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Abstract

A chemical equilibrium study was performed to investigate the effect of growth parameters on the constitution in ZrC films grown by
chemical vapor deposition (CVD). The equilibrium analysis of the Zr—C—H system demonstrated that ZrC (fcc) deposition is favorable
and that a certain minimum amount of hydrogen should prevent co-deposition of elemental carbon over a wide range of temperature,
pressure, and inlet C/Zr atom ratio. The results of the equilibrium analysis were compared to the phase constitution of films grown by
low-pressure metalorganic CVD (< 10~* Torr). Only carbon-rich ZrC films were grown and demonstrated the possibility of an aerosol-

assisted CVD approach to stoichiometric ZrC film growth.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Zirconium carbide (ZrC) is a promising material for a
wide range of applications. In particular, it has been
proposed as an electron emitter material for field-emitter
arrays (FEAs) because of its metal-like electrical conduc-
tivity (2 x 10*/Qcm), high hardness (25,000 N/mm?), high
melting temperature (3400°C), correspondingly high
strength at elevated temperature, and relatively low work
function (4.0eV) compared to conventional emitter mate-
rials such as Si (4.52¢V) and Mo (4.6eV) [1-9]. The growth
of ZrC, however, is not straightforward particularly by
chemical vapor deposition (CVD). Although atmospheric
halide CVD wusing zirconium tetrachloride (ZrCly),
methane (CHy), and hydrogen precursors has produced
reasonable quality ZrC films, a relatively high growth
temperature is required (1000-2000 °C), thus limiting the
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list of suitable substrates. Furthermore, halide impurities
are incorporated in the film and limit emitter efficiency
[10,11].

An alternative approach to growth of ZrC is using the
single-source metalorganic precursor tetraneopentyl zirco-
nium (Zr[CH,C(CH3)s]4, hence referred to as ZrNpy). This
source has been successfully used to grow thin films of ZrC
in the low-temperature range 300-750°C [12-16]. The
films, however, were not stoichiometric but contained
excess carbon in an approximate Zr/C atom ratio 1:2 to 5.
To assist in understanding this growth chemistry, a
chemical equilibrium analysis of the Zr—C—H system based
on the Zr-C phase diagram constructed by Guillermet
[17,18] was performed. Particular objectives of this study
were to identify conditions that prevent carbon co-
deposition and explore the effect of using solvents for
delivery of low volatility ZrNp4 as an aerosol [19]. This
equilibrium analysis demonstrates the possibility of grow-
ing stoichiometric ZrC (fcc) with this precursor and the
results are supported by preliminary experimental results.
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These results should also be useful in evaluating other
metalorganic precursors, which will likely be required to
meet the broad range of proposed applications of ZrC.

2. Experimental procedure

ZrC films were grown from ZrNp4 solutions (0.0177 M
in benzonitrile) on Si substrates at temperature in the range
400-600 °C. CVD growth was performed in a horizontal,
cold-wall quartz reactor equipped with a graphite suscep-
tor, radio frequency (RF) heater, and a load-lock chamber.
Precursor solutions were subjected to ultrasonic nebuliza-
tion, which resulted in small droplets with controlled size
[19]. The feed rate of the solution was 4 mL/h (0.067 sccm)
and the total amount of solution was 10 mL [20]. Hydrogen
(99.999% purity) was used as carrier gas [20].

The trial of acrosol-assisted metalorganic chemical vapor
deposition (AA-MOCVD) using ZrNp4 generally had a
very low growth rate, 100-150nm/h. The films were
smooth and homogeneous, and exhibited good adherence
to the Si substrates. EDS analysis indicated the existence of
zirconium, carbon, and oxygen. XPS spectra confirmed
carbide growth with Zr 3d;», 3ds, peak separation
(carbide and oxide). XRD measurements generally failed
to detect crystalline ZrC, Zr oxycarbides (having the same
fcc structures with a negligible difference in lattice
constant) or ZrO,, regardless of the growth temperature,
suggesting the films were amorphous. As the temperature
increased, the grain size and RMS surface roughness
increased as measured by AFM. Detailed characterization
results have been presented elsewhere [20]. The chemical
composition of the films based on AES measurements will
be discussed along with the equilibrium analysis results.

3. Calculations and thermochemical properties

The thermodynamic properties for gas species were
taken from the ThermoCalc database [21-25], while the
Zr—C database suggested by the assessment of Guillermet
was used to describe the condensed phase thermodynamic
properties [17,18]. The following five stable condensed
phases were considered in his analysis; hep (o) phase with
formula (Zr);(C, Va)gs, bcc (B) phase with formula
(Zr),(C,Va);, fcc (y) phase with formula (Zr),(C, Va),,
graphite, and a liquid solution. All relevant gas phase
species contained in the ThermoCalc database were
included in the calculation. For the conditions of this
study, the only species that exhibited a partial pressure
>10"%atm were H,, CHy, HCI, ZrCly, and C,H,. The gas
phase species and condensed phases included in the
calculation are listed in Table 1.

Guillermet [17,18] used the compound energy model
(CEM) to describe the solution thermodynamics of the first
three interstitial phases, while the liquid phase was treated
as a random solution using the substitutional model for the
excess Gibbs energy. Thermodynamic properties of the
metastable carbides (o and y phases) were estimated based

Table 1
A list of gas phase species and condensed phases included in the
calculation

C, Cy,Hy, CCl, CCIH, CCIH,, CCIH;, CCl,, CClLLH,
CCl,H,, CCl;, CCL3H, CCly, CH, CH,, CH;, CHy, C,,
C,Cl, C,CIH, C,CIH3, C,CIH;, C,Cl,, C,CLH,, CoCls,
C,CL3H, C,Cl3H;, C,Cly, C,ClL4H,, C,Cls, C,ClIsH, C,Clg,
C2H, C2H2, C2H3, C2H4, C2H5, CzHﬁ, C3, C3H, C3H4,
C3Hs, C3Hs, C4, C4Hyo, C4Ho, C4Hy, C4H,, C4Hs, Cs,
Cng, C(,Cle, C(,H6, Cl, HCI, ZrCl, Clg, ZrClz, ZrCl3,
ZrCly, H, ZrH, H,, Zr, Zr,

CCly(1), C¢CIHs(1), ZrCly(1), ZrCly(s), ZrCls(l), ZrCls(s),
ZrCly(l), ZrCly(s), ZrCy s(s, o phase), ZrCs(s, p phase),
ZrC(s, v phase), graphite(s), liquid solution of Zr(l) and
C()

Gas phase
species

Condensed
phases

on the regular behavior of the vibrational entropy and
other cohesive properties of transition metal carbides that
had been established in his previous studies [17,18].

Thermochemical equilibrium diagrams were computed
in this work using the ThermoCalc computational software
package [25]. The results were generalized by selecting
atom ratios as independent variables normalized by the
inlet Zr atomic content. The calculation basis for conven-
tional MOCVD using ZrNp, was Zr:C:H = 1:20:44 in
addition to variable carrier H,. For aerosol-assisted
MOCVD, the basis changed considerably to
Zr:C:H = 1:3856:2784 plus carrier H, as a result of the
inclusion of the organic solvent benzonitrile (PhCN) at
0.0177 mol/L [20].

4. Results and discussion

Fig. 1 reproduces the Zr—C phase diagram proposed by
Guillermet [17,18] to verify the database and to assist in the
discussion of the results. The significant extent of the ZrC,
homogeneity range is evident in this phase diagram.

4.1. Phase change as a function of temperature, pressure,
and inlet H/Zr ratio

The temperature—pressure deposition phase diagram is
shown in Fig. 2 for three values of H/Zr atom ratio
(10%, 10* and 10°) at a fixed value of the inlet C/Zr = 20
(i.e., only ZrNp4 and H, sources). It is clear that single-
phase ZrC deposition is thermodynamically favorable at
lower temperature and the extent of the single-phase region
increases with higher pressure and higher H/Zr atom ratio.
At equilibrium the carbon resides in ZrC, gas phase
organics (predominantly CH,), and under some conditions
as graphite. For this specific value of C/Zr = 20, carbon
co-deposition is predicted at relatively low temperature.
Considering only competition between graphite and the
predominant gas species CH,4 (C(graphite) +2H, < CH,),
it is clear that lower pressure and lower H/Zr ratio shifts
the reaction towards graphite formation at fixed C/Zr.
Furthermore, as the temperature increases, the negative
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Fig. 1. The calculated Zr—C phase diagram using the assessed parameters of Guillermet [17,18].
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Fig. 2. CVD phase diagram showing equilibrium phases as a function of temperature and pressure for three inlet H/Zr atom ratios [inlet C/Zr = 20].

entropy change of reaction becomes more important and
the equilibrium shifts to favor graphite formation.
Reaction kinetic limitations, however, are likely at low
temperature. For example, it is reported that a temperature
of ~300 °C is required to initiate the a-hydrogen abstrac-
tion (reaction (1)), which is an important step for
neopentane elimination leading to Zr— C bond formation
[26]. Consistent with this kinetic limitation, growth of
ZrC using ZrNpy in AA-MOCVD at less than 400°C
did not result in film growth [20]. The strategy to grow
carbon-free ZrC at the kinetically required higher tem-
perature is then to increase pressure and H/C ratio at
fixed C/Zr. To grow nearly stoichiometric ZrC, however,

growth should occur near conditions that define the
2-phase ZrC+ graphite boundary.

ZrNps — NpZr = CH(t-Bu) + CMey (1)

When using the aecrosol delivery system a higher
precursor partial pressure is possible at the expense of the
Zr/C ratio since the solvent adds carbon to the system.
Fig. 3 shows the equilibrium T-H/Zr deposition diagram
for a fixed C/Zr = 3856 (value for the experimental study)
at four reactor pressures. The CVD phase diagram shows
that single-phase ZrC (fcc) deposition is possible at higher
temperature by increasing the pressure and maintaining a
minimum amount of hydrogen to prevent co-deposition of
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graphitic carbon. Fig. 3 also shows the experimental
results obtained from analysis of a set of films deposited
by AA-MOCVD using ZrNp4 at P = 300Torr and inlet
C/Zr ratio = 3856 [20] in the temperature range 400-
600°C. Carbide deposition along with graphite was
observed in each of these films, although the equilibrium
analysis predicted only single-phase ZrC. The extent of
carbon deposition, however, did decrease with lower
growth temperature and higher H/Zr as suggested by the
equilibrium analysis. Thus, the calculations only qualita-
tively predicted the film phase constitution.
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(fec) + grap g §P=3OOTorr
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Fig. 3. CVD phase diagram showing deposited phases as a function of
temperature and the inlet H/Zr ratio for four pressures [inlet C/Zr =
3856]. The circle and square symbols represent the growth condition
of four films grown by AA-MOCVD [20] at 300 Torr and C/Zr =
3856: (a) T=400°C, H/Zr = 116,000, (b) T = 500°C, H/Zr = 116,000,
(c) T=600°C, H/Zr = 116,000, and (d) 7= 500 °C, H/Zr = 58,000.
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Fig. 4 shows the equilibrium distribution of C between
the gas and condensed phases as a function of growth
temperature for C/Zr = 3856, H/Zr=10°, and P =
300 Torr. It is noted that the stoichiometry of ZrC, is
nearly constant at x = 1 throughout the range shown in
Fig. 4. Furthermore, essentially all of the Zr resides in ZrC
as indicated in the inset in this figure. Below ~600 °C single
phase and nearly stoichiometric ZrC forms and the
remainder of the carbon is found in the gas phase,
primarily as CHy. Above this temperature the graphitic
carbon content in solid phase increases rapidly at the
expense of carbon in the gas phase.

4.2. Phase change as a function of temperature and the inlet
C/Zr ratio

In the deposition of metal carbides, a more reactive
hydrocarbon is sometimes used (e.g., propane). For some
sources an intermediate carbon containing species may not
be reactive, and thus propane or another reactive species
would be needed to provide a source of carbon. Fig. 5
shows the effect of changing the inlet carbon content
for two different reactor pressures. In this calculation, the
C/Zr ratio was continuously changed by adding a variable
amount of C;Hg to a constant amount of ZrNp, and
benzonitrile (C/Zr = 3856) in H, carrier. The H/Zr ratio
necessarily varied with C/Zr ratio as required by atom
conversation. As expected the addition of another carbon
source lowers the 2-phase transition temperature. Based on
these calculations and the experimental results that show
carbon co-deposition [20], it appears that either an
alternative solvent (less carbon containing or more
thermally stable) should be sought or the solvent amount
should be reduced to grow single-phase ZrC.
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Fig. 4. Deposition efficiency as a function of growth temperature. Cqqjiq/Zrine; denotes the ratio of total equilibrium solid carbon (ZrC + graphite) to inlet
Zr, and Cg,y/Zriye represents the ratio of total equilibrium carbon in gas phase to inlet Zr. The insert shows Zrz,c/Zriye.. All calculations performed at

C/Zr = 3856, H/Zr = 10°, and P = 300 Torr.
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Fig. 5. CVD phase diagram showing deposited phases as a function of the
inlet C/Zr ratio and temperature at 0.1 and 1.0 atm.

4.3. The addition of chlorine to the system

The growth rate of ZrC using ZrNpy is very low [20]
likely a result of kinetic limitations in the temperature
range 400—600 °C. It is suspected that physisorption on the
surface of the ZrNp4 molecule is not favorable because
the tetrahedral symmetry [20] results in no permanent
dipole moment. The product of a-hydrogen abstraction
(see Eq. (1)), Np,Zr=CH(z#-Bu), is expected to be roughly
trigonal planar about the Zr center, so that its dipole
moment is small as well. By substituting Cl for one of the
neopentyl (Np) ligands [27], results using computational
chemistry (B3LYP model chemistry with a split basis set;
LanL2DZ for Zr and 6-31G(d) for other elements) [28,29]
suggest the dipole moments of the precursor (ZrNp;Cl)
and its o-hydrogen abstraction product (NpClZr—CH
(z-Bu)) are anticipated to be increased by a factor of
three and four, respectively. Calculated dipole moments for
ZrNp;Cl and NpClZr=CH(¢-Bu) were 2.8088 and
4.5363 D each. Chlorine is sometimes used as a transport-
ing agent (e.g., transport of Zr as ZrCl,) accompanied by a
reducing agent (e.g., H,) or added to the system to increase
the reaction reversibility and improve the film purity. Thus,
the addition of Cl to the system may improve both the
kinetics as well as the equilibrium conversion. To test this
latter hypothesis, equilibrium calculations were performed.

Fig. 6 shows the T-H/Zr CVD phase diagram for
Zr—C-H-Cl system for two values of Cl/Zr at a fixed
value of C/Zr = 3856 and P = 300 Torr. The same C/Zr
ratio was retained because the loss of only four carbons by
the replacement of an Np ligand with Cl is negligible. It
was found that for values of the inlet Cl/Zr ratio less than 4
(see Fig. 6a), the CVD phase diagram is almost identical to
the one displayed in Fig. 3 for Zr—C—H system at the same
pressure, except that ZrC (fcc) + ZrCly (s) + graphite + gas
and ZrC (fcc) + ZrCly (s)+ gas phase fields appear at low
temperature (<300°C). In contrast, the phase fields

a
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Fig. 6. CVD phase diagram showing deposited phases as a function of the
inlet H/Zr ratio and temperature for two values of inlet Cl/Zr ratio. All
calculations performed at C/Zr = 3856 and P = 300 Torr.

Graphite+gas and gas appear as the inlet Cl/Zr ratio
becomes greater than 4 (see Fig. 6b) since there is sufficient
Cl in the system to form ZrCl, (g). It is also seen that the
introduction of chlorine to the reactor to a significant
proportion (Cl/Zr>4) reduces the extent of the desired
2-phase ZrC (fcc)+gas field. This reduction occurs by
shifting the lower boundary of this 2-phase field to higher
temperature, which retains the possibility of high deposi-
tion temperature. A little Cl introduction (Cl/Zr <4) may,
however, decrease a kinetic barrier to increase the rate of
deposition without greatly reducing the extent of the
desired single-phase ZrC domain. The use of ZrNpy4_,Cl,
(x = 1-3) as a precursor is thus expected to increase growth
rate with respect to ZrNpy, due to the greater tendency for
absorption by the chlorinated complex.

The addition of HCI or a chlorine-based solvent as the Cl
source is expected to reduce the equilibrium growth rate
through retention of Zr in the gas phase primarily as ZrCly.
The effects of hydrogen and chlorine addition are different
since H competes with Zr for the C while Cl competes with
C for Zr. Fig. 7 illustrates this more clearly, which shows
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Fig. 7. CVD phase diagram showing deposited phases as a function of the
inlet H/Zr and Cl/Zr ratios. All calculations performed at C/Zr = 3856,
T =500°C, and P =300 Torr.

the CVD phase diagram as a function of the inlet
composition (Cl/Zr and H/Zr) at fixed P = 300 Torr,
T=500°C, C/Zr =3856. As indicated by the dotted
arrows, the vertical phase transition line moves to the
right and the horizontal curve (y abscissa = 4) moves
upward independently, as the temperature increases. The
shift to higher H/Zr of the vertical phase transition line is
explained by the tendency of graphite formation over the
formation of CH,4 and other hydrocarbons, while the shift
to higher Cl/Zr of the horizontal phase transition line is
attributed to the tendency of non-Zr containing gas species,
such as HCI, over ZrCly (g) formation. It is noted that the
shape of the horizontal phase transition is curved. In
atmospheric halide CVD [10,11], the inlet Cl/Zr ratio is 4,
so that the condition just inside the ZrC growth zone is
shown in Fig. 7. ZrC growth without carbon co-deposition
is possible by increasing the hydrogen carrier amount or
reducing the inlet C/Zr ratio through adjustment of the
CH, flow rate, as depicted in Figs. 7 and 5, respectively.

5. Conclusions

Equilibrium analysis supported thermodynamically the
possibility of aerosol-assisted MOCVD for stoichiometric
ZrC growth without carbon codeposition. The analysis
suggests that co-deposition of carbon could be eliminated
by ensuring the system had sufficient H and increasing the
operating pressure, which relegates carbon to only vapor
species. The temperature range for LP-MOCVD for
stoichiometric ZrC deposition in previous experiments
was not sufficiently high to overcome the activation energy
for a-hydrogen abstraction, an important step to form
Zr—C bond by neopentane elimination. The introduction
of chlorine into the existing Zr—C—H system had no
influence on the overall equilibrium above 400 °C, the
minimum temperature for overcoming kinetic limitations

of ZrNp4 decomposition, as long as the inlet Cl/Zr ratio
was less than 4.
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