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The Anatomy of Metal Precursors

Metal precursors are coordination complexes.

* A metal centre
« Surrounded by covalently-bonded ligands (atoms or small molecules/ions)
* Ligands make the complex volatile

Chelating ligands (binding
: though more than one site) can
High bond - Stabilise the metal centre

strengths lead to « Improve volatility
stable molecules

BUT at least one Functional groups
ligand needs to be on ligands can affect
reactive towards the molecule’s
surface groups stability, i.e. promote
decomposition.
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ALD Metal Precursor Reguirements

& Essential for ALD N\ ( Desirable h
The precursor must: Although not essential
to the ALD mechanism,
» Have high/sufficient vapour pressure precursors should
(high volatility) ideally:
* Be reactive towards surface groups and
leave reactive surface groups « Beeasyto
« Have a high decomposition temperature synthesise and
» Produce reaction products that scal_e .up o
: * Exhibit low toxicity
— are volatile N
— do not adsorb to the film easily 2 EELEDADIEIEIE
— do not etch the film » Helew e

uuuuu my
ALD
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1. Oxidation State of the Metal Centre

The oxidation state of the metal in the precursor can influence the
oxidation state of the metal in the final film.

NMe, +2e :
J NMe >  Conductive TaN
MeZN— a“““ 2
| “YNMe,
NMe,
PDMAT > Insulating TagNs

Predominantly formed
(CVD and ALD)

|deally, the metal precursor’s oxidation state and that of the metal in the
final film should be the same.
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2. Vapour Pressure

All compounds have a vapour pressure, which increases with increasing
temperature.

— o [ I | | | | | ™ .A. .
IE A = u %
— 101 B AA . .I. 3 @)
o : ‘, A“‘ .I. 310" 5
a 0 A " U
n 10 ¢ B 1102 @
) ® v - ;10
— @ [AlLMe] . n
\ 4 < 2% . @)
al 1 ° # < A [siH,NEL)] |] -
= 10" ° K R v [S.iHZi(NH‘BU)Z]—é 10% D
(@) ~ <4 p M [Ti(OPr),] —
Q- PN B ® [PY(Cp)Me,] U
© 10°F PN ‘»’ PrCPMe] |} 900
> PR > <« [Hi(NEtMe),] |3 ~—
i * P [Ta(NMe,)] |1
0-3 I . I I I 1 1

-40 -20 0 20 40 60 80 100 120
Temperature (°C)
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2. Vapour Pressure

 Plot vapour pressure and temperature as an Arrhenius plot

« Simplified Antoine Equation relates temperature to vapour pressure

« Can therefore calculate p,,, for precursors at various temperatures

B

loglo(pvap) =A- T

A and B = coefficients specific to the
compound being tested and the units
of pressure

T = temperature in Kelvin

Data for [Ta(NMe,)]
60 55 50 45 40 35 30°C

@ Torr (mmHg)
A Pa

- A = 30.84 |
o B =-9499.9
2 Or |
(@)]
o
S A=11.27 :
B=-41258

0.0030 0.0031 0.0032 0.0033
UT (K™

Data: S. A. Rushworth et al., Microelectron. Reliab., 2005, 45, 1000.
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2. Vapour Pressure — Rules of Thumb

1. Vapour pressure increases with decreasing molecular mass.

Some simple amines provide good examples of this rule.

103 increasing mass / v > | E 104 .
— F decreasing volatility / / ] F
B 102 e / 5 — -
= g < i = 10°F
~ - : IS ;
9 10" . 4 ~
o E O 2
g r / Me /// o 10 _
5 10°F B CiAY < 3 2 i
5 101: / / m% 10%¢
% : /. Vopy ] Q.

10° k
> 10°r g H HNR
-150 -100 -50 0 50 100 0 20 40 60 80 100 120 140
Temperature (°C) Mass (amu)

R = H or an alkyl group.
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2. Vapour Pressure — Rules of Thumb

2. Vapour pressure increases with increased alkyl branching,.

* The harder a structure is to pack

together, the higher the vapour Y
pressure H
H
e Due to decrease in Van der Waal’s Y 1
force -
T 10° ¢ . . .
« Compare vapour pressure with liquid : e
density: 3 -HNF’f '
— — T 10

il en HNRR' | 2

o O E

< o & 10t

%1025— % Q- ©

2 F o © :

o 1 Q-9 HO g i

D; 10' k o 10°

s | o~ =

% I

> 10

' as 10" . :
. . . . . . ] nPr IPr nPr2 iPr2
0.65 0.70 0.75 0.80 R

Liquid Density (g cm™) r—
Data: W. M. Haynes, CRC Handbook of Chemistry and Physics, Boca Raton (2012). Stephen Potts / ALD Precursors /




2. Vapour Pressure Example 1

Example of Platinum Precursors: [Pt(CpR)Me;]
e Change in molecular mass vs. branching.

« Adding an Me group to the Cp enhances the vapour pressure slightly,
despite increasing the overall mass

S — . 0.4 —— . . T
~ CH3 @ . 0.08
) @ @ﬁ g 0.06} .
] 4 5 L
l:/ 10 FLt" l:/ 0.3 " E 0.04 . L|CIU|d 0] 7]
L Hie” N CHa O %
a 3 CH; @ S 0.02 R U ] o)
(2] ® A - e o @ ¢ @ ]
o ~ % 0.2 000 0 10 20 a0 0]
D; 102 E ~ = DE Temperature (°C) @
3 ] o 0.1t i
& ~ =k soid ¢
> ° > o ®
10-3 T R R RS SR B & & @ ) (.\ P T TR
-20 0 20 40 60 -20 0 20 40
Temperature (°C) Temperature (°C)
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2. Vapour Pressure Example 2

Example of Titanium Alkoxide Precursors: [Ti(OR),]
The nature of alkyl (R) roups on metals or ligands affects volatility

Jeol |MOR) @ PamayocHR |  Primary C — 1 R group
@ Secondary OCH
®) ) Terct?r:ryacljch3 " Hep "%Ct - e Secondary C — 2 R groups
& 200 Qwer oo @ @ - Tertiary C — 3 R groups
c P CMeEt,  CHBU,]
QO_ 150 | nB; o CMe,"Pr oCH o (4-Non) |
nPr n r2 N
E = @ CMezEct) S In gene.ral (reminder)
S 100} @ g CHWR 1 « Heavier compounds are
- (@&Pn) less volatile.
“Volatility” S0 5 T « Compounds with more
N 0 1 2 3 4 5 6 7 8 9 asymmetric R groups are
R Length (C atoms) more volatile.
1 “Mass” 2

D. C. Bradley et al., J. Chem. Soc., 1953, 2025 (and others). * Sigma-Aldrich, SDS, N° 463582. Stephen Potts / ALD Precursors /



2. Effect of Oligomerisation on Volatility

Example of Titanium Alkoxide Precursors: [TI(OR),]
 Titanium(lV) alkoxides are not coordinatively saturated.
« This allows them to oligomerise (form dimers, trimers...)

n [TI(OR),] = [TI(OR),];

Alkyl Compound Carbon Atoms in | Number-Average Degree Closest
Group P Alkyl (R) Group of Polymerisation, Oligomer

[Ti(OMe),] 1 Not studied here 4 (tetramer)
_ [Ti(OEt),] 2 2.96
Linear _ .

[Ti(O"Pr),] 3 2.95 3 (trimer)
[Ti(O"Bu),] 4 2.97
[Ti(O'Pr),] 3 1.01 1 (monomer)

Branched [Ti(O'Bu),] 4 1.77-2.68 2 (dimer)
[Ti(O'Bu),] 4 0.98 1 (monomer)

Oligomerisation effectively leads to a higher molecular mass and hence a
higher vapour pressure.

' ‘IED
D. C. Bradley et al., J. Chem. Soc. A, 1968, 1316. Stephen Potts / ALD Precursors / A




3. Precursor Decomposition

Decomposition temperature should be as high as possible (opposite to
CVD precursors).

« Typical range (ALD) = room temp. to ~400 °C.

A

- - >
“Temperature I
window” I
: CVD - loss of self-limiting
| behaviour
Ideal ALD '

—

\ Decomposition

|
Typical ALD :
| temp. of precursor
|
I
|

Growth per cycle

>
Deposition temperature

academy
Stephen Potts / ALD Precursors /




3. Thermogravimetric Analysis (TGA)

« Constant heating rate
Temperature range

(typically 10 °C min-?) of volatilization
< >
i 1004 *=
* Under air, inert gas or ] <+—— Low volatility
vacuum. 901 f
= \l;lé?:tilit "
e Can also heat at a S 0. 4 53;52?2232)
constant temperature @ 60 g
as a function of time 9 ] _
to check volatility. o 50- Unsuitable
© 40 4 for ALD
i = ]
* Weighing cups can (9  30- No decomposition, _ /
be open or closed. — 20 1 no residual mass Large residual mass
10 4 /
0] \ Ideal for ALD
! | ! | ! | ! | ! | ! 1
0 100 200 300 400 500 600

Temperature (°C)
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3. B-Elimination

Unoccupied orbitals on metal or heteroatoms (e.g. O, N) on ligands provide
a pathway for decomposition.

B-elimination involves hydride transfer.

Example: an alkyl ligand on a metal.

B ¥ LaM—
\C 2 a n

~ ----C y
anl‘f:g/.,,,, — 4 > LM — >
\ R Ln'\l/l D \ C 2

- " C 2
R
- - R R

co-planar intermediate

[y
.

Therefore, the following can lead to facile decomposition of the precursor:
 Ligands containing 3-hydrogens
« Coordinatively unsaturated precursors
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3. Increasing the Decomposition Temperature

Example: Titanium Precursors

1. Standard
reference
compound.

3. In addition to
Cp*, use of
ligands with no
B-hydrogens.

Me = CHj, iPr = CH(CH.,),

O'Pr

)

. i::l////OiPr
pro”” Noipr
1

VP = ~0.91 Torr
Tyec > 210 °C

Me
Me Me
Me _ Me
I,
" N\'MOMe
MeO , OMe

VP = ~0.07 Torr
Tyec > 300 °C

Me

. I""’//OiPI’
pro”” \OiPr
2

VP =~0.23 Torr
Tyec > 250 °C

Me

- I.u//// N Me2
NMe,
4

Me,N

VP = ~0.27 Torr
Tyec > 200 °C

. Addition of Cp'

ligand to
achieve
coordinative
saturation.

For
comparison,
weaker-
bonded
alkylamido
ligands

S. E. Potts & W. M. M. Kessels, Coord. Chem. Rev., 2013, 257, 3254.
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Examples of ALD Precursors

Halide

Cl

o f"{IICI

Cl

Tetrachlorohafnium(1V)

Cyclopentadienyl

Bis(cyclopentadienyl)cobalt(ll)
Cobaltocene

Carbonyl Alkoxide

O'Pr

OC—IJe"“‘\CO 11

(L >co o {uo'Pr
0

O'Pr
Diethylzinc Pentacarbonyliron(0)
DEZ

IPr = CH(CH3),

B-Diketonate Amidinate

CHa CH,

iPr )\ iPr
Hacw i\ C \N/\N/
\\\

////, \\\\\ | |

o/l\oz T
N

</ . P

TH, Hs

H,sC

Trisacetylacetonatoiridium(lIl) Bis(N,N'-diisopropylacetamidinato)dicopper(l)

Pr = CH(CH,),

Tetraisopropoxytitanium(1V)
TTIP

Alkylamide
N(CH3)2
(HSC)ZN_ a.\\\\\N(CH3)2
| “YN(CHg),
N(CH3)2

Pentakis(dimethylamino)tantalum(V)
PDMAT

Guanidinate

NiPr |pr
'PrN///, \\\\\

N(CH
'PrN( ‘ N
N'Pr 'Pr

(H3C)2

Tris(1,3-diisopropyl-2-
dimethylaminoguanidinato)gadolinium(lll)

H. C. M. Knoops et al., Handbook of Crystal Growth, Vol. 3, 2™ ed. (2013).

Stephen Potts / ALD Precursors /
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1. Metal Halides

Advantages Cl
« Highly reactive _
L.,
« Easy to handle CI/ \”//CI

— Most are solids, TiCl, is a liquid Cl

* Thermally stable Tetrachlorotitanium(IV)

. Inexpensive Titanium tetrachloride

F
Known Issues

. ) ) ) I:///,, \\\\\F
* Tendency to contaminate films with halide AVA

lons FY” | NE

« HX reaction product is corrosive and can etch F
the growing film and ALD reactor

Hexafluorotungsten(VI)
Tungsten hexafluoride

academy
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2. Organometallics: Metal Alkyls

Key Feature

\ * M-C o-bonds
7N — High thermodynamic stability
\ — Low kinetic stability
Diethylzinc Advantag es

 Highly reactive with surface groups,
even at room temperature

C * Relatively little film contamination
HBC///""AI J/ \AI“\\\\CH?) * Very high vapour pressures

H,C” N\~ YCH;
H3

Hj

Known Issues
« Difficult to handle — pyrophoric

* Low thermal stability, which can affect
shelf-life

Trimethylaluminium

academy
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3. Organometallics: Metal Carbonyls

Advantages
« Highly volatile

« Stabilises metals in low(er)
oxidation states

Known Issues
« Extremely toxic

* Prone to decomposition at relatively
low temperatures

* Not clear how they would interact
with surface groups in a classical
ligand exchange mechanism
(condensation/hydrolysis)

CO

OC—Fe"““CO
wCo

CO

Pentacarbonyliron(0)

Iron pentacabonyl

CO

OC,,, | €O

Mo’
ocY | vCO

CcO

Hexacarbonylmolybdenum(0)

Molybdenum hexacarbonyl

academy
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4. Organometallics: Metal Cyclopentadienyls (Cp)

« Strongly bound to metal via o- and 1T-bonding
Interactions

@ Key Features
Co

« Cp occupies up to three coordination sites

V4 Q \ — Electronic and coordinative saturation

Bis(cyclopentadienyl)cobalt(l1)
Cobaltocene Advan tag es

« Stable compounds with relatively long shelf-lives

i Known Issues

\/RUQ//CO  Low volatility (relative)

CO * For some metals, hydrolysis is difficult (requires
Dicarbonylcyclopentadienylethyl- energy_enhanced techniques)

ruthenium(ll)
academy
ALD
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5. Metal Alkoxides & Alkylamides

Key Features O'Pr

« Highly reactive in ALD terms

* More thermally stable than alkyl compounds _ i"/// i
and not generally pyrophoric pro”” \g,%lr:)r

Tetraisopropoxytitanium(1V)

Advantages
» Alkoxides are thermally stable liquids
« Alkyl amides provide a halide-free route to

Titanium tetraisopropoxide, TTIP

nitride thin films NMe,
wNMe;
Known Issues MeZN_Ta“\NM
. L . e

« Oligomerisation can reduce volatility NMe 2
* Amido compounds are less thermally stable ?

than alkoxides, so have a shorter shelf-life Pentakisdimethylamidotantalum(V)

PDMAT

academy
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6. Other Metal Precursors

B-Diketonates

CHj

wae
H,C\ Q .
\\\\

Trisacetylacetonatoiridium(lIl)

* Very high thermal
stability

* Low volatility

* Reaction with
surface groups?

Amidinates Guanidinates
CH,
Me,N
ip ip
Ir\N/_\N/ r %NiPr iPr
| | iI:)rN// | W
Cu Cu "Gd™ NMe,
| | iPrNC|_‘N
N N N'Pr 'Pr
pr” X~ ipr ’>/
Me,
H3

Tris(1,3-diisopropyl-2-
dimethylaminoguanidinato)-
gadolinium(IIl)

Bis(N,N'-diisopropylacetamidinato)-
dicopper(l)

* High thermal stability but more reactive than
B-diketonates

« Can form volatile compounds of late
transition metals (e.g., Cu).

« Can form volatile compounds of lanthanoid
metals (e.g., Gd).
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Case Study:

TMA vs. DMAI as Al Precursors for Al,O4

ALD growth can be RN

affected by the size of the Hy

precursors (steric /\ wCHs g N

hindrance). 3c( \/ \CHg 3(:( \/ \CHg
H3

H,C CH;

The precursor with larger

ligands gives a lower TMA
growth per cycle. 5[
o 4
. L 29
« Bond dissociation energy S 3l
Al-C << AI-O gE | ,
- Larger OPr ligand < % | A AT TV -
covers reactive surface e B S
sites R e e e

0 50 100 150 200 250 300 350 400
Deposition Temperature (°C)

academy
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Case Stuay.

TMA vs. DMAI as Al Precursors for Al,O4

1'5'_ Al,O5; Film Composition
Q |
> 10}
=z | * General trend: more H and O at lower
05} temperatures
0.0
30|  Typically due to OH in the films
§ 2_5:_ H,0 o A
< 200 % i 5 1« Films from DMAI contain more O and H
Olus|...... A Q _______ T than those from TMA
ol e |
stg 5 o HOmew| . Apo5eC
2T . _ « O/Al for DMAI > TMA
s ore ° ] « O/Al > 3 (DMAI), suggests carbonate
© 10 2 . j or formate incorporation
° A ¢ ‘_ » Most likely a result of O'Pr

0
0 50 100 150 200 250 300 350 400
Deposition Temperature (°C) : LDW
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Case Study:

TMA vs. DMAI as Al Precursors for Al,O4

(Further) Key Points

« Al-O'Pr requires more thermal energy for reaction

« Lower growth per cycle than TMA due to size of precursor and

e 2150 °C — equivalent to those from TMA

e <150 °C - higher [OH], inclusion of carbonates at 25 °C (EEALD)

\

.ISSI »
(A
“
uuuuu my
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sSsummary

« Metal sources for ALD are inorganic coordination complexes.
— Metal centre surrounded by ligands

* When using/selecting a compound, you should be aware of:
— Its reactivity with the surface and the surface it leaves
— Its volatility (vapour pressure)
— Its decomposition temperature
— The size of the molecule
— The metal’s oxidation state

 Different ligands can tune the precursor’s properties
— As above
— Thermal stability/shelf life
— Reactivity
— Growth per cycle due to size/thermodynamics/kinetics

academy
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Self-Test Questions (1/2)

1. Which of the pairs of the following precursors would you expect to give the
highest growth per cycle?

a. ALCIg or [AI(O'Pr);],
b. [Ti(O'Pr),] or [Zr(O'Pr),]5

Why does [Zr(O'Pr),], form a trimer/tetramer whereas [Ti(O'Pr),] is monomeric?

Which of the following pairs of precursors would you expect to have the highest
decomposition temperature?

a. [Ta(NMe,)s] or [Ta(NEL,):]
b. [Hf(OEt),] or [Hf(NEL,),]
c. ZrCl, or [ZrCp,Cl,]

4. [Ti(O'Pr),] is a commonly-used precursor to TiO, thin films.

a. Use the simplified Antoine equation to estimate its vapour pressure at 75 °C, given
A =9.837 and B = 3194 K, where the units of pressure are Torr.*

b.  Some more volatile precursors exhibit vapour pressures of 10 Torr at room
temperature. To which temperature (°C) would you need to heat the [Ti(O'Pr),] to
achieve this vapour pressure?

c.  Why might it not be advisable to heat a precursor to such a temperature for
prolonged periods?

*K. L. Siefering & G. L. Griffin, J. Electrochem. Soc., 1990, 137, 1206. Stephen Potts / ALD Precursors /



Self-Test Questions (2/2)

5. [ZrCp,(NMe,),] (RMM = 309.56 g mol-!) was tested as a possible precursor for
ZrN thin films.” The thermal gravimetric analysis, carried out under vacuum, is
shown below.

a. Describe what is happening

to the.COmpound over the Thermal Gravimetric Analysis of [ZrCp,(NMe,),]
following temperature 100 -

ranges:

. 25-150 °C, 80 -

ii. 150-270 °C.

b. Show that the residual mass 60 -

IS, in principle, consistent
with the formation of
stoichiometric ZrN. Account
for any potential 20 1
discrepancy.

c. Comment on the suitability 0 ‘ ‘ ‘ ‘ ‘ |
of [ZrCp,(NMe,),] as a 0 100 200 300 400 500 600
precursor for the ALD of Temperature (°C) [heating rate 10 °C min-!]
ZrN.

40 +

Mass Loss (%)

Residual mass = 32.8%

6. Why does industry currently generally prefer to use metal halide precursors?

*S. E. Potts et al., Inorg. Chim. Acta, 2010, 363, 1077. Stephen Potts / ALD Precursors /



Co-Reactants (Briefly)

(a) Substrate heating only

» Co-reactants are Chemically-Catalysed

sometimes referred to SHSHELASD Thermal ALD
as precursors. (o(h0) [ N( h
S| NH, | 5 :2(:'2 NH, cat.
S| HS | § VR [A(CH,) ] cat.
i i S| H N 24 Amines cat.
 The main focus of this 3l o | & Nxoyéi:suw"em etc.
i i ) 8 t2. T -
tutorial is the metal G /A% y

source.

(b) Additional energy to convert gaseous species
Energy-Enhanced ALD

/" Plasmas \ [ \ \)

Radicals
lons
Electrons
(UV) Photons
Ozone

. NO ) )

Radicals

Radicals Ozone

Thermal cracking
Photodissociation

( Electrical discharges \

S. E. Potts & W. M. M. Kessels, Coord. Chem. Rev., 2013, 257, 3254. Stephen Potts / ALD Precursors /



Measurement of Vapour Pressure

Under reduced pressure 2
— Removes process gases q,;j o
— Thorough leak-testing required ' =

— Wait period to ensure no further out-
gassing occurs

—(5 PR
I o GGt

V& Wio

e @

Calibrated with known compound (e.g. o B o _ _
‘ig. 1. Schematic of vapour pressure equipment. Grey line
naphthalene) defines the oven enclosure.

Selection of temperatures
— Stepwise increase in temperature
— Time to ensure accurate measurement
— Avoid decomposition!

Experiment conducted in reverse
— Ensures repeatability

Fig. 2. Picture of vapour pressure system.

academy
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S. A. Rushworth et al., Microelectron. Reliab., 2005, 45, 1000. Stephen otts / ALD Precursors /




Vapour Pressure

Exam p | € loglo(pvap) =A- ?

What is the vapour pressure of [Ta(NMe,):] (PDMAT), in Torr, at 50 °C?

A=11.3,B=4125 (graph’s gradient is —B)

1000(Pusp) = 11.3 — (4125/{50+273.16))  °| ® Tor (g
3 ! | A=3084

109,0(Pyap) = —1.46 3; oL BTTY4999
gﬁ i
-l A=11.27

Pvap = 10-1.46 . B =-4125.8

Pyap = 0.0343 Torr  (34.3 mTorr) 0.0030 00031 00032 _ 0.0033

UT (K™

Data: S. A. Rushworth et al., Microelectron. Reliab., 2005, 45, 1000. Stephen Potts / ALD Precursors /
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Ti1 Precursors: Plasma ALD Case Study

Cl O'Pr

L., I, . :
_~Rmcl i _~ NUHOPr i " moiPr
1 2
Halldes MFC! litech™
» Film contamination Homoleptic Alkoxides B
« Corrosive by-products (HX) Heteroleptic Cp-Compounds
Me (2-4)
Me Me Me
NMe,
_ Me _ Me _
l I I,
/ :lI[//NI\/Ie2 / ll[/,lOMe / llI[//NMe2
RN N e, MeO S VSN ,
3 4

Homoleptic Amides

e Low Stablllty AlR LIQUIDE WCE ﬂln’::l:h”

For more on ligand possibilities, see: N. Blasco et al., Sr and Ti Precursors Development for

Next Generation Thin Film Application, 216 ECS Meeting, Vienna (2009). : LDMW
Stephen Potts / ALD Precursors / \ 9 35




Ti Precursors: Plasma ALD Case Study

I #1 m [Ti(OP),]

= #2 A [Ti(Cp™)(OPr)]

=l #3 ® [Ti(Cp*)(OMe),]

= & # ok [TICP™)(NVe)]

S 0 .

o 3 T ' 1 |
os- 9o & t ‘ * ‘ '
0.0 ——
25 L

= t
o
i T i T

Ti Atoms Deposited
(atoms nm™ cycle™)
o | e B
| o B ]
= v
- P
Wi
L Dl

o
6]
T

©
o

0 50 100 150 200 250 300 350
Substrate Temperature (°C)

O/Tiratio =2.0+0.1

H present
* Generally <4 at.%.
e #4 at 100 °C, ~7 at.%

Tilcycle

* Not affected by film density

o #2 and #3 (Cp/OR) — consistent
* #4 —increases with temperature

OR + CpMe
* most consistent GPCs and Ti/cycles

NR; (+ Cp"e)
 higher reactivity, increasing with
temperature. Decomposition?

L’
Stephen Potts / ALD Precursors / Lﬂj_/

S. E. Potts et al., J. Electrochem. Soc.,2010, 157, P66.
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