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Abstract.

The equilibrium concentrations of various condensed and gaseous phases were calculated from

thermodynamic modeling of MOCVD of ZrO, films using a fketoesterate complex of zirconium as precursor.
This leads to the construction of the ‘CVD phase stability diagram’ for the formation of solid phases. In the
reactive ambient of oxygen, the calculations predict carbon-free ZrO, film over a wide range of process condi-
tions. The thermodynamic yields are in reasonable agreement with experimental observations, though the removal
of carbon from the MOCVD grown films is not as complete as the thermodynamic calculations predict.

Keywords.

1. Introduction

Due to the excellent thermal and mechanical stability, opti-
cal and electrical properties of zirconia, thin films of zirco-
nia have important optical, dielectric, corrosion protection,
electrochemical and sensor applications (Lin et al 2006;
Li et al 2007). Chemical vapour deposition (CVD) is one
of the primary methods for the fabrication of zirconia
films. In the CVD of ZrO,, the choice of precursors,
together with the process parameters, determines the
microstructure and related properties of the films. Thermo-
dynamic analysis can be used to calculate the equilibrium
concentrations of various condensed and gaseous phases
in a CVD process, as functions of different experimental
parameters for a given chemical precursor (Bernard et al
1999). These theoretical observations help in selecting
the optimum operating conditions as well as in predicting
the possible impurities (or undesired phases) in the de-
posited films. In thermodynamic modeling, calculations
are performed under the assumption that equilibrium is
reached in the system. Although equilibrium does not
necessarily prevail in a CVD process, such an approach
can give fundamental information that enhances the un-
derstanding of the process, and has been found helpful in
the metalorganic CVD (MOCVD) of GaAs and several
other systems (Stringfellow 1989; Bernard et a/ 1999;
Kang et al 2000). The modeling is based on the minimi-
zation of the total Gibbs free energy of the system, obey-
ing the mass balance conditions (Eriksson 1971). Though
there may be some quantitative uncertainty in the predic-
tions made by such analysis, they are usually accurate
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enough to guide MOCVD process development (String-
fellow 1989). A considerable amount of experimental
work has been reported on the effect of processing condi-
tions on the purity, morphology, and growth rate of ZrO,
thin films grown by MOCVD (Dharmaprakash and Shi-
vashankar 2003a, b; Pasko et al 2004; Huang and Wu
2004; Patil et al 2006). However, to our knowledge, there
has been no report of a detailed thermodynamic analysis
on the MOCVD of ZrO, films aimed at predicting the
effect of processing conditions on the deposition.

A f-ketoesterate complex, viz. bis(t-butyl-3-oxo-buta-
noato)zirconium(IV), abbreviated as Zr(tbob),, was used
in the present study as a precursor, because of the enhanced
volatility caused by the oxygen atom in the terminal
group of this subliming solid (figure 1(a)). Equilibrium
compositions of the solid and gaseous species formed
during the MOCVD of ZrO, using this precursor were
calculated, and the corresponding ‘CVD phase stability
diagram’ for the formation of the solid phases constructed.
MOCVD runs were carried out using this precursor and
process parameters in ranges suggested by the modeling.
The as-grown films were characterized for the identifica-
tion of the crystalline phases, and for elemental composi-
tion.

2. Procedure
2.1 Analytical

The method of equilibrium thermodynamic analysis of a
MOCVD process is based on the minimization of the total
Gibbs free energy of the system considered, satisfying the
mass balance conditions (Eriksson 1971). The approach
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requires the identification of all the possible reactants and
reaction products. Where experimental data (e.g. through
in situ mass spectrometry) to identify all the gaseous species
present in the CVD chamber are not available, an in-
formed and careful enumeration of the species that can
result from the CVD process is an important step in thermo-
dynamic modeling.

The starting point is the mass spectrum (figure 1(b)) of
the precursor which, together with ‘chemical reasoning’,
may be employed to enumerate the gaseous species to be
considered in the modeling. Fragments of higher molecu-
lar weight were not included in the calculations, as they
are expected to undergo further fragmentation to produce
CHCO with m/z = 41, CH3CO with m/z = 43, and C(CHz);3
with m/z = 57, all present in the spectrum. The corresponding
stable gaseous species are C-H,O (ketene), CH;CHO (ace-
taldehyde) and C,Hg (2-methyl propene, or isobutene).
CO is probable from the fragmentation of CHCO and/or
CH;CO, though the m/z value of CO is too low to have
been detected by the mass spectrometer employed in the
present study.

As the vapour pressure of the subliming solid precursor
is rather low (Wolf et al 1972), a rather high flow rate of
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Figure 1. (a) Molecular structure of Zr(tbob), [R = C(CH;)s]
and (b) electron-impact (EI) mass spectrum of Zr(tbob),, re-
corded on a JEOL mass spectrometer using an ionization poten-
tial of 70 eV.

the (inert) carrier gas is generally needed to carry sufficient
precursor vapour to the reaction chamber. So, the probabi-
lity of reactions between precursor fragments is low; but
the fragments undergo collisions and reactions with the
molecules of the reactant gas, viz. oxygen. The fragments
may then be expected to be partially or fully oxidized.
The hydrocarbons are expected to produce CO, and water
vapour. CO and CO, are expected from carbon. Different
organic acids are expected from the total or partial oxida-
tion of acetaldehyde and ketene. Every possible solid
product is considered for the analytical study, and is
listed in table 1 along with the possible gaseous products,
as argued above.

Calculations were performed, as described -earlier
(Mukhopadhyay et a/ 2002) to predict the concentrations
of the various solid and gaseous products of the MOCVD
process, as functions of substrate temperature (7%,,), total
reactor pressure (P), and the ratio of the molar flow rates
of oxygen and precursor vapour (O-/pre). The corre-
sponding phase stability diagram was also constructed.

2.2 Experimental

The zirconium complex was synthesized, purified and
characterized in house (Urs et al 2003). This metalor-
ganic complex, which sublimes at ~150°C, is relatively
unreactive to air and moisture and may, therefore, be stored
and utilized without special arrangements. Zirconium
dioxide thin films were grown in a hot-wall, horizontal,
low-pressure MOCVD reactor, in which the total pressure
(P), flow rates of carrier and reactant gases, substrate
temperature (7,), and the precursor vapourizer tempera-
ture (7y4p) could be controlled. The CVD conditions used
for the depositions are listed in table 2. Further details of
the CVD process are described elsewhere (Dharmaprakash
and Shivashankar 2003a, b). The as-deposited films were
characterized by X-ray diffraction (XRD) and transmi-
ssion electron microscopy (TEM) for the identification of
crystalline phases, and Auger electron spectroscopy (AES)
for quantitative elemental analysis. The films of ZrO, were
characterized also by Fourier transform infrared (FTIR)
spectroscopy.

3. Results and discussion
3.1 Analytical

An important variable in thermodynamic calculations is the
relative molar concentrations of the reactants, i.e. molar
flow rates of oxygen, and the metalorganic complex, in the
present case. While this molar ratio, O./pre, may be varied
over a wide range experimentally, there is an upper limit
to the number of moles of oxygen that can be consumed by
one mole of the precursor. This is the number of moles of
oxygen required to oxidize all the constituent atomic spe-
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Table 1. The phases considered for the thermodynamic analysis of MOCVD in oxygen atmospheres.
Atmosphere  Precursor Phases
Oxygen Zr(tbob), Solid: Zr, Z1r0,, 7ZxC, ZrH,, C

Gas: CO, CO,, H,0, C4Hg (2-methyl propene, or isobutene),
C,H,0 (ketene), CH3CHO (acetaldehyde), HCOOH (formic acid),
and CH5COOH (acetic acid)

Table 2. Range of CVD conditions used for the deposition of
zirconia thin films

Precursor Zr(tbob),
Substrate temperature (7yp) 400-700°C
Vapourizer temperature (7y,p) 200°C
Carrier gas (Ar) flow rate (Fa;) 50 scem
Reactive gas (O,) flow rate (Foyy) 50 scem
Total reactor pressure (P) 2 Torr
Deposition time 90 min

Substrates Si(100), glass
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Figure 2. Variations in the calculated equilibrium molar con-
centrations of various condensed and gaseous phases as a func-
tion of Oy/pre at Ty, = 575°C and P =2 Torr.

cies completely. This limit is 40 for Zr(tbob),, based on
the assumption of complete oxidation of Zr, C and H to
Zr0O,, CO, and H,O, respectively. Any oxygen beyond
this limit does not affect the thermodynamic calculations.
The range of O,/pre ratios used in the present analysis is
close to this upper limit, this being the range required for
the experimental deposition process. The theoretically
determined solid phases in this range are pure ZrO, and
Zr0, deposited simultaneously with carbon. Monoclinic
zirconia, being most stable in the bulk state for the tem-
perature range studied, is the polymorph predicted in the
thermodynamic calculations, as is graphitic carbon. Co-
rrespondingly, CO, CO» and water vapour are formed in
the gas phase, according to these calculations, signifying
that all the organic fragments will have been oxidized into
these vapours, prior to forming any other stable product.
Figure 2 shows variations in the calculated equilibrium
molar concentrations of the various condensed and gase-
ous phases, as functions of O./pre, at Ty, = 575°C and

P =2 Torr. It was assumed that one mole of the precursor
is consumed (If the amount of precursor consumed is dif-
ferent, the numbers on the ordinate of figure 2 will be
altered merely by a multiplication factor, the relative pro-
portions of the compounds formed remaining the same).
It can be inferred from the figure that a significant amount
of carbon is deposited along with ZrO,. The proportion of
carbon decreases with increasing O-/pre ratio, while that
of gaseous CO and CO, increases, each at a different rate.
As the amount of carbon falls to zero, the proportion of
CO decreases steadily, producing CO,, until all the carbon
present in the precursor is oxidized to form CO..

Similar calculations were performed as a function of
temperature, at P = 2 Torr, for two different O,/pre ratios.
The lower ratio (O»/pre = 22) represents a regime wherein
a significant amount of carbon is expected to be depo-
sited along with ZrO, throughout the temperature range
considered, as indicated in figure 3(a). For the higher
value of O-/pre, carbon-free pure ZrO, is expected at a
temperature within the range of calculations. Thus, when
O./pre = 25, the amount of carbon reduces to zero at
550°C and above, as shown in figure 3(b).

The corresponding ‘CVD phase stability diagram’ for the
formation of the solid phases is presented in figure 4,
indicating the stability windows for the formation of pure
zirconia, and simultaneously deposited zirconia/carbon, at
P =2 Torr. The O,/pre ratio required for the elimination of
carbon from the deposit decreases as the temperature is
increased. That is, the process window for the deposition
of carbon-free pure ZrO, films becomes wider at higher
deposition temperatures.

3.2 Experimental

MOCVD runs were carried out using process parameters
spanning the range suggested by thermodynamic analysis.
The ranges of substrate temperature and total reactor
pressure required for measurable deposition were consis-
tent with thermodynamic analysis, while the O,/pre ratio
had to be raised above the theoretically suggested value
to obtain films without much carbon impurity. This dis-
crepancy may be due to kinetic factors, such as the rela-
tive sticking probabilities of the molecules of oxygen and
the precursor on the substrate (Kang et al 2000). The need
for, and the degree of higher O,/pre ratio required may
depend in part on hydrodynamics, i.e. the specific design
of the reactor.
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Figure 5 shows the XRD patterns of the films on Si(100)
substrates deposited at different temperatures. Crystalline
films comprising mainly of cubic ZrO, were obtained up
to 575°C. Above this temperature, monoclinic ZrO, was
deposited, along with the cubic phase. TEM analysis of a
7210, film, grown on glass at 500°C, also reveals the crys-
talline cubic phase (figure 6). Although thermodynami-
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Figure 3. Variations in the calculated equilibrium molar con-
centrations of various condensed and gaseous phases as a func-
tion of substrate temperature, Ty, at P =2 Torr and O,/pre =
(a) 22 and (b) 25. Note that proportionately less C than CO, is
produced when O,/pre increases.
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Figure 4. ‘CVD phase stability diagram’ to represent the for-
mation of solid phases from Zr(tbob), and O, at P =2 Torr.

cally stable monoclinic zirconia is expected to form under
deposition conditions employed here, there are indeed a
number of reports showing that under CVD conditions,
usually below 1000°C, cubic or tetragonal zirconia is
formed (Morozova et al 1993; Kim et a/ 1995; Kytokivi
et al 1996; Bourhila et al 1997; Colombo et al 1998).
This may be understood on the basis that CVD conditions
affect the nucleation and growth of zirconia films by in-
fluencing the decomposition and reaction pathways, thus
promoting different polymorphs. Various factors deter-
mine the crystalline phase of ZrO, films deposited, in-
cluding substrate temperature, critical crystal size, film
thickness, and the CVD precursor employed (Putkonen
and Niinisto 2001). The exclusive formation of cubic
zirconia below 575°C in the present work may be explained
in terms of the crystallite-size effect, driven by the lower
surface free energy of the cubic phase (Morstein ef al
1999). Barnard et al (2006) investigated this effect by
applying a thermodynamic model based on the free energy
of nanocrystals as a function of size and shape.

MOCVD runs conducted at relatively low temperatures
(T < 500°C), led to the deposition of blackish, carbona-
ceous films which were X-ray amorphous. Yet, the films
contained ZrO,, as confirmed by FTIR spectroscopy (fig-
ure 7). The bands at 415cm™, 435cm™, 532 cm' and
658 cm™' correspond to various vibrations of the Zr-O
bond (Ismail et al 1990). We surmise that the large pro-
portion of carbon in the deposits obtained under these
conditions limits the mobility of the oxide forming spe-
cies, making the oxide X-ray amorphous. It is to be noted
that the FTIR spectra contain no features attributable to
carbonate or hydroxide formation, even though the films
were stored in the laboratory ambient. Just as important,
the absence in these spectra of different bands corre-
sponding to the C=C, C=0 and C-H bond stretching,
even in films deposited at 400°C, confirms that the Zr-O
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Figure 5. XRD of ZrO, thin films on Si(100) substrates

grown at different temperatures.
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Figure 8. AES depth profile of ZrO, thin film grown on
Si(100) at 575°C.

vibrations recorded are not due to the undecomposed pre-
cursor, but due to the formation of ZrO,. These findings are
in agreement with thermodynamic calculations (figure 4).

To examine film composition and the presence, if any,
of chemical impurities, the AES depth profile of a film
grown at 575°C was obtained (figure 8). The data show
that the ZrO, films are sub-stoichiometric, containing
considerably less oxygen (O/Zr = ~ 1-2) than indicated by
the chemical formula of ZrO,. This is not surprising, as
sub- or super-stoichiometric metal oxide films have often
been obtained by MOCVD (Jones ef al 1998; Smith et al
2000). Further, the AES data reveal that the extent of
carbon incorporation in the bulk of the film, stemming
from the precursor itself, is less than 5%. This supports
the FTIR data, which contains no evidence of bands due
to C—C or C-O bonds. The presence of a residual amount
of carbon may be interpreted as reflecting the inability of
thermodynamic modeling to take reaction kinetics into

account.

4. Conclusions

Through a thermodynamic analysis of the MOCVD of
zirconia films, the equilibrium compositions of the solid
(ZrO5 and ZrO,/carbon) and gaseous species formed dur-
ing the process were calculated, and the corresponding
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CVD phase stability diagram constructed. Experimental
depositions were conducted for the growth of ZrO, films,
using CVD parameters suggested by the analysis. XRD,
TEM and FTIR data confirm the formation of ZrO- films.
Monoclinic zirconia, being most stable in the bulk state for
the temperature range studied, is predicted by thermody-
namic calculations, but CVD process conditions promote
different polymorphs.

The AES data on films deposited suggest that the re-
moval of carbon is not as complete as the thermodynamic
calculations predict. The presence of residual amounts of
carbon may be interpreted as reflecting the inability of
thermodynamic modeling to take reaction kinetics into
account. Despite this limitation, thermodynamic analysis
of CVD processes may be used to determine the range of
thermodynamic process parameters needed to obtain
films of the desired composition and quality.
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