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A number of high-permittivity (x) dielectric oxides are currently being investigated as alternatives to SiO, as the dielectric in-
sulating layer in sub-0.1 pm CMOS technology. Metal-organic (MO)CVD and atomic layer deposition (ALD) are promising

techniques for the deposition of these high-x dielectric oxides. In

this paper it is shown how the use of “designed” metal alk-

oxide precursors, containing bidentate donor-functionalized alkoxide ligands, in MOCVD leads to a marked improvement in
the physical properties of the MOCVD precursors and process parameters. However, the use of such ligands is not as benefi-
cial in the ALD pracess, highlighting the very different requirements of MOCVD and ALD Precursors.
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1. Introduction

The demand for smaller, faster transistors in computer
processars and other silicon ICs has driven the continuous
reduction (or “scaling”) in the dimensions of metal-oxide-
semiconductor field-effect transistors (MOSFETs). This
scaling has forced a rapid decrease in both the channel
length and SiO, gate dielectric thickness.!! However, as the
gate thickness approaches 2-3 nm, direct electron tunneling
and high leakage currents present serious obstacles to future
device reliability.?l These problems can be overcome by
replacing the 8iO, (i ~3.9) with a higher dielectric constant
(x) material, allowing an equivalent capacitance to be
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achicved using a physically thicker insulating layer. Conse-
quently there has been much recent research into alternative
high-x dielectric oxides or silicates!? such as ALO;P
210" HfO,,* Zr and Hi silicate, ") (HFO,),(ALO);., &)
L2030 Pr;03,1 ¥,0,0% G012 and Nd,0,14
High-x materials also have significant potential as replace-
ments for SiO; or Si3Ny in the storage capacitors of dynamic
random access memory (DRAM) devices, and HfO,/AL 04
nanolaminates are currently under investigation [*¥

A variety of techniques has been used for the deposition
of metal oxide films including, physical vapor deposition
(radio frequency and magnetron sputtering, ion-beam
sputtering, molecular-beam epitaxy, laser ablation),*%
solution deposition (sol-gel, metal-organic decomposi-
tion), 2 MOCVDRZ2) 4pg ALD.™ Of these techniques,
MOCVD and ALD are particularly well suited to modern
manufacturing methods for microelectronics.

MOCVD offers the potential for large-area growth, and
has the advantages of good composition control, high film
uniformity, good doping control, and gives excellent con-
formal step coverage on nonplanar device geometries, An
essential requirement for a successful MOCVD process is
the availability of precursors with the appropriate physical
properties and decomposition characteristics. The precur-
sor must have an adequate volatility for efficient vapor-
phase transport and should deposit high-purity films. There
must be an adequate temperature window between precur-
sor evaporation and decomposition, and for many electron-
ics applications the oxide deposition temperature is re-
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stricted, to -500°C, so precursors with limited thermal
stability are often required. It is also an advantage if the
precursor is unreactive to water, giving it a good ambient
stability and long shelf-life.

Due to the low vapor pressure and relatively low thermal
stability of many oxide precursors, liquid-injection
MOCVD is now widely used for the deposition of metal
oxide films.® [n liquid-injection MOCVD the precursor is
dissolved in an inert solvent, usually a hydrocarbon (e.g.,
toluene, heptane, nonane) or an ether (e.g., tetrahydrofu-
ran). The precursor solution is held at room temperature
until used in the MOCVD process, preventing thermal de-
composition of the precursor. Precursors used in liquid-in-
jection MOCV D must be soluble and stable for Jong peri-
ods in the chosen solvent, and must not react with other
precursors in the same solution. In addition, the presence
of a single heated evaporator at a fixed temperature makes
it important that co-precursors evaporate at a similar tem-
perature, otherwise it will be difficult to control the compo-
sition of complex oxides. To optimize the compositional
uniformity it is also important that the various precursors
deposit oxide in a similar temperature regime.

ALD is a modification of MOCVD,l27l in which gaseous
precursors are successively introduced to the substrate sur-
face in a repeated cycle. Between cycles, the volatile reac-
tion products are flushed from the reactor by purging with
an inert gas, or evacuation. An ideal ALD process has a
self-limiting mechanism in which the growth surface be-
comes saturated with precursor or reactant molecules, so
that film growth automatically stops (or “self-limits”) at
one or sometimes two monolayers. Under these conditions
the film growth rate (nm per cycle) is independent of the
precursor pulse length.

ALD relies on surface exchange reactions between
chemisorbed metal-containing precursor fragments and ad-
sorbed nucleophilic reactant molecules, such as surface
[OH] species. The surface-controlled growth in ALD leads
to highly uniform coverage (or conformality) of planar sub-
strates, as well as nonplanar surfaces containing trenches or
vias, and high surface area (high-aspect-ratio geometries)
substrates such as silica and alumina powders?’ Precursors
with the appropriate physical properties and suitable de-

§$ors.
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position chemistry are therefore essential for the successful
ALD of metal oxides. In common with MOCVD precur-
sors, an ALD precursor must be volatile and have an ade-
quate temperature window between evaporation and de-
composition. However, in marked contrast to a MOCVD
precursor, an ALD precursor should have a relatively high
thermal stability so that surface exchange reactions predo-
minate over thermal decomposition, otherwise there will
be a breakdown in self-limiting growth. Unlike an “ideal”
MOCVD precursor, the ALD precursor must be highly re-
active towards nucleophiles such as [OH] otherwise ALD
growth rates will be severely inhibited.

Although some existing precursors satisfy the require-
ments for liguid-injection MOCVD and ALD processes,
the rapid growth in the number and complexity of metal
oxides deposited by these techniques is making it increas-
ingly necessary to “tailor” the physical properties of a pre-
cursor to optimize its physical properties and deposition
characteristics.

In this paper, some recent developments in the molecular
design of metal alkoxide precursars used for the MOCVD
and ALD of a range of high-x dielectric oxides are de-
scribed. The influence of molecular structure on the physi-
cal properties of a precursor, and on the growth dynamics
of the MOCVD and ALD processes are outlined, together
with a brief discussion on the material properties and elec-
trical characteristics of the metal oxide films.

2. MOCYVD of Dielectric Oxides

21.MOCVD of ZrO; and HfO,

ZrQ, and HfO, have high permittivities, with « values of
approximately 25, compared with 3.9 for SiO,, and are
relatively thermodynamically stable in contact with silicon,
making them promising alternative high-x materials.[2!
However, the MOCVD of ZrQ, and HfO, has been hin-
dered by problems associated with existing Zr and Hf oxide
precursors. For instance, ZrCly® and HfC1,") are low-vol-
atility solids which need substrate temperatures of 800°C
and above for oxide deposition, and there is the possibility
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precursors for the deposition of compound semiconductors, metal oxides, and metals b y met-
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of chloride contamination in the films. The f-diketonates,
[Zr(acac)s] and [Hf(acac).] (acac= pentane-2,4-dionate)
require high evaporation temperatures (-200°C) for
sufficient vaporization,® and the oxide films arc often
heavily contaminated with carbon® The B-diketonate
{Zr(thd)s]  (thd=22,6.6-tetramethylheptane-3,5-dionate)
has been successfully used for the MOCVD of high-purity
Zr0, P although it is also relatively involatile and
requires high substrate temperatures (>600°C) for oxide
growth. The fluorinated complexes [Zr(tfac),] and
[Hi(tfac)a] (tfac=11,1-trifluoropentane-2,4-dionate) are
more volatile,* but the presence of fluorine, which can re-
act adversely with the Si substrate, is highly undesirable.
Recently, two new f-diketonate complexes, Zr(tod)s, and
Hi(tod)s (tod=2,7,7-trimcthyl-3,5-octanedionate) have
been used to deposit ZrO; and HfO, by liquid-injection
MOCVD. The complexes were found to give higher oxides
growth rates at lower deposition temperatures than the cor-
responding thd complcxes.’m

The metal nitrate complexes [Zr(NOs)4] and [HE(NO5)a)
have been used for the MOCVD of high-purity ZrO,
and HfO, films at growth temperatures as low as 300°C)
but there may be safety concerns about the widespread use
of anhydrous nitrate complexes in MOCVD processes.
:Metal alkylamide complexes have considerable potential
as MOCVD precursors for the deposition of both metal ni-
tride and metal oxide thin films. It was shown some time
ago that [Zr(NEt;)s] can be used for the MOCVD of high
quality ZrO, films in the temperature range 500-580°C,1*!
and more recently the liquid alkylamide [Hf(NEt,)4] has
been used to deposit HfO, by conventional (i.e., “bubbler-
based”) MOCVD.1738

Metal alkoxides are attractive MOCVD precursors as
they permit lower deposition temperatures and, under opti-
mum growth conditions, allow the deposition of carbon-
free filmsP? However, the majority of {Zr(OR),] and
[HE(OR)4] complexes are dimeric or polymeric with lim-
ited volatility, due to the tendency of the Zr'V and HfY
atoms to expand their coordination sphere to six, seven, or
eight "l Metal alkoxide polymerization can be inhibited
by the presence of bulky groups such as rerr-butoxide, and
[Zr(O'Bu)s] and [HE(O'Bu),] are volatile monomeric com-
plexes that have been successfully used for the MOCVD of
ZrO,*"*1 and HFO,.*) However, these precursors contain
unsaturated, four-coordinate metal centers, and the ter-
butoxide ligand undergoes a catalytic “hydrolytic thermal
decomposition!*’] making them highly air- and moisture-
sensitive, and susceptible to pre-reaction in the MOCVD
reactor. Consequently, their reactivity leads to a greatly
reduced shelf life, especially in solution-based liquid-injec-
tion MOCVD applications.

Ore strategy used to limit oligomerization in Zr and Hf
alkoxides is to satisfy the coordination sphere of the central
metal atom by introducing bidentate, chelating f-diketo-
nates such as {thd], S-ketoesters (terz-butyl acetoacetale,
“tbaoac™), or S-ketoamides (N,N-diethylacetoacetamide,
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“deacam™). These heteroleptic complexes potentially com-
bine the advantages of the good ambient stability, asso-
ciated with metal f-diketonates, with the lower thermal
stability and higher volatility of metal alkoxides. The com-
plex, [ZIZ(OPri)s(thd)z]. is a centrosymmetric dimer con-
taining terminal [thd] groups and two bridging [O'Pr]
ligands, and has been used for the liquid-injection MOCVD
of ZrO, over the temperature range 300-600°C. The
films contained 2-11 at-% of carbon.*! The complexes
[Zr(O'Pr)y(tbacac),] and [Z1(O'Pr)y(deacam),] are mono-
meric, and [Zr(O'Pr),(tbaoac),] has becn used for the
MOCYVD of ZrO, in the absence of an added oxidant.!*’)
Another strategy for inhibiting the polymerization of
metal alkoxides and reducing their moisture sensitivity is
to increase the coordination number of the central metal
atom by incorporating bidentate donor-functionalized alk-
qfide ligands into the complex. The sterically-hindered li-
gand 1-methoxy-2-methyl-2-propanolate, OCMe,CH,OMe
[mmp], contains two [Me] groups on the a-carbon atom
close to the metal center, and can also form stable, biden-
tate chelate rings with the metal center (Fig. 1). This inhib-
its the interaction between the metal center and alkoxide
ligands of other M(OR)4 molecules, and facilitates the for-

Mg Me

O

M

\

Me
Fig. 1. Chelate ring formed by an [mmp] ligand coordinated to a Group [VB
metal.

mation of mononuclear metal alkoxide complexc&"‘g' We
have used the [mmp] ligand to prepare a series of complex-
es, [Zr(O'Bu)y(mmp),), [HE(O'Bu)y(mmp),), [Zr(mmp)s),
and [Hf(mmp),}, that are six-coordinate, octahedral mono-
mers in the solid state.!*® The crystal structure of
[Hi(mmp)a] (Fig. 2) shows that the complex is a six-coordi-
nate monomer with a distorted octahedral configuration,
containing two bidentate {[mmp] ligands and two monoden-
tate [mmp)] ligands® The increased ligand saturation
around the metal centers makes these volatile complexes
significantly less reactive to air and moisture than
[M(O‘Bu)4] and [M(NR,),} complexes.

These [M(O'Bu)z(mmp),] and [M(mmp),} (M=Zr, Hi)
complexes were used for the liquid-injection MOCVD of
ZrO; and HfO, thin films over the temperature range
350-650°C.* High-frequency capacitance-voltage (C-V)
measurements on [AU/MO,/p-Si] capacitors containing
ZrO, and HfO, layers grown from the [M(O'Bu)y(mmp),]
and {M(mmp),] precursors showed that the films had good
diclectric properties with clear accumulation, depletion,
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Fig. 2. Crystal structure of {Hf(mmp).).

-and inversion conditions, with only a very small shift in
flat-band voltage (AVgg) and minimal clockwise hysteresis
due to the presence of a small amount of mobile, positively
charged ions in the films.!*!)

Based on GC-MS studies a mechanism has been pro-
posed for the decomposition of [Hf(mmp).] in the absence
of oxygen (Reaction 1).1%

{Hf(mmp)s] =HE{OH), + 4(CH;),C=CHOCH;
[HE(mmp).] - HEO, + 2(mmpH] + 2(CH3),C=CHOCH,; (1)

The main features of the mechanism are the elimination
of a f-hydride from [mmp) to form Hf(OH), and liberate
the alkene (CH3),C=CHOCHj3, and the transfer of a hy-
drogen atom to an adjacent {mmp) ligand, both of which
facilitate the clean elimination of the mmp ligand.

The donor-functionalized ligand 2-(4,4-dimethyloxazoli-
nyl)-prapanolate, (“dmop”), (see Fig. 3) has potential ad-
vantages over other donor-functionalized alkoxide ligands
in stabilizing large, positively charged metal centers and
promoting the formation of volatile monomeric com-
plexes. Instead of forming stable, chelate rings, ligands
such as {OCR,CH;NMe,] and [OCR,CH,OMe] often
dangle in the monodentate mode, as in [M(mmp),)
complexes,lso] or bridge metal centers to form dimers,
as in the case of (Zr(O'Bu){OCH,CH,NMe,),) 5
[Zr(O'Pr),(OCH(Me)CH,NMe;,), 1, 5 and  [Zr(O'Pr),-
(OCH(CH,NMe,)o)o 1. P In the case of [mmp], a facile
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OH
dmopH

Fig. 3. Schematic diagram of the dmopH ligand.

rotation about the C°C’ bond results in conversion
from the chelating to monodentate dangling coordination
mode (see Fig da). The ligands [OCH,CH;NMe,] and
[OCH{Me)CHNMe;] will also undergo similar facile
C*-C* bond rotations, leading to bridging between the met-
al centers. In contrast, the analogous C*C* bond rotation

Sp=C4- :

“'O\/J —— Cn—‘CO‘{‘ (a)
M )
M
Mg Me
M
—~ =
| c-Me \CQV,IMe
M——0 M é

Fig. 4. Possible sicreochemical configurations of (a) mmp ligand and (b)
dmop ligand. Reproduced with permission from [55}; copyright 2005, Rayal
Saciety of Chemistry,

of the N-bonded dmop ligand brings the oxazoline oxygen
atom into a suitable position for chelation, as shown in Fig-
ure 4b, maintaining a stable, chelating configuration that
shields the metal center effectively and inhibits the oligo-
merization of metal-dmop complexes. This makes [dmop]
potentially more effective than other donor-functionalized
ligands in promoting monomer formation in a wide range
of metal alkoxides.

We have recently synthesized the complexes
[M(OBu),(dmop),] (M = Hf, Zr), and the crystal structure
of [Hf(O'Bu),(dmop),] is shown in Figure 5. The isomor-
phous complexes are six-coordinate monomers with a dis-
torted octahedral arrangement of four oxygen and two
nitrogen atoms around the central Hf or Zr atom. The com-
plexes contain two ferr-butoxide groups and two chelating
[dmop] groups. The M-O(‘Bu) o bond lengths are shorter
than the M-O(dmop) ¢ bonds, and the weaker dative M-N
bonds are the longest in the molecule.%!
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Fig. S. Crystal structure of [HE(O'Bu),(dmop),).

The [M(Q'Bu);(dmop);] complexes are significantly
more stable to air and moisture than the [Hf(O'Bu).] and
[Zr(O'Bu)4] parent alkoxides, and they are also much less
air sensitive than the alkylamide complexes [Zr(NRj,)4)
and [Hf(NR;)q]. This increased ambient stability makes
both complexes very suitable for solution-based liquid-in-
jection MOCVD.P) Oxide deposition was performed over
a wide range of substrate temperatures, from 350 to 550 °C.
The ZrO, films contained residual carbom at levels of
3.4-5.3 at.-%, whilst the carbon levels in the HfO, film var-
ied between 1.9 and 8 at.-%. Analysis by X-ray diffraction
(XRD) showed that the films were deposited in the ther-
modynamically stable a- or monoclinic phase.

High-frequency C-V measurements were carried out on
[AVMO4/n-Si} capacitor structures to measure the dielec-
tric properties of the ZrQ, and HfO, films (see Figs. 6
andv7).(55] Accumulation, depletion, and inversion regions
are clearly seen in both cases, typical of good quality di-
electric films. The ZrO; film showed a relatively small hys-
teresis between the voltage sweeps, in the forward and
reverse directions, of approx. 0.05V, with a flat-band volt-

1.2
1 4 —m
0.8 4

x — ve- to ve+

506 ve- o ve

©

(6]

0.4 5 — ve+ to ve-
0.2 4

N el ,

-4

-2 o] 2 4
Voltage (V)

Fig. 6. High-frequency C-V data for a (AVZrO4/n-Si) capacitor structure
grown by liquid-injection MOCVD using [Zr(O'Bu)y(dmop)y] (ZcO,
growth temperature = 450 °C). Reproduced with permission from (55}; copy-
right 2005, Royal Society of Chemistry.
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Fig. 7. High frequency C-V data for a [AVHEO,/n-Si} capacitor structure
grown by liquid-injection MOCVD using [Hf(O‘Bu);(dmop);] (HIO,
growth lemperature =450 °C). Reproduced with permission from [55); copy-
right 2005, Royal Society of Chemistry.

age shift of 0.2V. The hysteresis of 0.1V in the HfO, film
was slightly larger than in the ZrO; film, and there is also
a larger shift in the flat-band voltage (-1V), indicative of
more trapped charge at the MO,/Si interface. The clock-
wise hysteresis observed in the C-V data of films arises
from electron trapping in electronic states at the S¥MO,
interface andfor in the bulk of the dielectric oxide film.
The permittivity values (k) of the ZrO, and HfQO, films
were 21.3 and 18.6, respectively. The reduction from the ex-
pected value for each film of x ~ 25 can be attributed to
the series resistance of the Si substrate, and the presence of
a low permittivity mixed layer of metal (Zr or Hf) oxide
and native SiO; (x =3.9) on the non-etched Si substrates.
The homoleptic alkoxide [Hf(dmop)4] is a six-coordinate
monomeric complex, containing two bidentate, chelating,
dmop ligands and two monodentate, dmop ligands, giving a
distarted octahedral arrangement of four oxygen and two
nitrogen atoms around the Hf atom, see Figure 8. The Hi-
O(dmop) o bonds are significantly shorter than the weaker

® O
O N
Oc

Fig. 8. Crystal structure of [Hf(dmop)s).
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dative Hf-N bonds. [Hf(dmop).] is significantly less reac-
tive to air and moisture than alkoxides such as [Hf(O'Bu)s]
and the alkylamides [Hf(NR,),), and has also been used
successfully for the deposition of HfO, films by liquid-
injection MOCVDF9 The films were deposited in the
temperature range 350-650°C. Auger electron spectrosco-
py (AES) showed that residual carbon (2.1-11.6 at.-%)
and nitrogen (0.4-1.9 at.-%) were present in the films.
Analysis by XRD showed that the films were amorphous
at substrate temperalures <400 °C, and adopted the mono-
clinic (a-HfO,) phase above 450°C. The C-V data for a
[AV/HfO,/n-Si] capacitor structure demonstrated anticlock-
wise hysteresis, and a flat-band voltage shift of -0.4V.

2.2.MOCVD of Hf Aluminate

Another approach to stabilizing the Si-HfO, interface is
to alloy HfO, with Al,O;, to form hafnium aluminate,
(HfO,),(Al;03)1.., which is amorphous up to very high
processing temperatures (e.g., 900°C for Al concentrations
of 31 %), and has been reported to retain a relatively high
dielectric constant of x ~15.18 Although Hf aluminate
has been deposited by ALD, using the precursor com-
binations [HECL}J[AIMe;)/H,O™8! and [HI(NMeEt),)/
[AIMe;}/H,0,!} there had been no MOCVD studies until
the recent report on the deposition of (HfO,),(ALO3),
(Al=8.4-38.5 at.-%) by liquid-injection MOCVD using the
metal alkoxide precursors [Hf(mmp)s] and [AI(OPr');) 15

The atomic composition of the (HfO;) (AL O3, films
was determined by AES, and this showed that the films
were all high purity, with no carbon detected (estimated
AES detection limit ~0.5 at.-%). Even very small fractions
of Alin the films result in a significant change in film struc-
ture, with the films becoming amorphous with only 2 at.-%
of Al in the film. After annealing in dry air (800°C for
15 min), the films showed goad dielectric properties, and
after subtracting the series resistance of the silicon sub-
strate and SiO, interlayer capacitance, a dielectric constant
for the Hf aluminate film of x - 10 was calculated./®!

Further information on the composition of the
(HfO,) (ALO3)1, films on Si(100) substrates was ob-
tained using medium energy ion scattering (MEIS).[ [¢
was found that at low Al concentrations (10 at-% and
21 at-%), the (HfO,)(AL,O5)_, films crystallize on an-
nealing at 1000 °C leading, in turn, to a marked increase in
the thickness of a $iO; interfacial layer. However, in high Al
content (HfO;),(AL,03),_, films (Al=38 at.-%) crystalliza-
tion is suppressed, so that there is no appreciable increase in
the thickness of the SiO; interfacial layer after annealing.

2.3. MOCVD of Lanthanide Oxides

Although ZrO, HfO,, and their related silicates have been

the most intensively investigated materials for gate dielectric i
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applications there has also been much recent interest in the
rare-earth oxides.'!) The rare-carth oxides M,O5 (M =La, Pr,
Gd, and Nd) are good insulators due to their large bandgaps
(39 eV for Pry03, 5.6 eV for Gd,0O3), have high dielectric
constants (Gd,0O3, xk=16; La;0;, k=27; Pry0s, x=26-30),
and have good thermodynamic stability on silicon, making
them attractive materials for high-x dielectric applications.?
Another attractive feature of some rare-earth oxides, such as
Pr,0; and Gd,03, is their relatively close lattice match tosili-
con (e.g., a(Gd;O3)=10.812A; 2a(Si) =10.862A), which of-
fers the possibility of epitaxial growth, thereby eliminating
problems related to grain boundaries in polycrystalline films.
It has also been shown that Gd,O5 can be grown epitaxially
on GaAs(100), to give an insulating and passivating oxide
layer,? which has potential applications in a wide range of
group ITI-V photonic and electronic devices.

The large radii of Lo® ions (e.g., six-coordinate radii:
La*=117.2 pm, Pr’* =113 pm, Gd* =107.8 pm) presents
a real challenge for the synthesis of volatile precursors
for MOCVD; coordinative saturation requires either high
coordination numbers (up to 12), or very sterically de-
manding ligands. High coordination numbers are often
achieved by the formation of oligomeric species with bridg-
ing ligands, resulting in extremely low volatility.

The oldest known class of volatile lanthanide complexes
is the rris-p-diketonates that have been known since the
early years of the 20th century. They are easily prepared
and have excellent ambient stability. [Ln(thd);] complexes
have been investigated for MOCVD of oxides of La {63%
P11 Gd %% and Nd.'¥") However these precursors are ther-
mally quite robust and require high growth temperatures
that are generally incompatible with microelectronics ap-
plications, where high growth temperatures can lead to
problems such as increased dopant diffusion, and the oxide
films produced are often contaminated with trace carbon.
Fluorinated B-diketonate complexes such as {Pr(hfa)s(di-
glyme)] (hfa=11,1,5,5 5-hexafluoropentane-2,d-dionate)®)
show cnhanced volatility compared with non-fluorinated
precursors, but the oxide films produced from these precur-
sors contain high levels of fluorine.

A new class of volatile fluorine-free lanthanide f-keto-
iminate complexes has been developed for the MOCVD
of lanthanide oxides. The complexes [Ln('BuMeMe)s)
(Ln=Ce, Nd, Gd, Er), [Ln('‘BuEtMe);] (Ln=Nd, Er), and
[Er('Bu'BuMe);] are coordinatively saturated monomers,
and {Ce('BuMeMe);] was used to deposit CeO, thin films
by pulsed MOCVD.[5¥]

The lanthanide tris-silylamides [Ln{N(SiMes).}s] were
the first example of monomeric three-coordinate lantha-
nide complexes,® and they show reasonable volatility.
We found that MOCVD using these precursors resulted
in variable incorporation of silicate into the oxide film.!™
Simple Si-free alkylamides of the lanthanides (e.g.,
[Ln(NPry)3(THF)]) are not sufficiently volatile to be used
in MOCVD and so there are, as yet, no suitable amide pre-
cufprs for MOCVD of lanthanide oxides.

Cherm. Vap. Deposition 2006, 12, 83-98
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The donor-functionalized [mmp] ligand might be ex-
pected to form monomeric [Ln(mmp);] complexes with the
lanthanides. However, it has been shown that the late
lanthanides form dimeric complexes, and [Lu{mmp)s]; has
been characterized by XRD."" Despite their dimeric struc-
ture, these complexes show some volatility and are therc-
fore candidates for MOCVD of lanthanide oxides. Qur
interest has been primarily in the early lanthanides, and
we found that the mmp complexes of these metals were
unstable in solution, condensing to form species with ex-
tremely complex 'H NMR spectra and very low volatility.
Elemental analysis indicated that these species are oxo-
bridged clusters of general formula [Ln(mmp),),0,n. We
have discovered that this condensation reaction is inhibited
in the presence of 3 mol. equiv. tetraglyme/Ln{mmp);
or 1mol. equiv. of [Hmmp]."™ 'H NMR studies of a
{Pr(mmp);)/tetraglyme/toluene solution indicated that tet-
raglyme is not coordinated directly to Pr, but is in the outer
sphere of the complex. This suggests that the presence of
the tetraglyme prevents the inner sphere interaction of
[Pr{(mmp);] moieties necessary for the unwanted condensa-
tion reaction to occur. '"H NMR spectroscopy has also
shown that an anhydrous solution of {La(mmp);)/3 tetra-
glyme is indefinitely stable at room temperature, and we
have used toluene solutions of [Ln(mmp);]/3 tetraglyme to
grow oxide films of La ™ Pr,™) Nd ! and Gd"" con-
taining very little or no detectable carbon, even in the
absence of Oz. The decomposition of these {Ln{mmp),)
complexes may be analogous to that of [Hf(mmp),] (Reac-
tion 1), resulting in the formation of some Ln(OH); in the
films. This would be consistent with the frequent obscrva-
tion of excess O in our films. These results will be discussed
in more detail below.

2.3.1. MOCVD of Praseodymium Oxide

Pr has a stable +4 oxidation state, and so a range of ox-
ides (PrO,, PrgO,y, and Pr,03) as well as intermediate
compositions are available. Pr,O; is of the greatest interest
due to the close lattice of the cubic C form to Si. We have
used [Pr(mmp);}/3 tetraglyme to grow thin films of praseo-
dymium oxides on Si(100) over a wide range of substrate
temperatures from 250 to 600 °C.1"¥

XRD data for PrO, films deposited between 400 and
550°C in the presence of oxygen indicated that the layers
were comprised predominantly of the B-PrgO;; phase.
Analysis of the PrgO, films by scanning electron microsco-
py (SEM) showed that all the as-grown films exhibited a
columnar growth habit.

2.3.2. MOCVD of Gadolinium Oxide

We have also used toluene solutions of [Gd(mmp);)/tet-
raglyme to grow thin films of gadolinium oxide on both

Chem. Vap. Deposition 2006, 12, 83-98
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Si(100) and GaAs(100) substrates over a wide range of
temperatures from 300 °C to 600 °C.[""} Significantly, carbon
was absent from all the films at the estimated AES detec-
tion limit of < 0.5 at.-%, even when the films were grown in
the absence of O,.

XRD data for GdyO4 films showed that at growth tem-
peratures above 450°C, the GdO;, films were crystalline
Gd,0; with a C-type structure exhibiting a preferred (111)
orientation. At lower growth temperatures the data showed
no diffraction features, suggesting an amorphous disor-
dered structure. The XRD data of a Gd,0Os film deposited
on GaAs(100) at 450 °C was dominated by the (222) reflec-
tion, indicating a strong preferred orientation or even a
heteroepitaxial relation with the underlying GaAs!” SEM
images of fracture cross-sections from Gd oxide films de-
posited at 450/C on GaAs(001) and Si(001) substrates
showed that, in both cases, the microstructure is featureless
on the micrometer scale.

2.3.3. MOCVD of Lanthanum Oxide

As in the case of gadolinium oxide, lanthanum oxide
films grown from [La(mmp);)/tetraglyme were carbon-
free,™ and the XRD data of a film deposited at 450°C
were consistent with the random powder diffraction pat-
tern of La,O3 with a hexagonal structure. A SEM image of
a fracture sample from a typical lanthanum oxide film de-
posited at 450 °C showed a columnar growth habit, similar
L&the morphology of PrgO;; films.

2.3.4. MOCVD of Neodymium Oxide

Carbon-free neodymium oxide films were grown on both
Si(100) and GaAs(100) substrates using toluene solutions
of [Nd(mmp);)/tetraglyme at temperatures ranging from
250 to 5§50 °C."1 XRD data showed that, at growth temper-
atures above 450 °C, the Nd,O; films on Si(100) were crys-
talline, with a C-type structure exhibiting a preferred (100)
orientation. At lower growth temperatures, the data show
no diffraction features, characteristic of an amorphous dis-
ordered structure. Nd, O films grown on GaAs(100) at
450°C also demonstrated a C-type crystalline structure, but
became amorphous at higher growth temperatures, possi-
bly due to a surface reaction or degradation.

SEM images of Nd oxide films deposited at 450°C on
Si(100) and GaAs(100) showed that, in both cases, the
microstructure is featureless, in contrast to the columnar
La,0;3 films deposited on Si(100) using [La(mmp),)/tetra-
glyme.

2.3.5. MOCVD of LaAlO;

Lanthanum aluminum oxide is a potential substrate, or
buffer layer for a variety of perovskite films (e.g., supercon-
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ductors, ferrcelectrics, metal conducting oxides)™ and
has also aitracted much recent attention as an alter-
native high-x gate dielectric material 2} The B-diketonates#y
[La(thd);] and {Al(thd);] have been used for the
MOCVD of LaAl0:/"® whilst [La(thd);) (thd=22.6.6- -
tetramethylheptane-3,5-dionate) B! [La[N(SiMes),];], B
and [La(PrAMD),] ('PrAMD = NN'-diisopropylacetami-
dinatonate) with [AlMe3)® have been utilized in ALD.

We have recently used the “single-source™ alkoxide pre-
cursor {LaAl(O'Pr)s('PrOH)) to deposit LaAlO; by lig-
uid-injection MOCVD.® The complex is a centrosym-
metric dimer with six-coordinate La and four-coordinate
Al atoms (see Fig. 9). The two La atoms are linked by two
bridging isopropoxide ligands, and each La atom is linked
by a further two bridging isopropoxide ligands to an Al
atom. The coordination geometry at La is highly distorted
octahedral. The advantages of using alkoxide precursors
rather than §-diketonates include lower deposition temper-
atures and reduced carbon contamination,®® whilst the use
of a single-source precursor containing the metals in the ra-
tio required in a complex solid oxide offers the potential of
improved stoichiometry control, especially in the growth of
complex oxides by liquid-injection MOCVD where the use
of a single evaporator generally necessitates careful match-
ing of precursor evaporation and depasition characteris-
tics. 18

The LaAlO; films were deposited over a wide range of
substrate temperatures (350-550 °C)®! Energy dispersive
X-ray (EDX) data showed that the films had variable
La/Al ratios (0.48-1.03), with the optimum deposition tem-
perature range for the required 1:1 ratio being 450-500 °C,
with an argon flow rate of 400cm® min™! and an oxygen
flow rate of 100 cm® min™\. At higher substrate tempera-
tures (500-550 °C) the films became La deficient. This may
be due to decomposition of the precursor, leading to partial
separation of the La and Al components and pre-deposi-
tion of involatile La-oxide. XRD showed that films depos-
ited at 500 and 550°C were essentially amorphous.

3. ALD of Dielectric Oxides
3.®onventional ALD of ZrO; and HfQ,

Crystalline ZrO, and HfO, films have been grown by
ALD using the halides ZrCL® ZrL, B9 HiCl,, and
HfL.[®% 1n contrast to MOCVD, the high thermal stabil-
ity of metal halides is an advantage in ALD, as exchange
reactions between reactive MX,, moieties and surface [OH])
species predominate over thermal-decomposition reac-
tions, and so halide precursors show good self-limiting
growth behavior. Although Zr and Hf halides have given
pure oxide films by ALD, they are high-melting-point solid
sources, and so there is the risk of particle transport to the
substrate. The chemical purity of metal halides can be
questionable as they are difficult to purify, and halide con-
tamination is potentially a serious problem in microelec-
tronics applications.

Although the use of [Cp;ZrMe,] in MOCVD leads
to heavily carbon-contaminated ZrO, films"" both
[Cp2ZrMe,)* and [CpaHMe,)"™ give good self-limiting
ALD growth at an optimum growth temperature of 350 °C.
In this case, the ZrO; and HfOQ, films were high purity with
non-detectable carbon and hydrogen.

Recently it has been shown that metal alkylamides
[M(NR,)4} give self-limiting ALD growth,®™ and high-
purity HfO, has been deposited by ALD using
[HE(NEtMe)4].*) However, the relatively low strength of
the [Hf-N] bond restricts the ALD growth temperature to
250-300 °C, which can lead to the incorporation of mobile
ion impurities, such as [OH] or [H), in the oxide film.?"

The use of high-purity metal alkoxides potentially offers
process advantages over halide precursors, and the higher
strength of the [M-O] bond relative to [M-N] may allow
the use of higher growth temperatures, with a correspond-
ing reduction in impurity incorporation. Zirconium tetra-
terr-butoxide, [Zr(O'Bu)y] has recently been used for the
ALD of ZrQ, using H,O as the oxygen source.* The films

Fig. 9. Crystal structure of {LaAl{Q'Pr)s("PrOH)),. Reproduced with permission from {84}; copyright
2005, Royal Society of Chemistry.
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tivities as high as 32, comparing favor. (a) 020 ' ! T ! 21
1igh 2 , - 3 s

ably with the permittivities of 18-24 ob- | HfO,/barosilicate i20
tained using halide precursors. However ° [ =
[Zr(O'Bu)y| failed to give truly self-limit- 5 0.15 1 119 ;
ing growth due to decomposition of the § 1 @
precursor. E J1s8 =

A number of new zirconium and haf- s 0.10[ x
nium alkoxide ALD precursors containing 5 117 ©
alternative alkoxide groups to [O'Buj have  _ [ i
therefore been examined in an effort 3 3 116 =
to stabilize the precursor to surface de- o 0.05} g
composition, and to modify its reactivity o 11.5 %
towards surface [OH] species The de- [ o
position of ZrO, has been achieved using 0.00 1 L ——t s 1.4
{Zr(O'Bu)y(dmae),) > [Zr(O'Pr),- 0.0 05 1.0 15 2.0 25
(dmae),),*" and [Zr(dmae))”"! (dmae = .
OCH,CH;NMe,), but none of the com- Hi(OBu )Z(mmp)z pulse length, s
plexes displayed self-limiting growth and
in each case the oxide growth rate in-
creased with increasing precursor pulse (b) 0.20 HfO /b‘ 'vI. tl _l_' i 3 '0°C T b 2.075
length. This can be attributed to the de- ® r Aborosilicate growth — S , 12.050 g
composition of the alkoxide groups on ‘g 015 Hf(mmp),-H,0 T, e = 100°C : -
growth surface. The decomposition reac- © ~ 'Y [ 12025 2
tion could, however, be controlled by g . =
using low growth temperatures (240°C) < 12000 3%
and short precursor puises (0.2 s). ® 010 ’ ©

HfO, films have been deposited by ; 11975 ~§
ALD from [Hf(mmp),) and H,O in the % : >
temperature range 275-425 °C on borosi- o 0.05¢ 1.950 E
licate glass and Si{100) substrates,m] © 1 F:
although film growth was not entirely 11925 @

self-limiting with the oxide growth rate
increasing with increasing precursor
pulse length (see Fig. 10b), due to the de-
composition of the precursor. Similarly,
the heteroleptic Hf alkoxide precursor
[Hf(O'Bu)a(mmp),] also failed to give
fully self-limiting growth of HfO, by
ALD (see Fig. 1021).[99] The refractive in-
dex was found to be a function of film
density, and both [Hf(mmp),] and [Hf(O‘Bu);(mmp),]
gave less dense films (refractive indices <2) than those
grown from HCl, (refractive indices ~2.0-2.2).%) The de-
composition of both [Hf(mmp),] and [Hi(O'Bu),(mmp),]
could be significantly reduced by lowering the substrate
temperature to <300°C, giving growth rates that were
less dependent on precursor pulse length. However, at
these low growth temperatures, the growth rate from these
precursors became very low (-0.02-0.03 nm per cycle
from [Hf(mmp)s] and ~0.04-0.06 nm per cycle from
[Hf(O'Bu)y(mmp),]), probably due to steric inhibition of
the surface exchange reaction between [OH] species and
[Hf(mmp),] precursor moieties (see below).

C-V data for a [AI/HIO4/SiO4/p-Si(100)] MOS structure
deposited from [Hf(mmp),] at 360 °C showed that the HfO,

of Chemistry).
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Hf(mmp), pulse length, s

Fig. 10. Variation in film growih rale and refractive index with precursor pulse length for HO, films
grown by conventional ALD at various substrate lemperatures using (a) [HI(Q'Bu),(mmp),} (reprinted
from {99]) and (b) [Hf(mmp)s] (reproduced with permission from {98]; copyright 2003, Royal Socicty

films had good dielectric properties with clear accumulation,
inversion, and depletion regions at negative biases. The C-V
curves of the as-deposited films showed clockwise hysteresis,
attributable to the presence of mobile positive charge in the
films.*®) The flat-band voltage of the C-V curves of as-depos-
ited films was shifted to positive bias from the expected val-
ue of -0.9 V to -0.1 V by approx. 0.5 V, indicative of elec-
tron traps. The C-V behavior of the HfO, films improved
after annealing, with a marked decrease in hysteresis.

3.2. Liguid-Injection ALD of HIQ,

In conventional ALD, the metal-organic precursor is
evaporated from an open boat or “bubbler” held at high
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temperature (typically 170-200°C) for the duration of the

ALD growth studies. This must inevitably lead to varying

degrees of thermal decomposition of less thermally stable

precursors such as metal alkylamides and alkoxides The
use of liquid-injection techniques, in which the precursor is
held in solution at room temperature until evaporation,
avoids this problem and therefore allows the use of less voi-
atile precursors. Surprisingly there have been very few re-
ports to date using “liquid-injection ALD” for the growth

of dielectric oxides. Potentially, liquid-injection ALD has a

number of advantages over conventional ALD using con-

tinuously heated open boats or “bubblers”. These are:

o The precursor solution is held at room temperature
prior to evaporation, which avoids thermal decomposi-
tion of the precursor.

® “Point of use” evaporation allows the use of higher
evaporator temperatures and thus a wider choice of
precursor is available.

e It is possible to carry out ALD and MOCVD on the
same reactor, providing information about the “ther-
mal” window for ALD growth.

e It should be possible to carry out ALD using a “cock-
tail” of precursors in solution, making it easier to grow
complex oxides and doped materials such as Hf silicates
and aluminates.

The effect of growth temperature on the ALD deposition
rate of HfO, using a solution of {Hf(mmp),} in pentane is
shown in Figure 11, along with the equivalent MOCVD
data" The growth rates have been normalized with respect
to moles of injected precursor to allow a direct corparison.
At low growth temperatures (up to ~275°C) little change is
observed in the growth rate. However, between 275 and
~350°Ca clear increase is seen, indicative of thermal decom-
position of the precursor. Omitting the water-vapor pulses

500

from the ALD cycle at 325 °C effectively suppresses the de-
position.

The variation of growth rate with precursor volume
injected per ALD cycle is shown in Figure 12 for
[Hf(mmp)y]. In fully self-limiting ALD the growth per cy-
cle would be expected to increase with injected precursor
volume until surface saturation is achieved,® after which
the growth rate should become constant. At 225°C there
appears to be a weak onset of self-limiting growth for the
[Hi(mmp)4] at precursor volumes of between 20-25 uL per
cycle. However, the growth rate clearly continues to in-
crease with injected volume, indicating that self-limiting
growth is not actually achieved.

These results parallel those obtained using {Hf(mmp),]
in conventional ALD, albeit at higher substrate tempera-
tures (360 °C),m‘ in which a self-limiting growth plateau
was observed at intermediate precursor pulse lengths
(0.8-1.2 5}, but at long precursor pulse lengths (>1.45s)
there was a rapid increase in oxide growth rate. A break-
down of self-limiting growth at substrate temperatures
below the precursor’s thermal decomposition point (e.g.,
250-300°C) has also been observed in conventional
ALD for a wide range of Zr and Hf alkoxides. These
include  [Zr(O'Bu)z(dmae),],””  [Zr(O'Pr)a(dmae),) ™
[Zr(dmae),],b" [HE(O'Bu),(mmp),],*" and [Hf(mmp),) "
and can be attributed to decomposition of the precursar to
create reactive [M-OH] surface sites. This will be discussed
more fully in the general discussion of ALD mechanisms in
Section 3.3.3.

The composition of the HfO, films grown by ALD and
MOCVD was determined by AES, which showed that the
purity of the ALD films, with residual carbon levels in the
range 0.8-2.5 at.-%, is equal to or better than the films de-
posited by MOCVD. The purity also compares favorably

400 -

300 A

um per mole
[2%]
(e}
Q
1

Without water

CVD

T

200 300 400
Temperature (°C)

T T

500 600

Fig. 1. Variation in growth rate with substrate temperature for HIO, grown by liquid-injection ALD and MOCVD

using a solution of [Hf(mmp).] in pentanc {reprinted from (100]).
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3.3.1. Liguid-Injection ALD of Gd,0;

Films

Gd,0s thin films were deposited by
liquid-injection ALD between 200°C
and 300°C using a 0.05M solution of
{Gd(mmp);} in toluene with 3 mol.
equiv. of tetraglyme added to stabilize
the precursor solution.'® The variation
in growth rate with substrate tempera-
ture is shown in Figure 13, and for
comparison the MOCVD data are also
presented. The ALD oxide growth

02
T 0.15
5
£
£
2 014
S
£
E
3
S 0.05 A
0 : . . . .
0 10 20 30 40 50 60

Precursor volume injected {ulcycle)

Fig. 12. Variation in growth rate with precursor volume injected per growth cycle for HfO, grown by
liquid-injection ALD using a solution of [Hf(mmp),] in heptane (reprinted from {100}).

with films grown by conventional ALD using [Hf(mmp),)
(C=22-6 at.-%, determined by time of flight-elastic recoil
detection analysis (TOF-ERDA)),® showing that the hep-
tane solvent does not contribute any significant level of car-
bon to the films.

3.3. Liquid-Injection ALD of Lanthanide Oxides

There are few precursors available for the ALD of

rare-earth oxides. The simple lanthanide alkylamidc’&

[Ln(NR;);3] are unstable and involatile. Metal f-diketo-
nates have been investigated,"”""% but ozone is required
to get acceptable growth rates. Recently, metal amidinates,
[M(R-R'AMD),} (M=Ti, V, Mn, Fe, Co,
Ni, Cu, Ag, La; R="Pr, ‘Bu; R’=Me, ‘Bu)

rate remains effectively constant with
increasing temperature in the substrate
temperatures range 200-250°C. How-
ever, above 250 °C the growth rate starts
to increase; this can be attributed to ther-
mal decomposition of the [Gd{mmp);).
The variation of the Gd;O;3 growth rate
with precursor volume injected per ALD cycle (Fig. 14),
shows that even at a substrate temperature as low as
225°C, oxide growth is not self-limiting due to precursor
decomposition.

The composition of the Gd;O;3 films grown by ALD
and MOCVD was determined by AES, and this showed
that the ALD and MOCVD films were of comparable
purity, with carbon not detected in any of the films.!'%)
As Gd,0; is the only stable stoichiometry of gadolinium
(g;.ide, the O/Gd ratios of 1.7-2.0 indicate that the
ilfs contain excess oxygen (expected O:Gd ratio in
Gd;03=1.5). Significantly, carbon was abscnt from all
of the films at the estimated AES detection limit of
<0.5 at.-%.

8
\\

have been proposed as a general 300
class of precursors for the ALD of
metal and metal oxide films,'® and 250 4
La,0; has been deposited by ALD using
[La(PONC(CH)NCPR))LI™ A recent -2 2%0 4
patent describes the use of rris-cyclopen- §
tadienyl lanthanide complexes for the 8_150 7
deposition of a large range of lanthanide £
oxides by ALD.!'®! =<

The lanthanide alkyl silylamides,
{Ln[N(SiMes),]s), are also volatile and 50 +
relatively stable,'” but recent ALD stud-
ies!"® showed that Pr[N(SiMes),]; pro- 0

200

duced a Pr silicate, PrS51,0,, rather than a
pure oxide film, and so we have concen-
trated our investigations on the Si-free
alkoxides [Ln(mmp)s] (Ln = Gd, Pr).

Chem. Vap. Deposition 2006, 12, 83-98
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Fig. 13. Variation in growth rate with substrate temperature for Gd,O; grown by liquid-injection ALD
and MOCVD using a (Gd(mmp)s)/3 tetraglyme/totuene solution (reprinted from [100]).
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precursor volume injected per ALD cy-
cle is shown in Figure 17. The data indi-
cate that growth is not self-limiting due
to precursor decomposition, and that the
growth rate is negligible in the absence
of added water.

XRD data for a PrO, films deposited
at 225°C (Fig. 18) showed that they had
some crystalline structure. It was not pos-
sible to make an unambiguous assign-
ment; however, the diffraction peaks
are consistent with the (222) and (400)
reflections of Pr,O;. It is significant

4] T T T T T
0 5 10 15 20 25
Precursor volume injected (ulcycle)

Fig. 14. Variation in growth rate with precursor volume injected per growth cycle for Gd,0, grown by

v that growth of PrO, by lquid-injection
30 35 MOCVD at 450-550°C gave predomi-
nantly the oxygen-rich PrgOy, phas&.["}
The reason for this difference may be

liquid-injection ALD using a {Gd(mmp)s]/3 tetraglyme/toluene solution (reprinted from {100]). due to removal of the oxygen-rich {mmp]

XRD analysis of the as-grown Gd,0j5 films deposited by
ALD at 225°C showed some crystallinity (see Fig. 15), giv-
ing the characteristic (222), (440), and (622) reflections of
C-type Gd,05. The same phase was observed in Gd,05
deposited at »450°C by liquid-injection MOCVD using

)
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8 z s g
2l e &
£% 30 40 50
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Fig. 15. XRD data for 3 Gd,O; film (- 50 nm) deposited by ALD at 225 °C
using 900 ALD cycles. * §i(200) peak (reprinted from {100]).

[Gd(mmp);}."" The width of the diffraction peaks is indic-
ative of nanoscale crystalline domains. SEM images of the
Gd,0; films deposited at 225°C showed a generally fea-
tureless morphology, consistent with the XRD data.

3.3.2. Liquid-Injection ALD of PrO,

PrO; films were deposited by ALD between 200 and
300°C using a solution of [Pr(mmp);] in toluene with
3 mol. equiv. of added tetraglyme.l'™ The variation in
ALD and MOCVD growth rates with substrale tempera-
ture is shown in Figure 16. In this case, the PrO, growth
rate tends to increase with substrate temperate over the
full temperature range 150-350 °C. However, the increase
is most rapid in the region 250-350°C, mirroring the
MOCVD growth data, The variation in growth rate with

ligand in ALD by reaction with sur-

face [OH] to produce species such as
[Pr(OH)a.p), i-., an environment with less available oxy-
gen. SEM data for the PrO; films showed that they have a
very smooth surface morphology with no obvious crystal-
line structure.

g 8

pm per mole
g

100
Y
a T T T T v T
10 200 250 300 350 €00 450 500 550
Tempessture { “C)

Fig. 16. Variation in growth rate with substrate temperature for PrO, grown
by liquid-injection ALD and MOCVD using a [Pr(mmp)s}/3 tetraglyme/tol-
uene solution (reprinted from [100]).
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Fig. 17. Variation in growth rate with precursor volume injected per growth
cycle for PrO; grown by liquid-injection ALD using a [Pr(mmp),[/3 tetra-
glyme/toluene solution (reprinted from [100}).
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Fig. 18. XRD data for PrO, films grown by liquid-injection ALD using a
[Pe(mmp),)/3 tetraglyme/toluene solution {reprinted from {100}).

AES data for the PrO, deposited by ALD and MOCVD
from [Pr(mmp),) indicated that the purity of the ALD
films was equal to the MOCVD films, with carbon levels
varying from non-detected to 3.3 at.-%. The O/Pr ratio var-
ies from 1.7-2.5, but the AES data did not allow the unam-
biguous assignment of the films as the PryO; (O/Pr=1.5)
or PrgO), (O/Pr=1.8) phase.

3.3.3. Growth Mechanisms in the ALD of Dielectric Oxides

It is clear from our studies and those of other workers
that self-limiting ALD growth is seldom achieved using
metal alkoxide precursors, whereas good self-limiting
growth can be achieved using metal halides and metal
alkylamides. We propose that four major factors control
the decomposition of alkoxide precursors in ALD:

1. Ease of f-hydride elimination of alkoxide groups on
the growth surface. This will be a major factor controlling
precursor decomposition at Jow substrate temperatures
(e.g.,225-300°C)

2. Steric shielding by residual surface-bound alkoxide h-
gands of reactive {O-M-OH] surface sites. This will inhibit
the reactivity of the [M-OH] sites towards incoming
[M(OR),] precursor molecules.

3. Steric shielding by the (OR) ligands of the metal center
in the M(OR), precursor. This will significantly influence
the surface exchange reaction between the M(OR), mole-
cule and surface-bound [OH] species.

4. Thermal stability of [M-OR] bonds on the growth sur-
face will be a significant factor controlling precursor decom-
position at higher substrate temperatures (e.g., > 350 °C).

These factors are discussed in detail below.

B-Hydride Elimination of Alkoxide Ligands: The first
alkoxide studied in ALD was [Zr(O'Bu),], in combination
with H,0.1°0 Although ZrO; films of good dielectric qual-
ity (x~30) and reasonable purity (C -2-6 at.-%) were de-
posited, growth was not self-limiting, with the growth per
cycle showing @ marked increase with increasing precursor
pulse [ength‘[%’ It has been established that H,O plays a
key role in the growth process,"™ as shown in Reactions 2,
3, when (s) indicates a surface-bound species.
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~(OH)(s) + Zr(OBu); — -O-Zr(OBu)s(s) + BuOH —
(CH3)2C=CH2T + HIOT (2)

—0-Zr(OBu)(s) = ~O-Zs~(OH)(s) + (CH;);C=CH,T (3)

The initial step in the H,O - assisted heterogeneous de-
composition of [Zr(O'Bu),] is the reaction between surface
bound [OH] groups and [Zr(O'Bu),4] molecules to liberate
tert-butanol. This can then decompose to iso-butylene and
generate H;O to give a self-propagating chain reaction. This
in itself would lead to a breakdown of self-limiting growth,
however another crucial factor in the breakdown of self-lim-
iting growth is step 2, in which the remaining [0'Bu] groups
undergo an internal g-hydride elimination to liberate iso-
butylene and form Zr-OH species. These will be highly reac-
tive sites towards incoming [Zr(O'Bu)s] molecules and will
be continuously generated throughout the ALD growth
process, making self-limiting growth impossible.

Recent ALD studies 'l using in situ quadrupole mass
spectroscopy (QMS) and a quartz crystal microbalance
(QCM) showed that [Zr(O'Bu),(dmae),], [Zr(O'Pr),-
(dmae),], and [Zr(dmae),} (dmae = OCH,CH,NMe,) all fail
to give self-limiting growth. Significantly, it was found that
growth did not occur without an initial water pulse, but after
this initial surface hydroxylation step QCM studies showed
that there was a continual oxide mass gain in the absence
of any further water pulses This can be explained by the
mechanism for the decomposition of [Zr(QO'Pr),(dmae);)
(Reactions 4, 5).

~(OH)(s) + Zr(O'Pr),{dmae);, — —O-Zr(O'Pr),(dmae)(s)
+ Me;NCH,CH,OH T

) @
or —-0-Zr(O'Pr)(dmae)y(s) + (CH;),COH T

~0~Zr(O'Pr)(s) = ~O-Zr—OH(s) + CH,=CH(CH3) T

)
-0-Zr(OCH,CH,NMe,)(s) — ~O-Zr-OH(s)
+ CH,=CHNMe, T

The reaction between the incoming [Zr(O'Pr),(dmae),)
precursor molecule and surface-bound [OH)] species leads
to elimination of either ‘PrOH or dmaeH and chemisorp-
tion of the precursor (step 1). Subsequent decomposition
of the [Zr-OPr] or [Zr-dmae] groups on the surface by
B-hydride elimination liberates an alkene and generates
reactive Zr-OH surface sites in the absence of added H,O.

The failure of [Hf(mmp),] to achieve self-limiting growth
(see Fig. 10b) can be attributed to the f-hydride elimina-
tion of {mmp] to generate [Hf-OH] surface species {(see
Reaction 1). The related precursor [Hf(O'Bu);(mmp),)
also fails to give self-limiting growth at 275-325°C in con-
ventional ALD,®¥ and this can again be attributed to the
f-hydride elimination of {O'Bu] and [mmp] groups (see
Schemes 1 and 3) to generate [Hf-OH] reactive sites.
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By analogy, [Gd(mmp):] and [Pr(mmp)s;] can be ex-
pected to generate Ln;O;5 and Ln(OH), species, prohibit- ),
ing self-limiting growth, and this allows us to rationalize ’
the data shown in Figures 14 and 17. Further support for -
the role of f-hydride elimination in alkoxide decomposi-
tion is the recent observation that {Ti(OMe)s], which has
no f-hydrogen atoms, gives good self-limiting ALD growth
at250°C %)

The negative effect of the f-hydride elimination reaction
on the ALD process can be contrasted with its positive ef-
fect on MOCVD, where it promotes the formation of car-
bon-free films.

Steric Factors: As well as the tendency of the [M(OR),]
species to undergo f-hydride elimination on the growth sur-
face, steric effects on the growth surface are likely to play a
key role in ALD growth using alkoxide precursors. It has
been shown that, even though both molecules contain a
B-hydrogen, [Ti(O'Pr),] ') and {Ti(OE1),]"™ give reason-
able self-limiting ALD growth at 300°C, in contrast to
Zr and Hf alkoxides, such as [Zr(O'Pr),(dmae),] and
[Hf(mmp)s). [Ta(OEt)s] also gives self-limiting growth at
substrate temperatures below 350 °C/"% This suggests that
steric shielding of reactive [M-OH] surface sites by residual
surface-bound {OR] ligands may be a key factor in allowing
self-limiting growth. This will depend on the atomic radius
of the metal center, number of residual alkoxide ligands,
and the bulk of residual alkoxide ligands.

This proposal is supported by the approach to self-limit-
ing growth by [Hf(mmp)a} (see Figs. 10b and 12). The con-
ventional ALD data was obtained at the relatively high
substrate lemperature of 360°C*® where thermal decom-
position of the precursor is likely to be a contributing fac-
tor to the breakdown of self-limiting growth. It was antici-
pated that self-limiting growth would be obtained from
[Hf(mmp)a) in the normal ALD “temperature window” of
250-300°C, but only very low growth rates (~0.02nm per
cycle) were obtained at substrate temperatures of 300-c.
This can be attributed to steric shielding of the Hf cenler in
the [Hf(mmp),} molecule by the bulky mmp ligands, which
inhibits the exchange reaction between Hf(mmp), and
[OH] groups on the growth surface and drastically reduces
the ALD growth rate.

The significant influence of steric effects on the ALD
process is illustrated by the trend in growth rates at 300°C
which increases in the order {Hf(mmp)4] (~0.02 nm per cy-
cle),%® < [HE(O'Bu)z(mmp),] (0.04-0.06 nm per cycle),lgg}
< [HI(ONEt2)4] (0.05-0.06 nm per cycle)* < [HE(NR,),]
(0.09 nm per cycle),ws] At a given temperature, the Hi-
mmp complexes give the lowest growth rates, as steric
shielding of the Hf center by the bulky bidentate mmp
ligands lowers the reaclivity of the precursor to surface
{OH] species. The [HE(ONEL,).] ligand has the potential to
be bidentate and is likely to shield the Hf center more ef-
fectively than monodentate {NR,] ligands. The reactivity
of [Hf(ONEt;),] towards surface [OH] (and the subse-
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quent HEQ, growth rate) is, therefore, lower than from
[H&NR3),] precursors.

Once again, it is interesting to note the different require-
ments of ALD and MOCVD precursors, in that the steric
shielding of the metal centers which lowers ALD growth
rates to prohibitively low levels is a benefit in an MOCVD
precursor (in which reduced reactivity towards [OH] or
H,0O is an advantage).

Thermal Decomposition: In the case of the precursors in-
vestigated here, homolytic fission of the [M-OR] bond at
the growth surface will inevitably become a significant fac-
tor at substrate temperatures over 350 °C, above the onset
temperature of oxide growth by “thermal” MOCVD (see
Figs. 13 and 16). At intermediate temperatures (~300°C)
precursor decomposition is likely to be governed by a
combination of homolytic fission of the [M-OR] bond and
f-hydride elimination of the alkoxide ligand, while at still
lower temperatures (225-275°C), f-hydride climination
will become the most significant factor leading to pre-
cursor decomposition and the breakdown of self-limiting
growth. This is supported by the fact that [Zr(NR,),] and
[Hf(NR3)4] lead to good self-limiting ALD growth in the
range 250-300°C, despite the lower strength of the {Zr-N]
and [Hf-N] bonds relative to [Zr-O] and [Hf-O] bonds.

4. Conclusions

The use of new metal alkoxide precursors specifically de-
signed for MOCVD has resulted in significant process im-
provements and better-quality dielectric oxides. MOCVD
precursor properties and decomposition characteristics
have been modified and improved by the addition of biden-
tate donor-functionalized alkoxide groups such as [mmp]
and [dmop]. However, duc to the very different require-
ments of MOCVD and ALD precursors, the use of these
sterically demanding ligands has not been as successful
in ALD as the decreased reactivity of the precursor to-
wards oxygen nucleophiles leads to a severe inhibition of
growth rates, and the tendency of these ligands to undergo
p-hydride elimination leads to the formation of reactive
M(OH), surface sites and a breakdown of self-limiting
growth,
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