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Abstract

The novel mixed ligand precursor Zr,(OPr)s(thd),
(thd=2,2,6,6,-tetramethyl-3,5-heptanedionate)  has
been used in the deposition of ZrO, and Pb(Zr,Ti)O3
thin films by liquid injection metalorganic chemical
vapour deposition (MOCVD). Oxide growth was
observed over a wide temperature range, from 250°C
to at least 600°C. Maximum growth rates of ZrO,
occurred between 350°C and 550°C, significantly
lower than the optimum deposition temperature from
the conventional Zr(thd), precursor, and in a similar
temperature range to optimised oxide growth from
Pb(thd),. Consequently, the use of Zr>(OPr')s(thd)
in combination with Pb(thd), and Ti(OPr),(thd),
leads to the deposition of Pb(Zr,Ti) O3 with improved
compositional uniformity. © 1999 Elsevier Science
Limited. All rights reserved
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1 Introduction

Thin films of zirconia, ZrO,, have applications as
protective coatings,! mirrors,” sensors® and dielectric
films in microelectronics,* whilst the related ferro-
electric oxide lead zirconate titanate, Pb(Zr,Ti)O;
has large potential applications in infrared devices’
and non-volatile computer memories.®’
Metalorganic chemical vapour deposition
(MOCVD) is an attractive technique for the
deposition of these materials,®° offering the poten-
tial for large area growth, good composition con-
trol and excellent conformal step coverage at
dimensions <2 pum. The MOCVD technique is
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also fully compatible with existing silicon CVD
processes.

Precursors used for the MOCVD of ZrO, and
Pb(Zr,Ti)O5 include zirconium alkoxides,'? zirco-
nium pB-diketonates!! and fluorinated B-diketo-
nates.!? Although many of the problems associated
with the vapour-phase transport of these low
vapour pressure precursors can be solved by the
use of liquid injection MOCVD,!? there remain a
number of drawbacks associated with their use.
For instance, the pB-diketonates Zr(acetylaceto-
nate), and Zr(trifluoroacetylacetonate), lead to
carbon or fluorine contamination, respectively,
and although higher purity ZrO, can be deposited
from Zr(thd); (thd=2,2,6,6,-tetramethyl-3,5-hep-
tanedionate),'* the high thermal stability of the
precursor only allows diffusion controlled oxide
growth at substrate temperatures >600°C.!>
Whilst suitable for protective coatings, such high
deposition temperatures are incompatible with the
low growth temperatures (<500°C) required for
the majority of microelectronics applications.

The high thermal stability of Zr(thd), relative to
Pb(thd), can also lead to problems during the
growth of Pb(Zr,Ti)O; by liquid injection MOCVD
using Pb(thd),, Zr(thd); and Ti (OPr),(thd),.'s
The high substrate temperatures required to opti-
mise oxide deposition from Zr(thd), (i.e. > 550°C)
result in loss of lead from the film by desorption.
The use of increased Zr precursor flow rates or
increased evaporator temperatures to enhance Zr
incorporation at lower substrate temperatures leads
either to the blocking of reactor lines with Zr(thd),
or the decomposition of Pb(thd), in the evaporator.

Therefore alternative zirconium oxide precursors
are required, which are more volatile than Zr(thd),
and which also have a lower thermal stability, more
compatible with Pb(thd),. Although zirconium
alkoxides, Zr(OR), (R =Pr!, Bu'), are significantly
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less thermally stable and more volatile than
Zr(thd), they contain a highly positively charged
Zr(IV) centre with an incomplete coordination
sphere. This renders them highly sensitive to air
and moisture and susceptible to pre-reaction in the
MOCVD reactor. Their reactivity may also lead to
a reduced shelf-life in solution-based liquid injec-
tion MOCVD applications.

The addition of the bidentate/chelating thd
ligand to Zr(OR), increases the coordinative
saturation around the Zr centre and may be
expected to render the compound less moisture
sensitive. We have therefore investigated mixed
alkoxide/B-diketonate complexes of Zr as pre-
cursors for the MOCVD of ZrO,,'>!¢ an approach
which aims to combine the advantages of good
ambient stability associated with Zr g-diketonates
with the lower thermal stability and increased
volatility of Zr(OR), precursors. A complex with
the stoichiometry ‘Zr(OPr),(thd),” was used suc-
cessfully for deposition of ZrO,,'> however NMR
studies indicated that ‘Zr(OPr'),(thd),’ exists as a
mixture of monomers and dimers in solution, and
the alkoxide bridged dimer Zr,(OPr)¢(thd), was
subsequently isolated from solution and char-
acterised by X-ray crystallography!'®!7 (see Fig. 1).

In this paper we describe the successful use of
Zr5(OPr)4(thd), for the deposition of ZrO, and
Pb(Zr,Ti)O3; by liquid injection MOCVD, and
show how this novel source represents a significant
improvement over conventional Zr(thd), and
Zr(OR), precursors.

2 Experimental

2.1 Precursor synthesis and characterisation
Zr,(OPr')¢(thd), was synthesised by a procedure
described fully elsewhere,!” involving the addition
of thdH (1mol equivalent) to Zr(OPr'), (1 mol
equivalent) in n-hexane. Removal of volatiles in
vacuo gave Zr,(OPr)s(thd), as a crystalline solid
(m.pt. 160-163°C). The purity of the precursor was
confirmed by proton NMR spectroscopy and
microanalysis.

In contrast to Zr(OR); compounds, Zr,(O-
Pri)¢(thd), is only slightly air sensitive and ther-
mogravimetric analysis data, shown in Fig. 2,
indicates that of Zr,(OPr')s(thd), is more volatile
than Zr(thd),, evaporating at approx. 100°C lower
temperature.

Thin films of ZrO, were deposited by liquid
injection MOCVD using a 0-1 molar solution
of Zr,(OPri)¢(thd), in tetrahydrofuran (THF).
The films were deposited over the temperature
range 250-600°C on to Si(100) single crystal sub-
strates using an MOCVD reactor described else-
where.!®> The growth conditions are summarised in
Table 1.

The Pb(Zr,Ti)O3 thin films were grown in a
commercial liquid injection MOCVD reactor. Pre-
cursor solutions were held in separate reservoirs
and mixed prior to injection into the evaporator. A
full summary of growth conditions is given in
Table 2.

Fig. 1. Molecular structure of Zr,(OPr)4(thd),.!”
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3 Results and Discussion

The Zr,(OPr')¢(thd), precursor allows the deposi-
tion of ZrO, over a wide range of substrate tem-
peratures, from 250°C up to at least 650°C. The
atomic composition of films grown at various sub-
strate temperatures was determined by Auger elec-
tron spectroscopy, which showed that the films
were of comparable purity to those deposited from
the commonly used precursor Zr(thd)s.'* The only
detectable impurity was trace carbon at levels of
between 2 and 5at%. The amount of carbon
incorporation in the films was found to be a func-
tion of growth conditions, decreasing at higher
growth temperature and higher oxygen flow rates.
This can be readily ascribed to incomplete com-
bustion of the alkoxide or B-diketonate ligands,
due either to a lack of thermal energy or lack of
available oxygen at low oxygen flow rates.'®
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Fig. 2. Comparative TGA data for Zr,(OPri)(thd), and
Zr(thd), (analyses carried out under nitrogen).

Table 1. Growth conditions used for the MOCVD of ZrO,
thin films using Zr,(OPr')¢(thd),

Reactor pressure 1000 mbar
Substrates Si(100)
Precursor solution injection rate® 3-5cm? h!

3000—4000 cm? min !
1000-2000 cm? min~!

Argon flow rate
Oxygen flow rate

Evaporator temperature 200°C
Substrate temperature 500-600°C
Typical film growth rate 0-2pum h!

4 (-1 molar solution in THF.

Table 2. Growth conditions used for the MOCVD of
Pb(Zr,Ti)O; films using Pb(thd),, Zr,(OPr')e(thd), and Ti(O-

Pri),(thd),
Reactor pressure 3-5mbar
Substrates Si(100)
Precursor solution injection rate® 1 em?® min—!

1
1

500 cm? min~
500 cm?® min~

Nitrogen flow
Oxygen flow rate

Evaporator temperature 220°C
Substrate temperature 525°C
Typical film growth rate 2pum h™!
4Solution concentrations: Pb(thd), 0-25molar; Zr,(O-

Pri)¢(thd), 0-1 molar; Ti(OPr'),(thd), 0-4 molar.

The variation in ZrO, growth rate with substrate
temperature for Zr,(OPr)4(thd), is shown in Fig. 3,
in which a comparison is also made with oxide
growth from Zr(thd); and Pb(thd),, used under
similar growth conditions on the same reactor.
These data show that Zr,(OPr')e(thd), deposits
ZrO, over a much wider temperature range than
Zr(thd),. The onset of diffusion-controlled growth
from Zr,(OPr')s(thd), occurs at approx. 450°C,
some 100°C lower than from Zr(thd), and this can
be readily attributed to the reduced thermal stabi-
lity of Zr,(OPr)¢(thd), relative to Zr(thd),. Sig-
nificantly, the optimum temperature range for oxide
deposition from Pb(thd), on the same reactor is in
the region of 450-500°C (see Fig. 3), which indicates
that Zr,(OPr')¢(thd), is a more suitable precursor
than Zr(thd), for the MOCVD of Pb(Zr,Ti)O5 at
low/moderate substrate temperature (450-550°C).
However, the high growth rates observed at more
elevated substrate temperatures also suggest that
Zr5(OPr)g(thd), is suited for the MOCVD of ZrO,
and yttria-stabilised ZrO, protective coatings.

Zr,(OPri)¢(thd), was successfully used in combi-
nation with Pb(thd), and Ti(OPr),(thd), for the
liquid injection MOCVD of Pb(Zr,Ti)O; at a sub-
strate temperature of 525°C. In contrast to
Zr(thd),, the Zr,(OPr')4(thd), precursor showed no
tendency to block reactor delivery lines. The
Pb;.1(Zr.75Tig.25)9.9003 films showed very high

Pb (thd),

Growth Rate (um hr)
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(=]
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Fig. 3. Variation of metal oxide growth rate with substrate

temperature for the precursors; Zr»(OPr)s(thd),, Zr(thd), and
Pb(thd),.

Point % (Z—{;E)
1 0.43 0.85
2 039 0.84
3 037 0.80
4 039 0.85
5 043 0.86
6 041 0.84

Fig. 4. Compositional uniformity across a 3" wafer of a
Pb(Zr,Ti)O; film grown using Pb(thd),, Zr,(OPr')¢(thd), and
Ti(OPr'),(thd), (figures in at% film thickness 0-2 um).
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compositional uniformity, in which the ratios Pb/
(Zr+Ti) and Zr/Ti varied by + 4% across a 3"
wafer (see Fig. 4). The Pb(Zr,Ti)O; films also had
excellent surface morphology.

4 Conclusions

The novel precursor Zr,(OPr')¢(thd), has more con-
venient physical properties than conventional Zr
sources, being less air-sensitive than Zr(OR); com-
pounds and more volatile than Zr(thd)s. Zr,(O-
Pr')¢(thd), leads to the deposition of ZrO, over a
wider temperature range than Zr(thd), and is more
compatible with the commonly used lead source
Pb(thd),, allowing the deposition of high uniformity
Pb(Zr, T1)O; films by liquid injection MOCVD.
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