by-products of Hf based dielectric films etched by Cls,
HBr, CF, or CHF3 plasmas. The uncertain species are marked as

xXxii



Chapter 1

Introduction

1.1 The Challenge of Moore’s Law

Nowadays, electronic products have become key elements in human society.
Look around, computers, cell phones and internet are influencing every aspect of our
life significantly. At the same time, electronic technologies are supporting the
progress in other traditional industries and new technologies aggressively. All these
cannot occur without the consistently improving and more and more cost effective

Very Large Scaled Integrated (VLSI) circuits made of silicon devices.

transistors
MOORE'S LAW Intel® itanium® 2 Procosaor 1,000,000,000
Intel® Raniume Processor
Intel ® Pentium® 4 Procossor 100,000,000
Intel® Fentium® il Processor
Intaln Pentivm® Il Processor 10,000,000
Intaeln Pentiumn Procossor F e
F )
INtel486™ Procossor Jd/
— 1,000,000
INtel386™ Processor "4
286 o
2 y 3 100,000
BOBEG L o o
& 8 &
e M/ A y L sonos
8008 = e e o
4004 £ S ” |
- .. A i ; 1,000
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Fig. 1.1 Moore’s law in the past 20 years: the number of the transistors on a chip as the

function of year. Source: Attp.//www.intel.com/research/silicon/mooreslaw.htm.

The improvement of performance and reduction of the price for silicon

devices are accomplished by scaling the feature size of devices, following the well
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known Moore’s law [1.1], which predicts that the number of transistors per
integrated circuit would double every 18 months, as shown in Fig. 1.1.

Metal Oxide Semiconductor Field effect Transistors (MOSFETSs) (shown in
Fig. 1.2) are elemental devices in logical circuits. Its gate length after gate stack

etching is regarded as the feature size of the device.

Gate length  Gate electrode

Spacer

Gate stac

Fia. 1.2 Schematic of a MOSFET.

For high performance MOSFETs, gate length is also regarded as the
technology node representing the generation of the VLSI technologies. In 1972, the
technology node was about 8 um; today, MOSFETs with 90 nm (0.09 um) feature
size [1.2, 1.3], which is about one in a thousandth of the human hair, have been in
mass production in the leading-edge industries. This has resulted in both the

reduction in t price per function and thousands times increase in speed!

Human hair 90 nm DRAM

Fig. 1.3  Local images of a human hair and a DRAM of 90 nm technology.
2
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Other silicon devices, such as dynamic random access memory (DRAM) and
non-volatile memory (NVM), which is mainly flash electrically erasable
programmable read-only memories (flash EEPROMs or flash memories) are scaling
at about the same speed as MOSFETs [1.2, 1.3]. Previously, the technology node of
flash memories was always delayed for one or half generation behind comparing
with high performance MOSFETs because of process issues and the maturity of
market. Recently, their scaling speeds have almost been synchronous with the
MOSFETs because of the tremendous increase of the demand from mobile
applications and digital cameras. This has resulted in the drastic increase of memory
density and the reduction of cost per bit in the past few years.

However, the further scaling down of MOSFETs and flash memories
introduces new challenges, as indicated in the International Technology Roadmap
for Semiconductors (ITRS) 2003-2004 update [1.2, 1.3].

For MOSFETs, the challenges mainly come from large gate leakage current,
as shown in Fig. 1.4, high contact resistance and reliability of low-k interconnect
dielectrics. Among these challenges, “in no area is this issue more clear or urgent
than in the MOSFET gate stack” [1.2]. When gate length is scaled, the gate
dielectric thickness must be reduced consequently to maintain the performance of
transistors, as shown in Fig. 1.4. When the gate length is 65 nm, i.e. the technology
node of 2007, the gate dielectric thickness will be about 0.9 nm, which is about the
thickness of 2-3 SiO, molecule layers [1.4]. With this thickness, SiO, will meet the
physical limitation in electrical insulation, the high direct tunneling current. This is
because high direct tunneling current is not able to meet the requirement of

MOSFETs for some applications [1.2, 1.3].
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[ |
' GI:ei I:D
L

Fig. 1.4 Illustration of scaling of MOSFETs.

For flash memories, scaling down of the devices also requires continuous
reduction of thickness of both the tunneling dielectric layer and control dielectric
layer (interpoly oxide) in the gate stack to improve the program/erase performance
and reduce the operation voltage. But, both dielectric layers must be thick enough to
ensure the required charge retention of 10 years as the requirement of nonvolatile
flash memories. The current technologies, mainly based on thermal and chemical
vapor deposited oxynitrides/nitride for both dielectrics, are not expected to satisfy
the aforementioned dielectric scaling needs, thus the implementation of new
technologies or new materials is required [1.2, 1.3, 1.5].

In summary, from the angle of front-end process, the gate stack scaling is the

main issue in the scaling of both MOSFETs and flash memories.
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1.2 Scaling Gate Stacks of MOSFETSs: Approaches and
Challenges

1.2.1 Approaches of scaling MOSFETSs’ gate stack and improving

performances

Scaling of MOSFETs can increase the transistor density on the chip and
reduce the cost per function. In 1970’s, in the initial stage of scaling MOSFETs, a
scaling strategy was proposed by Dennard etz. al. [1.6]. This scaling approach is
illustrated in Fig. 1.5, where the scaling factor is a. It can be found that in this
approach, the dimension, doping, and voltages were scaled in the same proportion,

hence the electrical field is constant. This strategy is called “Constant-Electrical

Field Scaling”.
ORIGINAL DEVICE SCALED DEVICE
VOLTAGE, V—4 WIRING }
fo Vio —§ s |
IE:I PELT Y. bl . Wt
:, n JJ"JL n ) : r*- .f'... N . '
. \ CooT

_— - ___i‘i::___,’ —.-I |-i“."c1

- 1, }e DOPING=aN,

p SUBSTRATE, DOPING= N,

Fig. 1.5 Schematic illustration of the scaling of silicon technology by a factor a [1.6].

However, the performance, such as built-in potentials and subthreshold slope
which are determined by the inherent properties of materials, does not change or

improve using this approach. At the same time, the on-current is more and more
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close to the off-current because of the continuous scaling of the voltage. To solve
the small on-current problem, an additional scaling factor ¢ (e>1) is applied to the
scaling voltages. Consequently the doping concentration must be increased by &
times to maintain the same depletion regions, resulting in higher allowed voltage.
This scaling strategy is called as “Generalized Scaling”. A disadvantage of this
strategy is that the electrical field is increased with the scaling, resulting in reliability

concern.

Table 1.1 Scaling parameters for Constant-Electrical Field Scaling, Generalized

Scaling and Generalized Selective Scaling.

MOSFET’s Device and Circuit gloe r:;fél;i Generqlized Gsegleer Catlii‘f:d
parameters Field Scaling Scaling Scaling
Channel Le;l}gl;[g;iz? Dielectric Ver Vet Vay
Wiring Width, Channel Width /e 1 1/ e,
Electric Field 1 € &
Voltage 1/ e/a e/ay
Doping a ea (o7
Area /e /e’ Ve’
Capacitance /e l/a /e,
Gate Delay Ve Ve /ey
Power Dissipation /e & /o &l away
Power Density 1 & &a/ay

(aq is the Gate Length and Vertical Scaling Factor, a,, is Gate Length and Wiring

Scaling Factor and ¢ is Electrical Factor)
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Actually, the scaling of the gate length and wiring (gate width) of devices can
be dependent on different factors, a; and a,,, summarized as “Generalized Selective
scaling”. In the Table 1.1 the scaling parameters for Constant-Electrical Field
Scaling, Generalized Scaling and Generalized Selective Scaling are summarized.

With Generalized Selective Scaling, the MOSFETs can be scaled more aggressively.

It can be found that in Table. 1, gate dielectric thickness must be
correspondingly scaled down with the gate length. This is for maintaining the

effectiveness of the gate in device operation.

Besides the increase of transistor density, another advantage brought by
scaling is the improvement of transistor performance. Pursuing a higher drive
current (Ip) (drain current) is one of the key aspects for improving the performance
of MOSFETs, because a higher speed requires a higher /p. A simple model of the

drive current can be written using the gradual channel approximation as [1.7]:
Ip=W/Lg) u Ciny (Vo= Va—V/2)Vp (1-1)

where W is the width of the transistor channel, L, is the channel length, x is the
channel carrier mobility; we assume that it is a constant here; C;,, is the capacitance
density when the channel is biased in the inversion region; Vp and Vg are the
voltages applied to the gate and drain of the MOSFETs, respectively; and the

threshold voltage is given by V.

This equation is valid in the region of Vp of which is smaller than Vg— Vi,
where V7, is threshold voltage. When V) exceeds Vi —Vi, Ip will saturate, expressed

as:

Ip=(W/Lg) tt Ciny (V= Vir)/2 (1-2)
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It can be found that a higher /p can be acquired by a larger W, C;,,, and V¢ or
smaller L, and V. The width W cannot be increased too much, as a larger W will
result in a larger transistor area; L, is limited by the lithography, of which the
smallest is the technology node. The mobility x is mainly determined by the
properties of substrate materials; V' cannot be too large, as a high V¢ will induce a
high electrical field across the gate dielectric, resulting in reliability problem and it
is very hard to reduce the V7, down to 200 mV, as electrons’ energy is 25 mV at

room temperature [1.8].

Hence, to have a higher C;,, is very important to get a high /p. Basically, C;,,
consists of C,, and Cg,p, Which are the gate dielectric capacitance density and Si
substrate capacitance density, respectively. Cye, is mainly determined by the doping

concentration of substrate. C,, expressed as:
Cox = Kgo/tox (1-3)

where K is the dielectric constant (the relative permittivity) of the gate dielectric, &,
is the permittivity of free space (8.85 10-23 fF/ um). It is obvious that increasing K

or reducing #,, can increase C;.

1.2.2 Limitation of SiO, and Si oxynitride as gate dielectric

Although many different oxides have been available for IC application,
thermal grown SiO, and nitrided SiO; (Si oxynitride or SiO.Ny) have been the most
used gate dielectrics for MOSFETs in the past 30 years. This is because they satisfy
most requirements of gate dielectrics such as thermal stability, good electrical

performances, simple and cheap process. In 1979, the typical gate oxide thickness
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was 25 nm; nowadays, 1.3 nm thickness gate oxide is in production. According to
ITRS 2004, 0.9 nm equivalent oxide thickness (EOT: for a gate dielectric of
thickness T4 and relative dielectric constant K, EOT is defined by EOT = T4/ (K /
3.9), where 3.9 is the relative dielectric constant of thermal silicon dioxide. [1.3])) is
needed for 65 nm technology node and operating gate leakage of less than 9.3 x 10°
Alem’ is required at the same time. However, the simulation result shows that the
direct tunneling current through SiO.Ny with such thickness has already exceeded
the requirement of gate leakage of low operating power (LOP) devices, and
subsequently, as well as low standby power (LSTP) devices and high performance

(HP) devices one by one, as shown in Fig. 1.6.
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Fig. 1.6 (a) LOP, (b) LSTP and (c) HP logic device scaling-up of gate leakage
current density limit and of simulated gate leakage due to direct tunneling

(Source: ITRS 2004 update [1.3]).

Improving N concentration in SiO.Ny can increase the K value of SiOxNjy,
resulting in a larger allowed physical thickness and a lower leakage [1.4]. If Si is
fully nitrided, i.e. SisNy4 (the K value is ~ 7.8), the scaling limits of its physical
thickness is estimated to be ~ 1.2 nm [1.9], of which EOT is ~ 0.6 nm, considering
the smaller band gap compared with SiO,. Hence, further scaling of gate dielectrics
will require new gate dielectrics with higher K values as long as current scaling

strategy doesn’t change.

10
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1.2.3 High-K gate dielectrics: selection guidelines, candidate

materials and integration issues

A. Selection guidelines

In the past few years, much work has been done to identify potential
candidates, which can replace SiO, and SiONy with a substantially thicker dielectric
to maintain a low leakage current while reducing the EOT. The primary objective is
to find dielectric materials with a higher K value than SiO,.

In addition to the dielectric constant, other properties of high-K dielectric
films must be considered such as band gap, thermal stability, electrical leakage, and
interface property. Table 1.2 shows some primary physical data of several main

high-K materials, which are relative to the selection of high-K candidates [1.10].

Table 1.2 Comparison of relevant properties for high-K candidates [1.10].
Didkeric Dl Gop eyl b
S10, 3.9 8.8 3.15
Si3Ny 7.8 5.1 2.1
Al,O3 8§—11.5 ~6.5-8.7 ~2.4-238
710, 22 -28 ~55-58 ~1.4-2
ZrS104 10-12 ~6 1.5
HfO, 25-30 ~5.25-5.7 ~1.5-1.9
HfSi104 ~10 ~6 1.5
Ti0O, ~80 3.5 ~1.2
Ta,Os ~25 ~5 ~0.3-0.5

11
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B. Candidate materials

In the early days, aluminum oxide (Al,Os3), titanium (TiO;) and tantalum
oxide (Ta,0s) were found to be the candidates. Al,Os has favorable properties such
as high conductance band offset with Si substrate, good thermal stability on Si
substrate and retention of amorphous properties under high temperature annealing.
But Al,O3 can only be a short-term solution because of its middle permittivity in the
range of 8~11. In addition, it is reported that the diffusion of boron and phosphorous
in Al,Oj3 is undesirably fast [1.4].

TiO, and Ta,Os have also been studied widely because of their larger
permittivity (TiO,: ~80 and Ta,Os: ~26). But the low conductance band offset to Si
substrate and thermal instability on silicon nullify the advantages of high
permittivity. Many other materials, such as Y,0; La,O; Pr,O;, have also been
discussed. But most of them are left out because of the considerations above [1.4].

Recently, hafnium oxide (HfO,) and zirconium oxide (ZrO;) have drawn
significant attention [1.4, 1.11-1.13] because of their high permittivity of ~25 and
acceptable band gap, especially good thermal stability on Si substrate. Reduction of
leakage current by orders of magnitude has been demonstrated using HfO, and ZrO,.
Currently, many studies are focusing on the improvement in the physical and
electrical properties such as the thermal stability and the further reduction of gate
leakage. The further comparison shows that HfO, seems more promising than ZrO,,
mainly because of its better thermal stability on Si. After the further improvement of
HfO,, Hf based dielectric films such as Hf silicate [1.14-1.16], Hf oxynitride [1.17,

1.18], (HfO1)x(ALO3)1x (HfAIO) [1.19] and nitrided Hf silicate (HfSiON) [1.20,

12
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121] have been developed and become the most promising candidates for future

MOSFET’s applications.

C. Integration Issues

Integration issues must be addressed to implement of high-K gate dielectrics.
Crystallization of gate dielectrics can induce the degradation of film uniformity and
result in reliability issues; hence it is desirable that the gate dielectric remains
amorphous throughout the complementary metal oxide semiconductor transistor
(CMOS) processing [1.4]. Interfacial layers between high-K gate dielectric and Si
substrate as well as gate electrode are also important considerations. The presence of
thick interfacial layers increases the EOT significantly. Gate dielectric must have
low interface states density (Dj) as well as low bulk trap density.

In the past few years, these issues have been widely discussed [8, 11-19];
many approaches have been reported to improve the electrical performance of high-
K dielectric. As mentioned before, Hf based high-K dielectrics have been recently
identified as the leading candidates, because of their relevant high K values, good

thermal stabilities and so on [1.14-1.21], as shown in Fig. 1.7.
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Although film methodology of Hf based high-K dielectrics have been
discussed widely, there are few reports on the process integration issues of high-K
dielectrics. This is partially because the electrical performance of high-K dielectrics
available has not met the requirement of industry. Most recently, rapid scaling down
of CMOS devices has pushed the SiO, and SiOxN, thickness down to the physical
limitation of maintaining gate dielectric functions [1.2, 1.3], confirming the urgency
of the needs for high-K dielectrics.

Etching processes including wet cleaning and plasma etching of high-K films,
especially for Hf based high-K materials are largely unknown. In Fig. 1.8, the
integration issues from the process step of gate stack etching to silicidation of gate

stacks with Hf based high-K gate dielectrics are summarized.

Integration issues of high-K gate stack
(from gate etching to silicidation)

Poly-Si Gate

or metal gate
Etch seectivity of

igh-K dielectric to
Si Sub
h  9n0
.‘1: 0 024

Etch selectivity of “ l
high-K dielectric to m
Si0, STI
A STI (CVD Si0,)

Ceontamination from
high-K etching residues

Fig. 1.8 Integration issues from gate stack etching to silicidation of gate stacks with

Hf based high-K gate dielectrics.
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At the same time, the data available of chemistry of Hf inorganic compounds
is very limited because Hf has not been well studied extensively from the chemistry
point of view, increasing the difficulty of development of suitable process. In the
current front-end process, gate stack etching and cleaning recipes have been
elaborately designed based on the poly-Si and SiO.Ny stack, thus the implement of a
new materials could change the whole process significantly. Therefore,
implementing high-K gate dielectrics, especially Hf based high-K gate dielectrics,

using conventional CMOS compatible process is a very big challenge.

1.2.4 Limitation of polycrystalline Si gate

When polycrystalline (poly-Si) is used for the gate electrodes of MOSFETs,
the poly-Si depletion (many cases, simply called poly depletion) effect occurs when
gate electrode is biased in inversion region [1.3, 1.22, 1.23], and as shown in Fig.
1.9 (a), this increases the EOT, resulting in the decrease of gate capacitance, as

shown in Fig. 1.9 (b).
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Fig. 1.9  (a) An energy band diagram of a gate stack of an NMOS device in inversion region

and (b) degradation of gate capacitance because of the poly depletion effect [1.22].
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With the aggressive scaling of the gate dielectric thickness, the poly-Si
depletion effect becomes much more significant [1.2, 1.3]. An increase of gate
dielectric EOT of 4-6 A due to the poly depletion effect is anticipated for any
technology node. Considering that requirement of EOT is less than 1 nm for sub-45
nm technology nodes, it is obvious that the increase of EOT due to the poly

depletion effect is very serious [1.3].

Increasing the doping concentration of the poly-Si gate can reduce the poly
depletion effect. However, this is limited by the saturation of dopant density in p+ or
n+ poly-Si [1.24]. On the other hand, increasing doping concentration worsens the
dopant penetration problem [1.25]. Hence, metallic gate electrode materials, such as

metals and metal silicides are needed to replace poly-Si.

1.2.5 Selection guidelines for new gate materials, candidate

materials and integration issues

A. Selection guidelines

For various applications, the requirements of work functions are always the
first priority. Metallic gate work functions of the n+ and p+ poly-Si close to the
conduction band and valence band edges of Si (work functions are around 5.1 eV
and 4.0 eV respectively) are preferred for the optimal design of bulk NMOS and
PMOS devices, respectively [1.26]. It is also known that thin body fully depleted
silicon on insulation (FD-SOI) and fin field effect transistor (FInFET) typed devices

need gate electrodes with work function of ~ 4.5 to make low channel doping viable
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to eliminate channel mobility degradation and minimize the V;, variation [1.27].

New gate must be thermally stable during device fabrication process. This
means that materials of metal gate should not chemically change in the process
environment. Furthermore, the reaction and diffusion of materials of metal gate
materials with other materials in device, which are in directly contact with gate
electrode, need to be minimized. The reaction between metal gate and gate
dielectrics is one of the most serious concerns. The most common result of reaction
of metal gate and gate dielectrics is the increase of the EOT.

In addition to the electrical requirements, new gate materials must have good
adhesion onto gate dielectrics, and must be patternable using conventional

lithography and etching process.

B. Candidate materials

Polycrystalline silicon germanium alloy (hereafter poly-SiGe) was found to
have several advantages as a suitable gate electrode material to replace poly-Si
[1.28]. In early years, poly-SiGe gates have been found to be effective in reducing
poly depletion and boron penetration effects, and to provide controlled work
functions by adjusting Ge concentrations.[1.29]. Recently, researchers found the
further advantage using poly-SiGe: the thickness of interfacial layer between gate
and gate dielectric can be significant suppressed compared with the case of using
common poly-Si gate [1.30] when poly-SiGe is integrated with one of the main
stream high-K dielectrics, e.g. HfO,. In addition, poly-SiGe has been found to form
notch gate more easily than poly-Si via plasma etching, and this can be another

approach to scale down the gate length.
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However, poly-SiGe may be only a short-term solution because poly
depletion effect cannot be completely removed from poly-SiGe gates. Despite this,
poly-SiGe still draws significant attention because the poly-SiGe process is almost
compatible with the conventional CMOS process. Hence poly-SiGe still can be the
choice material if other materials suitable for metal gates are unavailable. On the
other hand, in fully silicided or germanided metal gate process, poly-Si, poly-Ge or
poly-SiGe is still needed [1.31], the process flow of which is shown in Fig. 1.10 (a)
and (b) [1.22]. Note that the fully silicided or germanided metal gate process is
almost CMOS process compatible.

poly=Si gate

mi:ta!k gate dieleetric silicide gate gate dielectric
\ ' \ |
W ,
. Z
/ —h_ )

— S| I

substrate

substrate

(a)

NiSi or NiGe

Dielectric

Si or GOI

(b)
Fig. 1.10 (a) Main steps to form fully silicided metal gate metal deposition after
formation of poly-Si (or poly-SiGe) gate and anneal to form silicide gate [1.22]

(b) Fully germanided NiGe gate [1.31].

18



Chapter 1. Introduction

Besides poly-SiGe, various metal gates materials and integration schemes are
now being developed for the future CMOS devices [1.31-1.39]. As mentioned before,
two gate electrodes of different work functions are needed for CMOS devices
consisting of PMOS and NMOS, with work functions of around 5.1 eV and 4.0 eV
[1.26, 1.34]. The work functions of some pure metals are around these two values. But
most n-type metals (with work function of around 4.0 eV) are not suitable for being
gates of MOS devices, because of their thermal instability or undesirable oxidation.
P-type metals (with work function of around 5.1 eV) such as platinum and ruthenium
are very stable, but not suitable for integrating into CMOS process because they are
chemically too inert to process.

Among the metal nitrides, it was reported that some refractory metal nitrides
such as TaN [1.36], TiN [1.37, 1.38], ZrN and HfN [1.39] might be suitable for
microelectronic applications [1.40]. But none of them have been confirmed to be
suitable as PMOS or NMOS gate because their work functions are thermally instable
on SiO; or high-K dielectrics. After annealing, work functions of most of them shift
to ~ 4.5 eV, which may be generally suitable only for FD-SOI and FinFET typed
devices. Mo and MoN were reported as PMOS and NMOS gates respectively, and
have been successfully demonstrated with several high-K materials including HfO,,

but their thermal stabilities were also not good enough [1.41].

As mentioned before, fully silicided metals used for dual metal gates have
drawn attention due to their compatibility with conventional CMOS process. By
incorporating some metals into poly-Si or poly-Ge, the poly depletion effect can be
reduced or removed. Meanwhile, the work functions of these silicides can be tuned

close to the values required for PMOS and NMOS by doping and alloying. However,

19



Chapter 1. Introduction

the tuning of work functions is not sufficiently large for dual-gate bulk CMOS
application at this moment [1.41, 1.42].

Until now, no solution has been identified as suitable and stable metal gate
materials for CMOS devices and process; therefore, continuous development and

research of metal gate materials are needed.

C. Integration Issues

Similar to the progress of high-K gate dielectrics, the studies of new metal
gate materials have mainly been focused on the selection of materials with proper
work functions on dielectrics and film methodology. As the rapid scaling down of
CMOS device, it was considered that metal gate electrodes will be required for 45
nm technology node, i. e., year 2007 [1.2, 1.3]. It was reported that high-K gate
dielectrics are preferred to couple with metal gates [1.43]; hence, integration studies
should be performed simultaneously with the progress of selection of metal gate

materials.

Profile control

Residue and cross
contamination
control

— SeleCtiVity of PR to

metal gate

Selectivity of metal
gate to dielectric
and optical emission
trace endpoint

Gate dielectric

Fig. 1.11 Illustration of summary of integration issues of metal gates. (PR:

Photoresist and BARC: bottom anti-reflection coating).
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The challenges of etching new gate materials in CMOS device come from
the extremely rigorous requirement of nano-scale process including critical
dimension (CD) control, profile control, selectivity control, and capture of optical

emission trace endpoint, as summarized in Fig. 1.11.
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1.3 Scaling Gate Stacks of Flash Memory Devices:
Approaches and Challenges

1.3.1 Architecture, device structure and operation of NOR and

NAND arrays

Floating gate (FG) flash memories are now the biggest and the fastest
growing segment in nonvolatile semiconductor memory area. In Fig. 1.12, a sketch
of a typical FG transistor is shown, in which FG is fully insolated by surrounding
oxide. Exchanging electrons between FG and channel and control gate takes place

through tunneling and interpoly oxides, respectively.

Control gate

/ Interpoly oxide

Floating gate i i
g9 4/Tunnelmg oxide

Source Drain

[ Si substrate

Fig. 1.12 A sketch of a typical FG flash memory transistor

A. Architecture of arrays

In FG flash memory segment, NAND and NOR are the two main types of
array. NOR type flash memory is originated from erasable programmable read-only
memory (EPROM) array [1.44], which is designed for fast random accessing each
memory cell. The device structure of NOR flash memory is the same as that of the

FG devices in the EEPROM cells, but the area of flash memory cell is about half of
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EEPROM cell because block erase is used in flash memory arrays, hence that access
transistor is saved; “flash” here means block rewritable [1.44].

In Fig. 1.13, the NOR array structure is shown. It can be observed that each
FG transistor can be accessed directly. Hence random access time of each memory

cell is quite short, favoring code reading.

Bitines (BL)
[ TR s T -
o (S TR i TS
—H B e S
wL = .
:_I”Ji J | |—I | | |—T Fig. 1.13 NOR array structure

SL SL SL
Source Lines (SL)

Generally, in devices such as basic cellular phones and personal digital
assistant where code size is relatively small or where there is no performance
requirement beyond what can be achieved with direct code execution, NOR flash
memories are selected for its high random access speed (within 100 ns). However,
due to the high cost and the large cell area, NOR flash memory is typically used
with no requirement for storing large amounts of data.

NAND flash was developed a few years after the introduction of NOR. Its
design of array emphasizes increased write performance (~10 times of NOR), higher
density, and lower cost. Write performance improvements are achieved through a
sector-oriented management of the flash and smaller size erase blocks compared
with NOR arrays. Higher densities can be attained by using a smaller flash cell size.
The scaled back cell size and the reduced pin count of NAND’s I/O interface

contribute to a lower manufacturing cost. In Fig. 1.14, the NAND array structure is
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shown. It can be found that the FG transistor must be only accessed one by one.
Hence random access time of each memory cell is ~10 times longer than that of
NOR arrays. However, in NAND arrays, the transistors are directly connected with
each other with sources and drains, hence the contact area is saved, resulting in more

compact structure than NOR arrays, reducing the cost per bit.

» Bit line

*Bit line sel. 1; %rr }

S I
e N Ry
] ]
vl odl g _
ol Fig. 1.14 NAND array structure.
el
wel el e
A

*Bit line sel. ! a ﬂ } a

B. Operation

The operation scheme depends on the architecture. In NOR array, because of
the direct access of the memory cells, FG transistor can be programmed by hot
carrier injection (HCI) method. A typical programming and erasing scheme as

shown in Fig. 1.15 (a) and (b), respectively.

Vy=~2V,
Vv, <0
Control gate Control gate
V, >4V
J; J; E l_
89—9’// vy ¥ ¥ v
Source Drain Source Drain
Sisub Sisub
L L
(a) (b)

Fig. 1.15 A typical operation scheme of (a) hot carrier programming and (b) F-N

erasing of a NOR memory cell.
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In programming operation, considering that the barrier height of SiO, to Si is
3.1 eV and sheet resistance of the transistor, at least a drain voltage of 4 V is needed
to produce enough “hot” electrons to overcome the barriers [1.45]. The momentum
of some “lucky electrons™ is towards the FG after collision with the lattice. With the
help of the gate voltage, these hot electrons can be injected to the FG as described
by the “Luck electron model” [1.46]. In Fig. 1.16, an energy band diagram of the

gate stack in programming region is shown.

Eg “Lucky” electron

Ey

Substrate
Q =
» e
= .
5 Floating
o gate

Fig. 1.16  Energy band diagram of the gate stack of a NOR memory

transistor biased in programming region [1.45].

In the erase operation, a negative voltage is applied to the control gate,
biasing the gate stack into the in Frenkel-Poole (F-N) tunneling region, erasing

electrons from FG, as shown in Fig. 1.17.

Floating
gate Fig. 1.17 Energy band diagram of

the gate stack of a NOR

T I memory transistor biased
unne

E, ——— oxide in F-N tunneling erasing

i region [1.45].
ilicon
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In NAND arrays, access can only be performed one by one along the bit line
direction, FG transistors cannot be programmed by HCI method because a large
drain voltage goes through all transistors during HCI operation. Thus both
programming and erasing are performed by F-N tunneling, as shown in Fig. 1.18 (a)

and (b), respectively.

Control gate

(a) (b)
Fig. 1.18 A typical operation scheme of (a) F-N programming and (b) F-N erasing of a

NAND memory cell.

In a programming operation, a large gate voltage is applied to bias the
tunneling oxide into the F-N tunneling region, as shown in Fig. 1.19. In erasing
operation, a negative voltage is applied to the substrate, bias gate stack in F-N

tunneling region, erasing electrons from FG, which is the same with NOR arrays.

Fig. 1.19 Energy band diagram of

5

the gate stack of a NAND
substrate | %
| memory transistor biased
¥ = Floeating
| [ Eate in programming region.
l Si0; S
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1.3.2 Scaling approaches and challenges of flash memory cell

A. Advantage of high-K dielectrics

The scaling approaches of flash memory devices are generally the same with
MOSFET. However, the scaling approaches of some detailed sizes depend on the
structure of arrays, device and operation scheme. Both NOR and NAND
requirement of retention need thick tunneling and interpoly oxides. Hence oxide
cannot not be scaled too much in these devices. To meet the retention of 10 years, a
physical thickness of tunneling oxide of 7 nm is needed for mass production [1.3].

In NOR arrays, because a large drain voltage is needed to produce “hot”
electrons, heavy doping of drain and large EOT of tunneling and interpoly oxides
make gate length hard to scale down aggressively. Thus, even though the feature
size of NOR flash memory device follows the technology node of VLSI technology,
the gate length is hard to scale below to 0.2 um, as shown by an example of a NOR

flash memory array fabricated using 0.13 pm (Fig. 1.20).

Fig. 1.20 A cross-sectional SEM image
of NOR flash memory array
along the gate length direction.
The chip is manufactured by
0.13 pm technology node, but
the gate length is ~0.35 pum.
[1.47]

3
a

8528-TR14C
.8 kV xX7@.8k

Hence in NOR arrays, the gate length is almost unscalable, and this results in
a much slower scaling rate of cell area than other devices. If device structure
remains unchanged, further scaling down of memory cells requires the use of high-K

dielectrics. By using a high-K tunneling oxide, the barrier height of tunneling oxide
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can be reduced and EOT can be reduced, bringing the advantages of low drain
programming voltage and a shorter allowed gate length.

In NAND arrays, all dimensions follow the scaling speed of feature size,
except the physical thickness of tunneling and interpoly oxides, as shown in Fig.
1.21. By using high-K tunneling and interpoly oxides, because of the smaller EOT
and larger physical thickness compared with SiO,, the further scaling down becomes
feasible. In addition to scalable EOT, the use of a high-K tunneling oxide leads to
lower programming voltage and better retention performance because of the smaller
conduction band offset between Si substrate and high-K dielectric and larger

physical thickness of high-K dielectric, respectively [1.48, 1.49].

of NAND flash memory array

I ' Fig. 1.21 A cross-sectional SEM image

along the gate length direction.

The chip is manufactured by
0.1 pm technology node, and
the gate length is also ~0.1 pm.
P-1 is the FG, and P-2 is

control gate.

When high-K dielectric is used as the control oxide of FG memory devices
of both NOR and NAND arrays, control gate voltage coupling ratio can be increased
because of the smaller EOT of the control oxide, resulting in a lower programming
voltage and a larger memory window [1.50]. Furthermore, the larger physical
thickness of high-K control and tunnel oxides helps the charge retention in low field

regions (< IMV/cm) [1.49, 1.51].
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B. Advantage of discrete charge storage

Recently, discrete charge storage resulting from nanocrystals (NCs) [1.52]
and Polysilicon-Oxide-Nitride-Oxide-Silicon (SONOS) type [1.53, 1.54] memories
has received significant attention because the discreteness of charge storage
suppresses lateral migration of charges; hence stored charges are less vulnerable to
local oxide defects compared with conventional continuous floating gate memories
[1.49, 1.52-1.54]. This results in better retention of memory using discrete charge
storage when the same tunneling and interpoly oxides (commonly is called block
oxide in memory using discrete charge) thickness are used. Thus a thinner oxide can
be employed, bringing about advantages on scaling and operations.

In NCs memories, charges are stored in NCs formed using Si, Ge, or metallic
materials, which are embedded in various dielectric materials such as SiO,, HfO,
and HfAIO [1.49, 1.52, 1.55-1.57]. Charges migrate laterally via direct tunneling
(DT) and trap assisted tunneling (F-P) tunneling. Optimization of the device
structure based on the properties of these materials could improve the performance
of flash memories further. In SONOS-type memories, charges are dispersed in the
sandwiched trappy dielectric layers. Beside the conventional Si3;Ny, high-K materials
have been proposed as a trapping layer to achieve better charge retention properties

[1.58].
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Continuous FG flash memories Discrete charge storage memories

Control gate Control gate

Word line FG

Bit line

Leso0

Fig. 1.22  Comparison of capacitive coupling of neighboring cells between continuous FG flash

memories and discrete charge storage memories shown by a NOR array.

In addition to the advantages of scaling and operation, discrete charge
storage brings about the advantage of immunity of coupling between adjacent cells
because discrete charge storage reduces the capacitor between adjacent floating gate,

as shown in Fig. 1.22. This is especially important in future highly compact arrays

[1.45].
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1.4 Organization of Thesis

The focus of this thesis is to study on the formation of advanced gate stack
for future nano MOSFET and flash memory application. In particular, in the gate
stack of nano MOSFET part, the integration issues of an advanced gate material,
poly-SiGe and high-K dielectrics are studied, and for flash memories, the design and
formation of two novel memories gate stack involving high-K materials are studied.
Results can be usefully applied to the further scaling of MOSFETs and flash

memories.

It has been reported that Hf based high-K dielectrics are promising candidate
materials for both MOSFET and flash memories. From chapter 2 to 4, the removal
and integration process of Hf based high-K dielectrics are studied in detail.
Scientific mechanisms in removal process were revealed, and based on these

findings, some novel processes were developed.

Because the understanding of inorganic chemistry of Hf based compounds is
very limited, the basic Hf inorganic wet chemistry is investigated first in chapter 2.
Because the area of this thesis is microelectronics, the microstructure and CMOS
process relative properties are the focus. Wet etching properties of Hf based high-K
dielectrics including HfO,, (HfO,)x(Al,03);x, Hf oxynitride and Hf silicate were
investigated. Various chemicals for conventional CMOS processing were used.
Experimental results show that the conversion to the fluorides is important to
dissolve Hf and HfO, in acids. Various materials characterization results show that
the crystalline phase of HfO; is the main reason for the low etch rate and high etch

resistance of Hf based high-K materials in HF and the etching of Hf based high-K
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dielectrics always occurs through the weak points in the films such as amorphous

HfO,, Hf-N, Al-O and Si-O bonds.

In chapter 3, the effects of plasma treatment using Ar, N, and O, inductively
coupled plasmas on removal properties of crystallized HfO, films in dilute HF
solution, damage in source and drain regions, and recess in isolation regions are
studied. Two novel removal processes using Ar and N, plasma treatments for
removal of Hf based high-K dielectrics are introduced. The mechanisms responsible
for these processes were revealed by x-ray photoelectron spectroscopy and

simulation using SRIM Monte Carlo code.

In chapter 4, a study on plasma etching properties of Hf based high-k
dielectric using inductively coupled plasmas is presented. The aspects of etch rate,
etching mechanisms, selectivity, and the effects of elements added in of Hf based
high-K dielectric and etch residues were addressed. The results from this study can
be used to understand the plasma etching mechanisms of Hf based high-K dielectrics

and to develop high-K gate stacks etching recipes.

In chapter 5, the plasma etching properties of poly-SiGe and a novel poly-
SiGe/HfO, gate stack are studied. The profile, selectivity control and optical

emission endpoint are investigated.

In chapter 6, the techniques to form the structure of Ge NCs embedded in
HfAIO are introduced. It was found that Ge-NCs can form in HfAIO via phase
separation. Electrical characterizations were performed to the memory device using
Ge-NCs as floating gates is performed. Results from this study show that it is a

promising candidate device structure for the future scaling down of flash memories.
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In chapter 7, a novel high-K Al,O3 nano-dots flash memory device and a
novel two step controlled anneal process are introduced for the formation of Al,O3
NDs on SiO,. Results show that the conglomeration of Al is impeded by oxygen and
the size and density of Al,Os; NDs can be controlled by the initial Al film thickness
and annealing temperature. Memory devices with Al,O; NDs fabricated using this
technique show improved retention properties compared to those with AlLO;
continuous films. A comparison of temperature dependency shows that the good
retention property originates from the suppression of lateral migration of electrons
via F-N tunneling.

In chapter 8, at first, conclusions were drawn based on the findings and
processes developed from this study. Finally, suggestions on the future works are

made.

33



Chapter 1. Introduction

References

[1.1]

[1.2]

[1.3]

[1.4]

[1.5]

[1.6]

[1.7]

[1.8]

[1.9]

[1.10]

[1.11]

G. E. Moore, Tech. Dig. Int. Electron Devices Meet. 1975, 13 (1975).

International Technology Roadmap of Semiconductors (ITRS) 2003
update, Semiconductor Industry Association, San Jose, CA, downloading

link: http://public.itrs.net/, 2003.

International Technology Roadmap of Semiconductors (ITRS) 2004
update, Semiconductor Industry Association, San Jose, CA, downloading

link: http://public.itrs.net/, 2004.

G. D. Wilk, R. M. Wallace, and J. M. Anthony, J. Appl. Phys. 89, 5243
(2001).

R. Bez, E. Camerlenghi, A. Modelli, and A. Visconti “Introduction to
flash memory” Proc. IEEE, 91, 489 (2003).

R. Dennard, F. H. Fritz, H-N. Yu, V. L. Videout, E. Bassous and A. R.
LeBlanc, IEEE J. Solid-State Circuits, SC-9, 256 (1974).

N. Arora, “MOSFET Models for VLSI Circuit Simulation: Theory and
Practice,” Springer-Verlag Wien New York, 1992.

Y. Taur, D. Buchanan, W. Chen, D. Frank, K. Ismail, S.-H. Lo, G. Sai-
Halasz, 6R. Viswanathan, H.-J. C. Wann, S. Wind, and H.-S. Wong, Proc.
IEEE, 85, 486 (1997).

H. Y. Yu, Y. T. Hou, M. F. Li, and D.-L. Kwong, IEEE Electron Dev.
Lett., 23, 285 (2002).

J. Robertson, J. Vac. Sci. Technol. B, 18, 1785 (2000).

S. J. Lee, H. F. Luan, W. P. Bai, C. H. Lee, T. S. Jeon, Y. Senzaki,
D.Roberts, and D. L. Kwong, Tech. Dig. Int. Electron Devices Meet.
2000, 31 (2000).

34



Chapter 1. Introduction

[1.12]

[1.13]

[1.14]

[1.15]

[1.16]

[1.17]

[1.18]

[1.19]

[1.20]

[1.21]

[1.22]

W. J. Qi, R. Nieh, B. H. Lee, L. Kang, Y. Jeon, K. Onishi, T. Ngai,
S.Banerjee, and J. C. Lee Tech. Dig. Int. Electron Devices Meet. 1999,
145 (1999).

S. J. Lee HF. Luan, C.H. Lee, T.S. Jeon, W.P. Bai,Y. Senzaki, D.
Roberts and D.L. Kwong, Symp. VLSI Tech. Dig. 2001, 133 (2001).

G. D. Wilk and R. M. Wallace, Appl. Phys. Lett., 74, 2854, (1999).

G. D. Wilk, R. M. Wallace and J. M. Anthony, J. Appl. Phys. 87, 484
(2000).

M. R. Visokay, J. J. Chambers, A. L. P. Rotondaro, A. Shanware, and L.
Colombo. Appl. Phys. Lett., 80, 29 (2002)

Chang Seok Kang, H.-J. Cho, K. Onishi, R. Choi, Y. H. Kim, R. Nieh, J.
Han, S. Krishnan, A. Shahriar, and Jack C. Lee Tech. Dig. Int. Electron
Devices Meet. 2002, (2002)

C. H. Choi, S. J. Rhee, T. S. Jeon, N. Lu, J. H. Sim, R. Clark, M. Niwa
and D. L. Kwong.Tech. Dig. Int. Electron Devices Meet. 2002, (2002)

Y. T.Hou, M. F. Li, H. Y. Yu, Y. Jinl, and D.-L. Kwong, Tech. Dig. Int.
Electron Devices Meet. 2002, (2002).

M. Koyama, A. Kaneko, T. Ino, M. Koike, Y.i Kamata, R. Iijima, Y.
Kamimuta, A. Takashima, M. Suzuki, C. Hongo, S. Inumiya, M.

Takayanagi and A. Nishiyama. Tech. Dig. Int. Electron Devices Meet.
2002, 31 (2002).

K. Sekine, S. Inumiya, M. Sato, A. Kaneko, K. Eguchi and Y.
Tsunashima, Tech. Dig. Int. Electron Devices Meet. 2003, (2003).

Y.-C. Yeo, Thin Solid Films, 463, 34 (2004).

35



Chapter 1. Introduction

[1.23]

[1.24]

[1.25]

[1.26]

[1.27]

[1.28]

[1.29]

[1.30]

[1.31]

[1.32]

[1.33]

Q. Liu, Y.-C. Yeo, P. Ranade, H. Takeuchi, T.-J. King, C. Hu, S. C. Song,
H. F. Luan and D.-L. Kwong., Tech. Dig. Int. Electron Devices Meet.
2000, 72 (2000).

E. Josse and T. Skotnicki, Tech. Dig. Int. Electron Devices Meet. 1999,
661 (1999).

J. Y.-C. Sun, C. Wong, Y. Taur, C.-H. Hsu, Symp. VLSI Tech. Dig.1989,
17 (1989).

H. S .P. Wong, IBM J. Res. & Dev., 46, 1332 (2002.).

B. Cheng, B. Mariti, S. Samavedam, J. Grant, B. Taylor, P. Tobin, and J.
Mogab, “Metal gates for advanced sub-80-nm SOI CMOS technology,”
IEEE Int. SOI conf. 2001, 91 (2001).

Ponomarev, Y.V.; Stolk, P.A.; Salm, C.; Schmitz, J.; Woerlee, P.H. IEEE
Trans. Electron Devices, vol. 47, pp. 848-853 2000.

Wen-Chin Lee, Ya-Chin King, Tsu-Jae King, and Chenming Hu.
Electrochemical and Solid-State Letters, vol. 1, pp. 58-60, 1998.

Q. Lu, H. Takeuchi, X. Meng, T.-J. King, C. Hu, K. Onishi, H.-J. Cho
and J. C Lee, Proc. VLSI Tech. Symp. 2002, 17 (2002).

C. H. Huang, D.S. Yu, A. Chin, C. H. Wu, W. J. Chen, C. Zhu, M. F. Li,
B.-J. Cho and D.-L. Kwong; Dig. Int. Electron Devices Meet. 2003.,
13.4.1 (2003).

Jae Hoon Lee, Huicai Zhong, You-Seok Suh, Greg Heuss, Jason
Gurganus, Bei Chen and Veena Misra, Dig. Int. Electron Devices Meet.

2002. pp. 359-361, 2002.

Pushkar Ranadel, Yang-Kyu Choi, Daewon Ha, Aditya Agarwal,
Michael Ameen and Tsu-Jae King, Dig. Int. Electron Devices Meet. 2002.
pp. 363-365 (2002).

36



Chapter 1. Introduction

[1.34]

[1.35]

[1.36]

[1.37]

[1.38]

[1.39]

[1.40]

[1.41]

[1.42]

[1.43]

[1.44]

[1.45]

I. De, D. Johri, A. Srivastava, and C. M. Osburn, Solid-State Electronics,
1.44, 1077 (2000).

C. S. Park, B. J. Cho, L. J. Tang, and D.-L. Kwong, Dig. Int. Electron
Devices Meet. 2004. 299 (2004).

C.H. Lee, J. Lee, W.P. Bai, S.H. Bae, J.H. Sim, X. Lei, R.D. Clark, Y.
Harada, M. Niwa, and D.L. Kwong, Symp. VLSI Tech. Dig., 2002, 82-
83, (2002).

S.B. Samavedam, H.H. Tseng, P.J. Tobin, J. Mogab, S. Dakshina-Murthy,
L.B. La, J. Smith, J. Schaeffer, M. Zavala, R. Martin, B.Y. Nguyen, L.
Hebert, O. Adetutu, V. Dhandapani, T.Y. Luo, R. Garcia, P. Abramowitz,
M. Moosa, D.C. Gilmer, C. Hobbs, W.J. Taylor, J.M. Grant, R. Hegde, S.
Bagchi, E. Luckowski, V. Arunachalam, M. Azrak, Symp. VLSI Tech.
Dig., 2002. 24 (2002).

S. Matsuda, H. Yamakawa, A. Azuma, and Y. Toyoshima, Symp. VLSI
Tech. Dig., 2001, pp.63-64, 2001.

H.Y Yu. H. F. Lim, J. H. Chen, M. F. Li, C. Zhu, C. H. Tung, A. Y. Du,
W. D. Wang, D. Z. Chi, D.-L. Kwong, IEEE Electron Device Letters, 24,
230, 2003.

M. Wittmer J. Vac. Sci. Techol. A., 3, 1797, 1985.

W.P. Maszara, Z. Krivokapic, P. King, J.-S. Goo and M.-R. Lin, [IEDM
Tech Dig., 2002, pp. 367-369, 2002.

M. Qin et al., J. Electrochem. Soc., vol. 148(5), 271-274, 2001.
R. Chou, IEEE, Solid-State Device Meet. 2003, (2003).

IEEE stand 1005-1998, “IEEE standard definitions and characterization

of floating gate semiconductor arrays” (1998)

A. Fazio, MRS Bulletion, Nov. 814 (2004).

37



Chapter 1. Introduction

[1.46]

[1.47]

[1.48]

[1.49]

[1.50]

[1.51]

[1.52]

[1.53]

[1.54]

[1.55]

[1.56]

[1.57]

[1.58]

S. Tam, P. K. Ko and C. Hu, IEEE Trans. Electron. Dev. ED-31, 1116,
(1984).

A. Fazio, S. Keeney and S. Lai, Intel Technology Journal, 6, 23 (2002).

D.-W. Kim, T. Kim and S. K. Banerjee, IEEE Trans. Electron Devices,
50, 1823 (2003).

J. J. Lee, X. Wang, W. Bai, N. Lu, J. Liu, and D. L. Kwong, Proc. VLSI
Technol. Symp. 2003, 33 (2003).

C. M. Compagnoni, D. Ielmini, A. S. Spinelli, A. L. Lacaita, C. Gerardi,
L. Perniola, B. De Salvo and S. Lombardo, Dig. Int. Electron Devices
Meet. 2003, 549 (2003).

S. Choi, M. Cho, and H. Hwang, J. Appl. Phys., 8, 5408 (2003).

S. Tiwari, F. Rana, K. Chan, H. Hanafi, W. Chan, and D. Buchanan, Dig.
Int. Electron Devices Meet. 1995, 521 (1995).

H. A. R Wegener, IEEE Trans. on Magnetics, 6, 591 (1970)

M. H. White, D. A. Adams, and J. Bu, IEEE Circuits Devices Mag., 16,
22 (2000).

J. H. Chen, Y. Q. Wang, W. J. Yoo, Y.-C. Yeo, G. Samudra, D. S. H.
Chan, A. Y. Du, and D.-L. Kwong, IEEE Trans. Electron Devices, 51,
1840 (2004).

Z. Liu, C. Lee, V. Narayanan, G. Pei, and E. C. Kan, IEEE Trans.
Electron Devices, 49, 1606 (2002).

Y.-C. King, T.-J. King, and C. Hu, Dig. Int. Electron Devices Meet. 1998,
115, (1998).

T. Sugizaki, M. Kobayashi, M. Ishidao, H. Minakata, M. Yamaguchi, Y.
Tamura, Y. Sugiyama, T. Nakanishi, and H. Tanaka, Proc. VLSI Technol.
Symp. 2003, 27 (2003).

38



Chapter 2

Investigation of Wet Etching Mechanisms of Hf
based High-K Dielectrics and Effects of Annealing

2.1 Introduction

In the Chapter 1, we have introduced that due to the aggressive downscaling
of the feature size of Complementary-Metal-Oxide-Semiconductor (CMOS) devices,
large gate leakage has emerged as one of major challenges for sub 45 nm technology
[1]. High dielectric constant (high-K) materials have received significant attention
as gate dielectrics because they enable larger physical thicknesses for the same
equivalent oxide (SiO;) thickness (EOT) compared with conventional gate
dielectrics of SiO, and SiOxNy, leading to much lower gate leakages [2.1, 2.2].
Recently, Hf based high-K dielectrics such as HfO, [2.3, 2.4], (HfO2)x(Al,03)1.«
(HfAIO) [2.5-2.7], Hf oxynitride (HFON) [2.8, 2.9], Hf silicate (Hf«Si1.xO,) [2.10,
2.12] and its nitride [2.13, 2.14] have been considered as the most promising
alternative gate dielectrics for future CMOS devices due to their good thermal
stability, strong immunity to boron penetration, low degradation of carrier mobility
or relatively low gate leakage compared with other candidates.

From the point of process integration, implementation of Hf based high-K
dielectrics is a great challenge, especially in the removal (cleaning) process after

plasma etching of the gate electrode. In current CMOS process, dilute hydrofluoric
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acid (DHF) is widely used to remove the remaining gate dielectric after gate
patterning to open source and drain regions for the silicidation process [2.15]
because it can selectively remove SiO. and SiOxNy without attacking the Si substrate
and the polycrystalline Si gate. However, many reports have shown that the etch
rates of HfO, and Hf,Si;xO, decrease very sharply in HF solutions especially in
those samples with history of more thermal treatment [2.16-2.22], although Hf is
dissoluble in aqueous HF [2.23]. This is very similar to the etching of Ta,Os in
aqueous HF [2.24, 2.25].

If post deposition anneal (PDA) can be avoided or performed after gate
etching, Hf based high-K dielectrics can be easily integrated into conventional
CMOS process in terms of dielectric removal as they can be selectively removed by
DHF before thermal treatment. However, PDA is indispensable for acquiring high
quality high-K dielectrics as it can remove impurities such as carbon and hydrogen
and densify films, resulting in good electrical properties [2.3-2.14]. Furthermore,
PDA, as its name suggests, must be performed just after deposition. This is to avoid
undesirable reactions in subsequent processes. Therefore, high-K dielectric removal
process must be carried out after anneal. It was suggested that crystallization and
densification due to the anneal could be the main reasons responsible for the
enhancement of wet etching resistance of HfO, and Hf,Si;«O,, but this is yet to be
proven by experiments. Meanwhile, it has been reported that Hf based high-K
dielectrics can be dry etched by halogen based plasmas [2.26-2.28]. However, the
removal of etch residues, the attainment of high etch selectivity and high uniformity

are difficult in this process [2.27, 2.29], especially when considering very strict
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requirements for sub 45 nm technology nodes and large wafer sizes with the
diameter of 300 mm [2.1].

Until now, no promising process has been demonstrated for the selective
removal of Hf based high-K dielectrics on Si substrate. In addition, the lack of
understanding in the chemistry of Hf based inorganic materials in CMOS processing
poses a further barrier to the development of a suitable process.

In this paper, we studied the effects of anneal on the microstructure of thin
Hf based high-K dielectric films with the aim of understanding the wet etch
mechanism of each film, using aqueous chemicals for conventional CMQOS process:
HNO;, H,SO4, HCI, H3PO,; and NH;OH-H,O, (SC1). Various material
characterization techniques including inductively coupled plasma optical emission
spectroscopy (ICP-OES), transmission electron microscopy (TEM), atomic force
microscopy (AFM) and x-ray photoelectron spectroscopy (XPS) were employed to

reveal the etching mechanisms as well as the microstructure of the films.

2.2 Experimental Setup

In this work, all films were deposited on p-type Si (100) wafers using either
a sputtering (also known as physical vapor deposition (PVD)) system at room
temperature or a chemical vapor deposition (CVD) system. All anneal processes
were performed in a rapid thermal process chamber. HfO, films were deposited by
either CVD or reactive PVD. In CVD process, HfO, films were deposited at 320°C,
using O and a bubbler precursor source, Hf(OC(CHjs)3),4 carried by Ar [2.18, 2.27].

In PVD process, HfO, films were deposited using a Hf target in Ar/O, ambient at 3
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mTorr [2.27]. HfSi;x0, and HfON films were deposited by PVD using Hf single
target (or Hf + Si dual targets for Hf,Si;«O,) in Ar/O, or Ar/O,/N, ambient at 3
mTorr, The atomic concentration of N in HfON films was around 10%. Recently,
there has been an increasing interest in engineering Hf,Si;xO, films to balance the
performance of high-K dielectrics in terms of electron mobility, gate leakage and
thermal stability [2.8-2.12]. In this work, the composition of Hf,Si; O, films was
controlled with x approximately equal to 0.3, 0.5 and 0.7 by applying different
powers to the Hf and Si targets. HFAIO films were deposited using an atomic layer
CVD, where precursors of HfCl,, AI(CHs)s and reactant were used and the atomic
ratio of Hf : Al was controlled at 7 : 3 by controlling the number of HfCl, and
AIl(CH3)s cycles. Hf and Hf nitride (HfN) films were also prepared using PVD for
the study of the etching properties of Hf inorganic compounds. HfN films were
deposited using Hf target in an ambient of Ar/N,. The atomic ratio of Hf to N in
HfN was about 1 : 1, according to the reference 2.30.

In this work, all the thickness of transparent films was measured by a multi-
wavelength ellipsometer whereas the thickness of opaque Hf and HfN films was
measured by a surface profiler. The analysis of the XPS results was based on the
cited references [2.31, 2.32]. The saturated solubility of HfF, in aqueous solutions

was determined by an ICP-OES, with a detection limit of 1 ppm.
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2.3 Results and Discussion

2.3.1 Study of etching mechanisms of Hf inorganic compounds

Table 2.1 shows the etch rate of Hf films, HfO, films deposited by PVD and
CVD in aqueous chemicals used in conventional CMOS process including 1% DHF,
H,SO. (80%), HNO; (20%), H3PO, (85%), HCI (15%) and SC1 (NH4OH : H,0;:

H,0 = 0.25: 1: 5) at room temperature.

Table 2.1 Etch rates of Hf, PVD HfO, and CVVD HfO, in various chemicals used in

conventional CMOS process.

Chemicals DHF HF H,SO,
Volume 1% 10% 80%
concentration
Hf ~1000 >>3000* ~ 800**
Etchrate Y2 150  ~300 <10
. HfO,
(A/min) VD
HfO, 60 ~160 ~0
* 3000A was removed in ~ 15 s.
Remark ** Samples were dipped in 1 %
HF for 5s.
Table 1 cont’d
Chemicals HNO; HCI H3;PO,4 SC1
Volume_ 20% 15% 8506 Standar
concentration d
Hf ~800**  ~800** ~500** ~0
Etchrate VP2 <20 <25 <10 0
. HfO,
(A/min)
CVD -0 -0 -0
HfO,
* 3000A was removed in ~ 15 s.
Remark

** Samples were dipped in 1 % HF for 5 s.
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The concentration of each chemical was determined according to its purpose
in conventional CMOS cleaning process, i. e. H,SOy is used in SPM (H,SO,: H,0,
=4:1), HClis used in SC2 (HCI : H,O, : H,0O =1: 1 : 5) and concentrated H3PO,
(85%) is used for silicon nitride etching. Since Hf is hard to etch by acids after
oxidation, the oxidizing reagent, H,O, was removed from SPM and SC2 while the
acid concentration was maintained to understand the role of acidity in etching.

It is found that HF solution shows the strongest etching ability on Hf among
the various acid solutions whereas SC1 is unable to etch both Hf and HfO,. For PVD
HfO,, all the acid solutions are able to etch the film but the etch rates in HF solution
are significantly higher than that in other solutions, regardless of the difference of
the concentration; however, for CVD HfO,, only HF solution is able to etch the film.
Generally, except HF, other chemicals show very weak or no ability to etch HfO..

In all the reactions between the acid solutions studied and Hf, a colorless gas,
which was identified as hydrogen using an ATMI® hydrogen detector, was
generated. This indicates that displacement reactions occur between acids and Hf.
However, it is interesting that although Hf can react with aqueous H,SO,4, HNOs,
HsPO, and HCI, etching is hard to perform without first dipping the samples in HF
solutions. This may be because the oxide on the surface can effectively blocks the
etching in these solutions. Another observation is that except HF, reactions between
Hf and acid solutions can last for only ~ 20s. Hf is known to dissolve to a certain
extent in some of these solutions, such as aqueous HCI [2.23], which implies that the
solubility is not the reason for the diminished reactions. Considering that some HF
remains on the surface of Hf films after the removal of the oxide, the diminished

reactions may be due to the consumption of fluoride. This suggests that the presence
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of H" is not a sufficient condition for displacement reaction to take place between Hf
and aqueous acids; fluorides play an important role in dissolving Hf as well as HfO,
in acids. Since very dilute HF can etch Hf and HfO, effectively, the generation of F,
HF, ionic species and HF, H,F, molecular species can be responsible for the etching
[2.33, 2.34].

From Table 2.1, we also observe that when the concentration of HF
solutions increases, the etch rate of Hf and HfO; increases. In concentrated HF, the
equilibrium of H*, F', HF, HF,” and HyF, in HF solutions shifts to the HF, and HyF,
rich end [2.33, 2.34]. Hence, it is understood that H,F, and/or HF," can be the main
species to etch Hf and HfO,. This is similar with HF etching of Si and SiO, [2.34-
2.37]. The XPS signal of F1s electron from the surface of HfO, after DHF etching is

shown in Fig. 2.1 (a).
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Fig.2.1  XPS taken from surface of (a) F1s peak from 1% DHF etched HfO,
film at room temperature and (b) P2p peak from 85 % H3PO, etched
HfO, film at 98 °C.
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It is known that binding energy in the range of 682 to 686 eV for F1s
represents inorganic fluoride. Hence the F should bond with Hf, not with O in these
fluorides. A detection angle of 90 ° is used in XPS so that signals emerging ~6 nm
from the sample surface can be collected. From the Hf4f signal intensity of ~ 3000
count per second, the fluoride layer thickness is estimated to be ~ 0.3 nm fluorides,
which is equivalent to about one single molecular layer. Hence it is very likely that
these fluorides are not thick residue but some F atoms terminated on Hf atoms. This
means that although the chemical species inducing the etching of Hf, HfO,, Si and
SiO; are similar, the reacting routes may be very different, i.e. etching species can
directly react with Hf and HfO, without a process of eliminating OH" group that is
found in the HF etching of Si and SiO; [2.34, 2.35, 2.37, 2.38].

Since the vapor points of H,SO4 and H3PO, are relatively high at 338 °C and
213 °C respectively, we studied the etch properties of Hf and HfO, in H,SO4 (20%)
and HsPO, (85%) at 98 °C which is similar to the process temperature used in
conventional CMOS process [2.15]. We found that hot H,SO, and H3PO, still
cannot etch HfO,; however, after the removal of oxide using DHF, Hf with
thickness of ~ 6000 A can be etched by either hot H,SO,4 or HsPO, in a few minutes
(the accurate etch rate is hard to acquire perhaps due to the nonuniformity of film
property). This means that Hf can dissolve in H,SO, and H3PO,; however, the
activation energy of the reactions in H,SO,4 and H3zPO, is higher than that in HF.

After dipping in the various chemicals, all the HfO, and Hf films were
analyzed by XPS. No etchant containing residue can be found on the Hf or HfO,
surface except for the cases of HF and hot HsPO, etching, as shown in Fig. 2.1 (b).

Binding energy in the range of 132 to 136 eV for P2p is known to represent
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phosphate. Considering that the XPS atomic sensitivity factor is 0.39 for P2p and 1
for F1s, the amount of phosphate is ten times higher than that of fluoride and it is
equivalent to 3 nm. This result suggests that some Hf phosphates may be insoluble.
Figure 2.2 shows the saturation solubility of HfF, in aqueous solutions with
various pH values measured using ICP-OES. HCI and NH,OH are used to prepare
solutions with pH value lower and higher than 7, respectively. It can be found that
the solubility of HfF, increases at lower pH value. This same trend is reported from

the theoretical calculation of the dissolution of HfO, in HF solutions by Lowalekar

et. al. [2.39].
10y
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Fig. 2.2 Solubility of HfF, in solutions with various pH value. HF and

NH,OH were used to acquire various pH values.

However, it should be noted that the absolute dissolvability of HfF, is much
higher compared with calculated results [2.39]. At room temperature, HfF, is highly

soluble in water or acids. This shows that HF can be a good chemical for Hf based
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high-K dielectrics etching, and suggests that the fluorides may contain some fluorine
atoms terminated on HfO, and Hf surface, different from normal residues. The
saturation solubility of HfF,4 in aqueous HfCl (20%), H3PO4 (85%) and H,SO,4 (80%)
solutions was measured using ICP-OES, to be 8.68x10 mol/l, 4.72x10® mol/I and
2.15x107 mol/l, respectively. HfF; has the lowest saturation solubility in HsPO,,
supporting the XPS result from the Hf surface etched by hot H3PO,. In the
characterization of solutions with pH value lower than 7, H3BO3 is used for
consuming fluorine to protect the quartz chamber of ICP-OES machine, hence the

measured saturation solubility can be lower than the true values.
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2.3.2 Effects of anneal and compositions

As HF solutions have been investigated widely for etching HfO,, we choose
them to study the effect of anneal and composition on the wet etching properties of

Hf based high-K dielectrics.
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Fig 2.3

Wet etching properties of as deposited and annealed Hf based high-K

dielectrics (a) HfO, (b) HfAIO (c) HfON and (d) Hf,Si; O, (x = 0.3, 0.5 and

0.75) in 1% DHF. All anneals were performed for 1 min in N,
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Figure 2.3 shows the etching rates of as deposited and annealed HfO,,
HfAIO, Hf,Si;«O, and HfON films in 1% DHF. Experimental results show that all
the as deposited films with thickness from 70 A-100 A can be removed by 1% DHF
in 10 s. After anneal at 700 °C, etch rates of all the Hf based high-K films drop by
different extents. 70 A thick HfAIO film can be removed in 10 s. For 100 A thick
HfON films, the initial etching rate is very low. After dipping in DHF for 40 s, the
etch rate increases rapidly, but the etching rate drops again when the remaining
thickness becomes ~13 A. The remaining film can ultimately be etched by DHF at a
slow rate. For HfO, with thickness of ~70 A that has undergone anneal at 700 °C or
1000 °C, the film cannot be etched in 1% DHF etching. Even after 24 hours in DHF,
the film thickness does not decrease. After anneal at 1000 °C, the etch rate of HfAIO
and HfON is much slower compared with the etch rate after anneal at 700 °C. The
etch rate of HFAIO drops from hundreds of A/min to 0.8 A/min whereas HfON is no
longer etched like the HfO, films after annealing at 700 °C and above. Etch rate of
HfSi1.xO, films decreases with increasing Hf concentration. For the films after
anneal, the etch rate drops significantly after anneal, similar to the observation for
other Hf based high-K dielectric films.

Figure 2.4 shows cross-sectional transmission electron microscopy (TEM)
images of as deposited HfO, film (AsDHfO,), HfO, films with PDA at 700 °C
(HfO,700) and 1000 °C (HfO,1000) in N,. It can be found that the as AsDHfO,
film is amorphous, indicating that amorphous HfO, can be etched by DHF easily.
After PDA at 700 °C, the HfO, film becomes a mixture of crystallized HfO, and
amorphous HfO,. The lateral structure of this film is a series of crystal grains with

amorphous filling, and vertical structure is either fully crystallized or amorphous
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HfO,. After PDA at 1000 °C, the film is fully crystallized, and no amorphous HfO,

IS observed between crystal grains.

L | _‘..'.;"-". p-.-‘l‘l vy -
Rt Sl R SO T

'5n'm
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. Hf0:

'.'-’.

Fig. 2.4 Cross-sectional TEM images of (a) as deposited HfO, film (b) HfO, film
annealed at 700 °C for 1 min in N, and (c) HfO, film annealed at 1000 °C for 1
min in N,. All HfO, films were capped by TaN before TEM analysis.
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After etching in 10% HF for 1 min, the topographies of as AsDHfO,,
HfO,700 and HfO,1000 films are analyzed by atomic force microscopy (AFM), as

shown in Fig. 2.5.

Fig. 2.5 After etching in 10% HF for 1 min, AFM analysis of the HfO, surfaces
of (a) as deposited film (b) after PDA at 700 °C for 1 min in N, (c) after
PDA at 1000 °C for 1 min in N..
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It is interesting to observe the island and groove structures from the surface
of HfO,700 and HfO,1000 films, respectively, whereas no special structure can be
observed from the surface of AsDHfO, film. Since amorphous HfO, can be etched
by DHF, it is very likely that the recess regions observed in Fig. 2.5 (b) consist of
the amorphous HfO, observed in Fig. 2.4 (b); whereas the islands observed in Fig.
2.5 (b) could be the crystal grains observed in Fig. 2.4 (b). This assumption is
supported by another observation that the typical grain size of crystal HfO, in Fig.
2.4 (b) is around 100 - 200 A, which is the similar to the size of the islands observed
in Fig. 2.5 (b). The formation of groove like structures observed in Fig. 2.5 (c) can
be explained by concentrated HF etching along the grain boundaries when HfO, film
is fully crystallized, because the dangling bonds at the grain boundaries can favor
the wet etching. Therefore, crystallization is considered to be the primary reason for
the etch resistance of the annealed HfO, in 1 % DHF, although densification occurs
by annealing for HfO, and Hf,Si;.xO, films [2.17, 2.18].

It has been predicted that the presence of dislocations and stress and strain of
the bonds between atoms can enhance the dissolution rate of crystals in aqueous
solutions significantly, despite no significant change in thermodynamic property
[2.40, 2.41]. Such theory has been proven by Casey et. al. in the study of the effect
of crystal defects on the dissolution kinetics of rutile (polycrystalline TiOy) [2.42] as
another high-K material, where the metallic cation belongs to the same group as Hf
in the periodic table. In amorphous HfO; films, there is no long range order.
Numerous dislocations as well as the stress and strain of the bonds between Hf and

O atoms create weak points in the aqueous HF etching process, resulting in the
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breaking of Hf-O bonds; however, in crystallized HfO, film, well ordered Hf-O
periodic structure can help the Hf-O bonds to resist the etching effectively.
Cross-sectional TEM images of as deposited HfAIO film, HFAIO films with

PDA at 700 °C and 1000 °C in N for 1 min are shown in Fig. 2.6.

Fig. 2.6 Cross-sectional TEM of (a) as deposited HFAIO film (b) HfAIO film
annealed at 700 °C for 1 minute in N, and (c) HfAIO film annealed at
1000 °C for 1 minin N, .
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It has been reported that the incorporation of Al,O3 into HfO, can suppress
crystallization significantly. By incorporating 15 % Al,O3 into HfO; film, the film
can remain amorphous up to 900 °C [2.43]. Figure 2.6 (b) shows that the HfAIO
film remains amorphous even after PDA at 700 °C. Since Al,Oz is chemically
soluble in HF [2.23], HfAIO film can be etched easily both before and after PDA at
700 °C, although densification has occurred after annealing at 700 °C, as shown in
Figs. 2.6 (a) and (b). It is found that after 1000 °C anneal, the HfAIO film becomes
fully crystallized and etch rate drops significantly. As suggested above,
crystallization should be mainly responsible for the significant decrease in etch rate.
However, unlike the HfO, after anneal at 700 °C and above, the HfAIO film after
PDA at 1000 °C can be steadily etched with an etch rate of 0.8 A/min until the film
is completely removed.

It has been reported that the X-ray diffraction (XRD) spectra are different for
HfO, and HfAIO crystals [2.44]. Also, the peak positions with the same miller
indices and peak broadness are different for HfO, and HfAIO crystals [2.44, 2.45].
This implies that Al,O; may fully merge into the crystalline structure of HfO,,
inducing dislocation, highly strained and stressed bonds, favoring the dissolution
process where pitting occurs first in the Al,O3 rich regions.

The XPS depth profile of the atomic ratio of O, N, Hf and Si of ~10 nm thick
HfON film on Si substrate before and after PDA at 700 °C is shown in Fig. 2.7. It
can be found after PDA, the surface of the HFON film is more oxygen rich compared
with the as deposited film. This can be induced by the thermal oxidation by O
impurities during PDA in N,. As its surface becomes stable HfO, after PDA at 700

°C, HfO, can crystallize, forming an etch-resistive layer in DHF solution. After PDA
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at 1000 °C, an even thicker crystallized HfO, layer can form. This can explain the
low initial etching rate of HfON in 1% DHF after anneal at 700 °C and the high etch

resistance of HfON after anneal at 1000 °C.
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Fig. 2.7 Depth profile of atomic percentages of O, N, Hf and Si of as
deposited and annealed HfON films with thickness of ~100 A on Si
substrate. The results were obtained by monitoring O1s, N1s, Hf4f
and Si2p peaks of XPS. The anneal was performed at 700 °C for 1

min in N..

It is observed that HfN can be etched in 1% DHF easily. Although the etch
rate drops after PDA at 700 °C, it is still very high at 150 A/min as shown in Fig. 2.8.
Both as deposited and annealed HfN films are crystallized [2.30], and this indicates
that the Hf-N bond is highly soluble in DHF regardless of crystallization. It has
been reported that the incorporation of 10% N into HfO, can help the film to remain
amorphous up to 1000 °C [2.8, 2.9]. From Fig. 2.7, it can be found that the bulk of

HfON film after PDA at 700 °C is still incorporated with nitrogen with atomic ratio
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of around 10% after anneal. Hence, rapid increase of wet etching rate of HFON film
in 1% DHF after 40 s dipping can be attributed to the amorphous HfO, phase and

highly HF soluble Hf-N bonds.

400

350 —2—As deposited -
| —v— After anneal

300+

250+

200+

JAN
150} /v
100.- o
50 _/
0 P P TR P TP R T
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Etch time (s)

Thickness of etched HfN (A)

Fig. 2.8 Amount of etched thickness of HfN deposited at room
temperature in the reactive sputtering and annealed at 700 °C for
1 minin N, in 1% DHF as function of time. HfN has been etched
by plasma etching before dipping into DHF in the case where
oxide is formed on the surface.

The reason for the slowing down of the etching rate when the remaining
thickness is ~13 A is unclear. It has been reported that after high temperature anneal,
the interfacial layer between HfON and Si can contain Hf-Si [2.8] and Si-N bonds
[2.9], and for HfO, on Si, Hf,Si1xO, and SiO, can form [2.45]. HfSi, can dissolve
in HF [2.46], but SisNy4 dissolves very slowly in HF [2.47]. As HfSi;.xO; after PDA

at 700°C can be etched in DHF easily as shown in Fig. 2.3 (d), it is likely that the

formation of Si-N bonds is responsible for the drop in etching rate.
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Researchers have reported that the etch rate of Hf,Si;xO, drops rapidly after
anneal [2.17, 2.22]. This effect is enhanced with a higher concentration of Hf in
HfSi1.xO; [2.22]. The same trend is observed in Fig. 2.3. Figure 2.9 shows AFM
images on HfSi1«O films with various Hf/Si ratios that have undergone PDA at

700 °C and 1000 °C followed by DHF dipping for 1 min.

o~ | After anneal at 1000
Films As deposited After anneal at 700 °C oc

Hfo.3Sio,702

Hfo.5S10502

Hfo.75Si0,2502

Fig. 2.9 AFM analysis of surfaces of Hf,Si; O, films with various composition

and thermal history, after etching in 1% HF for 1 min.
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It can be found that as deposited films of Hf,Si;.xO, with x = 0.5 and 0.3 are
etched uniformly; however, nano sized island-shaped topography is observed on the
surface of as deposited films of Hf,Si; O, with x = 0.7 and all the annealed Hf,Si;-

xO2 films. Island-shaped topography becomes clearer at higher PDA temperature.

Table 2.2 Atomic ratios reflecting materials composition of Hf based high-K
dielectric films after DHF dipping. The results were obtained by XPS

with detection angles of 90° and 10°.

Films HfAIO HfON
Elements HE : Al 0:N
analyzed
Film history
before DHF As-D PDA | As-D PDA
etching
Detection
angle of 64:36 | 67:33 [{80:20 | 81:19
Mole | 90°
ratio | Detection
angle of 63:37 | 68:32 | 79:21 | 88:11
10°
Table 2 cont’d
Films HfSiOl HfSiO2 HfSiO3
Elements analyzed HP - Si Hf : Si Hf : Si
Film
history
before As-D PDA As-D PDA As-D PDA
DHF
etching
Detection
Mole ) . . . . .
. angle of 30:70 | 32:68 | 48:52 | 49:51 | 76:24 | 80:20
ratio 90°
Detection
angle of 28:72 | 43:56 | 49:51|60:40 | 74:26 | 87:13
10°
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It is known that after high temperature anneal, Hf(Si;.xO, separates into
amorphous silica and polycrystalline HfO, [2.48, 2.49]. Hence it is very likely that
island-shaped grains are crystallized HfO,. Angle resolved XPS results support this
assumption. Table 2.2 shows atomic ratios reflecting material composition of Hf
based high-K dielectric films after DHF dip. XPS detection angles of 90° and 10° are
used to reveal the different composition of the film near the surface and in the bulk.
It can be found after DHF dipping, the compositions of the film near the surface and
in the bulk of all as deposited Hf,Si;«O, films are very close each other, however,
after anneal, the composition of films near the surface becomes Hf rich, indicating
that the chemical composition of island-shaped grains is HfO,.

In Table 2.2, the same trend has been also observed in the etching of HfFAIO
and HfON, although phase separation via anneal has not been evidenced from these
films. This and previous findings from various Hf based high-K dielectric films
indicate that etching of Hf based high-K dielectric films by DHF always occurs via
their weak points. The weak points include amorphous HfO,, Al,O3;, Hf-N bonds,
amorphous Hf silicate and SiO,.

Angle resolved XPS spectra (after 1% DHF dip) of characteristic elements
reflecting the composition of the annealed Hf based high-K films are shown in Fig.
2.10. It is observed that, except for N in HfON, there is no change in the chemical
states of elements in the films near the surface or in the bulk film, although the
composition of the film near the etch front changes. In HfON films, N can bind with
either Hf or O. If N binds with O, the binding energy of N1s electron will be higher
than other normal nitrides as O is more electronegative. Fig. 2.10 (d) shows that

after DHF etching, high binding energy signal of N1s diminishes when the detection
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Intensity (cps)

angle is 10° This indicates that O-N bonds in HFON are more soluble in DHF

compared with Hf-N bonds..
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Fig. 2.10 Angle resolved XPS signals from major elements of Hf based high-K

dielectric films after DHF etching. XPS signals obtained from detection
angle of 90° and 10° are in solid and dashed line, respectively. All films

were annealed at 700 °C for 1 min in N..
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3.4 Conclusions

The wet etching properties of Hf and HfO, in chemicals used for
conventional CMOS processing were investigated. HF solutions were found to be
the most effective in removing Hf and HfO, because of the low activation energy
and high solubility of etch byproducts in HF. Generally, the solubility of HfF,
increases as pH value is reduced. At room temperature, HfF, is highly soluble in HF
and HCI, but less soluble in concentrated H,SO, and H3PO,4 and almost insoluble in
other solvent solutions. Like SiO, etching, HF," and/or H,F, could be the main
etching species responsible for etching HfO,. However, it was found that after HF
etching, the Hf and HfO, surface becomes terminated by F atoms. This hints that
their etching mechanism may be different from that of Si and SiO, using aqueous
HF.

The etching of Hf based high-K dielectrics in HF and the associated material
characterizations of the Hf based high-K dielectrics were performed on as deposited
and annealed Hf based high-K films of HfO,, HFAIO, HFON and HfSi1.xO,. Results
show that the etch properties of various Hf based high-K materials are different
depending on the annealing treatment. The crystalline phase of HfO, is always the
main reason for the decrease in the etching rate of all Hf based high-K materials.
Etching of Hf based high-K materials using HF occurs via weak points such as
amorphous HfO,, Al,O3, Hf-N bonds, amorphous Hf silicate and SiOs.

In this work, experiments using high temperature HF solutions could not be
performed due to the limitation of the wet bench at our facility. Norasetthekul et. al.

reported that the HF etch rate of HfO, film deposited at low temperature increases

64



Chapter 2. Investigation of Wet Etching Mechanisms of Hf based High-K Dielectrics and
Effects of Annealing

with increasing temperature [50]. The ability of high temperature HF solutions to

remove crystallized HfO, requires further investigation.
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Chapter 3

Effects of N,, O, and Ar Plasma Treatments on
Removal of Crystallized HfO, Film

3.1 Introduction

In Chapter 1 we have introduced that if Metal-Oxide-Semiconductor-Field-
Effect-Transistors (MOSFETSs) continue to be fabricated on planar bulk Si substrates,
it is very likely that current polycrystalline Si (poly-Si)/Si oxynitride (SiOxNy) gate
stacks will be replaced by metallic gate electrode/high-K dielectric gate stacks for
sub 45 nm technology nodes [3.1-3.3]. This is to deal with the increased gate
leakage density with reduced feature size. By using high-K dielectrics, a larger
physical thickness with the same equivalent oxide (SiO;) thickness (EOT) can be
achieved [3.2]. However, the introduction of high-K dielectrics brings significant
challenges to the integration of Complementary-Metal-Oxide-Semiconductor
(CMOS) process, €.9., gate dielectric removal process after gate electrode patterning
[3.4].

According to our previous results [3.5], among the wet chemicals for
conventional CMOS process, HF solutions are the most effective for removing Hf
based high-K dielectric films. However, after post deposition anneal (PDA) which is
necessary right after high-K deposition, the crystallization has the effect to reduce

the etch rate of these high-K dielectrics in HF solutions significantly or even to
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make them totally insoluble [3.5, 3.6]. Hence, the wet etching alone may be
insufficient for the removal process of Hf based high-K gate dielectrics for future
CMOS technologies.

Alternative approaches for removing annealed HfO, films have been
proposed by many researchers. Plasma etching has been proven to etch Hf based
high-K materials, regardless of annealing history [3.7-3.11]. However, as plasma
etching of Hf based high-K materials is predominated by ion bombardment [3.7, 3.8]
and overetching of Si can be accompanied by the reaction with plasma species, it is
likely that the plasma etching alone induces recess in source and drain regions,
resulting in a large sheet resistance. In addition, most of the etch byproducts of Hf
based high-K materials generated from halogen plasmas have low volatility in
normal process conditions [9, 10], resulting in a large amount of etch residue
remaining on wafer surface. . This makes the cleaning process very challenging [3.9,
3.12]. ]. Other approaches proposed for the removal of Hf based high-K dielectrics
involve wet etching after plasma pre-treatment and ion implantation. It has been
reported that the etch rate of crystallized HfO, in HF solutions can be enhanced after
Ar or O, plasma treatment [3.13, 3.14] or ion implantation [3.15].

With regards to ion implantation enhanced wet etching, researchers found
that after Ar, As, Si or Ge implantation with a dosage of 10"*/cm’, the wet etching
rate of HfO, film annealed at 550 °C is around 1.5 - 2 A/min in 1: 15 HF [3.15].
This is still too low to remove 20 - 30 A (EOT = ~7 A) thick HfO, for the 45 nm
technology node [3.1]. Long time etching in HF solution is undesirable, because
some isolation regions, €.g. shallow trench insulation (STI), can be significantly

eroded due to the nonuniformity in thickness of the remaining high-K layer. Note
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that the amount of damage generated by ion implantation with common dose for
source and drain formation cannot enhance the wet etch rate of crystallized HfO,.
The dose is a parameter to be adjusted not to meet the requirement of removal
process but to accurately control the electrical property of P-N junctions formed
around source and drain regions.

In high density Ar and O, plasma treatment processes for enhancing the wet
etch rate of crystallized HfO, [3.13, 3.14], the penetration of ions into Si can be
significantly suppressed due to the low ion energy, hence these processes do not
change the electrical performance of P-N junctions at source and drain. Furthermore,
the damage in high-K layer can be adjusted by ion energy and process time to meet
the requirement of etching rate in dilute HF (DHF) [3.13, 3.14].

Nonetheless, there are still some considerations in implementing this
technique into CMOS process. In Fig. 1, the main steps of the proposed plasma
treatment to enhance the DHF wet etching of high-K dielectric are illustrated. The
CMOS gate stack structure before plasma etching is shown in Fig. 1 (a). The SiO,
isolation region, €.9., shallow trench isolation (STI), tends to be slightly higher to
compensate for the oxide loss in cleaning processes. Since the high-K gate dielectric
film is directly deposited on Si substrate and SiO,, etching selectivity of high-K to
both Si and SiO, must be taken into account. It is known that recesses at the
isolation region will cause threshold voltage instability and degradation of the sub
threshold slope [3.16]. Recesses at source and drain regions are also known to
decrease drive current, causing reduction in the operation speed of the circuit.

Due to the non-uniform removal of gate dielectric during the over etch step

of gate etching, the high-K film can be very thin in some areas as shown in Fig. 3.1
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(b During the plasma treatment, some ions can penetrate these areas to damage the
underlying Si substrate and SiO, isolation regions. This results in recesses in these
regions due to the faster etching rate in the subsequent DHF, as shown in Figs. 3.1 (c)
and (d). Therefore, recesses induced by plasma treatment for enhancing the wet

etching rate of high-K dielectrics must be minimized.

Gate stack
deposition and
mask patterning

w241 Plasma etching [
1

f gate electrode [:%%4
etet

ST

(@) (b)

l l Plasma treatment

g

DHF wet etching

(c) (d)

@Maskmaterials Si substrate |:| STI SiO, |:| Gate materials - High-K materials

Fig. 3.1  Illustrations of the etching steps of a high-K gate stack including plasma
treatment enhanced wet etching using DHF: (a) Surface topography of each
film of the gate stack before gate etching; (b) surface topography and
thickness non-uniformity of high-K gate dielectric layer after gate electrode
etching; (c¢) plasma treatment to change the wet etching properties of high-K
gate dielectric layer and (d) possible surface topographies of Si substrate and
STI SiO, after plasma treatment enhanced wet etching of high-K dielectric
in DHF.
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In the Chapter 2, we have found that the etch rate of Hf based high-K
dielectrics in HF solutions can be increased by introducing “weak points” to the
films, such as metallic HfOy (x < 2), amorphous HfO,, Hf-N, Al-O and Si-O bonds
[3.5,3.13].

In this Chapter, we will introduce metallic HfOy, amorphous HfO, and Hf-N
bonds to crystallized HfO, films using various plasma treatment and nitridation
methods such including Ar plasma treatment, annealing in the NH3; ambient and N,
plasma treatment. The damage induced in source, drain, SiO; isolation regions, and
the efficiency of increasing the etch rate of crystallized HfO, in DHF by N, O, and
Ar plasma treatments were evaluated and compared. We also attempt to reveal the
change in materials properties due to the plasma treatment processes by x-ray
photoelectron  spectroscopy (XPS) and simulation. Transmission electron
microscopy (TEM), scanning electron microscopy, X-ray diffraction (XRD) and
atomic force microscopy (AFM) were also used for materials characterization and

evaluation of procecss.

3.2 Experimental Setup

In this work, HfO, films were deposited on p-type Si (100) wafers using an
atomic layer chemical vapor deposition (ALCVD) system or a metal organic
chemical vapor deposition (MOCVD) system at a substrate temperature of 300 °C.
In ALCVD process, precursors of HfCl; and H,O reactant were used. In MOCVD
process, the precursor of Hf{OC(CHj3)s)s precursor was used and carried by Ar at a

pressure of 400mTorr with an O, flow rate of 50sccm.
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PDAs at 700 °C and 1000 °C were performed in N, ambient for 60 s using a
rapid thermal process system. Silicon-on-isolator (SOI) wafers were used to evaluate
the damage of the Si substrate as the Si loss can be easily measured by ellipsometry
using SOI wafer. In this work, all the thicknesses were measured using a multi-
wavelength ellipsometer. Plasma treatments using N,, O, and Ar were performed in
an inductively coupled plasma (ICP) system (Manufactured by Korean Vacuum
Technologies, type: KVT 2000) at room temperature. A schematic of the ICP system
is shown in Fig. 3.2. In this ICP system, wafers are hold using step height on the
electrode and gravity of the wafer, a 5.75 turns inductive coils was used to generate
plasma, and a capacitive electrode was used to provide bombardment energy of ion
gas inlet is on the sidewall of the chamber.

RF inductive power
(13.56 MHz)

5.75 turns _@ J_

inductive coils =

e

W

<@==| Gas inlet

To turbo pump

RF bias power —
(13.56 MHz)

Fig. 3.2 Schematic of ICP system used in the work of chapter 3
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In ICP systems, plasma is generated by the inductive power and ion
bombardment is provided by the RF bias power and ion energy is depend the DC
bias voltage in RF bias power. Although due to applying RF bias power, plasma
density increases, we can assume that it doest not influence the plasma density
because its efficiency of generating plasma is much lower (1-2 orders) than
inductive power. At the same time, to increase the plasma density by increasing
inductive power, wafers are not bombarded because of the induction electric field is
along the direction of plane parallel to the wafer surface, as shown in Fig. 3.3.
Therefore, the ion density and ion energy can be controlled separately. This can help
to understand different effect of ion density and ion energy in the plasma treatment

N O
NN

(a) (b)

Fig. 3.3  Top view of induction electric field vectors in (a) the first half cycle and (b)

the second half cycle of RF inductive power of the ICP system

In the plasma treatment process, the inductive power, gas flow and pressure
were fixed at 200 W, 30 sccm and 10 mTorr respectively unless indicated otherwise.
To evaluate the extent of damage due to plasma treatment on isolation
regions, chemical vapor deposited SiO, films on Si were prepared using tetracthyl

orthosilicate source at 800°C in a furnace tube. The injection depths of N,, O, and

76



Chapter 3. Effects of N, O, and Ar Plasma Treatment on Removal of Crystallized HfO, Film

Ar ions in HfO, and its underlayer were calculated by the simulation using the
Stopping and Range of Ions in Matter (SRIM) - 2003 Monte Carlo code [3.17, 3.18].

The analysis of the XPS results was based on the cited references [3.19, 3.20].

3.3 Results and Discussion

3.3.1 Effects of Ar plasma treatment on the HF removal of

crystallized HfO,

To increase etch rates of annealed HfO; in dilute HF, we used ICP using Ar
that can effectively induce ion bombardment onto the surface of the HfO, films.
After the Ar bombardment, the etch rates in HF for HfO, annealed both at 700°C
and 1000°C increased significantly. By adjusting bias power and process time for
ICP, the annealed HfO, was completely removed in the subsequent HF etch process

at the rates of up to 90 A/min, even after anneal at 1000°C.: see Fig. 3.4.

H 700°C N2 PDA, RF bias power of 100w, 2mins
@ 700°C N, PDA, RF bias power of 100w, 4mins
¥ 1000°C N2 PDA, RF bias power of 600w, 3mins

I\-

Remaining HfO, thickness (nm)
»

0 Y —V—V—V—V
0 2 4 6 8
HF dipping time (min)
Fig. 3.4 Remaining thicknesses of HfO, after Ar plasma treatment and 10%

HF wet etching. The other ICP parameters are fixed at a source power

of 300W, a pressure of 10mTorr, and an Ar gas flow of 60sccm.
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It can be found that with increased RF bias power and plasma treatment time,
the etch rate of HfO, increases and increasing RF bias power is more efficient than
increasing plasma treatment time. We suggest that this could be because that the ICP
is a high density plasma source, with fixed RF bias power, it can induce a large
amount of damage in HfO,. In Fig. 3.4, it can be found that after plasma treatment,
all films can be etched in 2 mins, and in the first min, the etch rate can achieve 90

A/min, supporting this suggestion.

3.3.2 Effects of thermal nitridation and plasma nitridation on the

HF removal properties of crystallized HfO,

Thermal nitridation and plasma nitridation were applied to HfO, films after
PDA at 700 °C. We found that after thermal nitridation at 700 °C or 900 °C in a NH;
ambient, both 1 % DHF and 49 % concentrated HF cannot etch HfO,. This could be
due to the very stable Hf-O bonds formed after PDA. The standard heat of
formation of Hf-N bond is 536 KJ/mol, whereas that of Hf-O bond of 801 KJ/mol
[3.21]. This may explain that it is difficult to break the stable Hf-O bonds and to

replace them by Hf-N bonds, via annealing in NH3; ambient.
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Plasma nitridation was also performed on 60 A thick HfO, films using ICP

without applying bias voltage. In nitridation process, N, gas flow, pressure,

inductive power and treatment time were 30 sccm, 10 mTorr, 200 W, and 1 min,

respectively. In Fig. 3.5, the remaining thickness of HfO, films before and after

plasma nitridation as a function of wet etching time is shown.

It can be observed that ~10 A thick film can be removed in 5 s by 1 % DHF

after plasma nitridation, but the film cannot be etched further. Hf4f signals from the

HfO, surfaces before and after N, plasma nitridation and N1s signal from the HfO,

surface were scanned using XPS after N, plasma nitridation are shown in Figs. 3.6

(a) and (b).
18.07 eV Hf4f

E)
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> 18.06 eV

D After N,

§ plasma
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Fig. 3.6
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((a) HfAf signal of XPS taken from the HfO, dielectric surfaces before

and after N, plasma nitridation and (b) N1s signal of XPS taken from the

HfO, dielectric surfaces after N, plasma nitridation without bias voltage.

It can be observed that after plasma nitridation, the Hf4f peak did not change

significantly although N can be detected. This implies that the extent of nitridation is
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very insignificant. Plasma nitridation with higher inductive power (up to 600 W)
and longer treatment time (up to 5 mins) was conducted on the annealed HfO, films,
but no further enhancement in the wet etching of HfO, in DHF was observed. This
indicates that plasma nitridation using the above conditions only helps to lower the
wet etching resistance of crystallized HfO, within 10 A from the surface. It can be
anticipated that at least 20 - 30 A thick HfO, need to be formed considering the
presence of the interfacial layer and the K value (around 24) of HfO, [3.1-3.2]. That
is common nitridation techniques do not seem to be feasible for removal process of

crystallized HfO, film.

3.3.3 Effects of N, plasma treatment on the HF removal properties

of crystallized HfO,

We found that applying bias voltage in plasma nitridation helps to lower the
wet etching resistance of thicker crystallized HfO, film in DHF solution. 100 A
thick HfO, films were subjected to N,, O, and Ar plasma treatment after PDA at 700
°C. In Fig. 3.7, the remaining thickness of crystallized HfO, as the function dipping
time in 1% DHF after plasma treatment with various bias powers is shown. Similar
to Ar plasma treatment, with increased RF bias power, the wet etch rate of HfO, in
DHF increases.

It can be found that after applying bias power of 300 W to 600 W, much
thicker crystallized HfO, becomes dissoluble in HF, compared with plasma
nitridation with out bias power. In ICP process, DC component in RF bias power
provides ion energy, this is reason why nitrogen ion can penetrate thick HfO, film.

Since plasma treatment using ICP can provide very high damage density because of
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the high density of ICP, ion energy is a key factor influencing the dissoluble
thickness of HfO,. In the next section, we will study the effect of ion energy on the

removal of HfO,, as well as the damage of the substrate.

€
£ 16 _
o 141 B RF bias power of 300 w, 2 mins
% L ¥ RF bias power of 600 w, 2 mins
c 12k All other ICP prameters:
—L‘, 10 ’ 300 w source power, 10mTorr and N, 30sccm
.F:

~ 8}
2 u

n —
T 6 S —
g 4 ¥
S ol \ V—V—VvV—V
£
o O 1 . 1 . 1 .
o 0 2 4 6 8
HF dipping time (min)
Fig. 3.7 Remaining thicknesses of HfO, after N, plasma treatment and 1% DHF

wet etching.

3.3.4 Comparison of N, O, and Ar plasma treatments on the

removal on crystallized HfO,, and recess in Si and SiO,

Figure 3.8 (a) shows the thickness of dissoluble HfO, in wet etching after
plasma treatment as a function of ion energy. The wet etching time required for
DHF process is only 30 s after plasma treatment for 1 min, showing that plasma
treatment can substantial damage in HfO, in a short time. With increasing ion
energy via increasing bias voltage during N, and Ar plasma treatment, the soluble
thickness of crystallized HfO, in DHF solution increases linearly. With the same

ion energy, N> plasma is more effective in reducing the wet etching resistance of
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Thickness of consumed

crystallized HfO, compared with Ar plasma. Unlike Ar ions, which provide only

physical bombardment, N ions can chemically react with HfO, to form Hf-N bonds,

further enhancing the removal rate of crystallized HfO, in HF [3.5].
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Effects of ion energy and plasma
chemistry on the wet etching in
1% DHF. (a) HF dissoluble
thickness of HfO, annealed at
700 °C for 1 minute in N, and (b)
HF dissoluble thickness of Si

substrate and (c¢) loss of SiO,.

The dependence of the dissoluble thickness of crystallized HfO, in 1% DHF

on ion energy using O plasma treatment is different from that using Ar and N,
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plasma treatment. As the ion energy increases, the wet etching rate increases faster
than that using N, or Ar plasma treatment. Donnelly et al. [3.22] and Vallier et al.
[3.23] reported that Si oxide grows under the thin gate oxide during the over etch
step of poly-Si gate etching process. Vitale et al. have found that oxidation occurs
easily if O ions penetrate SiO,, with an activation energy as small as 0.02 eV [3.24].
Although the penetration mechanism of O ions in HfO, is unknown, oxidation of Si
substrate under thin HfO, film has already been observed [3.25]. Oxidation of Si
results in volume expansion [3.16], which can affect the integrity of the HfO, film.
Si0, formed can be easily etched by DHF. Once the SiO; underlayer is etched by
DHF, neighboring area of HfO, film can also be removed although crystallized
HfO, is insoluble. This may explain that, O, plasma treatment can lower the wet
etching resistance of crystallized HfO, in HF solution more compared with the
plasma treatment using Ar or N,, when ion energy is high, e.g. ~ 400 eV. However,
the oxidation of Si consumes Si substrate significantly to result in deep recess after
DHF etching, although it can lead to the faster removal of HfO, film.

Figure 3.8 (b) shows the dissoluble thickness of Si on SOI wafers in 1%
DHF after the Ny, O, or Ar plasma treatment under the same condition used in Fig.
3.4 (a). It can be observed that, with increasing ion energy, the DHF dissoluble
thickness increases significantly after O, plasma treatment whereas a less significant
increase is observed after N, or Ar plasma treatment. Since Ar is chemically inert,
Ar plasma treatment cannot change the chemical composition of the Si substrate.
Considering that it is very difficult to etch single crystal Si by 1% DHF [3.16], it is
understood that the small consumption of Si substrate after Ar plasma treatment and

DHF dipping is due to the damage induced by Ar ion bombardment. Although N»
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plasma can also damage Si substrate, the damage induced by N, plasma treatment
could be much smaller as the mass of N ions is much smaller compared with Ar ions.
But the N, plasma can cause nitridation of the Si surface, forming Si nitrides. These
nitrides formed at room temperature are not well bonded, thus they can also be
etched by DHF. Hence a combination of damage and nitridation in N, plasma
treatment results in a similar soluble thickness after Ar plasma treatment. The large
loss of Si thickness resulting from O, plasma treatment could be due to the growth
of Si0O,.

Figure 3.8 (c) shows the SiO, damage induced by N, O, and Ar plasma
treatments. Unlike Si and HfO,, the difference in SiO, thicknesses before and after
ion bombardment was used to show the extent of damage to SiO,. DHF dipping
process is no longer used in this experiment because HF can etch SiO, easily [3.16].
It can be observed that for the same ion energy, O and N ions induce less damage
than Ar ions. This could be due to the loss in SiO, thickness resulted from sputtering,
where Ar ion is more effective than N, and O, due to its large mass. Since Ar is
chemically inert, it neither reoxidizes nor nitridizes etch by products, but results in
redeposition.

In current CMOS process, the loss of SiO, in isolation (e. g. STI) regions can
be recovered by increasing the remaining oxide thickness after planarization using
chemical mechanical polishing [3.26]. Hence the loss of SiO; in STI regions due to
plasma treatment process may not be as serious as the recess in source and drain
regions. Nevertheless, it can be found from Fig. 3.4 that, N, plasma treatment with

few hundred eV induces the least damage in source, drain and SiO; regions among
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the three different types of plasma treatments studied in this work, being the most
desirable for the removal of crystallized HfO,.

In table 3.1, we summarized the surface roughness induced by N, O; and Ar
plasma treatments with an ion energy of 400 eV for 1 min followed by 1% DHF
etching for 30 s. It was observed that all the three types of plasma treatment do not
induce significant increase of surface roughness, especially for the O, and N, plasma

treatments.

Table. 3.1 Summary of surface roughness denoted by Root Mean Square (RMS)
of Si substrate after plasma treatments using Ar, N, and O, with DC
bias voltage of 400 V for 2 minutes, followed by 1% DHF etching for 1

min. The surface roughness of bare Si is ~9 A.

Plasma chemistry Ar N, 0,

RMS (nm) after plasma treatment 2.68 0.96 0.93

RMS (nm) after wet etching in 2.03 0.69 1.04
1% DHF for 1 min

N plasma treatment (DC bias voltage of 200 V for 1 min) was performed on
a 40 A remaining HfO, film after the etching of a TaN/HfO, gate stack with original
HfO, thickness of 60 A. After plasma treatment, the wafer was then cleaned using 1
% DHF for 30 s. After the water rinsing for 5 mins, the cleanliness of Si surface
was evaluated by XPS analysis, as shown in Figs. 3.9. No Hf can be detected from
the surface. It resembles a typical Si surface with native oxide, and this confirms

that a very clean surface can be obtained.
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In Fig. 3.10, a cross-sectional scanning electron microscopy image shows

that there is no measurable recess in open area.

Fig. 3.10 Cross-sectional SEM of
TaN/HfO, gate after removal
process used in Fig. 3.8 (BARC:
bottom antireflective coating,

PR: photoresist).

S| su bstrate
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3.3.5 Investigation of mechanisms of plasma treatment process of

HfO,/Si stack using XPS

The extent of the etch rate enhancement of crystallized HfO, is different for
N3, O, and Ar plasma treatments, thus mechanisms responsible for this difference
need to be understood. Furthermore, since the damage in source and drain region is
critical to electrical performance but difficult to avoid, it is necessary to understand

phenomena occurring to the Si underlayer during the plasma treatment processes.

A. Ar plasma treatment
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treatment for 70 s. Ion
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In Fig. 3.11, the change in the chemical state of Hf in 60 A thick crystallized
HfO, after Ar plasma treatment was shown by the Hf4f XPS signal. It can be found
that Hf4f peak becomes broader after the Ar ion bombardment, implying the
formation of Hf and HfOx (x < 2). The strongest Hf peak in XPS can be obtained
from the binding energy of Hf4f. The energy range of Hf4f is from 14 - 18 eV for Hf
and from 16 - 22 eV for HfO,. According to the fitting results in Fig. 4 (b), at least
three Hf related peaks are detected after the Ar ion bombardment: HfO,, HfOy and
Hf. This can be attributed to the preferential sputtering of O to Hf by Ar ions due to
differences in binding energies and masses between Hf and O in HfO, [3.27, 3.28].
The XPS results in Fig. 3.11 shows that many Hf-O bonds may have broken after
the Ar ion bombardment. Breaking Hf-O results the change of microstructure of
HfO, film from crystal phase changing to amorphous phase. The structural change
of HfO, during ion beam assisted deposition was reported by Alvisi et al. [19], in
which the HfO, phase was transformed from the monoclinic structure, via the
amorphous structure, to the cubic structure with increasing ion energy. Our results
also showed transformation of the HfO, phase from the monoclinic structure (XRD
peaks at 28.3° and 31.6°) to the amorphous structure. The HF etching of the
amorphized HfOy after the Ar ion bombardment became faster. There were reports
on the increase of etch rates in dilute HF after ion implantation onto HfO, [15],
Al,O3 [29], Si3N4[30], and SiC [31]. However, their work used high ion energy in
the range of 10 - 360 keV for films in the thickness range of 100 - 1000A, whereas
our work used low ion energy below ~ 400 eV for thin HfO, films of ~100 A. In
summary, the mechanism of enhancement of wet removal rate of crystallized HfO,

after Ar plasma treatment is the formation of metallic HfOx and amorphous HfO,
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B. N, and O, plasma treatment
In Fig. 3.12 (a) and (b), the change in the chemical state of Hf in 60 A thick
crystallized HfO, films after N, and O, plasma treatment was shown by the Hf4f

XPS signal.

N, plasma treatment Hf4f
17.73eV

17.97eV,,
200eV, 60 s

18.06¢eV:
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O, plasma treatment Hf4f
17.96 eV
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14 16 18 20 22 24
Binding Energy (eV)
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Fig.3.12  Hf4f signals of XPS taken from HfO, films with thickness of 60 A after (a)
N, plasma treatment and (b) O, plasma treatment with ion energies of 100

eV and 200 eV. The Hf4f signal of XPS taken from a HfO, film before

plasma treatment is shown in each figure as a reference.
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Unlike N, plasma nitridation without bias voltage, both 4f;, and 4fs;, of Hf4f
signal shift to lower binding energy from the binding energy of Hf4f electrons in
HfO,. This shift increases with increasing ion energy. The splitting becomes unclear
after plasma treatments, indicating that the HfO, film is no longer pure HfO,. Beside
HfO,, some other Hf compounds, in which Hf atoms are bonded to less O atoms or
less electronegative species compared with O atoms, have formed [3.13].
Considering that ion bombardment can break Hf-O bonds and preferentially sputter
O atoms because of the different masses between Hf and O [3.13, 3.27], Hf metallic
bonds, i. e. HfOy, (x<2), should form. Breaking of Hf-O bonds can also change the
crystallized HfO, film to an amorphous state.

In Fig. 3.13 (a), XPS signal of N1s electrons is acquired from the surface of
60 A thick HfO, films after N, plasma treatment. Obvious N1s signal is detected,
implying that N has been incorporated into HfO, to form Hf-N bonds. We have
reported that amorphous HfO,, Hf metallic bonds and Hf-N bonds can be etched by
HF solutions easily [5], therefore the mechanism responsible for the enhancement of
etch rate of crystallized HfO, using N, plasma treatment is the formation of HF
dissoluble species including metallic HfOx, amorphous HfO, and Hf-N bonds.

Compared with N, plasma treatment with the same ion energy, the shift from
O, plasma treatment is smaller, as shown in Fig. 3.12 (b). This can be explained in
the way that, although energetic O ions can break Hf-O bonds and sputter O atoms
from HfO, films, injected O ions can also take up some broken Hf-O bonds, which
is different from the formation of Hf-N bonds after N, plasma treatment. Therefore

we consider that the etch rate enhancement of crystallized HfO, using O, plasma
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treatment is originated from the formation of amorphous HfO, and oxygen-deficient

HfOx.
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Fig. 3.13  Nis signals of XPS taken from (a) 60 A thick HfO, film and (b) 23 A thick HfO,

film after N, plasma treatment, with various ion energy and treatment time.

In Figs. 3.13 (a) and (b), the chemical state of nitrides detected from the

thick (60 A) and thin (23 A) crystallized HfO, films after N, plasma treatment with
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various ion energy and treatment time is shown. In both films, ionic and covalent N
bonds are found. Considering that only Hf, O can Si can bond to N, it is interpreted
that covalent bonds may be O-N bonds and ionic bonds may be Hf-N bonds, Si-N
bonds or their combination. The extent of nitridation increases with increasing ion
energy but saturates when the treatment time is longer than 30 s.

It is interesting that the binding energy of N1s electrons detected from thin
HfO, films is higher than that from thick HfO, films. Since Si is more
electronegative than Hf [3.21], the binding energy of N1s electron in Si-N bonds is
higher than that in Hf-N bonds. Therefore, we consider that N1s signals from thin
HfO, films originate from both Hf-N and Si-N bonds whereas signals from thick
HfO, films originate only from Hf-N bonds. This is because N ions can penetrate
thin HfO, films and react with the Si underlayer and interfacial oxide, forming Si
nitride or oxynitride, whereas N ions cannot penetrate thick HfO, films. Another
interesting finding is that the intensity of N1s signals detected from thin HfO, films
is higher than from thick HfO, films, when the ion energy and duration of plasma
treatment on both films are the same. This indicates that plasma nitridation occurs
more easily on Si and SiO; than on HfO,.

Figures 3.14 (a) and (b) show the chemical change on the Si substrate
covered by 60 A thick HfO, films after N, and O, plasma treatments, respectively. .
Si2p signals are taken from films before plasma treatment and after plasma
treatment with 100 eV and 200 eV ion energy for 60 s.

It can be observed from Fig. 3.9 (b) that when ion energy higher than 200 eV,
oxide peak of Si2p signal increases significantly, indicating that O ions can

penetrate 60 A thick HfO, and oxidize Si substrate with this high ion energy. After
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N, plasma treatment with ion energy of either 100 or 200 eV, the Si2p signals are
almost the same with the signal taken before treatment, showing that compared with
O, plasma treatment, N, plasma treatment affects Si substrate much less when it’s
covered with 60 A thick HfO,. This also proves that the ionic N bonds found in Fig.
3.7 (a) are primarily Hf-N bonds. Hence, we can propose that N, plasma treatment is
a better choice than O, plasma treatment in minimizing the substrate damage as well

as in lowering the etch resistance of thick crystallized HfO, films.
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Fig. 3.14 Sils signals of XPS taken from 60 A thick HfO, film after (a) N,

plasma treatment and (b) O, plasma treatment, with ion energies of
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Figures 3.15 (a) and (b) show the chemical change of the Si substrate under 23 A

thick HfO, films after N, and O, plasma treatments with various treatment time and

ion energy.
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It can be observed that with increased treatment time and ion energy, the
amount of Si nitrides does not increase significantly but saturates after some time.
With increasing treatment time and ion energy, the amount of Si oxides keeps
increasing and the binding energy of the oxide component of Si2p keeps shifting to
higher energy, indicating that the extent of oxidation of Si keeps increasing. This
result again shows that N, plasma treatment is also a better choice than O, plasma
treatment in lowering the etch resistance of thin crystallized HfO, films, because of
much less nitridation than oxidation.

The mechanism of the Si recess induced by Ar plasma treatment is hard to
investigate using XPS because of the inert chemical nature of Ar. Considering the
additional nitridation effect in N, plasma treatment process, experimental results in
Fig. 3.8 (b) showing that Si recesses induced by Ar and N, plasma treatment are
similar each other indicate that the physical damage induced by Ar plasma treatment

is more than N, plasma treatment.

3.3.6 SRIM Monte Carlo simulation of the effects of plasma

treatment on HfO, and Si

Since plasma treatment using ICP can induce sufficient damage in HfO,
films to result in highly soluble HfO, films in DHF, the solubility of HfO, films
depends on the depth of ion injection. Experimental results from Fig. 8 (a) shows
that the increase of HfO, etch depth in DHF using N; and O, plasma treatment is
larger than that using Ar plasma treatment in the energy range of 100 - 400 eV This

generally agrees with the 2-D simulation results shown in Figs. 3.16 (a): in HfO,
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films, the injection range of N and O ions is longer than Ar ions with the same ion

energy when ion energy is in the energy range of 150 - 400 eV.
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Figure 3.16 (b) shows that straggles of N and O ions are also larger than that
of Ar ion in this energy range, suggesting another reason why N, plasma is more
effective to enhance the etch rate of crystallized HfO,, as shown in Fig. 3.8 (a). An
ion number of 5000 was used in all simulations. Injection depth is defined by the

peak position of injected ion number and the straggle is defined as [(}; xi2)/N -sz]l/ 2

where X; is the deviation of the injection depth and R, is the injection depth [18].

The reason why the injection range and straggle of O and N ions are larger
than that of Ar ions could be due to that the masses of N and O ions are smaller than
that of Ar ions, hence, when the ion energy is the same, N and O ions can have
higher speed and the energy loss in each collision between ions and HfO, lattice is
smaller.

Since XPS analysis reveals that Si nitrides form during the N, plasma
treatment and Si oxides form during the O, plasma treatment under thin HfO; films,
the recess on the substrate, either by nitridation or oxidation depends on the injection
depth of N and O ions in corresponding Si compounds. In Ar plasma treatment
which does not involve chemical reaction with Si, the recess depends on the amount
of damage on the substrate. It is, however, hard to evaluate the effect of Ar induced
damage on the enhancement of etch rate of Si in HF solutions using simulation
because the change of the chemical properties of Si cannot be simulated using SRIM.

In Figs. 3.16 (c) and (d), the simulation results of injection depth and straggle
of N ions in Si3Ny, O ions in SiO; and Ar ion in Si are compared. It can be observed
that injection depth and straggle of N ions in SizsN4 are the shortest. This can be
understood in the way that, although the speed of N ions is higher than O and Ar

ions, the density of SizN4 (3.20 kg/m’) is ~ 1.5 times higher than that of Si (2.33
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Damage induced

Damage induced

kg/m’) or Si0; (2.53 kg/m®) [3.21], thus the effects of energy loss and scattering of
N ions can be much faster and more significant in SizN4 than O ion in SiO, and Ar
in Si. This can explain why the saturation of nitridation with fixed ion energy can
easily occur in N; plasma treatment process.

In Fig. 3.17, simulation results of the vacancies produced by N, O and Ar ion
with an ion energy of 100 - 400eV are shown. It can be observed that with the same
amount of ions, the density of vacancies induced by Ar ions is much higher than that
by N and O ions. This result can help us to understand why Ar ions can enhance the
etch rate of Si in HF solutions to a similar extent to that of N ions despite no

chemical reaction with Si.
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3.4 Conclusions

It was found that plasma treatment using N, or Ar plasma with ion energy of
several hundred eV can lower the wet etch resistance of crystallized HfO, films via
the generation of Hf-N bonds, metallic HfO; and amorphous HfO,. However,
thermal nitridation or plasma nitridation without bias power cannot introduce
sufficient nitrogen to the crystallized HfO, films to enhance the wet rate
significantly.

Effects of plasma treatment using Ar, N, and O, to enhance wet removal rate
of crystallized HfO,, SiO, and Si were studied using the XPS analysis and the
Monte-Carlo simulation on ion injection. The mechanism responsible for the
enhancement of etch rate of crystallized HfO, using Ar plasma treatment was the
formation of HF dissoluble species including metallic HfOy and amorphous HfO»;
that using N, plasma treatment was the formation of HF dissoluble species including
metallic HfOy, amorphous HfO, and Hf-N bonds, whereas the mechanism using O,
plasma treatment was the formation of HF dissoluble species including metallic
HfOy, amorphous HfO, and disturbed crystallized HfO, resulted from the oxidation
of Si substrate.

Among the plasmas studied in this work, N, plasma treatment was the most
effective to enhance the etch rate of crystallized HfO, in HF solution and to
minimize recess in the substrate structure because of (1) the largest injection depth
in HfO,, (2) the formation of highly HF dissoluble Hf-N bonds, and (3) the small
injection depth of N ions in Si nitrides formed by N, plasma treatment. It was found
that O, plasma treatment can induce a large recess on the Si substrate due to the

oxidation effect.
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Chapter 4

Investigation of Etching Properties of Hf Based
High-K dielectrics Using Inductively Coupled
Plasmas

4.1 Introduction

In chapter 1 of this thesis, we have introduced that to achieve higher and
higher speed and density of complementary metal-oxide-semiconductor (CMOS)
devices, the physical thickness of silicon oxynitride (SiION) gate dielectric is being
scaled down to the sub nanometer regime [4.1, 4.2]. When the thickness of SiON or
SiO; is less than 15A, those dielectrics cannot meet the requirements of CMOS
devices beyond 45 nm technology node, due to the high gate leakage current [4.1-
4.4]. This necessitates the introduction of high-K gate dielectrics [4.1, 4.2]. The
comparison of the properties of high-K dielectrics with regards to the requirements
and performance of Si devices has shown that hafnium (Hf) based dielectric films
such as Hf aluminum dioxide (HfO;), Hf aluminum oxide (HfAlO), Hf oxynitride
(HfON), Hf silicate (HfSiO) and nitrided Hf silicate (HfSiON), are the most
promising candidates for future CMOS applications [4.1, 4.5-4.9]. Many reports
have shown that adding Al, Si, or N can improve the thermal stability of HfO,
significantly [4.6-9]. Moreover, various aspects of the performances of CMOS

devices such as lower gate leakage current [4.6, 4.7], enhancement of carrier
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mobility in the channel [4.9] and reduction of boron penetration [4.7] can be
achieved by incorporating those elements into HfO,. The Hf based dielectrics are
also being considered for application in dynamic random access memory (DRAM)
capacitors and metal-insulator-metal (MIM) capacitors of RF and mixed signal IC
applications [4.10, 4.11].

For successful integration of the Hf based gate dielectrics to conventional
VLSI process flow, there are critical process challenges to overcome, €.g. plasma
etching process [4.12]. In the current front-end process, gate stack etching recipes
have been elaborately designed based on the polycrystalline silicon (poly-Si) and
silicon oxynitride (SiON) stack. However, the data available for the etching of Hf
based dielectrics is very limited. Recently, inductively coupled plasma (ICP) etching
of HfO, deposited by physical vapor deposition (PVD) and chemical vapor
deposition (CVD) as a gate dielectric was studied [4.13, 4.14]. Results show that
HfO, can be etched by various plasmas. For example, etch rates of HfO, strongly
depend on ion energy as well as ion density, and in HBr plasma, selectivity of poly-
Si over HfO; can be controlled by pressure, rf bias power and the amount of O,
[4.14]. However, the etch mechanisms of the other Hf based dielectrics are unclear,
and they need to be studied for further process integration.

Hf is a transition metal, and its compounds are usually complex due to the
various chemical states, as indicated by various products generated during the
plasma etching process [4.15, 4.16]. The etch residues of Hf based dielectrics may
not be volatile in the low temperature etching environment due to the high vapor
points of Hf compounds [4.16-4.18]. The current etching process of gate stacks
involving poly-Si, WSi, and bottom anti-reflection coating (BARC) layer is mostly

conducted at relatively low temperature in the range of 20-70°C using HBr, Cl,, O,
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C«Fy, SF¢, NF3. Table 4.1 summarizes the melting and boiling points of the main

etch by-products of Si, Al, and Hf at atmospheric pressure [4.15, 4.16].

Table 4.1. Melting and boiling points of etch by-products at 1 atm.

Etch by- Melting Boiling point
products point (°C) (°C)

SiCly -69 58

SiBry 5.4 154
SiF4 -90 -86
HfCly 319 432
HfBry 425 420
HfF, 970 -

AlCls 192.6 180
AlBr; 97.5 255
AlF; 1290 1275

This data indicates that the possibility of having non-volatile residues in the
etching of Hf based dielectrics is much higher than that in the etching of SiO based
dielectrics. Of course, when the pressure is reduced, the vapor points of Hf
compounds will decrease [4.17]. For example, the vapor point of HfCly is around
140°C at 100mTorr and it decreases to 100°C at SmTorr. Britten et al. reported a
significant amount of residues formed on the sidewalls after etching HfO, using
CHF3/Ar/O, plasmas [4.18], and they reported that the residues are sputtered

fluorinated Hf compounds, as shown in Fig. 4.1.

Fig. 4.1 SEM image of a multilayer dielectric
grating with 0.67 pum pitch grating etched
by RIE through 750 nm of evaporated SiO,
to a HfO, etch-stop layer. Note the growth
of columnar structures on the sidewall and
top are believed to be sputtered fluorinated

Hf compounds [Ref. 4.18]
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In this chapter, we study the properties of etch by-products to understand the
etch mechanism and to develop the etching process applicable to devices using Hf
based high-K dielectrics. In the work introduced in this chapter, ICP etching of
various Hf based high-K dielectrics will be studied using different plasma
chemistries. Plasmas of HBr, Cl, and their respective mixtures with small amount of
O, are investigated for etching of high-K films due to their universality in current
gate etching technologies. To investigate the etch residues of the Hf based
dielectrics generated by HBr/Cl,/CHF3/CF4 plasmas, analysis on the dielectrics was
performed using x-ray photoelectron spectroscopy (XPS) and time-of-fight

secondary ion mass spectroscopy (TOF-SIMS).

4.2 Experimental Setup

All the films used were deposited on 6-inch Si (100) wafers. The Hf based
dielectric films used in this chapter include HfO,, HfAIO deposited by CVD
(hereafter CVD HfO,, CVD HfAIO), and HfO,, HfON, HfSiO deposited by PVD
(hereafter PVD HfO,, PVD HfON, PVD HfSi0). CVD HfO, was prepared using the
same equipment and recipes as our previous work [4.14]. CVD HfAIO was
deposited at 420°C using a single cocktail precursor HFAI(MMP),(OiPr)s (MMP:
OC(CHj3),CH,0CH3;, OiPr: isopropoxide) which was carried by Ar in the same CVD
module used for depositing HfO, After deposition, annealing at 700°C for 1 min in
N, ambient was performed to remove the impurities such as unreacted organic
compounds. PVD HfON, PVD HfSiO and PVD HfO, were prepared by reactive
sputtering at room temperature using either single Hf target or both Hf and Si targets.

The thickness of the high-K films deposited by CVD is around 400A, and that by
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PVD is above 2000A. The atomic or molecular ratio of the added elements was
estimated by XPS. The molecular ratio of Al,O3; to HfO, in HfAIO was 1:10 and the
atomic ratio of Si to Hf in HfSiO was 6:7. The amount of N in HfON was found to
be around 10%, after light sputtering for removing organic contaminants.

All the samples were etched by two ICP modules, TCP 9400SE (ICP1)
manufactured by Lam Research Co. and another module (ICP2). The configuration
and difference between these two modules were elaborated in our previous work
[4.14]. As the limitation of the gases available in each etcher, the etching using
HB1/Cl,/O,/CHF; plasmas was performed using ICP1 and etching by CF4 plasma
was performed using ICP2. All etch rates were determined by measuring the etching
time and the thickness of the film removed. Photoresist was removed after etching
by acetone in an ultrasonic cleaner. The thickness of the film removed by etching
was determined by a surface profiler with a resolution of 5A.

To understand the properties of etch by-products, various Hf based dielectric
surfaces etched by HBr, Cl, and CF4 were analyzed by ex-situ XPS. For XPS
analysis, monochromatized Al-o x-ray was used. The x-ray source is perpendicular
to the surface of the sample. The electron analyzer is installed 45° to the incident x-
ray and the energy coordinate was calibrated by the C1s peak. The detection limit of
the XPS used is in the order of one part per million. Before the analysis, a light Ar
ion sputtering was conducted to remove surface contaminants. To study the effect of
temperature on the residues, the XPS analysis was also performed for the HfO,
samples etched by HBr, Cl,, CF, and CHFj3, after a post heating treatment at 250°C
for 10 min in a vacuum chamber purged by N,. The analysis of the XPS results is
based on the cited references [4.19, 4.20].

The Hf based dielectric samples were also analyzed by TOF-SIMS to
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determine the chemical composition of the residues. In TOF-SIMS, Ga ions were
used to bombard surfaces, and the chemical composition of the sputtered particles
was determined by the mass to charge ratio. Except aluminum fluorides, the
chemical composition of all the other particles was confirmed by the isotope spectra
of Hf, Br or Cl. As both Al and F have no isotopes, a light ion bombardment prior to
the TOF-SIMS analysis was conducted until no carbon was detected. This process
ensured complete removal of organic contaminants with the same mass to charge
ratio as aluminum fluorides, €.g. AIF" or AlIF,". The detection limit of our TOF-
SIMS is in the order of one part per billion. Considering the possibilities of the
change of chemical compositions of the residues induced by the exposal to the air,
the samples for analysis of XPS and TOF-SIMS were kept in vacuum or N, ambient
in the transportation.

In ICPI, all residue analysis was done for the etch processes with fixed
parameters of 400W of inductive power, 150W of bias power, 10mTorr of pressure
and 30sec of etching time. Because of the difference of the chambers and inductive
coils between ICP1 and ICP2, it is hard to make the exactly same plasma conditions
between the two etchers. Since the volumes of two chambers are similar, when the
pressure, gas flux and inductive power are same, it can be estimated that the plasma
densities in two chambers are similar. Hence, for comparing the etch residues using
CF,4 with other plasma chemistries, in ICP2, other ICP parameters engaged are same
with the ones in ICP1. The highest temperature of the wafer surface was determined

by the colorific thermal dots mounted on the surface of the samples.
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4.3 Experimental Results

4.3.1 Etch rates of Hf based dielectrics

Figures 1 and 2 show the etch rates of CVD HfO,, PVD HfO,, CVD HfAIO,
PVD HfON and PVD HfSiO obtained by varying the rf bias power in HBr plasma

and Cl, plasma and their respective mixture.
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Fig. 4.2 The etch rates of Hf based dielectrics as a function of rf bias

power (a) in HBr plasma and (b) in HBr/O, plasma (Parameters
are fixed otherwise at inductive power of 400W, pressure of

10mTorr, HBr flow of 200sccm, and O, flow of 4sccm).

From Figs. 4.2 (a) and (b), the etch rates of all the Hf based dielectrics
increase almost linearly with increasing rf bias power in HBr or HB1/O, mixture,
and their etch rates drop after adding 4sccm of O, to 200sccm HBr. In pure HBr

plasma, the etch rates of PVD HfSiO show the strongest dependence on rf bias

109



Chapter 4. Investigation of Etching Properties of Hf Based High-K dielectrics Using ICP

Etch rate in Cl, (A/min)

power. When the rf bias power is larger than 150W, the etch rates of the films in
decreasing order is PVD HfSiO > CVD HfO, > PVD HfON > PVD HfO, > CVD
HfAIO. At lower rf bias power, the etch rate of PVD HfSiO drops rapidly. When rf
bias power is reduced to SOW, the etch rate of PVD HfSiO is even lower than that of
CVD HfAIO. Upon the addition of O, to HBr, the etch rates of PVD HfO, and PVD
HfON drop by half on average of bias powers, and CVD HfAIO, CVD HfO, and
HfSi0 drop by 31%, 41% and 62% on average for different bias powers respectively;
on the other hand, the dependence of etch rates of all the other high-K films on the rf
bias power remain unchanged, except the etch rate of PVD HfSiO which shows a
weaker dependence on rf bias power. Adding O, to HBr tends to be more effective in
reducing the etch rate of PVD HfSiO than the other films. With the addition of O,
the etch rates of the films in decreasing order is CVD HfO, > PVD HfON > PVD

HfO, > PVD HfSiO > CVD HfAIO. Generally, the etch rate of CVD HfO, is higher

than that of PVD HfO,
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Fig. 4.3 The etch rates of Hf based dielectrics as a function of rf bias

power (a) in Cl, plasma and (b) in Cl,/O, plasma (Parameters are
fixed otherwise at inductive power of 400W, pressure of

10mTorr, Cl, flow of 200sccm, and O, flow of 4sccm). 110
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From Figs. 4.3 (a) and (b) obtained from Cl, and Cl,/O,, the etch rates of all
the films increase with increasing rf bias power, and their etch rates decrease after
adding 4 sccm of O, into 200sccm Cl,, similar to Figs 4.2 (a) and (b) of HBr and
HBr/O,. The etch rates in Cl, and Cl,/O, are faster than the ones in HBr and HBr/O»,
respectively. In Cl, plasma of Fig. 4.3 (a), when the rf bias power is larger than
150W, the order of etch rates is PVD HfON > PVD HfSiO > CVD HfO, > PVD
HfO, > CVD HfAIO. But in Cl,/O, plasma of Fig. 4.3 (b), the order of etch rates
changes to PVD HfON > PVD HfO, > CVD HfO, > PVD HfSiO > CVD HfAIO.
Upon the addition of O, to Cl,, for different bias powers, the etch rates of CVD
HfO,, CVD HfAIO and PVD HfSiO drop by half on average, and PVD HfO, and
PVD HfON drop by 18% and 13% respectively.

In Fig. 4.4, the etch rates of the Hf based high-K materials are shown as a
function of pressure from the HBr plasma. It can be found that the etch rates
decrease rapidly with increasing pressure. However, when 4sccm of O, is added to
200sccm HBr at 80mTorr, the etch rates are very low within an error range of

thickness measurement.
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4.3.2 Residue analysis by XPS and TOF-SIMS

CVD HfO,, CVD HfAlO, PVD HfON and PVD HfSiO etched by HBr, Cl,
and CF; were analyzed by XPS, as shown in Figs. 4.5 (a)-(c) respectively. The
atomic percentages of Cl, Br, and F on the etched surface of the various films are
summarized in Table 2. The colorific thermal dot shows that the highest temperature

reached by the wafer surface in the etching process is in the range of 100°C to 120°C.
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Table 4. 2 Amounts of halogens detected on surfaces by XPS
samples | Etehants | EVE L o etched surfaces.
CVD HfO, 1.6
HfAIO 1.1
HfON Cl: 1.0
HfSiO 2.2
CVD HfO, 1.1
HfAIO 1.6
HfON HBr 0
HfSiO 1.7
CVD HfO, 32.1
HfAIO 31.7
HfON CFq 37.8
HfSiO 20.9

Figure 4.5 (a) shows that, various bromides are detected on the surface of the
dielectric samples after HBr plasma etching, although they exist in small amounts.
The binding energy of Br3d state from 68eV to 72eV was detected on all the
surfaces of Hf based dielectrics, indicating that covalent bromine bonds are present
(Binding energy of typical Br3d ranges from 68eV to 69¢V. [4.20].). A high intensity
of binding energy at 75¢V for Br3d generated from more electronegative Br is found
on the surface of the HfSiO samples, implying that compounds with covalent Br
bonds are formed on the surface of HfSi0.

Figure 4.5 (b) shows various chlorides detected on the etched samples.
Similar to the HBr etching, the amount of chlorides is very small. Binding energy of
CI2p in chlorides is known to range from 198eV to 210eV [4.20]. In our results, the
energy range of C12p from 197eV to 202¢V is detected with a peak around at 200eV.

Typically, binding energy of CI2p in chlorides with ionic Cl bonds is below 200eV,
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and higher binding energy represents chlorides with covalent Cl bonds. Therefore,
the chlorides detected on the surface of high-K films are considered to be a mixture
of chlorides with ionic and covalent Cl bonds. For binding energy higher than 205eV,
it is difficult to identify Cl2p signals as they overlap with strong Hf4d signals from
the high-K substrate. In Table 2, only signals from 197¢V to 202eV are considered
in the calculation of the atomic percentage of CI.

We notice that the signal of the bromide or chloride based residues on HfON
is the weakest among the dielectrics studied in this work. It is likely that the
presence of N suppresses the formation of the residues.

Binding energy of Fls detected from the surface is shown in Fig. 4.5 (c). A
significant amount of fluorides is detected on the samples etched by CF,. Typically,
binding energy of F1s ranges from 683eV to 689¢V, but binding energy of fluorides
with ionic F bonds is below 686eV. Higher binding energy is considered to originate
from the covalent F bonds. Except from HfAIO, the F1s binding energy from all the
other samples is around at 685¢V, implying that F is bonded with a metallic element.
Binding energy of F1s detected from the HfAIO surface shifts to 686eV.

The Hf4f signal from the HfO, surface etched by CF,is shown in Fig. 4.6. It
is clear that HfO, is no longer pure oxide, in that the intensity ratio between the
curve-fitted peaks of solid line is reversed from the original peaks and the signal of
Hf4f broadens compared with the one from pure HfO,. After the curve fitting, it can
be deduced that HfO, and HfOF, were formed with more electropositive Hf in

HfO,F, as shown from shift of binding energy to the higher energies.
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Hf4f

Fig. 4.6  Hf4f XPS peaks from HfO,
surface after CF; etching
(Original strong peaks were

analyzed as combination of

XPS intensity (a. u)

HfO, (two peaks of solid line)

and HfOF, (two peaks of

dotted line))
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For CVD HfO, films etched by HBr, Cl,, CF4 and CHF;, XPS analysis was
performed before and after the thermal treatment at 250°C for 10min in a vacuum
environment. The results are shown in Figs. 4.7 (a)-(d). After heating, the signal
intensity from Br (Fig. 4.7 (a)), Cl (Fig. 4.7 (b)), and F (Fig. 4.7 (¢)) etched by HBtr,
Cl, and CF, respectively, decreases about by half. For the HfO, surface etched by
CHF3, the XPS analysis results show that fluoride residues are more complex than
those by CF4. Besides 685¢V, a high intensity peak at 689¢V is detected. It is known
that 689¢V represents Fls from C-F bonds [4.21]. After heating, signal intensity at
685eV decreases by approximately half, similar to the case of CF,4 etching. Signal

intensity at 689eV, however, does not change.
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Fig. 4.7  XPS on the surfaces of as-etched HfO, samples and the surfaces post heat-
treated for 10 minutes in vacuum (10mTorr) (a) Br3p peaks after HBr
etching (b) CI2p peaks after Cl, etching (c) F1s peaks after CHF; etching (d)
F1s peaks after CF, etching.

The chemical compositions of the residues are confirmed by TOF-SIMS. The
results are summarized in Table 4.3. In TOF-SIMS, precise quantitative analysis

cannot be performed, as it requires calibration for all the high-K samples. But the
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quantitative trend can be obtained. From the isotope spectra, we found that except
for Hf, surface residues on the samples are very different depending on the etching
plasmas. From the Br and Cl, plasma etching, the amount of bromates, bromides,
chlorates or chlorides is very small, and the amount of inorganic bromides or
chlorides such as Hf bromides, Hf chlorides, Al bromides and Al chlorides is even
smaller. After the CF4 plasma etching, the particle count from Hf fluorides and
oxyfluorides is about 10 times higher than that of residues after the Cl, and HBr
etching. In the case of CHF; plasma etching of HfO,, a large amount of carbon
containing residues was detected from the surface and it was much more than the

amount of Hf fluorides.

Table 4. 3 Surface residues detected by TOF-SIMS from Hf based dielectric films etched
using HBr, Cl,, CF,4 and CHF;.

Films Etchant Particles detected from Particles detected
S surfaces uniquely from a film
CVD HfO, .
HfAIO Hf", HfO", HfO;H", HfO,H", AlCT
TTTON Cl, HfO,H,", HfCI", ClO", CI
_ and CIOH” -
HfSi0 SiCl10y
CVD HfO, .
HfAIO HBr Hf", HfO", HfBr, HfO;H, AlBr'
HfON BrO’, Br and BrOH" -
HfSiO SiBrOy”
CVD HfO, .
HFAIO Hf", HfO", HfF", HfF,", AIF" and AIF,"
HON CF, HfFOH', HfO,H;", HfOH"
and HfO,H" -
HfSi0 -
Hf", HfO", HfO;H', HfF",
CVD HfO, | CHF; HfF,", HfFOH, CF", C;F5, -
C5F3- and C3F5-
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4.4 Discussion

4.4.1 Effects of added components and deposition methods on etch

rates

1. HfON, HfAIO, and HfO,

In Fig. 4.2, the etch rates of PVD HfON is higher than those of PVD HfO, in
both Cl, and HBr plasmas. This is especially so in the Cl, plasma at high rf bias
power. The only difference in the deposition between PVD HfO, and PVD HfON is
that, the Hf target was sputtered in Ar/O, for HfO, deposition, whereas it was
sputtered in Ar/O,/N, for HfON deposition. The XPS analysis shows that our HFON
film is mainly a mixture of HfO, and HfN. According to the etching results of HfN
(Hf:N=1:1 determined by XPS) deposited in the same sputtering conditions, the etch
rate is very high at 4000A/min, at inductive power of 400W, rf bias power of 150W,
pressure of 10mTorr and Cl, gas flow of 200sccm. It is much higher than the etch
rate of PVD HfO, at 354A /min or CVD HfO, at 390A /min. It is known that the
enthalpy of the Hf-O bond is 801.7kJ/mol, while the enthalpy of the Hf-N bond is
536kJ/mol [4.21]. This means that the Hf-N bonds can be easier to break than the
Hf-O bonds during etching. We suggest that the difference in bond enthalpies may
be the reason why the etch rate of PVD HfON is higher than that of PVD H{O,.

CVD HfAIO always has the lowest etch rate among all the Hf based
dielectric films tested. According to the XPS analysis on HfAIO before etching,
neither existence of Hf-Al bonds nor distortion of both the HfO, and Al,O; signals
can be observed.. This means that our HfAIO is a mixture of HfO, and Al,O3, which

is the same as the other reports on the properties of the CVD HfAIO or atomic layer
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deposited (ALD) HfAIO [4.6, 4.22]. It is well known that it is very difficult to
achieve a high etch rate of Al,O; using Cl, without BCl; [4.23]. Therefore, the low
etch rate of HfAIO is explained by the presence of Al,Os.
2. HfSiO vs other Hf based dielectrics

The etch rate of HfSiO shows a very strong dependence on rf bias power and
the addition of a small amount of O, in the plasma. In the XPS analysis of HfSiO
films before etching, we observe a Hf4f signal of low binding energy. This indicates
that our HfSiO is not a simple mixture of HfO, and Si0O,. Rather, it is considered to
be a Hf silicate compound. It has been reported that the structure of Hf silicate is
very different from other Hf based dielectrics such as HfO, or HfAIO where Hf
exists as HfO,. In Hf silicate, Hf, Si and O tend to form a ternary network structure.
The development of this structure enhanced after high temperature annealing [4.24-
4.26].

The Si etch by-products are more volatile than the Hf etch by-products [4.15,
4.16], and this may also have contributed to high etch rates of HfSiO in the high rf
bias power regime. In the TOF-SIMS analysis, Si chlorates and Si bromates are
detected from the surface of HfSiO samples etched by Cl, and HBr plasmas
respectively. Formation of inorganic passivating polymers such as SiBr,Oy can also
be promoted in the presence of Si in the low rf power regime [4.27, 4.28], causing a
sharper decrease in the etch rate of HfSiO.
3. CVD HfO; vs. PVD HfO,

It is observed that the etch rates of CVD HfO, and PVD HfO, are different.
Most cases except for Cl,/O,, the etch rates of CVD HfO, are higher than those of
PVD HfO,. The CVD HfO; samples are prepared using MOCVD whereas the PVD

HfO, samples are prepared using reactive sputtering. In MOCVD of high-K films,
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the precursor may dissociate incompletely, and this results in the incorporation of
some impurities such as C, H and additional O into the films (A similar phenomenon
was reported from CVD of ZrO, [4.29].). Even after post-deposition annealing
(PDA) has been performed, some impurities can remain in the high-K films. The

impurities disturb the film structures and therefore increase etch rates of the films.

4.4.2 Effects of ICP parameters on etch rate

As shown in Figs. 4.2 to 4.4, reducing rf bias power or increasing pressure
can reduce the etch rates of all Hf based high-K materials significantly. The strong
dependence of the etch rates on ion bombardment is clearly shown. Meanwhile,
reoxidation of Hf etch by-products with the addition of O, can explain why the etch
rates decrease further. The O, effect on the etch rates of Hf based dielectrics is
similar to that of SiO, or SiION [4.30]. This implies that most Hf based high-K films
can be a good etch stop layer during highly selective gate stack etching and therefore
the conventional SiO based etching recipes can be used without major modification

unless metal gates replace poly-Si gates as conducting electrodes.

4.4.3 Analysis of residues and etch by-products

The results from both XPS and SIMS reinforce each other. This enables
conclusive deductions on the amount and chemical composition of the etch residues.
In Table 4.4, we summarize the volatility and amount of etch by-products of Hf
based dielectrics processed in Cl,, HBr, CF4, and CHF3 plasmas. An assumption
made in Table 4.4 is that the compounds detected either in XPS or TOF-SIMS
analysis are non-volatile. Also, very little residues of HfCls, HfBr4, AICl;, AlBr3,

SiCly, SiBrs4, AICI;, SiCly and SiBrs are observed because they are volatile by-
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products [4.31-4.33]. The species noted without (*) are considered to be main and
volatile by-products, or to be non-main and non-volatile by-products. Meanwhile,
the species noted with (*) are considered to be main but non-volatile by-products.
Table 4.4 shows that the non-volatile and main by-products are generated from the
etching in F containing plasmas.

Table 4.4 Properties of etch by-products of Hf based dielectric films etched by Cl,,

HBr, CF, or CHF; plasmas. The uncertain species are marked as “U”.

Volatile or notat | Main by-products
Etchants Etch by-products 100°C & 10mTorr or not
HfCly Yes Yes
HfCI No No
U(ClO) No No
Cly AlClL Yes Yes
AlCl; No No
SiCly Yes Yes
USiCl0O, No No
HfBr4 Yes Yes
HfBr No No
U(BrO)y No No
Br AlBr3 Yes Yes
AlCI No No
SiCly Yes Yes
USiBrO, No No
HfF(X=1, 2) (*) No Yes
CF4
HfF,Oy, (*) No Yes
CiFy (%) No Yes
CHF; HfF,Oy (*) No Yes
CiFy (%) No Yes
From the air or HfO,(H,0)x No No
in plasmas o No No

The effect of temperature on the residue shown in Figs. 4.7 (a)-(d) reveals
that the amount of etch residues decreases by post high temperature process at

250°C. Dissociation of bromates, chlorates and oxyfluorides may result in the
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formation of halides which can be volatile at high temperature, and this can explain
the reduction in the residues. However, for the CHF; etching, the amount of C
fluoride residues was not reduced even after heating and this may be attributed to
their relatively high thermal stability.

From the viewpoint of process integration, these residues can be deleterious.
If the residues are deposited on the sidewall of gates, they can provide an additional
current path which will lead to higher gate leakage. If the residues are deposited on
the wafer surface, they can hinder the formation of silicides, and this can result in
higher contact resistance. Furthermore, these residues can induce the cross

contamination of the wafers and process chambers.

4.5 Conclusions

Experimental results show that the etching of HfON, HfAIO, and HfSiO is
strongly dependent on etching properties of each phase in the makeup of the films,
e.g. HfO,, HIN, Al,Os, and HfSiO4. Inductively coupled plasma using HBr/Cl,/O,
for poly-Si/SiO, gate stack etching can also be applied to the etching of poly-Si / Hf
based dielectric gate stacks. The incorporation of N, Al, Si into HfO, changes
surface residues, and the etch rates of the Hf based dielectric films appear to depend
on etch properties of each phase in the films. In the low pressure ICP etching of Hf
based dielectrics using HBr or Cl, plasmas, the amount of non-volatile residues is
small, and high temperature post-treatment helps to further reduce the amount of
residues. Fluorine containing plasmas are undesirable for etching of Hf based high-
K films because of the generation of a significantly larger amount of non-volatile

residues, compared to the plasmas containing bromine or chlorine.
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Chapter 5

Formation of Poly-SiGe/HfO, Gate Stack Using
Inductively Coupled Plasma

5.1 Introduction

In chapter 1, we have explained that if MOSFETSs are kept fabricating on
planar bulk Si substrates, it is very likely that not only gate oxide of SiO»/SiOxNy
will be replaced by high-K dielectrics, but also poly-Si will be replaced by advanced
gate materials nodes [5.1, 5.2].

Polycrystalline silicon germanium (Poly-SiGe) has been is found to have
several advantages as a suitable gate conducting material to replace poly-Si. Poly-
SiGe gates have been found to be useful in reducing poly depletion effects for both
NMOS and PMOS [5.3], as shown in Fig. 5.1. With adjusted Ge concentrations,
poly SiGe can provide different work functions suitable for a p-channel device [5.4,
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Fig.5.1  Comparison of measured quasi-static C-V for (a) NMOS and (b) PMOS V\il%
poly-Si, «Gey gate stack [5.3].
At the same time, it has been reported that the interfacial layer between poly-

SiGe gate and HfO,, one the leading high-K gate dielectrics, can be suppressed

compared with poly-Si and HfO; [5.6], as shown in Fig. 5.2.

Poly-Si Paly-SiGe

Rk
S

Fig. 5.2  Cross-sectional TEM images of poly-Si/HfO, and poly-SiGe gate stacks after
anneal. In poly-SiGe / HfO, gate stack, interfacial layers above and under HfO,

films are thinner than in poly-Si /HfO, gate stack [5.6].

Reports have been made regarding the etching of poly-SiGe material using
reactive ion etching (RIE) techniques [5.7-5.10]. The common finding in these
cases is that the etch rate of poly-SiGe increases with Ge concentration. Oehrlein et.
al. [5.11] reported that the experimental etch rates were greater than those from their

proposed models and gave a thorough discussion to explain this phenomenon. They
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reported that the increase in the etch rate could not be accounted for by the greater
gasification of Ge atoms alone, but that the presence of Ge atoms in the SiGe alloy
increased the rate of the Si etch products formation. Several reasons were proposed.
They believed that the availability of electrons at the surface is important in
explaining the increased etch rate, and this is similar to the “doping effect” in Si
where the etch rate changes with the type and amount of dopants used.
Furthermore the surface of SiGe was found to become richer in Ge when using CFy,
while on the other hand, it became richer in Si when using CF,Cl, or HBr. Cheung
et. al. [5.12] reported that the etch rate and etch profile of Sig75Geg2s were strongly
influenced by the substrate temperature and the oxygen content in the SF¢/O,/He gas
mixture. There was also a report [5.8] indicating that the difference in the
enrichment was highly dependent on ion bombardment, and preferential sputtering
was cited as the most plausible mechanism.

Etching of semiconductor materials has moved from the conventional RIE
system to a system using a higher plasma density. In a study of etching SiGe in
high density plasmas, Vallon et. al. [5.13] showed that the recipe previously
developed for the etching of Si was unsuitable for etching SiGe, with the etch profile
being affected when a helicon source was used. This effect also depended
significantly on the Ge concentration in SiGe. A surface study on SiGe using XPS
was also performed by them in another work [5.14]. Etching of SiGe using an
electron cyclotron resonance (ECR) source [5.8] was also investigated to determine
the effect of ion bombardment on surface stoichiometry as mentioned previously. In
our work, the dependence of etch profiles and etch rates on process parameters is

studied to understand etching mechanisms of poly-SiGe when using an ICP source.

128



Chapter 5. Formation of Poly-SiGe/HfO, Gate Stack Using Inductively Coupled Plasma

After completing the dry etching process of the poly-SiGe gate conductor,
the underlying thin gate dielectric is usually removed by diluted HF, since wet
etching of dielectric films using concentrated HF results in significant undercutting.
According to recent reports [5.15, 5.16], wet etch rates of high-K films as gate
dielectrics are extremely low, particularly after they have been annealed. Exploiting
the difficulty for HfO, to form volatile products during plasma etching, there have
been reports [5.17, 5.18] of using the HfO, film as an etch-stop layer. Recently,
Norasetthekul et. al. [5.19] reported on the etching of HfO, films in an ICP etcher
using Cl, and SFs.

In this chapter, we report on results obtained from ICP etching of poly-SiGe
and HfO, with the aim of forming poly-SiGe / HfO, gate stacks using industry
compatible etching equipment. We also demonstrate the formation of controlled
notches from the poly-SiGe sidewall as a step towards the development of short
channel devices with a technology node smaller than 65nm and high selectivity

plasma etching of poly-SiGe to HfO,.

5.2 Experimental Setup

The samples used in this work were prepared by a gate cluster system
manufactured by Jusung Engineering Co. The system consists of three processing
chambers for MOCVD of high-K dielectrics, CVD of poly-SiGe deposition, and
post deposition annealing (PDA), respectively. In the gate cluster system, these
processing steps are carried out in sequence without breaking the vacuum. All the
poly-Si and poly-SiGe films were deposited by CVD using SiH, and GeH, at a
temperature of 550 °C and a pressure of 5 Torr. The SiH, flow rate was fixed at

60sccm, but the GeH, flow rate was varied from 0 to 200 sccm to obtain various Ge
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concentrations in poly-SiGe. The Ge concentrations of poly-SiGe samples used in
this study were 15%, 23% 32% and 46 %, and these were determined using
Rutherford backscattering spectrometry (RBS). The poly-Si and poly-SiGe films in
the thickness range from 500 to 3000 A were deposited either on SiO, thermally
grown from an oxidation furnace or on 60 A thick HfO, grown from the MOCVD
module of the gate cluster system. The 400 A thick HfO, films were also prepared
for the measurement of the etch rates of HfO, and the etching selectivities of poly-
SiGe over HfO,. The SiO, films were grown on 6-inch Si wafers at a temperature of
1030 °C with O, at atmospheric pressure. The HfO, films were deposited on 6-inch
Si wafers using the Hf(OC(CHz3)3)4 precursor at 400°C with 50sccm O, and 100sccm
Ar. The deposition pressure was fixed at 400mTorr. After the deposition, the
annealing process was carried out at 700°C for 1 min in an N, ambient.

Thicknesses of blanket films were determined by an ellipsometer. Etch rates
and selectivities were determined by measuring the etching times and etched
thicknesses. The etched thicknesses of the films patterned by a 0.6um gate mask
were determined by a surface profiler. The etch rates obtained from the patterned
films were about the same within the error range. The 0.6um gate patterns were also
used for cross sectional SEM observations of poly-SiGe and a test patterns of
0.13um were used for investigating the etched profile of gate stacks of gate length
below 0.1um by TEM.

All the poly-Si, poly-SiGe and TMNs samples were etched using the ICP
etching module (TCP 9400SE manufactured by Lam Research Co.). The wafer is
electrostatically clamped to the bottom rf electrode and cooled by He flowing
through the grooved electrode. The temperature of the wafer electrode and the

chamber wall was maintained at 60 °C. Reactant feed gases were introduced into the

130



Chapter 5. Formation of Poly-SiGe/HfO, Gate Stack Using Inductively Coupled Plasma

chamber from the bottom. In this study, various gas combinations of HBr/Cl,/O;
were used for each of the following three etching steps for the gate stack: main-
etching of poly-SiGe, over-etching of poly-SiGe, and etching of HfO,. Studies on
the etching of HfO, with HBr/Cl,/O, plasmas were performed using the TCP9400SE,
whereas studies on the HfO; etching with CF, plasmas were performed using
another etcher (ICP2, used in chapter 3). Configuration of TCP9400SE is similar to
ICP2. Differences of the TCP9400SE from ICP2 the are as follows: (1) ICP2 holds a
wafer using step height on the electrode and gravity of the wafer, whereas
TCP9400SE uses electrostatic chuck, and (2) ICP2 has 5.75 coil turns and sidewall
gas inlets whereas TCP9400SE has 4 coil turns and bottom gas inlets. To
investigate the etching characteristics at various conditions, the parameters of
inductive power, rf bias power and pressure were varied. The inductive power was
varied in the range from 200 to 550 W, the rf bias power was varied in the range
from 0 to 360 W, and the pressure was varied in the range from 10 to 80mTorr.
Optical emission was monitored to investigate the property of the plasma
species during the etching of the poly-SiGe / HfO, gate stack on the Si substrate.
Optical emission spectra in the wavelength range of 200 to 800nm were collected

using a CCD spectrograph via an optical fiber fixed on the sidewall of the reactor.

5.3 Experimental Results

5.3.1 ICP etching of poly-SiGe

Figures 5.3 (a), (b) and (c) summarize the etch rates obtained by varying in
turn the inductive power, rf bias power and pressure, using the baseline recipe of an
inductive power of 550 W, an rf bias power of 200 W, a pressure of 10 mTorr and a

HBr flow of 200 sccm.
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Fig. 5.3
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From the baseline condition, we obtained the etch rates of 2660 A/min for
poly-Si and 5270 A/min for Poly-Sigs4Geoss. From Fig. 5.3, it can be observed that
the etch rate of poly-SiGe increases approximately linearly with increasing Ge
concentration, although the slight deviation towards the high etch rate was observed
at 46% Ge. Models were suggested by Oherlein et. al. in RIE [5.10] to explain the
deviation from the linear relation, but their experimental results did not quite agree
with their models. As shown in Fig 1, the etch rates were affected by changing the
following process parameters: 2040 A/min - 4080 A/min for the 250W inductive
power, 2030 A/min - 3390 A/min for the 40 W rf bias power, and 1960 A/min -
3640 A/min for the 80mTorr pressure. However, the trend of the linear increase of
etching rates with increasing Ge concentration remained unchanged.

Figure 5.4 shows etch rates as a function of pressure from 10 mTorr to 80
mTorr for different Ge concentrations. A peak value for the poly-SiGe etch rates is
observed at around 20 mTorr. A similar trend was reported in RIE by Zhang et. al
[7], but the peak was observed at around 75 mTorr in their work. The trend is more

obvious for samples with the larger Ge concentration.
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Fig. 5.4 Etch rates of poly-Si, poly-Sip77Geg 23, and poly-Sig.s4Gep.46 aS
a function of pressure (inductive power: 550W, rf bias power:

200W, and gas flow: HBr 200sccm). 133
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Figures 5.5 (a) and (b) show the etch rates as a function of rf bias power at 10
mTorr and 80 mTorr for poly-SiGe samples for various Ge concentrations. It was
found that, as the rf bias power increased, the etch rates increased more rapidly at 80
mTorr than at 10mTorr. The difference between 10 mTorr and 80 mTorr was more

pronounced for the higher Ge concentrations.
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Fig. 5.5 Poly-SiGe etch rates as a function of rf bias power at (a)
10mTorr and (b) 80 mTorr.

Figures 5.6 (a)-(h) show the vertical profiles of the poly-SiGe gates for the
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various Ge concentrations and the various process parameters for ICP etching. As
shown in Figs. 5.4 (c) and (d), when the Ge concentration was above 30%, notching
was observed. Almost no notching was observed in Figs. 5.4 (a) to (c) for the poly-
Si gate and the poly-SiGe gates with the Ge concentration below 30%. More
notching was visible with increasing Ge concentration (Figs. 5.6(a) to (d)),
increasing pressure (Figs. 5.6 (e) and (d)), decreasing rf bias (Figs. 6 (d) to (f)), and

increasing inductive power (Figs. 5.6, (g) and (h)).
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Fig. 5.6 SEM of etching profiles for (a) poly Si, (b) poly Sig77Ge€g.23, (C) poly SigesGeo.32,
(d) poly SiossGeoas, (&) poly SiossGeoss (pressure: 10mTorr), (f) poly Sips4Geo.s
(rf bias power: 280 W), (g) poly Sigs4Geo4s (inductive power: 250 W), and (h)
poly Sigs4Gegss (inductive power: 550 W). ((a)-(f): parameters are fixed at
inductive power of 550 W, rf bias power of 200 W, pressure of 20 mTorr, HBr of
200 sccm, etching time of 30 sec; (g)-(h): parameters are fixed at rf bias power of
200 W, pressure of 80 mTorr, HBr of 200 sccm, and etch time of 150 sec).

Figure 5.7 shows TEM pictures of the double layered poly-Si / poly-SiGe
gate stack of the 100nm gate line after etching at a condition identical to those in Fig.

5.6.

1000 A
<+—— Poly-Sj=—>

PR
< 500 A
e on Poly-SiGe
«~100nm — -
20% Ge 30% Ge

Fig.5.7  TEM images of etching profiles for gates with a line width of 100 nm with
Ge concentrations of 20% and 30%. Thickness is 50nm for poly-SiGe and
100nm for poly-Si.

The notching depth of 50nm was obtained from poly-SiGe of 30% Ge after

the etching for the same period as that for the single layered poly-Si. The clear
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difference in poly-SiGe gate stack profiles was observed between 20% and 30% Ge.

5.3.2 ICP etching of Poly SiGe/HfO, gate stacks

Etching selectivities of poly-SiGe over HfO, as a function of rf bias power at

10mTorr and 80mTorr are shown in Figs. 5.8 (a) and 5.8 (b), respectively. At

10mTorr, the etching selectivity decreased as the rf bias power increased (see Fig.

5.8 (a)). This was originated from that the etch rate of HfO, increased faster than

that of poly-SiGe with increasing the rf bias power.

However, the etching

selectivities were relatively constant at 80mTorr (see Fig. 5.8 (b)).
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Poly-SiGe / HfO, selectivities as a function of rf bias power when pure HBr

is used and 8 sccm O, is added to HBr at (a) 10 mTorr and (b) 80mTorr.

When 8sccm O, was added to 200sccm HBr at 10mTorr, the etching

selectivity of poly-SiGe to HfO; increased significantly due to the lowered etch rate
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of HfO; films. When 8sccm O, was added at 80 mTorr, at the low bias power the
etch rate of HfO, films was lowered down to almost 0, and furthermore, at the high
bias power a significant amount of etching by-products was deposited to result in net
deposition. The occurrence of net deposition was observed by removing the
photoresist mask using acetone and by subsequently measuring step heights between
masked areas and unmasked areas of HfO, films. The net deposition rate was in the
range of 0 - 40 A/min.

Figure 5.9 shows optical emission spectra collected during HBr etching of
poly-SiGe. The optical emissions from Si and Ge were detected clearly at the
wavelengths of 251.0 nm and 264.5 nm, respectively. We were not able to detect
optical emissions generated from Hf etch products, e.g. 307.3 nm, 340.0 nm,
368.2nm, etc [5.20]. Furthermore, the optical emission from the wavelengths of
251nm (Si) and 264.5 nm (Ge) were used to analyze temporal change in the etch
products generated during ICP etching of the poly-SiGe / HfO, / Si gate stack in the

HBr/CI;, plasmas.
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Fig. 5.9 Optical emission spectra during ICP etching of poly-Sigs4Gegss USING
HBr. Optical emission peaks from Si at 251.0nm and Ge at 264.5nm and

various etch products from 420nm to 500nm are indicated.
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In Figs. 5.10 (a) and (b). A multi-step etching process was applied to the
poly-SiGe / HfO, / Si gate stack. The oxide breakthrough was performed at the
condition of 60 sccm Cl,, 350 W inductive power, 150 W bias power and 10mTorr
for 10 sec. The main etching was performed at the condition of 200sccm HBr,
350W inductive power, 135 W bias power and 10 mTorr. Gas flow and pressure
were stabilized before each processing step. The result in Fig. 5.10 (a) shows the
rapid increase of the Si optical emission peak after etching the gate stack for 80 sec,
proving that the HfO, layer was removed from the Si substrate. Optical emission
results of Ge from 264.5 nm (Fig. 5.10 (b)) show that the intensity began to drop to
noise level after HfO, was removed. It is interesting to observe from the decrease of
the Si peak (Fig. 5.10 (a)) and the increase of the Ge peak (Fig. 5.10 (b)) during the
breakthrough period, that the Si/Ge ratio in the native oxide of poly-SiGe is higher

than that in the bulk of poly-SiGe.
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Fig.5.10 Optical emission intensity with time during ICP etching of poly-
Sigs4Geoss / HFO, / Si-substrate gate stack using HBr, for (a) Si:
wavelength 251.0 nm and (b) Ge: wavelength 264.5 nm.

5.4 Discussion

5.4.1 Profile control in ICP etching of poly-SiGe gate

It is interesting to be able to control the amount of the notching from the
poly-SiGe gate sidewall by adjusting the etching process parameters. Oehrlein et al.
[5.11, 5.21] reported that the surface of the poly-SiGe gate structure becomes either
Si-rich in HBr plasmas or Ge-rich in CF4 and Cl, plasmas. According to their
observation, the SiGe surface resulting from the HBr experiments is expected to be
Si-rich, and the local disturbance of the Si/Ge ratio at the surface is expected to
result in more structural defects and thereby more available electrons. This can
explain the development of the notching observed when Ge concentration increases.
In addition, deeper notches were obtained from processing conditions where ion

energy was reduced, that is, with higher pressure, higher inductive power, and lower
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rf bias power (See Fig. 5.6). Here we propose the theory that notching of poly-SiGe
gates develops when ion energy is insufficient to form a proper passivation layer on
the sidewall in HBr plasmas. Foucher et. al. [5.22] reported that the sidewall is
passivated by the SiOy-based layer during poly-Si gate etching in HBr/O, plasmas.
If the same mechanism is applied to SiGe etching, the etch products are likely to be
chemically sputtered by ions and can be the main components of the sidewall
passivation layers. Therefore it is plausible that experimental conditions of higher
ion energy can result in thicker passivation layers and the less notching. Notch gates
are currently being studied by some researchers [5.22-5.24] to develop short channel
devices of gate channel length below 65nm.

There have been other notching studies in which “footing” was observed as
an undesirable phenomenon originating from the conductivity of doped silicon [5.25,
5.26]. In these reports, the notching occurred during over-etching of the poly-Si
against the dielectric underlayer when high selectivity between them could be
attained. The notching was localized sharply at the interface between the doped
poly-Si and the underlying dielectric layer. However, in our observations of Figs 4
and 5, the controlled notch from poly-SiGe is observed all across the depth of
sidewalls, and is similar to “bowing”. Considering that the currently studied SiGe
gate stack requires a double layer composed of poly-Si on poly-SiGe [5.11, 5.27],
the notching across the poly-SiGe sidewall may be used for the formation of a T-

shaped short channel gate structure.
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5.4.2 Etching selectivity control in ICP etching of poly-SiGe / HfO,

gate stacks

According to previous observations of high-K dielectrics such as HfO,, ZrO,,
Al;O3, BagsSrosTiO3 and inert electrodes such as Pt as potential semiconductor
materials [5.19, 5.28-5.33], the etch rates are strongly dependent on ion energy as
well as ion density. In ICP etching using inductive power below 1000W and bias
power below 500W, etch rates were mostly lower than 1000 A/min, implying that
their etching mechanism is predominantly dependent on sputtering by ion
bombardment. The universal model for ion bombardment induced etching processes
was suggested by Steinbruchel [5.34],

Y(E) ~ A(EY? -E,"?)

where Y(E) is the sputtering yield at ion energy E, and Ey, is the threshold ion energy
for sputtering. This model successfully predicted the relationship between the etch
rate and the ion energy for sputtering dominant etching processes. In Fig. 8 (b), we
found an approximately linear relation of the etch rates vs rf bias power during HfO,
etching. But, we were not able to measure dc bias voltages, because this required a
significant modification of our etch system (TCP9400SE). S. Norasetthekul et al.
[5.19] reported that the etching of the sputtered HfO, films was not only ion-
enhanced but also chemically-enhanced, showing deviation from the Steinbruchel
model. Using another ICP etcher, further studies on the effects of the dc bias
voltage are in progress to explore the etching mechanism for various HfO; films of
different annealing and deposition conditions.

Since we can control the etch rates of HfO, from both the CF, and HBr

plasmas, this will be an important method to control the etching selectivity of poly-
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SiGe with respect to HfO,. The minimum selectivity requirement of the film to the

substrate, Syin, IS given by [5.35]

gl [(1+a)(1+5)_(1—a)}
"ot 1-p  @+p)

where t; ae IS average film thickness, ty max S maximum allowable
consumption of the underlayer, o is the uniformity of film thickness, B is the
uniformity of etch rate, and & is the overetching amount.  As an example, the
advanced gate stack in the 100nm technology node could consist of a 1500A thick
poly-SiGe (thickness uniformity of 3%) film and a 30A thick HfO, underlayer. If
overetching up to 50% is allowed in the ICP equipment (with an etch rate uniformity
of 3%), we will need to achieve a selectivity of 33 or higher in order to form an
advanced gate stack by ICP etching. Considering that the removal rate of the
remaining HfO, by diluted HF is extremely low, it can be important to remove most
of the underlying HfO, by plasma etching without consumption of Si substrate. This
can be done if the selectivity could be very precisely controlled in the neighborhood
of 33 as a minimum.

There have been reports on effects of O, addition on etching selectivities of
poly-Si to SiO, [5.36, 5.37]. The results from HBr/O, plasmas [5.36] showed that
the poly-Si surface could be extensively oxidized with O, less than 2%, and
expected that the poly-Si etching rates and thereby the etching selectivity could be
lowered accordingly. On the other hand, the results from CI,/O, plasmas [5.37]
showed that, the O, addition almost unaffected the poly-Si etch rates but lowered the
SiO, etch rates via etch-deposition competition, and this resulted in the higher
etching selectivity. In our results of Fig 7, the etching selectivity of poly-SiGe to

HfO, increased significantly with the introduction of 3.8% O, in HBr. The results
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from Fig. 9 (a) demonstrate that the etching selectivity could be sensitively
controlled by changing the rf bias power in the presence of small amount of oxygen.
We noticed from our preliminary XPS analysis that the change in the selectivity
might be mainly due to the change in the film property of the HfO, underlayer.
When O; is added to HBr, it dissociates quickly in the plasma to react with
nonvolatile Hf or Hf etch products to form HfO, or HfO,Bry, nullifying the etching
of HfO, by HBr. We propose that, as the etching is carried out, the surface of the
HfO, film becomes richer in Hf by a selective etching process for O, but it can
quickly return to HfOx when a certain amount of reactive O is available from the
plasma. The precise addition of O is critical in controlling removal rates of HfO,
and thereby etching selectivities. According to this model, the processing window
can be determined by competition between low selectivity from high etch rates of

HfO, without O, and high selectivity from in-situ re-formation of HfO, withOs.

5.5 Summary

A novel poly-SiGe/HfO, gate stack was formed by ICP etching. We were
able to control the amount of notching that was formed by ICP etching of poly-SiGe,
and to form a notch gate that can be used for short channel devices of gate length
smaller than 65nm. Notching was controlled by varying the etching process
parameters of inductive power, rf bias power, and pressure, as well as by varying the
Ge concentration in poly-SiGe. Notching became more pronounced in the conditions
where ion energy was reduced. Etching of HfO, was strongly dependent on the
sputtering by ion bombardment. By controlling the etching selectivity of poly-SiGe

to HfO, with the change in the rf bias power in the presence of a small amount of O
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in HBr plasmas, we were able to demonstrate the processing feasibility of the
formation of a poly-SiGe / HfO, gate stack using ICP etching. Optical emission by
monitoring Si and Ge etch by products can provide sharp and obvious endpoint

signals.
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Chapter 6

Formation of Novel Gate Stack of Nonvolatile Flash
Memory Device Using Ge Nanocrystals Embedded in
HfAIO High-K Dielectric

6.1 Introduction

In chapter 1, we have introduced that to scale the oxide thickness, flash
memory devices using nanocrystals (NCs) as floating gate (FG) have received
considerable attention because of its excellent memory performance and high
scalability [6.1, 6.2]. In NCs flash memory devices, charges are stored in discrete
NCs instead of a continuous poly-Si FG. Hence, the devices can be less sensitive to
local oxide defects, as shown in Fig. 6.1. Thinner tunneling oxide can be used
without significant degradation in retention performance. As a result, the
programming voltage can be reduced and the programming speed can be improved
significantly [6.1].

Continuous Control NCs Control

floating gate floating gate
gate

gate

X

X oxide defect
Fig. 6.1  Schematics of nonvolatile flash memory device using continuous

floating gate and NCs floating gate.
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From the viewpoint of production, the NCs flash memory process is similar
to the silicon-oxide-nitride-oxide-silicon (SONOS) memory process, offering a
reduced number of masks compared with the existing FG flash memory process
[6.3], and leading to a corresponding reduction in cost for system-on-a-chip
application employing such devices.

Table 6.1 Process steps of logic with embedded nonvolatile flash memories. Source:

Motorola Embedded Memory Center.

o | Embedded raneEvsialerr
Process Step IE;)I?II;/: NERE::II:t?IeG ﬁ:ssh SONOS type
memories nonvolatlle_: flash
memories

Isolation Formation + + +
High Voltage Wells 2 masks Saved
High Voltage Wells 1 mask 1 mask
Tunnel Oxidation + Saved
Efs:ls'}?ioen?;’eatterning 1iatk Bavid
ONO Deposition/Patterning 1mask 1 mask
Low Voltage Wells + + +
DGO Wells 4 + +
g:?iza\:iooltlalggtterning 1 mask 1 mask
DGO Oxidation/Patterning + + 4
Low Voltage Oxide Growth + + +
Gate Deposition + + +
NVM Stack Patterning 1 mask Saved
NVM Source Halo Implant 1 mask Saved
NVM Drain Implant 1 mask 1 mask
Gate Patterning + + +
High Voltage LDD Implants 2 mask Saved
DGO LDD Implants + + +
S/D and Backend Processing + + +

Masking Step Adder - +11 +4

In Table. 6.1, process steps of a typical process flow of a SOC product,

which includes logic device and nonvolatile flash memories is show. Number of
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added process steps and masks for fabricating FG and discrete charge storage
nonvolatile flash memories are compared. It can be found that with discrete charge
storage, the process steps and number of masks can be significant reduced compared
with conventional FG flash memories process.

The first NCs flash memory device was demonstrated using Si-NCs
embedded in SiO; [6.4]. Since then, various materials such as Ge and metals have
been used to form NCs FG on SiO; [6.5-6.7] and various storage mechanisms have
been proposed. In semiconductor NCs flash memory devices, electrons can be
stored either in the traps or the conduction band of NCs. There are evidences that
electrons should be stored in interface states or bulk traps, rather than the conduction
band, resulting in good retention property [6.8, 6.9].

Compared with Si, Ge has a narrower band gap and a similar electron
affinity [6.10]. It has been reported that flash memory devices employing Ge-NCs
instead of Si-NCs may have superior retention properties [6.8, 6.11, 6.12]. Ge-NCs
flash memory devices using very thin SiO, tunneling oxide were demonstrated a few
years ago and good retention performance was observed [6.5, 6.6].

In the chapter 1 of this thesis, we have introduced that to improve the
electrical performance of flash memory devices, efforts are also made to replace the
SiO, tunneling oxide and the SiO,/Si3N4/SiO; control (interpoly) oxide of FG
memory devices with high dielectric constant (high-K) materials. By using a high-k
tunneling oxide, both lower programming voltage and better retention performance
can be achieved because of the smaller conduction band offset between Si substrate
and high-K dielectric and larger physical thickness of high-K dielectric, respectively

[6.12, 6.13].
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The control gate coupling ratio is given by g = Cey / (Ceg + Cpios T Cp + Cra),
where C, 1s the capacitance between the control gate and the floating gate, Cis 15
the capacitance between the floating gate and the channel, Cg is the capacitance
between the floating gate and the source, and Cy is the capacitance between the
floating gate and the drain. In Fig. 6.2, the equivalent capacitor circuit of a floating
gate flash memory device is shown. Cgs and C,q are the capacitance between control

gate and source and drain. They can be neglected because of the thick spacers.

Cgs Cegd

Ceg

Cf
i Floating Gate Ctd

Cmos

Source Drain

Fig.6.2  Equivalent capacitor circuit of a floating gate flash

memory device.

When high-K dielectric is used as the control oxide of FG memory devices,
a, can be increased because of the smaller equivalent oxide thickness (EOT) of the
control oxide. This enables the control gate voltage to couple to the tunneling oxide
more effectively, resulting in lower programming voltage; at the same time, the
memory window can be enlarged [6.14]. Furthermore, the larger physical thickness
of high-k control and tunnel oxides helps the charge retention. Such advantages
have been identified recently in NCs FG memory devices and SONOS memory

devices [6.12, 6.13-15]. The Hf based high-K materials were chosen in these studies
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because they have been recognized as the most promising alternative gate dielectrics
for future complementary metal-oxide-semiconductor (CMOS) devices. Therefore,
considering the advantages of Ge-NCs, integrating Hf based high-K tunneling and
control oxides with Ge-NCs could be a promising way to further improve the
performance of NCs flash memory devices.

Besides the good electrical performance, we anticipated that a structure of

Ge-NCs embedded in Hf based high-k materials could have process integration

advantages. The change in Gibbs free energy (4G) of formation (at 298.15 K) of

GeO, (-111.8 kcal / mol) is much smaller than those of the Hf based high-k
materials such as HfO, (-260.1 kcal / mol), Al,O3 (-378.2 kcal / mol), and SiO, (-
204.75 kcal / mol) [6.16]. This indicates that Ge is less likely to react with O than
Hf, Al and Si during the thermal cycles of a CMOS process, leading to a reliable
process and a stable structure [6.17]. In this work, we fabricate nonvolatile flash
memory devices employing Ge-NCs embedded in HfAIO dielectrics, and investigate

their memory properties, including writing, charge retention and endurance.

6.2 Experimental Setup

The devices were fabricated on p-type (100) Si wafers with boron doping

-3

concentration of 2X 10" ¢m™. HfAIO was chosen as the tunneling and control

oxide because it showed good thermal stability [6.18], and TaN was chosen as the

153



Chapter 6. Formation of Novel Gate Stack of Nonvolatile Flash Memory Device Using Ge
Nanocrystals Embedded in HfAIO High-K Dielectric

control gate because it showed good process compatibility with high-k dielectrics
[6.19]. The key process steps including the formation of Ge-NCs in HfAIO are

shown in Figs. 6.3 (a) — (f).

Pre-gate cleaning, HfAIO tunneling oxide
deposition by ALCVD and PDA TaN deposition by reactive sputtering and
gate patterning

EERREEEEREE

) -
(e)

Co-sputtering Ge, HfO, and Al,O; targets
in pure Ar ambient

22RRRE2RRNS

As' implantation and activation at 950°C for
30 s to form source/drain region

I
®

(©)
Fig. 6.3  Process flow for device

°C i i i . .
PDA at 700°C in N, ambient for 30 mins fabrication.

(d)
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After the pre-gate cleaning in 1% dilute HF, a 5 nm (optical thickness
measured by an ellipsometer) HfAIO (HfO,-Al,O3 laminated structure with an
atomic ratio of Hf : Al =1 : 1) tunneling oxide was deposited at 320 °C by an atomic
layer chemical vapor deposition (ALCVD) using HfCl; (Hf source) and trimethyl
aluminum (Al source) precursors, and H,O (Fig. 6.3 (a)). A post-deposition-anneal
(PDA) was performed in N, ambient at 700 °C for 30 s. The Ge-NCs layer was
formed on the tunneling oxide by a co-sputtering and an anneal process [6.17]: (1)
at first, around 10 nm thick film was deposited by sputtering Ge, HfO, and Al,Os3
targets together (Ge : HfO, : Al O3 =1:3 : 1 by volume) in a pure Ar ambient (Fig.
6.3 (b)); (2) a 8 nm HfAIO control oxide (the atomic ratio of Hf : Al =1 : 1) was
then deposited using ALCVD (Fig. 6.1 (¢)); and (3) an anneal at 700 °C in N,
ambient for 30 min was performed to form the Ge-NCs (Fig. 6.3 (d)). After the
deposition of TaN and the gate patterning of a 20 um channel length (Fig. 6.3 (e)),
source/drain regions were formed by an As” ion implantation followed by an

activation anneal at 950 °C for 30 s in N, ambient (Fig. 6.3 (f)).

6.3 Experimental Results

6.3.1 Formation of Ge-NCs in HfAIO

Figure 6.4 shows the bright field transmission electron microscope (TEM)
image taken from the gate stack after step (f) in Fig. 6.3. A high resolution image of
one typical Ge-NC is inserted for revealing the geometrical characteristics of the Ge-
NCs. Energy dispersive x-ray diffraction analysis shows that the dark dots between

the two HfAIO layers are pure Ge. After several thermal processing steps including
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source/drain anneal, we found that the HfAIO in the tunneling oxide, control oxide

and co-sputtered layers remained amorphous.

i, Si substrate

Fig. 6.4 A cross-sectional TEM image of the gate stack fabricated in this work.
The dark regions are induced by strong Bragg dispersion by Ge-NCs,
and the inset picture shows the details of the Ge-NCs.

The structure of Ge-NCs embedded in HfAIO is clearly observed in Fig. 6.4,
and the distinct interface between Ge-NCs and HfAlO indicates that no interfacial
layer is formed. A typical Ge-NC shows an elliptic shape with a diameter and a
height of 10 nm and 7 nm, respectively.

At the same time, x-ray diffraction spectrum shows that in the as deposited
film, Ge is in amorphous phase, and after anneal, Ge is in crystal phase, as shown in
Fig. 6.5. This supported that the dark dots observed in Fig. 6.4 is Ge-NCs. This is
because it is very clear that the matrix is in amorphous phase, crystal signal should

come from dark dots, where the strong Bragg diffraction occurs.
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Ge (220)
After
S| 950°C Ge (311)
g annealing
*?J \ Fig. 6.5  XRD spectra of Ge in
é HfAIO before and

As-D
\ after anneal.

40 45 50 55 60
26 (deg)

In the co-sputtering process, as the Ge, Al,O; and HfO, targets were
sputtered in the pure Ar ambient and the base pressure of the process chamber was
107 Torr, the amount of oxygen in the co-sputtered layer is expected to be just
enough to oxidize Al and Hf. Since AG of the formation of GeO, (-111.8 kcal/mol)
is much larger than that of HfO, (-260.1 kcal/mol) and Al,O;3 (-378.2 kcal/mol), and
the difference of AG between the formation of elemental Ge, Hf and Al can be

neglected, in both solid reactions of GeO, + Hf — HfO, + Ge and 3GeO; + 44l —

241,03 + 3Ge, AG is negative. Hence, the mixture of HfO,, Al,O3; and Ge has the
lowest Gibbs free energy in the co-sputtered film. After anneal, all O atoms were
consumed to oxidize Al and Hf, leaving Ge atoms to agglomerate in the HfAIO
matrix. This results in the formation of Ge-NCs embedded in HfAIO.

This process is experimental reveal by an materials analysis using x-ray
photoelectron spectroscopy (XPS). Fig. 6.6 shows the XPS spectra obtained from
the co-sputtered film, revealing the presence of HfO,, Al,Os, Ge, GeO, and Hf in the

as-deposited film.
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GeO
950°C

700°C

Intensity (a. u)

!
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As-D
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Binding Energy (eV)

(a)
HfAf HfO,

=
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w
c Hf
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Binding Energy (eV)

(b)

Al2p
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700°

Intensity (a. u)

-D
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Binding Energy (eV)
(c)
Fig. 6.6 XPS spectra of (a) Hf4f, (b) Ge3d and (c) Al2p from the HfO,, Al,O3 and

Ge co-sputtered films as deposited and annealed at different temperatures.

158



Chapter 6. Formation of Novel Gate Stack of Nonvolatile Flash Memory Device Using Ge
Nanocrystals Embedded in HfAIO High-K Dielectric

Hf in the as-deposited film comes from the HfO, particles, from which
oxygen atoms are sputtered away. As a result, GeO; is formed. The Al2p peak shifts
slightly towards higher energy upon annealing, suggesting that some Al atoms that
are not fully oxidized in the as-deposited film are substantially oxidized in the
followed annealing process. At the same time, Hf is oxidized and a substantial
amount of GeO, is reduced. GeO, was reduced to Ge in the oxidation process of Hf
or Al, as anticipated in the introduction of this chapter.

Despite the increase of the annealing temperature from 700°C to 950°C, no
changes in XPS peaks corresponding to Hf4f, Ge3d and Al2p were observed. This
also indicates that no Hf or Al germanide or germanite is formed.

In NCs flash memories, the size of NCs is an important factor that affects
electrical performance. She ef al. [6.20] reported that the size of Ge-NCs embedded
in SiO; should not be scaled below 5 nm, because the quantum confinement effect
becomes very significant for such small Ge-NCs [6.21]. Large quantum
confinement leads to the conduction band in the nanocrystal being much higher than
that of the Si substrate resulting in enhanced leakage from NCs and shorter retention
time. This is especially true for the Ge-NCs embedded in HfAIO due to the smaller
conduction band offset. On the other hand, the size of NCs also should not be too
large. For a given density of NCs, a larger NC size reduces the inter-NCs spacing
and increases charge loss, resulting in poor retention. According to the simulation
result, the optimum NC size is about 5 nm for flash memory devices using Ge-NCs
embedded in SiO, [6.20]. For Ge-NCs embedded in HfAIO, the optimum size
should be a little larger as the barrier height is lower. In this work, the typical size
of Ge-NCs obtained is in the range of 7 nm to 10 nm, indicating that Ge-NCs

formation in HfAIO by phase separation could be a promising way to achieve the

159



Chapter 6. Formation of Novel Gate Stack of Nonvolatile Flash Memory Device Using Ge
Nanocrystals Embedded in HfAIO High-K Dielectric

ideal NC size for Ge-NCs high-k flash memory devices. We also found that the Ge-
NCs were chemically inert in HfAIO as indicated by the thermodynamic properties,
and TEM analysis shows no obvious interfacial layer even when the process
temperature was up to 950 °C. Hence, the structure demonstrated in this study can
be realized in an industrially compatible CMOS processes.

The density of Ge-NCs embedded in HfAIO matrix was estimated to be

about 2X 10"'em™ by an electrostatic force microscopy (EFM) image taken after

annealing (Fig. 6.7). Because of the difference in the dielectric constants between
Ge and HfAIO, the oscillating phase shift of the EFM probe is different under the

electric field. The white dots in the EFM image are the Ge-NCs.
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Fig. 6.7 EFM image of Ge-NCs embedded in HfAIO matrix. Tip
voltage is 5 V.

Based on this particular EFM image with a nanocrystal density of 2X 10"

cm™, the average distance between the centers of adjacent NCs is estimated to be

about 22.4 nm, hence the average distance between the two NCs is estimated to be
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around 12 nm. This ensures electrical insulation between the Ge-NCs. Note,
however, that the density of the Ge-NCs can be increased further, since the inter-
NCs distance can be reduced below 12 nm.

To reveal the Ge distribution in the device, secondary ion mass spectroscopy
(SIMS) depth profiling analysis on the gate stack was performed, as shown in Fig.
6.8. A very sharp increase in the Ge signal is observed in the middle of the Al trace
along the sputtering time axis and the trace of Ge disappears earlier than the ones for
Al and Hf. This means that the Ge-NCs are well confined between the two ALCVD
HfAIO dielectric layers and no obvious diffusion through the oxide occurs. This is
very important because the presence of Ge in the tunneling or control oxides can
form the leakage path which degrades retention performance. Furthermore, any Ge
presence in the channel can degrade transistor performance [6.22]. The TEM image
analysis and the SIMS result suggest that the Ge-NCs embedded in HfAIO show

good thermal stability, which is very important for CMOS process integration.

;D-ﬁ----

100 2 3 * 3
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Sputtering time (s)

Fig. 6.8 SIMS analysis of Al, Ge and Hf obtained from the

gate stack of the device.
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6.3.2 Memory Effect of Ge-NCs embedded in HfAIO matrix

In Fig. 6.9, the C-V characteristics of MOS capacitors with HfAlO/Ge-
NCs/HfAIO stack are compared to a control sample without Ge NCs. It clearly
indicates that the memory effect originates from the Ge-NCs. The Vy, shift of 2.2V
was attained after stressing the device for 100ms at 12V. At the same time, very
little shift was observed from the control sample, of which gate stack is simple
TaN/HfAIO/Si stack. The comparison of the C-V results between the device and

control samples indicated that the memory effects come from Ge-NCs mainly, not

the HfA1O matrix.
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Fig. 6.9 C-V characteristics of the MOS capacitors from control sample and device

sample before and after applying 0.1 s, 12V stress.
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6.3.3 Programming and erasing characteristics

The typical programming and erasing characteristics as measured from
fabricated devices are shown in Figs. 6.10 (a) and (b), respectively. In the
measurement of Vy in this work, there is a shift of about 0.1 to 0.2 V between
forward scan and backward scan in I;-V, measurement because of the charge
trapping and de-trapping in the HfAIO dielectric. In order to understand memory
effects from the Ge-NCs, all the threshold voltages were obtained in the forward
scan in this study. In Fig. 6.10 (a), it can be observed that when the programming
voltage is increased to about 6 - 7 V, the Vy, shift increases rapidly, suggesting a

change in the programming mechanism.
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Fig. 6.10 Writing transient characteristics during (a) programming and (b) erasing

operations for various gate voltages and pulse durations.
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The tunneling mechanisms through high-k dielectric materials are still under
investigation. Fowler—Nordheim (F-N) tunneling, direct tunneling, and Frenkel-
Poole tunneling (F-P) have been proposed to explain the experimental results at the
various voltages [6.23, 6.24]. To understand the programming mechanism in our
devices, we perform the following analysis. Considering that the gate length of the
measured device is large, the contribution of the capacitance of the FG to source and
drain regions can be neglected, the control gate coupling ratio of our device is then
estimated to be 0.38. Considering that the conduction band offset between the
HfAIO tunneling oxide and the (100) Si substrate is 2.1 eV [6.23], the work
functions of TaN on HfO, and HfAIO are the same at 4.41 eV [6.25] and the surface
potential of Si substrate is 0.6 - 1.0 V in the strong inversion region, the F-N
tunneling voltage should be around 6.0 - 6.4 V. This is the same as the
programming voltage where a steep increase of programming speed was observed.
Hence, F-N tunneling is likely to be the main mechanism of programming operation
at high voltages in our devices. Under this voltage, the control oxide is also in the F-
N tunneling regime. This is because the control gate coupling ratio is below 0.5 and
both the control and tunneling oxides are HfAIO with the same Hf/Al ratio. The
voltage applied on the control oxide is higher than that on the tunneling oxide.

Saturation of ¥, shift is clearly observed at a programming voltage of ~ 7 - 8
V for 1 - 10 sec in Fig. 6.10 (a). This is a universal characteristic of NCs flash
memory devices [6.1-6, 6.13]. To understand the effect of replacing Si-NCs with
Ge-NCs in flash memory devices with Hf based high-k tunneling and control oxides,
we compare the charge storage capabilities between our device and Lee et al’s work
[6.13]. For a given V}, shift, the number of electrons stored in the NCs can be

calculated from the distance between the location of the stored charges and the
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control gate electrode. However, unlike conventional FG devices, the thickness of
control oxide cannot be simply used for the estimation, because the charge
distribution in the NCs is unlike the charge distribution in the conventional FG. To
estimate the difference in charge storage capabilities between devices with Ge-NCs
embedded in HfAIO and Si-NCs embedded in HfO,, we assume that all charges are
stored in the middle of the NCs along the normal of the wafer surface. EOT of the
control oxide is 4.6 nm for our device, as determined by fitting the measured C-V
data with a simulation that takes quantum mechanical effects in the inversion layer
into account. Since the EOT of the control oxide in the work by Lee et al. [6.13] is
4.5 nm, and the density and size of Si-NCs in that work are similar to this work, the
largest amount of electrons that can be stored in each Ge-NC is estimated to be
about 3 times of that in Si-NC on the average.

Recently, Compagnoni et al. [6.14] proposed a model for program/erase
dynamics in the flash memory devices employing Si-NCs embedded in SiO,. The
maximum shift of V;, during programming operation is determined by the design of
devices as well as the mode of programming. Based on their model, in Figs. 6.11 (b)
and (c), the band diagrams of the program mode at low electric field (direct
tunneling for tunneling oxide and F-N tunneling for control oxide, when V,= 5.5 V)
and high electric field (#-N tunneling for both tunneling oxide and control oxide
when V, =7 V) are illustrated for the device structure of this work. The numerical
values of band gap and band offset are taken from the literature [6.12, 6.24, 6.25].
In Figs. 6.11, I, ;, and I, ., represent the injection current through the tunneling
oxide and the emission current through the control oxide by electrons, respectively,

and 7, ., represents the hole current from the NCs to the substrate.
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Energy band diagrams of the gate stack (a) at flat band condition; (b) at low

and (c) at high electric field programming modes. Traps in Ge-NCs are not

taken into account. With traps taken into account, the energy band diagram

at (d) low and (e) high electric field programming modes are also shown.

Electrons and holes are represented by solid and open circles respectively.
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In Compagnoni et al.’s model, 7, is neglected and steady state is achieved
when I, i, = L, o At low electric fields, the steady state is achieved when the
tunneling oxide is in the direct tunneling regime whereas the control oxide is in the
F-N tunneling regime, hence a large amount of charges can be stored in NCs
because of “well separated” oxide fields (Fig. 6.11 (b)). However, at high electric
field, NCs can only store very few electrons as nearly the same current flows
through both the tunneling and control oxides by the F-N tunneling (Fig. 6.11 (c)).
Therefore, the maximum memory window is always obtained by low voltage
programming, when tunneling oxide is biased in direct tunneling region and control
oxide is biased in F-N tunneling region [6.14].

If electrons are stored in the conduction band of the Ge-NCs in our device,
the phenomena observed in programming operation should be similar to the
simulation results in ref. 6.14. However, a very large saturated V', shift is obtained
by high voltage programming (both tunneling and control oxides are in F-N
tunneling region) in our experiments, which cannot be explained by the model in ref.
6.14. In that model, electrons trapped by interface states or bulk defects are not
taken into account. In Figs. 6.11 (d) and (e), the band diagrams of the gate stack,
where traps have been taken into account in programming operation at low and high
fields, are shown respectively. In these cases, after tunneling through the tunneling
oxide, a fraction of electrons cannot stay in the conduction band of Ge-NCs and they
will be trapped in the interface states between Ge-NCs and HfAIO or bulk defect
states in the Ge-NCs. For the electrons in the trap levels, the tunneling from NCs to
the gate cannot be simply treated as direct tunneling or F-N tunneling. For example,
these electrons could emit to the conduction band first, and then tunnel to the gate.

As a result, the tunneling probability is lower than that from conduction band to gate.
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This allows higher potential of NCs to achieve the steady state (I, i = I, o), and
therefore more charges can be retained in NCs, compared with the case without traps
in programming. This is similar to the phenomenon observed in the metal NCs flash
memory devices [6.26], in which a metal with a larger work function (electron
stored at a deeper energy level) can provide a larger memory window. It is plausible
that a large amount of traps existent in Ge-NCs results in a large memory window at
high fields that is observed in our devices.

It is not easy to compare the programming efficiencies between Ge-NCs,
SiGe-NCs and Si-NCs flash memory devices using Hf based high-k dielectric at this
moment, because the control gate voltage coupling ratios and the thicknesses of
tunneling oxides are different in existing publications [6.12, 6.13]. However, a high
trap density could be an advantage in improving the programming efficiency
because it can provide a high capture cross-section for electron trapping.

The saturation of Vy, shift is also observed in the positive voltage region for
erasing operation, as shown in Fig. 6.10 (b). After full erasure, the V}, is still
positive and no serious over-erase is found. To further investigate this phenomenon,

we performed an additional erasing operation to the already erased devices.
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In Fig. 6.12, the typical over-erase characteristics are shown. We find that
the basic phenomena from the measured devices are quite similar to each other, that
is, Vi, of the device is rarely reduced below to 0.3 V. Some instability of V, after
high voltage erase for a long time observed in Fig. 6.9 could be caused by the
trapping effect of the HfAIO matrix. Considering that Vy of the neutral device is
about 0.6 V, it is understood that our device cannot store many holes. However,

there are many states available in the valance band in each Ge-NC (N, = 5.7 X

10'®/cm?® for undoped Ge [6.12]). The valence band offset between HfAIO and Ge-
NCs is estimated to be about 3.3 eV [6.12, 6.24], which should also be high enough
to store holes. Hence, anti-over-erase characteristic should not be related to the
storage capability of holes in the Ge-NCs embedded in HfAIO.

Similar to the programming mode, the final state in the erasing operation is
determined by the injection and emission of electrons and holes, as well as the
potentials of the NCs with charges stored [6.14]. As the hole tunneling current is 1-
2 orders lower than the electron tunneling current through HfAIO dielectric [6.24],
electron tunneling dominates the erasing operation, and hole tunneling can be
neglected. If the control oxide cannot block electron tunneling effectively, the
electron tunneling current through the control oxide will be significant, resulting in a
small negative shift from the neutral V;, after the complete erasing. This indicates
that the anti-over-erase characteristic observed in our device is due to the design of
the oxide thicknesses in our device. On the other hand, compared with the
programming operation, the small memory window acquired by erasing operation

indicates that there are few hole traps available in the Ge-NCs.
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6.3.4 Data retention and rewrite endurance properties

Figure 6.13 shows the data retention characteristics at 85°C [6.27],
demonstrating that a 0.7 V memory window can be maintained after 10 years. In the

retention mode (control gate, source/drain and substrate are all grounded), the FG

potential can be obtained by the equation, Q = AV;,Ceq = Vig (CegtChios), Where Q is

the charge stored in the FG, AV, is the memory window, and V¢ is the FG potential.
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Fig. 6.13 Data retention characteristics of the

devices at 85 °C.

For a 1.5 V initial memory window as observed in Fig. 6.10 (using 7 V
programming for 100 ms), the FG potential is to be 0.58 V if the FG is assumed to
be continuous. Considering that the area coverage of the substrate by NCs FG is
0.16 (calculated by the average size of 10 nm and the center to center distance of 22

nm, as shown in Fig. 6.14) the average electron potential of the NCs FG can be as
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high as 3.56 V for AV, = 1.5 V. This potential is much higher than the barrier height

of the HfAIO control and tunneling oxides, so that the electron loss rate can be very

high. This could be the reason for the rapid initial charge loss.
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Fig. 6.14 Schematic diagrams of the top view and cross sectional view
of electron storage in the continuous FG and NCs FG. The
local electron density and potential in NCs are higher than

those in a continuous FG for a given stored charge density.

Beyond 10° s, AV, is reduced to about 0.9 V, and the electron loss rate

decreases significantly. We notice that when 4V, = 0.9 V, the average Vpg of NCs

171



Chapter 6. Formation of Novel Gate Stack of Nonvolatile Flash Memory Device Using Ge
Nanocrystals Embedded in HfAIO High-K Dielectric

is about 2.14 V which is near the transition point of that average potential of NCs is
lower than the barrier height of the HfAIO control and tunneling oxides, and the
direct tunneling should become a main mechanism of electron loss. Since the
physical oxide thickness used in this work is much smaller than that of the usual FG
flash memory devices [6.27], the good retention property should be attributed to the
immunity of NCs FG to local defects in the dielectric as well as deep trap levels in
Ge-NCs or at interfaces between Ge-NCs and HfAIO.

Figure 6.15 shows the endurance performance for both programmed and
erased states. The consistency of the trapping and de-trapping properties of HfAIO is
indicated by the error bars. It is found that no obvious Vy, shift occurs after 10°
rewrites, and neither significant electron nor hole injection to HfAlO that can
accumulate fixed charges occurs. This shows that HfAIO can meet the rewriting

operation requirement of flash memory devices [6.27].
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6.4 Conclusions

In this work, Ge-NCs were successfully formed in HfAIO high-K dielectric
using a phase separation approach with industry compatible CMOS process. We
fabricated a nonvolatile flash memory device using Ge nanocrystals (NCs) floating
gate (FG) embedded in HfAIO high-K tunneling/control oxides. Results show that
Ge-NCs have good thermal stability up to ~1000 °C in the HfAIO matrix as
indicated by the negative Gibbs free energy changes for both reactions of GeO, + Hf
— HfO; + Ge and 3GeO, + 441 —2A1,0; + 3Ge. This thermal stability implies that
the fabricated structure can be compatible with the standard CMOS process with
ability to sustain source-drain activation anneal temperatures. Compared with Si-
NCs embedded in HfO,, Ge-NCs embedded in HfAIO can provide more electron
traps, thereby enlarging the memory window. It is also shown that this structure can
achieve low programming voltage of 6 - 7 V for fast programming, long charge
retention time of 10 years maintaining a 0.7 V memory window, and good
endurance characteristics of up to 10° rewrite cycles. This work shows that the Ge-
NCs embedded in HfAIO is a promising candidate for further scaling of FG flash

memory devices.
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Chapter 7

Formation of Novel Memory Gate Stack Using Al,O3
High-K Nano-Dots Embedded in SiO;

7.1 Introduction

Since the silicon-oxide-nitride-oxide-silicon (SONOS) nonvolatile memory
was first introduced in the 1960’s [7.1], it has become one of the most attractive
candidates for the future scaling of nonvolatile semiconductor memories [7.2, 7.3].
It is reported that lateral migration of electrons can be suppressed because of the
discrete nature of charge traps in the sandwiched trapping layer of SONOS-type
memories, especially when some high-K dielectric were used as trapping layer [7.2],
hence devices are less vulnerable to local oxide defects compared with conventional
continuous floating gate nonvolatile memories, bringing about advantages in
retention, reliability and scalability [7.2, 7.3].

In chapter 1 and 6, we have introduced that nanocrystal floating gates of
discrete charge storage nodes using semiconductor or metallic materials have been
extensively studied in recent years for nonvolatile memory applications [7.4-7.6], as
an innovative method to suppress lateral migration of electrons in semiconductor
memory devices. It is generally known that SiO, contains much fewer traps than
silicon nitrides or high-K dielectrics [7.7]. If a continuous trapping layer in

SONOS-type memories can be replaced by a layer with trappy dielectric nanodots
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(NDs) embedded in SiO,, e.g., nanocrystal floating gates embedded in a dielectric,
lateral migration of electrons via F-P tunneling can be significantly suppressed,
resulting in further improvement in charge retention. In Fig. 7.1, physical

mechanisms and its advantages of this idea are illustrated.

Electron lateral Electron loss
migration mechanism in mech-anismin z
z " .
X, y plane direction
s
Nano_crystals . ,
floating gate ontro! Between NCs: DT DT
memory | S /
Nanocrystal | 1 A ‘ < 5
materials: Si, ¢ -
Ge, SiGe, B -- == Inside NC: no -
Metals «+--+ _ insulation
\ )K f / Nanocrystals
Nanocrystals
(a) (d)
SONOS- R
type e Between traps: DT & DT
memory i F-P /
Continuous _\’|‘Lr_='1r1 _______ - -
dielectrictrapping Mo 4R 9092|020 T
layer materials:
SixNy, HfO2 Al203 ) Tl
Continuous dielectric Cont;nuous dielectric
trapping layer trapping layer
(b) (e)
Between dots:
Memory stucutre using DT DT
dielectric nano-dots - e e N
. ontro d -— —
trapping layer gate Er+aEe
“ "S5 CInside
Trapping layer ee0e000 dot: DT &
materials: dielectric - P A
nano-dots such as ' \ ,\ ' f /? ,/_T_
SixNy, HfO2 Al203 ALOs dielectric dots
Al203 dielectric dots
() ()

Fig. 7.1  Tllustrations of (a) nanocrystals floating gate memory, (b) SONOS-type memory and
(¢) the memory structure proposed in this work, and their relevant band diagrams
and electron loss mechanism (d, ¢ and f) along the wafer plane and vertical direction

e 9

of the gate stacks. represents electrons stored at the energy levels in each

memory structures. Fig. 1 (f) is drawn based on SiO,/Al,0; nano-dots/SiO, structure.
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NCs FGs (Fig. 7.1 (a)) and SONOS-type memories (Fig. 7.1 (b)) [7.2, 7.3]
have been studied for achieving good retention because of their discrete charge
storage capability and lower vulnerability to oxide defects. In NCs memories,
electrons in different NCs are insulated by good dielectric materials such as SiO,,
and any electron migration between NCs occurs via direct tunneling (DT), as shown
in Fig. 7.1 (d). In SONOS memories, electrons are dispersed in the trappy dielectric,
therefore the lateral migration of electrons in SONOS-type nonvolatile memories
cannot be inhibited completely, as electrons can migrate laterally via direct
tunneling and trap assisted tunneling F-P tunneling along the trapping layer as
shown in Fig. 7.1 (e), degrading retention properties. In this work, we propose a
novel memory structure which combines the advantages of NCs and SONOS
memories. Dielectric nano-dots (NDs) are used as charge storage nodes (Fig. 7.1(c)).
The memory device structure employs trappy dielectric NDs as charge storage nodes,
which are insulated by high quality SiO,. Compared with the conventional SONOS-
type memories, lateral migration via F-P tunneling can be significantly suppressed
using this device. Compared with NCs memories, this structure can also provide
additional advantage in electrical insulation between charges within each charge
storage node, as shown in Fig. 7.1 (f).

Various approaches to form semiconductor or metallic nano-crystals in
dielectrics have been made [7.4-7.6, 7.8]; however, there have been very few reports
about the formation of dielectric NDs on SiO; [7.9].

ALO; is known to have deep trap levels and a high trap density among
various high-K materials [7.2, 7.8], indicating possibility of long retention and large
memory window. That is, Al,Os; can be an ideal trapping layer material for

SONOS-type nonvolatile memory devices. However, there is no report of formation
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of Al,Os dots on SiO, and say nothing of fabrication of Al,O; dots memory with
CMOS compatible process. In this chapter, we introduce a novel method to
assemble high density Al,O; NDs on SiO, using a two-step controlled anneal
technique. Based on this technique, we propose a novel memory structure, which

combines the advantages of both the NCs and SONOS-type memory structures.

7.2 Process Development of Self-Assembly of Al,O; Nano-
Dots on SiO,

7.2.1 Experimental details

In the study of formation of Al,O3 dots on SiO,, all samples were prepared
using p-type Si (100) wafers. Bottom SiO, were prepared by rapid thermal
oxidization at 1000 °C. Al and Al,O; thin films were deposited using sputtering in
pure Ar ambient or Ar/O, ambient. Anneals were performed in a rapid thermal
anneal chamber. In Fig. 7.2, two proposed approaches to form Al,O; NDs were

illustrated.

Proposed process 1

1. AL,O, 2. ND formation anneal
deposition in N, with O, < 5 ppm
[ ]ALO,7jsio,
(a)
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Proposed process 2

1. Al deposition

o

W ] Al [] ALO, 7 siO,

2. ND formation anneal 3. Oxidation anneal in
in N, with O, <5 ppm N, with less O,
AL /) LN N N
Si - Si -

(b)

Fig. 7.2 Tllustration of two proposed processes for assembling Al,O; NDs on
Si0;. (a) deposition of thin Al,O; films followed by anneal and (b)

deposition of thin Al film followed by anneal and oxidation.

7.2.2 Results and Discussions

A. Formation of Al,O3 NDs using proposed process 1

In proposed process 1 (Fig. 7.2 (a)), after a 4.5 nm SiO; layer was grown in a
pure O, ambient at 1000°C, an Al,Os film of 3 nm thickness (as determined by the
deposition rate and time) was deposited by sputtering (Step 1: Deposition). Then
anneals at 600 °C and 1000 °C for 30 s in a N, ambient (O, < 5 ppm) was carried out
to form Al,O3; NDs (Step 2: ND Formation Anneal). After anneal, the surface of the
films were analyzed by AFM, the AFM image of the surface of as deposited Al,O3
film is also shown as a reference as shown in Fig. 7.3.

It can be found that no dot-shaped topography can be found after anneal at
600 °C and 1000 °C. Anneal at higher temperature is not normal condition for

CMOS process. Hence, the proposed process 1 is not feasible. This could because
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the melting temperature of Al,O3 (2072 °C) is much higher than that of Al (660 °C)
[7.11], resulting in less fluidity. This result also implies that the stress of as
deposited Al,O3 on SiO; is quite low. So-called Stranski-Krastanow (SK) growth, i.

e. deposition — stress relaxation — island formation, can occur.

(b)

Fig. 7.3  AFM images (500 X 500
nm?) taken from the surfaces
of (a) as-deposited, (b) 600 °C
annealed and (c) 1000 °C
AlL,O; films with initial

thicknesses of 3 nm.

(©)

B. Formation of Al,O3 NDs using proposed process 2

In proposed process 2, after a 4.5 nm SiO, layer was grown in a pure O,
ambient at 1000°C, an Al film of 2 nm thickness (as determined by the deposition
rate and time) was deposited by sputtering (Step 1: Deposition). Then an anneal at
600 °C for 30 s in a N, ambient (O, < 5 ppm) was carried out to form Al NDs (Step

2: ND Formation Anneal). This is followed by another anneal at 600 °C for 30 s in a
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N, ambient with 5000 ppm O, to oxidize the Al NDs to Al,O;3 NDs (Step 3:
Oxidation Anneal). The surface of the films after each step in Fig. 7.2 (b) were

analyzed by AFM, as shown in Fig. 7.4.

Fig. 74 AFM images (500 X 500 nm®)
taken from the surfaces of (a) as-
deposited, (b) 600 °C annealed
Al film with an initial
thicknesses of 2 nm and (c) Al
film with an initial thickness of 2

nm after annealing at 600 °C in

N, followed by annealing at 600
°C in N, with 5000ppm O,.

The AFM images show that the as-deposited Al film was inherently non-
uniform (Fig. 7.4 (a)). Dot-shaped topography was observed only after the ND
formation anneal (Fig. 7.4 (b)) and this topography remained almost unchanged after
the oxidation anneal (Fig. 7.4 (c¢)). This means that NDs were formed by the ND
formation anneal, and the size and density were determined by the same annealing
step as well. This is similar to the formation of inert metal nano-crystals on SiO; in

which stress relaxation of a deposited film by subsequent annealing results in
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rupture of the film to end up as islands [7.5]. According to the AFM image after

Step 3, a dot (defined by the height > 1nm) density of at least 5x10'!/cm” is obtained.

3000 3000

[ Al203 _ Al203
2500 2500
& 2000 2 2000
2 1500 2 1500
c I wn L
3 1000 g 1000
£ ! =
500 £ 500t
70 72 74 76 78 80 0 =0 7272 76 78 80
Binding energy (eV) Binding energy (eV)
(a) (c)
4000
3500 - Al203 Fig. 7.5  Al2p XPS signals taken from the
surfaces of (a) as-deposited, (b)
% 3000 posIe
S o500l 600 °C annealed Al film with an
;; 20001 initial thickness of 2 nm and (c)
% 15001 Al film with initial thickness of 2
< 1000l nm after annealing at 600 °C in

N, followed by annealing at 600
°C in N, with 5000ppm O,.

500

70 72 74 76 78 80
Binding energy (eV)
(b)

The XPS analysis of the films after each step in Fig. 7.2 (b) was shown in
Fig. 7.5. It can be found that the initial film of Step 1 contains Al and AL,O; (Fig. 7.5
(a)). This is because the surface of the Al film can be easily oxidized by O, present
in the atmosphere. Nevertheless, the film still can conglomerate during the ND
formation anneal because of the underlying Al layer. The XPS analysis after Step 2

shows that the pure Al phase is still detected (Fig. 7.5 (b)), hence another anneal
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with O, is performed. The XPS result after Step 3 shows that Al NDs are fully
oxidized to Al,O; NDs at 600°C (Fig. 7.5 (c)), indicating that 5000 ppm O, in N; is
sufficient for the oxidation of NDs.

A cross-sectional TEM image on a SONOS-type device with Al,O3 NDs of
5-10 nm that is obtained using this controlled two-step annealing method is shown
in Fig. 7.6. The TEM and XPS results confirm the formation of Al,O3; NDs. At the
same time, TEM image shows that there is no further growth of the tunneling oxide
in the condition of 5000 ppm O, used. Due to the much smaller O, partial pressure
compared with pure O,, no measurable increase in the thickness of SiO, underlayer

(4.5 nm) is observed [7.10] and this enhances feasibility of the process integration.

Fig. 7.6 TEM image of Al,O; NDs formed in a memory gate stack of

TaN gate/Si0,/Al,0; NDs /SiO,/Si using proposed process 1.

C. Control of the size and density of NDs

We found that oxidation level of the Al film, initial Al film thickness and

ND formation annealing temperature are very important for the size and density
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control of Al,O; NDs. Figure 7.7 summarizes the AFM images associated with

these effects.

Initial film 1 nm Al
As
deposited
After ND
formation
anneal at
600 °C
5.0 (nm)
After ND
formation 25
anneal at
700 °C 0
Grayscale

Fig. 7.7 Comparison of AFM images (500 X 500 nm?) taken from the surfaces of
as-deposited and annealed Al films with initial thicknesses of 1 nm, 2 nm
and 6 nm. The ND formation anneals were carried out at 600 °C and 700

°C for 30 s in N, ambient with O, less than 5 ppm.

It can be found, that if the initial Al film thickness is thin at ~ 1 nm, NDs
cannot be formed by the subsequent ex-situ anneal. This is probably because the film
has been fully oxidized after exposing to the atmosphere. Once the film becomes
oxidized, as shown in Fig. 7.3, self-agglomeration is less favorable because of the

high melting temperature of Al,O3 and small stress of Al,O3 on SiO, [11].
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From Fig. 7.7, it can be also found that thicker initial Al film results in larger
NDs. After a systematic comparison, it was found that a 2 nm thick Al film was
likely to satisfy the requirement of assembling Al,O; NDs with high area density
using the two-step annealing method. An anneal at 700°C was also carried out for 2
nm and 6 nm thick Al films. The results show that the higher temperature of the ND
formation anneal tends to result in the increase of ND size but the decrease of ND

density, especially for the thin Al films.

7.3 Fabrication of Nonvolatile Flash Memory Device
using Al,O; High-K Nano-Dots Embedded in
SiO, and Electrical Characterization

7.3.1 Device fabrication

To investigate the effects of Al,O; NDs on the electrical properties of the
nonvolatile memories, test devices with Al,O3 NDs and control devices with trappy
AlLyO3 continuous layer (CL) were fabricated.

The process flow for device fabrication is shown in Fig. 7.8. Devices with
ALO; NDs and Al,O; CL were fabricated to compare the difference in the
topography of the trapping layer. Except for the trapping layer, all the other details
of the device structures were the same. After pre-gate cleaning, a 4.5 nm SiO; (by
rapid thermal oxidization at 1000 °C) was used as a tunneling oxide. For the CL
device, 3 nm thick Al,O3; was deposited by reactive sputtering. For the ND devices,
a 2 nm Al film was first deposited on the tunneling SiO, by sputtering, then
annealed at 600 °C for 30 s in N, (O, < 5ppm) to form Al NDs, and followed by a

second anneal at 600 °C for 30 s in N, with 5000 ppm O, to oxidize Al NDs to
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Al,O; NDs. By employing this process with the above optimized parameters, a dot
density of at least 5x10''/cm? with a size range of 5-10 nm was obtained by an AFM
analysis. After the formation of trapping layer, a 7 nm SiO, (deposited using TEOS
at 675 °C) was used as a blocking oxide, and a 150 nm TaN (by reactive sputtering)
was used as a gate electrode. TaN gate has been reported to reduce the F-N
tunneling current through the blocking oxide during erase operation in comparison

with n” poly-Si gate due to the work function difference [7.13].

1. p substrate
v
2. RCA cleaning and tunneling oxide (4.5nm) growth
v
3. Al deposition followed by two-steps anneal (2 nm Al) for Al,O;
NDs device or Al,O3; deposition (3 nm Al,O3) for control device
v
4. TEOS block oxide (7nm) deposition
v
5. TaN deposition
v
6. Gate patterning and etching
v
7. n* S/D implantation & activation at 1000°C for 30 s
v
8. Forming gas anneal

Fig. 7.8 Process flow of the devices fabricated

After gate patterning, source/drain regions were formed by an As’
implantation followed by activation anneal at 1000 °C for 30 s. A forming gas
anneal at 420 °C was finally performed to improve the quality of SiO,/Si substrate

interface.
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In Fig. 7.9, TEM images of the gate stacks and illustrations of the Al,O3 ND

and CL devices were shown.
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Fig. 7.9 TEM images and illustrations of the A1,0; NDs and CL devices.

It can be found that the SiO, thicknesses are the same in both types of
devices. According to the density and molar mass of AlLO; and Al [7.12], the
volume expansion is in the range of 28% to 45%, when Al is oxidized to form Al,Os.

Therefore, we can expect that the final Al,O; volume in both the CL and NDs

devices is similar.
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7.3.2 Electrical characterization and discussion

A. Programming and erasing

Programming and erasing (P/E) efficiencies of the NDs and CL devices are

shown in Figs. 7.10 (a) and (b), respectively.
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c 3 —e—+11V Fig. 7.10
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Assuming that the trap density in bulk Al,Os is the same for both devices and
that interface trap density is negligible, the theoretical programming speed of the
NDs device should be lower than that of the CL device because of the lower

trapping layer coverage, resulting in lower capture efficiency of the tunneling
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electrons. However, no significant degradation in programming efficiency of NDs

device is observed in the fast programming (< 100 ps) region.

According to the calculation of volumes of Al atom (26.98gmol ™ / 2.7gem™ /
6.02x10% atoms/mol = 1.66x10*cm’/atom) and Al,O; molecule (101.96gmol” /
3.50~3.97gem™ / 6.02x10* molecules/mol = 4.27~4.83x10* cm’/molecule), volume
expansion when 2Al is converted to Al,Os is in the range of 28% to 45%. Therefore,

we can expect that the final Al,O3; volume in both the devices is similar.

Al,O3 nanodots memory Al;O3 continuous layer
memory

e gate shanngate

s

SiO; % Al,O3 surround by traps (black dots)

Fig. 7.11 Illustrations of the Al,O; NDs and CL devices.

The same trapping materials volume could be the reason of the same
programming speed. This is because when the total volume of trapping materials for
both the devices are the same, dots structure has additional interfacial area from the
sidewall, generating more interface traps. This can be observed by the Fig. 7.9 that
the height of the dots is larger than the thickness of the continuous layer. At the
same time, thicker dots can improve the capture efficiency of the electrons, as shown

in Fig. 7.11.
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In fast programming (less than 10” s) region, considering the equivalent
oxide thickness of each layer, when programming voltage is smaller than ~11 V, the
programming mechanism should be direct tunneling and when programming voltage
is larger than ~12 V, the programming mechanism should be F-N tunneling. This
can be also observed in the Fig. 7.10 (a) and (b), that when programming voltage is
larger than 12 V, the programming speed increases very fast.

The erase mechanism should be hole injection from channel to the trapping
layer. The reason is that erasure speed is much slower than programming speed and
trap levels of electron in Al,O3 are very deep [7.2]. Considering the tunneling oxide
thickness is 4.5 nm, low erasure speed is reasonable. Hole tunneling current is much
smaller than that of electron tunneling current. At the same time, as the stored
electrons are in deep trap energy level, they are difficult to erase. This is the reason
why SONOS type memory using Al,Os trapping layer has very good retention [7.2].

The natural threshold voltages before programming and erasing are Vg, =
1.9V. This high threshold voltage should be mainly due to the negative charge in
ALO; [7.12]. The fully erased Vy, is slightly lower than natural Vy,, as shown in Fig.
7.10, but in common erase time of flash memory (within 107 s), erase voltage of 14
V can not fully erase all charges if device is fully programmed. This could be due to

the deep trap level and band structure of Al,Os3 [7.13].

B. Charge retention

In Fig 7.12, charge retention characteristics of the Al,O; NDs and CL
devices at 24 °C K and 150 °C are compared. At 297 K, the electron loss rate of the

NDs device is much lower than that of the CL device. Since the materials and
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vertical structure of both the devices are the same, this difference must originate
from the difference in the lateral dimension. As the conduction band edges of Al,O;
and SiO; are at about the same level [7.14], their abilities in suppressing electron
lateral migration via DT are similar [7.15]; whereas the NDs device is effective in
suppressing electron lateral migration via F-P tunneling because SiO, contains much
fewer traps than Al,O;. Hence, it is plausible that the reduced F-P tunneling
probability results in the better retention of the NDs device. This is supported by the
larger difference in charge retention properties of the two types of devices at higher

temperature, €.9. 150 °C [7.16], as shown in Fig. 7.12.
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= —0o— Al203 NDs device at 150 °C
= —o— Al:0s CL devices at 150 °C

10 T R TTT! BRI I B SAr T T BT R AR T B EE R TI |

Retention time (s)
Fig. 7.12 Comparison of data retention (programmed state) between the

devices using Al,03 NDs and Al,O; CL at 24 °C and 150 °C.

C. Endurance

The endurance results shown in Fig. 7.13. It can be found that the endurance

of AlL,O; and CL NDs device are almost the same. This could be because the
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accumulation of fixed charge are the same because of the same tunneling oxide,

block oxide and volume of Al,O; in for both devices.

7 N
- - o—o—°©
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2 —o— Al20s NDs device
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£ | ) | 57’
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Program / erase cycles

Fig. 7.13 Comparison of endurance characteristics of devices using Al,O; NDs

and CL (P/E cycle: 12 V, 10us program and -14 V, 1 ms erase)

D. Feasibility of multi-level storage

Leveraging on good retention properties demonstrated by the NDs device,
we explored its application in multi-level storage. In Fig. 7.14, we demonstrate
multi-level storage operation of the NDs and CL devices at room temperature. The
erased state near the fresh state is defined as state “11”, and pulses of 11 V for 10 ps,
12 V for 10 ps and 12 V for 100 ps are used to write the memory states of “10”,
“01” and “00”, respectively. From the extrapolation of the retention property as
shown in Fig. 7.14, the NDs device can achieve 2-bits (four levels) storage with an
expected retention time of 10 years if a proper sensing range is provided, because

Vin of each state is maintained without overlapping with neighboring states.
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Meanwhile, in the CL device, the state (“00”) merges into the neighboring state

(“017) after 10 years, resulting in a memory error.

40F oo —m— Al203 NDs device 140
R —eo— Al203 CL device
/>\ ==.\.§'\
~ 35+ —8 - 413.5
% "o1" el -:::"“-——--f
= A———p—_ Tl
B 3.0 '\lq::::: ___________ 3.0
=) "10" Tt ]
o
%) 25. L] (] '\.q::::::::_______: 25
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Fig. 7.14 Demonstration of multi-level storage and retention property from the devices

with Al,O; NDs and Al,O; CL at room temperature.
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7.4 Summary

In conclusion, a two-step controlled anneal process for assembling Al,O3
NDs on SiO; was demonstrated. It was found that, the size and density of NDs
depend on the initial Al film thickness and the annealing temperature, and
furthermore the formation of Al,Os; NDs strongly depends on the amount of O,
introduced. Proposed approach is CMOS compatible and the process parameters
were optimized to obtain high density sub-10 nm Al,O3 NDs on SiO,.

Novel nonvolatile flash memory devices using Al,O; NDs as charge storage
nodes was proposed and fabricated. The Al,O; NDs structure suppresses lateral
migration of electrons via F-P tunneling that adversely affects retention in Al,O; CL
device, thereby improving the retention characteristics. The Al,O; NDs structure
has been demonstrated to be a good trapping layer for reliable flash memories and

multi-level storage application.
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Chapter 8

Conclusions and Suggestions for Future Work

8.1 Conclusions

In this thesis, the formation of advanced gate stacks of logic CMOS devices
and nonvolatile flash memory devices was studied. In the formation of advanced
gate stacks of logic CMOS devices, several topics related to process integration,
including the wet etching mechanisms of Hf based high-K dielectrics, the effects of
annealing on wet etching properties of Hf based high-K dielectrics, the effects of
plasma treatment on removal properties of crystallized HfO, films, the plasma
etching properties of Hf based high-K dielectrics and the formation of advanced
poly-SiGe/HfO, gate stack using ICP were studied and discussed. In the part of
formation of advanced gate stacks of nonvolatile flash memory devices, two novel
memory structures and process approaches of Ge NCs embedded in HfFAIO high-K
dielectric and Al,O3 NDs embedded in SiO, were introduced and fabricated. The

main focuses are on the scientific mechanisms.

With the finding of the scientific mechanisms, several novel CMOS
compatible processes and approaches have been developed for the future VLSI

application.
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8.1.1 Wet etching mechanisms of Hf based high-K dielectrics and

effects of annealing

In this work, wet etching properties of Hf based high-K dielectrics including
HfO,, (HfO,)«(Al203)1x, Hf oxynitride and Hf silicate were investigated. Various
chemicals for conventional CMOS process were used. Etching mechanisms of Hf
and each Hf based high-K dielectric in aqueous HF were explored. Effects of anneal
on the microstructure of the films were studied using AFM, TEM and XPS. Major

findings are shown as follows:

1. Fluorides species such as F', HF,” HF and H,F, are very effective for

dissolving Hf and HfO, using acids.

2. The solubility of Hf increases at lower pH and HfF, is highly soluble in
HF solution with a solubility of 1.4E-6mol/l, which is much higher than

calculated results.

3. It was observed that the etch rates of Hf and HfO, increase with higher

HF concentration.
4. After HF etching, Hf and HfO, surfaces are terminated with F atoms.

5. After anneal, the crystalline phase of HfO, is always the main reason for

the low etch rate of Hf based high-K materials in HF.

6. Etching of Hf based high-K dielectrics always occurs through the weak
points in the films including amorphous HfO,, Hf-N, Al-O and Si-O

bonds.
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8.1.2 Effects of annealing effects of N,, O, and Ar Plasma treatment

on removal of crystallized HfO, Film

In this work, two novel removal processes, DHF etching of crystallized HfO,

films enhanced by plasma treatments using N, or Ar, were developed. Also, effects

of plasma treatment using Ar, N, and O, to enhance wet removal rate of crystallized

HfO,, SiO, and Si were studied using the XPS analysis and the Monte-Carlo

simulation on ion injection. Major findings are shown as follows:

1.

4.

The mechanism responsible for the enhancement of etch rate of
crystallized HfO, using Ar plasma treatment is the formation of HF

dissoluble species including metallic HfO, and amorphous HfO..

The mechanism responsible for the enhancement of etch rate of
crystallized HfO, using N, plasma treatment is the formation of HF
dissoluble species including metallic HfO, amorphous HfO, and Hf-N

bonds.

The mechanism responsible for the enhancement of etch rate of
crystallized HfO, using O, plasma treatment is the formation of HF
dissoluble species including metallic HfO,, amorphous HfO, and

disturbed crystallized HfO, resulted from the oxidation of Si substrate.

Among the plasmas studied in this work, N, plasma treatment is the most
effective to enhance the etch rate of crystallized HfO, in HF solution and
to minimize recess in the substrate structure because of the largest

injection depth in HfO,, the formation of highly HF dissoluble Hf-N
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bonds and the small injection depth of N ions in Si nitrides formed by N,

plasma treatment.

5. O plasma treatment induces a large recess in the Si substrate due to the

oxidation effect.

8.1.3 Inductively coupled plasmas etching properties of Hf based

high-K dielectrics

In this work, etching properties of Hf based high-K dielectrics were
investigated using ICP. XPS and TOF-SIMS were used to identify the chemical
composition of etch by products of Hf based high-K dielectrics in Clo,/HBr/C,F,/O,

plasmas. Major finding are shown as follows:

1. Plasma etching of HfFON, HfAIO, and HfSiO is strongly dependent on
etching properties of each phase in the makeup of the films, e.g. HfO,

HfN, Al,O3, and HfSiOy,.

2. Conventional HBr/CI,/O; based plasma gate etching recipes using ICP
for poly-Si/SiO, gate stack etching can also be applied to the etching of
poly-Si / Hf based dielectric gate stacks because of ion sputtering

dependent etching properties of Hf based high-K dielectrics.

3. In the low pressure ICP etching of Hf based dielectrics using HBr or Cl,
plasmas, the amount of non-volatile residues is small, and high

temperature post-treatment helps to further reduce the amount of residues.
4. Fluorine containing plasmas are undesirable for etching of Hf based
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high-K films because of the generation of a significantly large amount of
non-volatile residues, compared to the plasmas containing bromine or

chlorine.

5. The chemical composition of main residues has been identified using

TOF-SIMS.

8.1.4 Formation of poly-SiGe/HfO, gate stack using inductively

coupled plasma

In this work, the formation of a novel poly-SiGe/HfO, gate stack using ICP
was studied. We have also demonstrated the formation of controlled notches from
the poly-SiGe sidewall as a step towards the development of short channel devices
with a technology node smaller than 65nm, with the help of the high selectivity

plasma etching of poly-SiGe to HfO,. Major findings are shown as follows:

1. Etch rate of poly-SiGe increases with increasing Ge concentration,
inductive power, or RF bias power but reducing pressure, in HBr/O,

plasmas.

2. Etching of HfO, was strongly dependent on the sputtering by ion

bombardment.

3. Notching of poly-SiGe gate can be controlled by varying the etching
process parameters of inductive power, rf bias power, and pressure, as

well as by varying the Ge concentration in poly-SiGe.
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4. Notching became more pronounced in the conditions where ion energy is

reduced.

5. Etching selectivity of poly-SiGe to HfO, can be increased by reducing
RF bias power in the presence of a small amount of O in HBr plasma or

increasing pressure.

6. Optical emission by monitoring Si and Ge etch by products can provide

sharp and obvious endpoint signals.

8.1.5 Formation of novel gate stack of nonvolatile flash memory
device using Ge nanocrystals embedded in HfAIO High-K

dielectric

In this work, Ge-NCs were successfully formed in HfAIO high-K dielectric
using a phase separation approach with industry compatible CMOS process. We
fabricated a nonvolatile flash memory device using Ge NCs FG embedded in HfAIO
high-K tunneling/control oxides and TaN metal gate. Major findings are shown as

follows:
1. Ge-NCs can form in HfAIO via phase separation.

2. Ge-NCs have good thermal stability up to ~1000 °C in the HfAIO matrix
as indicated by the negative Gibbs free energy changes for both reactions

of GeO, + Hf — HfO, + Ge and 3GeO, + 4Al —2Al,05 + 3Ge.
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3. Compared with Si-NCs embedded in HfO,, Ge-NCs embedded in HfAIO

can provide more electron traps, thereby enlarging the memory window.

4. By using the high-K tunneling and control oxide, memory device
fabricated can achieve low programming voltage of 6 - 7 V for fast
programming, long charge retention time of 10 years maintaining a 0.7 V
memory window, and good endurance characteristics of up to 10° rewrite

cycles.

8.1.6 Formation of novel memory gate stack using Al,O3; nanodots

embedded in SiO,

In this work, Al,O3 NDs were formed on SiO, using a two-step control
anneal process. Proposed approach is CMOS compatible and the process parameters
have been optimized to obtain high density sub-10 nm Al,O3 NDs on SiO,. Novel
nonvolatile flash memory devices using Al,O; NDs as charge storage nodes were

proposed and fabricated. Major findings are shown as follows:

1. The size and density of Al,O3; NDs depend on the initial Al film

thickness and the temperature in the first anneal.

2. Formation of Al NDs strongly depends on the amount of O, introduced.

More O, hinders the formation of the dots.

3. The Al,O3 NDs structure suppresses lateral migration of electrons via F-

P tunneling, thereby improves the retention properties.
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8.2 Suggestions for Future Work

8.2.1 Improvement of removal process of Hf based high-K

dielectrics

Although in chapter 3, we have developed two novel removal process of Hf
based high-K dielectrics based on the understanding of etch mechanisms of Hf based
high-K dielectrics addressed in chapter 2, the overall selectivity of high-K to Si in
these processes is lower than that in DHF etching of SiO, on Si. Hence this work
needs to be explored further. The low selectivity is mainly originated from the low
selectivity of plasma treatment. Recently, BCl; has been reported to achieve a good
selectivity although boron contamination brings about a new challenge [8.1, 8.2].
Hence, more suitable plasma chemistries are expected to improve this process.

However, it is not such an easy task to add a new gas to a well established
process line, especially for a toxic gas. Hence, | suggest that once process line can
be extended and more gas lines are allowed, we can consider to install new gases,

such as BCls to improve high-K removal process.

8.2.2 Study of plasma etching mechanism of new metal gate

materials and formation of metal silicides gate
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During my Ph. D study, | have also attempted to studied plasma etching
properties of some metal nitrides metal gate materials including TaN, TiN and HfN,
although it seems that they have not been fully developed for CMOS devices yet.

Results show their etching properties of them are very different with poly-Si
or poly-SiGe. It is difficult to improve the etching selectivity of metal gate to HfO,
by conventional approaches, i.e. increasing process pressure and adding small
amount O,. Of course, it may be not an issue at this moment, since the right
candidates of metal gate have not been identified clearly.. However, the needs for
metal gate are very pressing because of the aggressive scaling of CMOS device [8.3].
Hence the plasma etching process should be developed urgently to meet the
requirement of the materials to be used in the near future. At the same time, the
etching mechanisms need to be investigated to guide process development and solve
the problem in process.

In the case that fully silicided/germanided metal gate is used, plasma etching
poly-Si, poly-Ge or poly-SiGe needs to be elaborately developed for sub-45 nm

technology node based on the mechanisms explored in this work.

8.2.3 Development of application specific nanocrystals or nanodots

flash memories.

Most recently, gate length of the NAND flash memory devices has been
scaled down to sub 65 nm [8.4]. With gate length shorter than this dimension, one
flash memory cell can contain only a limited numbers of NCs or NDs, e. g. several
tens. This will result in nonuniform and instable electrical characteristic of flash

memory arrays. If the size and density distribution of NCs/NDs cannot be well
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controlled, conventional NAND flash memories are expected to dominate the high
density flash memory application over NCs/NDs.

However, in some specific areas, i. e., aero space and geological monitoring,
where low power consumption, anti radiation and high reliability are required. NCs
or NDs flash memory could be the suitable candidates. Hence, development of

application specific NCs/NDs flash memory could be promising direction.

8.2.4 High-K dielectrics as interpoly/block oxide of flash memory

devices

Although the trapping and mobility degradation issues have not been solved,
high-K dielectrics as interpoly oxide of FG flash memory and block oxide of
SONOS type flash memory have drawn significant attention [8.5-8.8]. This is
because interpoly/block oxide is very thick and it does not affect the carrier mobility
in the channel.

Therefore, the development of the novel structures using high-K oxide to
replace oxide-nitride-oxide interpoly oxide for FG flash memory and SiO, block
oxide for SONOS type flash memory, respectively could be very important and
promising. However, how to deal with the trapping effects of interpoly oxide is a

very challenging work as most of high-K dielectrics are very trappy.
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