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Growth of Hafnium Dioxide Thin Films by MOCVD Using
a New Series of Cyclopentadienyl Hafnium Compounds**

By Giovanni Carta,* Naida El Habra, Gilberto Rossetto, Giacomo Torzo, Laura Crociani, Marco Natali, Pierino Zanella,
Gianni Cavinato, Valentina Matterello, Valentino Rigato, Saulius Kaciulis, and Alessio Mezzi

Thin films of HfO, are grown by metal-organic (MO)CVD on Si(001) and fused quartz substrates in the temperature
range 400-500°C, using a new series of bis-cyclopentadienyl bis-amino-alkoxide hafnium precursors, namely
[(CsH5),Hf{OC(CH3),CH,N(CHs),},] and [(CsH;5),Hf{OCH(CH3)CH,N(CHj3),},], stable in air because of their strong coor-
dination to the metal center. The films obtained are investigated by X-ray diffraction (XRD), X-ray photoelectron spectros-
copy (XPS), Rutherford backscattering spectroscopy (RBS), and atomic force microscopy (AFM). Monoclinic phase HfO,
(baddeleyite) films, characterized by a correct stoichiometric ratio and a granular surface morphology with a roughness/thick-

ness ratio that decreases with increasing deposition rate, are obtained.
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1. Introduction

Thin films of hafnium dioxide (HfO,) have many impor-
tant technological applications such as protective coat-
ings,[l] mirrors,m and sensors.”! In particular HfO,, due to
the high quality dielectric properties of its polycrystalline
films, its high permittivity and stability in contact with sili-
con, its high density, high heat of formation, and relatively
large band gap, has been extensively studied as a replace-
ment for SiO, as the gate-oxide insulating material for
sub-0.1 pum complementary metal oxide semiconductor
(CMOS) devices.!”! These materials are also of interest as
insulating dielectrics in the capacitive elements in many
memory devices such as DRAM, and in thin-film electrolu-
minescent (TFEL) applications."!

HfO, thin films have been prepared by several tech-
niques such as physical vapor deposition (PVD),l! atomic
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layer deposition (ALD),” sol-gel processes!®! and
MOCVD.P! In particular, the MOCVD process offers the
potential for large area growth, good conformal step cover-
age even on non-planar device geometries, great versatility,
and the possibility of carrying out film deposition at rela-
tively low temperatures. Nevertheless, one of the funda-
mental requirements is the availability of precursors with
an adequate volatility for an efficient vapor phase trans-
port. Up to date, the compounds that have been largely
employed as precursors for HfO, thin film deposition in-
clude HfCl,,M B-diketonates and their fluorinated com-
plexes,[u] Hf(NO3)4,[12] and Hf(NEt2)4,[13] even if they
present some drawbacks such as a low volatility, high evap-
oration and deposition temperatures, heavy carbon and
fluorine contamination of the deposits, and great air and
moisture sensitivity.

Other useful compounds that have been employed are
the tetra-alkoxide complexes which, however, present the
problem of oligomerization which reduces their volatility.
Nevertheless, the presence of bulky ligands on the molecu-
lar skeleton inhibits oligomerization, thus allowing Hf(O"
Bu), to be successfully employed for the deposition of
oxide layers,[14] even though it presents the drawback of
containing an unsaturated four-coordinate metal center
which makes it very reactive to air and moisture.

Recently, new hafnium homoleptic alkoxide compounds
fully saturated, such as Hf(dmae), (dmae =dimethylami-
noethoxide)"! and Hf(mmp), (mmp = 1-methoxy-2-meth-
yl-2-propanolate),'®! and heteroleptic complexes such as
Hf(O'Bu),(mmp),,'”! and Hf(OPr),(tbaoac), (tbaoac=
tert-butylacetoacetato),[18] have been successfully used as
they simultaneously inhibit oligomerization and increase
the coordination number of the central metal. Moreover,
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the tetrahydroxyldiethylamide, Hf(ONEt,),,"”) (more
stable than the coordinatively unsaturated Hf(NEt,),) and
multinuclear compounds like Hf;O(ONep);, (Nep =neo-
pentyl)?” have been investigated and employed.

An alternative class of precursors could be represented
by the cyclopentadienyl complexes coordinatively saturat-
ed with dialkylamide, dialkoxide, and dialkylamino-alkox-
ide ligands. In previous works, some hafnocene compounds
with a series of bicyclo[2.2.1]heptanolates ligands [Cp,Hf-
(OBL),, Cp,Hf(ONBL),; Cp=cyclopentadienyl, OB-
L=borneol, ONBL=norborneol],*"! with alkyl and dialky-
lamide moieties [Cp,Hf(L),, L=Me, N(Me,), N(Et,)]*
and, more recently, with dialkoxide and dialkoxy-alkoxide
having a different steric hindrance [Cp,Hf(OL),,
L=CH(CHs;),, CH(CH3)CH,OCHj;, C(CH;),CH,OCHj3,
C(CH,CH3),CH,OCH;],®! have been investigated and
used successfully.

In this work, a new series of bis-cyclopentadienyl bis-ami-
no-alkoxide precursors, namely bis(cyclopentadienyl)bis(1-
dimethylamino-2-methyl-2-propoxy)hafnium(IV) [(CsHs),-
Hf{OC(CH;),CH,N(CHj3),},] (1) and bis(cyclopentadie-
nyl)bis(1-dimethylamino-2-propoxy)hafnium(IV) [(CsHs),-
Hf{OCH(CH3)CH,N(CHjs),},] (2) have been synthesized,
characterized by nuclear magnetic resonance (NMR) spec-
troscopy and used as MOCVD precursors for the growth of
HfO, thin films. The deposits, obtained on fused quartz
and Si(001) substrates, were analyzed using XRD, XPS,
RBS, and AFM.

2. Results and Discussion

2.1. Precursors Synthesis and Characterization

Hafnium(IV) complexes 1 and 2 were obtained by a sim-
ple two-step procedure using the following general Reac-
tions 1 and 2 in conformity with the known displacement
order R < NR; < Cp << ORP" giving air-stable products in
good yields (80-90 %) and purity.

Hf(NEt,), + 2CpH — Cp,Hf(NEt,), + 2NHEL, (1)

szHf(NEtz)z +2ROH —» szHf(OR)z + 2NHEt2 (2)

Cp =cyclopentadienyl, Et=ethyl, R=-C(CH;),CH,N-
(CH;),, -CH(CH3)CH,N(CH3;),). As already reported in
the literature,[16] and also in this case, the 'H and C NMR
distortionless enhancement by polarization transfer
(DEPT) peaks of these complexes in deuterated benzene
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solution did not show any evidence of line broadening, thus
indicating that molecules were not fluxional and, probably,
mononuclear in solution being oligomerization-inhibited
by the steric hindrance of the two cyclopentadienyl groups
and by the two amino-alkoxide ligands. Unfortunately, as
no crystal structure has been obtained, it can be argued
that these precursors present a molecular structure coordi-
natively saturated at the metal center, consistent with their
high stability in air.

2.2. MOCVD of HfO, Thin Films

Thin films of hafnia with various thicknesses were grown
using 1 and 2 as precursors in an atmosphere of oxygen
mixed with water vapor as the reactant gas, as H,O mole-
cules favor the hydrolytic cleavage of the organic moieties
giving stable leaving species, thus reducing the carbon con-
tamination within the films.*! The experimental conditions
are reported in Table 1. The obtained films were colorless
and well adherent to the substrate with a uniform, crack-
free surface. It is worthwhile noticing that the two precur-
sors show a different, singular behavior; films grown using
precursor 1 present a growth rate that increases with tem-
perature, while those obtained from precursor 2 show a re-
verse order. This is probably due to the different thermal
stability of the two precursors. In fact, precursor 2, more
volatile but less thermically stable than precursor 1, shows
the highest growth rate at the lowest investigated tempera-
ture. At higher temperatures (> 400 °C), it thermically de-
composes in the homogeneous gas phase giving a lower
growth rate, while precursor 1, more thermically stable,
possesses the higher deposition rate. This is also confirmed
from preliminary thermogravimetric measurements under
a N, atmosphere. Precursor 2 starts its sublimation process
at 120 °C and finishes at 190 °C; then, at 430°C it under-
went a further mass loss up to 600 °C, presumably due to its
decomposition generating a residue that remains stable up
to 1000 °C. Precursor 1 is less volatile as it starts to lose
mass at 140°C and finishes at 200 °C, corresponding to a
sublimation process, giving a small quantity of a residue
that remains stable up to 1000 °C.

Film microstructure was investigated by XRD analysis
showing that all the films grown with the two precursors,
both on Si(001) and fused quartz substrates, were polycrys-
talline with a monoclinic (baddeleyite) HfO, structure
(ICDD pattern 01-078-0050). In Figure 1, the XRD pat-
terns of the films grown at 450 °C on Si(001) with the two
precursors, are shown. The sample grown with precursor 1

Table 1. Experimental growth conditions for HfO, thin films, using N as the carrier gas (125 sccm) and oxygen mixed with water vapor (250 sccm) as the reac-

tant gas.

Precursor Evap. temp. Growth temp. P Dep. Time Thickn. Growth rate
[°C] [°C] [Torr] [min] [nm] [nm min™]

Cp,Hf(OC(CH3),CH,N(CHj3),), (1) 160 400, 450, 500 4.2 30 110, 120, 150 3.66,4.0,5.0

Cp,Hf(OCH(CH3)CH,N(CHs),), (2) 140 400, 450, 500 4.2 30 120, 70, 60 4.0,2.33,2.0
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Fig. 1. XRD patterns of HfO, thin films grown using a) 1, and b) 2 at 450 °C on Si(001) substrates.

(Fig. 1a), showed a (-111) preferential orientation indepen-
dent of the growth temperature. The average crystallite
size, estimated from the analysis of the most intense signal,
increased progressively from 38 to 52 nm with a tempera-
ture increase from 400 to 500°C. At variance with that,
films grown with precursor 2 showed both at 500 °C (crys-
tallite size =84 nm) and at 450 °C (crystallite size =42 nm)
a (200) preferential orientation, while at 400 °C, the XRD
peaks were hardly detectable. A common characteristic for
all the films obtained with the two precursors is that the
crystallite grain size increased with temperature. Such be-
havior might be due to a temperature effect which in-
creases the crystal grain mobility at the same time as favor-
ing their ordered arrangement during the growth.

The chemical composition and the purity of the depos-
ited films were determined by XPS analysis. The Hf 4f
spectrum, similar for all the films obtained with the two
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precursors on both the substrates, showed that the main Hf
4f;, peak had a value of binding energy BE 16.8 eV
(Fig. 2). This BE value, within the margins of experimental
error, confirms that hafnium is in the +4 oxidation state
and corresponds to HfO, films.2°! Also, the low full width
at half maximum (FWHM) values (1.4-1.5 eV) of synthetic
Hf 4f peaks, obtained by XPS peak-fitting routine, and the
correct area ratio (4:3) of these peaks, testified to the pres-
ence of single-phase HfO,.

A compositional depth profile, determined from XPS
data for the sample grown at 500 °C on fused quartz using
precursor 1, is shown in Figure 3. As can be seen, the super-
ficial carbon contamination is reduced from 30 % to 20 %
after a short sputtering time that corresponds to a 0.2 nm
depth (due to the large sputtered area, Ar* sputtering rate
was about 0.01 nm min™). The residual carbon contamina-
tion in the bulk layer, remaining constant through the

Chem. Vap. Deposition 2007, 13, 626632
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Fig. 2. XPS spectrum of Hf 4f region of the HfO, film deposited at 500 °C
on fused quartz, using precursor 1.
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Fig. 3. XPS depth profile (Ar", 2.0 keV) of the HfO, film deposited at 500
°C on fused quartz, using precursor 1.
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#40, 43 at 400 °C; #41, 44 at 450 °C; #42, 45 at 500 °C.
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thickness of the film, is characterized by C 1s peak at
BE =285.0 eV (C-C and/or C-H bonds) and, together with
the low contribution of hydroxyl groups (O 1s peak marked
02 at BE 532.2 eV), it can be explained as an organic resi-
due coming from an incomplete precursor decomposition
during the MOCVD process. The atomic ratio of oxygen
(O 1s peak at BE 530.3 eV) and hafnium is about 2:1
through the whole depth profile, thus indicating that the
oxide is stoichiometric. Relative surface composition (nor-
malized to Hf concentration) of different samples before
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Fig. 5. Relative chemical compositions (normalized to Hf concentration) of
four samples after 100 min of Ar* sputtering (depth ~ 1 nm). Sample num-
bering is the same as that reported in Fig. 4.
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Fig. 6. RBS spectra of the samples grown at 400 °C on Si(001) using precur-
sor a) 1 and b) 2 respectively.
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sputtering (i.e., as-deposited), grown
using precursor 1 (samples #40-42)
and precursor 2 (samples #43-45), is
reported in Figure 4, while the com-
position of four samples (samples
#40, 42 and 43, 45) after 100 min of
Ar" sputtering (depth=~1 nm) is re-
ported in Figure 5. In both the Figur-
es (i.e., before and after sputtering),
the atomic ratio O/Hf in the oxides
changes from 2 to 2.4, probably due
to the presence of super-stoichio-
metric species which contain an ex-
cess of oxygen. These variable O/M
ratios are a common feature in met-
al-oxide films deposited by MOCVD
from many precursors. The compari-
son of contamination on the surface
and on the bulk layer of the films (C
and O2 in Figs. 4 and 5) indicates
that, for the samples grown with pre-
cursor 1, the carbon concentration
decreases both on the surface and in
the bulk, with rising temperature,
while for those deposited employing
precursor 2 the carbon contamination
on the surface seems to increase to-
gether with the growth temperature,
while in the bulk it remains constant,
independent of the growth tempera-
ture (Fig. 5 samples #43 and 45, de-
posited at 400 and 500 °C, respective-
ly). This indicates that, in the latter
case, the different carbon contamina-
tion strongly depends on the sample
handling and not on the experimental
conditions used, and that the less
thermal stability of 2, as previously
discussed, gives a low carbon incor-
poration within the film, which it is
not influenced by varying the temper-
ature. On the contrary, precursor 1 being more thermically
stable at low temperatures, it does not completely react
leaving more carbonitious residues incorporated in the
bulk of the film.

It can be seen, therefore, that while the optimal growth
using precursor 1 takes place at the highest growth temper-
ature, as there is both the lowest carbon contamination and
the highest growth rate (sample #42 deposited at 500 °C),
when using precursor 2 it is preferable to grow at 400°C
because, even though the carbon contamination within the
bulk is very similar, the growth rate is highest at this tem-
perature.

Typical RBS spectra for films deposited on Si(001) using
precursors 1 and 2 are shown in Figure 6. Superimposed on
the experimental spectra are the simulated curves. The
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Fig. 7. AFM images (2 pm x 2 um) of the HfO, thin films grown on Si(001) substrate at 400-450-500°C
using (a, b, ¢) precursor 1 and (d, e, f) 2, respectively.

edges of the Si, Hf, and O signals can be clearly seen. The
stoichiometry of the films obtained from the simulations is
very close to HfO, with a O/Hf ratio in the range 2.03-2.22,
in qualitative agreement with the XPS values. RBS spectra
allowed the determination of film thickness by using the
known density of the monoclinic HfO, phase, that is
10.1 gem™, obtaining thickness values very close to those
measured by the profiler.

Film surface morphology was investigated using AFM.
Representative images in a 2 um x 2 pm area of films de-
posited on Si(001) at the three investigated temperatures,
using the two precursors, are reported in Figure 7. The
films presented a granular morphology with root mean
square (rms) roughness values at 400, 450, and 500°C
which were 7.74 A, 5.14 A, 2.91 A, respectively, for sam-

Chem. Vap. Deposition 2007, 13, 626-632
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ples obtained from precursor 1 and 1.22 A, 070 A, and
1.16 A respectively, for samples obtained from precursor 2.
Dividing the rms by the film thickness (¢), rms/t ratios of
0.070 £ 0.002, 0.043 + 0.002, and 0.019+ 0.002 were obtained
for samples grown with precursor 1, while for samples ob-
tained from precursor 2 the respective values were 0.010 *
0.002, 0.010 + 0.002, and 0.019 + .002. Similar behavior can
be detected for all the films; the rms/t ratio decreases with
increasing deposition rate (see Table 1). This suggests that
the roughness might be correlated to growth stress in the
film that can relax by the formation of agglomerates via
surface diffusion, and subsequent aggregation which gives
rise to a rugged surface. Therefore, for lower growth rates,
there is more time for the atomic species to diffuse and to
agglomerate than is the case for higher growth rates where
diffusing atoms are blocked by newly deposited atoms
which smother the surface as the thickness increases.

3. Conclusions

Two new bis-cyclopentadienyl bis-amino-alkoxide haf-
nium (IV) precursors have been synthesized and character-
ized by NMR. These complexes, thanks to the presence of
bulky ligands that fully saturate the coordination of the
metal center, do not present oligomerization and result in
greater stability in air compared to the usually employed
Hf(O'Bu),. Moreover, they are less volatile than the re-
spective bis-cyclopentadienyl dialkoxide compounds, thus
showing a stronger coordinating power of oxy-nitrogen li-
gands. HfO, thin films grown by MOCVD on Si(001) and
fused quartz substrates at three different temperatures are
well adherent, colorless, and crack-free. Structural and
compositional measurements have shown the formation of
monoclinic (baddeleyite) HfO, free from undesired phases.
All the films are characterized by a granular surface mor-
phology, with a roughness/thickness ratio that decreases
with increasing growth rate.

4. Experimental

Precursor.Synthesis: All the reactions were carried out in a dry box under
a nitrogen atmosphere. Hafnium(IV) chloride (99.9 %) (Strem), and butyl-
lithium (Aldrich), were used without further purification. Fresh cyclopenta-
diene was obtained from the cracking at 170 °C of dicyclopentadiene (Al-
drich) and used at once. Diethylamine and the commercial amino-alcohols
(Aldrich) were used after further anhydrification by distillation at room
pressure over calcium hydride, n-hexane and toluene over K-benzophenone
alloy. The 1-dimethylamino-2-methyl-2-propanol was obtained as reported
in literature [27].

'"H NMR experiments were performed using a Bruker 300 MHz spec-
trometer with C¢Dg as a solvent. A *C NMR DEPT experiment was used
with a 135° pulse to distinguish the primary and tertiary carbon atoms from
the secondary one.

[(CsHs),HffOC(CH3),CH>N(CH3)5}5].(1): To a stirred solution of
Hf(NEt,), (obtained by reaction of an excess of NH(CH,CHj3), with 1.6 M
solution of butyllithium in n-hexane and HfCl,), (2.06 g, 4.41 mmol) in tolu-
ene (40 cm®), 3 mL of CpH (32.56 mmol) in toluene (20 cm®) were added
dropwise. The solution was boiled under reflux for 20 h and then the solvent
and the amine were removed in vacuo to give the Cp,Hf(NEt,), as a yellow

Chem. Vap. Deposition 2007, 13, 626-632
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pure solid. To a stirred solution of this product (0.334 g, 0.737 mmol) dis-
solved in n-hexane (40 cm?), 0.440 g (3.76 mmol) of 1-dimethylamino-2-
methyl-2-propanol diluted in n-hexane (5 cm®) were added slowly dropwise.
After 3 days the solvent was removed in vacuo giving 1 as an orange oil.
Elem. Anal.: Theor.; C 48.83 %, H 7.08 %, N 5.17 %. Exp.; C 47.87 %, H
7.03%, N 4.85%. '"H NMR (CgDg, 25°C) & [ppm]: 1.22 (s, 12H, [(CsHs),-
HI(OC(CH;),CH:N(CHa),2]. 216 (s 4H,  [(CsHs);HI{OC(CH.),-
CH,N(CH;),)], 2.27 (s, 12H, [(CsHs),Hf{OC(CH;),CH,N(CHs;),},], 6.03
(s, 10H, [(CsHs),Hf{OC(CH;),CH,N(CH3),),]. *C NMR DEPT (CDs,
25°C) & [ppm]: 2896 [(CsHs),Hf{OC(CH3),CH,N(CHs),}2)], 48.16
[(CsHs),Hf{OC(CH3),CH,N(CHs),),], 72.14  [(CsHs),HE{OC(CH3),CH,-
N(CHs)2}»], 110.73 [(CsHs)Hf{OC(CH3),CHoN(CHs)o o]

[(CsHs),HffOCH(CH3)CH>N(CH3)5}5].(2): The complex was synthe-
sized by the dropwise addition of 1-dimethylamino-2-propanol (0.164 g,
1.82 mmol) diluted in n-hexane (5 cm’) to a stirred solution of
Cp,Hf(NEt,), (0.190 g, 0.42 mmol) in n-hexane (40 cm®). After 7 days the
solvent was removed in vacuo giving 2 as an orange oil. Elem. Anal.: Theor.;
C 46.82%, H 6.68%, N 5.45%. Exp.; C 44.35%, H 6.60%, N 4.88%. 'H
NMR (C¢Dg, 25°C) 8 [ppm]: 6.07 (s, 10H, [(CsHs),Hf{OCH(CH;)CH,N-
(CHs)a}o], 4.17 (m, 2H, [(CsHs)H{{OCH(CH;3)CHoN(CHs)2)o], 2.20 (s,
12H, [(CsHs);Hf{OCH(CH;)CHN(CHa)lol, 2.09 (d, 4H, [(CsHs),Hf-
{OCH(CH3)CH,N(CHz3),},], 1.24 (d, 6H, [(CsHs)HH{OCH(CH3)CH,N-
(CHs)2}),]. "C'NMR DEPT (C4Ds, 25°C) 8 [ppm]: 26.68 [(CsHs),Hf{OCH-
(CH3)CH,N(CHas)a}), 48.51 [(CsHs)HH{OCH(CH;3)CH,N(CHa),)s], 70.10
[(CsHs),HffOCH(CH3)CH,N(CHs),}2], 73.05 [(CsHs),Hf{OCH(CH3)CH,-
N(CHjs),}], 110.69 [(CsHs),HffOCH(CH;3) CH,N(CHs)o o]

Film.Growth.and.Characterization: HfO, thin films were deposited in a
low-pressure, hot-wall MOCVD reactor equipped with a Pyrex tube heated
by a tubular furnace. The carrier gas was N, (flow rate = 125 sccm), flowing
through a bubbler containing the hafnium precursor thermostatically set to
a temperature suitable for an efficient vaporization and thermal stability
(160 °C for 1 and 140 °C for 2). The reactant gas (O, + H,O) was introduced
in the main flow in the vicinity of the reaction zone, with a flow rate of
250 scem. Prior to entering the reaction chamber, oxygen was bubbled into
a 500 cm® flask containing 250 cm® of distilled water kept at 30°C. The
amount of released water, 20 g h™!, was constant for all of the depositions.
For all the experiments, the total pressure was kept at 4.2 Torr, the deposi-
tion time was 30 min and the growth temperature ranged from 400 °C to
500 °C. The substrates used were fused quartz and cut polished Si(001) wa-
fers. Prior to each deposition experiment, substrates were cleaned with hot
trichloroethylene and rinsed with acetone in order to minimize their surface
contamination.

Film thicknesses were determined using a KLA Tencor Alpha-Step I1Q sur-
face profiler used to analyze the film height steps on partially masked samples.

XRD spectra were recorded in 20/ method using an X’Pert PW 3710
Philips instrument using Cu Ka radiation. A parallel plate collimator was
used in front of the detector. Phase identification was performed with the
support of the standard ICDD files. The average crystallite size was esti-
mated by means of the Scherrer formula.

The XPS analyses were performed using an Escalab Mk II spectrometer,
equipped with a standard Al Ka excitation source (hv=1486.6 ¢V) and a
five channeltron detection system. The BE scale was calibrated by measur-
ing the C 1s peak (BE=285.0 e¢V) from the surface contamination. The ac-
curacy of the measured BE was = 0.1 eV. The measurements were con-
ducted under the chamber pressure of about 1 x 107 Pa that was increased
to 1 x 107 Pa during the depth profiling. The energy of the ion gun (Ar®),
used for the depth profiling, was fixed at 2.0 keV. Registered spectra were
processed by the CasaXPS v. 2.2.84 software, using a peak-fitting routine
with symmetrical Gaussian-Lorentzian functions. Background intensity was
subtracted from the photoelectron spectra using the Shirley method.

AFM characterization of surface morphology was performed with a Park
Scientific Instrument-Model CP using silicon cantilever tips with nominal
curvature radius of 10 nm in contact mode. Images were recorded at various
sample areas in order to check surface homogeneity.

RBS spectra were collected at INFN-LNL laboratories (Legnaro, Italy)
using the AN 2000 accelerator, with a 2.2 MeV He?* beam. Fixed random
spectra were recorded and the film stoichiometry and thickness evaluated
by simulating the spectra using the RUMP software package. Elemental
analyses were performed on a Carlo Erba 1106 Elemental Analyzer.
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