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About SEMATECH...Global Consortium

SEMATECH /

SEMATECH Front End Processes (FEP) Division
Advanced Dielectrics & Electrodes for Logic & Memory
Advanced CMOS Scaling — Planar and Non-Planar

Electrical & Physical Characterization /Reliability & Metrology

Novel Emerging Technologies




SEMATECH Extensive R&D Network sﬁmm

National Lab Network:

- University Network: 80+ school
niversi etwor SCNOOIS « BNL SynChrOtron XPS, XAS

» Examples: MIT, Stanford, Berkeley,

UIUC, CMU, GATech, UT Austin * LANL Neutron SANS, SPEAR
» Students completed (or completing) s ORNL HRTEM

their PhD research: 27 « ANL Ferroelectric, piezoelectric
» Co-authored papers = 180+ » Sandia MEMS

« Jointly arranged conferences, NIST FTIR.1/f Noise. XRD
workshops = 9 ’ ’

Premier usg
clean rog

Highly Productive Collaborations w/NIST Scientists,
Joe Woicik & Dan Fischer at NSLS/BNL




What’s up with High-k?

SEMATEC‘I-]/
When L scaled to 90nm, X =>2nm — 6-/ atomic layers SiO, -I,
MOSFET control depends on the
capacitance given by:
15 I—E
4, — %s c = ked
“ t
' F 3
where, k is the dielectric constant,
}{J.: A is the area and t is the thickness
Xg = Lg/45 \
k
equivalent oxide thickness (EOT) : Ksioo = 3.9, Kyso, = 18-20

B HfO, film 5x SiO, will provide
EOT = (Ksioz 'kuro2)thro2 same EOT with better leakage
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In the beginning there was Si/SiO./Poly-Si SEMATECH

® nitrogen K EELS
O oxygenK EELS

g TiN electrode facilitated scaling
0 ; 1 : :
Position () Poly-Si produced thicker BIF and
formed an additional low-k TIF
3

Position (hm)

HF- Iast/NH3/Hf02/N2/600 CITiN | Density
Gradlent

Hi-k deposition tools and

! \‘ clever processing tricks have
j S yielded robust, stable films

HfO, L TING N poly
1nm|2.6nm 4—-—91nm—>\w,~

T T [ [
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Position (nm)




Planar CMOS Scaling: p
SEMATECH

Critical Modules

Contact Resistance

. . = Schottky Barrier of Silicide /
Junction Extensions Germanides

:IU?J:.F""‘SQI’Spike anneals - Doped Ni Silicide/Germanide
nfusion, T'asma = Schottky FETs

SIET Mooy
I B N U
| high y materials selective Epi
| * SiGe, Ge, IlI/V A
| * Burried/ Surface Channels/QW m
| * Selective Dep; Defects; strain;

Thermal stability: S/D activation to ~ 1000 °C
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CMOS Scaling Enabled by New
Materials and/or Architecture

S| e @]~
—gj==3
-.s-\ e B B B
—
= — -
E lm - 5 muem
E E ===z
2 B
O —
A -
=< — .
+ —2 =#ElwsgE
" .l,w.
LI |
.m...l.- v B e = ﬂ.hn“ ““
."ﬂ Y xS =B =35
= ~a3E|=rE Bl B|lnoE =]
E o i
m = - =r= B
Q mal|eng|=ag sel|=ak
LiLi sgf|vai|lr=R [==Ry=8%
i T — I.._FI-” v |- @ eEilegE
+ II..._|‘_...—. ‘ﬂhm CF - T - -H.u“.
< ") —[==F|-=28|~=7& EE el
I-H.\-v =2 _uuhm e e § epF|waf
l.“l-ﬁ. 4 -— H._“.“ 'F ¥ '.llm. -
S we oo B -m B moq|meE
I_J'. o I.H.ﬂ .‘.'.ﬂ .l.lﬂ - I\I“-mm ..ﬂlm n_..qﬂM 'h-..m
d.li = ew - “_..m. I_i.r“ ml “
£ Hi==i= ...hw_‘l&“ afl=xg|=af|=ag
= : ~aE|=p2E|leacElcagfwail=seg
rh“
mallea - ceSl-ak
mof|vxl|=32 sagl=ag
” [roE|vaeg]res [=agf=ns
ﬂl“ﬂ-.su‘..- —n..nﬂ g e - _—I..l”_l.lﬂ.
— —[m=X|-=E~cE [~az|=2s
l\lln\lll\.- ‘ﬂ‘“ L ._IHW = W E
< mﬂh-m o B __,Hﬂ =e® m
- s e@ Eleal ri.u.w = 5 m
~je=llvadile=g .u.l..m =mag h
jEag==35- |23 Led
I.‘M_H-‘-M .I_h-“ - I_!‘ﬂ\. I-l..m. ==
~oZ|=25 s=E|cad|=oE|san -

Source: Terrence 1. McManus, Intel



Materials & Device Roadmap - Logic[\

High-k / Metal
Gate

Hi Mobility
Channel

Characterization Issues:

FinFET

Characterization Issues:

\
:senn‘nrﬁxqi:>

Nanowires
-V

* SiGe-HK Interface
* Damage at p-n in SiGe
e Strain in channel

High-«

TV IR
T S S

* Sidewall S/D doping
» Sidewall silicidation
» Sidewall etch

[

Characterization Issues:
e strain, =8 for 1lI-V on Si
* [lI-V — HK interface

* Doping

options!




Materials & Device Roadmap -I\/Iemory[\

DRAM SiN Trap Metal Nanocrystal
Flash Flash
SMSG 2008 IEDM
TG T TaN
S PV D
R ALO,
Write "1" SiN.
SiO:
1T1C Issues: 7 |
* HK/MG interface
* HK/MG crystal
1T Issues: Characterization Issues:
*Charge storage * traps, defects in Al203
*Etch damage » Storage node: SiN -> metal NC

«Junction quality » High work function metal

% .;.""" 3 :
*Nahgsysfinc.

o 12nm

\‘7
RRAM

R. Waser et al. Nature 2007

Filament

Characterization Issues:

» Conduction mechanism
» Oxygen Vacancies
* NiO, TiO, WO, TaO

Many options:

* Resistance Change
* Molecular
* Spin Torque
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> More tnan Moore - Novel Sirdcidres & Neay Maizrials

- HAXPES Characterization — Practical Examples
« High-k Integration - VKE-XPS: SI/SIO,/HfO,
e Dielectric Cap Layers: Higher-k & EWF Tuning
e Disruptive Technology — Toward Zero IF

* Flash Memory Retention - Impact of Intermixing



@ NIST Beamline X24A (NSLS/BNL)

" NH, Pre-DA strongly influences interface Si coordination (samples

Influence of NH,; on HfO,/SiO,/Si(100) @7
ECH

NH; PDA strongly influences Hf coordination (samples A & C

Sample| Interface Pre High-k Post v =2200 eV HE 4f |
Deposition | Deposition | Deposition ’55 NH, post- HfO, -
Anneal Anneal Gl deposiltion B
— | annea 3
A ISSG 2 nm None HfO, 2F HEN
0
B HF - last HfO, None Tt :
Cr ]
C HF - last L A-

1 T T T 1 T 1

I T I I I I: I T : NH, pre-

HfO, NHg/ PDA

" Si2p  hv=2200eV 70 Nls - deposition HfO, -
Normalized to Si° N [ anneal .
i hv = 2200 eV

Si**

| NH; post-

F deposition
NH, pQ_St- I anneal

I deposition

anneal

Intensity (a.u.)

‘ NH; pre- & post-

| NH; pre- . -
r deposition anneal

deposition
- anneal

Intensity (a.u.)
>
1 1 I 1 1
Intensity (a.u.)

" NH; pre-
- deposition
L_anneal

NH, pre- &
post-deposition " NH; pre- & -
I anneal C - | post-deposition

anneal

Intensity (a.u.)

1 | | | 1 ' 1 ' | . ! . | ! | ! | ! ] ) ]

2093 2095 2097 2099 2101 2103 1799 1781 . 1_783 1805 1807 1809 P 7 i I R
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Kinetic Energy (eV)




HAXPES: VKE-XPS Depth Profiling @‘7

@ NIST Beamline X24A (NSLS/BNL) SEMATECH
Variable Kinetic Energy-XPS: Si 1s BE as f(depth) through the IF
Hf 4f B.E. constant surface & inter deficient Si, at the SIO,/HfO, IF

S| B R A R A R A A

T T T ' 1
i *“Interface effect”

. Si1ls /i hv=2100 eV

T
Sample A —»

L 80° - surface sensitive Hf 4f
hv = 2200 eV

Glancing -
interface sensitive

1 1)Depth profile
2)Avoid Auger interference

St
3)Capture higher BE surface |ion
sensitive core lines to compare ™
with bulk sensitive

hv=300

Sample A

more  : less.
oxidized ! oxidized
e ol ' —

Normalized Intensity (arb. units)

Lo 2179 2181 2183 2185 2187
-8 -6 -4 -2 0 2 4 Kinetic Energy (eV)

Kinetic Energy (E-E)
P. S. Lysaght, J. C. Woicik, D. A. Fischer, G. |. Bersuker, H-H. Tseng, and R. Jammy, J. Appl. Phys. 101, 024105 (2007).




EXAFS: Characterizing HfO, crystalline phasZA

Critical grain size (~ 4 nm) for t- to m- transformation, below which the t- phase is retained at F@

temperatures sufficient to produce m-HfO, in slightly thicker films with slightly larger grains.

3. 3.2
2.8 A 2.8
2.4 - 2.4 -

2.0 1 20 +

4.0 nm PDA+RTA

1.6 - 4.0 nm PDA 16 4

1.2 A 1.2 =

1.8 nm PDA+RTA

1.8 nm PDA

0.8 A 0.8 A

Yoo 1 2 s 4 s s 1 2 5 4 s e
RA) R (A)

Monoclinic | Tetragonal | Orthorhombic
1.4 nm PDA 0.00 10.96\ 0.04
1.8 nm PDA 0.00 [0.99]1 0.01
4.0 nm PDA 0.67_ — 0.33 | 0.00
1.4 nm PDA+RTA ~ 057 0.43 1> 0.00
1.8 nm PDA+RTA ( 0.60 1040, | 0.00
4.0 nm PDA+RTA ~<.0.96 '‘0.04" _ 0.00

~ \— 7

tHfO, (k = 28-29), m-HtO, (k = 16-18)




7
Single channel dual cap or SEMATECH
Dual Channel (SiGe pFET) Single Cap (LaOx) Integration

f—_—~N

li SC1 clean \ LaO +PDA )

TiN Dummy

|
o/ q—--*'wfq — 7 0 \7

Si Substrate '\ Ao ¢ High-k

\~——_’

’_——~~

SC1 clean d LaOx + PDA S
TiN dummy v l . _ .7
Si Hard Mask Si Hard Mask Si Hard Mask
Si substrate SIGe pMOS High-k Ij E>

AlOx or SiGe for pFET and LaOx for nFET




XPS & EXAFS: AlO Cap Layer Spectra Q?
Hf 4f & Hf L; edge - N, Interactions SEMATRCTS

N, PDA forms stable m-HfO, — wrt Al diffusion

2- 2nm HfO,/N, PDA (reference)
5- 2nm HfO,/N, PDA/ 1nm Al,O4/N, PDA
11- 2nm HfO,/ 1nm Al,O4/N, PDA

|
200001 hv =2170eV ,
—~ Hi4f | EXAFS
3_ : FT T T T T T T T T T T T T T T T T T T T T T T T T T <|
315000 | 2r 2- 2nm HfO,/N, PDA (reference)
> ‘ 5- 2nm HfO,/N, PDA/ 1nm ALO./N, PDA
‘0 N 11- 2nm HfO,/ 1nm AL,O4/ N, PDA
- \ < .
210000 | slight Al shift m-HfO, results when pre-
= | =TT annealed via N, PDA
Q p
= = . ]
Q AN _ |
o i No HfO, pre-anneal ST
0- e
T T T rt T T ~_] "
2152 2156 2160 2164 11 =

Kinetic Energy (eV) not m-HfO, R (@




XPS & EXAFS: AlO Cap Layer Spectra
Hf 4f & Hf L; edge - NH; Interactions e

K5: HfAIO — XPS Hf 4f and EXAFS Hf L, look like Hf silicate b e e HfO
K6: More N than Al incorporation in HfO, Sio

K3: Si/2nm HfO,/1nm Al,O, as-dep
- K5: Si/2nm HfO,/1nm Al,O; NH; PDA

XPS . ai
20000 | K6: Si/2nm HfO,/ NH,4 PDA/lnrln AlL,O; /INH; PDA K4: Si/2nm HfO,/ NH, PDA
hv = 2140eV ! K5: Si/2nm HfO,/1nm AlL,O, NH, PDA
— ] | EXAFS | K6: Sil2nm HfO,/ NH; PDA/1nm Al,O, /NH; PDA
3_ : L“,_]""I""I""I""I""II
S 15009 " ¥ | il _
> ! Tetragonal & monoclinic
*5) ' polymorphs of various
cC : volume fraction
2 10000 '\ Shift due to Al 1
— ! e Onset of m-HfO, retarded
~ . ) by N (& Al,Si) incorporation
c:é 5000 i % Al & N as diffusing species
QO : o
D: _:_>
Shift due to N
07 K6: more N than EAI affect on Hf
I ' I : ' I
2112 2116 2120

i‘ii"i iiiiiii Iiiil R (&)



XPS & XAS: AIO Cap Layer Spectra Q?
N 1s & N K; edge - NH; Interactions SEMATECH

Al cap more easily etched if HfO, is pre-annealed

K4: Si/2nm HfO,/1nm Al,O, as-dep
K5: Si/2nm HfO,/1nm AlL,O, NH; PDA
K6: Si/2nm HfO,/ NH; PDA/1nm Al,O, /NH; PDA

hv = 2140eV «
XPS 1 Hi4p:, |5 LowE XAS
N 1s ] Al-N
3 _ 1.0-
g p
P 0.8-
= 8000- _
C
g 0.6-
£ ]
S 0.4-
&  4000-
(O]
0.2- p—
o N K-edge _ig
K6 absorption
O I ' I '! | ! T T I T I T I ' I ' I
1720 1740 1760 390 400 410 420 430 440

Kinetic Energy (eV) Energy (eV)




XPS & EXAFS: AlO Cap Layer Spectra
Si 2p & Hf L; edge - NH; Interactions SEMATECH

Impact of NH; PDA on Si/SiO BIF Impact of No HfO, PDA => HfAIO
K4: S?/an HfO,/1nm Al,O, as-dep No pre-anneal of HfO, —
K5: Si/2nm HfO,/1nm Al,O; NH; PDA Al incorporation alloys HfO, => HfSiO-like
K6: Si/2nm HfO,/ NH; PDA/1nm Al,O; /NH; PDA very similar for N, and NH; PDA
XPS hv =2140eV
100001 g 2p <t Si/2nm HfSiO,/N, PDA

Si/2nm HfO,/1nm AlLO; N, PDA
Si/2nm HfO,/1nm AL,O,/ NH, PDA

75004 Stoichiometry of BIF impacted
by NH, PDA of HfO,

Alloy with Al or Si results

Relative Intensity (a.u)

i in very similar structure
5000+ :CE:, No pre anneal of HfO,
ey
2500 -
0

2028 2032 2036 ‘

Kinetic Ener eV




AlOXx/SIOx Intermixing

2000;
1800;
1600;
1400;

1200+

Intensity (a.u.)

1000
800

600

400

1nm AIO/1nm chem ox/Si

Shallow cores normalized to Si, intensity & energy — 700
— 950
Si0
2pt  —ro”
S2p ——9%0 2500
Al2p

T T
2070

20 I 2672 I 20%3
Kingtic Energy (eV)

2000 -

=

T T T
2074 207

Intensity (a.u.)

2000

1500

1000

500

T T T
2096

T T T T T T
2098 2100 2102

Kinetic Energy (eV)

2060

| ! |
2070 2080

|
2090

| ! | ! |
2100 2110 2120

Kinetic Energy (eV)



AlOXx/SIOx Intermixing
1nm AlO/1nm chem ox/Si SEMATECH;

_ T ——950C
90000 - °'1s =1839 eV Binding Energy ——700C

1 Sils Sio i asdep
80000 A

v

Oxidation increase

S
I
I
I

700004 | at 950°C with Si-O
’5 41 | at/near the surface
S 60000 - hv = 2180eV
> |
C 50000 -
9
= ’ <
- Spectra normalized
_02) 40000 ~ to Si peak intensity
% 30000 - | I
4 _ | |

20000 - : |

| 1 I WA=t~
10000 T T T T T T T T T T
320 325 330 335 340 345

Kinetic Energy




What is the best strategy to EOT = 0.5nm?

New material vs. SiO, scaling SEMATECH
4
C\IE 10 ‘ SiO,/PolySi
S 10°%- 1000x
< ] :
— 10
— E .a o 8 ;
‘0, e
+— 10"+
Z RS o,
§ 107 oy
) ] @ SiON @
= 1 @ SiO 1
5 104 o s:om 3
O 1 @ SiON ]
8 10-2 - O ! SiO,I-HTSIION T T T T T T = - RSl TR S T
8 07 08 09 10 11 1.2| % Zero Interface Risk:
e Phonon, dipole, coulomb scatter [1,2,3]
EOT (nm) e Transient charging significant [2]

[1] M. Fischetti et al., J. Appl. Phys., 90, p. 4587 (2001)
[2] B. H. Lee et al., IEDM Tech. Dig., (2004) p. 689.
[3] H. Ota et al. IEDM Tech. Dig., (2007) p. 65.

« Higher-k doped HfSION show no scaling benefit vs. undoped HfSiON.
- STRATEGY: Focus on scaling SiOx layer rather than a new material.




Toward “Zero IF”

Can’t use Si2p** w/La: La4d,, =105eV La4d., = 103eV
hv = 2200eV _ SEMATECH
Si/Hf [LaOx]/TaN as-dep
—3031w4 —3013w4 S0 ! ! Hi-O —134
20000 ——3013w8 ——3013w8 | o1 ! | LaO ——138
: ——23013w9 ——3013w9 )0- S i i —139
Si2s ——3013w10 Hf3d5/2 ——3013w10] Lol ——1310
35000 4 KE=2178—-~3ev ! ‘
{ 2175eV - 1645 =530 eV i i Ols BE:
0 15000+ 40000+ 30000 ! ‘ HfO2 - 530.2 eV
8 1 ) 1 i Si02 -532.4 eV
g = 25000 j
> 30000 Z | |
'» 100004 1 Z 20000 }
S 20000 > 1 :
= 15000
< 1 ]
10000 - 10000
5000 ]
1 5000 -
0 . 1
2035 2040 2045 2050 2055 520 525 5(|30 5é5 5210 5215 1638 1640 1642 1644 1046 1648 1650 “-1653
. . . . X Axis Titl
| Kinetic Energy (eV) Kinetic Energy (eV) xis e
Si/Hf [LaOx]/TaN {poly/spike/poly etch} conel | HOle -
VVVVVVV S OO ! i La-O like e
24000 - . —— 208AW2| 1 i | —A2
12 —20eanal{ O1s L —n3
S S Hf d5/2 208&\6’\‘}\4 '- KE =2178 — ~ 3eV } } Al
24000+ 1 2175ev-1645=530ev | i 0O1s BE:
40000 v
» 180004 | i ! HfO2 — 530.2 eV
8_ 18000 4 35000 1 : ; sioz-s324ev \\
Z 30000 ey / \
b g ) } 40s O \
2 12000 qW//\\VMM . } } \
. 7 1 i \
GC) 12000 20000 J 20s0
= ] ! | |
= 15000 | ! i |
6000 - | } } 10s0
10000 | P |
6000 - 1 | ! skipo/
5000 Lo \ //
T T T T T T T T T 0 T T T T T T T T T T ‘l T . T T T T T A 1
2035 2040 2045 2050 2055 520 525 530 535 540 545 1638 1640 1642 1644 1646 1648 1650 1652
. . X Axis Title
Kinetic Energy (eV Kinetic Energy (eV)




Mid to Late-transition metals are meta—stableQ7

and can release oxygen SEMATECH
Gibbs Energy of formation: IrO, ~-260 ,Late Transition Metal-oxides: Less stable
(kJ-mole! @298K) MoO, ~ -580
TiO, ~-900 ° Early Transition Metal-oxides: More stable
£ 11.0%
> o RETENTION: MANOS Flash device
W-O-N 4 E’ 10.5%
= > .
< 10.0% - Increasing O
Al O, Alzo/é 3 concentation
g 9.5% - In the electrode stack
S >
Oxygen from electrode  pefects / Oxygen vacancies §| 9.0%
passivates vacancies . o5ied near interface
for improved retention 1) 8 5% -
y 8| |a
*Retention improvement for ; 8.0% 1 & %’/
oxygen-bearing electrode may  7.5% | 3 § 3
be due avalilable free oxygen to § 0%
: ) ' TaN ™~ ~— —  RuO,
passivate defects/vacancies S MOON




WON/AL,O, interactions as-dep vs. 900°C Q?

SEMATECH

905_5: AI203/WON/900C

905_8: AI203/WON/as-dep W reduction => Retention Improvement
hv =2200eV
W')N-N —— 9055
450007\ oy : —— 9058
40000 5/2 W-O-N ¢ 80000
35000 - VA O 1s
% 30000 ~ 60000
S 25000- <
- 7] © :
> 20000. o — As-deposited
£ 1 900 °C anneal 2 40000+
§ 150001 &
£ 100007 - £ 20000
s000] As-deposited = 900 °C anneal
0_
'5000 T T T T T T T T T T T T T 1 O_ . T T T T 1
360 365 370 375 380 385 390 395 1660 1662 1664 1666 1668 1670
Kinetic Energy (eV) Kinetic Energy (eV)

W 3d;,, core line indicates reduction of WON and narrow-
more single component O 1s core line due to 900°C anneal

» Loss of O from WON upon anneal may contribute to less defective Al,O5; bulk and/or interface




TaN/Al,O; interactions as-dep vs. 900°C

— 905w6

Ta oxidation => Retention Degradation | 40000 SEMA-— 2050
36000- Ta 3d5/2
905 _6: Al203/TaN/900C . ]
_ ) S 32000-
905_9: Al203/TaN/as-dep 3 I 900 °C anneal
a0, Tasuboid >. 28000- .
_ a,0: a sub-oxides = ; -
hv = 2200V C 24000
7000+ Tas* L -
1 Tad4f | = 20000 .
6000 - | | As-deposited
c000. As-dep | 16000
’g _' 9OOOC : 1 T T T T T T T T T
O 40004 : 430 440 450 460 470
> J | . .
2 3000 i Kinetic Energy (eV)
c J
Q !
£ 20001 i | 750004 O 1s
| S
1000 i ! <
| ] — 60000 -
0- ' Lo 2
T T T T T |I T —+— T 1 ‘0
2164 2166 2168 2170 2172 2174 2176 T 45000+
Kinetic Energy (eV) =
30000 -
Ta 3d,,, oxidized as deposited with only
slight reduction due 900°C anneal 15000

1660 1662 1664 1666 1668 1670

Scavenging of O by Ta may contribute to defects in Al,O4 bulk and/or interface




Summar 7\
y SEMATECH

« We're in an extremely dynamic and exciting period in
semiconductor research — no consensus on the next
architecture, - many options will continue to be explored

« Complex new materials systems - physics of single atom thick
lattice networks - will be integral to many future technologies

« A suite of measurement instruments & techniques are critically
needed to address fundamental engineering problems

« HAXPES will play an increasing role in characterizing
heterostructures & buried interfaces — “real” samples

* Increasing need for industry engineers to partner with
spectroscopy experts for multiyear investigations



International Symp on Adv. Gate Stack Technology

(ISAGST) August 23-26, 2009 ~ San Francisco, California SEMATECE'!_.

= Example topics:
= High-k dielectrics/electrodes
= Physics of dielectric defects
= Modeling
= Reliability
= DRAM, flash, ReRAM, spin
= RF and Mixed Signal
= |lI-V, graphene channel
= Characterization
» Gate stack for MINEMS

= Confirmed Invited Speakers...more to come
=Evgeni Gousev, Qualcomm

=Kirklen Henson, IBM = s o
=Geoffrey Yeap, Qualcomm ! —

sSayeef Saluhuddin, UC-Berkeley

=Jung Dal Choi, Samsung Semiconductor Abstract Submission Deadline — May 22, 2009

» Krishna Parat, Intel www.sematech.org



Computed Electron Chemical Tomography
SEMATECI;I_

Collaboration w/Brendan Foran, The AerosEace CorE.

This movie is a sequence of views of a 3D computed model reconstructed from HAADF-STEM data

Si-Gate

3D-FInFET-reconstruckion-cal-2 . avi

* Image intensity in this representation of the 3D model relates position with
higher material density

 For this sample, contrast therefore dominated by the spatial distribution of
heavy metal atoms such as titanium and hafnium
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